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“Tampering can be dangerous. Nature can be vengeful.
We should have a great deal of respect for the planet on which we live.”

Rossby, 1956
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Life on Earth is facing unprecedented environmental changes, mainly due to the rapid
increase in greenhouse gas emissions from human activities. Global average sea level has
risen faster since 1900 than in any previous century for at least 3,000 years, and global ocean
warming has occurred faster in the last century than since the end of the previous deglacial
transition (about 11,000 years ago) (IPCC, 2021). The surface pH of the open ocean has risen
over the past 50 million years and is currently as low as it has been in recent decades, which
is unusual in the past 2 million years (IPCC, 2021). All these environmental modifications are

called climate change.

Despite its buffering capacity, the ocean is one of the most affected compartments
today. It plays an influential role in the climate system because ocean warming accounted for
91% of the heating (IPCC, 2021). Since the industrial revolution, the ocean's pH has decreased
by 0.1 pH units, its temperature has increased between 0.68 and 1.01°C and its level has risen
by an average of 0.20 m (IPCC, 2021, 2014). To establish the impacts of climate change as
accurately as possible, local data are needed. In the Nouvelle-Aquitaine region, the most
pessimistic scenario of the Intergovernmental Panel on Climate Change (IPCC) predicts ocean
acidification of 0.4 to 0.45 pH units on average, combined with a surface water warming of 4°C
by 2100 (IPCC, 2014). An increase of extreme climatic events and a sea-level rise of 0.6 to

0.7 are also predicted (IPCC, 2014).

Microorganisms are defined as ‘the life support system of the biosphere’ (Cavicchioli et
al., 2019; Reinold et al., 2019). In the oceans, they accounted for 1x10?° cells (Flemming and
Wuertz, 2019), dominating the metabolic activity, participating in several biogeochemical
cycles, producing the half of the Earth’s oxygen, sustaining the good functioning of the aquatic
systems, being the basis of food webs and recycling of the organic matter. Little studies aim
to understand how climate change affect microbial communities at the end of the century. To
gain information on the effect of climate change on microbial communities, we believe that
microbial mat, which is a structure that groups together numerous microorganisms and

metabolisms making it a self-sufficient system, is a good model. Microbial mats play key roles



in the biogeochemical cycles of carbon, oxygen, sulphur, nitrogen, etc. In particular, they have

been involved in the oxygenation of the atmosphere.

This thesis aims to determine the potential impacts of climate change on microbial mats
in coastal environments of the Nouvelle-Aquitaine region. It is based on the most pessimistic
predictions (RCP8.5 scenario) for the end of the century according to the IPCC report

established in 2014 (IPCC, 2014).

The first chapter (state of art) aims to present the IPCC's predictions about the impact
of climate change on the ocean, and more specifically on the coastal environments of the
Nouvelle-Aquitaine region, as well as current knowledge of the impact on microorganisms. A
description of the structure and functioning of microbial mats is also provided to better
understand their composition, structure and functioning. The experimental approach, methods
and devices used to carry out this study are described in the second chapter (methodology

chapter).

The results of this thesis are presented in the next four chapters. The microbial mats in
the salt marshes of the Ré Island have never been studied before. Thus, the third chapter aims
to define and compare the microbial diversity present in two microbial mats, one from an
exploited salt marsh and the other from a non-exploited salt marsh. This study also allows to
choose the source of the mat to be sampled (exploited or not) for the simulation of climate

change.

In the fourth chapter, we investigated the seasonal dynamic of microbial communities
in a salt marsh. Indeed, as salt marshes are shallow environments and the region is defined
by the alternation of marked seasons, the microbial mats already cope with environmental
conditions comparable to those of climate change according to IPCC (2014). A comparison of
microbial mats from exploited and non-exploited plots in the same salt marsh also allowed to

determine the anthropogenic impact on these microbial communities over the seasons.



The impact of climate change on the microbial mats of the Ré Island salt marshes is
studied in the fifth chapter with the simulation of the two parameters that will have the greatest
impact on these environments, acidification and warming of the surface water, with the

implementation of mesocosm experiments.

The sixth chapter focuses on the impact of climate change on phototrophic
communities of microbial mats through the study of specific molecules produced, extracellular

polymeric substances and pigments, as well as their photosynthetic capacity.

The last chapter summarises and discusses the main conclusions of this thesis,

providing some perspectives.



Chapter I: Introduction




1. Climate change on marine ecosystems

Humans and their activities cause unprecedented changes in the climate and the
environment at a world level. Climate is warming, extinctions of a lot of species occur,
biodiversity is declining, pollution affects ecosystems and human health, and new risks are
emerging like increase of the sea level, extreme climatic phenomenon, diseases and food
insecurity. These changes have a global impact not only on ecosystems and communities but
also to individuals. These global scale anthropogenic perturbations conducted the scientists to

define a new geological period named “Anthropocene” (Crutzen, 2006).

One of the most impacted environments will be the marine environment. The oceans
cover 70% of the Earth’s surface (Boyd et al., 2016; Raven and Falkowski, 1999) and are a
principal component of the Earth functioning. This compartment has a crucial role in
biogeochemical cycles, being responsible for more than 50% of the world’s oxygen production,
a carbon sink, and transporting heat from the equator to the poles. Thus, the oceans are
participating in the Earth’s climate regulation and the presence of seasons (Covey, 1995; Field,
1998; Forget and Ferreira, 2019; Gulev et al., 2013; IPCC, 2019). Human activities and survival
are also dependant on the oceans: they provide food, medicine and recreation, but they are
also used for the transport of most goods playing a pivotal role on the economy and
employment (IPCC, 2019). Moreover, over 50 biogeographical provinces or biomes composed
oceans’ ecosystems, from tropical to polar conditions (Longhurst, 2010), providing habitats for

rich marine biodiversity.

1.1 Future climatic change in marine ecosystem

The Intergovernmental Panel on Climate Change (IPCC) is an intergovernmental body
grouping several United Nations member countries. Its main activity is the preparation and
divulgation of reports assessing the state of knowledge of climate change. The IPCC

developed four scenarios named Representative Concentration Pathways (RCPs) (IPCC,



2014). They describe different pathways of greenhouse gas emissions and atmospheric
concentrations, air pollutants and land use. The scenarios don’t take account of possible
changes in natural forcing. RCP2.6 is a stringent mitigation scenario, RCP4.5 and RCP6.0 are
two intermediate scenarios and RCP8.5 is a scenario with very high greenhouse gas
emissions. These scenarios predicted the future impact of climate change according to the

data recording in 1850-1900.

1.1.1 Ocean water warming

The air temperature increases due to enhanced greenhouse effect (IPCC, 2014). This
increase impacts the surface water temperature in the first instance and then the deep ocean
temperature. The global surface temperature of the ocean is projected to exceed 2°C (relative

to 1850-1900 temperatures) for the 22" century according to RCP8.5 (IPCC, 2014) (Fig. 1).

The shallow aquatic environments like salt marshes will be very impacted because they
receive surface ocean water with a temperature very close or equal to the surface temperature

and the low depth contributes to warm this water.
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Figure 1: Simulation of the average surface temperature modification of the Earth, predicted by
the IPCC (2014). A) Representation of two scenarios, RCP2.6 and RCP8.5, the less and the more
pessimistic scenarios respectively, by the end of the century. B) Magnified representation of the RCP8.5
scenario by the end of the century. These figures are from the report of the IPCC (2014).

1.1.2 Ocean acidification

a- Actual marine carbon cycle and natural fluctuation of pH

The diffusion and mixing of atmospheric COzacross the surface water are the beginning
of the ocean carbon cycle. This CO2 becomes H>COj3 and rapidly HCOs™ contributing to the
reservoir of dissolved inorganic carbon. This process releases protons which contribute to

ocean acidification (Hutchins and Fu, 2017).

Some of this dissolved inorganic carbon, fixed by photosynthetic microorganisms

producing particulate and dissolved organic carbon, is then used in marine food webs. For



example, a major part of this organic carbon is respired by bacteria and became CO- again.
Particulate organic carbon composes sinks, transferring this carbon from surface water into
deeper water and marine sediments, and therefore sequestering CO. for several thousand
years. Biomineralization is another way to enter the carbonate pump for surface ocean
dissolved inorganic carbon. For example, the microorganisms like coccolithophores use it to
build their calcium carbonate shells. Biocalcification acts as a source of CO2 and contribute to

ocean acidification (Hutchins and Fu, 2017).

Currently, the average pH of the seawater surface is about 8.1 (O’Brien et al., 2016)
but natural fluctuations of pH occurred in the ocean. Some biological processes influence the
seawater pH, such as photosynthesis tending to increase pH and respiration tending to
decrease pH (Gao et al., 2012). Assimilation of some nutrients as nitrate or ammonia may also
influence pH, but the production or consumption of hydrogen ions is low compared to changes

due to photosynthetic carbon removal (Gao et al., 2012).

b- Future ocean acidification

The global carbon cycle is directly affected by anthropogenic actions via ocean
acidification. It is the most directly quantifiable ecosystem impact. Since the industrial
revolution, about a third of human CO. emissions in the atmosphere was absorbed by the
ocean. This leads to a decrease of seawater pH by 0.1 unit which conducts the concentration

of hydrogen ions to increase by 26% (Gao et al., 2012; O’Brien et al., 2016).

Global warming is predicted to release faster CO: into the atmosphere, increasing its
concentration from 390 ppm to 700 ppm by 2100 (IPCC, 2014). This rise will conduct to a
decrease of pH between 0.3 and 0.4 units (Fig. 2). Ocean acidification is associated with
increasing concentrations of HCOs, CO. and H* and decreasing concentrations of COs%> and

CaCO:.
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Figure 2: Simulation of the surface pH modification of the ocean, predicted by the IPCC (2014).
A) Monitoring and predictions of the global surface pH by the end of the century according to four
scenarios, RCP2.6, RCP4.5, RCP6.0 and RCP8.5 (from the less to the more pessimistic scenario). B)
Representation of the four scenarios, RCP2.6 to RCP8.5, the less to the more pessimistic scenario
respectively, by the end of the century. C) Magnified representation of the RCP8.5 scenario by the end
of the century. These figures are from the report of the IPCC (2014).

1.1.3 Other predicted effects

a- Ocean deoxygenation

Ocean deoxygenation is the global loss of dissolved oxygen in Earth’s ocean. It occurs
in coastal waters, open oceans and semi-enclosed seas (Limburg et al., 2020). The oceans

are estimated to have lost about 1%-2% of their oxygen since the middle of the 20" century

9



(Limburg et al., 2020; Oschlies et al., 2018; Schmidtko et al., 2017) and ocean models
predicted a decline in the dissolved oxygen inventory of 1% to 7% by 2100 (Schmidtko et al.,

2017).

Ocean deoxygenation in estuaries and coastal seas can be due to over-fertilization of
water from agriculture and sewage, and the burning of fossils fuels which has historically been
the main driver (Limburg et al., 2020). Moreover, climate warming is more and more an
important factor participating in the decline in dissolved oxygen in the oceans, estuaries and

seas (Limburg et al., 2020).

In the open ocean, oxygen-depleted waters named oxygen minimum zones (OMZs)
are a natural phenomenon (Limburg et al., 2020; Oschlies et al., 2018). They are located
several hundred meters below the ocean surface. Generally, they are not in touch with the sea
bottom, but the combination of winds and ocean circulation can mix these layers, due for
example, to upwelling (Limburg et al., 2020) (Fig. 3). In these OMZs, the low threshold of
oxygen is often lethal for most organisms. The anaerobic remineralization processes consume
fixed nitrogen while phosphate and iron release from sediments is increased (Oschlies et al.,
2018) (Fig. 3). An excess in phosphate relative to fixed nitrogen is then observed. Following
upwelling, this excessed phosphate might stimulate nitrogen fixation into the surface waters,
increasing the eutrophication and the oxygen consumption leading to a deoxygenation
enhancement (Oschlies et al., 2018) (Fig. 3). Deoxygenation feedbacks can also arise the
potent greenhouse gases, like nitrous oxide (N20) through nitrification and denitrification, from
the ocean to the atmosphere that have ever been measured above (Arévalo-Martinez et al.,
2015) (Fig. 3). The expansion of OMZs is predicted to have substantial biogeochemical,

ecological, economic and eventual climatic impacts (Oschlies et al., 2018).

Hypoxia is the state of low oxygen at which physiological and ecological processes are
altered. It is often defined as 2 mg.L" O, equivalent to 1.4 mL.L™" O, or 63 pmol.L" O, (Limburg
et al., 2020). However, in reality, it depends on the organisms and processes where oxygen is

required. For example, some species live in a low oxygen environment and only survive below
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2 mg.L" O,. Hypoxia occurs when the rate of oxygen consumption exceeds its reload through
photosynthesis and mixing of the water column (Limburg et al., 2020). Anoxia is defined as the

absence of oxygen (or at concentrations below threshold detection) (Limburg et al., 2020).
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Figure 3: Oceanic deoxygenation. Schematic view of the drivers, processes and consequences of A)
the current deoxygenation occurring in the ocean and B) the predicted deoxygenation in the future
ocean. Based on Limburg et al. (2020) and Oschlies et al. (2018).
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b- Increase of extreme climatic events

The IPCC (2014) predicts that extreme precipitation events will be more intense and
heat waves will occur more often and longer. Occasional cold winter extremes will also be
observed, but it is predicted to have more hot events and fewer cold events. The changes in
precipitation will not be uniform on the Earth: in the high latitudes, the equatorial Pacific and in
many mid-latitude wet regions would experience an increase in annual mean precipitation by
the end of this century under RCP8.5 while in many mid-latitude and subtropical dry regions,
mean precipitation would be decreased (Fig. 4) (IPCC, 2014). However, over most mid-latitude
land and over wet tropical regions, extreme precipitation events would become more intense
and more frequent (IPCC, 2014). Storms, coastal flooding, droughts and tsunamis would also

become more frequent (IPCC, 2014).

Change in average

precipitation (1986-2005 to 2081-2100) RCP8.5

Figure 4: Simulation of the average precipitation modification, predicted by the IPCC (2014). A)
Representation of two scenarios, RCP2.6 and RCP8.5, the less and the more pessimistic scenarios

12



respectively, by the end of the century. B) Magnified representation of the RCP8.5 scenario by the end
of the century. These figures are from the report of the IPCC (2014).

c- Sea-level rise

The global mean sea level is predicted to continue to rise over the 215 century in more
than 95% of the ocean area but this will not be uniform across regions (IPCC, 2014). About
70% of the global coastlines are projected to experience a relative sea-level change, between

0.26 to 0.55 m (RCP2.5) and 0.45 to 0.82 m (RCP8.5) for 2100 (Fig. 5) (IPCC, 2014).

Change in average sea level (1986-2005 to 2081-2100)
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Figure 5: Simulation of the average sea level modification, predicted by the IPCC (2014). A)
Representation of two scenarios, RCP2.6 and RCP8.5, the less and the more pessimistic scenarios
respectively, by the end of the century. B) Magnified representation of the RCP8.5 scenario by the end
of the century. These figures are from the report of the IPCC (2014).
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d- Radiation effects

In the water column, the solar radiation penetration largely depends on the number of
particles and dissolved organic matter (DOM), which may increase in various inland waters

and coastal ecosystems due to an increase in rainfall (Gao et al., 2012).

The solar UV-B radiation is predicted to increase due to ozone depletion (Andrady et
al., 2007). UV radiation reduces the CO. photosynthetic uptake and alters the ecosystems’

productivity (Hader et al., 2011).

1.2Climate change in Nouvelle-Aquitaine coasts (France)

The Nouvelle-Aquitaine region is an administrative French region. It is the largest
region of France representing an eighth of the national territory with 84,061 km=2. The region is

bordered by the Atlantic Ocean with a front of more than 900 km.

Locally, the predictions of IPCC are different from the global previsions and the impacts
will not be the same. Even between the north and the south of the region, there will be various
changes. By the end of the century, the average air temperature will increase between 3 and
4°C, the pH will decrease by 0.4 to 0.45 units pH, the sea-level average will rise by 0.5 m and

the average precipitation will decrease by 10% (IPCC, 2014).

1.3Importance of studying climate change on microbial communities

in the marine environment

Global environmental change is predicted to affect severely aquatic ecosystems
(Hutchins and Fu, 2017; Pajares et al., 2015). Climate change effects are very documented on
animals and plants. By contrast, very few studies exist on their potential impact on
microorganisms. While invisible to the naked eye, microorganisms are very abundant

(10.2x10% bacteria and archaea cells) and diverse, underlying their importance in maintaining
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a healthy global ecosystem (Cavicchioli et al., 2019; Flemming and Wuertz, 2019). They are
defined as ‘the life support system of the biosphere’ allowing the macroscopic life directly or
indirectly (Cavicchioli et al., 2019; Reinold et al., 2019) and play key roles in biogeochemical
and nutrients cycling, global food web, plant and animal health, agriculture etc. Microorganisms
are present in all environments where macroscopic life is observed, and they are the unique
forms of life in other environments often called ‘extreme environments’ (Cavicchioli et al.,
2019). Microbial organisms exist on Earth for at least 3.8 billion years, supposed to be the
origin of life, and they will be likely present beyond any future extinction events (Cavicchioli et
al., 2019). Microbial responses to environmental change are various due to their versatility and
important diversity. Thus, microorganisms are major actors in the future climate change
challenge. Only few studies have characterized the impact of climate change in microbial
diversity and functioning (Cavicchioli et al., 2019; Dutta and Dutta, 2016; Walch, 2014). It is
thus of paramount importance to gain insights on the resilience capacity of microbial

community in response to these unprecedented changes.

Microorganisms are very abundant in our oceans: 4x10%° cells in the deep oceanic
subsurface, 5x10%8 cells in the upper oceanic sediment and 1x10%° cells in the oceans
(Flemming and Wuertz, 2019). They are also the most abundant and diverse organisms in
marine environments. They dominate the metabolic activity, with, for example, primary
production of approximately half of the global primary production of the oceans (O’Brien et al.,
2016). Marine microorganisms also play a central role in the carbon, oxygen, nitrogen, sulfur
and nutrient cycles, as well as in the exchange of trace gases that have direct impacts on local
climate (O’'Brien et al., 2016). For example, cyanobacteria like Synechococcus and
Prochlorococcus, contribute to fix 50% of the atmosphere carbon in marine systems and
heterotrophic bacteria rapidly respire it. Marine phytoplankton is responsible for half of the
global productivity (Field, 1998) in oceans. So, marine microorganisms participate in the key

processes in the oceans and are crucial for the good functioning of the aquatic systems being
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the basis of food webs with the recycling of the organic matter and being a considerable source

of food to higher trophic levels.

Thus, marine microbial communities are expected to play a central role in the response
of the ecosystem faced to environmental change because of their key functions in the oceans
(Azam and Malfatti, 2007). Marine microbial communities possess important functional
resilience due to their long evolutionary history in a constantly changing ocean environment
(Hutchins and Fu, 2017). They also encounter environmental heterogeneity due to natural
fluctuations to mean climate change, notably with the presence of seasons along the coast of

temperate environments.

However, marine microbial microorganisms will deal with many rapidly simultaneous
anthropogenic changes, and low knowledge has been acquired to predict how this combination
of several factors in the short-term will modify the marine environment and how this will affect
microbial and more generally, marine life. The comprehension of the microbial community
responses face to environmental changes is very important to predict the effect of global
changes in ecosystem functioning (Pajares et al., 2015). This will also allow to include microbial

parameters to improve the current simulation models and make better predictions.

2. Microbial mats

Microbial mats exist on Earth for billions of years. The oldest observed were
microbialithes, the fossilized forms (Burne and Moore, 1987), in sedimentary rocks dating from
3.7 giga-annum (Ga) and 3.4 Ga, in West Australia (Allwood et al., 2006; Noffke et al., 2013;
Nutman et al., 2016) and South Africa (Westall et al., 2006). Laminated microbial mats are
considered like recent analogues of Precambrian stromatolites (Fig. 6). The microbial mats
played a crucial role in Earth History because they participate in the composition and the

modification of the atmosphere by producing Oz, Hz et CH4 (Hoehler et al., 2001).

16



The microbial mats are organo-sedimentary laminated structures of microorganisms
(van Gemerden, 1993). These complex micro-scale ecosystems develop at the water-
sediment interface of shallow environments as coastlines (Bolhuis and Stal, 2011), estuaries
(Mir et al., 1991), lakes (Jargensen and Cohen, 1977), deserts wadis (Abed et al., 2018b), hot
springs (Dobretsov et al., 2011) or hypersaline environments like salt marshes (Fourcans et
al., 2004; Giani et al., 1989). Diverse populations of prokaryotes are observed as well as some
small eukaryotes (unicellular algae like diatoms) (Bolhuis and Stal, 2011; Franks and Stolz,
2009). The microbial mats’ height varies from few millimetres to few centimetres. The sediment
colonization depends mainly on environmental parameters (granulometry, sedimentation rate,
erosion rate, water retention by capillarity, light penetration, presence of predators). Most of
the time, the first millimetres are colonized by photoautotroph microorganisms like
cyanobacteria and eukaryotic phytobenthos defining the microbial mat as photosynthetic. They
produce organic carbon which is then decomposed in the successive lower layers by different
heterotrophic prokaryotes. This structure is characterised by strong vertical gradients of
oxygen, sulfide, light and other electron acceptors, allowing the development of complex

metabolite exchange networks (Pajares et al., 2015).

Figure 6: Microbial mats. Pictures of A) and B) microbial mats from non-exploited plots of a salt marsh,
C) a mineralized microbial mat (Pace et al., 2021) and D) a microbialithe (Bourillot, 2009).
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Microbial mats are a key component of their ecosystem, and they contain a large
diversity of microorganisms and metabolisms. Moreover, they are self-sustaining (Pajares et
al.,, 2015) and very easy to sample. These particularities make them adequate models to
represent microbial ecosystems. However, we must note that microbial mats are
heterogeneous at the micro- (physical-chemical gradients) and larger scales (tide,

precipitation, vegetation and bioturbation).

The microbial mats present a great diversity, therefore in this chapter, the principal
microorganisms found in them will be introduced in the form of a list describing their

characteristics, where they live and giving some examples of observed species.

2.1The prokaryotic populations: the major functional microbial groups

composing the photoautotroph microbial mats

In a microbial mat, the prokaryotic populations are mainly composed of bacteria which
are extensively studied (Bolhuis and Stal, 2011). Less is known on the Archaean populations
(Thauer, 1998) but more and more studies are focusing on them. The microorganisms live
close to each other representing a hot spot of exchange of nutrients, and carbon and energy
sources, resulting in commingled biogeochemical cycles. Microorganisms are classified

according to their major metabolism (Fig. 7).
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AMNME

Sulfate-reducers

Figure 7: Microbial mat and its role in biogeochemical cycles. Schematic view of the major
metabolisms and major microorganisms in a photosynthetic microbial mat. The green part is the oxic
zone followed by the red and black parts corresponding to the anoxic zone. The black part is the sulfur-

rich zone.

AMB: aerobic methanotrophic bacteria; AHM: aerobic heterotrophic microorganism; APB: anoxygenic
phototrophic bacteria; SOCB: sulfur-oxidizing chimiolithoautotroph bacteria; ANME: anaerobic
methanotrophic archaea.
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2.1.1 The prokaryotic oxygenic photolithoautotrophs

The prokaryotic phototrophs are the major primary producers in microbial systems.
They use light energy to fix inorganic carbon to organic carbon thanks to photosynthesis. This
reaction is either oxygenic or anoxygenic. The latter is developed in another part of the

manuscript (2.1.4).

Photosynthetic mats usually have an upper oxic green layer composed of oxygenic
phototrophs which are at the basis of the food webs of the ecosystems (Fig. 7). Among them,
cyanobacteria are the most productive. They are either filamentous or unicellular, being largely
diverse. The more represented cyanobacterial genera in microbial mats are Aphanothece,
Chroococcus, Gloeocapsa, Halomicronema, Leptolyngbya, Microcoleus, with Microcoleus
chthonoplastes as the most abundant species in marine cyanobacterial microbial mat (van

Gemerden, 1993), Oscillatoria, Pleurocapsa, Spirulina and Synechocystis.

The principal metabolism of these microorganisms is the oxygenic photosynthesis. This
reaction consists of the reduction of the carbon dioxide into organic carbon, doing water
protolysis thanks to light radiations of visible spectra, ended in oxygen production (Equation

1).

CO, +H,0 > O, +[CH,0] Equation 1

To perform this reaction, the cyanobacteria possess two membrane photosystems
named PSI and PSII connected in series (Stal, 1995). They contain different pigments like

chlorophyll a, carotenoids and phycobilins.

To do oxygenic photosynthesis, the cyanobacteria need CO: (carbon donor), light
(energy source) and HxO (electron source) which are generally present in most environments.
However, many cyanobacterial species show a versatile metabolism (Stal, 1995). Some of
them perform anoxygenic photosynthesis using sulfide as electron donor (Stal, 1995), sulfur
fermentation/respiration (Stal, 1995) and nitrogen metabolism (Stal, 1995). They have been

found in oxic and anoxic environments. Some species resist to desiccation growing in arid
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environments such as deserts while other tolerate high salinity growing in hypersaline ponds

(Stal, 1995).

Phototrophic microorganisms are fundamental organisms in the functioning of microbial
mats because they secrete extracellular polymeric substances (EPS), adhesive and protective,
which form a matrix around the cells, a major component of microbial mats and remain crucial
for their functioning (Decho, 1990; Fourcans et al., 2006; Hubas, 2018; Wieland et al., 2003).
This matrix is generally composed of sugars, proteins, extracellular DNA and other molecules
in smaller proportions (Fourgans et al., 2006; Hubas, 2018; Wieland et al., 2003). However,
the composition varies depending on the physiological state of the organisms, the specific
diversity, the growth stage of the mat and the physical-chemical conditions of the environment
(Decho and Moriarty, 1990; Hubas, 2018; Reinold et al., 2019; Underwood et al., 2004). By
binding to sedimentary particles, this matrix stabilises the microbial mat and prevents erosion
phenomena (Decho, 1990), but it has many other essential roles such as nutrients supply by
the sequestration and accumulation of dissolved and particulate nutrients coming from the
water column that can be used by microorganisms, or it also helps microbial communication,
or bring protection against UV radiations (Decho, 2000; Flemming and Wingender, 2010;

Hubas, 2018).

The cyanobacteria are also responsible for the input of organic matter in the sediment
ecosystem that becomes available for other microorganisms by different mechanisms: death
or lysis of the cyanobacteria, glycolate excretion (lack of CO> induces photorespiration which
excretes glycolate), excretion of fermentation products or extracellular polymeric substances
(EPS) (Stal, 1995). They also participate in the enrichment of the sediments with dioxygen and
nitrogen components. All these mechanisms lead to the delimitation of a rich oxic zone of
nutrients allowing the development of other microorganisms. This layer is the most exposed in

terms of environmental changes and disturbances.
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2.1.2 The aerobic heterotrophic microorganisms

The aerobic heterotrophic microorganisms (AHMSs) are observed in the oxic zone (Abed
et al., 2018a). This group is highly diverse. In hypersaline microbial mats, AHMs identified were
affiliated to the Gammaproteobacteria, Bacteroidetes and Alphaproteobacteria but also
Deltaproteobacteria, Planctomycetes, Spirochaetes, Acidobacteria, Deinococcus-Thermus,
Marinobacter, Halomonas, Roseobacter, Rhodobacter and Alcanivorax according to the

culture method used (Raeid M.M. Abed et al., 2007; Jonkers and Abed, 2003).

These microorganisms use oxygen as an electron acceptor to degrade the organic
carbon (Equation 2). The oxygen and organic matter used are produced by oxygenic

phototrophs.

0, + [CH,0] > CO, + H,0 Equation 2

AHMs and cyanobacteria were shown to interact by the exchange of vitamins and other
growth factors like nitrogen or carbon sources (Steppe et al., 1996). AHMs also produce CO>
that can be used by cyanobacterial photosynthesis (Abed et al., 2018a). Aerobic respiration is

as important as photosynthesis for the carbon budget within the mat.

During the daytime, the oxic part is saturated with photosynthetically produced oxygen
whereas, during the night, anoxic conditions prevail due to continued respiration activities of
AHMs (i.e., on cyanobacterial fermentative products) and sulfide production. Respiration is
supposed to be higher under the light because AHMs use the cyanobacterial soluble

photosynthates.

AHMs activities have a key role because they decrease the oxygen concentration,
which is toxic for the microorganisms located deeper in the mat. They also have an important
role in the carbon cycling within cyanobacterial microbial mats (Raeid M.M. Abed et al., 2007),
participating in the mineralisation of the carbon products of cyanobacteria. They are expected,

with sulfate-reducing bacteria, to play a major role in organic carbon mineralization in the photic
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zone of such mats, due to the changing diurnal oxic and anoxic conditions (Jonkers and Abed,
2003). Among AHMs, Bacteroidetes have been identified as specialists for the degradation of
cyanobacterial dead cells (Raeid M.M. Abed et al., 2007). All AHMs metabolize cyanobacterial
photosynthetic and fermentation products (Raeid M.M. Abed et al., 2007), some of them have
also been observed to have a possible role in nitrogen cycling. Abed et al. (2018a) showed

that the AHM community structure depends on the associated cyanobacterial species.

2.1.3 The sulfur-oxidizing chemolithoautotroph bacteria

The sulfur-oxidizing chimiolithoautotroph bacteria (SOCBs) are also named colourless
sulfur-oxidizing bacteria in opposition to the purple and green sulfur-oxidizing anoxygenic

phototrophs (Franks and Stolz, 2009).

During the reduction of CO, to organic carbon, these microorganisms oxidize the
sulfide, and other inorganic reduced sulfide forms, used as electron donors, to sulfate. This
reaction is called sulfur oxidation. The terminals electron acceptors are the oxygen and the

nitrate (van Gemerden, 1993), the last, could be stored intracellularly in some bacteria.

It is possible to distinguish four SOCB groups according to their carbon sources and

the energy used (Robertson and Kuenen, 2006):

- The obligate chemolithoautotrophs such as Thiomicrospira, Thiobacillus,
Acidithiobacillus and Sulfolobus use a mineral sulfur compound as an electron donor and fix
carbon via the Calvin cycle. They can nevertheless become heterotrophs when environmental

conditions are unfavourable, but this metabolism is secondary.

- The facultative chemolithoautotrophs can grow heterotrophically or mixotrophically.

- The chemolithoheterotrophs represented by some Thiobacillus and Beggiatoa do
not fix mineral carbon and must have a source of organic carbon. They use reduced sulfur

compounds as electron donors and energy sources.
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- The heterotrophic chemoorganotrophs (some species of Beggiatoa spp.,
Mecromonas, Thiobacterium and Thiotrix) can oxidise sulfur compounds without apparent

energy benefits.

These microorganisms are observed in sulfide-rich zones located at the oxic-anoxic
zone interface of microbial mats. They are well-adapted to the nychthemeral cycle with
properties of fluctuation of the oxygen-sulfide interface by vertical displacements (Fourcans et

al., 2006). SOCBs compete with photosynthetic sulfur-oxidising bacteria.

The presence of SOCBs have been observed in microbial mats of various
environments: surface sediments from coastal zones, hypersaline lake, cold seeps, mud
volcanos etc. (de Beer et al., 2006; Hinck et al., 2007; Mills et al., 2004; Preisler et al., 2007).
Studies on SOCBs have mainly focused on filamentous bacteria such as Beggiatoa spp., which
is particularly present in microbial mats, Thioploca spp. and Thiomargarita namibiensis (Franks
and Stolz, 2009; Hinck et al., 2007; Preisler et al., 2007). A competition between SOCBs and

the anoxygenic phototrophic bacteria occur for the use of sulfide.

SOCBs are adapted to the nychthemeral cycles occurring on microbial mats and the
geochemical variations associated (Mgller et al., 1985; Nelson et al., 1986; Nelson and
Castenholz, 1982). Their growth is favoured by the oxygen penetration beyond the zone where

the photosynthetic activity is high (Jargensen and Des Marais, 1986).

2.1.4 The anoxygenic phototrophic bacteria (purple and green)

The anoxygenic phototrophic bacteria (APBs) perform anaerobic photosynthesis by
using the final products of the degradation of the organic matter as electron donors. In the
microbial mats, they play an important role in the last steps of organic matter degradation.
They also use as electron donors, reduced sulfur compounds such as sulfides from the

respiration of sulfate, thiosulfate and elemental sulfur.
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The APBs harvest light between 740-1020 nm allowing the coexistence of multiple
anoxygenic phototrophs in the same environment. Within the microbial mats, they are located
on the surface of the anoxic zone where the light radiation necessary for their photosynthetic
metabolism still penetrates. These microorganisms are either green or purple, often competing
for the same energy and electron sources. However, the wavelengths used are different
because their pigments do not absorb light radiation of the same wavelength, leading to a

stratification in the microbial mats with the purple bacteria above the green bacteria.

The earliest phototrophs were anaerobic (living in the absence of free oxygen) and

anoxygenic (not producing oxygen) prokaryotes.

Commonly, the APBs are differentiated according to their heterotrophy potential and
their oxygen tolerance into five group: the purple sulfur bacteria, the purple nonsulfur bacteria,
the green sulfur bacteria, the green nonsulfur bacteria and the heliobacteria. However, more
recently, Madigan et al. (2017) share the APBs into six major groups : the purple bacteria
(Proteobacteria) containing purple sulfur bacteria, purple nonsulfur bacteria and aerobic purple
bacteria, green sulfur bacteria (Chlorobi), green nonsulfur bacteria which are also called the
filamentous green bacteria (Chloroflexi), heliobacteria (Firmicutes), chloracidobacteria
(Acidobacteria), and Gemmatimonas (Gemmatimonadetes) (George et al., 2020; Madigan et

al., 2017).

This coloured stratification is sometimes observable with the naked eye, the pink layer
is due to the presence of purple and the green layer above is due to the presence of green
phototrophs (Franks and Stolz, 2009) (Fig; 6, A). In these shallow ecosystems, purple
phototrophic sulfur-oxidizing bacteria are found more frequently than other phototrophic
anoxygenic bacteria. Light radiation is quickly attenuated by the thickness of the sediments as
well as by the presence of cyanobacteria and algae. These radiations allow the development
of purple phototrophic sulfur-oxidizing bacteria whose pigments absorb at 800-850 nm

(Jorgensen and Des Marais, 1986). In addition, green sulfur bacteria are not tolerant to oxygen

25



and are less adapted to fluctuations in oxygen gradients. So, they are less observed in

microbial mats (van Gemerden, 1993).

a- The purple bacteria

The purple bacteria are one of the major groups of photosynthetic microorganisms
observed in aquatic and terrestrial environments. They are photoautotrophs only at low oxygen
levels and their photosynthetic apparatus is down-regulated under higher oxygen levels and
instead are chemophototrophs using organic carbon (Bauer et al., 2003; George et al., 2020;
Madigan and Jung, 2009; Swingley et al., 2009). Purple bacteria are important in microbial
mats because they consume the H>S which is a toxic substance for other organisms, produce
organic matter when they do photoautotrophy, and consume organic compounds, primarily
non-fermentable organic compounds when they are photoheterotrophs (Madigan and Jung,
2009).

These bacteria are divided into three groups: the purple sulfur bacteria, the purple
nonsulfur bacteria and the aerobic purple bacteria. Different types of phototrophic purple
bacteria inhabit hypersaline coastal lagoons (Walter et al., 2021), salterns (Caumette et al.,
1997; Hirschler-Réa et al., 2003) and salt lakes (Asao et al., 2011). Purple sulfur bacteria are
different from nonsulfur bacteria on both metabolic and phylogenetic grounds, but species

often coexist in illuminated anoxic habitats (Imhoff, 2017).

e Purple sulfur bateria:

Purple sulfur bacteria are gram-negative prokaryotes belonging to the
Gammaproteobacteria within the Chromatiaceae and Ectothiorhodospiraceae (Herbert et al.,
2005; Imhoff, 2001; Imhoff et al., 2015).

These bacteria are strong photolithoautotrophs and use light energy to fix inorganic
carbon to organic carbon thanks to the anoxygenic photosynthesis, using electron donors such

as sulfides, polysulfides, elemental sulfur, thiosulfate, sulfite (Equation 3).
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2CO, + H,S +2H,0-> 2[CH,0] + H,SO, Equation 3

The purple sulfur bacteria convert energy by photophosphorylation like the other
phototrophic prokaryotes, but only on anoxic conditions because pigment synthesis is
repressed by molecular oxygen. So, to be successfully competitive, they need both light and

anoxic conditions. They also perform limited photoheterotrophy and chemotrophy.

To process anoxygenic photosynthesis, the purple sulfur bacteria contain
bacteriochlorophylls and carotenoids as photosynthetic pigments (Fenchel et al., 2012; Imhoff
et al., 2015).

In mature microbial mats, the dominant purple sulfur bacterium is often Thiocapsa
roseopersicina (van Gemerden, 1993; Visscher et al., 1990). This bacterium is both phototroph
and chemotroph with sulfide and thiosulfate as sulfur source (de Wit and van Gemerden,

1987).

e Purple nonsulfur bacteria :

The purple nonsulfur bacteria are dispersed in Beta- (Rhodoferax, Rubrivivax, etc.) and
Alphaproteobacteria (Rhodospirillum, Rhodobacterales, Rhizobiales genera) (Imhoff et al.,

2015). They are facultative phototrophs, and may be anaerobes and aerobes.

Purple nonsulfur bacteria are more versatile than purple sulfur bacteria. Under
anaerobic conditions and in the presence of light, these bacteria are photoorganotrophs, using
preferentially organic compounds as electron donors (Caumette et al., 2007). They are also
capable of photolithotrophy using hydrogen or reduced sulfur compounds (Caumette et al.,
2007; Guyoneaud et al., 2002), be autotrophs or heterotrophs, and live
chemoorganoheterotrophic (Caumette et al., 2007). Purple non-sulfur bacteria distinguish from

purple sulfur bacteria in that they do not oxidize sulfide to elemental sulfur (as intermediate).

e The aerobic anoxygenic purple bacteria:
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The aerobic anoxygenic purple bacteria belong mostly to the Alphaproteobacteria
within the order Rhodobacterales, in the Roseobacter clade (Yurkov and Beatty, 1998).
However, one known representative is a Betaproteobacteria, Roseateles depolymerans
(Suyama et al, 1999; Yurkov and Csotonyi, 2009; Yurkov, 2006) and another a
Gammaproteobacteria with Congregibacter litoralis (Fuchs et al., 2007; Yurkov and Csotonyi,
2009). Unlike the other APBs, the aerobic anoxygenic purple bacteria require oxygen for their

growth.

The aerobic anoxygenic purple bacteria possess bacteriochlorophyll a and carotenoids
(George et al., 2020; Yurkov and Beatty, 1998), but bacteriochlorophyll can’t be used for

anaerobic photosynthetic growth by photoautotrophy (Sander and Dahl, 2009).

They are obligate heterotrophs for 80% (George et al., 2020; Yurkov and Csotonyi,
2009) with aerobic chemoorganotrophy as the preferred mode of growth (Sander and Dahl,
2009). However, some of these bacteria carry out photoheterotrophy only under aerobic
conditions (Yurkov and Csotonyi, 2009), but the production of bacteriochlorophyll a only occurs
in dark conditions, possibly to avoid the potential for oxidative damage caused by the excitation

of chlorophyll intermediates (Beatty, 2002).

They are widely distributed in the oceans and they are key players in marine carbon
cycle (Yurkov and Csotonyi, 2009). Several members of Rhodobacterales, such as Loktanella,
are very present in developing mats while in low numbers in mature mats (Cardoso et al.,

2019).

b- Anoxygenic green bacteria

Commonly, anoxygenic phototrophic green bacteria gathered the green sulfur bacteria
(Chlorobiaceae) and the green nonsulfur bacteria (also called the filamentous anoxygenic
phototrophs) (Chloroflexaceae) (Madigan et al., 2017) because there are very close
phylogenetically. More recently Madigan et al. (2017) described other anoxygenic phototrophic

bacteria called Heliobacteria (Heliobacteriaceae) among the green bacteria because they
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share significant photochemical properties with green sulfur bacteria and are also green in
colour (Madigan et al., 2017). Anoxygenic green bacteria are observed below the pink layer in
the microbial mats but they don’t constitute a lamination all by themselves (Martinez-Alonso et

al., 2004).

The green sulfur and the green nonsulfur bacteria share similarities. Both contain
chlorosomes, an organite where photosynthesis takes place only found in these bacteria (Fig.
8). Green sulfur phototrophs grow at low light intensities (Oelze and Golecki, 1995). Some
species of these two communities also contain similar antenna pigments (bacteriochlorophylls
¢, dor e) located around chlorosomes. By contrast, Heliobacteria lack chlorosomes and have
no discernible internal photosynthetic membrane system. However, they contain Bchl g as well
as small amounts of chlorophyll a and chlorophyll a derivatives in the cytoplasmic membrane

(Heinnickel and Golbeck, 2007).
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Figure 8: Chlorosomes. Schematic view of chlorosomes in Chlorobia and Chloroacidobacterium (Cab.)
thermophilum, and in green filamentous anoxygenic phototrophs (FAPs). The “*” indicates a molecule
found only in Cab. thermophilum. This figure is from Thweatt et al. (2019).

(B)Chl: (bacterio)chlorophyll; Csma: BChl a-binding protein; FMO: Fenna-Matthews-Olsen protein; LH:
light-harvesting; RC: reaction center.

The physiologies and habitats of green sulfur bacteria, green nonsulfur bacteria, and
Heliobacteria are different (Madigan et al., 2017). All of them carry out photosynthesis only
under anoxic conditions.
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e Green sulfur bacteria:

The green sulfur bacteria belonging to Chlorobia are strict anaerobes and
photolithoautotrophs. In the presence of CO: and sulfides, some simple organic compounds
are photoassimilated. These bacteria utilize H2S as an electron donor, which can tolerate this
toxic molecule. Their presence has been ever observed in microbial mats (Martinez-Alonso et

al., 2005; Roeselers et al., 2007).

e Green nonsulfur bacteria:

The green nonsulfur bacteria are also called green filamentous bacteria. They belong
to Chloroflexi and have the capacity to move by sliding. These bacteria are facultative
anaerobes and use oxygen as electron acceptor in darkness. Their growth is either

photoautotrophic, or photoheterotrophic or chemotrophic (Kawai et al., 2021).

Some Chloroflexi bacteria also demonstrated a beneficial association with
cyanobacteria in microbial mats from Guerrero Negro (Ley et al., 2006) reducing H>S which is
inhibitory for cyanobacterial oxygenic photosynthesis and using oxygen and organic carbon
produced by cyanobacteria. Green nonsulfur bacteria are the main components of microbial
mats forming in the outflows of alkaline hot springs or developing in shallow marine or

hypersaline environments (Castenholz and Pierson, 1995; Madigan et al., 2017).

e The Heliobacteria:

The Heliobacteria are present in Firmicutes (Madigan et al., 2017) and are strict
anaerobes.

This group includes phototrophic bacteria containing bacteriochlorophylls g which is
unique and only found in this family (Madigan, 2006). The lack of differentiated photosynthetic
internal membranes such as the membrane vesicles or lamellae of purple bacteria or the
chlorosomes of green bacteria is also observed (Madigan, 2006). Their inability to fix CO-
makes them incapable of autotrophy. Thus, they are photoheterotrophs, when grown under

anoxic conditions and in the light, or fermentative anaerobes (chemotrophy) (Madigan, 2006).
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Some Heliobacteria have been observed in microbial mats (Bryantseva et al., 2000;

Kimble et al., 1995).

c- Phototrophic Gemmatimonadetes bacteria

The phototrophic Gemmatimonadetes phylum have been recently discovered, with the
isolation of Gemmatimonas aurantiaca from wastewater (Zhang et al., 2003). They are
phototrophs (KobliZzek et al., 2020; Zeng and Koblizek, 2017). There is a lack of knowledge
because few representatives are cultured (Zeng and Koblizek, 2017) but these bacteria have

been found in microbial mats of salterns (Maziere et al., 2021).

2.1.5 The sulfate-reducing microorganisms

The sulfate-reducing bacteria belong mainly to the Deltaproteobacteria within the
orders of Desulfobacterales, Desulfovibrionales and Syntrophobacterales (Castro et al., 2000;
Muyzer and Stams, 2008; Plugge et al., 2011). They are also found in the phylum Firmicutes
and within Nitrospirae. Sulfate-reducers are also present in the Archaea within the genera
Archeoglobus, Thermocladium and Caldivirga. This ability to do sulfate respiration in some
archaea is linked to a horizontal gene transfer (Karkhoff-Schweizer et al., 1995; Nelson et al.,

1999; Wagner et al., 1998).

Sulfate-reducing microorganisms (SRMs) are observed in the anoxic zone below the
APBs. Their activity leads to the precipitation of iron sulfide, recognizable in the microbial mat

by its black colouring (Fourcans et al., 2004).

The metabolism of these microorganisms is chemolithotrophic with the anaerobic
respiration using organic compounds as electron donors and carbon sources. Sulfate, sulfite,
thiosulfate and sulfur are the electron acceptors leading to the formation of sulfide by
dissimilatory respiration (Megonigal et al., 2014). Some SRMs perform aerobic respiration,
supposed only for maintenance (Thauer et al., 2007). The substrates are often low molecular

weight originating from the fermentation of organic matter, such as simple organic acids,
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alcohols and hydrogen (Megonigal et al., 2014). More complex carbon sources can be used,
such as long-chain fatty acids, sugars, aromatic compounds or hydrocarbons (Callaghan et

al., 2008; Cravo-Laureau et al., 2005, 2004; Megonigal et al., 2014).

3H,S0,+ 2[C4Hs04] + = 6CO, + 3H,S + 6H,0 Equation 4

SRMs are responsible for 80% of carbon oxidation in coastal marine sediments
(Canfield et al., 1993a, 1993b; Megonigal et al., 2014) and play a major role in the
mineralization of organic matter in anoxic environments (Jargensen, 1982; Jorgensen et al.,
2019; Megonigal et al., 2014; Ollivier et al., 1994). Aerobic respiration of heterotrophic bacteria
in the mat leads to oxygen depletion in the sediments, leading to anoxia of the microbial mat
in depth. This area is also rich in organic matter, simple compounds originating from aerobic
and anoxygenic degradation processes. Their sulfate reducing metabolism results in the
production of sulfide and the formation of an associated gradient. These bacteria are not

necessarily strict anaerobes (Camacho, 2009).

SRMs dominate anaerobic carbon consumption in marine microbial mats and are very
well studied in hypersaline microbial mats (Cadena et al., 2018; Campbell et al., 2019;

Caumette et al., 1994).

2.1.6 The methanogens

The methanogens are only represented by archaea belonging to the Euryarchaeota
phylum (Liu, 2010), dispatched in seven orders. The Methanobacteriales, Methanomicrobiales
and Methanosarcinales are common in anoxic environments (Liu, 2010). The
Methanococcales are slightly halophilic marine methanogens and the Methanopyrales are
hyperthermophilic with currently only one genus and one described species (Liu, 2010;
Whitman and Jeanthon, 2006). The Methanocellales and Methanomassiliicocales orders were

described later (Paul et al., 2012; Sakai et al., 2008).
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described. Hydrogenotrophic

methanogenesis have been

Three types of

methanogenesis uses H: to produce CH4 and CO;, aceticlastic methanogenesis uses acetate
to produce CHs and CO: and methylotrophic methanogenesis uses methyl, methylamines,
methyl-sulfides (Conrad, 2020) (Fig. 9). This last is commonly observed in saline environments

and uses the « non-competitive » methanogenic substrates (Conrad, 2020).
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Figure 9: Methanogenesis pathways. A) Hydrogenotrophic, B) methylotrophic and C) aceticlastic
methanogenesis pathways. This figure is from Kurth et al. (2020).

FwdA-F/FmdA-F: dehydrogenase, Ftr:
tetrahydromethanopterin formyl-transferase, Mch: methenyl-tetrahydromethanopterin cyclohydrolase,

formylmethanofuran formylmethanofuran-
Mtd: methylenetetrahydromethanopterin dehydrogenase, Mer: 5,10-methylenetetrahydromethanopterin
reductase, MirA-H: tetrahydromethanopterin S-methyl-transferase, McrABCDG methyl-coenzyme M
reductase, FrhABG: coenzyme F420-reducing hydrogenase, HArABC: soluble heterodisulfide
reductase, MvhAGD: F420-non-reducing hydrogenase, FdhAB: formate dehydrogenase, FpoA-O:
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F420H2 dehydrogenase, HdrDE: membrane-bound heterodisulfide reductase, Ech-H2ase: energy-
converting hydrogenase, Rnf: Na*translocating ferredoxin:NAD* oxidoreductase complex, ATPase:
ATP synthase, CODH-ACS: Acetyl-CoA decarbonylase/synthase, MTI and MTII: methyltransferase,
CoB: coenzyme B, CoM: coenzyme M, H4MPT: tetrahydromethanopterin, MFR: methanofuran, Fd:
ferredoxin, F420H2: reduced coenzyme F420, MP: methanophenazine, CO(lll): cobalamin binding

protein.

The methanogens are strict anaerobes. These archaea dominate the last step of the
organic matter degradation to form methane (CH4) when the other electron acceptors are
absent like Oz, NO3,, Fe®* and SO4?. They generally use simple carbon molecules with 1 or 2
carbon atoms like methanol, formate, acetate and methylamines. Some of them can use
choline, glycine or betaine (Watkins et al., 2014, 2012) while others can do CO: respiration by
using hydrogen as a electron donor.

The methanogens are thermodynamically disadvantaged when they enter in
competition with the sulfate-reducers for some substrates like acetate and hydrogen. In marine
sediments where sulfate molecules are present, the methanogenesis persists by using
substrates non-competitive like the methylamines, the dimethylsulfoniopropionates and the
dimethylsulfides which are not preferentially used by the sulfate-reducers and which are
present in high concentrations in microbial mats (Bolhuis and Stal, 2011). The hypersaline

mats present high levels of methane production (Hoehler et al., 2001).

2.1.7 The methylotrophs

Methylotrophy is the ability to use reduced one-carbon compounds, such as methanol,
as a single source of carbon and energy. Methylotrophic species have been characterized as
belonging to Alpha-, Beta-, and Gammaproteobacteria, Actinobacteria, Firmicutes,

Verrucomicrobia, and a Candidatus phylum NC10 (Chistoserdova et al., 2009).

The methylotrophs are separated into two groups: the methanotrophs, which
metabolize methane as a sole carbon and energy source, and the non-methanotrophic
methylotrophs that use methanol and other partially oxidized methane metabolites (Hanson
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and Hanson, 1996). Methylotrophs should not be confused with methylotrophic methanogens.
The methanotrophs are composed of the aerobic methanotrophic bacteria (Equation 6)
(Burgmann, 2011; Knittel and Boetius, 2009) and the anaerobic methanotrophic archaea
(ANME), which perform anaerobic oxidation of methane (AOM) (Equation 7) in the upper
subsurface sediment, where sulfate but no oxygen is present (Knittel and Boetius, 2009;
Kriger et al., 2003). The ANME belong to three distinct clusters of Euryarchaeota named

ANME-1, -2, and -3 (Knittel and Boetius, 2009).

CH, + 20, CO, + 2H,0 Equation 6

CH, + H,S0, > CO, + H,S + 2H,0 Equation 7

The methylotrophs are chemolithoautotrophs (Franks and Stolz, 2009). Despite this,
Methylobacterium extorquens, which is a pink-pigmented facultative methylotroph, possesses
a genome with the complete information to do anoxygenic photosynthesis but no evidence of
photosynthesis was done (Peyraud et al., 2011). Methylobacterium radiotolerans (previously
called Pseudomonas radiora) presents bacteriochlorophyll-protein complexes (Nishimura et
al., 1989). Paracoccus denitrificans is an autotrophic methylotroph (Chistoserdova et al.,

2009).

ANME perform different metabolisms according to the electron acceptor (Cui et al.,
2015). The methylotrophs have an important role in the carbon cycle but they also participate
in the nitrogen cycle, some species being capable of nitrogen fixation, denitrification, or both
(Chistoserdova, 2015). The methanotrophs have a major role in the natural capture of most of

the methane, produced via methanogenesis, or non-biogenic methane.

The methylotrophs have been ever observed in microbial mats (Buckley et al., 2008;
Paul et al., 2017). Anaerobic oxidation of methane has been observed in sediments with
methane concentrations like those observed in intertidal mat systems. In the Great

Sippewissett Salt Marsh, both aerobic and anaerobic methanotrophs have a role in limiting
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methane emissions from the mat system (Buckley et al., 2008). It seems that ANME-1

dominate in hypersaline environments (Cui et al., 2015).

2.1.8 The other metabolisms found on microbial mats

a- Fermentation

The fermentative bacteria perform the preliminary steps of organic matter degradation
and provide substrates for sulfate-reducing bacteria. The ability to ferment is widespread
among bacteria and archaea. Recent studies of the Elkhorn Slough microbial mats in Monterey
Bay (USA) have shown that Microcoleus spp., the most abundant cyanobacterial group in this
mat, was among the major fermenters (Burow et al., 2013). These cyanobacteria ferment
photosynthate to organic acids, CO. and H: through multiple pathways and Chloroflexi
microorganisms take up these organic acids for their growth (Burow et al., 2013). Fermentative
and strictly anaerobic bacteria have also been shown to reduce nitrate into ammonium in
sediments on the French Mediterranean coast resulting in the preservation of nitrogen in its

biologically available form (Bonin et al., 1998).

b- Diazotrophy

The marine diazotrophs are essential microorganisms because they transfer the
atmospheric nitrogen to bioavailable nitrogen in the biosphere (Boatman et al., 2017; LaRoche
and Breitbarth, 2005; Tang et al., 2019; Zehr et al., 1995). Nitrogen is an essential element for
life because it is then assimilated into amino acids and proteins to synthesize biomass (Cabello

et al., 2009; Howarth, 2014). They fix dinitrogen (N2) by reducing it into ammonium (NH4*).

In most marine microbial mats, diazotrophic cyanobacteria commonly perform the
fixation of N2 and are essential to make available nitrogen for the microbial community
(Bauersachs et al., 2011). On the southern North Sea, the filamentous non-heterocystous

cyanobacterium Lyngbya aestuarii (previously assigned as Oscillatoria) is the most prominent

36



No-fixer in most intertidal microbial mats but many other unicellular, filamentous non-
heterocystous and heterocystous cyanobacteria also supply nitrogen (Bauersachs et al., 2011;
Severin and Stal, 2008). Other microorganisms also participate in the N fixation. Some studies
have shown that in intertidal microbial mats, sulfate-reducers and other heterotrophic bacteria
have particular importance in the fixation of N> (Steppe and Paerl, 2002, 2005; Zehr et al.,
1995). Purple sulfur bacteria have also been shown to make high rates of N: fixation in

hypersaline microbial mats (Pinckney and Paerl, 1997).

c- Nitrification and denitrification

The nitrifying microorganisms are aerobes and chemolithoautotrophs oxidizing nitrogen

(Franks and Stolz, 2009). Nitrification is an obligatory aerobic process.

Denitrifying bacteria are facultative aero-anaerobic heterotrophic bacteria that can use
oxidized forms of nitrogen, often nitrate or nitrite, as a terminal electron acceptor and reduce it

to dinitrogen.

d- Metal associated metabolisms

Other microbial metabolisms are present in microbial mats. Their abundance was less
important than the other communities, but their presence was not less important. It is often

metabolisms linked to metal, such as iron-oxidizing, iron-reducing microorganisms etc.

Cable bacteria have been notably observed in marine sediment (Geelhoed et al., 2020;
Hermans et al., 2019). These bacteria are multicellular and filamentous bacteria belonging to
the deltaproteobacterial family Desulfobulbaceae (Pfeffer et al., 2012). They transport
electrons over centimetre distances (Nielsen et al., 2010; Risgaard-Petersen et al., 2012)
allowing to couple the sulfide oxidation in deeper anoxic sediment layers with the reduction of
oxygen or nitrate in the sediment-water surface, making them sulfur-oxidizing bacteria
(Marzocchi et al., 2014; Nielsen et al., 2010) (Fig. 10). These bacteria are positioned vertically
thanks to their motility (Bjerg et al., 2016; Malkin and Meysman, 2015). Cable bacteria and

other sulfur-oxidizing bacteria, such as Beggiatoa, can co-occcur suggesting competition for
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the same ecological niches (Seitaj et al., 2015). However, the only source of H.S for the
Beggiatoaceae family is from sulfate-reduction, whereas cable bacteria can dissolve FeS
(Seitaj et al., 2015; Sulu-Gambari et al., 2016). An seasonally alternance of Beggiatoa and

cable bacteria have also been shown in a deep gully of a lake (Seitaj et al., 2015).

Cable bacteria oxidise sulfide an avoid euxinia in the upper layers (Seitaj et al., 2015).
It also results in the release of protons and therefore a decrease in pH (Nielsen et al., 2010).
This acidification leads to the FeS and CaCOs; dissolution provoking the deposition of solid
ferric iron minerals (Sulu-Gambari et al., 2016). This layer of ferric iron oxides may act as a
firewall between the layers of oxygenic and anoxygenic phototrophs, protecting the
cyanobacteria from sulfide and the purple sulfur bacteria from oxygen in microbial mats (Seitaj
et al., 2015; Stal, 2001). Stal et al. (2019) developed the hypothesis that cable bacteria could
participate to the construction of this solid layer (Fig. 10). Cable bacteria have been observed
in photosynthetic biofilm (Malkin and Meysman, 2015), but to our knowledge, no one has been

identified in microbial mats.
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Figure 10: Cable bacteria metabolisms. Scheme of the cable bacteria metabolisms within a
cyanobacterial mat and the hypothetic production of an iron ‘firewall’ between the oxygenic
photosynthetic layer of cyanobacteria and the permanent anoxic sulfidic layer. This figure is from Stal et
al. (2019).
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2.2Eukaryotic communities

Like for Bacteria and Archaea, there is a large diversity of eukaryotes colonizing
microbial mats from different environments such as hot springs (Aguilera et al., 2010), polar
regions (Jungblut et al., 2012), estuaries (Coull, 1999), hypersaline environments (Alexander
et al., 2009; Elloumi et al., 2009) efc. Eukaryotes also live in several habitats with less
favourable environmental conditions like extreme pH, temperature or pollution by metals
(Aguilera et al., 2010; Cvitkovi¢ et al., 2011). Temperature is one of the main factors
determining the distribution and abundance of species due to its effect on enzymatic activities.
In aquatic environments, eukaryotes are classified according to their size (macro-, meio-,
micro-, nano-, pico-) or their type (auto-, phyto-, hetero-). For example, meiofauna includes
eukaryotic organisms with a size comprise between 40 um and 1 mm. It is a major part of
marine mats and plays important roles in their ecosystem (Cvitkovi¢ et al., 2011; El-Serehy et

al., 2016; Franks and Stolz, 2009).

Eukaryotes in general have diverse lifecycles and include primary producers as well as
primary and secondary consumers. Diatoms are often the dominant primary producers of the
ecosystem with cyanobacteria (Jonkers and Abed, 2003). Several taxa have been observed
in microbial mats including members of the Bacillariophyta, Chlorophyta, Rhodophyta, and

Euglenophyta phyla as well as ciliates, amoebae and stramenopile (Aguilera et al., 2010).

Microbial mats are considered like a refugium for some eukaryotes reducing, for
example, oxidative, osmotic, freeze-thaw, and dehydration stresses (Jungblut et al., 2012).
The microbial mats are rich in inorganic nutrients (Bonilla et al., 2005), recycled organic matter
and bacteria (Varin et al., 2010), providing food for eukaryotic heterotrophs such as ciliates
and the metazoan microfauna. Saprophytic, phagotrophic, parasitic and predatory eukaryotes
have been observed, increasing the nutrient and energy transfer within the mat and thus,
increasing trophic complexity and potential resilience to environmental change (Duffy and
Stachowicz, 2006). Grazing by meiofauna has a major role in the development of microbial

mats (Fenchel, 1998; Stal, 2012). Microbial mats participated in the oxygenation of the Earth
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leading to the appearance of grazers which then contributed to the rarefaction of microbial
mats. Currently, it is therefore generally thought that microbial mats only thrive in environments
that largely exclude grazing organisms (e.g., extreme environments) to avoid grazing. But it
seems that it is most probable that a balance between microbial mats and grazers occurs,
grazing permitting to avoid the accumulation of cyanobacteria in microbial mats (Stal, 2012,
1995) and bacteria that could also produce EPS, limiting some grazers that would otherwise

destroy mat integrity, as suggested for temperate regions (Stal, 2012).

2.3Viruses

Viruses are diverse, abundant, and important ecological components of microbial
communities, acting as key players in biodiversity and organic matter fluxes. In sediments,
viruses have been described to affect prokaryotic host mortality, spatial distribution and
biogeochemical cycles. Studies on the ecological role of viruses in ecosystems are few

(Carreira et al., 2015).

Little is known about viruses (bacteriophages) in microbial mats but, they are observed
and surely important factors for carbon and nutrient recycling and probably also contribute to
genetic exchange and bacterial evolution in the mat (Brlissow et al., 2004). They control the
development of microbial mats (Hennes et al., 1995) participating, for example, in the cellular
lysis and recycling of bacteria, archaea, and microbial eukaryotes (Pedrés-Ali6 et al., 2000;

Varin et al., 2010).

A higher amount of phages were observed in submerged marine cyanobacterial mats
(Hennes and Suttle, 1995). Alpha-, Beta-, Gammaproteobacteria phages and cyanophages

were observed in microbial mats (Varin et al., 2010).
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3. Adaptation of microbial mats in response to environmental

changes

Microbial mats are heterogeneous at the micro- and macroscopic scales. At the
microscopic level, physical-chemical gradients of light (quantity and quality), temperature,
oxygen, pH, redox potential, salinity and available electron acceptors in the water column and
the sediment are observed and at a macroscopic scale, tide, precipitation, vegetation and
bioturbation etc. Microbial mats also differ depending on the area, even comparing two mats a
few square kilometres apart (Bolhuis et al., 2013) and the season (Cardoso et al., 2019;

Desnues et al., 2007; Passarelli et al., 2015; Prieto-Barajas et al., 2017).

3.1 Physical-chemical microgradients within the microbial mats

Different metabolisms occur in the microbial mat, resulting in the establishment of
vertical physical-chemical microgradients of oxygen, sulfur, hydrogen ions and other chemical
species as well as light intensity and its spectrum (Jorgensen et al., 1983; Revsbech et al.,
1983). The physical-chemical gradients also show strong variations during the nychthemeral

cycle. This leads to changes in environmental conditions for mat microorganisms.

For example, during the day, the light radiation available at the surface for oxygenic
phototrophs induces a significant production of oxygen (Fig. 11). This oxygen penetrates to
the level of the first millimetre of the mat and then decreases sharply and disappears under
the action of aerobic heterotrophic bacteria that consume it (Fig. 11). On the other hand, a
sulfur gradient appears due to the reduction of sulfate by the sulfate-reducers at depth. This
high concentration of sulfur disappears abruptly between the first and the second millimetre,
under the action of sulfur-oxidizing bacteria, phototrophic or not (Fig. 11). The result is an
anaerobic zone rich in sulfur separated from an aerobic zone. During the night, there is no light
gradient, which means that there is no photosynthetic activity of the cyanobacteria, which leads
to a rapid depletion of oxygen in the entire mat, which is therefore mainly anoxic (Fig. 11).
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Anaerobic metabolisms of dissimilatory sulfate-reduction become dominant, the sulfide
invades all the mat on the surface. The pH also shows variations during the day, increasing at
the surface due to the high photosynthetic activity of the cyanobacteria and the low buffering

capacity of the mat, then decreasing at depth.

These vertical microgradients lead to a stratification of the microbial mat, which

provides the capacity to face the great variation of the physical-chemical parameters.
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Figure 11: Light, oxygen and sulfur gradients in a microbial mat. Schematic view of these three
gradients A) during the day and B) during the night. The schematic view at the middle represents a
microbial mat during the day.
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3.2Natural dynamics of the microbial mat in their environment

The diversity and the composition of a microbial mat at the microscopic level are very
influenced by its physical-chemical environment at the macroscopic level. The physical
parameters are mainly defined by abiotic processes while the chemical processes are modified
by microbial activities (Franks and Stolz, 2009). Each ecosystem has its defined parameters.
Microbial mats face different natural and human modifications of environmental parameters
occurring either in short-term (e.g., daily variations, salt exploitation) or long-term (e.g., climate

change, recurrent pollution).

One of the major parameters driving the microbial mat organization is the light.
Photoautotrophic communities’ diversity and abundance depend largely on the amount of light
(or light quantity) and the wavelengths (light quality) that is used by the light pigments and
photosystems. The average amount of light that illuminates a surface on a sunny day is 1000
to 2000 pE.m2.s (Franks and Stolz, 2009). On the water column, the light is attenuated by
the presence of particles and organisms and on the sediment, its depth penetration can be
reduced depending on the sediment type. Most phototrophs are adapted to low light intensities.
For cyanobacteria found in the microbial mats of Mellum Island in the North Sea, the optimum
light intensity is 50 to 150 uE.m?2.s (Stal et al., 1985). Purple sulfur bacteria from the same
mats use from 5 to 10 pE.m=2.s™" (Stal et al., 1985). Several strategies have been developed
by microbial communities of mats to obtain the appropriate amount of light. Cyanobacteria
produce carotenoids and other light attenuating products (e.g. scytonemin). (Hirschberg and
Chamovitz, 1994; Palmisano et al., 1989; Rastogi et al., 2015). Some phototrophs are also
specialized in the capture of rare photons in light-limited environments. For example, green
sulfur bacteria containing bacteriochlorophyll e have been found at 100 m depth in the Black
Sea (Manske et al., 2005). Geographic location is also important regarding the growing season
of mats. Equatorial mats show little annual change, northern and southern latitudes are subject
to seasonality, and artic and antarctic systems are subject to month long extremes of constant

light or darkness.
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Moreover, in the same environment, the evolution of light harvesting structures and
photosystems permit to the different phototrophic organisms to use different wavelengths of
light. Cyanobacteria possess thylakoids with chlorophyll a (680 nm) and phycobilins (e.g.,
phycoerythrin, phycocyanin), green anoxygenic phototrophs have chlorosomes with
bacteriochlorophyll ¢ (740 nm), d (725 nm) or e (714 nm), and purple anoxygenic phototrophs
have intracytoplasmic membranes with bacteriochlorophyll a (800-890 nm) or
bacteriochlorophyll b (1015 nm) (Frigaard, 2016; Madigan et al., 2000; Madigan and Jung,
2009; Scheer, 2006). Thus, a large variety of phototrophic microorganisms can coexist thanks
to these different photosystems. Moreover, water is a natural attenuator of light, absorbing
most of the infrared wavelengths in the first meter. The longer wavelengths penetrate further
into shallow water sediments (Jargensen and Des Marais, 1986), allowing the dominance of
anoxygenic green and purple phototrophs in these layers. Flat laminated mats found in very

shallow pools, lagoons, and salt marshes often have a distinct layer of anoxygenic purple.

On temperate coastal regions, seasons are one of the main drivers of environmental
changes. Microbial mats have to face with high temperatures in summer and cold temperatures
in winter, and a variation of the precipitation according to the season. These allow for a
variation of the different other physical-chemical parameters, such as pH, nutrients availability
and storage, salinity, dissolved oxygen etc. and therefore the modification of the structure of
microbial mats (Cardoso et al., 2019; Desnues et al., 2007; Passarelli et al., 2015; Pierre et
al., 2014). Anthropogenic impacts have also been reported to impact the structure of microbial

mats like in salterns (Maziere et al., 2021).
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Table 1: Photosynthetic information about phototrophic communities of microbial mats. This

table resumes the reaction center and pigments present on each phototrophic community, the

absorption wavelength, the electron donor and the performed metabolism. Modified from George et al.

(2020).

PS: photosystem; Chl: chlorophyll; BChl: bacteriochlorophyil.

phototrophic bacteria

. . . Photosynthetic .
Microbial group Reaction center pigments Absorption wavelenght
Cyanobacteria .. N
Prochlorophytes (also Chl a. Chi b and gg(l) i’m 430 nm and
called type Il Types | and Il h ’ " Chl b:
cyanobacteria) phycobilines b: ~ 460 nm and ~
Green algae 650 nm
BChl a/b, carotenoid BChl a: ~
pigments such as 800/ 815-960 nm.
Purple sulfur bacteria | Type Il spirilloxanthin, BChl b:
spheroidene, lycopene,  a range of 835-850 and
and rhodopsin 1010-1040 nm
BChl a/b and carotenoid BChl a: ~
i pigments such as 800/ 815-960 nm.
urble non-sulfur Type I spirilloxanthin, BChI b: a range of
spheroidene, lycopene,  835-850 and
and rhodopsin 1010-1040 nm
BChlc,dand e
organized into
chlorosomes. Behl ¢: ~460, 730-760
Carotenoid pigments nm
Green sulfur bacteria | Type | such as chiorobactene, gy . ~440, 720-750
y-carotene nm
isorenieratene and e R
derivatives (OH- Bchl e: ~460, ~715 nm
chlorobactene and G-
isorenieratene)
BChl aor aand c/d.
Different carotenoid
pigments such as
carotene, B-carotene,
OH-y-caroteneglucoside
Filamentous ester, keto-OH-y-
anoxygenic Type |l carotene, keto- 720-878 nm

myxocoxanthin,
myxobactene, methoxy-
keto-myxocoxanthin,
keto-myxocoxanthin
glycoside ester are
present depending on
the family.
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BChl g. Carotenoid

pigments such as 4,4’ -

Heliobacteria Type | diaponeurosporene, <400, 780-850 nm
OH-diaponeurosporene

glucoside esters.

BChl ¢, BChl aP, Chl
aPD and Zn-BChl a’P.
Carotenoid pigments

Acidobacteria Type | such as Echinenone, Infrared light between
canthaxanthin, 740-750 nm
lycopene, y and 8 -
carotene may be
present
Gemmatimonadetes Type Il BChl a BChl a: 816 and 866 nm

Salinity has been shown to be a major driver of the diversity and the structure of
microbial mats (Ben Salem et al.,, 2019; Coull, 1999; Fei Xi et al., 2014). Richness and
abundance of bacteria and eukaryotes decrease along an increased salinity gradient (Benlloch
et al., 2002; Estrada et al., 2004; Nubel et al., 2000; Pedrés-Alié et al., 2000). Salinities above
100 psu led to the decrease of growth photosynthesis and oxygen consumption in microbial
mats, suggesting a salt adaptation of the microorganisms and therefore a resilience
accompanied by an adjustment of their diversity and function (Raeid M. M. Abed et al., 2007).
Bolhuis et al., (2013) showed that salinity gradient in an intertidal environment impacted the
composition of the primary producers of microbial mats with marine mats dominated by
diatoms, intermediate brackish mats dominated by Cyanobacteria and freshwater mats
dominated by Cyanobacteria and freshwater green algae. Other microbial activities have been
shown to be modified by variations of the salinity, such as cyanobacterial nitrogenase
transcription inhibited by increasing salinity (Severin et al., 2012). However, a more variable
active diazotrophic community was observed in microbial mats which are naturally exposed to

frequent salinity changes (Severin et al., 2012).
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3.3Microbial responses faced to climate change

Some studies have been performed on climate change on specific microbial
communities, often evaluating the effect of one change (e.g., acidification, warming...). The
impact of climate change on microbial mats is still unknown. Temperature affects the
composition, the photosynthetic performance, the growth, the biomass and the physiology of
microphytobenthos (Cartaxana et al., 2015; Hancke and Glud, 2004). Sarmento et al. (2010)
showed that warming leads to the increase of heterotrophic bacterial respiration and
production if enough resources are available. Grazers are affected by the increase of the
bacterial losses and thus bacterial-grazer biomass flux within the microbial food web
(Sarmento et al., 2010). The increase of bacterial losses to grazing is observed at lower rates
than bacterial production (decreasing the proportion of production removed by grazers)
(Sarmento et al.,, 2010). Thus, the abundance of heterotrophic bacteria on the oceans is
supposed to increase and reinforce the already dominant role of microbes in the carbon cycle

of a warmer ocean.

Acidification is thought to have effects mainly at the metabolic level, favouring the
growth of some microorganisms (Baragi and Anil, 2016; Black et al., 2019; Hicks et al., 2011)
but also increasing the energy cost for maintaining intracellular pH homeostasis and
respiratory processes (Beardall et al., 2009; Black et al., 2019; Gao et al., 2012). Studies on
diazotrophic cyanobacterium Trichodesnium have concluded that ocean acidification will
enhance their growth and N2 and CO: fixation, fundamentally altering the current marine
nitrogen and carbon cycles and potentially driving some oceanic regimes towards phosphorus
limitation (Hutchins et al., 2007; Shetye et al., 2013). But other diazotrophs are not favoured
by seawater acidification such as Nodularia spumigena those cell division rates and nitrogen
fixation rates are reduced (Czerny et al., 2009). The abundance of total heterotrophic bacteria
did not differ in the mesocosms experiment under acidified conditions, whereas bacterial
protein production increased (Grossart et al., 2006). Extracellular enzyme activities are also

altered by an elevated level of pCO.. Higher activity of bacterial protease, a-glucosidase and
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B-glucosidase was observed by Grossart et al. (2006). Increased microbial polysaccharide
degradation was also reported (Piontek et al., 2009). One of the most probable consequences
of this increased extracellular enzymes activity is the increase in the availability of simple
carbon sources (Mangwani, 2015). Acidification and warming also affect the characteristics of
EPS of diatoms and cyanobacteria with a modification of their composition (Li et al., 2016; Ma

et al., 2019).

Microbial species composition of natural biofilm found in the Great Barrier Reef was
modified under acidified conditions, with a decrease of Alphaproteobacteria and an increase
of Flavobacteriales (Witt et al., 2011). Witt et al. (2011) have also reported that carbon and
nitrogen contents are increased and O: fluxes remained unchanged. They suggest that
bacterial biofilm communities rapidly adapt and reorganize in response to acidified conditions
to maintain activity such as oxygen production. The change in the structure communities of
microbial biofilm is also supposed to affect grazers. Moreover, some effects have been seen
at the metabolic level. Lidbury et al. (2012) observed that the content of the EPS matrix was
modified with an increase of the uronic acid. Ahrendt et al. (2014) showed that elevated CO
levels did not alter the microbial diversity, community structure, or carbonate precipitation in
the microbial mats. They also observed the enrichment of some key taxa, such as the sulfate-

reducing bacteria Deltasulfobacterales (Ahrendt et al., 2014).

4. Techniques for studying microbial mats in microbial ecoloqy

Microbial ecology is the study of the ecology of microorganisms to understand their
interaction with one another and with their environment. Several methods exist to study

microorganisms: microbiological approaches and molecular biology approaches.
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4.1 Cultivation approaches

Traditional cultivation techniques make it possible to describe the morphological,
metabolic and physiological characteristics of microorganisms in a given ecosystem. This
method allows to work on pure strains to study a microorganism and some of their functions
precisely. The main limitation is that a small fraction of the various microorganisms in an
environment has been isolated. Indeed, only 0.1 to 3% of the bacteria in a community would
be cultivable under laboratory conditions (Amann et al., 1995), which is also the case for
microorganisms from stratified microbial mats (Franks and Stolz, 2009). Another important
limitation is that the physiological behaviour of microorganisms is different in vitro and in vivo.
Finally, very little information on the interactions between various microorganism species is
available using this type of approach. It is therefore essential to complement the data obtained
from these microbiological culture techniques with broader studies involving other (or

complementary) approaches.

4.2 Biogeochemical and microscopic methods

Biogeochemical approaches allow to characterize the functioning of microbial mats for
example in their environment. In microbial mats, microsensors or microelectrodes have been
used to detect the microvariations of several molecules such as O, S? or pH. These measures
are very important to determine the structure and the functioning of microbial mats, e.g., in
characterizing the oxic-anoxic interface. Isotopic markings and some microprobes also
measure the production/consumption rate of microbial activities.

Microscopy has also been used to characterize microbial mats structure with confocal
or fluorescence microscopies. The determination and biomass estimation has also been done
for some microorganisms with distinct morphologic characteristics, such as cyanobacteria
(Solé et al., 2009).

However, these methods didn’t allow to have access to the diversity of microorganisms.
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4.3 Molecular biology methods

In 1977, ribosomal ribonucleic acid gene (rRNA gene) was defined as a marker gene
for phylogenetic analysis (Woese and Fox, 1977). For prokaryotic communities, the 16S rRNA
gene, composing the 30S small subunit of a prokaryotic ribosome (SSU rRNA), was used. For
eukaryotic communities, its homologue is the 78S rRNA gene composing the 40S SSU
ribosome. These two genes present several benefits: they are ubiquitous (i.e., present in all
prokaryotes or eukaryotes), preserved, divergent enough to distinguish taxa, one copy per
genome, and have low evolutionary rate and low capacity for horizontal transfer (Normand et
al., 2011). Moreover, an associated rich database named SILVA is often updated. However,
the associated primers (i.e., universal primers) amplify sequences from many taxa, but the
taxonomic information they provide differs according to the target environment and the region
of the gene to be amplified, especially when using short fragments (Soergel et al., 2012).
Moreover, the 16S rRNA gene is present until 15 copies in the genome of some prokaryotes
(Rainey et al., 1996) and variabilities have been observed between these copies of the same
genome (Yap et al., 1999). To counteract these drawbacks and complete the data, other very
well-known marker genes can be used: ITS (internal transcribed spacer) for fungi (Schoch et
al., 2012), cytochrome ¢ oxydase subunit 1 (COIl) gene for animals (Hebert et al., 2003),
prokaryotic functional genes like dsrB for sulfate-reducers (Mdiller et al., 2015; Pelikan et al.,
2015), mcrA for methanogens (Luton et al., 2002; Yang et al., 2014), nifH for nitrogen-fixing

bacteria (Gaby and Buckley, 2014; Turk et al., 2011), etc.

The sequencing consists of determining the sequence of the bases of all the DNA
contained in the cells of an organism. In 1977, Sanger sequencing was the first approach
allowing the determination of DNA nucleotide sequences (Sanger et al., 1977). This method
comprises the following steps. A mix of the unknown sequence with nucleotides (dNTPs) and
dye-labelled nucleotides (ddNTPs) is done. Each nucleotide, adenine (A), thymine (T),

cytosine (C) or guanine (G) has an associated specific colour (e.g., A in red, T in blue, C in
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green and G in purple). Then, a polymerase chain reaction (PCR) is performed leading to the
production of complementary sequences. When a ddNTP is randomly added to this sequence,
the reaction is stopped. Several complementary sequences are therefore performed with
different sizes. An electrophoresis migration is carried out on this mix allowing to determine
the complementary sequence and then the unknown sequence (Annexe 1). The first genomes
were sequenced with this method. It is currently the one that sequences the longest DNA
sequence (up to 800 bases) and makes the fewest errors. However, Sanger sequencing only

sequences a single DNA fragment at a time.

In 1987, environmental DNA (eDNA) was first mentioned (Lozano Mojica and
Caballero, 2021; Ogram et al., 1987). Then, a lot of studies were carried out on microbial eDNA
leading to the development of next-generation sequencing (NGS) technologies or high
throughput sequencing in 2005. They allowed performing a cheaper and rapid sequencing of
eDNA. In contrast to Sanger sequencing, NGS technologies sequence several DNA
sequences at the same time. This led to the expansion of microbial ecology assessing
biodiversity. NGS are omics approaches separated into two groups, metabarcoding and

metagenomic approaches, and metatranscriptomic approaches (e.g., RNA-seq).

Metabarcoding is a standard approach to describe microbial communities from
DNA/RNA directly extracted from environmental samples. It consists of targeting a universal
short section of DNA from a specific gene (a barcode) allowing the species identification,
combined with high-throughput sequencing. It is divided into 4 steps, (i) DNA extraction from
different types of samples, (ii) libraries preparation using specific preparation, (iii) sequencing,

and (iv) bioinformatics analyses.

Several sequencing methods were developed to perform metabarcoding: sequencing
by synthesis (lllumina), pyrosequencing (Roche 454), sequencing by ligation (SOLid
Thermofisher) and detection of the H*ions (Proton Thermofisher). They are based on 3 steps,
(i) library preparation, (i) clonal amplification and (iii) cyclic array sequencing. NGS
technologies provide shorter lengths of the sequenced fragments than those obtained by the
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Sanger sequencing. Moreover, despite the advantage of generating large libraries with these
NGS technologies, many sources of bias have been identified. The diversity observed in
analyses of high-throughput sequencing data is sensitive to biases caused by sample
preparation, primer selection and the area of the gene that is targeted (Hong et al., 2009). It is
also prone to chimeric sequence formation during the PCR step. Chimeras are hybrid products
between several parent sequences that lead to misinterpreted new organisms. Sequence
libraries vary greatly in quality and contain up to more than 45% chimeric sequences, which is
one of the major biases within the libraries (Haas et al., 2011). In addition, the number of reads
per sample is difficult to control (Gihring et al., 2012). High-throughput sequencing techniques
offer a powerful method for community analysis, but data development and interpretation must

be done with care to limit bias.

Shortly after the release of these technologies, third-generation sequencers appeared.
They generate long reads of DNA without the amplification step of the fragment, leading to
them also being called single-molecule sequencing. The most known technologies are

Nanopore and PacBio. However, they still produce many sequencing errors.

Metagenomics methods target the entire genomic content of a sample. High throughput
16S rRNA gene sequencing is sometimes mistakenly referred to as metagenomics but it is not
a metagenomic method, because they target only a specific barcode. Shotgun metagenomics
provides information on untargeted (“shotgun”) sequencing of all (“meta-“) microbial genomes
“‘genomics” present in a sample, i.e., on the total genomic DNA from all organisms in a sample
(Quince et al., 2017). It allows to avoid the isolation and cultivation of microorganisms, the
majority of which cannot be cultivated in the laboratory, or the amplification of targets region,
doesn’t take into account all the diversity, to study them. Shotgun metagenomic sequencing
uses next-generation sequencing (NGS) technology to provide not only information on the
taxonomic annotations of each organism but also the functional profiling, gene prediction and

microbial interaction of the whole community.
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5. Objectives of the thesis

In the current forecasting models the impact of climate change on microbial
communities is neglected. The research presented here will help to refine them by including
the share of microbial mats, particularly via their role in biogeochemical cycles. Moreover, it is
necessary to study these phenomena at the local level because the forecasts are established
globally but can change locally (IPCC, 2014).

The main goal of this thesis is to determine the impact of climate change on microbial
mats from salterns in the Nouvelle-Aquitaine region (France) according to the most pessimistic
predictions of the IPCC for 2100 (IPCC, 2014).

To do this, it is necessary to first do an inventory of the situation of the microbial mats
in the Nouvelle-Aquitaine region, particularly we focalized on microbial mats from the island of
Ré in order to establish the anthropic and seasonal impact on these structures. Indeed, it is
possible that these microbial mats are already exposed to environmental conditions or stresses
equivalent to those predicted for the end of the century. Thus, a seasonal monitoring of the
microbial mats of the Ré Island was performed.

Then, a mesocosms study was performed to simulate the climate change on these
microbial mats and determine how the microbial mats are impacted. The microbial mats in this
study were collected in salt marshes, thus in shallow environments. The choice was made to
simulate acidification and warming of the ocean surface, the two main parameters that will
have a strong impact on these structures. The study presented in this manuscript is based on
the previsions the most pessimists (RCP8.5) by the end of the century (2081-2100) (IPCC,

2014).
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Chapter ll: Experimental procedure
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1. Description of the salterns of Ré Island

The microbial mats studied developed in three different solar salt marshes located in
Ré Island (46°12".29"N 1°30'.57"W) in the north of the Nouvelle-Aquitaine region (France) (Fig.
12). This region is submitted to a coastal temperate Aquitaine-type oceanic climate
corresponding to an alternation of four seasons: winter, spring, summer and autumn. It is windy
and marked by a high average amount of sunshine. The annual temperatures vary between
5°C in winter and 20°C in summer. Rainfall is moderate and does not exceed 1,200 mm per
year. The autumn and winter are the wettest seasons while the spring and summer are drier

seasons, sometimes leading to drought episodes during the summer.

: Abandoned saltern

Figure 12: Location of the sampled salterns in Ré Island, France. The blue point represented site
1, a salt marsh with exploited and non-exploited plots, the green point represented site 2, an exploited
salt marsh, and the red point represented site 3, an abandoned salt marsh. The pictures on the left and

the right of the map were the salt marshes corresponding to each site.

The solar salt marshes of Ré Island are exploited to produce salt by natural evaporation
of seawater over a series of ponds. First, the seawater is stored in the “vasais” plot where the
mud is deposited by decantation (Fig. 13). After, it goes to the “cobier” plot for a second
decantation of mud (Fig. 13). The seawater salinity is equal to 35 practical salinity units (psu)
at this step. Then, the seawater arrived in the “fares” plots which are rectangular basins that
allow for a significant increase in the salinity of the water (Fig. 13). They are followed by the

“adernes” plots (Fig. 13). The seawater salinity continues to increase and is stored to fill the
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next and last ponds. Finally, the salts are precipitated in the crystallizer ponds where the
salinity can reach 350 psu (Fig. 13).

The water input depends on the saltern owner (named “saunier”). At the beginning of
the spring, the salt marshes owners progressively empty the ponds. They clean them, one by
one, scraping off the silt that has accumulated over the winter following the water circuit. Once
a plot is cleaned, it is letting dry. In the meantime, the seawater has already started its circuit
and is about to give the first salt. From the month of June and often until September, the days
are exclusively reserved for the harvest of the salt. Every two days, the Coarse Salt is collected
in the morning or the evening. The gathering of Flower of Salt is done every day scrapping the
water surface. Winter is the period of rest for the salt marshes. It spends several months

covered with water.
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Figure 13: Schematic representation of an exploited salt march. The yellow arrows correspond to
the seawater path (from a waterway connected to the ocean to the crystallizer ponds). Based on an
illustration of Gildas Buron from the website https://www.tradysel.com/fr/les-marais-

salants/fonctionnement.html (last view 21/08/28), modified by C. Maziére and T. Guyot.

Salt marshes can be into three statutes:
- Exploited: the different plots of the salterns are preserved as well as the precipitation
gradient of the salt. The salt is harvested in the crystallizer ponds.
- Non-exploited: the different plots are maintained but no salt exploitation is carried out.
The precipitation gradient of salt is not conserved. Only the water inlet and outlet are

controlled.
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- Abandoned: no maintenance of the plots occurs and there is no control of the seawater

circulation.

2. Microbial mats sampling in salt marshes

2.1 Description of the sampling sites

Microbial mats were sampled in three salt marshes: a salt marsh with exploited and
non-exploited plots (Site 1), an exploited salt marsh (Site 2) and an abandoned salt marsh

(Site 3) (Fig. 12).

2.1.1 Site 1: a salt marsh with exploited and non exploited plots

To determine their natural environmental dynamics, microbial mats were monitored
seasonally in a salt marsh located in Ars-en-Ré (46°13'29.9"N 1°31'07.5"W, Ré Island, France)
(Sitet, fig. 12). Exploited and non-exploited plots were studied.

The seasonal monitoring of the microbial mats of these two types of plots was
processed seasonally on the 15™ of July 2019, the 24™ of October 2019, the 23" of January

2020, the 19" of May 2020 and the 16" of July 2020 (Fig. 14).
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Figure 14: Seasonal evolution of microbial mats for one year. The pictures represent the exploited
and the non-exploited salt marsh plots according to the season, with the microbial mat observed within.

2.1.2 Site 2: an exploited salt marsh

Site 2 was a salt marsh where all the crystallizer ponds were exploited. It was located
close to Ars-en-Ré (46°12'41.5"N 1°30'36.9"W) (Site 2, fig. 12). Three sampling of microbial
mats were done on the 3" of May 2017, two in the same basin and a third in a neighbouring

basin.

2.1.3 Site 3: an abandoned salt marsh

The last studied salt mash was abandoned crystallizer ponds for about 20 years, also
located close to Ars-en-Ré (46°12'44.928"N 1°30'20.123"W) (Site 3, fig. 12). The samples
were collected on the 26™ of April 2017. Three replicates were collected as for the exploited

site: two in the same basin and a third in a neighbouring basin
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2.2Sampling strategies

Microbial mats were sampled in independent biological triplicates using a PVC tube (15
cm diameter) as corer in each salt marshes for sites 2 and 3, and in each type of plot (exploited
and non-exploited) in site 1. The first centimetre of each core was pushed out with a piston in
order to collect the microbial mat (Fig. 15). After homogenisation by mixing, subsamples were
dispatched in different tubes corresponding to different analyses (Table 2). The conditioning

was done in situ and the samples were stored in the laboratory.

Core
The part A measuring 1cm thickness is
removed to collect the first centimetre of the
microbial mat

Figure 15: In situ sampling system of the microbial mat. The pictures represent the sampling of one
centimetre thickness of the microbial mat. First, the core, with the part A above the part B, was sunk 10
cm deep on the sediment. Then, piston was placed below the core and the sediment was pushed out
until the surface of the part A. This part of the core was removed, and the microbial mat was sampled.



Table 2: List of the different sampling carried out in situ. One part of the conditioning of the samples
was achieved in situ and then finalized in the laboratory.

RT: room temperature; EPS: extracellular polymeric substances

Conditioning
Site Sampled material Analysis Sampled )
volume In situ Laboratory
2,3 Microbial mat lllumina sequencing 2 mL Liquid nitrogen -80°C
1 Microbial mat Metagenomic 2 mL Liquid nitrogen -80°C
1 Microbial mat Flow cytometry 2mL Inl_glu_tara!dehyde, -80°C
iquid nitrogen
Directly
1 Microbial mat EPS 5mL +4°C extracted,
-20°C
Filtration 0.22 pm
(for extraction),
1 Surface water EPS 5mL N /
+4°C
1 Microbial mat Porosity 30 mL +4°C -20°C
1,2,3 Microbial mat Meiofauna diversity and abundance 15 mL RT in formol
nltljate, nitrite, 15 mL Filtration 00.22um, 20°C
ammonium, phosphate +4°C
1 Surface water Nutrients
silicon 15 mL Filtration 0.22um, +4°C

+4°C

3. Climatic change simulation on microbial mats in mesocosms

3.1 Microbial mats for mesocosms experiment

Microbial mats for mesocosms experiment were sampled on the 30" of April 2019 on
the non-exploited plot of site 1 located in Ars-en-Ré (46°13'29.9"N 1°31'07.5"W, Ré Island,
France) (Site 1, fig. 12), because the mat was better structured than a mat from an exploited
pond.

A plastic frame (48 cm x 33 cm) was sunken 3 cm deep into the microbial mat. The
microbial mat within was cut into eight parts (Fig. 16). They were then placed on plastic boxes
(48 cm x 33 cm) and transported to the laboratory at room temperature where they were put

back in the water within three hours following the sampling (Fig. 16).
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Microbial mats were also sampled in situ in independent biological triplicates using a
PVC tube (15 cm diameter) as corer, like described in the part 2.2, to have in situ measure of

each analysis.

wd §°SE

Transport to the
laboratory

MESOCOSMS

Experimental device

Sampled microbial mat

Figure 16: Sampling in situ of the microbial mats for mesocosms experiment. Microbial mats were
placed in plastic boxes and transported to the laboratory for the mesocosms experiment.

3.2Mesocosms design

Each plastic box with microbial mat represented a mesocosm (Fig. 17). The
mesocosms were gathered in groups of six representing a condition (five replicates and a box
for pulse amplitude modulated (PAM) measures). In these six mesocosms, incoming water
was from a reserve and was distributed independently with stainless steel taps. This water
corresponded to seawater filtered at 80 um, passed under UV light and whose salinity was
adjusted to 60 psu, corresponding to that measured in situ, with salt coming to the salt marshes
of the Ré Island. At the opposite of the water inlet, a hole allowed the water outlet in a network
of PVC tubes between all the replicates. This output allowed to maintain a stable water level
at 3 cm above the mat (as in situ) and a natural supply of nutrients for the development of

microbial mats. For each condition, a pool was constructed around the six plastic boxes where

62



water was maintained at the desired temperature with a pump (EHEIM universal 600,
Germany) connected to a thermoregulating device (Teco®) to control the water temperature
above the microbial mats. The microbial mats were illuminated twelve hours a day following
the day/night cycle observed during the spring in France. To control the evaporation rate, the
lights used were LED (TOP-24H company by SYLED, France). They provided white cold light
colour and intensity of 11.8 + 0.9 pmol.photons.m2.s™' (mean between the four treatments)
(HOBO Pendant® Temperature/Light Data Logger, Onset Computer Corporation, USA) on the

surface of the microbial mats.

Daily monitoring was done for the physical-chemical parameters (temperature (°C), pH,
salinity (psu) and dissolved oxygen (mg.L™")) with a multiparameter probe (pHenomenal® MU

6100H, VWR™, USA).

Control Water reserve -H pH control
|
o
" 20°C g F ok Rlg 20°C
Q -
© g H
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m pH=8 s| |R3 SR R4 |& pH=7.6
@ @ |
o RS > RGL
PAM sampling.
Thermoregulation ‘
Freshwater pool A device
Mesocosms water
Mesocosms water
Water reserve —H pH control ‘ Water reserve -H pH control
I I
R1 | R2| @ R1 R2 o
§ = >« - e 2 4°c E + > }- e 2 40C
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Thermoregulation *l Thermoregulation
Freshwater pool o] device Freshwater goeﬁ )| device
Mesocosms water Mesocosms water

Figure 17: Schematic representation of the experimental device with the control (C) and the
acidification (A), warming (W) and mixed (WA) treatments. The letter R represented the replicates.
The first five are used for sampling and the sixth is dedicated to the fluorimetry measurements by pulse
amplitude modulation (PAM).
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3.3Simulated scenarios

A stabilisation period of five weeks was applied to acclimate the microbial mats to their
new environment (Gette-Bouvarot et al., 2015; Stauffert et al., 2013). The water temperature
on the mesocosms was maintained at 20°C and the salinity of the incoming water was
regulated in the water reserve to maintain salinity at 60 + 2 psu in the mesocosms, reproducing
in situ conditions. The implementation of different treatments occurred for seven additional

weeks.

Four treatments were applied to the microbial mats. Each pool and its six mesocosms
represented a condition. The first treatment was the control treatment (C) in which the
parameters were not changed. The second treatment was the warming treatment (W) in which
the temperature was increased by 0.5°C every two days for 2 weeks until reaching 24°C. The
acidification treatment (A) represented the third condition. Water acidification was performed
in the water reserve with the addition of CO: (IKS aquastar, iks ComputerSysteme GmbH,
Germany), allowing a drop of initial water pH of 0.1 unit every four days for 2 weeks until
reaching a decrease of the initial pH of the water reserve equal to 0.4 unit, i.e. 7.6. The water
pH in the water reserve was precisely monitored with a pH probe (826 pH mobile, Q Metrohm,
Swiss) to adjust the values on IKS device. This probe was calibrated in standard solutions (pH
4, 7 and 10, HANNA® instruments, France). The fourth treatment combined warming and
acidification treatments (WA). The mesocosms were then maintained with the stable

treatments C, A, W, and WA for 5 further weeks.

3.4Sampling strateqy

A first sampling (noted t9) was performed after the stabilisation period of the microbial
mats on the mesocosms, just before changing the environmental conditions. A second
sampling (116) was performed at the middle of the period of change and a third (123) at the end

(Fig. 18). After this period, sampling was performed every week (30, t37, t44, t51 and t58)
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(Fig. 18). For each sampling, ten 1 cm depth cores were collected with a 1 cm diameter cut-
off syringe in each mesocosm and mixed together in order to obtain a homogeneous sample.
After homogenisation by mixing, subsamples were dispatched in different tubes corresponding

to different analyses (Table 3).

Stabilisation S neliizne Stabilisation with new conditions
changes
5 weeks 5 weeks
2 weeks
t9 t16 t23 t30 t37 t44 t51 t58

20.83°C /7.93 upH / 60.64 psu

Figure 18: Schematic representation of the sampling scheme followed during the mesocosms
experiment. A stabilisation period of 5 weeks was applied in order to adapt the microbial mats to their
new environment. Then acidification and warming water were applied for 2 weeks followed by a
stabilisation of these new conditions for 5 weeks. The sampling was represented by the letter t followed
by a number indicates the sampling time.

Table 3: List of the different sampling carried out for the mesocosms analyses.

RT: room temperature; EPS: extracellular polymeric substances

Sampled material Analysis Sampled volume Conditioning
Microbial mat lllumina sequencing 2mL -80°C
Microbial mat Flow cytometry 2 mL -80°C in glutaraldehyde
Microbial mat EPS 5 mL Directly extracted, -20°C
Surface water EPS 5mL Filtration 0.22 ym (for extraction), +4°C
Microbial mat Pigment composition 1 mL -20°C
Microbial mat Porosity 30 mL -20°C
Microbial mat Meiofauna diversity and abundance 15 mL RT in formol
Microbial mat Bacterial production 1 mL Directly analysed
Surface water Bacterial production 1 mL Filtration 0.22 pm (for extraction)

nitrate, nitrite,

. 10 mL Filtration 0.22um, +4°C
ammonium, phosphate

Surface water Nutrients

silicon 10 mL Filtration 0.22um, +4°C
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4. Physical-chemical parameters

4.1 Physical-chemical parameters of the water

The physical-chemical parameters (temperature (°C), salinity (practical salinity unit
(psu)), pH, dissolved O2 (mg.L")) of the water were measured with a multi-parameter probe
(pHenomenal® MU 6100H, VWRTM, USA) at each in situ plot type (exploited or non-exploited)
of the site 1 and on the mesocosms, while only water salinity and temperature were measured
in triplicate in each sampling plot of the sites 2 and 3 with a multiparameter probe

(pHenomenal® MU 6100H, VWRTM, USA).

4.2 Nutrients

The nutrient analysis was done on the in situ samples from site 1 and on the
mesocosms samples. Nutrient analysis was performed with a volume of 20 mL of in situ water
or with 20 mL water from each mesocosm filtered at 0.22 um (Millex® Syringe-driven Filter Unit
sterile). Half of the volume was frozen at -20°C for nitrate, nitrite, ammonium, phosphate
analysis while the other half was kept at 4°C for silicon analysis. Silicon, nitrate, nitrite and
phosphate were measured by Segmented Continuous Flow Colorimetry (SFA) while
ammonium was measured by SFA fluorimetry on an auto-analyser (SEAL AutoAnalyzer 3,

SEAL analytical) as described by Aminot and Kérouel (2007).

4.3 Vertical microprofiling

Fine-scale vertical profiles of Oz, H2S and pH distribution in the microbial mat were
performed in a core sampled at each seasonal sampling date in the site 1 and transported until
laboratory. These profiles were also done every week in the 6th replicate of each mesocosms

treatment.
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Fine-scale vertical profiles of Oz, H2S and pH distribution in the microbial mat were
obtained with Clark-type O2 and H>S microsensors (OX-50 and H>S-50 (type Il) respectively,
Unisense, Denmark) and pH microelectrode (pH-500, Unisense, Denmark) connected to a
microsensor multimeter (Unisense, Denmark) (Fig. 19). The sensors were manipulated thanks
to a micromanipulator (Unisense, Denmark) controlled by a motor (Unisense, Denmark) (Fig.
19). The microsensor manipulator and the motor were connected to a computer and the

measures were realised with SensorTrace Suite software (Unisense, Denmark) (Fig. 19).

The O2 microsensor had an outside tip diameter of 40-60 um, a stirring sensitivity
inferior to 2% and a 90% response time less than 5s. It was linearly calibrated by a two-point
calibration using readings of microsensor in the air-saturated overlying water (100% air
saturation) and in the anoxic part of the mat (0% O). Dissolved O» concentrations of air
saturated seawater at experimental temperatures and salinities were calculated according to

Niels Ramsing and Jens Gundersen (comm.pers., annexe 2).

The H2S microsensor had an outside tip diameter of 40-60 um, a stirring sensitivity
inferior to 2% and a 90% response time less than 10s. During the manipulations of this thesis,
only a calibration in fresh water was developed and described by Unisense. A protocol was
therefore developed for calibration of the microprobes in seawater. A first solution (solution 1)
was made with seawater bubbled with diazote, in order to remove all traces of oxygen, and
Na>S*9H.0 added to a final concentration of 10mM of S2in anoxic condition. A second solution
(solution 2) of non-bubbled seawater at pH = 4 with 12% TiCl; was made in parallel. Then, in
several vacuum tubes filled with solution 2, increasing volumes of solution 1 were added in
order to obtain a calibration range between 0 (tube only filled with solution 1) and 1000 pmol.L-

! of S2. A new and simpler protocol was developed by Unisense in 2020 (Annexe 3).

The pH microelectrode had an outside tip diameter of 400-600 um, a stirring sensitivity
inferior to 2% and a 90% response time less than 20s. It was connected to an external
reference. It was calibrated in standard solutions (pH 4, 7 and 10, HANNA® instruments,

France).
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Figure 19: Microprofilage system. A) Schematic representation and B) photography of the vertical
microprofilage system. The microbial mat is placed in a corer where oxygen saturation is maintained on
the surface water with a bubbler. The microsensor (or microelectrode for pH) is placed above attached
to a micromanipulator that can move vertically and horizontally, controlled by a motor. The microsensor
(or microelectrode) is connected to a multimeter. A computer is connected to the multimeter to recover

measure and to the motor to control its movement.

5. Analysis of diversity or/and abundances of organisms

5.1 Abundance of heterotrophic prokaryotes by flow cytometry

2 mL of sediment were sampled and immediately fixed with glutaraldehyde (final
concentration of 2%). They were directly frozen in nitrogen liquid and maintained at -80°C until
analysis. The analysis was done in the next three months after sampling (Lavergne et al.,

2014). These analyses were performed for mesocosms’ samples and in situ site 1 samples.

Abundance of the heterotrophic prokaryotes was performed according to Lavergne et
al. (2014). A solution of sodium pyrophosphate (0.01M) was prepared and Tween 80 (0.1%
final concentration) was added allowing the disaggregation of the attached cells. The samples
were diluted successively until 1:2000 with a vortexing step between each dilution and
incubated 30 min at 4°C. A mechanical extraction was applied by sonicating samples 30s at

60W (Sonifier®Cell Disruptor SLPe, BRANSON Ultrasonics Corporation, USA). A second
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extraction was done in order to obtain a better yield (Lavergne et al., 2014) with the sample
diluted at 1:2000. SYBR Green 1 (1:5000 final concentration) was then added to extracted
samples and an incubation of 15 min in the dark was realized. The counting of the heterotrophic
prokaryotic population was then performed thank to a flow cytometer (BD FACSCanto™ II, BD
Biosciences, USA) and the results were analysed with BD FACS DIVA software (BD
Biosciences, USA). If necessary, a new dilution of the samples was done to avoid cytometer’s
saturation. The total abundance of heterotrophic prokaryotes and of each condition at a given
time is equal to the mean of five replicates and was expressed as number of individuals per

millilitre (mL) of fresh microbial mat.

5.2 Abundance of meiofauna

15 mL of sediment were sampled and fixed with 5 mL of 0.22 um-filtered formol (12%
of final concentration) and stored at room temperature. The day before counting the meiofauna,
microbial mat was sieved through 50 um and a coloration with Rose Bengal was done in order

to colour the organic material.

For samples from sites 2 and 3, the formol was eliminated and a sample splitter
(Motoda box as Rzeznik-Orignac et al., 2003) was used to obtain an aliquot containing at least
100 individual nematodes for abundance estimation. The abundance of other meiobenthic taxa
(i.e., copepods and ostracodes) was too low to be evaluated in split samples and, therefore,
was quantified using whole samples. The observation was done under a binocular loupe

(magnification x30, Zeiss).

For samples from site 1 and mesocosms experiment, the formol was eliminated and
the meiofauna was diluted half, quarter, eighth and sixteenth. Specimens were counted and
identified to the level of major taxonomic groups (e.g., nematodes, copepods...) under

binocular loupe (magnification x250, Zeiss).
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The total meiofauna abundance of each sample is equal to the mean of the replicates

and was expressed as number of individuals per cm?® of fresh microbial mat.

5.3 Photosynthetic parameters (pulse amplitude modulated

fluorometer

Chlorophyll fluorescence parameters were measured at 5 different locations of a core
sampled in the 6th replicate of each mesocosms treatment using a fluorometer (Monitoring
Pen, MP 100-E, Photon Systems Instruments, Czech Republic) illuminated with a blue LED
emitter (455 nm). The samples were placed in the dark (for 5 min) before the measurement of
Light Response Curves. Manufacturer predetermined LC3 protocol was used following
manufacturer instructions. LC3 protocol was characterised by 7 steps of increasing light
intensities (10, 20, 50, 100, 300, 500, 1000 umol.photon.m™.s™") with an illumination duration
of 60s. Minimum fluorescence level Fo® (Jesus et al., 2006) was obtained by using a non-actinic
measuring light pulse (30 us, 900 ymol.photon.m2.s™"), which induced the minimal chlorophyll
fluorescence (Fo®).The samples were then subjected to a saturating light pulse (2,400
umol.photon.m2.s"). This made it possible to measure the maximum fluorescence level Fr®
(Jesus et al., 2006). All measurements were done in the same conditions and at the same

time.

The data was then downloaded from the device to a computer using FluorPen software
(v1.0.6.1, Photon Systems Instruments, Czech Republic) and all calculations and analyses
were performed using R.Studio software (version 4.0.3° RStudio, Inc.). From the measured
parameters the effective quantum yields of photosynthesis (¢(l1)°) were calculated (Jesus et
al., 2006) (Equation 8). They indicate the community's maximum potential for photosynthetic

activity.

5 5

m

o(1)°>= (Equation 8)
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5.4 Bacterial production

Bacterial production was evaluated by the method of Garet and Moriarty (1996)
modified by Pascal et al. (2009) This analysis was performed for mesocosms’ samples. A slurry
sediment was made with 1mL of fresh microbial mat sampled in the mesocosms with the
addition of mesocosms water filtered at 0.22 um (1:1 vol/vol). For each sample, 30 pL of slurry
sediment were sampled in a new tube and 20uL of *H-Thymidine at a concentration of 0.74
MBq were added. Five replicates were done, triplicate to measure the bacterial production and
two control tubes. The reaction in the control tubes was immediately stopped by adding 8 mL
of cold ethanol (80%). The three other tubes were incubated for 1h at the mesocosms
temperature. At the end of the incubation, the reaction was stopped by adding 8 mL of cold
ethanol (80%). Afterwards, two washes with 80% cold ethanol by mixing and centrifugation (15
min, 4,500 g, +4°C) were performed. The slurries were then transferred with 2 mL of ice-cold
TCA (5%, trichloroacetic acid) onto a polycarbonate filter (Nuclepore 0.2 um, 25 mm, Millipore,
NJ, USA). The filters were washed four times with 5% ice-cold TCA. Subsequently, the filters
were transferred into scintillation vials containing 2 ml 0.5N chlorhydric acid and DNA was
extracted 16 h at +95°C. Supernatant (0.5 mL) was transferred in a new scintillation vial with
5 mL of scintillation fluid (Ultima Gold, Perkin-Elmer, MA, USA). The amount of radioactivity in

each vial was evaluated using a scintillation counter (Perkin-Elmer, USA).

Bacterial production was calculated using the equation (Equation 9) (Lavergne et al., 2017):

DPM x F1

BP =
TxVxSA

(Equation 9)

Where:

- BP is the bacterial production (nmol *H-Thymidine.mL" sediment.h™")

- DPM is the mean of the number of disintegration per minute between triplicate of
measure

- F1 is the conversion factor 4.51x10"® dpm.Ci"'. It was evaluated experimentally to
account for counter efficiency (Lavergne et al., 2017)

- T is the incubation time (1h)

- Vs the analysed volume of sediment (0.015 mL)

- SA s the specific activity (25,000 Ci.mol of *H-Thymidine )
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- Vtis the total volume of sample (5.5 mL)

6. Molecular biology analysis

6.1 DNA extraction

At less 2 mL of microbial mat samples were ground in liquid nitrogen with a mortar and
a pestle as previously described (Fourcans et al., 2008). Then, DNA was extracted from 0.25
g subsamples using the DNeasy® PowerSoil kit (Qiagen) according to the manufacturer's
instructions, with a slight modification at the homogenization step, by using a Precellys

homogenizer (Bertin Instruments).

6.2lllumina sequencing

MiSeq lllumina sequencing was performed on the samples from the sites 2 and 3, and

the mesocosms’ samples. The lllumina sequencing principle is described in the figure 20.
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a- Bacterial sequences

For mesocosms’ samples, the V3-V4 region of the bacterial 16S rRNA genes was
amplified in triplicate using the primers 344F (5'-ACGGRAGGCAGCAG-3’) and 801R_m (5'-
ACCAGGGTATCTAATCCT-3’) (Liu et al., 2007). PCR mix consisted in 12.5 uL of AmpliTaq
Gold® 360 master mix (Applied Biosystems), 1 uL of each primer (10 uM) and 1 pL of genomic
DNA, in a final volume of 25 pL (adjusted with distilled water). All amplifications were performed
on a Veriti 96 Well Thermal Cycler (Applied Biosystem) using the following PCR program: 10
min at 95°C, 30 cycles of 30 s at 95°C, 30 s at 63°C and 40 s at 72°C, and finally, 10 min at

72°C.

For the sites 2 and 3, the same region was amplified in triplicate using the same primer
forward and a reverse primer a little different (801R, 5-TACCAGGGTATCTAATCCT-3’) (Liu et
al., 2007). Polymerase chain reaction (PCR) mix consisted in5 pyL of MTP Tag DNA
polymerase (5 U/uL) with 1 yL MTP Taq Buffer (10X) (Sigma-Aldrich), 1 yL of dNTP (10 mM),
1.25 uL of each primer (20 uM) and 10 ng of genomic DNA, in a final volume of 50 pL (adjusted
with distilled water). All amplifications were performed on a Labcycler (SensoQuest) using the
following PCR program: 2 min at 94°C, 30 cycles of 60 s at 94°C, 40 s at 65°C and 30 s at

72°C, and finally, 10 min at 72°C.

b- Archaean sequences

The lllumina sequencing of the archaeal sequences was performed only the
mesocosms’ samples. The V4-V5 region of the archaeal 16S rRNA genes was amplified in
triplicate performing a nested PCR. The first PCR was done using the primer 519F (5'-
CAGCCGCCGCGGTAA-3") (Herfort et al, 2009) and the primer 915R (5'-
GTGCTCCCCCGCCAATTCCT-3') (Casamayor et al., 2002) without lllumina tag. PCR mix
consisted in 12.5 pL of AmpliTag Gold® 360 master mix (Applied Biosystems), 1 puL of each
primer (20 uM) and 1 pL of genomic DNA, in a final volume of 25 uL (adjusted with distilled

water). All these first amplifications were performed on a Labcycler (SensoQuest) using the
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following PCR program: 10 min at 95°C, 35 cycles of 1 min at 95°C, 1 min at 62°C and 1 min
30 at 72°C, and finally, 10 min at 72°C.The second PCR was done on the PCR products of the
first PCR using the same primers with lllumina tag. PCR mix consisted in 12.5 pL of AmpliTaq
Gold® 360 master mix (Applied Biosystems), 1 uL of each primer (20 uM) and 1 pL of genomic
DNA, in afinal volume of 25 pL (adjusted with distilled water). All amplifications were performed
on a Labcycler (SensoQuest) using the following PCR program: 10 min at 95°C, 35 cycles of

1 min at 95°C, 1 min at 58°C and 1 min 30 at 72°C, and finally, 10 min at 72°C.

c- Eukaryotic sequences

The V4 region of the 18S rRNA genes was amplified in triplicate performing a nested
PCR for the mesocosms’ samples. The first PCR was done using the universal primer 515F
(5-GTGYCAGCMGCCGCGGTA-3') (Caporaso et al., 2011) and the eukaryotic primer 951R
(5-TTGGYRAATGCTTTCGC-3') (Lepeére et al., 2016) without lllumina tag. PCR mix consisted
in 12.5 pL of AmpliTag Gold® 360 master mix (Applied Biosystems), 1 uL of each primer (20
puM) and 1 pL of genomic DNA, in a final volume of 25 pL (adjusted with distilled water). All
these first amplifications were performed on a Labcycler (SensoQuest) using the following
PCR program: 10 min at 95°C, 35 cycles of 30 s at 95°C, 30 s at 52.4°C and 45 s at 72°C, and
finally, 10 min at 72°C. The second PCR was done on the PCR products of the first PCR using
the same primers with lllumina tag. PCR mix consisted in 12.5 pL of AmpliTag Gold® 360
master mix (Applied Biosystems), 1 puL of each primer (20 uM) and 1 pL of genomic DNA, in a
final volume of 25 pL (adjusted with distilled water). All amplifications were performed on a
Labcycler (SensoQuest) using the following PCR program: 10 min at 95°C, 35 cycles of 30 s

at 95°C, 30 s at 58°C and 45 s at 72°C, and finally, 10 min at 72°C.

For the sites 2 and 3, the PCR was performed with the same primers. PCR mix
consisted in 27.5 uL of AmpliTag Gold® 360 master mix (Applied Biosystems), 1.1 uL of each
primer (20 uM) and 5.5 pL of genomic DNA, in a final volume of 55 pL (adjusted with distilled
water). All amplifications were performed on a Veriti 96 Well Thermal Cycler (Applied

Biosystem) using the following PCR program: 10 min at 95°C, 35 cycles of 30 s at 95°C, 30 s
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at 55°C and 45 s at 72°C, and finally, 10 min at 72°C. Illlumina sequencing was performed by
the NED team (UMR1388 GenPhySE) and the GeT core facility (Toulouse, France), using
lllumina MiSeq technology.

d- Dataset

lllumina sequencing of the samples from the sites 2 and 3 was performed by the NED
team (UMR1388 GenPhySE) and the GeT-PlaGe core facility (Toulouse, France), using
lllumina MiSeq technology (paired-end, 2x300pb). For the mesocosms’ samples, the lllumina
sequencing was performed by the Genomer platform of Roscoff (France), using lllumina MiSeq
technology (paired-end, 2x300pb).

The complete dataset of the sites 2 and 3 samples was deposited in the NCBI
Sequence Read Archive (SRA) database under SRA accession number PRJNA627371 for

eukaryotic dataset and PRIJNA627173 for bacterial dataset.

For mesocosms, the complete dataset was deposited in the NCBI Sequence Read

Archive (SRA) database under SRA accession number PRINA771950.

6.3lllumina seguencing data processing

6.3.1 Bioinformatic tools approach

Several bioinformatics tools exist to perform DNA analyses: mothur (Schloss et al.,
2009), QIIME (Caporaso et al., 2010), FROGS (Escudié et al., 2018), QIIME 2 (Bolyen et al.,

2019) and SAMBA (Noél et al., 2021).

a- Operational Taxonomic Unit (OTU) approaches

mothur, QIIME and FROGS are Operational Taxonomic Unit (OTU) approaches.

mothur is an open source and expandable software. It permits to trim, screen and align

sequences, then assign sequences to OTUs and describe alpha- and beta-diversity of
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sequencing data. mothur approach selects a random sequence and groups it with other
sequences according to a similarity distance (e.g., 97%) to define an OTU (Fig. 21). However,
if a second analysis is performed, the random sequence chosen can be different of the
previous analysis and can have an assignment different leading to the definition of an OTU

different of those previously defined (Fig. 21). So, the results were not replicable (Table 4).

Analysis 1 Analysis 2
o © o o O
1) -
O O o O O O Initial dataset O o O
O o @0 o Lo
@)
2) OO P o o OOC) Random sequence choice O OO OO
O
O O e
3) O .O .O OTU definition and then O © o
O repeat from step 2.
O @) o @ O o ®
8 O O O Final assignment
oTuT oTU 2 oTu3 oTU 2

Figure 21: Schematic representation of the OTU assignment of a dataset using mothur approach.
The first analysis conducts to the random choice of the blue sequence. All sequences with a similarity
distance less than or equal to 97% with the blue sequence were grouped with it to define the OTU 1.
Then, a second random choice was done on the red sequence. All sequences with a similarity distance
less than or equal to 97% with the red sequence were grouped with it to define the OTU 2.

The second analysis conducts to the random choice of the orange sequence, different of the blue
sequence. Then, with the same process than the first analysis, 3 OTUs were defined on the dataset.
The OTU 1 defined on the first analysis and the OTU defined on the second analysis can have a different
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assignment. So, blue OTU 1 can be the specie A and orange OTU 1 can be the specie B leading to a

different assignment of the OTU on the dataset leading to the non-replicability of this method.

Thus, mothur is not an accessible and reproducible tool. Since some years, the
scientific community seeks to make findable, accessible, interoperable and reusable (FAIR)
methods. QIIME (Quantitative Insights Into Microbial Ecology) is developed in this goal. It is
an open-source bioinformatics pipeline for performing microbiome analysis from raw DNA
sequencing data. QIIME allows users to process raw sequencing data generated on the
lllumina or other platforms. This pipeline includes demultiplexing and quality filtering, OTU
picking, taxonomic assignment, phylogenetic reconstruction, diversity analyses and
visualizations. This pipeline does not select randomly a sequence to define an OTU. This
pipeline chooses the most abundant sequence as reference sequence defining an OTU. So,
this sequence will be the same in any analysis. Then the sequences were grouped according
to their similarity. So, the results were replicable. The complexity of the tutorial was one of the

major drawbacks (Table 4).

FROGS is Galaxy-supported pipeline. The clustering method uses Swarm (Mahé et al.,
2014) and the chimera are removed using VSEARCH (Rognes et al., 2016). It uses the same
process than QIIME, but it groups the sequences according to the distance. The major
drawbacks of FROGS were its little flexibility in setting up the analysis and the lack of

databases, notably for specific functional gene (e.g., mcrA or dsrB databases) (Table 4).

Table 4: Benefits and drawbacks of bioinformatics tools using OTU approaches.

FROGS
Mothur (on Galaxy) QIIME

- Complete and easy to follow - Easy to use - Resource efficient

tutorial

Short analysis time
Customizable pipeline
Statistical analysis facilitated
but not advanced

High RAM usage
Non-replicable result
Long analysis time

- Little flexibility in setting up the
analysis

Complex tutorial to follow
Need bioinformatics skills
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b- Amplicon Sequence Variant (ASV) approaches

Amplicon Sequence Variant (ASV) approaches were introduced with QIIME 2. Since
the 1st of January 2018, QIIME 2 has succeeded QIIME 1, which is no longer supported and

developed nowadays (http://giime.org/). QIIME 2 is a workflow where the raw sequences were

demultiplexed and then filtered, denoised, merged and grouped in non-chimeric sequences
with DADA2 (Callahan et al., 2016) followed by a singleton filtering. Then, this package
performs a cluster of unique sequences to build ASVs, i.e., as soon as a sequence is different
from another one, it corresponds to a different ASV, contrary to OTUs which consists in a
cluster of similar sequences. The use of ASVs is more appropirate for microbial ecology and
ecotypes issues (Terrisse et al., 2017). It also presents other benefits: a step of filtration with
phiX, a short time analysis, a customizable pipeline and facilitated statistical analyses but not
advanced. However, QIIME 2 is a complex tutorial needing to have bioinformatics skills and

the output format is specific to this pipeline (.gza and .qzv files).

SAMBA (Standardized and Automated MetaBarcoding Analyses workflow) is flexible,
standardized, scalable, automated and reproducible workflow developped by SeBiMER, the
IFREMER’s Bioinformatics Core Facility, the French National Institute for Ocean Science.
SAMBA is built using the NextFlow workflow manager (Di Tommaso et al., 2017). SAMBA is

composed of three main parts (Fig. 22):

- data integrity checking: it allows to verify the integrity of the raw data (illumina
sequencing on the same sequencer, presence of the same barcodes and primers
forward and reverse sequences, efc.).

- bioinformatics processes: they are mainly based on the use of the next-generation
microbiome bioinformatics platform QIIME 2 (Bolyen et al., 2019; version 2020.2) and
on the approach of grouping sequences in ASV (Amplicon Sequence Variants) using
DADA2 (Callahan et al., 2016). SAMBA also use dbOTUS3, unlike QIIME2, that tends
to reduce the diversity overestimation. ASVs are grouped according to their phylogeny
and distribution. So, very similar sequences (different because of an error, a mutation
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or just a slightly different 16S copy) are present in the same samples and with a
difference in abundance are grouped in a "corrected ASV".
- statistical analyses: SAMBA performs extensives analyses of the alpha- and beta-

diversity using homemade R scripts (written by C.Noél, SAMBA).

SAMBA offers a real alternative to the complex use of a suite of command line
bioinformatics tools while providing access to state-of-the-art methods and tools in the field,
making it a more FAIR tool than QIIME 2. The SAMBA source code, documentation and

installation instructions are freely available at SeBiIMER GitHub.
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Figure 22: Summary of the SAMBA pipeline. This figure comes from the SAMBA website

(https://github.com/ifremer-bioinformatics/samba, last view 21/08/28).

6.3.2 QIIME 2: data processing of samples from the sites 2 and 3

Bioinformatic processing for DNA sequences were performed using QIIME 2 2019.4
(Bolyen et al., 2019). The same process was followed for 16S (Bacteria) and 18S (Eukarya)

rRNA gene sequences. The taxonomic affiliation was performed against the SILVA database
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v132 (Quast et al., 2012; Yilmaz et al., 2013) with 97% of similarities. The non-affiliated
sequences were excluded. The rarefaction normalized samples of different sample size by
subsampling their size according to the smallest sample size. The BIOM file of the filtered

rarefied sequences was done and converted in JSON file for further analyses.

6.3.3 SAMBA: data processing of the mesocosms’ samples

SAMBA was selected for these DNA analyses instead of QIIME 2 because it presents
several benefits: a verification of the raw data integrity and the use of dbOTU3 to produce
ASVs. The pipeline was adapted to DNA sequences processing coming from mesocosms

samples (site 1) (https:/github.com/ifremer-bicinformatics/samba). These bioinformatic

analyses were performed using SAMBA v3.0.0, Netxflow v20.10.0, QIIME 2 v2019.10.0, R
v3.6.1, DESeg2 v1.26.0, metagenomeSeq v1.28.0, microbiome v1.8.0, phyloseq v1.30.0,
vegan v2.5.6 and UpSetR v1.4.0. Bacterial, archaeal and eukaryotic datas were analysed
separately. The taxonomic affiliation was performed against the SILVA database v138 (Quast

et al., 2012; Yilmaz et al., 2013) with 99% of similarities.

7. Biochemical analyses

7.1 Extraction and determination of extracellular carbohydrate and

protein polymeric substances (EPS)

The determination of the EPS for in situ samples of the site 1 and mesocosms’ samples

was performed following the same protocol adapted from Takahashi et al. (2009).

In a 15 mL Falcon® tube, 5 mL of microbial mat was mixed with an equivalent volume
of seawater obtained by mixing surface water from each pond of the site 1 for in situ samples
or, from the five sampled replicate of each treatment for mesocosms’ samples. It was then

filtered at 0.22 um for each treatment. The tubes were subjected to mechanical agitation by
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vortexing and by inversion at a rate of 40 oscillations.min” for 1 h at 4°C in the dark. Then,
they were centrifuged at 3500 g for 10 min at 4°C. The supernatant, containing the colloidal
fraction, was recovered and stored at -20°C while the pellet, containing the bound fraction, was
resuspended in 5 mL of seawater (again obtained by mixing water each pond of the site 1 for
in situ samples or, from the five sampled replicate of each treatment for mesocosms’ samples,
and filtered at 0.22 ym). 1 g of Dowex resin (Dowex Marathon C, Na+, Sigma-Aldrich), was
prepared according to the protocol of Takahashi et al. (2009). The tubes were again subjected
to the same protocol to obtain the supernatant containing the fraction of bound EPS was

recovered and stored at -20°C.

The carbohydrate concentration was performed according to Dubois' colorimetric
method (Dubois et al., 1956) while the protein concentration was performed according to the
BiCinchoninic acid Assay (BCA) method using the Pierce™ Protein Assay Kit
(Thermoscientific). A range of glucose (L-(-)-Glucose, 98%, Sigma-Aldrich) from 0 to 3 g.L™
and a range of bovine serum albumin (BSA) from 0 to 1 g.L"" were performed in seawater from
the Ré Island hypersalinated at 60 psu and filtered at 0.22 um. For carbohydrates, 100 uL of
EPS sample were placed in a tube, then 100 uL of 5% phenol (Solid Phenol, Sigma-Aldrich,
France) and 500 uL of 98% sulphuric acid (Sulphuric Acid 98%, Carlo-Erba Reagents, France)
were added. The tubes were incubated for 30 min in the dark and at room temperature. A
volume of 200 pL of the standard range and each triplicate sample was deposited in a 96-well
microplate (Falcon® 96-well Clear Microplat, Thermo Fisher Scientific). The absorbance of
each well was measured at 490 nm with a spectrophotometer (SPECTROstar® Nano, BMG
LAB). For proteins, the reagent was prepared and stored in the dark at room temperature
during the assay period. The assays were performed in 96-well microplates (Falcon® 96-well
Clear Microplat, Thermo Fisher Scientific). 200 pL of reagents were placed in the wells and 25
ML standards or triplicate samples were added. The microplates were incubated for 30 min at
37°C, then the absorbance of each sample was measured at 562 nm by a spectrophotometer

(SPECTROstar® Nano, BMG LAB). Two calibration curves were drawn from the standard
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ranges and their respective abundances (corrected according to the kit indications for the BSA
range), averaged over the duration of the experiment. They made it possible to determine the
carbohydrate and protein concentrations. The latter were then related to the dry mass of the

microbial mat.

7.2]ldentification of pigments by HPLC

Lipophilic pigments were analysed by high performance liquid chromatography (HPLC).
Microbial mats were incubated with 95% methanol (buffered with 2% ammonium acetate)
during 15 min, at -20°C in the dark. Extracts were then filtered with 0.2 um PTFE syringe filters
and analysed within 16h using an Agilent 1260 Infinity HPLC composed of a quaternary pump
(VL 400 bar), a UV-VIS photodiode array detector (DAD 1260 VL, 190-950 nm), a
fluorescence detector (FLD 1260 excitation: 425 nm, emission: 655 nm), and a 100 uL
automatic sample injector refrigerated at 4°C in the dark. Chromatographic separation was
carried out using a C18 column for reverse phase chromatography (Supelcosil, 25 cm long,
4.6 mm inner diameter). The solvents used were: 0.5M ammonium acetate in methanol and
water (85:15, v:v), acetonitrile and water (90:10, v:v), and 100% ethyl acetate. The solvent
gradient was set according to Brotas and Plante-Cuny (2003), with a 0.5 mL.min"" flow rate
(Table 5). Identification and calibration of the HPLC peaks were performed with BB-carotene,
canthaxanthin, chlorophyll a, chlorophyll b, chlorophyll c2, diatoxanthin, diadinoxanthin,
fucoxanthin and pheophytin a standards. We identified all detected peaks by their absorption
spectra and relative retention times using the Agilent OpenlLab software. Quantification was
performed using standard calibration curves built with repeated injections of standards over a
range of dilutions. Xanthophylls, carotens and chlorophyll b and ¢ were quantified at 470 nm,
chlorophyll a and their derivatives as well as pheopigments were quantified at 665 nm. The
relative abundance of each pigment (%) was calculated from its respective concentration in

the sample (ug.mg™).
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Table 5: Programme and solvents used in HPLC analysis.

Time (min) A (%) B (%) C (%) Gradient system
0 60 40 0 Injection

2 0 100 0 Linear

7 0 80 20 Linear

17 0 50 50 Linear

21 0 30 70 Linear

28.5 0 30 70 Linear

29.5 0 100 0 Linear

30.5 60 40 0 Linear

35 60 40 0 Linear

Solvents composition

A: ammonium acetate with a concentration of 0.5 mol.L-" in a water and ethanol mix (85:15)

B: water and acetonitrile mix (90:10)

C: ethyl-acetate (100%)

8. Statistical analysis

All calculations and analyses were performed on R.Studio software (version 3.6.3° in

the chapter lll and then, version 4.0.3° RStudio, Inc.).

For comparative tests, the normality and homoscedasticity of the data were previously

verified by carrying out a Shapiro test and a Bartlett test respectively.

To compare the physical-chemical parameters, meiofaunal abundance, diversity indices
of two samples (e.g., to compare the exploited and abandoned sites in the chapter Ill or the
non-exploited and exploited plots in the chapter IV), a Student t-test was applied when the
conditions of application (normality of data and variance independence) were verified, a Welch

two sample t when the independence of variances was not verified and a Wilcoxon-Mann-
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Whitney test if any condition was respected. The samples with measure in duplicate were not

compared because of the non-robustness of the statistical tests.

For mesocosms, the physical-chemical parameters, the carbohydrates and proteins
concentrations of each fraction, the photosynthetic parameters, the meiofaunal abundance and
the diversity indices of each treatment were compared with each other at each sampling time.
The normality and homoscedasticity of the data were previously verified by carrying out a
Shapiro test and a Bartlett test respectively. If both conditions were met, the data were
subjected to an analysis of variances (ANOVA). Otherwise, a Welch ANOVA was performed
in the case of non-homogeneity of variances and a Kruskal-Wallis rank sum test in the case of
non-normal data. If these tests were found to be significant (p < 0.05), then a pairwise
comparison was performed using a Tukey test following the ANOVA, a Games-Howell test
following a Welch ANOVA or a Nemenyi test following the Kruskal-Wallis test. These tests

were also applied to compare triplicate measures between seasons in the chapter IV.

Permutational multivariate analysis of variance (PERMANOVA) was applied to
determine the role of treatment and time in explaining the variance noted among the Bray—

Curtis distance matrices (adonis function of the vegan package).

The collinearities between the environmental variables (temperature, pH, dissolved
oxygen, salinity, phosphate, nitrate, nitrite, ammonium, silicon) were first tested with variance
inflation factors (VIFs). The variables selection was based on the criterion VIF < 5. Then, a
collinearity of up to 0.7 according to Spearman’s rank correlation (p < 0.05) was performed.
This process led to group the variables presenting collinearity and used the proxies for each

group as explanatory variables.

A principal component analyses (PCA) was performed on the sample structure
according to the non-correlated physical-chemical parameters transformed in Euclidian

distances.
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The principal coordinates analysis (PCoA) based on the Bray—Curtis distance matrices
was used to analyse the beta diversity. The main contributor Amplicon Sequence Variants
(ASVs) to the first two PCoA axes were determined by analysing correlations between these
axes and each ASVs. The dendogram of each replicate of the sites was also done with Bray-
Curtis distance matrices (only in the chapter Ill). The contribution of each ASV explaining the
differences between sites was defined by SIMPER (SIMilarity PERcentages) based on Bray-
Curtis distance measure. Linear discriminant analysis effect size (LEfSe) (Segata et al., 2011)
on the 50 more abundant ASVs was done on Galaxy web application to determine bacterial
genera or eukaryotic families biomarkers of each site. The non-parametric Kruskal-Wallis sum-
rank test (a = 0.05) was performed to detect taxa with significant differential abundance. The
biological consistency was investigated by performing a pairwise Wilcoxon test (a = 0.05). A
linear discriminant analysis (LDA) threshold score of 2.0 was applied. SIMPER analyses and

LEfSe were applied only in the chapter Ill.

Alpha diversities indices were calculated according to the observed richness (based on
presence/absence of ASVs), the Shannon diversity (ASVs richness and their evenness) and

the Inverse Simpson index (giving more weight to common or dominant species).

A Between Class Analysis (BCA) combined with hierarchical cluster analysis with a

Bray dissimilarity index and ward.D2 method was done on pigments proportions.
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1. Introduction

Hypersaline environments are characterised by salinity higher than that of seawater (by
about 35 practical salinity units; psu), which develops when the supply of freshwater is
dominated by water loss through evaporation (Paerl et al., 2003). These environments
represent a significant surface area on a global scale, whether they are of natural origin (lakes,
tidal basins, etc.) or artificial (for salt production) (Javor, 1989). Dammed salt marshes are
artificial coastal hypersaline environments, created to gain land from the sea to develop
economic production (Paticat, 2007). In France, their presence is observed along the Atlantic
and Mediterranean coasts. This study focuses on the salt marshes of the Nouvelle-Aquitaine
region, and more specifically those of Charente Maritime (17). In this department, they extend
over 14,200 ha, including 5,700 ha on the territory of the Ré and Oléron Islands (Paticat, 2007).
In the 19" century, 1,500 hectares of salt marshes were exploited, i.e., 1/5 of the surface of
the Ré Island. Currently, 460 ha were still used to produce marine salt leading to the production
of 3,200 tonnes of salt (France3-regions, 2018, 2017), the other salt marshes being
abandoned. In addition to their economic importance, salt marshes are refuges for many
species, especially migratory birds (Rodrigues et al., 2011; Takekawa et al., 2015), and provide
numerous cultural, provisioning, supporting and regulating ecosystem services (de Melo

Soares et al., 2018), making them environments of high heritage and commercial value.

Although salt marshes appear, at first glance, to be unfavourable environments for life,
they are nevertheless environments conducive to the development of a wide variety of
microorganisms (Javor, 1989) which form microbial mats (Fourcans et al., 2004). Many studies
have observed the structure, the diversity and the dynamics of microbial mats on salterns they
represent interesting ecosystems adapted to fluctuating conditions (Caumette et al., 1994;

Fourcans et al., 2008, 2004).

To the best of our knowledge, the microbial mats from salterns of Ré Island have not

been studied yet. It is important to know the diversity and structure of these microbial mats in
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order to determine their current microbial composition and structure, which will serve as a
baseline for future studies. In the future, this will allow defining accurate prediction models to

anticipate and better understand their response to climate change.

This chapter aims to compare microbial mats diversity coming from an exploited salt
marsh and an abandoned salt marsh for 15 years. The sampling was done before the
beginning of this thesis, in 2017. The results are presented in an article published in
Microbiological Research (Volume 252, November 2021, DOI: 10.1016/j.micres.2021.126854)

(Maziere et al., 2021).

2. New insights in_prokaryotic and eukaryotic diversity of
microbial mats inhabiting exploited and abandoned salterns
at the Ré Island (France)
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In order to understand the effect of human practices on microbial mats organisation, the study aimed to
investigate the biodiversity within microbial mats from exploited and abandoned salterns. Despite several at-
tempts, archaeal 16S rRNA gene fragment sequences were not obtained, indicating that microbial mats were
probably dominated by Bacteria with very low abundance of Archaea (< 1%). Thus, the study compared the
bacterial and meiofaunal diversity of microbial mats from abandoned and exploited salterns. The higher salinity
(101 £ 3.7 psu vs. 51.1 + 0.7 psu; Welch t-test p < 0.05) of the exploited site maintained lower bacterial di-
versity in comparison to the abandoned site where the salinity gradient was no longer maintained. However, the
microbial mats exhibited similar bacterial class composition while the eukaryotic diversity was significantly
higher in the exploited saltern. The abandoned saltern was dominated by sulfate-reducing bacteria and Nem-
atoda, while the exploited saltern was characterized by the presence of halophilic bacteria belonging to Mar-
inobacter, Salinivibrio and Rhodohalobacter genera, and the larger abundance of Hypotrichia (ciliates). Such
bacterial and eukaryotic diversity difference might be explained by human actions for salt recovery in exploited
salterns such as scraping the surface of microbial mat and increasing salinity renewing the microbial mat each
year. Such action decreases the bacterial diversity changing the food web structure that favour the presence of a
larger diversity of eukaryotic organisms. Our study provides new insights on microbial mat communities
inhabiting salterns, especially the consequences of abandoning saltern exploitation.

1. Introduction (Jgrgensen and Cohen, 1977; Wieland et al., 2003; Sanchez-Baracaldo

et al.,, 2021). In microbial mats, different functional microbial groups

Microbial mats develop at the sediment/water interface in various
habitats (Prieto-Barajas et al., 2018), including coastal areas (White
etal., 2018,2021), sand beaches (Bolhuis and Stal, 2011), estuaries (Mir
etal., 1991), lakes (Jorgensen and Cohen, 1977), hot springs (Dobretsov
etal., 2011), Andin glaciers (Fleming and Prufert-Bebout, 2010; Schmidt
et al., 2017), polar region (Valdespino-Castillo et al., 2018), freshwater
Lagunas (Falcon et al., 2020; Yanez-Montalvo et al., 2020), and salterns
(Giani et al., 1989; Fourcans et al., 2004; Kolesnikov et al., 2017). They
are complex systems of multi-layered microbial communities vertically
stratified where microorganisms are organized according to
physical-chemical gradients of light, oxygen and sulfur (Caumette et al.,
1994), playing an important role in the major biogeochemical cycles

with various metabolic capacities coexist at a microscale (van Gemer-
den, 1993). They experience daily fluctuations of environmental pa-
rameters resulting in variations of their vertical distribution (Fourcans
et al., 2006, 2008; Martinez et al., 2019). Therefore, microbial mats
constitute an ideal model to study microbial interactions and their
response to environmental changes.

Microbial mats developing in marine solar salterns are among the
most studied (Oren, 2009) for examining microbial composition and
their dynamics (Plominsky et al., 2018). Solar salterns, generally found
in coastal regions, are man-made habitats for salt production through
solar evaporation of seawater. Seawater evaporates through a series of
shallow ponds, gradually increasing salinity constituting extreme
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hypersaline environments. The resulting brine, saturated with sodium
chloride, reaches crystallizer ponds where salt deposits and is then
collected by scraping the surface of the sediment. The salt production
depends on physical-chemical processes and activities of the microbial
mats developing in such extreme habitats, which could result in the
production of several valuable chemicals by microorganisms with
biotechnological potentials (Gomez-Villegas et al., 2018). Historically,
several solar salterns have been exploited along the French Atlantic
coast. Nowadays, many of these solar salterns have been abandoned
because of loss of economic profitability. At the Ré Island (France),
exploited and abandoned solar salterns coexist allowing the comparison
of microbial mats developing under different saline fluctuating condi-
tions but with similar environmental parameters. The salt production is
artisanal, handwork following traditional practices with salt harvest by
hands in summer. In winter the salterns are flooded with seawater, the
exploitation starting in spring by increasing progressively the salinity,
especially in crystallizer ponds where large variations in salinity are
observed until reaching concentrations where salt precipitates. In
contrast, the salinity variation is limited in the abandoned salterns
because the water entry is no regulated. It has been demonstrated that
the salinity fluctuations during salt production disturb the natural
habitats (Tran et al., 2019), influencing the development and the
structure of the microbial mats that also depend on the seasonal varia-
tions (Boujelben et al., 2012; Cardoso et al., 2019). Because only few
studies have investigated abandoned salterns (Cvitkovic et al., 2011; Lee
et al., 2020), the information on how the ecosystem is affected by the
modifications of human practices is still scarce. The comparison of the
diversity within microbial mats subjected to large saline variations
(exploited saltern) with that of microbial mats inhabiting ponds where
the saline variations are limited (abandoned saltern) within the same
hydrological system will allow to describe the modifications of micro-
bial communities in response to a drastic change on the human prac-
tices, which are affecting the salinity fluctuations. Understanding how
the human practices affect the microbial community of microbial mats
in solar salterns is of paramount importance providing useful informa-
tion for the management of microbial communities in the context of
global changes.

In this study, we investigated the diversity within microbial mats
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from exploited and abandoned hypersaline ponds in salterns located at
the Ré Island (France). We adopted a holistic view, investigating the
microbial communities by 16S and 18S rRNA genes barcoding,
completed by microscopic observations for the eukaryotic community,
in order to describe the biodiversity in microbial mats and how it is
affected by human-made drastic changes. Indeed, although bacterial
communities inhabiting microbial mats have been widely studied
(Fourcans et al., 2006, 2008; Bolhuis and Stal, 2011; Boujelben et al.,
2012; Bolhuis et al., 2014; Stal et al., 2019), only few studies have re-
ported on their eukaryotic community composition (Cvitkovic et al.,
2011; Edgcomb et al., 2014), resulting in a lack of knowledge in the
whole diversity of microbial mats. Our results bring new insights on
microbial mats biodiversity modifications in response to a perturbation
due to human activity.

2. Material and methods
2.1. Sampling site

The microbial mats were collected in crystallizer ponds of salterns
located in two different sites, but within the same hydrological system,
close to Ars-en-Ré (Ré Island, France; Fig. 1, the map was drawn with the
R library ggmap (Kahle and Wickham, 2013)), allowing the investiga-
tion of abandoning saltern exploitation considering similar
physical-chemical parameters. The Abandoned site (46°12'44.928"N
1°30'20.123"W) located in an abandoned saltern for 15 years, and the
Exploited site (46°12'41.5"N 1°30'36.9"W) located in an exploited
saltern. The microbial mats were sampled in spring 2017. In each site,
microbial mats were sampled in independent biological triplicates (R1,
R2 and R3) corresponding to three distinct ponds (Fig. 1). Microbial
mats were sampled using a PVC tube (15 cm diameter) as corer. From
each core, the first 0.5 cm was pushed out, from the bottom to the up,
with a piston in order to collect the microbial mat of the expected
thickness. After homogenisation by mixing, subsamples for DNA mi-
crobial analysis were dispatched in 2 mL cryotubes flash frozen in liquid
nitrogen and then stored at —80 °C. Meiofauna abundance and group
composition were obtained from another core. Sediment (60 mL) was
preserved in absolute ethanol (vol/vol).

1.2°W 1.1°W
5 N\ [
N\

N

Fig. 1. Localisation of the sampling sites at the Ré Island (France). Microbial mats were sampled in abandoned (red point) and exploited (green point) sites in

independent triplicates corresponding to three ponds in each site.
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The water salinity (Practical Salinity Unit, psu corresponding to g/L)
and the water temperature (°C) were measured in triplicate in each
sampling spot with a multiparameter probe (pHenomenal® MU 6100H,
VWRTM, USA).

2.2. DNA extraction and Illumina sequencing

Microbial mat samples were ground in liquid nitrogen with a mortar
and a pestle as previously described (Fourcans et al., 2008). Then, DNA
was extracted from 0.25 g subsamples using the DNeasy® PowerSoil kit
(Qiagen) according to the manufacturer’s instructions, with a slight
modification at the homogenization step, by using a Precellys homog-
enizer (Bertin Instruments).

The V3-V4 region of the bacterial 16S rRNA genes (460 bp) was
amplified using the primers PCR1F_ 460 (5'-ACGGRAGGCAGCAG-3)
and PCR1R 460 (5-TACCAGGGTATCTAATCCT-3') (Klindworth et al.,
2013). The Primers 519F (5-GCCGCCGCGGTAA-3) and 915R
(5'-GTGCTCCCCCGCCAATTC-3') were used to amplify the V3-V5 re-
gion (400 pb) of the archaeal 16S rRNA gene (Hugoni et al., 2015).
Polymerase chain reaction (PCR) mix consisted in 5 uL of MTP Taq DNA
polymerase (5 U/pL) with 1 pL. MTP Taq Buffer (10X) (Sigma-Aldrich),
1 pL of ANTP (10 mM), 1.25 pL of each primer (20 pM) and 10 ng of
genomic DNA, in a final volume of 50 pL (adjusted with distilled water).
All amplifications were performed on a Labcycler (SensoQuest) using
the following PCR program: 2 min at 94 °C, 30 cycles of 60 s at 94 °C,
40 s at 65 °C for Bacteria (40 s at 57 °C for Archaea), and 30 s at 72 °C,
and finally, 10 min at 72 °C.

The V4 region (390 bp) of the 18S rRNA genes was amplified using
the universal primer 515 F (5'-GTGYCAGCMGCCGCGGTA-3') (Caporaso
et al., 2011) and the eukaryotic primer 951R
(5'-TTGGYRAATGCTTTCGC-3') (Lepere et al., 2016). PCR mix consisted
in 27.5 pL of AmpliTaq Gold® 360 master mix (Applied Biosystems),
1.1 pL of each primer (20 pM) and 5.5 pL of genomic DNA, in a final
volume of 55 pL (adjusted with distilled water). All amplifications were
performed on a Veriti 96 Well Thermal Cycler (Applied Biosystem) using
the following PCR program: 10 min at 95 °C, 35 cycles of 30 s at 95 °C,
30 s at 55 °C and 45 s at 72 °C, and finally, 10 min at 72 °C.

All PCR were performed in triplicate for each sample and sequenced
separately in order to obtain technical replicates in order to consider the
PCR bias. Illumina sequencing was performed by the NED team
(UMR1388 GenPhySE) and the GeT core facility (Toulouse, France),
using [llumina MiSeq technology (paired-end 2 x 250 bp). The complete
dataset was deposited in the NCBI Sequence Read Archive (SRA) data-
base under SRA accession number PRINA627371 for eukaryotic dataset
and PRINA627173 for bacterial dataset.

2.3. Sequence processing

Bioinformatic processing for DNA sequences were performed using
QIIME 2 2019.4 (Bolyen et al., 2019). The same process was followed for
16S (Bacteria) and 18S (Eukaryote) rRNA gene sequences. Raw se-
quences were demultiplexed and then filtered, denoised, merged and
grouped in non-chimeric sequences with DADA 2 (Callahan et al., 2016)
followed by a singleton filtering. The taxonomic affiliation was per-
formed against the Silva database v132 (Quast et al., 2012; Yilmaz et al.,
2013) with 97 % of similarities in order to compare the biodiversity
obtained in previous studies, as it is used in most studies exploring
biodiversity in microbial mats (Cardoso et al., 2019; Sierra et al., 2020;
Vogt et al., 2018). Additionally, Silva database allows to analyse the
three domains of life (Bacteria, Archaea, and Eukarya) while the other
databases (e.g. Greengenes, RDP) will not (Balvociute and Huson, 2017).
The non-affiliated sequences were excluded. The rarefaction was done at
5530 and 22,274 sequences per sample for bacteria and eukaryote
respectively (Supplementary materials, Fig. S1.), which correspond to
the lowest number of sequences considering the PCR replicates (data not
shown).

Microbiological Research 252 (2021) 126854
2.4. Meiofauna characterization

Microbial mat was sieved through 50 pm before staining with rose
Bengal and observation under a binocular loupe (magnification x30,
Zeiss). A sample splitter (Motoda box as Rzeznik-Orignac et al., 2003)
was used to obtain an aliquot containing at least 100 individual nema-
todes for abundance estimation. The abundance of other meiobenthic
taxa (i.e. copepods and ostracodes) was too low to be evaluated in split
samples and, therefore, was quantified using whole samples. Abun-
dances were expressed as individuals per cubic centimetre (ind. cm ).

2.5. Statistical analysis

Statistical analyses were performed using Rstudio software (R
version 3.6.3, (2020—02-29), R Core Team, 2020). The water temper-
ature between the two sites was compared with a Student t-test because
the conditions of application (normality of data and variance indepen-
dence) were verified and with a Welch two sample t for salinity because
the independence of variances was not verified. Then, the difference in
the relative microbial abundance was investigated between the aban-
doned and exploited sites. The biom file produced by the bioinformatic
analysis and the table of environmental data were merged into a single R
package using “phyloseq” (McMurdie and Holmes, 2013). The statistical
analyses were performed on the average of the PCR triplicates (technical
replicates) for each sample in order to consider the PCR bias. The alpha
diversity was calculated by two indices, the richness (based on pre-
sence/absence of Amplicon Sequence Variants (ASVs)) and the Shannon
index (according to the relative abundance of ASVs). The abundances
were compared at different taxonomic levels with a Student t-test if the
conditions of application (normality of data and variance independence)
were verified, or with a Welch two sample t if the normality was verified
but not the independence of variances and with a
Wilcoxon-Mann-Whitney test if any condition was respected. The beta
diversity between sites was then analysed with a principal coordinate
analysis (PCoA) of Bray-Curtis distance matrices. A dendogram of each
replicate of the sites was also done with Bray-Curtis distance matrices.
The contribution of each ASV explaining the differences between sites
was defined by SIMPER (SIMilarity PERcentages) based on Bray-Curtis
distance measure. Linear discriminant analysis effect size (LEfSe)
(Segata et al., 2011) on the 50 more abundant ASVs was done on Galaxy
web application to determine bacterial genera or eukaryotic families
biomarkers of each site. The non-parametric Kruskal-Wallis sum-rank
test (o = 0.05) was performed to detect taxa with significant differen-
tial abundance. The biological consistency was investigated by per-
forming a pairwise Wilcoxon test (x = 0.05). A linear discriminant
analysis (LDA) threshold score of 2.0 was applied.

3. Results and discussion
3.1. Description of the environmental parameters and the microbial mats

The water temperature and salinity were significantly higher in
exploited site (25 + 1 °C; 101 + 3.7 psu) than in the abandoned site
(23 £ 0.4 °C; 51.1 + 0.7 psu) (Student t-test for temperature, p < 0.05;
Welch two sample t-test for salinity, p < 0.05), while in both sites the
water was at pH 8. Such results were expected as salinity increases in
ponds for salt production without being subjected to desiccation, while
seawater entering into the abandoned site maintains a lower salinity.
The microbial mats showed different morphological aspects, particu-
larly in their thickness that may be explained by the scraping during salt
recovery, resulting in a thinner microbial mat in the exploited site. Also,
it has been shown that salinity affect exopolysaccharide (EPS) produc-
tion, that in turn might affect the mat structure and properties (Decho
and Gutierrez, 2017). Such observation suggested that the environ-
mental conditions may affect the microbial mats as observed in diverse
coastal ecosystems including sediments (Pringault et al., 2008; Duran
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et al., 2015), estuarine mudflats (Chronopoulou et al., 2013) and hy-
persaline microbial mats (Bordenave et al., 2004).

3.2. Microbial and meiofaunal community diversity in abandoned and
exploited salterns

Despite several attempts, we were unable to obtain archaeal 16S
rRNA gene fragment sequences. Although DNA extraction and PCR
amplification bias cannot be excluded, this result was in accordance
with previous studies showing that benthic mats in hypersaline ponds
are dominated by bacteria and are even almost exclusively bacterial
(Bolhuis and Stal, 2011; Bolhuis et al., 2014; Stal et al., 2019), with very
low abundance of Archaea below 1%, especially within the upper part
(0.5 cm) of the mat (Bolhuis and Stal, 2011) as analysed in this study.
The flooding each winter, after salt recovery, induces the fluctuation of
environmental parameters resulting on the renewing of the microbial
mats that may also explain the fact that Archaea were not detected.
Indeed, Archaea have been demonstrated to be sensitive to drastic
modifications of environmental parameters (Zhao et al., 2020) probably
preventing their development within microbial mats. Because Archaea
have been shown to play a critical role in ecosystem function (Wong
et al., 2017), further efforts with optimised molecular methods and tools
will be beneficial to describe the archaeal diversity in microbial mats.
Particularly, it is worth to note that our attempt to target Archaea was
based on the utilisation of only a set of primers, several sets of primers
have been developed allowing to extend the capacity to reveal Archaea
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diversity (Bahram et al., 2019) that will help to detect Archaea in the
microbial mats. Thus, our study focuses on the bacterial and eukaryotic
components of the microbial mats inhabiting the abandoned and
exploited saltern sites.

The composition of bacterial and eukaryotic communities was
determined by high throughput sequencing in order to compare mi-
crobial mats of the abandoned salterns to that of exploited salterns. The
number of raw sequences ranged between 30,243 + 4898 (abandoned
site) and 19,200 + 2626 (exploited site) for Bacteria, and between
50,119 + 720 (abandoned site) and 39,684 + 1408 (exploited site) for
Eukaryota (Supplementary materials, Table S1). After filtering, the
rarefaction provided a random subsample of 5530 bacterial sequences
and 22,274 eukaryotic sequences per sample (Supplementary materials,
Table S1).

The bacterial richness observed for the microbial mats inhabiting the
abandoned site was in the same range (between 200-700 ASVs) to that
observed for other coastal ecosystems (Dillon et al., 2013; Cardoso et al.,
2019). The bacterial Shannon indexes of the abandoned and the
exploited sites (5.75 and 4.6, respectively) were higher than that re-
ported for prokaryotic communities from solar salterns (Dillon et al.,
2013) and spring coastal microbial mats (Cardoso et al., 2019) (Fig. 2).

For Bacteria, the richness and the Shannon index were significantly
higher (Student t-test, p < 0.05) in the abandoned site (643 + 60 ASVs
and 5.73 + 0.09) than in the exploited site (265 + 75 ASVs and 4.77 +
0.27; Fig. 2A, B). Interestingly, for Eukaryota, the opposite was
observed, the richness and the Shannon index being significantly higher
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Fig. 2. Diversity indexes for bacterial (A, B) and eukaryotic (C, D) communities in the abandoned (red) and exploited (green) sites. The boxplots show observed
richness (A, C) and Shannon (B, D) indexes determined at the ASV level from 16S (Bacteria) and 18S (Eukarya) rRNA gene sequences. Different letters indicate

significant differences based on Student t-test at p < 0.05 (n = 3).
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(Student t-test, p < 0.05) in the exploited site (187 + 26 ASVs and 3.03 +
0.29) than in the abandoned site (121 + 25 ASVs and 1.53 + 0.33;
Fig. 2C, D). Such observation was consistent with previous reports
indicating that salinity is a main driver for bacterial community di-
versity (Fei Xi et al., 2014; Jeanbille et al., 2016a; Ben Salem et al.,
2019) and for the meiofaunal abundance and species composition
(Coull, 1999). It has been demonstrated that the richness and abundance
of bacteria and eukaryotes decrease along a gradient of salinity because
the conditions become extreme with increasing salinity (Nubel et al.,
2000; Pedros-Alié et al., 2000; Benlloch et al., 2002; Estrada et al.,
2004). For eukaryotes, some populations have been reported dominant
in high salt concentration (above seawater salinity, 35 psu) ecosystems
(Elloumi et al., 2009). Interestingly, the eukaryotic diversity was higher
in the more salted site (exploited) in our study.

The human actions for salt exploitation, which include regular
scraping for salt recovery and microbial mat removal together with the
fluctuations of environmental parameters (Wieland et al., 2003), are
probably responsible for the decreased bacterial diversity observed in
the exploited site in comparison to the abandoned site. Indeed, the
abandoned site is not disturbed by human actions, which results to an
ecosystem with weak fluctuations that is considered as an ecosystem
with less selective pressure for bacterial communities (Graham et al.,
2016). In contrast, the increasing of eukaryotic diversity with salinity
has never been reported before for hypersaline environments (Pillay and
Perissinotto, 2009; Heidelberg et al., 2013). Other factors have been
reported to influence the composition of the eukaryotic population like
hydrodynamic (Kapusta et al., 2005), sediment stability (Kapusta et al.,
2005), sediment particle size (Coull, 1999), temperature (Coull, 1999;
Kapusta et al., 2005), depth (Baguley et al., 2006), physical disturbance
(Austen and Widdicombe, 2006), nutrient enrichment (Austen and
Widdicombe, 2006) and long-term anthropogenic impacts (Boldina
et al., 2014). Nevertheless, we assume that physical disturbance and
long-term anthropogenic actions were the most probable factors driving
eukaryotic communities in our study since salt workers in Ré Island
follow a traditional exploitation removing the accumulated mud each
winter as described for the Aveiro salterns (Rodrigues et al., 2011). More
information about the physical-chemical parameters such as pH, dis-
solved oxygen concentration and water renewable rates will be neces-
sary to determine the factor influencing the eukaryotic composition.
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3.3. Bacterial and meiofaunal community composition of microbial mats
inhabiting abandoned and exploited salterns

The first 0.5 cm of microbial mats from both sites were dominated by
the same seven bacterial phyla with high abundance of Proteobacteria
and Bacteroidetes (Fig. 3). This phyla composition was comparable to
that of coastal microbial mats where Cyanobacteria, Proteobacteria and
Bacteroidetes are dominant (Cardoso et al., 2019) as well as in most
hypersaline microbial mats (Pal et al., 2020). Bacteroidetes and Pro-
teobacteria, described as dominant phyla in the water and sediment of
other salterns (Boujelben et al., 2012; Lee et al., 2020), are known to
play important roles in carbon and nitrogen cycles (Bernhard et al.,
2012; Wong et al., 2015). Only Gammaproteobacteria showed signifi-
cant differences between the studied sites: they were significantly more
abundant in the exploited site than in the abandoned site (Student t-test,
p < 0.05). Such Gammaproteobacteria abundance discrepancy between
both sites might be explained by the fact that Gammaproteobacteria
class has been reported to be composed of pioneering microorganisms
during the biofilm formation (Lee et al., 2008), which is in accordance
with the fact that the microbial mat is renewed every year in the
exploited site. Generally, Cyanobacteria are found dominant in micro-
bial mat composition (Fourcans et al., 2004, 2006,2008; Bolhuis and
Stal, 2011; Boujelben et al., 2012; Bolhuis et al., 2014; Stal et al., 2019).
Surprisingly, they accounted for less than 1% of the total phyla abun-
dance in our study although that underestimation of Cyanobacteria
cannot be excluded due to technical bias such as DNA extraction and
primers efficiencies as previously reported (Fourcans et al., 2004).

Assuming that the physical-chemical parameters of the abandoned
saltern, particularly the salinity, tend to be similar to those found at the
near oceanic coast, we expect that the microbial mat composition will be
close to that observed in microbial mats inhabiting such coastal areas.
The microbial composition of the coastal sediment from Ré Island has
not yet been described. However, Proteobacteria and Planctomycetes
were found to be dominant in the first centimetre of sediments from
Marennes-Oléron Bay, located about 50 km from Ré Island, while Bac-
teroidetes was the fourth dominant phylum (Lavergne, 2014), which
differs from the bacterial phyla composition of microbial mats from both
abandoned and exploited sites. Such observation suggested that the
abandonment period (15 years) was not long enough for erasing the
effect of saltern exploitation to reach the bacterial composition observed
in coastal sediments, probably because the salinity in both abandoned
and exploited sites exceeds regularly the seawater salinity (> 35 psu). To
the best of our knowledge, only two studies have reported the

Exploited

Alphaproteobacteria
Bacteroidetes

Deltaproteobacteria

Firmicutes
Gammaproteobacteria
Gemmatimonadetes

Phyla < 1% abund.

I Spirochaetes

Fig. 3. Bacterial community compositions at the phylum level in the abandoned and exploited sites. The bar plots represent each replicate, presenting the phyla with
a relative abundance above 1%. The class level within Proteobacteria phylum is shown.
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reorganization of microbial communities after the abandonment of
salterns exploitation (Bernhard et al., 2012; Lee et al., 2020). These
studies concluded that the physical-chemical parameters were similar to
that observed at the coast only one year after the natural collapse of
embankments, but the bacterial composition remained different for
more than 30 years (Bernhard et al., 2012; Lee et al., 2020). It is
important to mention that in our study the salterns were still intact
maintaining the salinity gradient, which drives bacterial community
structure. Further long time-series analyses comparing microbial com-
munities in different locations at Ré Island are still required to determine
whether the microbial community reach the structure observed in the
coast.

The eukaryotic community in the abandoned site was dominated by
only three phyla (abundance above 1%) while the exploited site was
characterized by a large eukaryotic diversity with six main phyla iden-
tified (Fig. 4). Metazoa dominated the eukaryotic community in the
abandoned site, being significantly more abundant (Student t-test,
p < 0.05) than in the exploited site (Fig. 4). The presence of Metazoa in
both sites was not surprising since they are often found in marine sed-
iments, which are usually dominated by Nematoda followed by Platy-
helminthes and Arthropoda (Fonseca et al., 2014; Lopez-Escardo et al.,
2018). All the phyla identified have been ever seen in other exploited
salterns (Feazel et al., 2008; Stock et al., 2012) and in abandoned salt-
erns (Cvitkovic et al., 2011) but, to our knowledge, no studies compared
the eukaryotic composition in these two types of salterns.

The more important eukaryotic diversity observed in the exploited
site, in comparison to that of the abandoned site, might be explained by
the human action of scratching the surface of the microbial mat, which
probably prevents colonization by a single eukaryotic population.

Because it is known that molecular analysis has inherent bias derived
from DNA extraction efficiency and primers specificity (Tedersoo et al.,
2018), the eukaryotic diversity was completed by meiofaunal micro-
scopic observations. The presence of Acari, Polychaeta, insect larvae and
Copepoda nauplii was observed that were not detected by molecular
analysis (Supplementary materials, Fig. S2). Consistently with the mo-
lecular analysis, Nematoda largely dominated (>99 %) the observable
meiofaunal community of the abandoned site (Supplementary materials,
Fig. S2). But, in contrast to the molecular analysis, Nematoda were also
observed (around 69 %) together with adult Copepods (26 %), Acari
(4%), insect larvae (2%) and Polychaeta (2%) in the exploited site
(Supplementary materials, Fig. S2). Thus, we advocate that the combi-
nation of molecular techniques with microscopic observations will help
to obtain a more comprehensive and accurate analysis of eukaryotes
species diversity in the environmental samples.
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3.4. Comparison of bacterial and meiofaunal communities from
abandoned site and from exploited site

The comparison of the bacterial and eukaryotic communities be-
tween the abandoned site and the exploited site by principal coordinate
analysis (PCoA) showed a clear separation between the sites along the
PCol axis explaining around 47 % of the data distribution for the bac-
terial community (Fig. 5A) and 92 % for the eukaryotic community
(Fig. 5B). Noteworthy, the PCoA analysis showed a heterogeneity within
the exploited site with a dispersion of the triplicates along the PCo2 axis
explaining around 21 % of the data distribution for bacteria (Fig. 5A)
and around 5% for eukaryotes (Fig. 5B). However, cluster analysis based
on Bray-Curtis distances confirmed that the bacterial and eukaryotic
communities of the triplicates from the abandoned site were clustered
together, clearly separated from the cluster formed by the bacterial and
eukaryotic communities of the exploited site (Fig. 5C and D). The dif-
ference of the bacterial and eukaryotic communities between both sites
was further confirmed by SIMPER analysis showing overall dissimilarity
for bacterial community compositions (SIMPER: 50 %) as well as for
eukaryotic community compositions (SIMPER: 72 %).

Accordingly, LEfSe analyses revealed taxa, bacterial and eukaryotic,
differentially abundant between both sites (Fig. 6), which represent site-
specific biomarkers as previously suggested in studies identifying envi-
ronmental and contaminant microbial biomarkers (Segata et al., 2011;
Jeanbille et al., 2016b). The abandoned site was characterized by 11
bacterial and 5 eukaryotic biomarkers (Fig. 6). Interestingly, ASVs
related to Loktanella (Alphaproteobacteria) and Desulfobacterales,
which are usually found in abandoned salterns and tidal flats (Lee et al.,
2020), were identified among the bacterial biomarkers (Fig. 6A). The
Desulfobacterales, sulfate reducing bacteria generally predominant in
sulfate-rich sediment (Ruff et al., 2015), have been shown to influence
the microbial re-colonization of abandoned salterns (Lee et al., 2020).
Similarly, the Alphaproteobacteria Loktanella, has been described as a
pioneer bacterium in marine biofilm formation (Lee et al., 2008). The
identification of such biomarkers suggested that the bacterial commu-
nity at the abandoned site was undergoing a re- organisation. Regarding
the eukaryotic biomarkers, ASVs related to Arthropoda, Nematoda and
Platyhelminthes belonging both to Metazoa as specific members of
abandoned site (Fig. 6B). It is known that Nematoda dominate in marine
sediments, followed by Platyhelminthes, Arthropoda and a random
assemblage of Gastrotricha, Annelida, Mollusca... (Fonseca et al., 2014;
Lopez-Escardo et al., 2018). This observation was in accordance with
our hypothesis that the microbial composition in the abandoned site
would tend to be similar to that found on the coast.

According to the LEfSe analyses, the exploited site was characterized
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Fig. 6. Comparison of bacterial (A) and eukaryotic (B) communities inhabiting the abandoned (red) and exploited (green) sites by linear discriminant analysis effect
size (LEfSe). The analysis was performed with the 50 more abundant bacterial and eukaryotic ASVs of each site.

by 9 bacterial and 14 eukaryotic biomarkers (Fig. 6). Consistent with the
high salinity prevailing at the exploited site, ASVs related to halophilic
bacterial genera were identified as biomarkers (Fig. 6A) such as Mar-
inobacter, Salinivibrio and Rhodohalobacter that are usually found in hy-
persaline environments (Gorshkova, 2003; Duran, 2010; Kim et al.,
2017; Xia et al., 2017; Lopez-Hermoso et al., 2018; de la Haba et al.,
2019). Such information showed the salinity impact of the microbial

mat organisation, further highlighting the differences the contrasted
organization with the microbial mat from the abandoned salterns.

The specific eukaryotic ASVs identified in the exploited site were
more diverse than that identified in the abandoned site. For example,
ASVs related to the Ciliophora phylum were detected in both sites but
the populations were different at the class and subclass levels (Fig. 6B).
Choreotrichia, Haptoria and Hypotrichia sub-classes, and
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Phyllopharyngea class were found to be significantly more abundant in
the exploited site, while ASVs related to Litostomatea class were
significantly predominant in the abandoned site (Fig. 6B). Such obser-
vation was in accordance with previous report showing that members of
the Ciliophora phylum (ciliates) were influenced by the salinity, their
abundance and biomass increasing with salinity together with a modi-
fication in their composition (Nche-Fambo et al., 2016). Additionally,
members of the Choreotrichia subclass have been reported dominant in
saline environments with salinities reaching up to 64 psu (Nche-Fambo
et al.,, 2016). The other ASVs found significantly dominant in the
exploited site were related to eukaryotic phototrophs related to the
Chlorophyta phylum (Dunaliella), Dinophyceae class (Dinoflagellates),
Haptista phylum (Isochrysis and Pleurochrysis), and Diatomea (Fig. 6B),
indicating that the exploited site was dominated by eukaryotic photo-
trophs in comparison to the abandoned site. In contrast, the abandoned
site was characterized by the presence of ASVs related to Nematoda,
Arthropoda, Platyhelminthes and Ciliophora (Litostomatea) phyla, and
Craspedida order, which were found significantly abundant (Fig. 6B).
Such differences in eukaryotic composition between both sites suggested
an important influence of the salinity in the organization of eukaryotic
community that in turn might provoke changes in the food web as
previously reported along a salinity gradient (Pedros-Alio et al., 2000).
It is likely that the low diversity of preys on the abandoned site (bacteria
and ciliates) favoured the development of Metazoa, explaining that
Metazoa related ASVs (Nematoda, Arthropoda, and Platyhelminthes)
were found significantly more abundant than in the exploited site.
Indeed, the Metazoa related ASVs (Nematoda, Arthropoda, and Platy-
helminthes) have been shown to be able to feed on bacteria (De Mesel
et al., 2004; Feazel et al., 2008; Hubas et al., 2010), diatoms (Montagna,
1984), phytobenthos (algae and diatoms; Cowles et al., 1988), ciliates
(Berk et al., 1977), and dinoflagellates (Cowles et al., 1988; Turner,
2004). In contrast, in the exploited site, the higher diversity of Cil-
iophora (ciliates) related ASVs together with large diversity of eukary-
otic phototrophs (Diatoms, Dinoflagellata and Chlorophyta; (Cupp,
1943; Lewis and McCourt, 2004; Jordan, 2012) indicated a larger di-
versity of preys than in the abandoned site. The ciliates are well known
as major predator for bacteria (Sherr and Sherr, 1987; Parry, 2004) but
they can also feed flagellates and other ciliates (Bernard and Rassoul-
zadegan, 1990; Dolan and Coats, 1991). It is likely that the exploitation
of the saltern resulted in more extreme conditions (higher salinity)
reducing the bacterial diversity with concomitant modification in food
web structure.

4. Conclusion

After stopping the exploitation of the salterns, the abandoned site
was characterized by lower salinity with limited variations in compar-
ison to the exploited site. Such conditions favoured the installation of a
more diverse bacterial community in the abandoned site while the
eukaryotic diversity was lower with the dominance of Nematoda. The
presence of site specific ASVs, being significantly more abundant ac-
cording to the site (biomarkers), suggested a re-organisation of the mi-
crobial mat in the abandoned site with a structure tending to get closer
to that found in coastal areas. In contrast, the more extreme conditions
at the exploited site, characterized by salinity variations, resulted in
reduced bacterial diversity with a modification of the food web struc-
ture. The exploited site presented halophilic bacteria and a larger di-
versity of eukaryotic metabolisms. It is likely that the human
exploitation of salterns constrains the microbial composition of the
microbial mats, which undergo perceptible modifications several years
after the abandonment of the salterns. A monitoring of the microbial
mats during several years (at least 15 years) on the abandoned salterns is
necessary to understand precisely how this structure could be resilient
face to human activities.
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Table S1. Data description during Qiime2 processing, richness and diversity indexes.

Bacteria Eukaryota
Saltern Abandoned site Exploited site Abandoned site Exploited site
Core replicate R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3
Raw sequences
count 28,714 35,724 26,292 18,808 16,793 22,000 49,771 49,639 50,946 38,143 40,006 49,903
Filter ’”foﬁqt“e”ces 13,085 16,583 11,789 10,128 9,208 11,940 31,289 33,330 35047 24434 25563 24,636
Rarefaction 5,530 22,274
Observed richness 687 668 575 350 212 232 149 103 110 192 159 210
Shannon index 5.76 5.81 5.63 5.07 458 4.66 1.88 1.48 1.23 3.05 2.74 3.32
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Fig. S1. Rarefaction curves of the observed bacterial ASVs (A) and observed eukaryotic ASVs (B)

according to the number of sequences analysed. The number of observed ASVs is based on a 97%
similarity threshold.
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Fig. S2. Relative abundances (%) of meiobenthic taxa inhabiting microbial mats in the abandoned
and exploited salterns. The meiobenthic taxa were identified and counted by microscopic

observations.
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3. Conclusions and perspectives

The bacterial and eukaryotic composition and diversity of microbial mats inhabiting
exploited salterns were different to those of microbial mats from abandoned salterns. A higher
diversity of bacteria occurred in the abandoned site while a higher eukaryotic diversity was

observed in the exploited site revealing the anthropogenic impact on microbial mats structure.

A comparison with microbial mats coming from other Ré Island salt marshes will allow
us to know whether microbial communities are commonly found in this area. The study of the
impact of environmental changes, as well as the seasonal influence, will provide useful
information to better understand not only the conditions in which these microbial mats currently

live, but also their capacity to cope with environmental changes.
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Chapter IV: Seasonal dynamic of the

microbial mats of Ré Island
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1. Introduction

Human activities have irreversibly transformed the Earth, leading to the advent of a new
geological era called the Anthropocene (Crutzen, 2006; Lewis and Maslin, 2015). These
transformations are referred as global change. Among them, environmental and climate
changes are the main challenges for our society requiring collective global responses.
However, the environmental consequences of global change at the local scale are various
depending on the resilience and adaptation capacities of the area and the society. The study
of global change is based on diagnoses of local territories proposing modelled scenarios such

as those of the IPCC for 2100 (IPCC, 2014), representing thus a prospective approach.

In coastal areas of the Nouvelle-Aquitaine region, microbial mats are threatened mainly
by climate change. However, microbial mats are subjected to variations of climatic conditions
during the year (different seasons), which can represent those predicted by the IPCC for 2100.
We assume that microbial mats own adapted populations to face such climatic conditions. It is
therefore of paramount importance to follow the microbial mats dynamics during the year to
identify the adapted populations and infer the potential consequences on their structure and

function of climatic changes.

In this chapter, a seasonal monitoring of the dynamics of microbial mats was carried
out in a specific environment that are the salt marshes of the Nouvelle-Aquitaine region. The
exploitation of salt in salt marshes influences the structuring and development of the microbial
mat resulting in a greater maturity in the non-exploited areas than in the exploited, thus
probably leading to different dynamics in responses to environmental fluctuations (Maziere et
al., 2021). Therefore, microbial mats from non-exploited plots will be used for mesocosms’
experiment. The objective of this chapter is to determine if microbial mats from the non-
exploited plot is submitted to natural physical-chemical parameters comparable with those of
climate change predicted by the IPCC for 2100 (IPCC, 2014). It is also important to know how

the salt exploitation impacts the microbial mats to make assumptions about their adaptability
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to climate change because this environment is already perturbated and we can’t forecast the

climate change impact.

Seasons have been defined according to their climatological definition (i.e.,
homogeneity in the average temperatures, rainfall, sunshine efc) found in a defined place.
Sampling for the seasonal monitoring was performed in mid-July 2019 (summer), mid-October
2019 (fall), mid-danuary 2020 (winter), and mid-May 2020 (spring) and the last sampling in

mid-July 2020 for summer to have a complete monitoring over one year.

2. Seasonal influence on the microbial mats of Ré Island in a

non-exploited plot

The results presented below were preliminary results. The metagenomic analysis on
the DNA (Annexe 4), the extracellular polymeric substances (EPS) extracted from the samples
determination and quantification and the vertical profiles analysis are in progress. Some
analyses were also planned to examine the composition in pigment and metabolites present
in the microbial mats, but they can be not performed until now because of the health situation

due to covid.

2.1 Environmental parameters

The air average temperature was significantly higher in July 2019 and July 2020 and
lesser in January 2020 (Kruskal, p < 0.05) (Table 6). lts daily range average was significantly
superior in July 2019, July 2020 and May 2020 than in October 2019 and January 2019
(Kruskal, p < 0.05) (Table 6). The January 2020 month was rainier than those of July 2019
and July 2020 (Kruskal, p < 0.05) (Table 6). No difference was observed on the wind speed

(Welch, p > 0.05) (Table 6). No variability between July 2019 and July 2020 was noticed.

The air temperature average and its range, and average precipitation showed a marked

between seasons with summer warmer with few precipitations than winter.
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Table 6: Meteorological data measured by Météo France. The values correspond to the mean *
standard deviation of daily measures on the month (July 2019, October 2019, January 2019, May 2020
or July 2020) in the station near to La Rochelle and the Ré Island (46°10'40“N 1°11'34“0O).

July 2019 October 2019 January 2020 May 2020 July 2020
Air average
222+22°C 155+1.7°C 8.8+£2.7°C 16.8 £3.1 °C 205+24°C
temperature
Air temperature
10.2+£3.9°C 54+22°C 51+24°C 99+44°C 9.4+£42°C
range
Wind speed 4.9 +1.1 m.s™ 4.8+1.3ms"’ 54+18ms 51+14ms™ 5+0.8m.s"
Average daily
1.1 £4.3 mm 3.8£56 mm 29+4.1 mm 2.7 £82mm 0.1 £0.2mm

precipitation

The data below were measured in duplicate at two different hours during the sampling
day (depending on the weather, the number of samplers, efc.). Therefore, no statistical
analyses could be done. However, we chose to describe it because no data on water
temperature, pH and dissolved oxygen occurring in the water of the salt marsh on the month

were available.

When samples were taken in July 2019 in the non-exploited plot, the temperature of
the water above the microbial mat varied between 20.8°C in the early morning and 31.6°C at
midday, i.e., an average of 26.2 + 3.8°C (Table 7). It decreased in October 2019 with an
average of 13.9 £ 0.6°C and reached its lowest value in winter with an average of 4.35 £+ 0.2°C,
with small amplitudes, 1.6°C and 0.5°C respectively (Table 7). The water temperature
increased again in May 2020 with values between 20.1°C and 22.6°C (average 21.35 + 0.9°C)
(Table 7). The water in the plot in July 2020 was cooler than in July 2019 with an average of
24.9 + 0.4°C and a range of 1.2°C compared to 10.8°C in the previous year (Table 7). This
seasonal variation in water temperature depends on the air temperature, which rises in
summer to warm the water and falls in winter to cool it, and also depends on the wind allowing

a more important evaporation. The variation in water temperature has an impact on salinity,
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which increases evaporation as it warms. The latter reached 204 + NA psu during July 2019
sampling, then decreased to 40.1 £ 0.3 psu in October 2019 and 33 + 0.14 psu in January
2020 before increasing again in the May 2020 to 109 + 0.7 psu (Table 7). We can note, in July

2020, the salinity was 88.9 + 2.3 psu, clearly below of those in July 2019 (Table 7).

The pH measured in July and October 2019 did not change much, 8.36 £ 0.25 and 8.42
1 0.04 respectively. It had decreased in January 2020 to 8.05 + 0.01 and then increased again
in May 2020 when it reached its maximum at 8.9 + 0.02 and decreased again in July 2020 to
8.57 + 0.01. The increase of pH was simultaneous with the increase of dissolved oxygen.
During the day, microbial mat photosynthesis will increase with the solar irradiance, but also
according to the seasons where summer is more illuminated than winter, leading to an increase
of the photosynthetic efficiency producing oxygen (Jensen et al., 2011). This metabolism is
known to increase the pH so in summer the production of oxygen and the pH will be superior
to those in winter.
Table 7: Physical-chemical parameters measured during the seasonal sampling of the microbial
mat in the non-exploited plot of the salt marsh. The sample name is composed by the date (month-

year) followed by the type of site, NonEX for non-exploited plot. Two measures per sampling were done,
corresponding to the parameters at the beginning and the end of the sampling.

Water Salinity  Air temperature Dissolved
Sample name pH Water (cm)
temperature (°C) (psu) (°C) oxygen (mg.L")
20.8 204 171 5 8.004
07-19_NonEX 25
31.6 NA 22.6 15.5 8.721
13.1 39.7 15.7 6.3 8.362
10-19_NonEX 4
14.7 40.5 15.4 6.82 8.478
4.1 32.8 4.5 12.8 8.04
01-20_NonEX 1.5
4.6 33.2 4.6 9.21 8.06
22.6 110.1 25.1 13.16 8.935
05-20_NonEX 3
20.1 108.1 26.2 13.42 8.87
24.3 84.8 21.2 12.45 8.551
07-20_NonEX 0.4
255 93 22.3 10.65 8.581
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The collinearities between the environmental variables (water temperature, salinity, air
temperature, dissolved oxygen, pH, water height, phosphate, nitrate, nitrite, ammonium and
silicon) were selected with a collinearity threshold of 0.7 according to Spearman’s rank
correlation (p < 0.05) (Fig. 23). This process led to group the variables presenting collinearity
and used a proxy for each group as explanatory variables. Two correlated variables were
removed, the water temperature correlated with the salinity and the silicon concentration, and

the silicon concentration correlated with the water temperature.
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Figure 23: Collinearity between the physical-chemical parameters. The numbers are collinearity
thresholds according to Spearman’s rank correlation. NH4*, NOs, NO2', PO4% and Si corresponds to

ammonium, nitrate, nitrite, phosphate and silicon.
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The 4 seasons were significantly differentiated by the non-correlated physical-chemical
parameters (PERMANOVA, p<0.05). The two axes of the principal component analysis (PCA)
done on the sample structure according to the non-correlated physical-chemical parameters
explained a major part of the variability between samples (axis 1 explaining 52 % and axis 2
explaining 26 %). The samples of July 2019 were clearly different of the other samples by the
axis 1 with a positive correlation with the salinity and the nutrients concentrations (Fig. 24).
The samples of July 2020 were closed to the samples of May 2020 with a positive correlation
with pH, air temperature and dissolved oxygen, by the axis 2, while samples of autumn and

winter were negatively correlated with these parameters.
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Figure 24: Principal component analysis (PCA) on the sample structure according to the non-
correlated physical-chemical parameters. The seasons were represented by different colours. The
letter C followed by a figure corresponds to a sampled core. NHa*, NO3s-, NO2, PO4?- and Si corresponds

to ammonium, nitrate, nitrite, phosphate and silicon.
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2.2 Biological parameters

The heterotrophic prokaryotes increased from summer 2019 to winter 2020, with values
included between 201.5 x108 + 46.2 x108 cell.mL" and 109.2 x10° + 38.1 x10°cell.mL™", to
decrease after until 285 x108 + 137.5 x108 cell.mL in July 2020 (Fig. 26, supplementary
materials Table S9). Regarding the meiofauna, only nematodes were observed in microbial
mats of the non-exploited plot, except in spring and summer 2020 where copepods were also
identified (1.07 + 1.8 individuals.cm™ (ind.cm) and 0.5 + 0.8 ind.cm, respectively), but the
number of nematodes were largely higher (Fig. 27, supplementary materials Table S10).
During the sampling of July 2019, the number of nematodes was 115.7 + 23.2 ind.cm™. It was
equal to 172.2 + 105.5 ind.cm= in October 2019, 90.8 + 77.3 ind.cm?in January 2020, 219 +
159.4 ind.cm™ in May 2020 and 163.7 + 228.6 ind.cm™ in July 2020(Fig. 27, supplementary

materials Table S10). The triplicates presented a great dispersion.

Coastal microbial mats growth and activity were strongly dependent of the seasons
(Cardoso et al., 2019). The development of these mats begins in early spring and maturate
until late summer (Cardoso et al., 2019). From autumn, the growth is stopped, and the
microbial mat deteriorates by decomposition and erosion in winter (Cardoso et al., 2019).
Surprisingly in the microbial mat studied, the number of heterotrophic prokaryotes increased
in winter and decreased in summer. One hypothesis could be that the concentrations of
nutrients could be more important favouring prokaryotic growth. However, in the non-exploited
plot, the nutrients concentration was not superior in winter than in summer (Supplementary
materials Table S11). A second hypothesis could be that the physical-chemical parameters,
notably the light intensity, reduced the growth of phototrophs and promoted their
decomposition (Cardoso et al., 2019). No data were obtained on the phototrophic communities
(metagenomics is in progress and pigment composition could be not performed due to the
covid health situation), but the green layer of oxygenic photosynthetic organisms was not
observed in winter (Chapter Il, 2.1.1). Therefore, the conditions occurring in winter could

impact the phototrophic communities reducing their growth and favouring their decomposition,

113



thus increasing the nutrients concentrations and organic matter available for heterotrophic
prokaryotes. The number of nematodes were higher in spring and autumn, and lower in
summer and winter. The optimal environment (physical-chemical parameters and food
availability) for their development occurred in spring but also in autumn where the environment
was less selective. An increase in salinity was shown to affect the structure dynamics of
meiofauna with a decrease of their richness and abundance (Broman et al., 2019; Estrada et
al., 2004; Pedrés-Ali6 et al., 2000), explaining why the nematode abundance decrease in
summer, but in winter the decrease of these organisms is certainly due to the lack of preys
(e.g., predation of photosynthetic/heterotrophic bacteria and diatoms) (Hubas et al., 2010) and

the cold temperature.

3. Impact of exploitation on the microbial mats of Ré Island

The exploited and the non-exploited plots studied are from the salt marsh. They were
maintained by the salt owner which controlled the output and input of water and the limitations
of the plots were preserved. Only the salt recovery was different occurring exclusively in the

exploited plot.

The two plots (exploited and non-exploited) and the seasons were significantly
differentiated by the non-correlated physical-chemical parameters (PERMANOVA, p<0.05).
The interaction between both also explained this variability (PERMANOVA, p<0.05). The two
axes of the principal component analysis (PCA) done on the sample structure according to the
non-correlated physical-chemical parameters explained a major part of the variability between
samples (axis 1 explaining 45.2% and axis 2 explaining 24.6%). Exploited and non-exploited
plots were separated by the axis 2 revealing the difference between the plots due to the
physical-chemical parameters (Fig. 25). The samples of the two summers of the exploited plot
were close and clearly separated from the others with a positive correlation with salinity (Fig.

25). Indeed, the salinity was higher in summer in the exploited plot (Table 8) because the
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exploitation of salt occurring in this season led to high evaporation of seawater, due to a
shallow depth of water leading to a significant heating of the water and therefore to a high
salinity. The samples of winter and spring of both plots, and surprisingly of July 2020 of the
non-exploited plot, were close, negatively correlated with the air temperature, salinity and the
nitrite and nitrate concentrations (Fig. 25). The salinity was close to the seawater salinity in
winter (Table 8) because the evaporation was not maintained due to cold temperatures, and
it increased in spring because the owner restored the exploited parcel. The exploited plot
presented a water temperature close to those measured in the non-exploited plot, except in
July 2020 (Table 8). This is certainly because the non-exploited plot was maintained like the
exploited plot, only salt recovery didn’t occur. The dissolved oxygen and the pH were
negatively correlated with the samples of both summers of the exploited plot (Fig. 25). Indeed,
they were lower during this season (Table 8) because the salt recovery consists in scraping
the surface of the microbial mat and therefore the photosynthetic oxygenic layer could not

develop.

The samples of the non-exploited plot in summer were different from those of the
exploited plot presented distinct physical-chemical parameters, therefore depending on the

human exploitation.
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Figure 25: Principal component analysis (PCA) on the sample structure according to the non-
correlated physical-chemical parameters. NH4*, NOs-, NO2, PO42 and Sicorresponds to ammonium,
nitrate, nitrite, phosphate and silicon, respectively.

Table 8: Physical-chemical parameters measured during the seasonal sampling of the microbial
mat in the exploited plot of the salt marsh. The sample name is composed by the date (month-year)
followed by the type of site, EX for exploited plot. Two measures per sampling were done, corresponding
to the parameters at the beginning and the end of the sampling.

Water Salinity  Air temperature Dissolved Water
Sample name pH
temperature (°C) (psu) (°C) oxygen (mg.L") height (cm)
223 330 17.1 25 7.101
07-19_EX 3
34 NA 22.6 1.6 6.989
13.8 52.6 15 5.9 8.205
10-19_EX 13
14.9 55.3 14.8 3.85 7.9
3.7 25.6 4.5 8.99 7.99
01-20_EX 8
4.2 25.5 4.7 9 8.02
05-20_EX 19.1 77.6 18.2 6.42 8.937 8
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23 77.3 26.2 6.54 8.85

26.1 278.8 21.2 4.49 7.174
07-20_EX 2.7
31.2 279.6 22.3 3.47 7.124

The heterotrophic prokaryotes of the microbial mats of the exploited plot followed the
same variation than those of the non-exploited plot: an increase from the July 2019 (276.9x10’
+ 122.3x107 cell.mL™) to the January 2020 (298.8 x10% + 50.6 x10® cell.mL") and then a
decrease until July 2020 (363.7 x107 + 325.2 x10” cell.mL") (Fig. 26). However, it was lower
than the heterotrophic prokaryotes of the non-exploited plot during the year (Wilcoxon test,
p<0.05) (Fig. 26). The decrease in prokaryotic abundance was certainly due to the human
actions for salt exploitation, including regular scraping for salt recovery and microbial mat
removal together, but also the fluctuations of environmental parameters which were more
marked (Maziere et al., 2021; Wieland et al., 2003). We can suppose that both phototrophic
and heterotrophic prokaryotes were impacted. In the non-exploited plot, only the input and
output of seawater are controlled by the salt owner. Thus, the microbial mats could develop
because it was not disturbed by human actions, resulting to an ecosystem with weak
fluctuations that is considered as an ecosystem with less selective pressure for prokaryotic
communities and therefore heterotrophic prokaryotes (Graham et al., 2016; Maziere et al.,

2021).
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Figure 26: Prokaryotic abundance. The mean * standard deviation of the abundance of prokaryotes

was represented during a seasonal monitoring of one year.

Regarding the meiofauna, the exploited plot presented nauplii of copepods in autumn
2019, winter and spring 2020, which were not observed in the non-exploited plot in any season
(Fig. 27, supplementary materials Table S10). Copepods were observed in July 2019 and
2020, autumn 2019 and in winter 2020 while they were not present in the non-exploited plot.
In Spring 2020, no difference was observed and in July 2020 no copepods were detected while
they were distinguished in the non-exploited plot (Fig. 27, supplementary materials Table
$10). The number of nematodes was on average higher in the non-exploited plot than in the
exploited plot, but we can notice that in winter, spring and July 2020 it presented a great
variability between cores in the non-exploited plot (Fig. 27, supplementary materials Table
$10). Therefore, a greater diversity of groups occurred in the exploited plot than in the non-
exploited plot. This have been demonstrated in other microbial mats of Ré Island salt marshes

(Maziere et al., 2021).
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Figure 27: Meiofaunal groups and its abundance. These diagrams represent the mean + standard
deviation of the abundance of each meiofaunal groups identified with a binocular loupe during a
seasonal monitoring of one year.

4. Conclusions and perspectives

The microbial mats from the non-exploited plot face different seasons, with summer
warmer and less rainy than winter, directly impacting the water temperature and thus the
salinity. The air temperature and thus the water temperature showed a variation superior to
4°C during the year, and even during the day, with a range of 10°C during the sampling day of
July 2019. The microbial mats collected for the mesocosms experiment were sampled in spring
2019, at an air temperature of 20°C. In summer, this temperature increased more than 4°C.
Thus, these microbial mats already face to predicted temperature due to climate change which
naturally occurs in summer in this environment. The water pH didn’t decrease under the ocean
pH (~8). Indeed, the pH predicted by the IPCC for 2100 (IPCC, 2014) never occurred. We can

suppose that this parameter will have a great impact of microbial mats.
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Salt exploitation impacts the environment of the microbial mats by causing greater
evaporation of seawater leading to higher salinity. Salinity is one of the main drivers of
microbial diversity and community structure. Thus, the prokaryotic abundance reduced and the
diversity of the meiofauna increased, which has already been observed in other microbial mats
in salt marshes on the Ré Island. This anthropogenic impact could reduce the metabolic
diversity of the microbial mat, which would make it less resilient to climate change. Further
metagenomic studies are underway to determine the prokaryotic and eukaryotic diversity and
metabolisms potential in order to determine the dynamic over the seasons and how the

anthropogenic impact is translated at the molecular level.

5. Supplementary materials

Table S9: Heterotrophic prokaryotic abundance. It was expressed in cellule per millimetre of

microbial mat (cell.mL").

Heterotrophic prokaryotic abundance (cell.mL")

Exploited (EX) Non-exploited (NonEX)

Summer 2019 276.9 x107 + 122.3 x107 201.5 x108 + 46.2 x108

Autumn 2019 591.5 x107 + 158.5 x10” 404.8 x108+ 110.2 x108

Winter 2020 298.8 x108 + 50.6 x108 109.2 x10° + 38.1 x10°
Spring 2020 153.1 x10% £ 38.5 x108 703.9 x108 +195.6 x108
Summer 2020 363.7 x107 + 325.2 x107 285 x108 + 137.5 x108

Table S10: Meiofaunal abundance. It was expressed by the number of individuals per cm-3 of microbial

mat (ind.cm-3).

Nauplii of copepods (ind.cm) Copepods (ind.cm) Nematodes (ind.cm)
Exploited (EX) NOF,\]i’;Fl’:_'g’(i)ted Exploited (EX) N°(”,\'l§’r‘f|’5'§’(i)ted Exploited (EX) NO(”,\]?:]FI’E';’(i)ted
Summer 2019 0 0 21+£1.8 0 41+£22 115.7 £23.2
Autumn 2019 0.1+£01 0 1+0.6 0 32123 172.2£105.5
Winter 2020 51143 0 36.4+£55 0 20.8+16.4 90.8 £77.3
Spring 2020 6.4+6 0 5755 1.07£1.8 155.2£27.9 219+£159.4
Summer 2020 0 0 0 05+0.8 4+1.1 163.7 £ 228.6
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Table S11: Nutrient concentrations. NHs*, NOs-, NO2, PO4? and Si corresponds to ammonium, nitrate, nitrite, phosphate and silicon, respectively.

Season Month Plot Core NHa* NOs- NO: PO4> Si
Summer 07-2019 EX C1 1.371 0.479 0.016 4,758 43.608
Summer 07-2019 EX c2 0.677 0.434 0.019 5.03 43.645
Summer 07-2019 EX C3 1.27 0.46 0.01 4.772 43.509
Summer 07-2019 NonEX C1 2.116 0.847 0.31 71.764 47.661
Summer 07-2019 NonEX c2 2.996 0.938 0.325 72.655 46.943
Summer 07-2019 NonEX C3 1.548 0.919 0.263 75.96 46.751
Autumn 10-2019 EX C1 0.743 0.18 0.031 0.476 37.793
Autumn 10-2019 EX c2 1.092 0.225 0.027 0.135 33.273
Autumn 10-2019 EX C3 1.157 0.226 0.027 0.151 37.138
Autumn 10-2019 NonEX C1 0.319 0.238 0.019 7.341 2.244
Autumn 10-2019 NonEX c2 0.602 0.25 0.018 7.556 2.166
Autumn 10-2019 NonEX C3 0.834 0.3 0.003 6.736 1.988
Winter 01-2020 EX C1 0.327 0.22 0.052 1.281 1.543
Winter 01-2020 EX c2 0.904 0.269 0.05 1.352 1.559
Winter 01-2020 EX C3 0.312 0.2 0.055 1.242 1.489
Winter 01-2020 NonEX C1 0.702 0.133 0.033 0.305 2.054
Winter 01-2020 NonEX c2 0.466 0.255 0.026 0.273 2.107
Winter 01-2020 NonEX C3 0.607 0.259 0.041 0.44 2.057
Sping 05-2020 EX C1 0.53 0.088 0.016 3.017 3.487
Sping 05-2020 EX c2 1.03 0.097 0.027 1.81 3.338
Sping 05-2020 EX C3 0.972 0.121 0.012 2.621 3.201
Sping 05-2020 NonEX C1 1.189 0.117 0.047 2.627 30.787
Sping 05-2020 NonEX c2 1.158 0.124 0.047 2.891 29.619
Sping 05-2020 NonEX C3 1.249 0.103 0.052 3.608 29.274
Summer 07-2020 EX C1 1.871 0.508 0.05 21.556 91.791
Summer 07-2020 EX c2 2.558 0.51 0.048 24.554 92.229
Summer 07-2020 EX C3 2.494 0.594 0.046 22.291 80.258
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Summer 07-2020 NonEX C1 0.485 0.099 0.041 0.484 38.734

Summer 07-2020 NonEX Cc2 0.486 0.136 0.032 0.616 39.179

Summer 07-2020 NonEX C3 0.404 0.149 0.03 0.326 38.633
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Chapter V: Impact of climate change

on microbial mats
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1. Introduction

Little is known about the impacts of global changes on coastal microbial mats in the
Nouvelle-Aquitaine region. However, climate change could affect their individual responses
(such as survival, growth and reproduction), ecological interactions (such as trophic
relationships and organism behaviour) and community characteristics (such as abundance,
diversity, production and biomass) (Ingels et al., 2018). This knowledge must therefore be
improved in order, for example, to implement strategies for mitigating the effects of global

change.

Marine microorganisms will face several pressures in our future oceans. It is imperative
that experimental approaches include multiple stressors in their designs to assess species,
community, and ecosystem-level responses (Ingels et al., 2018). Therefore, to simulate climate
change, mesocosms with microbial mats were set up. The microbial mats used in our study
came from the non-exploited plot from salt marshes (the same as in chapter IV). These
shallow environments will be mainly subjected to climate change resulting in an increase in
ocean surface temperature of 4°C and its acidification of about 0.4 pH unit (IPCC, 2014).

Indeed, four treatments were applied:

- control, where any parameter was changed,

acidification, where the seawater was acidified by 0.4 (final value of 7.6),

- warming, where the seawater was warmed by 4°C (final value 24°C),

both acidification and warming.

We assume that climate change will impact the diversity and structure of the communities
present (bacteria, archaea, eukaryotes). DNA analysis with universal primers for each domain
was therefore carried out to get an initial idea of the evolution of these communities in the face
of the treatments imposed. Monitoring of the biomass of heterotrophs (prokaryotes,
meiofauna), bacterial production and physical-chemical gradients was also carried out to

complete these data.
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This chapter aims to describe the impact of climate change on the bacterial, archaeal

and eukaryotic diversity and composition of the microbial mats.

2. Impact of climate change on prokaryotic communities
inhabiting microbial mats

This part is composed of a draft of a future paper named “Climate change effect on

microbial mats structure modifies prokaryotic diversity and metabolism”.
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Climate change effect on microbial mats structure modifies
prokaryotic diversity and metabolism

C. Maziere'?*, R. Duran’, C. Noél3, A. Baldy', E. Dubillot?, T. Lacoue-Labarthe?, P.
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de Gouges — 17000 La Rochelle, France

1. Introduction

Climate change is predicted to severely affect marine ecosystems (Hutchins and Fu,
2017; Pajares et al., 2015). It will result in ocean acidification associated with ocean water
warming caused by increasing levels of COz in the atmosphere (Hutchins and Fu, 2017; IPCC,
2014). The Intergovernmental Panel on Climate Change (IPCC) predicts an increase in surface
water temperature of 3 to 4 °C and ocean acidification of 0.4 to 0.45 pH units in its most
pessimistic scenario (RCP 8.5) by the end of the century (IPCC, 2014) on France’s Atlantic
coasts. These unprecedented changes effects are well documented on animals and plants. By
contrast, only few studies describe their potential impact on microorganisms, especially
bacteria and archaea (Cavicchioli et al., 2019; Dutta and Dutta, 2016; Reinold et al., 2019).
However, these organisms are very abundant on our oceans (4x10%° cells in the deep oceanic

subsurface, 5x10% cells in the upper oceanic sediment and 1x102?° cells in the oceans) and
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diverse, underlying their importance in maintaining a healthy global ecosystem (Cavicchioli et
al., 2019; Flemming and Wuertz, 2019). They dominate the metabolic activity, with, for
example, primary production of approximatively half of the global primary production of the
oceans or the fixation of 50% of the carbon in marine ecosystems (O’Brien et al., 2016). Marine
prokaryotic microorganisms participate in the key processes in the ocean playing a central role
in the carbon, oxygen, nitrogen, sulfide and nutrient cycles, as well as in the exchange of trace
gases that have direct impacts on local climate (O’Brien et al., 2016). They are also crucial for
the good functioning of the aquatic systems being the basis of food webs with the recycling of

the organic matter and be a considerable source of food to higher tropic levels.

Microbial mats are complex vertical multilayered structures of microorganisms. Diverse
prokaryotic populations are observed within, mainly composed by bacteria which are well
studied (Bolhuis and Stal, 2011). The archaeal populations are less known but more and more
studies are interested on them. Microbial mats are observed at the water-sediment interface
of several shallow environments as deserts wadis (Abed et al., 2018), coastlines (Bolhuis and
Stal, 2011), estuaries (Mir et al., 1991), lakes (Jgrgensen and Cohen, 1977), hot springs
(Dobretsov et al., 2011) or hypersaline environments like salt marshes (Fourcans et al., 2004;
Giani et al., 1989). This structure is characterised by the development of complex metabolite
exchange networks allowed by strong vertical microgradients of oxygen, sulfide, light and other
electron acceptors (Pajares et al., 2015). Microbial mats play important key roles in the marine
environment notably by participating in the biogeochemical cycles of oxygen, sulfide and
carbon. Despite the stratification, microbial mats are dynamic structures (Fourcans et al., 2008,
2006) with numerous microbial interactions, representing thus an ecosystem on its own

(Reinold et al., 2019).

Microbial mats in the salt marshes of Ré Island have been shown to be different
according to their environment (exploitation or no of the salt) (Maziére et al., 2021). Their
phototrophic communities were also affected by acidification at the metabolic level with the

increase of bound carbohydrates extracellular polymeric substances (EPS) and the change in
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the pigment composition (Maziére et al., 2022). The impact of the climate change on diversity
and the composition of the prokaryotes of microbial mats is unknown but some studies have
been performed on biofilms. Microbial species composition of natural biofilm found in the Great
Barrier Reef was modified under acidified conditions, with a decrease of Alphaproteobacteria
and an increase of Flavobacteriales (Witt et al., 2011). They also suggested that bacterial
biofilm communities rapidly adapt and reorganize in response to acidified conditions to

maintain activity such as oxygen production.

Prokaryotic populations are highly adaptable to the changing physical-chemical
conditions of the environment (Fourcans et al., 2006) because they possess a remarkable
specific, metabolic and molecular diversity. This allows them to be major actors in the future
climate change challenge. This study aimed to understand the effect of climate change on the
diversity and the composition of the prokaryotic communities inhabiting microbial mats. Thus,
mesocosms were carried out to simulate acidification and/or warming on microbial mats

coming from a non-exploited salt marsh in Ré Island.

2. Material and methods

2.1 Description of the sampled site

Microbial mats were sampled in salterns located in Ars-en-Ré (46°13'29.9"N
1°31'07.5"W, Ré island, France) on a non-exploited pond the 30th of April 2019. They were
then placed on plastic boxes and transported to laboratory at room temperature. They were
recovered by 3 cm of water, as observed in situ, within three hours following the sampling. In
situ physico-chemical parameters (temperature, salinity, pH) of the water were measured with
a multi-parameter probe (pHenomenal® MU 6100H, VWRTM, USA) in order to apply them on
the mesocosms as control values. Samples were also taken to determine nutrient

concentrations in the pore water.
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2.2 Mesocosms design and implementation of different treatments

Microbial mats were placed under controlled conditions in mesocosms where four
treatments were applied: 1/ control treatment (C), 2/ acidification treatment (A), 3/ warming
treatment (W) and 4/ warming and acidification treatment (WA). The mesocosms design and

the implementation of the different treatments were previously described (Maziere et al., 2022).

One month of stabilisation was applied on the microbial mats. Samples of microbial mats
were collected at t9, after a 9-days period where the physical-chemical parameters of the
microbial mats on the mesocosms were followed to verify their stabilisation. Then the
environmental conditions were changed and the microbial mats were sampled, at t16 and 23,
respectively at the middle of the period of change and at the end, and then at every week (t30,
t37, t44, 151 and t58) (Maziere et al., 2022). For each sampling, ten 1 cm depth cores were
collected with a 1 cm diameter cut-off syringe in each mesocosm and mixed together in order
to obtain a homogeneous sample. Five replicates for each treatment at each time were

obtained (160 samples).

2.3 Nutrient concentrations

Nutrient analysis was performed with a volume of 20 mL of water from each mesocosm
filtered at 0.22 ym (Millex® Syringe-driven Filter Unit; sterile). Half of the volume was frozen at
-20°C for nitrate, nitrite, ammonium, phosphate analysis while the other half was kept at 4°C
for silicon analysis. Silicon, nitrate, nitrite and phosphate were measured by Segmented
Continuous Flow Colorimetry (SFA) while ammonium was measured by SFA fluorimetry on an
auto-analyser (SEAL AutoAnalyzer 3, SEAL analytical) as described by Aminot and Kérouel

(2007).

2.4 Diversity, abundance and production of prokaryotic communities

2.4.1 Abundance of heterotrophic prokaryotes by flow cytometer

2 mL of sediment were sampled and immediately fixed with glutaraldehyde (final
concentration of 2%). They were directly frozen in nitrogen liquid and maintained at -80°C until
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analysis. The analysis was done in the next three months after sampling (Lavergne et al.,

2014).

Abundance of the heterotrophic prokaryotes was performed according to Lavergne et
al. (Lavergne et al., 2014). A solution of sodium pyrophosphate (0.01M) was prepared and
Tween 80 (0.1% final concentration) was added allowing the disaggregation of the attached
cells. The samples were diluted successively until 1:2,000 with a vortexing step between each
dilution and incubated 30 min at 4°C. A mechanical extraction was applied by sonicating
samples 30s at 60W (Sonifier®Cell Disruptor SLPe, BRANSON Ultrasonics Corporation, USA).
A second extraction was done in order to obtain a better yield (Lavergne et al., 2014) with the
sample diluted at 1:2,000. SYBR Green 1 (1:5,000 final concentration) was then added to
extracted samples and an incubation of 15 min in the dark was realized. The counting of the
prokaryotic population was then performed thank to a flow cytometer (BD FACSCanto™ II, BD
Biosciences, USA) and the results were analysed with BD FACS DIVA software (BD
Biosciences, USA). If necessary, the sample was diluted again between 1:6,000 and 1:18,000
according to the cytometer saturation. The total abundance of heterotrophic prokaryotes and
of each condition at a given time is equal to the mean of five replicates and was expressed as
number of individuals per mL of fresh sediment microbial mat. It was converted in biomass by

a conversion factor of 7.6x108.
2.4.2 Bacterial production

Bacterial production was evaluated by the method of Garet and Moriarty (1996)
modified by Pascal et al. (2009). A slurry sediment was made with 1mL of fresh microbial mat
sampled in the mesocosms with the addition of mesocosms water filtered at 0.22 (1:1 vol/vol).
For each sample, 30 pL of slurry sediment were sampled in a new tube and 20uL of 3H-
Thymidine at a concentration of 0.74 MBqg were added. Five replicates were done, three
triplicate to measure the bacterial production and two control tubes. The reaction in the control
tubes were immediately stopped by adding 8 mL of cold ethanol (80%). The three other tubes
were incubated for 1h at the mesocosms temperature. At the end of the incubation, the reaction
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was stopped by adding 8 mL of cold ethanol (80%). Afterwards, two washes with 80% cold
ethanol by mixing and centrifugation (15 min, 4,500 g, +4°C) were performed. The slurries
were then transferred with 2 mL of ice-cold TCA (5%, trichloroacetic acid) onto a polycarbonate
filter (Nuclepore 0.2 um, 25 mm, Millipore, NJ, USA). The filters were washed four times with
5% ice-cold TCA. Subsequently, the filters were transferred into scintillation vials containing 2
ml 0.5N chlorhydric acid and DNA was extracted 16 h at +95°C. Supernatant (0.5 mL) was
transferred in a new scintillation vial with 5 mL of scintillation fluid (Ultima Gold, Perkin-Elmer,
MA, USA). The amount of radioactivity in each vial was evaluated using a scintillation counter

(Perkin-Elmer, USA).

Bacterial production was calculated using the equation (Equation 1) (Lavergne et al.,

2017):

_ DPMxF1

P=—F—— E jon 1
TV 2SA xVt (Equation1)

Where :

- BP is the bacterial production (nmol *H-Thymidine.mL" sediment.h™")

- DPM is the mean of the number of disintegrations per minutes between ftriplicate of
measure

- F1 is the conversion factor 4.51x10'® dpm.Ci"'. It was evaluated experimentally to
account for counter efficiency (Lavergne et al., 2017)

- T is the incubation time (1h)

- Vs the analysed volume of sediment (0.015 mL)

- SA s the specific activity (25,000 Ci.mol of 3H-Thymidine )

- Vtis the total volume of sample (5.5 mL)

2.4.3 DNA diversity analysis

a- DNA extraction

2 mL of sediment were sampled and directly frozen in nitrogen liquid. The matrix of the
samples was dense impeding a good extraction of the total DNA. So, before the extraction, a
step of homogenization and then of grinding with liquid nitrogen was added to destroy the

sample matrix (Fourcans et al., 2008). Subsamples of 0.25 g of grinded sample were done and
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used for extraction. Then, DNA was extracted from 0.25 g subsamples using the DNeasy®
PowerSoil kit (Qiagen) according to the manufacturer's instructions, with a slight modification

at the homogenization step using Precellys homogenizer (Bertin Instruments).
b- lllumina sequencing

The V3-V4 region of the universal bacterial 16S rRNA genes was amplified in triplicate
using the primers 344F (5-ACGGRAGGCAGCAG-3) and 801R_m (5
ACCAGGGTATCTAATCCT-3’) (Liu et al., 2007). PCR mix consisted in 12.5 uL of AmpliTaq
Gold® 360 master mix (Applied Biosystems), 1 pL of each primer (10 uM) and 1 pL of genomic
DNA, in a final volume of 25 pL (adjusted with distilled water). All amplifications were performed
on a Veriti 96 Well Thermal Cycler (Applied Biosystem) using the following PCR program: 10
min at 95°C, 30 cycles of 30 s at 95°C, 30 s at 63°C and 40 s at 72°C, and finally, 10 min at

72°C.

The V4-V5 region of the universal archaeal 16S rRNA genes was amplified in triplicate
performing a nested PCR. The first PCR was done using the primer 519F without lllumina tag
(5-CAGCCGCCGCGGTAA-3’) (Herfort et al., 2009) and the primer 915R without lllumina tag
(5-GTGCTCCCCCGCCAATTCCT-3') (Casamayor et al., 2002). PCR mix consisted in 12.5
uL of AmpliTaq Gold® 360 master mix (Applied Biosystems), 1 uL of each primer (20 uM) and 1
pL of genomic DNA, in a final volume of 25 pL (adjusted with distilled water). All these first
amplifications were performed on a Labcycler (SensoQuest) using the following PCR program:
10 min at 95°C, 35 cycles of 1 min at 95°C, 1 min at 62°C and 1 min 30 at 72°C, and finally,
10 min at 72°C.The second PCR was done on the PCR products of the first PCR using the
same primers with lllumina tag. PCR mix consisted in 12.5 puL of AmpliTag Gold® 360 master
mix (Applied Biosystems), 1 uL of each primer (20 uM) and 1 pL of genomic DNA, in a final
volume of 25 pL (adjusted with distilled water). All amplifications were performed on a
Labcycler (SensoQuest) using the following PCR program: 10 min at 95°C, 35 cycles of 1 min

at 95°C, 1 min at 58°C and 1 min 30 at 72°C, and finally, 10 min at 72°C.
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lllumina sequencing was performed by the Genomer platform of Roscoff, using lllumina
MiSeq technology. The complete dataset was deposited in the NCBI Sequence Read Archive

(SRA) database under SRA accession number PRIJNA771950.

c- Sequences treatments

SAMBA (Standardized and Automated MetaBarcoding Analyses workflow) is a workflow
written by SeBIMER, the IFREMER’s Bioinformatics Core Facility, the French National Institute
for Ocean Science (Noél et al., 2021). The pipeline was adapted to our DNA sequences

processing (https://github.com/ifremer-bioinformatics/samba). These bioinformatic analyses

were performed using SAMBA v3.0.0, Netxflow v20.10.0, QIIME 2 v2019.10.0, R v3.6.1,
DESeqg2 v1.26.0, metagenomeSeq v1.28.0, microbiome v1.8.0, phyloseq v1.30.0, vegan

v2.5.6 and UpSetR v1.4.0. Bacterial, archaeal and eukaryotic data were analysed separately.

The taxonomic affiliation was performed against the Silva database v138 (Quast et al.,

2012; Yilmaz et al., 2013) with 99% of similarities.

2.5 Statistical analysis

All calculations and statistical analyses were performed on RStudio software (version
4.0.3° RStudio, R Core Team, 2020). The collinearities between the nine environmental
variables (temperature, pH, dissolved oxygen, salinity, phosphate, nitrate, nitrite, ammonium,
silicon) were first tested with variance inflation factors (VIFs). The variables selection was
based on the criterion VIF < 5. Then, a collinearity of up to 0.7 according to Spearman’s rank
correlation (p < 0.05) was performed. This process led to group the variables presenting
collinearity and used the proxies for each group as explanatory variables. Seven variables
were thus selected (temperature, pH, dissolved oxygen, nitrate, nitrite, ammonium, silicon).
The principal coordinates analysis (PCoA) based on the Bray—Curtis distance matrices was
used to analyse the beta diversity. The main contributor Amplicon Sequence Variants (ASVs)
to the first two PCoA axes were determined by analysing correlations between these axes and
each ASVs. Alpha diversities indices were calculated according to the observed richness

(based on presence/absence of ASVs), the Shannon diversity (ASVs richness and their
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evenness) and the Inverse Simpson index (giving more weight to common or dominant
species). Permutational multivariate analysis of variance (PERMANOVA) was applied to
determine the role of treatment and time in explaining the variance noted among the Bray—
Curtis distance matrices (adonis function of the vegan package). The differences between
treatments at a sampling time were performed with a post-hoc Tukey HSD test in the case of
an ANOVA, a Games-Howell test in the case of a Welch ANOVA or a Nemenyi test in the case

of a Kruskal Wallis test, according to a p-value of 0.05.

3. Results and discussion

3.1 Characterisation of the physical-chemical environment of each treatment

The physico-chemical environment occuring in this experiment has been already
described (Maziére et al., 2022). Briefly, the water temperature was increased by 4°C in the W
and WA treatments leading to an increase of the salinity (Maziere et al., 2022). The acidification
took place in the water reserves of the A and WA treatments but this decrease of pH was not
measured in the water of these mesocosms (Maziére et al., 2022). The dissolved oxygen

concentration was higher in these two last treatments (Maziére et al., 2022).

The treatment, the sampling time and the interaction between both affected
significatively the samples (PERMANOVA, p<0.05). The nitrate concentration was higher at
t23 in the A treatment than in the C treatment (Kruskal, p<0.05) (Fig. S1). The nitrite
concentration presented a significant difference only at t37 with the concentration in the C
treatment lower than the A treatment (Welch, p<0.05) (Fig. S1). However, its concentration
tended to be higher in the A treatment than the 3 others at t23 and t37 (Fig. S1). No difference
was highlighted for ammonia concentration between treatment, except at t51 when it was lower
in the C treatment than in the WA treatment (Kruskal, p<0.05), but the tendency of its nutritive
salt was to be higher in the W and WA treatments than the C and A treatments since t30 (Fig.
S1). The phosphate concentration was higher in the W treatment than the A treatment at t37

(Kruskal, p<0.05) and in the W treatment than in the C treatment at t44 (ANOVA, p<0.05) (Fig.
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S1). No difference were reported for Si concentration between treatment, except at t44 where
its concentration was lower in the C treatment than in the W treatment (ANOVA, p<0.05) (Fig.
S1). However, the silicon concentration tended to be higher in the W and WA treatments from
t37. The same trend was observed for phosphate concentration from t30 even if it tended to

be higher in the W treatment than the WA treatment at t37 and t44 (Fig. S1).

The two axes of the principal coordinate analysis (PCA) on the different sample
according to the physical-chemical parameters explained between 54.2% and 70.4% of the
variability (Fig. 1). The PCA showed that at t16, a separation between the C treatment and the
three other was observed by the axis 2(Fig. 1). After one week of conditions change, the
temperature and the ammonium concentration were positively correlated with the W and WA
treatments but with low contributions, and only with temperature at t23 (Fig. 1). The A
treatment was positively correlated with the pH of the water (Fig. 1). The nitrite and nitrate
largely contributed to the differenciation of the C treatment with dissolved oxygen (Fig. 1). At
t23, at the end of the condition changes, the A treatment was separated from the other
treatments by the axis 2, with a positively correlation of nitrate and nitrite concentrations,
dissolved oxygen and pH. At t58, the W treatment was positively correlated with the
temperature and the WA treatment with temperature and pH (Fig. 1). The A treatment was not

correlated with pH et t58 (Fig. 1).

The W treatment was positively correlated with temperature during the first two weeks
of the experiment explaining by the water warming (Fig. 1). The A treatment differed from the
others at the beginning of the experiment, when the water acidification took place (Fig. 1).
When pH was decreased by 0.2 units pH, only this parameter was correlated with these
samples, but when it reached its final value (i.e., 7.6), the A treatment was also positively
correlated with dissolved oxygen and nitrate and nitrite concentrations (Fig. 1). However at
t58, the nitrite and nitrate concentrations were negatively correlated with the A treatment (Fig.
1). The input of CO: favoured the oxygenic photosynthesis increasing the dissolved oxygen

concentration (Maziére et al., 2022). It is also known that acidification decreases nitrification
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processes explaining the negative correlation with nitrates and nitrites which certainly

accumulated (Beman et al., 2011; Wannicke et al., 2018). Surprisingly, the A treatment was

not correlated with pH at t58 (Fig. 1). This was certainly explained by the fact that the pH in

the mesocosms water was maintained at its initial value by the microbial mat (Maziére et al.,

2022). Therefore, the A treatment communities have adapted to acidification. At t16 and 123,

the WA treatment was correlated with temperature and at t58, with temperature and pH (Fig.

1). Thus, this treatment reacted in the same way as W treatment in the beginning of the climate

change simulation and then the acidification impact took place negatively correlated with those

of the temperature.
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Figure 1: Principal coordinate analysis (PCA) on the sample structure according to the non-
correlated physical-chemical parameters. At 116, W.R6 sample was not represented because
the measures of the pH and the dissolved oxygen were not obtained.

136



292
293

294

295

296

297

298

299

300

301

302

303

304

305

306

3.2 Impact of climate change on the heterotrophic prokaryotic biomass and

bacterial production

Climate change has been ever shown to impact the metabolism of the phototrophic
communities of the microbial mats of Ré Island with the increase of the production of bound
carbohydrates EPS (Maziére et al., 2022). A decrease of chlorophyll a concentration and an
increase of chlorophyll derivatives proportion, which is supposed to be bacteriochlorophyll c,
have been also observed, that probably indicate a change in either the pigment metabolism or

the phototrophs’ abundance (Maziére et al., 2022).

No statistical trend of the heterotrophic prokaryotic biomass or of the bacterial
production was shown (Fig. 2). However, in the W and WA treatments, an increase of the
bacterial production co-occurred with an increase of the heterotrophic prokaryotic biomass
(Fig. 2). Inthe W treatment, a decrease of the heterotrophic prokaryotic biomass was observed
at t51 and t58. At t44, the heterotrophic prokaryotic biomass was more important in the A and
W treatments than in the C treatment (ANOVA; p<0.05) and at t51, it was more important in

the A treatment than in the other treatments (ANOVA; p<0.05) (Fig. 2).
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Figure 2: Bacterial production and heterotrophic prokaryotic biomass. The curves
represented the bacterial production (in red) and the heterotrophic prokaryotic biomass (in
green). The letters t followed by a number indicates the sampling time.

Heterotrophic prokaryotes grouped bacteria and archaea. Their biomass is controlled
by grazing, viral lysis (top-down control) and also organic matter or nutrients availability
(bottom-up control) (Boras et al., 2009; Gasol et al., 2002; Teira et al., 2019). In the W
treatment, one or several of these factors were affected by warming because the heterotrophic
prokaryotic biomass and the bacterial production increased (Fig. 2). However, from t51 the
heterotrophic prokaryotic biomass decreased but the bacterial production was stable. This
assumes either a decrease in the heterotrophic archaeal biomass, or an increase in the grazing
or viral populations activity and/or a decrease in the organic matter or nutrients availability (Fig.
2). In the A treatment, only the heterotrophic prokaryotic biomass increased without an
increase of the bacterial production, supposing an increase of the heterotrophic archaea
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biomass (Fig. 2). The WA treatment presented the same profile than the W treatment without
decreasing of the heterotrophic prokaryotic biomass (Fig. 2). So, warming and acidification

together increased the bacterial production and heterotrophic prokaryotic biomass.

These changes in the metabolism and growth indicate certainly a modification of the

diversity and/or the structure of the microbial mat.

3.3 Prokaryotic structure of microbial mats faced to climate change

A total of 17,666 bacterial ASVs dispatched within 49 phyla with 335 families and
12,090 archaeal ASVs dispatched within 13 phyla with 32 families were identified. The 100
most abundant bacterial ASVs identified belonged to Bacteroidota, Chloroflexi,
Cloacimonadota, Desulfobacterota, Firmicutes, Gemmatimonadota,
Marinimicrobia_(SAR406_clade), Patescibacteria, Planctomycatota, Proteobacteria and
Spirochaetota (Fig. S2). For archaea, the 100 most abundant ASVs were reparted between
Asgardarchaeota,  Crenarchaeota,  Euryarchaeota, @ Halobacterota, lainarchaeota,

Micrarchaeota, Nanoarchaeota and Thermoplasmatota (Fig. S3).

Archaeal richness, Shannon diversity and Inverse Simpson indices were not different
between treatments during the experiment (Fig. S5). Bacterial richness presented also no
difference between the four treatments (Fig. S4). Therefore, the prokaryotic richess was the
same under the fourth treatments. However, the Shannon diversity of the bacterial
communities of the A treatment tends to be lower than the C treatment from 23 to the end of
the experiment (t158) (Fig. S4). It was significatively lower than the C treatment at t44 (ANOVA,
p<0.05) and significantly higher in the W treatment than in the WA treatment at t16 (Kruskal,
p<0.05) (Fig. S4). The Inverse Simpson index on bacteria was equal in all treatment (Fig. S4).
Nevertheless, in the A treatment it presented a trend to be lower than the other treatments
after 19 (Fig. S4). The reduction of the Shannon diversity, accompagnied by a reduction of

richness, have been ever seen by Crummett (2020) on microbial communities of seawater
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placed under climate change acidified conditions. These microorganisms coming from a region
that regularly experiences high pCO2 and low pH meaning that microbial communities
supposed adapted to acidification is still sensitive to this parameter. The archaeal communities

diversity were not impacted by acidification or warming.

The treatment and the sampling time impacted significatively the ASVs composition
(PERMANOVA, p<0.05). The interaction between both had no effect (PERMANOVA, p>0.05).
The 2 axis of the principal coordinates analyses (PCoA) explained less than 50% of the
bacterial or archaeal diversity by the treatments and the families (Fig. 3 and 4). The same was
obtained with 3 axis. Therefore, it would say that treatment and families abundance were not
the only parameters explaining the variability of the bacterial or archaeal diversity. Time and
physical-chemical environment played certainly a great role. Bacterial structure differed

between the four treatments from t44 where treatment A clearly stood out (Fig. 3).

The ASVs explaining this difference belong to the families Rhodothermaceae and
Rhodobacteraceae at t44 and t51 (Fig. 3). From t51, Rhodothermaceae and Chlorobiaceae
were common to explain to the WA and A treatments (Fig. 3). The W treatment was more
explained by Marinilabiliaceae at t44 and t51 (Fig. 3). Rhodothermaceae family are
chemoheterotrophs aerobes (Park et al., 2014). In our study, two genera were identified,
Salinibacter and Salisaeta, isolated from high-salt environments and are considered as
halophiles (Park et al., 2014). Rhodobacteraceae is frequently found in marine environments
(Pujalte et al., 2014). The members of this family present a high phenotypic and ecologic
diversity with several metabolisms including the use of various organic and inorganic
compounds, sulfur oxidation, aerobic anoxygenic photosynthesis, carbon monoxide oxidation
and the production of secondary metabolites (Pujalte et al., 2014). Several genera from the
Rhodobacteraceae family found in the mesocosms of our study belong to the Roseobacter
genus (Pujalte et al., 2014), a versatile bacterial lineage (Newton et al., 2010). They are key
players in carbon and organic sulfur cycling (Newton et al., 2010). Some members of this

lineage have been characterized as ecological generalists (Moran et al., 2007; Newton et al.,
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2010) that become dominant in a disturbed environment (Chen et al.,, 2021).
Photoheterotrophic Rhodobacteraceae have been demonstrated to have a metabolic
versatility conferring adaptation capacity to environmental changes, being more competitive
resulting in the stability of the populations (Chen et al., 2021). Therefore in our study, this
family, including Roseobacter genus, was favoured by acidification treatment (Fig. 3) certainly
because the input of carbon in their environment favoured their metabolisms and thus, their
competitivity and abundance. The Chlorobiaceae are green sulfur bacteria comprised on the
green anoxygenic phototroph bacteria (Madigan et al., 2017). The abundance of this family
was positively correlated with the A and WA treatments at t51 and t58 (Fig. 3). A previous
study of the pigment composition of the microbial mats of this experiment showed that the
abundance of unknown chlorophyll derivatives were produced under acidification (Maziére et
al., 2022). These molecules were supposed to be bacteriochlorophyll ¢, a pigment contained
on green anoxygenic phototroph bacteria, presuming the increase of the relative abundance
of these organisms or the occurence of their metabolisms (Maziére et al., 2022). The indirect
gradient analyses on bacterial ASVs confirmed that acidification favoured the development of
the green anoxygenic bacteria, and more precisely of the green sulfur bacteria Chlorobiaceae.
The W treatment was explained by Marinilabiliaceae with only Anaerophaga genus identified
(Fig. 3). This microorganisms is strictly anaerobic, chemoorganotroph and nonphotosynthetic,
and has a fermentative metabolism (Whitman et al., 2015). A study in sulfidic arctic marine
sediment has demonstrated that when cyanobacterial necromass was added to this sediment
for mimicking fresh organic matter input, the initial hydrolysis and fermentation of mainly
proteins, carbohydrates and lipids to diverse volatile fatty acids were done by several species
including Marinilabiliaceae (Muller et al., 2018). Ocean warming is supposed to increase the
development of cyanobacteria (Ma et al., 2019) but a previous study on pigment composition
showed that relative abundance of chlorophyll a, the pigment contained in cyanobacteria, didn’t
increase and thus no augmentation of this population is supposed (Maziere et al., 2022).
Nevertheless, another pigment defined as the chlorophyll derivative #6 was positively
collerated with the W treatment at t51 and t58, but no identification was done on it (Maziere et
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al., 2022). It can be supposed that this pigment was contained in a phototroph organism which
could belong to bacteria or eukaryota, and which abundance would be favoured with ocean

warming and would participate in the organic matter input used by Marinilabiliaceae.

Archaeal structure clearly differed at t37 in the A treatment from the other treatments
under axis PCo1 explaining 18.2% of the variance (Fig. 4). However, from 123, this treatment
was explained by the presence of three families, Micrarchaeales, CG1-02-32-21 and
SCGC_AAA011-D5 (Fig. 4). Archaea are a great proportion of microbial biomass on Earth and
play major roles in biogeochemical cycles and in greenhouse gas emissions (Offre et al.,
2013). However, the impact of climate change on these microorganisms is less studied. In this
study, the families Micrarchaeales and CG1-02-32-21 belonging to the Micrarchaeota phylum
were found. These archaea belong to a lineage named DPANN for candidate divisions
“Candidatus Diapherotrites,” “Candidatus Parvarchaeota,” “Candidatus Aenigmarchaeota,”
“Candidatus Nanohaloarchaeota,” and phylum Nanoarchaeota (Kadnikov et al., 2020; Rinke
et al., 2013). This superphylum includes archaea with small cell and genome sizes with limited
metabolic capabilities (Kadnikov et al., 2020; Rinke et al., 2013). Among it, Micrarchaeota and
Parvarchaeota, are mentionned as Archaeal Richmond Mine Acidophilic Nanoorganisms
(ARMAN) (Baker et al., 2006). These microorganisms were observed to interact with
Thermoplasmatales cell with pili-like structures (Baker et al., 2010). The SCGC_AAA011-D5
family belongs to the Nanoarchaeota phylum (Nanoarchaeia class and Woesearchaeales
oder). Nanoarchaeota are obligate symbionts/parasites with a highly reduced genome lacking
most primary biosynthetic and energetic functionalities (Munson-McGee et al., 2015; Wurch et
al., 2016). Nanoarchaeum equitans was the first discovered. This archaea possess one the
smallest archaeal genomes and grow attached to the surface of Ignicoccus hospitalis, its
archaeal host which supply nutrients to N. equitans (Huber et al., 2002; Waters et al., 2003).
The host organisms of Nanoarchaeota are diverse and not all identified (Clingenpeel et al.,
2013). They are found in a large variety of terrestrial or marine habitats like hyperthermophilic,

mesophilic and halophilic environments (Casanueva et al., 2008; Clingenpeel et al., 2013;
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Flores et al., 2012; Hohn et al., 2002; McCliment et al., 2006). Acidification seems to favour

archaeal parasites of other archaea (Fig. 4). The host-parasite relationship can regulate

individuals and communities, impacting the stucture and the diversity of an ecosystems.
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Figure 3: Indirect gradient analyses representing the bacterial diversity explained by the
treatments themselves (graphics on the right) and by families (graphics on the left) along two
axes, PCo1 and PCo2, for the bacterial 16S rRNA gene at t37, t44, t51 and t58. To simplify
the data, only these four sampling times are represented to show the variability between
samples. The triangles correspond to the replicates.
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Figure 4: Indirect gradient analyses representing the diversity explained by the treatments
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4. Conclusion

The physical-chemical environment was modified by the different climate scenario applied.
The W treatment was differentiated from the others by its temperature. Surprisingly, the
variability of the A treatment was explained by the pH only during the change of conditions, the
first two weeks, and then it was correlated with the dissolved oxygen concentration, certainly
due to an increase of photosynthesis, and the nitrate and nitrite concentrations, certainly
correlated with a decrease of nitrification. The heterotrophic prokaryotic biomass and the
bacterial production increased in the W and WA treatments signified that temperature favour
the development of prokaryotes. However, at the end of the experiment, warming impacted
the archaeal heterotrophic biomass, or/and the top-down or bottom-up controls. The A
treatment increased the archaeal heterotrophic biomass. Moreover, these climate scenarios
modified the diversity and composition of prokaryotes in the microbial mats. The bacterial and
archaeal richness were not impacted by climate change scenarios, and only the Shannon
diversity changed because of acidification. The A treatment also modified the prokaryotic
composition with positive correlations with the Rhodobacteraceae and Chlorobiaceae
abundance, also found the WA treatment, certainly in favouring their metabolisms. Acidification
scenario also favoured Micrarchaeales, CG1-02-32-21 and SCGC_AAA011-D5 which are
parasites for other archaea. This study provided new insights on the prokaryotic comportment

in microbial mats face to climate change.
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Figure S1: Nutrients variation. Boxplots of nitrite (NO2’), nitrate (NOs’), ammonium (NH4*),
phosphate (PO4?) and silicon (Si). The letters t followed by a number indicates the sampling
time. The statistical test performed to show the differences between treatments at a sampling
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490 Fiqure S3: Relative abundance of the phylum of the 100 most abundant archaeal ASVs.
491  The letters t followed by a number indicates the sampling time.
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Figure S4: Bacterial alpha diversity. Three indices were calculated: A) observed richness,
B) Shannon diversity and C) Inverse Simpson index. The letters t followed by a number
indicates the sampling time. The statistical test performed to show the differences between
treatments at a sampling time is indicated in italics above the figure. The letters indicated a
significant difference (p < 0.05) found after a post-hoc Tukey HSD test in the case of an
ANOVA, a Games-Howell test in the case of a Welch ANOVA or a Nemenyi test in the case of
a Kruskal Wallis test.
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Figure S5: Archaeal alpha diversity. Three indices were calculated: A) observed richness,
B) Shannon diversity and C) Inverse Simpson index. The letters t followed by a number
indicates the sampling time. The statistical test performed to show the differences between
treatments at a sampling time is indicated in italics above the figure. The letters indicated a
significant difference (p < 0.05) found after a post-hoc Tukey HSD test in the case of an
ANOVA, a Games-Howell test in the case of a Welch ANOVA or a Nemenyi test in the case of
a KruskalWallis test.
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3. Impact of climate change on eukaryotic communities
inhabiting microbial mats

This part will be valued through the writing of a future paper. The determination of the

meiofaunal abundance in situ, when the microbial mats were sampled, are in progress.

Meiofauna are major contributors to the chemical, physical and biological sediments
properties and in benthic food webs (Ingels et al., 2018; Schratzberger and Ingels, 2018). They
are also considered as important ecological components of benthic ecosystems (Ingels et al.,
2018). Meiofaunal diversity and abundance in our mesocosms were first determined by
binocular loupe. Only nematodes were observed. This is not surprising because nematodes
with copepods are the most abundant metazoan meiofaunal organisms in marine sediments
and nematodes have colonized every environment that can support meiofaunal life (Ingels et

al., 2018).

The abundance of nematodes decreased over time in all treatments, but no difference
was shown between the four treatments (ANOVA, Welch or Kruskal-Wallis; p > 0.05) (Fig. 28).
However, the nematodes abundance in the C treatment tended to be higher than in the W
treatment from t23 until the end of the experiment and also in the A treatment at 123, t44 and
t58 (Fig. 28). Temperature didn’t affect the nematodes communities certainly because they
were ever submitted to fluctuations of temperature in their natural environment (Chapter V).
Moreover, temperature has never been shown to affect meiofaunal abundance, nematode
abundance, nematode species richness, nematode diversity nor nematode evenness (Lee et
al., 2017). No acidification of the water to a value of 7.6 was observed in the studied salterns
(Chapter IV) explaining why this parameter impacted them. Other studies have also been
shown that acidification of seawater affected the nematode abundance and reduced diversity

of the nematodes (Lee et al., 2017; Widdicombe et al., 2009).

153



ANOVA Welch Kruskal ANOVA Kruskal Kruskal Kruskal Kruskal

400
2
E
Q
g Treatment
= =
o B A
g B W
o L] : WA
E 200
=z

] L] |
IL 2 ,"T | g i | o £l mr— u ...I_‘

t9 t16 t23 t30 t37 t44 t51 t58
Time (week)

Figure 28: Nematodes abundance by binocular loupe. The results were presented by individuals per
cubic centimetre of microbial mat. The letters t followed by a number indicates the sampling time.

To complete the study of eukaryotic organisms, a 18S rRNA gene analyse was
performed. In fact, benthic protozoa or nanoflagellates and others are classically studied by
using microscopy, but it is time consuming and it needs expert taxonomists to identify them
(Fontaneto et al., 2009) and it is often difficult to separate them from the sediment matrix. It is

also not possible to identify small sized groups (Fontaneto et al., 2009; Wright et al., 1996).

We identified 4816 sequences after affiliation with the SILVA databases. Bacteria
represented 2871 sequences (59.6%), Archaea 224 sequences (4.7%) and 1490 sequences
were unassigned (30.9%) (Fig. 29). Only 231 sequences belong to Eukarya (4.8%) (Fig. 29).
“Universal” primers are not really universal because they are developed according to the
known taxon (Normand et al., 2011). These universal primers used were certainly less specific
because they were not developed for this type of environment. Therefore, it would be certainly

interesting to develop primers for eukaryotes of hypersaline environments.
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The samples C-R5 (control replicate n°5) at 123, C-R4 at t30 and A-R6 at t58 were left
in the following analyses because the abundance of their identified ASVs present a problem

of numeric conversion with R software. Its resolution is in progress.

Archaea
Kingdom
Bacteria Unassigned — Archaea
| Bacteria
I Eukaryota
Unassigned
Eukaryota

Figure 29: Domains identified with eukaryotic primers 515F and 951R. Bacteria represented 2871
sequences, Archaea 224 sequences, 1490 sequences were unassigned and 231 sequences belong to
Eukarya.

A great diversity of eukaryotes was detected in the microbial mats with the 18S rRNA
gene sequencing. A total of 38 families distributed in 22 phyla were identified (Fig. 30, Table
12): Ameobozoa, Aphelidea, Apicomplexa, Arthropoda, Ascomycota, Basidiomycota,
Bicosoecida, Breviatea, Cercozoa, Chlorophyta, Chytridiomycota, Ciliophora, Cryptomycota,
Diatomea, Dinoflagellata, Holozoa, Labyrinthulomycetes, LKM15, NAMAKO-1, Nematozoa,
Phragmoplastophyta, Prymnesiophyceae. Several food regime were present: Diatomea,

Dinoflagellata and Chlorophyta were phototrophs (Tragin and Vaulot, 2018), Nematoda and
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Arthropoda have been shown to feed on bacteria (De Mesel et al., 2004; Feazel et al., 2008;
Hubas et al., 2010), phytoplankton (Cowles et al., 1988; Montagna, 1984), ciliates (Berk et al.,
1977) and dinoflagellates (Cowles et al., 1988; Turner, 2004), ciliates are a predator for
bacteria (Parry, 2004; Sherr and Sherr, 1987) and flagellates and other ciliates (Bernard and

Rassoulzadegan, 1990; Dolan and Coats, 1991), etc.

Chlorophyta and more precisely Chlorophyceae was clearly dominant at t9 in all
treatments. However, along the experiment Diatomea, represented by Bacillariophyceae
family, became more and more abundant until being dominant in the C treatment. The
Dinoflagellata abundance also tended to decrease over time. Chlorophyta, Diatomea and
Dinoflagellata are photosynthetic organisms composing a part of the phytobenthos (the other
part being bacteria). The French Atlantic coast is an intense sink for atmospheric CO., primarily
attributed to the photosynthesis (Takahashi et al., 2002). Therefore, participate in the carbon
cycle in this region. These organisms are also a source of food for higher trophic levels. Two
lineages composed the eukaryotic phytobenthos, the green and the red (Tragin and Vaulot,
2018). In marine waters, Chlorophyta is the major green algal group and contained chlorophyll
b (Chl b) (Tomitani et al., 1999; Tragin and Vaulot, 2018). These organisms are found in small
size fractions like picoplankton (cells from 0.2 to 2 um) and nanoplankton (cells from 2 to 20

pum) (Tragin and Vaulot, 2018). Diatomea and Dinoflagellata composed the red lineage.

In oligotrophic lake littoral habitats, it has been observed that the enrichment in nitrogen
(N) and phosphorus (P) favoured Chlorophyta and in the absence of it, Bacillariophyta relative
abundance was greater than that of Chlorophyta and cyanobacteria (Oleksy et al., 2021).
Indeed, the mesocosms impacted the N and P input which conducted to a shift in the
phytobenthos communities. Indeed, the ammonium concentration decreased over the
experiment in all treatments (Kruskal, p < 0.05) while nitrate and nitrite concentrations showed
no difference. The phosphate concentration also decreased in all treatments (Kruskal or
Welch, p < 0.05). Therefore, this decrease of the concentration of these two nutrients led to

shift of the eukaryotic phototrophic communities in all treatment. The water input on the
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mesocosms came from the ocean, close to the Ré Island. In spring 2019, when the
mesocosms were performed, the nitrate, nitrite and phosphate concentrations were closed to
0 (personal communication, SOMLIT monitoring of the Atlantic French coastal ocean). The
ammonium concentration was more variable, but its values were inferior to those observed in
the mesocosms (personal communication, SOMLIT monitoring of the Atlantic French coastal
ocean). The sediment and the microbial mats have certainly released these elements into the
environment. The water in the plots of the salt marsh where the microbial mats were sampled
did not have values similar to those observed in the ocean probably due to a nutrients
enrichment in the plots preceding the crystallizer ponds. The decrease of nutrients
corresponded certainly to the absence of this water enrichment of the plot. A comparison with
the nutrients concentrations in situ and a monitoring of the metabolisms of nutrients, notably
with marked nitrogen and phosphorus, will help to understand why their concentrations

decreased along the experiment.
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Figure 30: Relative abundance of eukaryotic phyla at different incubation time. The letters t
followed by a number indicates the sampling time.

Table 12: Phyla and matching identified families.

Phylum Family identified
Ameobozoa Leptomyxida
Aphelidea Aphelidea
Apicomplexa Cryptoporiofa
Cryptosporida
Arthropoda
Ascomycota Cladosporiaceae
Basidiomycota Malasseziaceae
Bicosoecida Bicocoecida
Breviatea Breviatea
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Cercozoa Euglyphida
Chlorophyceae
Chlorophyta Trebouxiophyceae
Ulvophyceae
. Chytridiaceae
Chytridiomycota o
Olpidiaceae
Armophorida
Ciliophora
Haptoria
Heterotrichia
Hypotrichia
Nassophorea
Ciliophora .
Oligophymenophorea
Oligotrichia
Oxytrichidae
Phyllopharyngea
Plagiopylea
Protomatea
Cryptomycota Incertae_Sedis
Diatomea Bacillariophyceae
Dinoflagellata Suessiaceae
Abeoformidae
Holozoa Capsasporidae
Craspedida
Labyrinthulomycetes Labyrinthulaceae
LKM15 LKM15
NAMAKO-1 NAMAKO-1
Enoplida
Nematozoa ,
Monhysteria
Phragmoplastophyta Magnoliophyta
Prymnesiophyceae Isochrysidales
Unclassified

The observed richness and the Shannon diversity present no difference between the

four treatments (ANOVA, Welch, Kruskal; p > 0.05) (Fig. 31). However, the Shannon diversity

of the A treatment tended to be lower than the other treatments at 123, t30 and t37 (Fig. 31).
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The 2 axes of the principal coordinates analyses (PCoA) explained between around
50% of the variance of the eukaryotic diversity explained by the treatments and the families
(Fig. 32). The W treatment differed from the other only during the water warming (116 and t23),
positively explaining by Bacillariophyceae and negatively by Chlorophyceae (Fig. 32).
Therefore, the increase of temperature impacted the eukaryotic communities and led to a

dominance of Bacillariophyceae (Fig. 32).
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Figure 31: Relative abundance of eukaryotic phyla at different incubation time. The letters t

followed by a number indicates the sampling time.
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Figure 32: Principal coordinates analyses (PCoA) representing the eukaryotic diversity explained by
the treatments themselves (graphics on the right) and by families (graphics on the left) along two axes,
PCo1 and PCo2, for the eukaryotic 18Sr RNA gene at t16 and t23. The triangles correspond to the

replicates.
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The acidification of the seawater impacted the abundance of some eukaryotic
organisms as related by Shannon diversity index. The eukaryotic structure was modified when
the water was warmed. However, a shift in the eukaryotic phototrophs was observed in all
treatments. The Chlorophyceae relative abundance decreased and those of Bacillariophyceae
increased in all treatments. However, this change was more marked on the W treatment with
maybe a change at the species level. The primers and the database used didn’t allow to have
a precision at this level, certainly because they are not adapted at this environment type. To
improve these results, more specific primers could be used for Chlorophyceae and
Bacillariophyceae (Moro et al., 2009). Despite these inherent biases of molecular analysis, we
obtain first data on the impact of climate change on eukaryotic populations of microbial mats

from Ré Island.

4. Conclusions and perspectives

The bacterial and archaeal diversity and general structure of the microbial mats were
mainly impacted by acidification and the warming rather modified the eukaryotic communities.
The determination of the microbial diversity via DNA sequencing allowed to know how the
microbial composition of the microbial mats and how climate change can affect it. However,
the universal primers used possess biases and didn’t allow to correctly amplify some
microorganisms, such as cyanobacteria, or were not done for this environment, such as the
eukaryotic primers which amplified all the domains and resulted in very few amplified
eukaryotic sequences. This is not surprisingly because “universal” primers were designed
according to the known taxon (Normand et al., 2011) , so it would be interesting to develop
primers for microbial mats from hypersaline environments. The functional diversity was also
not described. Indeed, DNA analyses described only the microorganisms present but not the
metabolisms occurring. The analysis of the fatty acids content was planned but the health

situation due to covid prevented the development of the protocol for these samples and its
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implementation. Vertical profiles were done to describe the physical-chemical gradients of
oxygen, sulfur and pH occurring in the microbial mats in the four treatments, and their analysis

is in progress.
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Chapter VI: Impact of climate

change on phototrophic

communities of microbial mats
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1. Introduction

Phototrophic communities are the major primary producers (Serensen et al., 2005)
found in microbial mats. They are fundamental organisms in the functioning of microbial mats
participating in several biogeochemical cycles, such as carbon, oxygen, nitrogen, sulfide and
nutrients cycles. Among them, some communities perform oxygenic photosynthesis, such as
Cyanobacteria. This phylum produces organic carbon used by the lower heterotrophs of the
microbial mats and secretes EPS that form an adhesive and protective matrix around the cells
(Decho, 1990; Fourcans et al., 2006; Hubas, 2018; Wieland et al., 2003). Organisms
performing anoxygenic photosynthesis are also observed, mainly belonging to the purple and
green anoxygenic phototrophs. These communities are found in the upper layers of the
microbial mats, in contact with the ocean’s water, and are therefore the most exposed to
environmental change and disturbances, and so to climate change.

DNA analyses underestimated the diversity of the phototrophs because the primers were
not specific to these communities (Fourcans et al., 2004; Maziére et al., 2021). However,
pigment analysis composition of the microbial mats allows a complementary approach to
characterize the phototrophic communities present in microbial mats and the dynamic of the

pigment production metabolism.

This chapter aims to describe the impact of climate change on the pigment composition
and the photosynthetic efficiency of the microbial mats in response to ocean water warming
and acidification. The results are presented in an article published in Science of Total
Environment (STOTEN) (Volume 802, January 2022, DOI: 10.1016/j.scitotenv.2021.149787)

(Maziere et al., 2022).

2. Climate change influences chlorophylls and
bacteriochlorophylls metabolism in hypersaline microbial
mat
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decades, the ocean acidification will continue, associated with an ocean
water warming caused by increasing levels of CO, in the atmosphere
(Hutchins and Fu, 2017; IPCC, 2014). These climatic perturbations will
alter the carbon and nutrients cycles on a global scale (Hutchins and Fu,
2017) and are expected to have a direct impact on all physical, chemical
and biological parameters that govern marine organisms life (Hutchins
and Fu, 2017). Organisms will be faced with unprecedented changes in
future ocean conditions, particularly marine life will be severely
affected. On France's Atlantic coasts, the Intergovernmental Panel on Cli-
mate Change (IPCC) predicts an increase in surface water temperature
of 3 to 4 °C and ocean acidification of 0.4 to 0.45 pH units in its most pes-
simistic scenario (RCP 8.5) by the end of the century (IPCC, 2014).
Research on microorganisms facing climatic change is scarce com-
pared to that on animals and plants (Cavicchioli et al.,, 2019; Dutta and
Dutta, 2016; Reinold et al., 2019). Microbial mats play important key-
roles in marine ecosystems, such as participating in the dynamics of car-
bon, nitrogen and oxygen cycles. They develop at the water-sediment in-
terface in a large variety of environments including coastal beaches
(Bolhuis and Stal, 2011), salterns (Fourcans et al., 2004), hot springs
(Dobretsov et al., 2011) and many other coastal/marine environments.
These are complex microbial structures containing a great diversity of mi-
croorganisms coexisting at microscale according to a vertical stratification
due to light and microgradients of oxygen, pH and sulfurs (Fourcans et al,,
2008; Jorgensen et al,, 1983; Revsbech et al., 1983; van Gemerden, 1993).
Despite the stratification, microbial mats are dynamic structures where
the migration of microorganisms has been described according to the
diel cycle (Fourcans et al., 2008, 2006). Numerous interactions occur in
microbial mats representing thus an ecosystem on its own (Reinold
et al,, 2019). Microbial mats have a remarkable specific, metabolic and
molecular diversity, making them highly adaptable to the changing
physico-chemical conditions of the environment (Fourcans et al., 2006)
as well as to contamination (Bordenave et al., 2008, 2004a, 2004b).
Autotrophic microorganisms are fundamental organisms in the func-
tioning of microbial mats because they are the major primary producers.
They can be chemotroph such as some Bacteroidetes but the major pri-
mary producers in photosynthetic microbial mats are the phototrophic
microorganisms (Sgrensen et al., 2005). Among them, Cyanobacteria pro-
duce organic carbon which is then decomposed in the successive lower
layers by different heterotrophs. They also secrete adhesive and protec-
tive extracellular polymeric substances (EPS), that form a matrix around
the cells (Decho, 1990; Fourcans et al., 2006; Hubas, 2018; Wieland
et al., 2003). This matrix is generally composed of sugars, proteins, extra-
cellular DNA and other molecules in smaller proportions (Fourcans et al.,
2006; Hubas, 2018; Wieland et al., 2003). However, the composition
varies depending on the physiological state of the organisms, the specific
diversity, the growth stage of the mat and the physico-chemical condi-
tions of the environment (Decho and Moriarty, 1990; Hubas, 2018;
Reinold et al., 2019; Underwood et al., 2004). By binding to sedimentary
particles, this matrix stabilises the microbial mat and prevents erosion
phenomena (Decho, 1990), but it has many other essential roles such as
nutrients supply, by the sequestration and accumulation of dissolved
and particulate nutrients coming from the water column that can be
used by microorganisms, it also helps microbial communication or bring
protection against UV radiations (Decho, 2000; Flemming and
Wingender, 2010; Hubas, 2018). EPS are therefore a major component
of microbial mats and remain indispensable for their functioning.
Several studies have addressed the impact of climate change on
photosynthetic marine microbial communities. Some authors have
shown that temperature affects the composition, the photosynthetic
performance as well as the growth, biomass and physiology of
microphytobenthos (Cartaxana et al., 2015; Hancke and Glud, 2004).
Acidification effects are thought to occur mainly at the metabolic level,
favouring the growth of some microorganisms (Baragi and Anil, 2016;
Black et al., 2019; Hicks et al., 2011) but also photorespiration in dia-
toms and increasing the number of proton pumps for maintaining intra-
cellular pH homeostasis and respiratory processes (Beardall et al., 2009;
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Black et al., 2019; Gao et al., 2012). Acidification and warming also affect
the characteristics of EPS of diatoms and Cyanobacteria with a modifica-
tion of their composition (Li et al., 2016; Ma et al., 2019).

Many studies have highlighted the impact of acidification and
warming water separately but it is necessary to consider them together
as they can act synergistically (Baragi et al., 2015; Baragi and Anil, 2016;
Li et al., 2016). The aim of this study was to simulate an acidification
and a water warming on microbial mats on mesocosms according to
the RCP8.5 scenario of the IPPC for 2100. Here, the phototrophic microbial
communities are described and their potential composition variation will
be monitored.

2. Material and methods
2.1. Description of the sampled sites

Microbial mats for mesocosms experiment were sampled the 30th of
April 2019 in salterns located in Ars-en-Ré (46°13/29.9"N 1°31'07.5"W,
Ré island, France) on a non-exploited pond. The microbial mat, which
had not been disturbed for at least three years, was more mature than a
mat from an exploited pond. Undisturbed mats were then placed in plas-
tic boxes and transported to laboratory at room temperature where they
were put back in water within 3 h following the sampling. The water
height was around 3 cm as observed in situ. In situ physico-chemical pa-
rameters (temperature, salinity, pH) of the water were measured with a
multi-parameter probe (pHenomenal® MU 6100H, VWR™, USA) in
order to apply them on the mesocosms as control values. Samples were
also taken to determine nutrient concentrations in the pore water.

2.2. Mesocosm design

Microbial mats were separated into twenty-four plastic boxes
(48 cm x 33 cm), each of them representing a mesocosm (Fig. 1). The
mesocosms were gathered in groups of six representing a condition
(five replicates and a box for pulse amplitude modulated (PAM) mea-
sures). In these six mesocosms, incoming water was from a reserve
and was distributed individually with stainless steel taps. This water
corresponded to seawater filtered at 80 um, passed under UV light and
whose salinity was adjusted to 60 psu with salt coming from the salt
marshes of the Ré island. Opposite to the water inlet, a hole allowed
the water outlet in a network of PVC tubes between all the replicates.
The water was not recycled. This setup permitted to maintain a stable
water level at 3 cm above the mat and to renew seawater and the sup-
plying nutrients for the development of the microbial mats. For each
condition, a pool was constructed around the six plastic boxes where
water was maintained at the desired temperature with a pump
(EHEIM universal 600, Germany) connected to a thermoregulating de-
vice (Teco®) to control the water temperature above the microbial
mats. The microbial mats were illuminated 12 h a day following the
day/night cycle observed during the spring. To control the evaporation
rate, the lights used were LED (TOP-24H company by SYLED, France).
They provided white cold light color and an intensity of 11.8 &+
0.9 pmol-photons-m™2-s~' (mean =+ standard between the four treat-
ments for a day) (HOBO Pendant® Temperature/Light Data Logger,
Onset Computer Corporation, USA) on the surface of the microbial mats.

Daily monitoring was done for the physico-chemical parameters
(temperature, pH, salinity and dissolved oxygen) thanks to a multipa-
rameter probe (pHenomenal® MU 6100H, VWR™, USA).

2.3. Implementation of different treatments

A stabilisation period of five weeks was applied to acclimate the mi-
crobial mats to their new environment (Gette-Bouvarot et al., 2015;
Stauffert et al., 2013). The water temperature on the mesocosms was
maintained at 20 °C and the salinity of the incoming water was regu-
lated in the water reserve to maintain a salinity at 60 + 2 psu in the
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Control condition (C)
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19)BM BOS

Mesocosms water

Fig. 1. Schematic representation of the experimental device with the control (C) and the acidification (A), warming (W) and mixed (WA) treatments. The replicates are represented by the
letter R, the first five are used for sampling and the sixth is dedicated to the measurements of fluorimetry by pulse amplitude modulation (PAM).

mesocosms, reproducing in situ conditions. The implementation of dif-
ferent treatments occurred for seven additional weeks.

Four treatments were applied to the microbial mats. Each pool and
its six mesocosms represented a treatment. The first treatment was
the control treatment (C) in which the parameters were not changed.
The second treatment was the warming treatment (W) in which the
temperature was increased by 0.5 °C every two days for 2 weeks until
reaching 24 °C. The acidification treatment (A) represented the third
condition. The water acidification was performed in the water reserve
by bubbling pure CO,, allowing a drop of initial water pH of 0.1 unit
every four days for 2 weeks until reaching a decrease of the initial pH
of the water reserve equal to 0.4 unit, i.e. 7.6. The water pH in the
water reserve was monitored with a continuous pH stat system (IKS
aquastar, iks ComputerSysteme GmbH, Germany). Then the pH values
of the pH stat system were adjusted twice a week from measurement
using a pH meter (Metrohm, 826 pH mobile) with a glass electrode
(Metrohm, electrode plus) calibrated on the total scale using Tris buffer
solution (provided by Andrew Dickson, Scripps Institution Oceanogra-
phy, San Diego). Every day, the pH values in the four treatments pools
were also measured on the total scale. The fourth treatment combined
warming and acidification treatments (WA). The mesocosms were
then maintained under these treatments for 5 further weeks.

A first sampling (noted t9) was performed after the stabilisation pe-
riod of the microbial mats on the mesocosms, just before changing the
environmental conditions. A second sampling (t16) was performed at
the middle of the period of change and a third (t23) at the end (Supple-
mentary materials, Fig. A). After this period, sampling was performed
every week (t30, t37, t44, t51 and t58) (Supplementary materials,
Fig. A). For each sampling, ten 1 cm depth cores were collected with a
1 cm diameter cut-off syringe in each mesocosm and mixed together
in order to obtain a homogeneous sample.

2.4. Nutrient concentrations

A volume of 20 mL of water from each mesocosm was filtered at
0.22 pum in order to perform a nutrient analysis. The same was done for
in situ samples. Half of the volume was frozen at -20 °C while the other
half was kept at 4 °C for silicon analysis. The samples were then analyzed

as described by Aminot and Kérouel (2007). Silicon, nitrate, nitrite and
phosphate were measured by Segmented Continuous Flow Colorimetry
(SFA) while ammonium was measured by SFA fluorimetry on an auto-
analyzer (SEAL AutoAnalyzer 3, SEAL analytical) (Aminot and Kérouel,
2007).

2.5. Photosynthetic parameters

Chlorophyll fluorescence parameters were measured at 5 different lo-
cations of the core using a fluorometer (Monitoring Pen, MP 100-E, Photon
Systems Instruments, Czech Republic) illuminated with a blue LED emitter
(455 nm). The samples were placed in the dark (for 5 min) before the
measurement of Light Response Curves. Manufacturer predetermined
LC3 protocol was used following manufacturer instructions. LC3 protocol
was characterized by 7 steps of increasing light intensities (10, 20, 50,
100, 300, 500, 1000 umol - photon-m~2-s~!) with an illumination dura-
tion of 60s. Minimum fluorescence level F3 (Jesus et al., 2006) was
obtained by using a non actinic measuring light pulse (30 ps,
900 pmol-photon-m~2-s~ "), which induced the minimal chlorophyll
fluorescence (F3).The samples were then subjected to a saturating light
pulse (2400 umol- photon-m™2-s~1). This made it possible to measure
the maximum fluorescence level F3, (Jesus et al, 2006). All
measurements were done in the same conditions and at the same time.

The data was then downloaded from the device to a computer using
FluorPen software (v1.0.6.1, Photon Systems Instruments, Czech
Republic) and all calculations and analyses were performed using R.Stu-
dio software (version 4.0.3© RStudio, Inc.). From the measured param-
eters the effective quantum yields of photosynthesis (¢(11)°) were
calculated (Jesus et al., 2006) (Eq. (1)). They indicate the community's
maximum potential for photosynthetic activity.

5 _ l:mS_FOS
Fi®

o(I) ()

2.6. Pigment identification and quantification

Lipophilic pigments were analyzed by high performance liquid chro-
matography (HPLC). Microbial mats were incubated with 95% methanol
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(buffered with 2% ammonium acetate) during 15 min, at -20 °C in the
dark. Extracts were then filtered with 0.2 pm PTFE syringe filters and an-
alyzed within 16 h using an Agilent 1260 Infinity HPLC composed of a
quaternary pump (VL 400 bar), a UV-VIS photodiode array detector
(DAD 1260 VL, 190-950 nm), a fluorescence detector (FLD 1260 excita-
tion: 425 nm, emission: 655 nm), and a 100 pL automatic sample injector
refrigerated at 4 °C in the dark. Chromatographic separation was carried
out using a C18 column for reverse phase chromatography (Supelcosil,
25 cm long, 4.6 mm inner diameter). The solvents used were: 0.5 M am-
monium acetate in methanol and water (85:15, v:v), acetonitrile and
water (90:10, v:v), and 100% ethyl acetate. The solvent gradient was set
according to Brotas and Plante-Cuny (2003), with a 0.5 mL min~! flow
rate. Identification and calibration of the HPLC peaks were performed
with BB-carotene, canthaxanthin, chlorophyll a, chlorophyll b, chloro-
phyll ¢2, diatoxanthin, diadinoxanthin, fucoxanthin and pheophytin a
standards. We identified all detected peaks by their absorption spectra
and relative retention times using the Agilent OpenLab software. Quanti-
fication was performed using standard calibration curves built with re-
peated injections of standards over a range of dilutions. Xanthophylls,
carotenes and chlorophyll b and ¢ were quantified at 470 nm, chlorophyll
a and their derivatives as well as pheopigments were quantified at
665 nm. The relative abundance of each pigment (%) was calculated
from its respective concentration in the sample (ug-mg™!).

2.7. Extracellular polymeric substances (EPS) characterization

In a 15 mL Falcon® tube, 5 mL of microbial mat was mixed with an
equivalent volume of seawater obtained by mixing water from the
five sampled replicates and filtered at 0.22 um for each treatment. The
tubes were subjected to mechanical agitation by vortexing and by inver-
sion at a rate of 40 oscillations-min~! for 1 h at 4 °C in the dark. Then
they were centrifuged at 3500g for 10 min at 4 °C. The supernatant, con-
taining the colloidal fraction, was recovered and stored at -20 °C while
the pellet, containing the bound fraction, was resuspended in 5 mL of
seawater (again obtained by mixing water from the five sampled repli-
cates and filtered at 0.22 pum for each treatment). 1 g of Dowex resin
(Dowex Marathon C, Na*, Sigma-Aldrich), was prepared according to
the protocol of Takahashi et al. (2009). The tubes were again subjected
to the same protocol to obtain the supernatant containing the fraction of
bound EPS was recovered and stored at -20 °C.

The carbohydrate dosage was performed according to Dubois' color-
imetric method (Dubois et al., 1956) while the protein dosage was per-
formed according to the bicinchoninic acid assay (BCA) method using
the Pierce™ Protein Assay Kit (Thermoscientific). A range of glucose
(L-(-)-glucose, 98%, Sigma-Aldrich) from 0 to 3 g-L~! and a range of
bovine serum albumin (BSA) from 0 to 1 g-L™! were performed in sea-
water from the Ré island hypersalinated at 60 psu and filtered at
0.22 um. For carbohydrates, 100 pL of EPS sample were placed in a
tube, then 100 pL of 5% phenol (Solid Phenol, Sigma-Aldrich, France)
and 500 pL of 98% sulfuric acid (Sulfuric Acid 98%, Carlo-Erba Reagents,
France) were added. The tubes were incubated for 30 min in the dark
and at room temperature. A volume of 200 pL of the standard range
and each triplicate sample was deposited in a 96-well microplate
(Falcon® 96-well Clear Microplat, Thermo Fisher Scientific). The absor-
bance of each well was measured at 490 nm with a spectrophotometer
(SPECTROstar® Nano, BMG LAB). For proteins, 225 mL of reagent was
prepared and stored in the dark at room temperature during the assay
period. The assays were performed in 96-well microplates (Falcon®
96-well Clear Microplat, Thermo Fisher Scientific). 200 L of reagent
was placed in the wells and 25 pL standards or triplicate samples were
added. The microplates were incubated for 30 min at 37 °C, then the ab-
sorbance of each sample was measured at 562 nm by a spectrophotom-
eter (SPECTROstar® Nano, BMG LAB). Two calibration curves were
drawn from the standard ranges and their respective abundances
(corrected according to the kit indications for the BSA range), averaged
over the duration of the experiment. They made it possible to determine
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the carbohydrate and protein concentrations. The latter were then re-
lated to the dry mass of the microbial mat.

To determine the dry mass of the microbial mat, a volume of 30 mL
of microbial mat was collected and weighed to obtain the fresh mass.
The sample was then freeze-dried to remove water from the sample
(Lyophilisateur Christ Alpha 1-4, Grosseron, France) and re-weighed
to obtain the freeze-dried mass.

2.8. Data analysis

All calculations and analyses were performed on R.Studio software
(version 4.0.3© RStudio, Inc.). The mean of physico-chemical parame-
ters, the carbohydrates and proteins concentrations of each fraction
and the photosynthetic parameters of each treatment were compared
with each other at each sampling time. The normality and homoscedas-
ticity of the data were previously verified by carrying out a Shapiro test
and a Bartlett test respectively. If both conditions were met, the data
were subjected to an analysis of variances (ANOVA). Otherwise, a
Welch ANOVA was performed in the case of non-homogeneity of vari-
ances and a Kruskal-Wallis rank sum test in the case of non-normal
data. If these tests were found to be significant (p < 0.05), then a
pairwise comparison was performed using a Tukey test following the
ANOVA, a Games-Howell test following a Welch ANOVA or a Nemenyi
test following the Kruskal-Wallis test.

A Between Class Analysis (BCA) combined with hierarchical cluster
analysis with a Bray dissimilarity index and ward.D2 method was
done on pigments proportions.

3. Results
3.1. Efficiency of the physico-chemical changes

As expected, the temperature in W and WA treatments increased
well by 4 °C from the initial temperature, the one maintained in C and
A treatments (23.89 + 0.49 °C; 23.82 + 0.48 °C; 20.32 + 0.36 °C;
20.23 + 0.48 °C; respectively) (Fig. 2, A; Supplementary materials,
Fig. B). There was a delay of one week before reaching this increase
after the change of state because this was the time needed to heat up
all the water in the pool and then the mesocosms.

The pH of C and W treatments were stabilised after t37 at 7.94 +
0.15 and 7.95 + 0.09, respectively (Fig. 2, B; Supplementary materials,
Fig. B). The pH of A and WA treatments decreased until t44, then re-
maining stable at pH 7.87 + 0.13 and 7.86 + 0.10, respectively (Fig. 2,
B; Supplementary materials, Fig. B). No significant difference between
the four treatments was found at t9 (Kruskal, p > 0.05).

The salinity (Fig. 2, C; Supplementary materials, Fig. B) of C and A
treatments remained stable at 60.87 + 1.44 psu and 61.91 + 1.79 psu, re-
spectively. The salinity of the W treatment increased to a maximum mean
value of 75.87 + 4.84 psu after 40 days of incubation, and then decreased
again to a final value of 67.35 + 4.24 psu. The salinity of the WA treatment
increased and reached its maximum value of 71.94 4+ 6.55 psu on day 23
of the experiment and then decreased and remained at 66.13 4 2.56 psu.

Dissolved oxygen remained stable between each treatment up to t16
(mean =+ standard deviation; 0.95 + 1.18 mg-L~! for control, 0.61 =+
1.15 mg-L™' for pH, 0.60 + 046 mg-L~! for W and 0.30 =+
0.24 mg-L~! for WA) (Fig. 2, D; Supplementary materials, Fig. B). From
t23, the dissolved oxygen of the treatments increased linearly to t58
with a slope of 0.07 day~' (R?> = 0.45, Student-test, p < 0.05) for A,
0.05 day~! (R? = 0.39, Student-test, p < 0.05) for W and 0.03 day '
(R? = 0.19, Student-test, p < 0.05) for WA. The A treatment had a final ox-
ygen concentration of 5.95 + 1.63 mg-L™}, significantly higher (ANOVA,
p < 0.05) than that of the other mesocosms by a factor of 1.6 for W, 2.2 for
Cand 2.4 for WA (mean =+ standard deviation).

The nutrients were analyzed thanks to the Redfield ratio calculations
(Redfield, 1958). Only seven samples showed nitrogen limitation, nota-
bly four replicates of the A treatment at t30 and some samples showed a
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Fig. 2. Temporal variation of the temperature (°C) (A), the pH (upH) (B), the salinity (psu) (C) and the dissolved oxygen (mg-L~") (D) of the different treatments (control (C), acidification
(A), warming (W) or warming and acidification mix (WA)). The points corresponded to the values measured for each sample. The curves represented local regressions, based on the k-
nearest neighbors algorithm (geom_smooth function of the ggplot2 package, loess method). The grey areas symbolised the 95% confidence intervals. The sampling days were represented

by black arrows. The day 0 to day 8 corresponded to the stabilisation week.

limitation of silicon (Supplementary materials, Fig. B and C). Most of the
samples showed phosphate limitation, but such phosphate limitation
was also observed in situ (Supplementary materials, Fig. B and C).

3.2. Pigment composition

A total of 37 pigments were identified (Table 1). The analysis re-
vealed the presence of several chlorophyll: chlorophyll a (Ca) and corre-
sponding epimers and allomers, chlorophyll b (Cb) and chlorophyll c2
(Cc2). Bacteriochlorophyll a (BCa) was identified as well as echinenone,
oscillol diquinovoside, myxol quinovoside and zeaxanthin. Other pig-
ments were identified including lutein, alloxanthin, carotenoids and

Table 1

Pigments identified by HPLC and its corresponding abbreviations.
Pigment Notation
Alpha and beta cryptoxanthin aCy; bCy

Alloxanthin Al

Beta-beta carotene; beta-epsilon carotene BB.Car; BE.Car

Unknown carotenoids Carl; Car2

Chlorophyll a; chlorophyll a Ca; Ca.allo; Ca.epi
allomers/epimers

Chlorophyll derivatives Cderiv. #1-6
Bacteriochlorophyll a BCa
Chlorophyll b Cb
Chlorophyll c2 Cc2
Chlorophyllide a Cda
Canthaxanthin Ct; Ct.iso
Echinenone Ec
Fucoxanthin and isomers F; Fiso1l

Lutein and isomers
Myxol quinovoside and isomers

L; Liso1; Liso2

My.iso1; My.iso2; My.iso3; My.

iso4
Oscillol diquinovoside 0
Pheophorbide Pda.1
Pheophytin Pha
Pyropheophytin Pya
Zeaxanthin z

canthaxanthins and its isomers. Pigments corresponding to alteration
products were also found: pyropheophytin, pheophytin a, pheophor-
bide a and chlorophyllide a. The presence of non-identified chlorophyll
a-like molecules was also observed and hereby called chlorophyll deriv-
atives (C deriv. #1-6).

3.3. Acidification changes the pigments dynamics

At 19, all treatments were placed under the same water temperature
and pH. No difference between pigments were observed (Fig. 3, A)
(ANOVA or Welch or Kruskal, p > 0.05).

The C treatment was different from the other treatments containing
more myxol quinovoside and isomers 2 and 3 than A treatment at t37
and t44 (Kruskal, p < 0.05) and than the three other treatments at t51
(ANOVA, p < 0.05). It also contained more chlorophyll epimers at t58
than A, W and WA treatments (ANOVA, p < 0.05) (Fig. 3). The W
treatment was differentiated from the A treatment with the presence of
chlorophyll derivative #6 at t51 and t58 (Welch, p < 0.05) (Fig. 3). The
concentration of chlorophyll a was around 4% at the beginning of the
experiment (Fig. 4, A). It increased until t51 in all treatments except for
A treatment and then decreased at t58 (Fig. 4, A). The A treatment slightly
decreased at t58 and the proportion of chlorophyll a was lower in this
treatment than in the C treatment (ANOVA, p < 0.05) at t51 and t58
(Fig. 4, A). Conversely, the proportion of chlorophyll derivatives (Fig. 4,
B) was close to 0 at t9 for all treatments. It increased to t30, remained sta-
ble at t44 and then decreased again to t58 for the C, W and WA groups,
while it increased to t44 before decreasing again to t58 for the A group
(Fig. 4, B). The proportion of chlorophyll derivatives was significantly
higher for the A treatment at t37, t44 and t51 (ANOVA and Welch,
p < 0.05) (Fig. 4, B).

3.4. Comparison of the photosynthetic yields of the microbial mat in the dif-
ferent treatments

The quantum efficiency of photosystem Il (¢(I1)®) indicated the photo-
synthetic efficiency of the mat. At t9, the quantum yields of the C and A

170



C. Maziére, M. Bodo, M.A. Perdrau et al.

A

Science of the Total Environment 802 (2022) 149787

Treatment :

e C
oA
oW
® WA
© t58 Caep
b —— Chlorophylls
— Carotenes
—— Xanthophylis
My.iso2
- A
BCa T ('.\l.'o
a(‘z Cc2 “
g
L
~ [ S5 | ,f . Cb
g- Myisobe N {7 .Ca -Pha
s v A e——— / _BECar - My.iso3
8 o | T curls.(’wlﬂw\wi’, ’:’/T’i —>-L.is02
° Cderiv. #3< C deriv. #4 .
==, Fisol
“dsaly
— ~Pya
~ =
1 ~C
< 7z
K,y/ B8.Car
~
° C
Ctiso C N
Car C deri »:Lw‘m‘
T T T T T
-0.6 -0.4 -0.2 0.0 0.2 04 06

Comp1

Fig. 3. Dynamics of microbial communities according to pigments composition and the sampling time (tX) (A). This figure was obtained thanks to analyze BCA combined with hierarchical
cluster analysis with a Bray dissimilarity index and ward.D2 method. A representation more detailed with the different parameters was done at t58 (B). The correspondence between the

abbreviations and the names of pigments is provided in Table 1.

treatments were close to 0, while those of the W and WA groups were 14
and 4.2 times more than C and A treatments respectively (Fig. 5). At t16 no
significant difference was observed between all the quantum yields
(ANOVA, p > 0.05) (Fig. 5). Other difference were observed between treat-
ments during the experiment, but the kinetics obtained showed no real
trend between treatments (Fig. 5), only WA treatment presented a quan-
tum yields lower than C treatment at t37, t51 and t58 (ANOVA or Kruskal,
p < 0.05) than W and A treatments at t37 and t58 (ANOVA, p < 0.05).

3.5. Acidification impacted the proportion of EPS

The A treatment was dissimilar from the other treatments, charac-
terized by its higher concentrations of bound carbohydrates EPS.

The carbohydrates bound EPS concentration was notably more im-
portant in A treatment on three times: at t23, t37 and t58 (ANOVA,
p < 0.05) (Fig. 6).

4. Discussion

The aim of the study was to simulate acidification and/or warming on
microbial mats. The mesocosm system has the advantage to control the
physico-chemical parameters allowing to simulate future conditions,
which is impossible to achieve directly in the field; but the natural
environment can never be mimicked perfectly (weather, daily or even
seasonal variations in physico-chemical parameters, etc.). Although
mesocosm system will never faithfully represent reality, it is a compromise
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Fig. 4. Temporal variations of (A) the concentration of chlorophyll a (%) and (B) the
concentration of chlorophyll derivatives (%). The letters t followed by a number
indicates the sampling time. The statistical test performed to show the differences
between treatments at a sampling time is indicated in italics above the figure. The
letters indicated a significant difference (p < 0.05) found after a post-hoc Tukey HSD
test in the case of an ANOVA, a Games-Howell test in the case of a Welch ANOVA or a
Nemenyi test in the case of a Kruskal Wallis test.

often used to conduct experimental ecology studies (Cravo-Laureau and
Duran, 2014). It is therefore advisable to remain vigilant so as not to ex-
trapolate too generally the results obtained with in situ microbial mats.
Given the diversity of structure and functioning of microbial mats
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throughout the world, they may act differently in their natural environ-
ment. It should also be noted that this study was a simulation of the
IPCC's most pessimistic predictions (RCP8.5) for 2100. The changes simu-
lated only concerned the decrease in water pH and the increase in water
temperature, but these are not the only parameters that are expected to
vary in the future. Deoxygenation of the oceans, a succession of extreme
weather events, and sea level rise in some regions are also foreseeable
changes that have not been tested in this study. Moreover, they have
been monitored over seven weeks, whereas variations in the natural envi-
ronment are supposed to occur over several decades.

The renewal water in the mesocosm permitted to maintain a stable
water level at 3 cm above the mat and a natural supply of nutrients for
the development of microbial mats. Redfield ratio showed some limita-
tion of nitrogen and/or phosphorus in the water under some conditions
but previous studies have shown that microbial mats can develop in P-
(Peimbert et al.,, 2012) and N-limited environment (Peimbert et al.,
2012) (Supplementary materials, Fig. C).

Surprisingly, the decrease of pH under the A and WA treatments was
not noticeable in the mesocosms (Fig. 2) although the pH in the respec-
tive water reserve decreased (Supplementary materials, Fig. D) at the
expected pH 7.6 (the initial pH was 8). This phenomenon has been ob-
served in other studies (Crawfurd et al., 2011; Ma et al., 2019). The most
likely hypothesis is that the rate of CO, fixation by photosynthesis was
higher in the A and WA treatments, which had the effect of increasing
the pH. In our experiment, dissolved oxygen increased under A treat-
ment after the third week. Moreover, many microbial species are able
to use carbon concentration mechanisms (CCMs), storing high CO,
concentrations before transport into the Rubisco compartments,
which minimise photorespiration. These CCMs are found in oxygenic
phototrophs like cyanobacteria or most of the phytoplankton (Ma
et al.,, 2019). The CCMs have been proposed as mechanisms to prevent
photosynthetic systems to directly detect ambient changes in CO,
(Mackey et al., 2015). As a result, photosynthetic rates might not
respond directly to ambient changes in CO, explaining the delay
observed in the increase of dissolved oxygen in our experiment. Such
observation is consistent with the fact that pH decreased from t23
while dissolved oxygen continued to increase (Fig. 2). Black et al.
(2019) suggested that microphytobenthos use additional CO, due to
acidification for photosynthesis until the maximum yield capacity has
been reached. When the cells reached maximum intracellular CO,
concentration through their CCMs, any additional CO, would
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Fig. 5. Variation of the quantum efficiency of photosystem II (¢(I1)®) in the different treatment. The letters t followed by a number indicates the sampling time. Above the figure was
indicated in italics the test carried out for the comparison between treatments of the same week. The letters indicated a significant difference (p < 0.05) found after a post-hoc Tukey
HSD test in the case of an ANOVA, a Games-Howell test in the case of a Welch ANOVA or a Nemenyi test in the case of a Kruskal Wallis test.
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Fig. 6. Temporal variation of the carbohydrate concentration in the bound fraction of EPS (in pg-g~! dry mass). The letters t followed by a number indicates the sampling time. The
statistical test performed to show the differences between treatments at a sampling time is indicated in italics above the figure. The letters indicate a significant difference (p < 0.05)
found after a post-hoc Tukey HSD test in the case of an ANOVA or a Games-Howell test in the case of a Welch ANOVA. Note: the ANOVA performed at t16 did not consider the C

treatment because of the presence of outliers.

contribute to the decrease in pH. The pH of the WA treatment followed
the same dynamic as observed for the A treatment. However, the dis-
solved oxygen concentration under WA treatment increased less than
half in comparison to the A treatment (Fig. 2, D). The CO, absorption
mechanisms may have been less efficient in WA treatment because
temperature decreases the solubility of CO, (Wootton et al., 2008).
Numerous studies have shown that photosystem II is very sensitive
to environmental stress (Murata et al., 2007; Nishiyama et al., 2008;

Wang et al., 2013). It is therefore important to focus on the quantum
yield of photosystem II, which indicates the maximum photosynthetic
activity potential of the communities. At t9, the quantum yield of photo-
system II for the C and A treatments were close to 0 (Fig. 5), which indi-
cated that the mats were not in good physiological condition when
starting the experiment. Significantly lower quantum yields were ob-
served under some treatments. At t23, under the A and the WA treat-
ments an unexplained decrease of the quantum yield was observed
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Fig. 7. Normalized absorption spectra of different pigments of the microbial mats. A: superimposed absorption spectra of the 6 detected chlorophyll derivatives (C deriv.). B: comparison
between the absorption spectra of chlorophyll a (Ca) and C deriv. #2. C: comparison between the absorption spectra of Ca, pheophytin a (Pha) and bacteriochlorophyll a (BCa).
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(Fig. 5). The WA treatment exhibited significantly lower quantum yield
than the other treatments at t37, t51 and t58 (Fig. 5), suggesting that
mats have more difficulty withstanding simultaneous acidification and
heating. It was not surprising that there was no difference in quantum
efficiency between A and C treatments (Fig. 5). Photosynthetic organ-
isms have a high capacity to modify pH with evidence that pH is regu-
lated at the water/cell interface (Black et al., 2019). Our fluorometer
illuminated with a blue LED emitter (455 nm). Chlorophyll a fluores-
cence per unit concentration in cyanobacteria tends to be lower than
in algae when it is excited with blue light. This leads to an erroneous
biomass estimate of cyanobacteria. In their study, Simis et al. (2012)
have sought the optimal excitation and emission pairs for the separation
of cyanobacterial and algal Fv/Fm in communities. They demonstrate
that the highest correlation between community and cyanobacterial
variable fluorescence is obtained under orange-red excitation in the
590-650 nm range, exciting cyanobacterial phycobilipigments. No in-
formation was found about the other phototrophic communities.

The A treatment possessed more chlorophyll derivatives and lower
chlorophyll a than the other treatments (Fig. 4). These chlorophyll deriv-
atives molecules seemed to be bioindicators of a stress condition (water
acidification). They were not identified by available standards. These mol-
ecules did not correspond to known metallised allomers or epimers of
chlorophyll a (Ca), as revealed by their retention time (Supplementary
materials, Fig. E). Based on their absorption spectra (Fig. 7), we can
also rule out the hypothesis that these molecules correspond to de-
metallised derivatives of chlorophyll a such as pheophytin a or pheophor-
bide a or even to bacteriochlorophyll a (BCa).

We can assume that these molecules correspond to transmetalated
Ca or BCa. Some microorganisms are known to possess bacteriochloro-
phyll those the central Mg ion is replaced by another metal, as observed
for Acidiphilium where BCa possess a Zn central metal (Hiraishi and
Shimada, 2001). This organism has been isolated from acidic mine
ponds and it is supposed likely that pH constituted the evolutionary
pressure responsible for the change of the central metal (Hiraishi and
Shimada, 2001). Although this is an attractive hypothesis, it is highly
unlikely that our pH treatment had the effect of promoting the synthesis
of transmetalated BCa as Zn-BCa displays absorption features in the
near infra-red range (Nagata et al., 2003) that were not observed here.

Chlorophylls and porphyrin derivatives generally have two major
absorption bands (i.e. “red” (Q-) and “blue” (Soret-) bands, Fig. 7) in
the visible range, due to extended m-delocalization at the edge of cyclic
porphyrin skeleton (Milenkovic et al., 2012). Two main Q-bands (Qy,0-0
and Qy,0.1) are traditionally observed in the original Ca (or Mg-Ca)
(Gerola et al.,, 2011). In our case, Ca wavelengths of maximum absorp-
tion Nmax Were respectively 665 (Qy,0-0) and 615 nm (Qy0-1).

Based on these findings, the unidentified derivatives do not corre-
spond to transmetalated Ca, although those absorption characteristics
are close to the Mg-Ca molecule. As shown previously by Gerola et al.
(2011), a hypsochromic (blue) shift of both Soret and Qy,o.o bands
must be expected with significant decreasing of N\« in Zn- and Cu-Ca
in comparison to Mg-Ca. Such hypsochromic shifts were not observed
in the unidentified derivatives spectra.

The only noticeable change corresponded to a decreased intensity (hy-
pochromic effect) in the Qy,.o band in comparison with that of Mg-Ca and
a bathochromic (red) shift in the Qy,0.¢ (Fig. 7). These characteristics are
similar to those of bacteriochlorophyll ¢ (BCc) with a recorded N\pax
(630 nm) for Qy0-1 close to the expected 623-629 nm (Goedheer, 1966;
Oelze, 1985; Pierson and Castenholz, 1974). This pigment is typically
found in the chlorosomes of green anoxygenic phototroph bacteria, in-
cluding the green sulfur bacteria and the green non-sulfur bacteria
(Frigaard et al., 2006; Scheer, 2006), which indicated that the pH condi-
tions may have favoured the growth of these phototrophic bacteria.

Even moderate changes of both pH and temperature are relevant for
bacterial community composition of microbial mats (Uribe-Lorio et al.,
2019). A decrease in chlorophyll a has been observed under high CO,
levels suggesting that the CO, input reduce CCMs and thus save
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energy, particularly in pigment synthesis (Wang et al., 2019; Yue
etal., 2019). In hot springs from Costa Rica, significant changes of micro-
bial mat communities were observed with a significant increase of
Chloroflexi (also named the green non-sulfur bacteria) abundance
with decreasing pH and increasing temperature (Uribe-Lorio et al.,
2019). Chloroflexi have been previously reported to be more abundant
at decreased pH on sediment of hydrothermal CO, seeps in Papua New
Guinea (Hassenrtick et al., 2016) and in host-association with corals and
sponges (Kandler et al.,, 2018; Morrow et al,, 2015). Chlorobi, the green
sulfur bacteria, have also been found to increase in abundance with
acidification (Hassenriick et al., 2016). On their study, Hassenriick
et al. (2016) supposed that in the sites characterized by low pH and
high hydrothermal influence, including pronounced temperature in-
creases, the Chloroflexi and Chlorobi replaced other microbial commu-
nities as major carbon degraders under anoxic conditions. Green
anoxygenic bacteria participate on the carbon cycling and have been
shown to fix CO, (Hug et al., 2013; Sirevag, 2004). The phototrophic
communities of the microbial mats could be modified under A
treatment leading to a higher relative abundance of green anoxygenic
bacteria. It is also possible that the presence of more CO, on the
environment conducted to a shift on the metabolism of green
anoxygenic phototrophic bacteria fixing the CO, and being more
competitive with the other communities.

The bound carbohydrate EPS production was higher under the A
treatment. EPS are essential for maintaining the physical properties
and proper functioning of microbial mats, and are also involved in the
adaptation of communities to their environment (Dupraz and
Visscher, 2005; Hubas, 2018; Prieto-Barajas et al., 2018). Therefore,
EPS are an essential element, even more when microorganisms are
confronted with strong variations in physico-chemical parameters. It
has been observed that the degradation of polysaccharides by bacterial
extracellular enzymes is accelerated at low pH (Piontek et al., 2009). It
can be supposed that microbial mats could therefore synthesize more
carbohydrates to compensate for this degradation. Microbial mats in
the W treatment did not show any variation in concentration, suggest-
ing that temperature has no effect on this process. Those in the WA
treatment also did not change suggesting that acidification and
warming have probably antagonistic effects limiting the impact of acid-
ification on EPS. However, Li et al. (2016) obtained contradictory results
on three freshwater microalgae as they demonstrated that acidification
and warming act synergistically. The variation of bound carbohydrate
EPS suggest that microbial mats subjected to acidification modified
their metabolism. Tan et al. (2019) have shown that a polar strain of
Chlorella sp. modulates its metabolism under acidified conditions
(pCO, = 1000 patm), favouring its survival. They observed a decrease
in the fluxes of glucose and sucrose, the main products of
photosynthesis, under high pCO,. Gong et al. (2020) also observed
that the starch metabolism was modified by increasing the quantity of
starch granules in another microalgae named Symbiochlorum
hainanensis. These observations suggest that the organic carbon
produced by photosynthesis in the microbial mats placed under the A
treatment was redirected towards the synthesis of other carbohydrates
which concentration had considerably increased.

5. Conclusion

The temperature in the warming treatments increased by 4 °C from
the initial temperature as expected. Despite of a decrease of 0.4 unit pH
in the water reserves of acidification treatments, no significance differ-
ence was observed between the water pH of the different treatments.
The salinity increased on the warming treatments because of the
water evaporation. The dissolved oxygen concentration increased and
was higher on the acidification treatments, certainly due to an increase
of the photosynthesis because of the carbon input.

In the acidification treatment, our results showed that the concen-
tration of bound carbohydrates EPS increased. This indicated that the
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metabolisms were modified to cope with the induced changes. In addi-
tion, the phototrophic communities of the microbial mats under the dif-
ferent treatments showed characteristic pigments. In particular,
unknown chlorophyll derivatives were present under acidification
and/or warming treatments. To the best of our knowledge the synthesis
of such derivatives following an acidification or/and a warming experi-
ment has never been reported before. These molecules were eventually
identified as bacteriochlorophyll ¢ and several possible isomers which
suggest that experimentally induced climate change scenario may
have favoured the increase of BCc contained on green anoxygenic
phototroph bacteria.

The mesocosm experiment has shown that phototrophic communi-
ties of the microbial mats were able to adapt to the conditions defined
by the IPCC (2014) regarding acidification and warming of surface
water. The most probable explanation is that the studied microbial
mats are already naturally confronted with environmental conditions
(pH, light, temperature, salinity, etc.) that fluctuate with a great ampli-
tude in salt marshes. They may therefore already be confronted with
temperature and pH conditions predicted, for example, by the IPCC for
2100. Changes in their metabolism probably enabled them to maintain
a high potential for photosynthetic activity when acidification took
place. In the future, it would be interesting to observe if a difference in
the phylogenetic composition of these communities occurred. This
study provides new insights on the response of phototrophic communi-
ties of microbial mats in a context of climate change and permit to better
understand their function in this ecosystem.
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Fig. A: Schematic representation of the sampling scheme followed during the mesocosms experiment. A stabilisation period of 5 weeks was applied in order to
adapt the microbial mats to their new environment. Then an acidification and a warmer water were done for 2 weeks followed by a stabilisation of these new
conditions for 5 weeks. The sampling were represented by the letter t followed by a number indicates the sampling time.
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Sample Treatment Time (week) Replicate Salinity (psu) pH Temperature (°C) Dissolved Nitrate Nitrite Phosphate Silicon Ammonium
o

(mgj-")
C-R1-P1 C t9 R1 59.6 7.581 20.7 0.8 4.31 1.29 73.84 436.17 90.84
C-R1-P2 C t16 R1 60.8 7.913 19.8 0.2 0.42 2.1 34.11 312.12 117.95
C-R1-P3 C t23 R1 61.6 8.055 21.5 0.1 0.1 0.11 33.89 326.89 116.41
C-R1-P4 C t30 R1 61.2 7.885 20.4 1.9 0 1.25 21.16 143.65 108.48
C-R1-P5 C t37 R1 59 7.824 20.2 0.7 2.22 0.11 12.42 110.61 129.93
C-R3-P1 C 19 R3 59.3 7.889 20.8 0.2 0.49 0.28 47 .11 456.1 97.18
C-R3-P2 C t16 R3 60.9 8.037 19.7 0.8 0.25 0.67 31.98 295.95 128.1
C-R3-P3 C t23 R3 62.3 8.047 21.6 0.2 0.09 0.11 17.89 140.73 131.32
C-R3-P4 C t30 R3 62.1 7.995 20.2 1.2 0.21 0.06 2.81 38.14 32.48
C-R3-P5 C t37 R3 60.6 7.985 19.9 1.3 0.25 0.06 3.04 47.12 2.81
C-R3-P6 C t44 R3 61.4 8.049 19.9 3.3 0.12 0.21 2.14 74.54 11.59
C-R3-P7 C t51 R3 61.9 7.988 20 2.6 0.22 0.05 1.69 61.55 1.69
C-R3-P8 C t58 R3 61.1 8.08 20.5 3.8 0.29 0.21 1.1 50.32 0.87
C-R4-P1 C t9 R4 60.9 8.101 20.4 0.2 0.33 0.3 22.15 318.89 113.92
C-R4-P2 C t16 R4 59.8 7.941 20.1 1.5 1.43 1.78 4.31 116.88 116.83
C-R4-P3 C t23 R4 61.4 7.909 21.4 0.8 0.02 0.14 9.75 232.52 111.33
C-R4-P4 C t30 R4 61.3 7.985 20.3 3.2 0.44 0.08 5.07 157.32 1.1
C-R4-P5 C t37 R4 59 7.961 19.7 4.1 0.72 0.17 8.05 154.41 0.11
C-R4-P6 C t44 R4 60.2 7.873 19.9 2.3 0.49 0.32 6.45 115.96 217
C-R4-P7 C t51 R4 61.9 7.848 19.7 3 0.22 0.08 4.62 152.4 0.89
C-R4-P8 C t58 R4 61.5 7.987 20.1 3.8 0.16 0.19 7.38 162.89 2.05
C-R5-P1 C t9 R5 60.4 7.989 20.8 0.3 0.47 0.42 48.75 478.29 95.53
C-R5-P2 C t16 R5 63.5 8.127 20 0.2 0.38 0.15 48.3 374.76 111.13
C-R5-P3 C t23 R5 64.8 8.137 21.4 0.9 0.16 0.12 41.56 197.86 112.26
C-R5-P4 C t30 R5 64.4 8.167 20.2 5.5 1.55 0.19 14.01 65.51 135.36
C-R5-P5 C t37 R5 59.4 8.045 19.9 3.9 0.51 0.12 7.29 40.74 111.27
C-R5-P6 C t44 R5 60.9 7.944 19.9 2.6 0.4 0.16 10.98 130.73 97.41
C-R5-P7 C t51 R5 61.2 8.015 20.1 3.8 0.81 0.34 5.1 97.01 15.4
C-R5-P8 C t58 R5 61.1 7.99 20.3 3.7 0.65 0.59 6.37 144.01 14.95
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C-R6-P1 C t9 R6 58.4 7.82 20.7 0.8 0.73 1.05 15.36 187.15 123.88
C-R6-P2 C t16 R6 60.4 7.944 20.1 2 2.02 0.69 9.44 103.75 124.31
C-R6-P3 C t23 R6 61.9 7.91 21.3 1.4 0.43 0.13 11.86 151.8 131.32
C-R6-P4 C t30 R6 60.7 8.044 20.3 4.6 3.56 0.44 3.06 39.06 79.73
C-R6-P5 C t37 R6 59.2 7.959 19.8 3 0.87 0.12 2.05 44.68 44.56
C-R6-P6 C t44 R6 60.5 8.078 20.1 4.9 1.7 0.72 2.09 29.12 31.68
C-R6-P7 C t51 R6 61.7 8.054 19.9 3.3 0.96 0.25 3.07 51.44 24.65
C-R6-P8 C t58 R6 60.3 8.15 20.2 4.4 2.37 1.3 1.29 31.43 8.99
A-R1-P1 A t9 R1 61.8 8.063 19.9 0.1 0.54 0.17 42.26 459.77 92.01
A-R1-P2 A t16 R1 62.6 8.241 20.3 0.3 0.22 0.17 27.97 296.62 121.83
A-R1-P3 A t23 R1 63.1 8.142 20.6 2.2 5.2 1.06 15.72 156.52 132.46
A-R1-P4 A t30 R1 61.8 8.157 20.6 0.4 1.74 0.91 17.64 241.33 117.45
A-R1-P5 A t37 R1 60.4 7.72 19.9 0.4 0.81 1.18 4.16 127.32 125.96
A-R1-P6 A t44 R1 60.6 7.799 20.2 2.6 0 1.69 13.29 263.56 107.3
A-R1-P7 A t51 R1 61.9 7.753 20.1 2 0.13 0.05 10.31 211.7 98.77
A-R1-P8 A t58 R1 61.8 7.777 20.7 2.4 0.44 0.32 6.14 148.95 60.9
A-R3-P1 A t9 R3 60.6 7.97 19.7 8.5 0.45 0.49 20.91 373.91 116.97
A-R3-P2 A t16 R3 62.1 8.123 20.3 0.2 0.41 0.43 21.8 287.05 128.3
A-R3-P3 A t23 R3 63.5 8.12 20.7 0.5 0.33 0.15 18.2 226.56 131.03
A-R3-P4 A t30 R3 60.3 7.814 20 0.4 0.13 0.15 6.5 133.83 120.4
A-R3-P5 A t37 R3 59.4 7.764 19.8 1.4 0.58 0.57 1.71 52.08 50.9
A-R3-P6 A t44 R3 61.4 7.767 20.3 2.8 0.62 0.48 1.45 45.32 16.55
A-R3-P7 A t51 R3 60.7 7.76 19.9 2.7 0.25 0.11 1.71 44.9 4.94
A-R3-P8 A t58 R3 60.8 7.689 20.3 2.2 0.26 0.09 2.64 52.67 1.52
A-R4-P1 A t9 R4 59.9 8.047 19.6 0.5 0.99 1.6 30.46 208.19 107.87
A-R4-P2 A t16 R4 61.6 8.136 20.1 0.2 0.32 0.63 22.81 265.34 136.83
A-R4-P3 A t23 R4 63.2 7.895 20.3 2.3 1.67 0.78 12.56 113.81 122.08
A-R4-P4 A t30 R4 60.3 7.891 20.8 2.1 0.28 0.16 1.58 46.88 37.45
A-R4-P5 A t37 R4 60.5 7.881 19.7 2.8 0.85 0.67 0.14 16.49 6.25
A-R4-P6 A t44 R4 61.2 7.953 19.9 5.4 0.17 0.19 0.91 68.02 0.8
A-R4-P7 A t51 R4 61.5 7.727 20.3 2.6 0.33 0.21 2.52 77.86 1.22
A-R4-P8 A t58 R4 61.8 7.993 20 5 0.25 0.22 0.83 30.18 2.35

179



A-R5-P1 A t9 R5 61.6 7.866 19.9 1.6 0.62 0.35 40.54 370.04 100.11
A-R5-P2 A t16 R5 63 8.075 20.3 0.1 0 0.61 36.84 338.98 114.03
A-R5-P3 A t23 R5 64.5 8.148 20.6 1 0.72 0.56 26.94 197.34 119.36
A-R5-P4 A t30 R5 60.9 7.996 19.7 2.9 3.1 0.58 3.17 65.09 122.32
A-R5-P5 A t37 R5 60.1 7.907 19.6 3 1.16 1.13 1.59 41.38 102.78
A-R5-P6 A t44 R5 61.8 7.935 19.7 0.8 0.14 0.09 10.19 203.62 121.48
A-R5-P7 A t51 R5 61.9 7.675 19.8 1.5 0.39 0.37 8.15 126.75 93.01

A-R5-P8 A t58 R5 61.4 7.675 20.2 1.9 0.2 1.03 4.15 107.88 35.82
A-R6-P1 A t9 R6 61.3 8.046 19.6 0.1 0.87 0.46 38.01 424.42 108.01
A-R6-P2 A t16 R6 62.8 8.22 20.2 0.1 0.02 0.27 62.25 378.64 127.11
A-R6-P3 A t23 R6 66.1 8.253 20.6 1.4 2.34 0.47 45.79 340.4 115.87
A-R6-P4 A t30 R6 65.7 8.192 19.8 1.3 0 0.66 36.74 288.43 116.32
A-R6-P5 A t37 R6 65.3 7.852 19.5 2.3 0.16 0.43 22.88 207.35 126.49
A-R6-P6 A t44 R6 64.9 7.998 20.2 2.6 0.49 0.35 10.52 169.39 113.75
A-R6-P7 A t51 R6 63.3 7.839 20.2 3 1.12 1.4 3.37 100.05 24.65
A-R6-P8 A t58 R6 62.8 7.975 19.9 4.7 0.17 0.11 3.23 103.11 1.96

W-R1-P1 W t9 R1 61.2 8.105 19.9 0.3 0.51 0.24 38.58 333.12 104.08
W-R1-P2 W t16 R1 64.7 8.092 214 0.7 0.13 0.09 29.01 271.56 124.63
W-R1-P3 W t23 R1 70.6 7.963 23 0.8 1.86 0.15 24.47 192.28 124.02
W-R1-P4 W t30 R1 71.4 7.892 24.2 0.9 0.19 0.44 25.08 193.13 131.05
W-R1-P5 W t37 R1 75.6 8.002 23.5 1.1 0 0.54 27.35 265.27 123.43
W-R1-P6 W t44 R1 75.6 7.904 24 0.7 0 0.33 214 235.25 121.66
W-R1-P7 W t51 R1 67.7 7.956 23.8 21 0.12 0.36 12.14 160.68 100.98
W-R1-P8 W t58 R1 64.4 7.83 24.6 1.7 0.3 0.33 8.17 153.32 80.08
W-R3-P1 W t9 R3 61.7 7.603 20 0.7 0.42 1.36 47.67 422.13 95.87
W-R3-P2 W t16 R3 65.8 8.177 21.2 0.4 0 0.51 64.19 437.57 98.17
W-R3-P3 W t23 R3 71.6 8.124 23.1 0.1 1.59 0.2 43.02 293.97 116.58
W-R3-P4 W t30 R3 72.6 7.942 24 0.9 0.24 0.5 21.76 109.16 132.66
W-R3-P5 W t37 R3 80.6 8.044 23.8 1.2 1.47 0.49 13.18 127.05 110.4
W-R3-P6 W t44 R3 69.2 7.919 24 1.5 0 0.11 12.98 164.34 90.86
W-R3-P7 W t51 R3 63.6 8.048 23.6 3.9 0.52 0.33 10.38 174.11 36.92
W-R3-P8 W t58 R3 771 7.917 24.6 1.9 0.14 0.08 8.12 192.57 2.64
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W-R4-P1 W t9 R4 63.5 8.156 20 0.1 0.43 0.33 68.32 464.36 89.01

W-R4-P2 W t16 R4 65.3 8.147 214 0.7 0.47 0.91 33.63 299.45 124.56
W-R4-P3 W t23 R4 68 8.115 23 0.8 1.55 0.17 24.32 230.99 131.86
W-R4-P4 W t30 R4 67.3 7.841 241 0.3 0.35 0.69 12.54 93.26 125.25
W-R4-P5 W t37 R4 75.2 7.891 23.5 2.1 1.73 0.59 12.3 121.74 1156.37
W-R4-P6 W t44 R4 65 7.902 241 1 1.6 0.13 8.43 204.8 105.12
W-R4-P7 W t51 R4 65.2 8.11 23.8 6.1 0.72 1.29 2.93 70.41 30.36
W-R4-P8 W t58 R4 65.2 7.751 24.5 2.2 0.42 0.52 2.59 119.27 23.71

W-R5-P1 W t9 R5 60.4 7.951 19.8 1 3.09 2.79 6 77.71 82.42
W-R5-P2 W t16 R5 65.7 8.155 21.4 1.1 0.08 0.16 25.25 298.36 136.56
W-R5-P3 W t23 R5 70.6 8.049 23.2 0.6 1.63 0.19 33.47 249.77 123.39
W-R5-P4 W t30 R5 62 8.029 24.3 0.6 0.16 0.12 30.7 243.5 129.07
W-R5-P5 W t37 R5 82.2 7.987 23.8 1 0.77 0.2 29.03 267.35 128.91
W-R5-P6 W t44 R5 74 7.977 243 1.7 0.38 0.17 27.29 271.85 124.05
W-R5-P7 W t51 R5 74.2 7.981 23.9 2.4 0.28 0.32 16.65 217.61 99.47
W-R5-P8 W t58 R5 65.4 7.986 245 3.6 0.15 0.43 9.79 158.18 74.04
W-R6-P1 W t9 R6 61.3 8.184 20.1 0.1 0.43 0.71 43.04 408.88 96.89

W-R6-P2 W t16 R6 63.8 NA 20.6 NA 0.21 0.12 26.08 267.86 128.04
W-R6-P3 W t23 R6 66.7 8.061 23 0.6 0.23 0.12 21.13 150.12 131.44
W-R6-P4 W t30 R6 66.8 7.968 241 3.5 3.21 0.49 12.31 95.02 131.85
W-R6-P5 W t37 R6 69.6 8.002 23.6 0.9 0.87 0.12 11.72 190.65 131.04
W-R6-P6 W t44 R6 69.4 7.78 24.2 1.4 0.26 0.17 12.13 139.94 114.18
W-R6-P7 W t51 R6 68.8 7.902 23.7 4.4 0.25 0.46 8.13 122.96 94.12

W-R6-P8 W t58 R6 64.7 7.885 24.5 2.2 0.23 0.29 5.17 119.36 70.55

WA-R2-P1 WA t9 R2 62.2 7.959 20.9 0.7 2.26 2.71 9.79 140.17 110.88
WA-R2-P2 WA t16 R2 67.6 8.111 20.8 0.3 0.4 0.12 47.95 452.06 104.42
WA-R2-P3 WA t23 R2 83.2 8.111 23.9 0.1 0.13 0.22 46.3 346.57 106.65
WA-R2-P4 WA t30 R2 66.5 7.924 23.9 1.4 0.84 1.61 13.81 135.16 135.25
WA-R2-P5 WA t37 R2 61.2 7.789 23.4 0.7 0.45 0.51 2.4 75.35 100.57
WA-R2-P6 WA t44 R2 62.5 7.842 23.5 0.6 2.29 0.21 7.56 144.85 117.98
WA-R2-P7 WA t51 R2 63.1 7.785 23.5 0.7 0.2 0.04 8.15 172.24 102.53
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WA-R2-P8 WA t58 R2 64.1 7.822 24.6 2.9 0.31 0.28 7.68 125.07 91.14
WA-R3-P1 WA t9 R3 61.3 7.947 211 0.4 0.32 0.08 12.09 277.05 120.95
WA-R3-P2 WA t16 R3 65.4 8.045 21 0.1 0.16 0.1 19.62 322.75 136.29
WA-R3-P3 WA t23 R3 68.8 7.924 23.1 0.6 0.17 0.31 13.97 177.08 126.83
WA-R3-P4 WA t30 R3 66.8 7.764 23.8 1.1 0.35 0.41 6.42 81.11 94.61

WA-R3-P5 WA t37 R3 69 7.946 23.3 0.9 0.14 0.11 11.74 213.06 125.8
WA-R3-P6 WA t44 R3 66 7.78 23.5 1.1 0.11 0.26 4.99 148.94 83.51

WA-R3-P7 WA t51 R3 68.3 7.896 23.7 1.1 0.27 0.18 11.67 238.31 117.47
WA-R3-P8 WA t58 R3 69.9 7.92 24.3 2.1 0.11 0.12 12 231 101.98
WA-R4-P1 WA t9 R4 61 8.129 21 0.3 0.91 0.19 24.34 361.92 118.61
WA-R4-P2 WA t16 R4 66.6 8.085 20.9 1 0.79 0.14 26.79 244.59 134.04
WA-R4-P3 WA t23 R4 71.4 8.034 241 0.6 0.21 0.13 34.86 201.99 120.02
WA-R4-P4 WA t30 R4 76.8 8.061 24.5 0.8 2.24 0.12 31.1 201.43 130.35
WA-R4-P5 WA t37 R4 65.5 7.943 23.6 1.9 0.7 0.21 10.9 119.13 115.48
WA-R4-P6 WA t44 R4 66.4 7.819 23.9 2.1 0.43 0.13 7.53 161.54 83.95
WA-R4-P7 WA t51 R4 69.3 8.028 23.6 3.7 3.07 0.29 11.82 172.58 82.87
WA-R4-P8 WA t58 R4 63.8 7.947 24.6 4.7 0.3 0.27 6.41 125.69 38.09
WA-R5-P1 WA t9 R5 62.1 8.019 21 0.7 1.12 0.38 44.66 363.08 89.68
WA-R5-P2 WA t16 R5 64.7 7.946 21.3 0.4 0.08 0.29 28.9 221.06 120.73
WA-R5-P3 WA t23 R5 NA 7.997 231 0.1 0.14 0.16 33.71 210.61 110.68
WA-R5-P4 WA t30 R5 69.8 7.832 242 0.8 0.39 0.16 22 170.61 126.73
WA-R5-P5 WA t37 R5 66.4 7.932 23.2 0.8 0.64 0.43 14.57 132.41 132.92
WA-R5-P6 WA t44 R5 64.2 7.705 235 1.2 1.91 0.19 6.97 88.95 111.66
WA-R5-P7 WA t51 R5 64.6 7.869 23.7 0.5 0.27 0.18 10.29 146.97 118.11
WA-R5-P8 WA t58 R5 62.6 7.948 24.2 3.9 0.72 0.45 2.99 64.09 49.8

WA-R6-P1 WA t9 R6 60.5 7.873 20.9 0.3 1.02 0.68 25.13 273.39 120.84
WA-R6-P2 WA t16 R6 65.2 8.038 21.2 0.1 0.2 0.2 31.53 288.94 128.31
WA-R6-P3 WA t23 R6 69.9 8.058 23.8 0.1 0.29 0.37 36.1 251.7 116.45
WA-R6-P4 WA t30 R6 66.4 7.865 24.4 0.1 0.16 0.09 15.39 103.28 135.38
WA-R6-P5 WA t37 R6 62.9 7.815 23.9 0.9 0.18 0.37 9.2 118.28 126.52
WA-R6-P6 WA t44 R6 65.5 7.725 24.2 0.1 0.09 0.16 12.11 188.69 122.67
WA-R6-P7 WA t51 R6 67.4 7.768 24.2 1.2 0.26 0.24 8.78 155.27 93.56
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WA-R6-P8 WA t58 R6 65.1 7.912 24.7 4.6 0.47 0.48 3.59 78.29 15.98

Fig. B: Physico-chemical parameters measured for each replicate of each treatment and at each sampling time.
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Fig. C: Redfield ratio determining (A) the limitation of nitrogen, (B) the limitation of phosphate and (C) the limitation of silicon in the mesocosms’ water. The
samples present in the coloured parts correspond to samples where no limitation of nitrogen, phosphate or silicon occurred.
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Fig. D: Temporal variation of the the pH (upH) of the water reserve of the different treatments (control (C), acidification (A), warming (W) or mix warming and
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3. Conclusions and perspectives

Ocean acidification simulated in mesocosms impacted the phototrophs of the microbial
mats. A decrease of the chlorophyll a abundance and an increase of bound extracellular
carbohydrates were observed, revealing an impact on oxygenic phototrophs, mostly
represented by Cyanobacteria. In parallel, a decrease of unknown molecules, defined as
chlorophyll derivatives, was reported. These molecules were supposed to be
bacteriochlorophyll ¢, a pigment contained in the chlorosomes of green anoxygenic phototroph
bacteria. These observations underlined either a modification of the phototrophic communities,
with a higher relative abundance of green anoxygenic bacteria or a lower relative abundance
of Cyanobacteria, or a change in the metabolism of these communities, producing more
bacteriochlorophyll ¢ and less chlorophyll a. These could result in anoxygenic photosynthesis
more competitive than the oxygenic photosynthesis. The increase of bound carbohydrates
EPS certainly pointed out the establishment of protection by Cyanobacteria, the first

microorganisms of the microbial mats in contact with the seawater, face to acidification.

This study revealed that the phototrophs in microbial mats are affected by acidification
but water warming had no effect, certainly because these communities already face these
conditions in their natural environment. Moreover, water warming seemed to decrease the
effect of acidification, when the microbial mats were exposed to both. However, climate change
should be placed on a long-term that allows microbial communities to reach a point where
resilience will not be more possible. It cannot be excluded that acidification will finally impact
the phototrophic communities as demonstrated in this chapter. These changes in the
abundance of some communities, or their metabolisms, probably result to a modification of the
photosynthetic capacities of the microbial mats. In turn, such modification probably changes
the biogeochemical cycles, as for instance the reduction of oxygen production when

Cyanobacteria are impacted.
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Chapter Vil: Conclusions and

perspectives
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The different simulated climate scenarios impacted microbial mats through their
diversity, structure and function (Fig. 33). Acidification alone impacted prokaryotic
communities while temperature alone affected eukaryotic populations (Fig. 33). These two

treatments together delayed the climate change impact (Fig. 33).

In situ monitoring of the diversity and structure of the microbial mats present in the salt
marshes of the Ré Island has shown that some of the natural conditions they face are
comparable to those predicted by the IPCC for 2100 (IPCC, 2014). For example, climate
change is expected to cause surface water to warm by about 4°C (IPCC, 2014). However, the
surface water temperatures to which the microbial mats are currently subjected can be similar
or even higher than those predicted by the IPCC depending on the season: if the temperature
is currently 20°C in spring, it will reach 24°C in 2100, which is already the case in summer at
present. Therefore, microbial mats already have a natural resilience to variations in this
parameter with amplitudes equal to or greater than 4°C. This is probably why few impacts were
observed on the microbial mats on the Ré Island following the mesocosm study. However,
even if the microbial mat can cope with temperatures of +4°C in 2100 in spring, this warming
must be added to each season. Thus, a microbial mat that is "used to" temperatures of 20°C
in spring will have to face 24°C in the same season at the end of the century, and this for each
season. The temperature range, that the microbial mat will face, will thus be modified with a
different intensity and frequency. It can be assumed that a microbial mat that is currently
observed in spring will resemble one that is currently observed in summer in 2100. It will also

be confronted with warmer temperatures that it may not have to deal with in summer.

As salt marshes are shallow environments, the water temperature is dependent on the
air temperature. Daily variations can be very significant, sometimes exceeding ten degrees in
this region (marked day/night difference). The surface water temperature in the mesocosms
was maintained at a defined temperature (20°C or 24°C to simulate warming) and the mats
present did not, therefore, face this daily temperature variation. It would be interesting to test

the impact of this temperature amplitude through mesocosms. Indeed, the microbial mats were
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able to adapt their functioning to the simulated warming because the temperature was
constant, but perhaps some communities or metabolisms could have been affected, positively

or negatively, if a simulation of the temperature variation had been implemented.

The choice of carrying out the water acidification was made in the water reserve
distributing the seawater to the different mesocosms, instead of acidifying the mesocosm water
directly. Indeed, the water in the salt marshes depends on the oceanic input according to the
tides and this water reserve, therefore, represented "the ocean". We were able to see that the
microbial mats could buffer the pH at its initial level despite the acidified water (Maziére et al.,
2022). However, some improvements could be made to the system. A day/night pH monitoring
could inform us on the daily pH variation, which perhaps at night would not be buffered
anymore with the stop of phototrophic metabolisms, which would mean that the microbial
communities would be directly in contact with acidified water. This could explain why, despite
maintaining the pH in the system at initial levels, an increase in bound sugar EPS, supposed
to have a protective role (Dupraz and Visscher, 2005; Hubas, 2018; Maziere et al., 2022;
Prieto-Barajas et al., 2018), is observed. A continuous acidified seawater supply system, or a
pre-reserve where the water is acidified, would also be of interest as the system tested was
manual and there was a time interval before all newly arrived water was acidified. It could also
have been envisaged to build a bell system where the concentration of greenhouse gases (the
main ones being CO. and CH4) would be increased but this method presents many biases
including the time of exchange of gases between air and water, thus the time of acidification,
and also the gases used since the two mentioned gases are not the only ones, it would thus
be necessary to have a multiple gas diffusion system with very precise devices to control their
concentration. Thus, the addition of CO- to the water is much simpler, but the addition of other
gases could be considered. A degassing of the system can be assumed, so a perhaps more
closed enclosure around the reserve could be considered to avoid too much degassing and

save the gas used, but this poses the problem of exchange with atmospheric gases.
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Seasonal monitoring has also shown that temperature and pH can vary according to
the season, depending on natural phenomena such as precipitation, tides, etc. It would be
interesting to simulate these environmental and climatic effects. In addition, other changes are
predicted, such as rising sea levels, alternating extreme events, etc. This study should

therefore be completed with these other parameters.

It is also important to note that the simulation of climate change on the microbial mats
in this study lasted only 2 months. However, these changes have already started to take place
(the 2014 IPCC report already mentioned climate change, confirmed by the 2021 report) and
will continue to take place over several years. Thus, it is possible to imagine that microbial
mats will be able to adapt better to climate change in their natural environment than over a
smaller period like our experiment, or on the contrary that the combination of the different
changed factors will affect them too much to change their structure and functioning and that
they will reach their resilience point. It is very complicated to set up manipulations simulating
climate change, partly because of the cost, time and personnel involved, and partly because,
even if we were able to simulate the natural environment of the current and future microbial
mat perfectly, the data for setting up the simulations are predictions and are constantly
changing. However, these simulations are extremely important to clarify the data and to give

an idea of the major impacts that could potentially take place.

Whatever the scenario, future microbial mats will be different from current mats
because climate change is occurring and will continue. So-called "generalist" communities,
i.e., those that do not have a specific ecological niche and can adapt to different environmental
conditions, will certainly not be affected, or will become more specialised. However, the so-
called "specialist" communities, with a restricted ecological niche and evolving according to
specific conditions with defined metabolisms, will be impacted because if their environment is
modified (i.e., their ecological niche) they will surely disappear, unable to adapt. However, in

the same way, it may also favour the emergence of new specialist communities. It should also
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be noted that a generalist population is in any case composed of specialist individuals because

they can do whatever metabolism they want at any given time.

Regarding the methodology applied, the lllumina analyses carried out by targeting
universal eukaryotic, bacterial and archaeal 16S rRNA genes showed numerous biases, such
as the low amplification of cyanobacterial communities, despite the study of photosynthetic
microbial mats, but they did provide a first general overview of the microbial communities
present. The amplification of specific genes could be considered to target more specific
communities, such as ITS (internal transcribed spacer) for fungi (Schoch et al., 2012),
cytochrome ¢ oxidase subunit 1 (COIl) gene for animals (Hebert et al, 2003), prokaryotic
functional genes like dsrB for sulphate-reducers (Miiller et al., 2015; Pelikan et al., 2015), mcrA
for methanogens (Luton et al., 2002; Yang et al., 2014), nifH for nitrogen-fixing bacteria (Gaby
and Buckley, 2014; Turk et al., 2011), efc. However, the specific databases to these genes are
often incomplete and not updated very often. It would be more interesting to carry out
metagenomics to reconstruct the genomes present in the environment and to determine all the
genes present, giving us information on the functions that may be carried out. This analysis
should be combined with functional omics methods. RNA analysis and sequencing via cDNA
could be considered but not all RNAs end up producing molecules. Metabolomic, proteomic or
volatolomic studies would provide more precise information on the molecules metabolised.
However, it must be borne in mind that this information is only valid at the time of sampling, as
the functions of a cell change all the time. The combination of genomic and functional omics
methods would provide information on the fundamental niche and the realised niche
respectively. This would make it possible to determine which communities are generalists and

which are specialists.

Recently, it has been observed that the microbial mats studied during this thesis are
likely to precipitate carbonates. Dupraz et al. (2009) showed that this metabolism took place
during the day thanks to the photosynthesis of oxygenic phototrophs (notably cyanobacteria)

and thanks to sulfate reduction at night. In the microbial mats of the Ré Island in this study, the
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precipitation layer would be located between the layer composed of anoxygenic phototroph
bacteria and the layer of oxygenic phototrophs. Further analyses are underway. However, if
this is demonstrated, the microbial mats could be considered as carbon sinks. It is possible to
imagine that the addition of carbon to the medium would promote photosynthesis and thus
precipitation. Nevertheless, we observed that acidification impacted the phototrophic
communities of the microbial mats, leading either to a change in the community or to a
metabolic modification potentially impacting photosynthesis in the long term. If the presence
of oxygenic phototrophs or their photosynthesis decrease, it is quite possible that the
precipitated carbon will be dissolved, leading to its release into the atmosphere. It would
therefore be interesting to focus on this axis to determine the resilience point of carbon

sequestration.

This experiment should be repeated on other microbial mats on the Ré Island and in
the Nouvelle-Aquitaine region to better understand the impact of climate change because this
region presents various environments, which suggests the presence of different microbial mats
and therefore different behaviours. Seasonal monitoring should also be considered because,
as shown in this thesis, the seasonality of environmental parameters impacts microbial mats
and explain their behaviour in the face of climate change. Mats are very diverse around the

world. It would therefore be interesting to extend this study to the global scale level.

The interest of these studies and manipulations would ultimately be to find
bioindicators, i.e., living organisms, which, by their presence or absence, abundance or rarity,
allow the degree of disturbance or pollution of an environment to be assessed. The
determination of particular bioindicator molecules is to be considered, for example, acidification
impacted the pigment composition, leading to the appearance of unknown molecules, probably

bacteriochlorophyll ¢ (Maziere et al., 2022).

In 2021, a new IPCC report (Working Group | Sixth Assessment Report, AR6-WGI) has
been published where five climate change scenarios are defined. The least pessimists, SSP1-

1.9 and SSP1-2.6, correspond to scenarios where greenhouse gas (GHG) emissions are very
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low (SSP1-1.9) and low (SSP1-2.6), and CO: emissions decline to net zero around or after
2050, followed by varying levels of net negative CO- emissions (IPCC, 2021). SSP2-4.5 is the
intermediate scenario predicting that GHG emissions will be intermediate between the least
and the most pessimistic scenarios and CO, emissions remain around current levels until the
middle of the century (IPCC, 2021). The most pessimistic scenarios are SSP3-7.0 and SSP5-
8.5 where high and very high GHG emissions occur, and CO, emissions are approximately

double from the current levels by 2100 and 2050 (IPCC, 2021).

In Europe, IPCC (2021) predicts that temperature will rise in all areas with a rate higher
than those of the global mean temperature changes (similar to past observations). Hot
extremes, including marine heatwaves, will be more frequent and more intense and cold spells
and frost days will be less observed (IPCC, 2021). The Nouvelle-Aquitaine region was
classified into two zones defined by the IPCC in the AR6-WGI report: the western and central
Europe (WCE) containing the north of the region, with the Ré Island, and the Mediterranean
(MED) zone holding the south of the region (IPCC, 2021). The WCE is projected to face more
pluvial flooding and extreme precipitation, river flooding, sea level rise and hydrological,
agricultural and ecological droughts (IPCC, 2021). Along the French Atlantic coasts, coastal
flooding is projected because of extreme sea level events more frequent and more intense and
shorelines along sandy coasts will retreat throughout the 215t century (IPCC, 2021). These new
predictions are more accurate than the previous ones, especially as they include a more
detailed local view. It would therefore be interesting to test these new parameters in order to
evaluate more precisely the impact of climate change on the microbial mats of the Nouvelle-

Aquitaine region.
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Figure 33: Graphical conclusion. The results of this thesis were represented in a schematic view. The
actual microbial mat in its environment and the impact of the three climate scenarios (acidification,
warming, both acidification and warming) are illustrated. For clarity, only the part of the microbial mat
where an effect was observed is designed (e.g., the communities and metabolisms not impacted are
not present). Elements in bold signify that their quantity/presence were more important than in the actual

scenario, and on the contrary, the small prints correspond to their diminution.
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La vie sur Terre est confrontée a des changements environnementaux sans précédent,
principalement en raison de I'augmentation rapide des émissions de gaz a effet de serre dues
aux activités humaines. Le niveau moyen mondial des mers s'est élevé plus rapidement depuis
1900 qu'au cours de tout autre siecle précédent depuis au moins 3000 ans, et le réchauffement
mondial des océans s'est produit plus rapidement au cours du siécle dernier que depuis la fin
de la précédente transition déglaciaire (il y a environ 11000 ans) (GIEC, 2021). Le pH de
surface de I'océan a augmenté au cours des 50 derniers millions d'années et est actuellement
aussi bas qu'il I'a été au cours des derniéres décennies, ce qui est inhabituel au cours des 2
derniers millions d'années (GIEC, 2021). Toutes ces modifications environnementales sont

appelées changement climatique.

Malgré son pouvoir tampon, l'océan est aujourd'hui I'un des compartiments les plus
touchés. Il joue un role influent dans le systeme climatique puisque le réchauffement des
océans est responsable de 91% du réchauffement global (GIEC, 2021). Depuis la révolution
industrielle, le pH de I'océan a diminué de 0,1 unité de pH, sa température a augmenté entre
0,68 et 1,01°C et son niveau s'est élevé en moyenne de 0,20 m (GIEC, 2021, 2014). Pour
établir les impacts du changement climatique de la maniére la plus précise possible, des
données locales sont nécessaires. En région Nouvelle-Aquitaine, le scénario le plus
pessimiste du Groupe d'experts intergouvernemental sur I'évolution du climat (GIEC) prévoit
une acidification des océans de 0,4 a 0,45 unité de pH en moyenne, associée a un
réchauffement des eaux de surface de 4°C d'ici 2100 (GIEC, 2014). Une augmentation des
événements climatiques extrémes et une élévation du niveau de la mer de 0,6 a 0,7 m sont

également prévues (GIEC, 2014).

Les micro-organismes sont définis comme " le support de vie de la biosphére
(Cavicchioli et al., 2019 ; Reinold et al., 2019). Dans les océans, ils représentaient 1x10%°
cellules (Flemming et Wuertz, 2019), dominant I'activité métabolique, participant a plusieurs
cycles biogéochimiques, produisant la moitié de l'oxygéne de la Terre, assurant le bon

fonctionnement des systémes aquatiques et étant a la base des réseaux alimentaires et du



recyclage de la matiére organique. Peu d'études visent a comprendre comment le changement
climatique affectera les communautés microbiennes a la fin du siecle. Pour obtenir des
informations sur I'effet du changement climatique sur les communautés microbiennes, nous
pensons que le tapis microbien, qui est une structure regroupant de nombreux micro-
organismes et métabolismes, ce qui en fait un systeme autosuffisant, est un bon modeéle. Les
tapis microbiens jouent un réle clé dans les cycles biogéochimiques du carbone, de I'oxygéne,

du soufre, de l'azote, efc. lIs ont été notamment impliqués dans I'oxygénation de I'atmosphére.

Cette these vise a déterminer les impacts potentiels du changement climatique sur les
tapis microbiens des milieux cétiers de la région Nouvelle-Aquitaine. Elle se base sur les
prédictions les plus pessimistes (scénario RCP8.5) pour la fin du siecle selon le rapport du

GIEC établi en 2014 (GIEC, 2014).

Le premier chapitre (état de I'art) vise a présenter les prédictions du GIEC concernant
I'impact du changement climatique sur I'océan, et plus particulierement sur les milieux cotiers
de la région Nouvelle-Aquitaine, ainsi que les connaissances actuelles de l'impact sur les
microorganismes. Une description de la structure et du fonctionnement des tapis microbiens
y est également faite afin de mieux comprendre leur composition, leur structure et leur
fonctionnement. L'approche expérimentale, les méthodes et les dispositifs utilisés pour réaliser

cette étude sont décrits dans le deuxieme chapitre (chapitre méthodologie).

Les résultats de cette thése sont présentés dans les quatre chapitres suivants. Les
tapis microbiens des marais salants de l'lle de Ré n'ont jamais été étudiés auparavant. Ainsi,
le troisieme chapitre vise a définir et a comparer la diversité microbienne présente dans deux
tapis microbiens, l'un provenant d'un marais salé exploité et l'autre d'un marais salé non
exploité. Cette étude permet également de choisir la source du tapis a échantillonner (exploité

ou non) pour la simulation du changement climatique.

Dans le quatrieme chapitre, nous avons étudié la dynamique saisonniere des

communautés microbiennes dans un marais salant En effet, les marais salants étant des



milieux peu profonds et la région étant définie par I'alternance de saisons marquées, les tapis
microbiens font déja face a des conditions environnementales comparables a celles du
changement climatique selon le GIEC (2014). La comparaison des tapis microbiens de

parcelles exploitée et non exploitée d'un méme marais salant a également permis de

déterminer l'impact anthropique sur ces communautés microbiennes au fil des saisons.

L'impact du changement climatique sur les tapis microbiens des marais salants de I'lle
de Ré est étudié dans le cinquiéme chapitre avec la simulation des deux parametres qui auront
le plus d'impact sur ces milieux, l'acidification et le réchauffement des eaux océaniques de

surface, avec la mise en place d'expériences en mésocosmes.

Le sixieme chapitre se concentre sur l'impact du changement climatique sur les
communautés phototrophes des tapis microbiens a travers I'étude des molécules spécifiques
produites, des substances polymériques extracellulaires et des pigments, ainsi que leur

capacité photosynthétique.

Le dernier chapitre résume et discute les principales conclusions de cette thése, en

offrant quelques perspectives.



Les différents scénarios climatiques simulés ont eu un impact sur les tapis microbiens
en termes de diversité, de structure et de fonction. L'acidification seule a eu un impact sur les
communautés procaryotiques, tandis que la température seule a affecté les populations

eucaryotiques. Ces deux traitements combinés ont retardé I'impact du changement climatique.

Le suivi in situ de la diversité et de la structure des tapis microbiens présents dans les
marais salants de I'lle de Ré a montré que certaines des conditions naturelles auxquelles ils
sont confrontés sont comparables a celles prévues par le GIEC pour 2100 (GIEC, 2014). Par
exemple, le changement climatique devrait entrainer un réchauffement des eaux de surface
d'environ 4°C (GIEC, 2014). Cependant, les températures des eaux de surface auxquelles les
tapis microbiens sont actuellement soumis peuvent étre similaires ou méme supérieures a
celles prédites par le GIEC en fonction de la saison : si la température est actuellement de
20°C au printemps, elle atteindra 24°C en 2100, ce qui est déja le cas en été actuellement.
Les tapis microbiens présentent donc déja une résilience naturelle aux variations de ce
parametre avec des amplitudes égales ou supérieures a 4°C. C'est probablement pour cela
que peu d'impacts ont été observés sur les tapis microbiens de I'ile de Ré suite a I'étude en
mésocosmes. Cependant, méme si le tapis microbien peut supporter des températures de
+4°C en 2100 au printemps, ce réchauffement doit étre ajouté a chaque saison. Ainsi, un tapis
microbien "habitué" a des températures de 20°C au printemps devra faire face a 24°C a la
méme saison a la fin du siécle, et ce pour chaque saison. La gamme de températures a
laquelle le tapis microbien sera confronté sera donc modifiée avec une intensité et une
fréquence différentes. On peut supposer qu'un tapis microbien observé actuellement au
printemps ressemblera a celui observé actuellement en été en 2100. Il sera également
confronté a des températures plus chaudes auxquelles il n'a peut-étre pas a faire face en éte

actuellement.

Les marais salants étant des milieux peu profonds, la température de I'eau dépend de
la température de l'air. Les variations journalieéres peuvent étre trés importantes, dépassant

parfois dix degrés dans cette région (différence jour/nuit marquée). La température de I'eau de



surface dans les mésocosmes était maintenue a une température définie (20°C ou 24°C pour
simuler un réchauffement) et les tapis présents n'étaient donc pas confrontés a cette variation
de température journaliere. |l serait intéressant de tester I'impact de cette amplitude de
température a travers les mésocosmes. En effet, les tapis microbiens ont pu adapter leur
fonctionnement au réchauffement simulé car la température était constante, mais peut-étre
que certaines communautés ou métabolismes auraient pu étre affectés, positivement ou

négativement, si une simulation de la variation de température avait été mise en place.

Le choix de réaliser I'acidification de I'eau a été fait dans la réserve d'eau distribuant
'eau de mer aux différents mésocosmes, au lieu d'acidifier directement l'eau des
mésocosmes. En effet, I'eau des marais salants dépend de I'apport océanique en fonction des
marées et cette réserve d'eau représentait donc " I'océan ". Nous avons pu constater que les
tapis microbiens pouvaient tamponner le pH a son niveau initial malgré une eau acidifiée
(Maziere et al., 2022). Cependant, certaines améliorations pourraient étre apportées au
systeme. Un suivi du pH jour/nuit pourrait nous informer sur la variation quotidienne du pH, qui
peut-étre la nuit ne serait plus tamponné avec l'arrét des métabolismes phototrophes, ce qui
signifierait que les communautés microbiennes seraient directement en contact avec I'eau
acidifiee. Cela pourrait expliquer pourquoi, malgré le maintien du pH du systéme a son niveau
initial, on observe une augmentation des sucres de la fraction d’EPS liées, censés avoir un
rOle protecteur (Dupraz et Visscher, 2005 ; Hubas, 2018 ; Maziere et al., 2022 ; Prieto-Barajas
et al., 2018). Un systeme d'approvisionnement en eau de mer acidifiée en continu, ou une pré-
réserve ou l'eau est acidifiée, serait également intéressant car le systéme testé était manuel
et il y avait un intervalle de temps avant que toute I'eau nouvellement arrivée soit acidifiée. Il
aurait également pu étre envisagé de construire un systéeme de cloche ou la concentration des
gaz a effet de serre (les principaux étant le CO:2 et le CH4) serait augmentée mais cette
méthode présente de nombreux biais dont le temps d'échange des gaz entre l'air et I'eau, donc
le temps d'acidification, et aussi les gaz utilisés puisque les deux gaz mentionnés ne sont pas

les seuls, il faudrait donc avoir un systéme de diffusion de plusieurs gaz avec des dispositifs



trés précis pour contrdler leur concentration. Ainsi, I'ajout de CO: a I'eau est beaucoup plus
simple, mais I'ajout d'autres gaz pourrait étre envisagé. On peut aussi supposer un dégazage
du systeme, donc une enceinte peut-étre plus fermée autour de la réserve pourrait étre
envisagée pour éviter un dégazage trop important et économiser le gaz utilisé, mais cela pose

un probléme d’échange avec les gaz atmosphériques.

Le suivi saisonnier a également montré que la température et le pH peuvent varier
selon la saison, en fonction de phénoménes naturels tels que les précipitations, les marées,
efc. |l serait intéressant de simuler ces effets environnementaux et climatiques. De plus,
d'autres changements sont prévus, comme ['élévation du niveau de la mer, l'alternance
d'événements extrémes, etc. Cette étude devrait donc étre complétée avec ces autres

parametres.

Il est également important de noter que la simulation des changements climatiques sur
les tapis microbiens dans cette étude n'a duré que 2 mois. Cependant, ces changements ont
déja commencé a se produire (le rapport 2014 du GIEC mentionnait déja le changement
climatique, confirmé par le rapport 2021) et continueront a se produire pendant plusieurs
années. Ainsi, il est possible d'imaginer que les tapis microbiens pourront mieux s'adapter au
changement climatique dans leur environnement naturel que sur une période plus courte
comme notre expeérience, ou au contraire que la combinaison des différents facteurs modifiés
les affectera trop pour modifier leur structure et leur fonctionnement et qu'ils atteindront leur
point de résilience. Il est tres compliqué de mettre en place des manipulations simulant le
changement climatique, d'une part en raison du co(t, du temps et du personnel impliqués, et
d'autre part parce que, méme si nous étions capables de simuler parfaitement I'environnement
naturel du tapis microbien actuel et futur, les données permettant de mettre en place les
simulations sont des prédictions et changent constamment. Cependant, ces simulations en
laboratoire sont extrémement importantes pour clarifier les données et donner une idée des

impacts majeurs qui pourraient potentiellement avoir lieu.



Quel que soit le scénario, les tapis microbiens du futur seront différents des tapis
actuels car le changement climatique est en cours et va se poursuivre. Les communautés dites
"généralistes”, c'est-a-dire celles qui n'ont pas de niche écologique spécifique et qui peuvent
s'adapter a différentes conditions environnementales, ne seront certainement pas affectées,
ou se spécialiseront davantage. En revanche, les communautés dites " spécialistes ", ayant
une niche écologique restreinte et évoluant selon des conditions spécifiques avec des
métabolismes définis, seront impactées car si leur environnement est modifié (c'est-a-dire leur
niche écologique), elles disparaitront sirement, incapables de s'adapter. Cependant, de la
méme maniére, cela peut aussi favoriser I'émergence de nouvelles communautés de
spécialistes. Il faut également noter qu'une population généraliste est de toute fagon
composée d'individus spécialistes car ils peuvent faire le métabolisme qu'ils veulent a tout

moment.

Concernant la méthodologie appliquée, les analyses lllumina réalisées en ciblant les
géenes universels de I'ARNr 16S bactériens et archéens, et eukaryotes (géne de 'ARNr 18S)
ont montré de nombreux biais, comme la faible amplification des communautés
cyanobactériennes, malgré I'étude des tapis microbiens photosynthétiques, mais elles ont
permis d'obtenir un premier apercu général des communautés microbiennes présentes.
L'amplification de génes spécifiques pourrait étre envisagée pour cibler des communautés
plus spécifiques, comme I'lTS (internal transcribed spacer) pour les champignons (Schoch et
al., 2012), le géne de la sous-unité 1 de la cytochrome ¢ oxydase (COI) pour les animaux
(Hebert et al, 2003), les génes fonctionnels procaryotes comme dsrB pour les sulfato-
réducteurs (Muller et al..., 2015 ; Pelikan et al., 2015), mcrA pour les méthanogénes (Luton et
al., 2002 ; Yang et al., 2014), nifH pour les bactéries fixatrices d'azote (Gaby et Buckley, 2014
; Turk et al., 2011), etc. Cependant, les bases de données spécifiques a ces genes sont
souvent incomplétes et peu mises a jour. Il serait plus intéressant de réaliser de la
métagénomique pour reconstruire les génomes présents dans I'environnement et déterminer

I'ensemble des génes présents, nous donnant des informations sur les fonctions qui peuvent



étre réalisées. Cette analyse devrait étre combinée avec des méthodes omiques
fonctionnelles. L'analyse et le séquencage des ARN via 'ADNc pourraient étre envisagés mais
tous les ARN ne finissent pas par produire des molécules. Des études métabolomiques,
protéomiques ou volatolomiques fourniraient des informations plus précises sur les molécules
métabolisées. Il faut cependant garder a I'esprit que ces informations ne sont valables qu'au
moment du prélévement, car les fonctions d'une cellule changent en permanence. La
combinaison des méthodes génomiques et omiques fonctionnelles permettrait d'obtenir des
informations sur la niche fondamentale et la niche réalisée respectivement. Il serait ainsi
possible de déterminer quelles communautés sont généralistes et lesquelles sont

spécialisées.

Récemment, il a été observé que les tapis microbiens étudiés au cours de cette thése
sont susceptibles de précipiter les carbonates. Dupraz et al. (2009) ont montré que ce
métabolisme avait lieu le jour grace a la photosynthése oxygénique de phototrophes
(notamment des cyanobactéries) et grace a la réduction des sulfates la nuit. Dans les tapis
microbiens de I'lle de Ré étudiés dans cette étude, la couche de précipitation serait située
entre la couche composée de bactéries phototrophes anoxygéniques et la couche de
phototrophes oxygeéniques. Des analyses complémentaires sont en cours. Cependant, si cela
est démontré, les tapis microbiens pourraient étre considérés comme des puits de carbone.
On peut imaginer que I'ajout de carbone dans le milieu favoriserait la photosynthése et donc
la précipitation. Néanmoins, nous avons observé que l'acidification avait un impact sur les
communautés phototrophes des tapis microbiens, conduisant soit a un changement de la
communauté, soit & une modification métabolique pouvant impacter la photosynthése a long
terme. Si la présence de phototrophes oxygénés ou leur photosynthése diminue, il est tout a
fait possible que le carbone précipité soit dissous, conduisant a sa libération dans
I'atmospheére. Il serait donc intéressant de se concentrer sur cet axe pour déterminer le point

de résilience de la séquestration du carbone.



Cette expérience devrait étre répétée sur d'autres tapis microbiens sur I'le de Ré et
dans la région Nouvelle-Aquitaine pour mieux comprendre I'impact du changement climatique
car cette région présente des environnements variés, ce qui suggeére la présence de différents
tapis microbiens et donc de différents comportements. Un suivi saisonnier doit également étre
envisagé car, comme le montre cette thése, la saisonnalité des paramétres environnementaux
a un impact sur les tapis microbiens et explique leur comportement face au changement
climatique. Les tapis sont trés diversifies a travers le monde. |l serait donc intéressant

d'étendre cette étude au niveau de I'échelle globale.

L'intérét de ces études et manipulations serait finalement de trouver des bioindicateurs,
c'est-a-dire des organismes vivants, qui, par leur présence ou leur absence, leur abondance
ou leur rareté, permettent d'évaluer le degré de perturbation ou de pollution d'un
environnement. La détermination de molécules bioindicatrices particulieres est a envisager,
par exemple, l'acidification a eu un impact sur la composition des pigments, entrainant
I'apparition de molécules inconnues, probablement la bactériochlorophylle ¢ (Maziere et al.,

2022).

En 2021, un nouveau rapport du GIEC (Groupe de travail | - Sixieme rapport
d'évaluation, AR6-WGI) a été publié dans lequel cing scénarios de changement climatique
sont définis. Les moins pessimistes, SSP1-1.9 et SSP1-2.6, correspondent a des scénarios
ou les émissions de gaz a effet de serre (GES) sont tres faibles (SSP1-1.9) et faibles (SSP1-
2.6), et ou les émissions de CO> diminuent jusqu'a devenir nulles vers ou apres 2050, suivies
de niveaux variables d'émissions nettes négatives de CO. (GIEC, 2021). SSP2-4.5 est le
scénario intermédiaire qui prévoit que les émissions de GES seront intermédiaires entre le
scénario le moins pessimiste et le plus pessimiste et que les émissions de CO; resteront autour
des niveaux actuels jusqu'au milieu du siécle (GIEC, 2021). Les scénarios les plus pessimistes
sont SSP3-7.0 et SSP5-8.5, dans lesquels les émissions de GES sont élevées et trés élevées,
et les émissions de CO» doublent approximativement par rapport aux niveaux actuels en 2100

et 2050 (GIEC, 2021).



En Europe, le GIEC (2021) prévoit que la température augmentera dans toutes les
régions a un rythme supérieur a celui des changements de la température moyenne mondiale
(similaire aux observations passées). Les extrémes de chaleur, y compris les vagues de
chaleur marines, seront plus fréquents et plus intenses et les périodes de froid et les jours de
gel seront moins observés (IPCC, 2021). La région Nouvelle-Aquitaine a été classée en deux
zones définies par le GIEC dans le rapport AR6-WGI : I'Europe occidentale et centrale (WCE)
contenant le nord de la région, avec l'ile de Ré, et la zone méditerranéenne (MED) contenant
le sud de la région (GIEC, 2021). L'Europe occidentale et centrale devrait étre confrontée a
davantage d'inondations pluviales et de précipitations extrémes, d'inondations fluviales,
d'élévation du niveau de la mer et de sécheresses hydrologiques, agricoles et écologiques
(GIEC, 2021). Le long des cbtes atlantiques frangaises, les inondations cétiéres devraient étre
plus fréquentes et plus intenses en raison d'événements extrémes liés au niveau de la mer, et
les rivages des cbtes sableuses reculeront tout au long du 21e siécle (GIEC, 2021). Ces
nouvelles prédictions sont plus précises que les précédentes, d'autant plus qu'elles incluent
une vision locale plus détaillée. Il serait donc intéressant de tester ces nouveaux paramétres
afin d'évaluer plus précisément I'impact du changement climatique sur les tapis microbiens de

la région Nouvelle-Aquitaine.
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Annexe 1: Sanger principle.
dNTPs: deoxyribonucleotide triphosphate (A, T, C or C); ddNTPs: dideoxyribonucleotide triphosphate

with a fluorochrome

CATCAG 1) Unknown DNA sequence
CATCG
* G, T A, 2) Addition of dNTPs and ddNTPs (~10% of total dNTPs)
c . ¢ ¢
G 7

G T
3) Synthesis of complementary copies by PCR
G
GTAGC The ddNTP integrates randomly into the sequence and
stops the synthesis process, creating sequences of varying
G T AG lengths.
G T
S
S L
GTA 4) Sort copies in ascending order of size.
G T AG
G TAGC
=
‘ : 5) Migration by electrophoresis and fluorescence detection
Laser —_—
GTAGUC 6) Determination of the complementary sequence
C ATCG 7) Deduction of the unknown sequence by base complementarity



Annexe 2: Oxygen solubility at different temperatures and salinities of seawater.

Unisense
DATA-TABLE 8 by Niels Ramsing & Jens Gundersen
Oxygen solubility at different temperatures and salinities of seawater
Units: umol/l
Salinity Temperature (*C)
(%e0) 0.0 5.0 10.0 15.0 20.0 250 30.0 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0 100.0

0.0 4566 3989 3526 3149 2839 2579 | 2359 2170 2004 1856 1722 | 1599 1483 1372 1265 115¢ | 1055 95.1 847 745 64.3
50 4411 3859 3416 3055 2757 2507 | 2295 2113 1953 1810 1881 | 1582 1450 1342 1238 1136 | 1034 93.3 832 732 63.3
10.0 4261 3733 3308 2962 2676 2437 | 223.3 205.7 190.3 1766 164.1 | 1526 1417 1313 121.2 1113 | 1014 91.6 81.7 71.9 62.2
15.0 4117 3611 3205 2873 2599 2368 | 217.3 2004 1855 1723 1602 | 1491 1386 1285 1187 1090 | 994 89.8 80.2 70.7 61.2
20.0 397.7 3493 3104 2786 2523 2302 | 2114 1951 180.8 168.0 1564 | 1458 1355 1257 1162 1068 | 975 88 1 78.8 69.4 60.2
25.0 3841 3379 3007 2702 2449 2237 | 2056 1900 1762 1639 1527 | 1423 1324 123.0 1137 1046 | 955 g35.4 77.3 68.2 59.2
30.0 371.0 3269 2912 2620 2378 2174 | 2001 1850 171.7 1598 1490 | 1390 1294 1203 1113 1025 | 936 84.8 75.9 67.0 58.2
35.0 3584 3162 2820 2541 2309 2113 | 1946 180.1 1674 1559 1455 | 1357 1265 117.7 1090 1004 | 918 83.2 745 65.8 57.2
40.0 3462 3058 2732 2464 2241 2054 | 1893 1754 1631 1521 1420 | 1326 1237 1151 106.7 983 90.0 1.6 731 64.7 56.3
45.0 3344 2958 2646 2389 2176 1996 | 1842 1708 159.0 1483 1386 | 1295 1209 1128 104.4 96.3 882 80.0 71.8 63.5 55.3
50.0 3230 2861 2563 2317 2113 1940 | 1792 1663 1549 1447 1353 | 1265 1182 110.1 102.2 94.3 864 78.5 70.5 62.4 54.4
55.0 3119 2767 2482 2247 2051 1885 | 1743 1619 1510 1411 1321 | 1236 1155 107.7 1000 924 247 77.0 69.2 61.3 53.5
60.0 3013 267.7 2404 2179 1991 1832 | 1696 1577 1471 1376 1289 | 1207 1129 1054 97.9 90.5 83.0 75.5 67.9 60.2 52.6
65.0 2910 2589 2328 2113 1933 1781 | 1650 1535 1434 1342 1258 | 1179 1104 1031 95.8 886 814 741 66.6 59.2 51.7
70.0 281.0 2504 2255 2049 1877 1730 | 1605 1495 1398 1309 1228 | 1152 1079 1008 938 868 79.8 72.6 65.4 58.1 50.8
75.0 2714 2422 2184 1987 1822 168.2 | 156.1 1456 136.2 127.7 1199 | 1125 1055 986 91.8 85.0 78.2 71.2 64.2 57.1 50.0
80.0 2622 2342 2115 1926 176.8 1634 | 1519 1417 1327 1246 117.0 | 1099 1031 964 89.9 833 76.6 69.9 63.0 56.1 491
85.0 2532 2266 2048 1868 1717 1588 | 147.7 1380 1293 1215 1142 [ 1073 1008 943 88.0 816 751 68.5 61.8 55.1 48.3
0.0 2445 2191 1983 1811 1667 1543 | 1437 1344 1260 1185 1115 | 1049 985 923 86.1 799 736 87.2 60.7 541 47.5
95.0 2362 2119 1921 1756 161.8 1500 | 139.8 130.8 1228 1156 1088 | 1024 96.3 90.2 84.3 7e2 721 65.2 59.6 5§31 46.6
100.0 2281 2050 186.0 170.3 157.1 1458 | 1360 1274 119.7 1127 1062 | 1000 941 88.3 825 76.6 70.7 54.6 58.4 52.2 45.8
105.0 2203 1982 180.2 1651 1525 1417 | 1323 1240 1167 1099 1036 | 97.7 92.0 86.3 80.7 750 | '69.3 63.4 57.4 51.2 451
110.0 2127 1917 1745 160.1 1480 1377 | 1287 1208 1137 1072 1012 | 954 89.9 844 79.0 735 67.9 62.1 56.3 50.3 443
115.0 2054 1854 1690 1552 1437 1338 | 1252 1176 1108 1045 98.7 93.2 878 826 77.3 720 66.5 650.9 55.2 49.4 43.5
120.0 1984 1793 1636 1505 1395 1300 | 1218 1145 1080 1020 964 91.0 85.9 80.8 75.7 705 65.2 59.8 54.2 48.5 42.8
125.0 1916 1734 1585 1460 1354 1263 | 1184 1115 105.2 994 94.1 889 83.9 79.0 74.0 69.0 63.9 58.6 53.2 a7.7 42.1
130.0 185.0 167.7 153.4 141.5 131.4 1228 115.2 108.5 102.5 97.0 91.8 86.9 820 773 725 676 62.6 57.5 52.2 46.8 413
135.0 1787 1622 1486 137.2 1276 1193 | 1121 1057 99.9 946 89.6 848 80.2 756 709 66.2 613 56.4 51.2 46.0 406
140.0 1726 1569 1439 1331 1238 1159 | 1090 1029 97.3 922 87.4 829 78.4 73.9 694 €48 60.1 565.3 50.3 451 38.9
145.0 1666 151.7 1394 1290 1202 1127 | 1060 100.2 94.9 90.0 85.4 80.9 76.6 723 67.9 63.5 58.9 54.2 49.3 44.3 39.2
150.0 1609 146.7 1349 1251  116.7 1095 | 103.2 97.5 924 87.7 83.3 79.0 74.9 70.7 66.5 62.2 57.7 53.1 48.4 43.5 38.6
155.0 1554 141.9 130.7 121.3 1133 106.4 1003 95.0 90.1 856 81.3 77.2 73.2 69.1 65.1 60.9 56.6 521 47.5 a2.7 37.9
160.0 1501 1372 1265 1176 1100 1034 97.6 92.5 878 834 793 754 715 67.6 63.7 59.6 554 511 46.6 420 37.2
165.0 1449 1327 1225 1140 1067 1005 | 949 90.0 855 814 77.4 73.6 69.9 66.1 623 564 54.3 50.1 457 412 366
170.0 1399 1283 1187 1105 1036 976 92.3 87.6 83.4 794 75.6 719 68.3 64.7 61.0 57.2 53.2 49.1 44.9 40.5 36.0
175.0 135.1 1241 1149 107.2 1006 948 89.8 85.3 81.2 774 738 70.2 66.8 63.3 59.7 56.0 52.1 48.2 44.0 39.7 353
180.0 1305 1200 1113 1039 976 922 87.4 83.1 79.1 75.5 72,0 68.6 65.2 61.9 58.4 548 511 47.2 43.2 39.0 34.7
185.0 1260 1160 1078 1008 948 89.6 85.0 80.9 771 736 70.3 67.0 63.8 605 571 53.7 501 46.3 42.4 383 34.1
180.0 1217 1122 1043 97.7 92.0 87.0 827 78.7 752 718 68.6 65.4 623 59.2 55.9 526 491 45.4 41.6 37.6 335
195.0 117.5 1085 101.0 947 89.3 846 80.4 76.7 732 700 66.9 639 60.9 57.9 54.7 51.5 48.1 44.5 40.8 36.9 329
2000 1135 1049 978 91.8 86.7 822 78.2 746 714 683 65.3 62.4 59.5 56.6 53.6 504 471 43.6 40.0 36.3 324

Annexe 3: H2S calibration protocol. This protocol was developed by UNISENSE A/S. This document is from https://www.unisense.com/calibration kits/ (last
view: 2021/10/24).
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1 Warranty and liability

1.1 Notice to Purchaser
This product is for research use only. Not for use in human diagnostic or therapeutic procedures.

1.2 Warning

Microsensors have very pointed tips and must be handled with care to avoid personal injury and only
by trained personnel. Unisense A/S recommends users to attend instruction courses to ensure proper
use of the products.

1.3  Warranty and Liability

The H,S Calibration Kit is guaranteed to give the concentration indicated on the package label until
expiry as indicated on the package label. The warranty does not include replacement necessitated by
accident, neglect, misuse, unauthorized repair, or modification of the product. In no event will
Unisense A/S be liable for any direct, indirect, consequential or incidental damages, including lost
profits, or for any claim by any third party, arising out of the use, the results of use, or the inability to
use this product.

2 Support, ordering, and contact information

If you wish to order additional products or if you encounter any problems and need scientific or
technical assistance, please do not hesitate to contact our sales and support team. We will respond to
your inquiry within one working day.

E-mail: sales@unisense.com

Unisense A/S

Tueager 1

DK-8200 Aarhus N, Denmark

Tel: +45 8944 9500

Fax: +45 8944 9549

Further documentation and support are available at our website: www.unisense.com.

3 Content of the calibration kit

ltem Number
Exetainer with ZnS suspension - HS stock solution 10
Exetainer with HCI (pH = 2.1) and glass beads - Mixing vial 10
Calibration cap with O-ring and 3 cm Viton tubing 1

10 ml syringe 1

1 ml syringe 2

80 x 2.1 mm needle (green) 1
30 x 0.6 mm needle (blue) 1

50 x 1.2 mm needle (red) 1


http://www.unisense.com/
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Figure 1: Calibration kit contents: A: Calibration kit box with Exetainers, B: 80 x 2.1 mm needle (green), C: 1 m|
syringes, D: 10 ml syringe, E 50 x 1.2 mm needle (red), F: 30 x 0.6 mm needle (blue), G: Calibration Cap with tubing, H:
O-ring.

4 Principle of calibration

Unisense Hydrogen Sulfide sensors (H,S and SUF) respond linearly to H,S concentrations within their
linear range (see specifications for your sensor at https://www.unisense.com/H2S). Therefore, a two-
point calibration is sufficient. One calibration point is the signal for zero H,S, which can be water
equilibrated with atmospheric air, and the other calibration point is the signal for one known H,S
concentration.

In this calibration kit, the sulfide is shipped in the form of zinc sulfide precipitate (ZnS) which is
insoluble in water (Solubility product = ca. 2 x 10%°). During the calibration procedure, ZnS is injected
into a dilute HCI (pH = 2.1). This causes the ZnS to dissolve and H,S is formed quantitatively.

H,S will react slowly with O, if this is present. To minimize this, the ZnS suspension and the dilute HCI
are anoxic when dispensed into the Exetainers. However, during storage and handling a small amount
of O, will enter the solution. Therefore, the calibration must be performed relatively rapid, as
described below, to keep this reaction at a negligible level.

5 Correction for salinity

During calibration, a relationship between sensor signal and concentrations is established. However,
the sensor responds to the partial pressure of H,S which at a given concentration varies with salinity.
Therefore, a correction for salinity must be applied.

Henrys law describes how partial pressure depends on the concentration and solubility of a gas:

Concentration

Partial pressure = —
Solubility

(Equation 1)


https://www.unisense.com/H2S
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The calibration solution, prepared as described in section 6.1 below, will have the H,S concentration
stated on the package label. The solubility of H,S will decrease with increasing salinity. Therefore, at a
given concentration, the partial pressure will increase with increasing salinity. As the sensor responds
to partial pressure, the sensor signal will increase as well when salinity increases at a constant H,S
concentration. The conversion of sensor signal to concentration must, therefore, take the relationship
between salinity and solubility into account.

The salinity in the calibration solution (0.36%o) corresponds to freshwater. If measuring at other
salinities, a correction must be made. This correction is done by assuming a H,S concentration
different from that given on the package label. This Virtual concentration is the one that, at the
measuring salinity, gives the same partial pressure of H,S as that in the calibration solution. If the
measuring salinity is higher than that in the calibration solution, the Virtual concentration will be
lower than that given on the package label. The reason is that when salinity is higher than in the
calibration solution, a lower H,S concentration is needed to give the same partial pressure as that in
the calibration solution (see Henrys law above).

The Virtual concentration is calculated as (see Appendix 1):

Sol.(Virtual)

Conc. (Virtual) = Conc. (Kit) X Sol(KiD)

0

Conc. (Virtual) = Conc. (Kit) X Corr. factor (Equation 3)

(Equation 2)

where Conc. (Virtual) is the Virtual concentration, Conc. (kit) is the H,S concentration given on the
calibration box label, Sol. (Virtual) is the solubility of H,S at the measurement salinity and
temperature, Sol. (Kit) is the solubility of H,S at the salinity in the calibration solution and the
measurement temperature, and Corr. factor is the correction factor. Note that calibration and
measurements must be carried out at the same temperature.

The Virtual concentration, calculated from Equation 3, is the concentration that must be entered as
the Known value (umol/L) in the SensorTrace software.

Example:
Measure at 30%o and 20°C.

Calibrate at 20°C.

Concentration of H,S in the calibration solution (Conc. (Kit)) = 104.3 uM
Correction factor (Corr. factor, Table 1) = 0.871

Virtual H3S concentration (Conc. (Virtual)) = 104.7 uM x 0.871 =91.2 uM

In this example a concentration of 91.2 uM will give the same sensor signal as the concentration of
104.3 uM in the calibration solution due to the difference in solubility of H,S at the two salinities.
Therefore, 91.2 uM is the value to be entered as the Known value in the SensorTrace software.
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6 Calibration procedure

For calibrating the H,S sensor, a low and a high calibration point are needed. Note that piercing
needle sensors and microrespiration sensors will not fit the calibration cap and must be calibrated as
described in section 6.4. and 6.5 This calibration kit is not for calibrating High Range H,S sensors that
work in the mM range.

6.1 Preparation of the H,S calibration solution

1.

Mount the 50 x 1.2 mm needle (red) on one 1 ml syringe, mount the 30 x 0.6 mm needle
(blue) on the other 1 ml syringe, and mount the 80 x 2.1 mm needle (green) on the 10 ml
syringe.

Adjust the temperature of the Exetainers with ZnS and HCl to the wanted calibration
temperature (see note A, section 6.6).

Shake the Exetainer with the ZnS precipitate vigorously for 30 seconds (see note B, section
6.6).

Open the Exetainer with the ZnS precipitate.

Aspirate ca. 0.3 ml with the 1 ml syringe with the red needle, turn the needle upwards, tap it
gently to get the bubbles to the top and eject these.

Empty the syringe and aspirate 1 ml ZnS suspension and eject this back into the Exetainer
with the needle immersed. Repeat this three times before filling the syringe.

Adjust the volume in the syringe to exactly 1.0 ml.

Insert the blue needle, mounted on the second 1 ml syringe, through the septum of the
Exetainer with HCI. Leave the tip of the needle right below the septum.

Insert the red needle, mounted on the syringe with ZnS, fully into the HCI Exetainer and inject
the ZnS. The excess liquid is pushed into the empty syringe (See note C, section 6.6).

10. Remove first the ZnS syringe, then the syringe with the excess liquid.
11. Shake the Exetainer vigorously for 10 seconds.
12. Leave the Exetainer for 15 minutes for the formation of H,S from ZnS to complete.

Figure 2: Sulfide sensor with the calibration cap mounted. Calibration
solution is injected with the 10 ml syringe.
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6.2 Preparation of the hydrogen sulfide sensor
IMPORTANT:

The pre-polarization period of the H,S sensor must have been completed before doing the
calibration. See the HS sensor manual for details: https://www.unisense.com/manuals/
The temperature of the low and high calibration solutions must be the same.

Perform the calibration at the same temperature as the measurements if possible. The
UniAmp series of amplifiers has a built-in temperature compensation within +3°C of the
calibration temperature.

If doing the low calibration point with the calibration cap, make sure to do this before the
high calibration point to avoid carry over from the H,S standard.

6.3 Calibrating most hydrogen sulfide sensors

6.3.1

6.3.1.1
1.

6.3.1.2

w N

6.3.2

e

o w

Obtaining the low calibration point

Using the Unisense Calibration Chamber
Place the sensor with the protection tube in sulfide free water (see the H,S microsensor
manual (https://www.unisense.com/manuals/))
Allow the sensor to respond and stabilize and record the calibration value in SensorTrace (see
the SensorTrace manual for details: https://www.unisense.com/manuals/)

Using the Calibration Cap
Mount the calibration cap on the protection tube with the H,S sensor (Figure 2). Make sure
that the O-ring is in place at the bottom of the calibration cap creating a seal between this
and the protection tube.
Fill the 10 ml syringe with sulfide free water.
Inject this water into the calibration cap until the sensor tip is immersed at least 2-3 cm.
Allow the sensor to respond and stabilize. Then record the calibration value in SensorTrace
(see the SensorTrace manual for details: https://www.unisense.com/manuals/)

Obtaining the high calibration point

Mount the calibration cap, if not already mounted, as described above in 6.3.1.2.

Open the Exetainer with the H,S calibration solution prepared as above in 6.1.

Aspirate ca. 10 ml of the H,S calibration solution with the syringe and needle.

Keep the syringe vertical and avoid mixing of the calibration solution with the air bubble
inside.

Remove the needle and attach the 10 ml syringe to the calibration cap tubing.

Inject the calibration solution slowly until the sensor tip is immersed at least 2-3 cm.

Allow the sensor to respond and stabilize. Then record the calibration value in SensorTrace
(see the SensorTrace manual for details: https://www.unisense.com/manuals/) (See note D,
section 6.6). If the response is much slower than expected, the ZnS may not have been
converted fully into HS (See note E, section 6.6)

Remove the H,S calibration solution with the syringe.

Wash the calibration cap and protection tube carefully, removing all the H,S calibration
solution using the 10 ml syringe.
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6.4 Calibrating hydrogen sulfide sensors with piercing needle

Sensor of the piercing needle type (SULF-NP & H,S-NP) cannot be calibrated using the calibration cap.
Therefore, the calibration done by inserting the needle directly into sulfide free water and the
calibration solution.

Pay attention to the general information in section 6.1 and 6.2, the Notes and recommendations in
section 6.6, and follow the procedure below.

6.4.1 Obtaining the low calibration point
1. Place the sensor in sulfide free water.
2. Allow the sensor to respond and stabilize. Then record the calibration value in SensorTrace
(see the SensorTrace manual for details: https://www.unisense.com/manuals/)

6.4.2 Obtaining the high calibration point
1. Open the Exetainer with the H.S calibration solution.
2. Insert the needle of the sensor fully into the H,S calibration solution.
a. Useaclamp to hold the sensor stable to avoid handling noise

3. Allow the sensor to respond and stabilize and record the calibration value in SensorTrace (see
the SensorTrace manual for details: https://www.unisense.com/manuals/) (See note D,
section 6.6). If the response is much slower than expected, the ZnS may not have been
converted fully into H,S (See note E, section 6.6)

4. Remove the sensor and rinse the needle thoroughly.

6.5 Calibrating hydrogen sulfide sensors for the Microrespiration system

Sensors of the Microrespiration type (OX-MR) cannot be calibrated using the calibration cap. Instead
it is recommended to follow the procedure outlined below. Pay attention to the general information
in section 6.1 and 6.2, the Notes and recommendations in section 6.6, and follow the procedure
below

Figure 3: H,S sensor in the Microrespiration guide.

6.5.1 Obtaining the high calibration point

1. Prepare the H,S calibration solution as described in section 6.1.

2. Aspirate 5 ml of the H,S calibration solution with the syringe and needle. Do this slowly to

avoid bubble formation.

3. Dispense the H,S calibration solution into a microrespiration chamber. Place the needle at the
bottom of the chamber, filling from below, to avoid bubbles and splashing.
Mount the lid in the microrespiration chamber making sure that no air bubbles are trapped.
Place the microrespiration chamber in the stirrer rack.
Place the HsS sensor in the stirrer rack with its plastic tip in the opening of the lid.
Insert the sensor into the chamber.

© N o ok

Allow the sensor to respond and stabilize and record the calibration value in SensorTrace (see
the SensorTrace manual for details: https://www.unisense.com/manuals/).
9. Retract the sensor tip and remove the sensor from the stirrer rack.
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Obtaining the low calibration point
Using the Unisense Cal300 Calibration Chamber
Place the sensor in the Cal300 Calibration Chamber containing H,S free water (see the H,S
microsensor manual (https://www.unisense.com/manuals/).
e The H5S sensor must be mounted in the blue Microrespiration guide and the tip must
be retracted.

e Temperature of the water must be the same as where the measurements are done.
Allow the sensor to respond and stabilize and record the calibration value in SensorTrace (see
the SensorTrace manual for details: https://www.unisense.com/manuals/)

Using a Microrespiration Chamber
Prepare a volume of H,S free water at the same temperature as the H,S calibration solution
usedin 6.5.1.
Transfer this water to a microrespiration chamber and mount the lid.
Place the microrespiration chamber in the stirrer rack
Place the H,S sensor in the stirrer rack with its plastic tip in the opening of the lid.
Insert the sensor into the chamber.
Allow the sensor to respond and stabilize and record the calibration value in SensorTrace (see
the SensorTrace manual for details: https://www.unisense.com/manuals/) (See note D,
section 6.6). If the response is much slower than expected, the ZnS may not have been
converted fully into H,S (See note E, section 6.6)
Retract the sensor tip and remove the sensor from the stirrer rack.

Notes and recommendations
Perform the calibration at the same temperature as the measurements if possible. The
UniAmp series of amplifiers has a built in temperature compensation within +3°C of the
calibration temperature.
It is important to shake the ZnS suspension very well and obtain a homogenous distribution of
the precipitate. If not, the aliquot of suspension transferred to the HCl Exetainer will not
contain the correct amount of ZnS and the final H,S concentration will be wrong.
Injection of the H,S containing water is done with the needle inserted fully while the blue
needle on the empty syringe is inserted just below the septum. Thereby the injected H,S
containing water will not be lost.
The calibration point should be saved within ca. 30-60 seconds after injecting the H,S
calibration solution. The period between injection and saving the calibration point should be
long enough to obtain almost full response which depends on the sensor response time.
Furthermore, it should not be longer than needed because the H,S calibration solution will be
contaminated with O, during handling, and consumption of H,S due to reaction with O will
occur. This reaction is slow but can be seen as a slow decrease in signal over a few minutes.
If the sensor signal keeps rising for several minutes, the formation of H,S from ZnS may not
have been completed. Leave the sensor in the H,S until the signal is stable. For the next
calibration, extend the time for the ZnS to be converted to H,S (Section 6.1)
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7 Calibrating at other concentrations

It is possible to obtain a lower concentration than that obtained using the standard procedure in
section. This may be done either injecting less than 1.0 ml or by diluting the calibration solution
obtained using the standard procedure in section.

Dilution of the solution made in section 6.1.

1. Prepare two Mixing Exetainers.

2. Transfer 1.0 ml the ZnS suspension into the first Mixing Exetainer as described above in
section 6.1.

3. After shaking the Exetainer vigorously to obtain a homogenous distribution of H,S, open the
Exetainer and aspirate a volume with a syringe.

4. Inject a known volume into the second Exetainer with the blue needle on a syringe inserted
just below the septum to collect the excess liquid (this volume of this syringe must be
sufficient to accept all the excess liquid).

5. Shake the Exetainer vigorously.

Now the sensor may be calibrated, as described above for the different types of sensors, using the
calibration solution in the second Exetainer.

The concentration of H,S in the second Exetainer may be calculated as:
Final conc. (uUM) = Inj. vol. (ml)/Exetainer vol. (ml) x Certified conc. (LUM)

where Final conc. (uM) is the concentration obtained in the second Exetainer, Inj. vol (ml) is the
volume injected transferred from the first to the second the Exetainer, Exetainer vol. (uM) is the
volume of the second Exetainer and Certified conc. (uM) is the H,S concentration obtained when
following the standard procedure in section. The Certified conc. and the Exetainer volume are shown
on the label on the calibration kit box.

Please note that when injecting less than the full volume of a syringe, the accuracy of the injection will

become lower. Therefore, always use a syringe with a full volume that is close the amount to be
injected. E.g. if 3 mlis injected with a 10 ml syringe the accuracy is low.

8 Specifications

e Volume of ZnS suspension in Exetainer?: 12.5 ml
e Volume of HCl (pH = 2.1) in Exetainer: 12.5 ml
e Lifetime of the calibration kit: See label on the calibration box
e Concentration of H,S in calibration solution?: See label on the calibration box

The zinc sulfide suspension and the HCl solution are made anoxic with Ar bubbling before these
liquids are dispensed into the Exetainers.

’The actual concentration of H,S in the final calibration solution is determined from measurements
with a H,S sensor calibrated with a certified calibration gas. The number of this certificate is specified
on the calibration kit box. The H,S concentration in the final calibration solution, following the
procedure in section 6.1, is specified in the label on the calibration kit box.

10
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9 Appendix 1: Calculation of the correction factor for salinity

The relationship between partial pressure, concentration and solubility for a gas is given by Henrys
law:

Part. press. = Conc./Sol.

where Part. press. is partial pressure of H,S, Conc. is the molar concentrations of H5S, Sol. is the molar
solubility of H,S at the given temperature and salinity.

In the calibration solution:

Conc. (Kit)

Part.press (Kit) = Sol. (Kit)

During measurement at a different salinity:

Conc.(Meas)

Part.press (Meas) = Sol. (Meas)

The aim is to calculate which concentration at the measuring salinity that will give the same partial
pressure as in the calibration solution. The partial pressure at the measurement salinity and that at
the calibration salinity are thus set to be equal:

Part.press (Meas) = Part.press (Kit)

g
Conc.(Meas)  Conc.(Kit)
Sol.(Meas) ~ Sol.(Kit)
)
c y _ Conc.(Kit) X Sol. (Meas)
onc. (Meas) = Sol. (Kit)
)
c u _c (Kit) x Sol.(Meas)
onc.(Meas) = Conc.(Ki Sol. (KiD)
g
Conc.(Meas) = Conc. (Kit) X Corr. factor
Example

Concentration calculated based on the calibration = 100 uM
Conditions at measuring: Temperature = 20°C, Salinity = 32%o => Correction factor = 0.863 (Table 1)

True concentration at 20°C, 32%o0 = 100 uM x 0.863 = 86.3 uM

11



10 Table 1. Correction factors for calculating virtual concentration
Salinity (%o)

Temp (°C) 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
-1]1.001 0993 : 0985 @ 0.978 : 0.970 : 0.962 : 0.954 : 0.946 @ 0.939 : 0.931 : 0.924 : 0.916 : 0.909 ' 0.902 : 0.895 : 0.887 : 0.880 : 0.873 : 0.866 : 0.859 : 0.852
0] 1.001 0993 : 0985  0.977 : 0.969 : 0.962 : 0.954 : 0.946 0.938 : 0.931 : 0.923 | 0.916 : 0.908 A 0.901 : 0.894 : 0.887 | 0.879 : 0.872 = 0.865 @ 0.858 : 0.851
1] 10010993 : 0985 @ 0.977 : 0.969 : 0.961 : 0.953 : 0.946 : 0.938 : 0.930 | 0.923 :{ 0.915 : 0.908 : 0.900 : 0.893 : 0.886 : 0.879 : 0.871 : 0.864 : 0.857 : 0.850
211001 : 0993 : 0985 : 0.977 1 0969 ' 0.961 : 0.953 : 0.945 : 0.938 ' 0.930 A 0.922 : 0.915 : 0.907 : 0.900 : 0.892 ' 0.885 : 0.878 : 0.871 : 0.863 : 0.856 = 0.849
311001 0993 : 0985 : 0.977 1 0969 ' 0.961 : 0.953 : 0.945 : 0.937 : 0.929  0.922 ' 0.914 : 0.907 : 0.899 ' 0.892 = 0.884 : 0.877 : 0.870 : 0.862 : 0.855 ' 0.848
411002 : 0993 : 0985  0.977 : 0.969 : 0.961 : 0.953 : 0.945  0.937 : 0.929 : 0.921 : 0.914 : 0.906 ' 0.898 : 0.891 : 0.883 | 0.876 : 0.869 ' 0.862 : 0.854 : 0.847
511.002 0993 : 0985 : 0.977 0968 ' 0.960 : 0.952 : 0.944 : 0.936 @ 0.928 0.921 : 0.913 : 0.905 : 0.898 : 0.890 : 0.883 : 0.875 : 0.868 : 0.861 @ 0.853 : 0.846
6| 1.002 : 0993 : 0.985 : 0.976 : 0.968  0.960 : 0.952 : 0.944 : 0.936 ' 0.928 A 0.920 : 0.912 : 0.905 : 0.897 : 0.889 ' 0.882 : 0.874 : 0.867 : 0.860 : 0.853 = 0.845
7 11.002 : 0993 : 0985 : 0.976  0.968 : 0.960 : 0.952 : 0.943 : 0.935 ' 0.927  0.920 : 0.912 : 0.904 : 0.896 ' 0.889 : 0.881 : 0.874 : 0.866 : 0.859 ' 0.852 ' 0.844
8 11.002 : 0993 : 0.984 : 0.976  0.968 : 0.959 : 0.951 : 0.943 : 0.935 ' 0.927  0.919 ' 0.911 : 0.903 : 0.896 ' 0.888 ' 0.880 : 0.873 : 0.865 : 0.858 : 0.851 ' 0.843
9 11.002 0993 : 0.984 : 0.976 1 0.967 : 0.959 : 0.951 : 0.943 : 0.935 ' 0.926  0.918 : 0.911 : 0.903 : 0.895 ' 0.887 ' 0.880 : 0.872 : 0.864 : 0.857 : 0.850 ' 0.842
10 | 1.002 £ 0.993 | 0.984 : 0.976 : 0.967 @ 0.959  0.951 A 0942 : 0.934 : 0.926  0.918  0.910 : 0.902 : 0.894 : 0.886 : 0.879 ' 0.871 : 0.864 : 0.856 : 0.849 = 0.841
11 | 1.002  0.993 : 0.984 : 0.976 : 0.967 : 0.959 ' 0.950 A 0.942 :{ 0.934 : 0.925 : 0.917  0.909  0.901 | 0.894 : 0.886 : 0.878 ' 0.870 : 0.863 | 0.855 : 0.848 : 0.840
12 | 1.002 - 0.993 | 0.984 : 0.975 : 0.967 @ 0.958 A 0.950 : 0.941 : 0.933 : 0.925 0.917 0.909 : 0.901 : 0.893 : 0.885 ' 0.877 : 0.869 : 0.862 : 0.854 ' 0.847 = 0.839
13 1 1.002 £ 0.993 : 0.984 : 0.975 : 0.967 @ 0.958 A 0.950 : 0.941 : 0.933 : 0.924  0.916  0.908 : 0.900 : 0.892 : 0.884 ' 0.876 ' 0.869 : 0.861 : 0.853 : 0.846 = 0.838
14 1 1.002 £ 0.993 : 0.984 : 0.975 : 0.966 @ 0.958 A 0.949 0941 : 0.932 : 0.924 0.916  0.908 : 0.899 : 0.891 : 0.883 ' 0.876 : 0.868 : 0.860 : 0.852 : 0.845 = 0.837
151 1.002 £ 0.993 | 0.984 : 0.975 : 0.966 : 0.957 A 0.949 A 0.940 : 0.932 : 0.923 : 0.915  0.907  0.899 | 0.891 : 0.883 : 0.875 @ 0.867 ' 0.859 | 0.851 : 0.844 : 0.836
16 | 1.002 £ 0.993 : 0.984 : 0.975 : 0.966 @ 0.957 A 0.948 A 0940 : 0.931 : 0.923  0.915  0.906 : 0.898 : 0.890 : 0.882  0.874 ' 0.866 : 0.858 : 0.850 : 0.843 = 0.835
17 1 1.002 - 0.993 ' 0.983 : 0.975 : 0.966 : 0.957 A 0.948 A 0.940 : 0.931 : 0.922 : 0.914  0.906 @ 0.897 : 0.889 : 0.881 : 0.873 ' 0.865 ' 0.857 : 0.850 : 0.842 : 0.834
18 | 1.002 : 0.992 | 0.983 : 0.974 : 0.965 @ 0.957  0.948 A 0.939 : 0.930 : 0.922  0.914 0.905 : 0.897 : 0.889 : 0.880 : 0.872 : 0.864 : 0.856 : 0.849 ' 0.841 = 0.833
19 | 1.002 £ 0.992 : 0.983 : 0.974 : 0.965 @ 0.956 A 0.947 A 0.939 : 0.930 : 0.921 A 0.913 ' 0.905 : 0.896 : 0.888 : 0.880 : 0.872 ' 0.864 : 0.856 : 0.848 ' 0.840 = 0.832
20| 1.002 : 0.992 : 0.983 | 0.974 : 0.965 : 0.956 : 0.947 : 0.938 : 0.930 : 0.921 : 0.912 { 0.904 : 0.896 : 0.887 : 0.879 | 0.871 { 0.863 : 0.855 ' 0.847 : 0.839 : 0.831
21| 1.002 : 0.992 : 0.983 : 0.974 : 0.965 | 0.956 : 0.947 : 0.938 : 0.929 : 0.920 : 0.912 :{ 0.903 : 0.895 ' 0.886 : 0.878 : 0.870 : 0.862 : 0.854 ' 0.846 : 0.838 : 0.830
22 | 1.002 : 0.992 : 0.983 | 0.974 : 0.964 : 0.955 : 0.946 : 0.937 : 0.929 : 0.920 : 0.911 : 0.903 : 0.894 ' 0.886 : 0.877 : 0.869 | 0.861 : 0.853 ' 0.845 : 0.837 : 0.829
23 | 1.002 : 0.992 : 0.983 | 0.973 : 0.964 : 0.955 : 0.946 : 0.937 : 0.928 : 0.919 | 0.911 : 0.902 : 0.893 ' 0.885 : 0.877 : 0.868 | 0.860 : 0.852 ' 0.844 ' 0.836 : 0.828
24 | 1.002 :{ 0.992 : 0.983 | 0.973 : 0.964 : 0.955 { 0.946 : 0.937 : 0.928 : 0.919 | 0.910 : 0.901 : 0.893 ' 0.884 : 0.876 : 0.867 | 0.859 : 0.851 ' 0.843 ' 0.835 : 0.827
25| 1.002 : 0.992 : 0.983 : 0.973 : 0.964 | 0.955 : 0.945 : 0.936 : 0.927 : 0.918 | 0.910 : 0.901 : 0.892 : 0.884 : 0.875 | 0.867 i 0.858 : 0.850 : 0.842 : 0.834 : 0.826
26 | 1.002 :{ 0.992 : 0.982 : 0.973 : 0.964 : 0.954 : 0.945 : 0.936 : 0.927 : 0.918 : 0.909 : 0.900 : 0.891 : 0.883 : 0.874 : 0.866 | 0.857 : 0.849 ' 0.841 ' 0.833 : 0.825
27 | 1.002 : 0.992 : 0.982 : 0.973 : 0.963 | 0.954 : 0.945 : 0.935 | 0.926 : 0.917 : 0.908 :{ 0.900 : 0.891 : 0.882 : 0.874 | 0.865 i 0.857 : 0.848 ' 0.840 : 0.832 : 0.824
28 | 1.002 :{ 0.992 : 0.982 @ 0.973 : 0.963 : 0.954 : 0.944 : 0.935 : 0.926 : 0.917 : 0.908 : 0.899 : 0.890 : 0.881 : 0.873 : 0.864 | 0.856 : 0.847 « 0.839 : 0.831 : 0.823
29 | 1.002 : 0.992 : 0.982 @ 0.972 : 0.963 : 0.953 :{ 0.944 : 0.935 : 0.925 : 0.916 : 0.907 : 0.898 : 0.889 ' 0.881 : 0.872 : 0.863 | 0.855 : 0.846 ' 0.838 : 0.830 : 0.822
30| 1.002 { 0.992 : 0.982 | 0.972 | 0.963 | 0.953 | 0.944 : 0.934 | 0.925 | 0.916 | 0.507 { 0.898 : 0.889 | 0.880 : 0.871 | 0.863 | 0.854 : 0.845 ' 0.837 | 0.829 | 0.821

Calculated from: Morse, J. W., F. J. Millero, J. C. Cornwell, and D. Rickard. 1987. The chemistry of the hydrogen sulfide and iron sulfide systems in natural waters.

Earth-Science Rev. 24: 1-42. https://doi.org/10.1016/0012-8252(87)90046-8
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Annexe 4: Shotgun metagenomics.

Shotgun metagenomics analysis was performed on in situ samples coming from the
seasonal monitoring of the site 1.

This analysis provides information on untargeted (“shotgun”) sequencing of all
(“meta-“) microbial genomes “genomics” present in a sample, i.e., on the total genomic DNA
from all organisms in a sample (Quince et al., 2017). It permits to avoid the isolation and
cultivation of microorganisms, the majority of which cannot be cultivated in the laboratory, or
the amplification of targets region, doesn’t take into account all the diversity, to study them.
Shotgun metagenomic sequencing uses next-generation sequencing (NGS) technology
to provide not only information on the taxonomic annotations of each organism but also the

functional profiling, gene prediction and microbial interaction of the whole community.

1. Sequencing

DNA was sent after its extraction (Chapter Il) to Novogene where shotgun metagenomics

analysis was then performed. It comprises 5 steps (Quince et al., 2017) (Annexe 4):

1) collection, processing and sequencing of the samples,

2) preprocessing of the sequencing reads,

3) sequence analysis to profile taxonomic, functional and genomic features of the
microbiome,

4) statistical and biological post-processing analysis,

5) validation.
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Figure A4: Summary of the metagenomics workflow. Based on Quince et al., (2017).

2. Metagenomics data treatment

Anvi'o (an analysis and visualization platform for 'omics data) is an open-source,
community-driven analysis and visualization platform for microbial ‘omics. It brings together
many aspects of today’s cutting-edge strategies including genomics, metagenomics,
metatranscriptomics, pangenomics, metapangenomics, phylogenomics, and microbial
population genetics in an integrated and easy-to-use fashion through extensive interactive

visualization capabilities.

Anvi'o workflow was used and adapted for the process of raw metagenomic datas

obtained for the seasonal monitoring samples.


https://merenlab.org/software/anvio/

Annexe 5: Physical-chemical parameters measured in the mesocosms water. Temperature (°C), salinity (psu), pH, dissolved oxygen (dissolved Oz; mg.L-
1), and nitrate (NOsz’), nitrite (NOz’), phosphate (PO42), silicon (Si) and ammonium (NHas*) concentrations were measured in the mesocosms’ water at each
sampling time during the climate change simulation. Four treatments were applied: C for control, A for acidification, W for warming and WA for acidification and
warming. The letters t followed by a number indicates the sampling time and the letters R followed by a humber the replicate

ample Treatmen Time Replicate Temperatur  Salinity pH Dissolved NOs" NO2 PO4> Si NH4*
name t e (°C) (psu) 02 (mg.L™") (urﬂoI.L (umol.L'")  (umol.L'') (umol.L') (umol.L)
C.R1 C ] R1 20.7 59.6 7.581 0.8 4.31) 1.29 73.84 436.17 90.84
C.R1 C t16 R1 19.8 60.8 7.913 0.2 0.42 2.1 34.11 312.12 117.95
C.R1 C t23 R1 21.5 61.6 8.055 0.1 0.1 0.11 33.89 326.89 116.41
C.R1 C t30 R1 20.4 61.2 7.885 1.9 0 1.25 21.16 143.65 108.48
C.R1 C t37 R1 20.2 59 7.824 0.7 2.22 0.11 12.42 110.61 129.93
C.R1 C t44 R1 20.1 60 7.087 3.3 0.95 0.51 4.26 42.26 79.18
C.R1 C t51 R1 20 61.8 7.904 2.8 0.39 0.13 6.91 97.94 95.74
C.R1 C t58 R1 20.8 60.6 7.765 1.7 0.35 0.19 4.88 85.34 64.75
C.R3 C 9 R3 20.8 59.3 7.889 0.2 0.49 0.28 4711 456.1 97.18
C.R3 C t16 R3 19.7 60.9 8.037 0.8 0.25 0.67 31.98 295.95 128.1
C.R3 C t23 R3 21.6 62.3 8.047 0.2 0.09 0.11 17.89 140.73 131.32
C.R3 C t30 R3 20.2 62.1 7.995 1.2 0.21 0.06 2.81 38.14 32.48
C.R3 C t37 R3 19.9 60.6 7.985 1.3 0.25 0.06 3.04 4712 2.81
C.R3 C t44 R3 19.9 61.4 8.049 3.3 0.12 0.21 2.14 74.54 11.59
C.R3 C t51 R3 20 61.9 7.988 2.6 0.22 0.05 1.69 61.55 1.69
C.R3 C t58 R3 20.5 61.1 8.08 3.8 0.29 0.21 1.1 50.32 0.87
C.R4 C 9 R4 20.4 60.9 8.101 0.2 0.33 0.3 22.15 318.89 113.92
C.R4 C t16 R4 20.1 59.8 7.941 1.5 1.43 1.78 4.31 116.88 116.83
C.R4 C t23 R4 21.4 61.4 7.909 0.8 0.02 0.14 9.75 232.52 111.33
C.R4 C t30 R4 20.3 61.3 7.985 3.2 0.44 0.08 5.07 157.32 1.1
C.R4 C t37 R4 19.7 59 7.961 41 0.72 0.17 8.05 154.41 0.11




C.R4 C t44 R4 19.9 60.2 7.873 2.3 0.49 0.32 6.45 115.96 217

C.R4 C t51 R4 19.7 61.9 7.848 3 0.22 0.08 4.62 152.4 0.89

C.R4 C t58 R4 20.1 61.5 7.987 3.8 0.16 0.19 7.38 162.89 2.05

C.R5 C t9 R5 20.8 60.4 7.989 0.3 0.47 0.42 48.75 478.29 95.53
C.R5 C t16 R5 20 63.5 8.127 0.2 0.38 0.15 48.3 374.76 111.13
C.R5 C t23 R5 21.4 64.8 8.137 0.9 0.16 0.12 41.56 197.86 112.26
C.R5 C 30 R5 20.2 64.4 8.167 5.5 1.55 0.19 14.01 65.51 135.36
C.R5 C 137 R5 19.9 59.4 8.045 3.9 0.51 0.12 7.29 40.74 111.27
C.R5 C t44 R5 19.9 60.9 7.944 2.6 0.4 0.16 10.98 130.73 97.41

C.R5 C 51 R5 20.1 61.2 8.015 3.8 0.81 0.34 5.1 97.01 15.4

C.R5 C 158 R5 20.3 61.1 7.99 3.7 0.65 0.59 6.37 144.01 14.95
C.R6 C 9 R6 20.7 58.4 7.82 0.8 0.73 1.05 15.36 187.15 123.88
C.R6 C t16 Re6 20.1 60.4 7.944 2 2.02 0.69 9.44 103.75 124.31
C.R6 C t23 Re6 21.3 61.9 7.91 1.4 0.43 0.13 11.86 151.8 131.32
C.R6 C t30 Re6 20.3 60.7 8.044 4.6 3.56 0.44 3.06 39.06 79.73
C.R6 C t37 Re6 19.8 59.2 7.959 3 0.87 0.12 2.05 44.68 44.56
C.R6 C t44 R6 20.1 60.5 8.078 4.9 1.7 0.72 2.09 29.12 31.68
C.R6 C t51 R6 19.9 61.7 8.054 3.3 0.96 0.25 3.07 51.44 24.65
C.R6 C 58 R6 20.2 60.3 8.15 4.4 2.37 1.3 1.29 31.43 8.99

A.R1 A t9 R1 19.9 61.8 8.063 0.1 0.54 0.17 42.26 459.77 92.01

A.R1 A 116 R1 20.3 62.6 8.241 0.3 0.22 0.17 27.97 296.62 121.83
A.R1 A 123 R1 20.6 63.1 8.142 22 52 1.06 15.72 156.52 132.46
A.R1 A 30 R1 20.6 61.8 8.157 0.4 1.74 0.91 17.64 241.33 117.45
A.R1 A 137 R1 19.9 60.4 7.72 0.4 0.81 1.18 4.16 127.32 125.96
A.R1 A t44 R1 20.2 60.6 7.799 2.6 0 1.69 13.29 263.56 107.3
A.R1 A t51 R1 20.1 61.9 7.753 2 0.13 0.05 10.31 211.7 98.77
A.R1 A 58 R1 20.7 61.8 7.777 2.4 0.44 0.32 6.14 148.95 60.9

A.R3 A 9 R3 19.7 60.6 7.97 8.5 0.45 0.49 20.91 373.91 116.97
A.R3 A 116 R3 20.3 62.1 8.123 0.2 0.41 0.43 21.8 287.05 128.3
A.R3 A 23 R3 20.7 63.5 8.12 0.5 0.33 0.15 18.2 226.56 131.03




A.R3 A t30 R3 20 60.3 7.814 0.4 0.13 0.15 6.5 133.83 120.4
A.R3 A t37 R3 19.8 59.4 7.764 1.4 0.58 0.57 1.71 52.08 50.9
A.R3 A t44 R3 20.3 61.4 7.767 2.8 0.62 0.48 1.45 45.32 16.55
A.R3 A t51 R3 19.9 60.7 7.76 2.7 0.25 0.11 1.71 44.9 4.94
A.R3 A t58 R3 20.3 60.8 7.689 2.2 0.26 0.09 2.64 52.67 1.52
A.R4 A t9 R4 19.6 59.9 8.047 0.5 0.99 1.6 30.46 208.19 107.87
A.R4 A 116 R4 20.1 61.6 8.136 0.2 0.32 0.63 22.81 265.34 136.83
A.R4 A 23 R4 20.3 63.2 7.895 2.3 1.67 0.78 12.56 113.81 122.08
A.R4 A 30 R4 20.8 60.3 7.891 2.1 0.28 0.16 1.58 46.88 37.45
A.R4 A 137 R4 19.7 60.5 7.881 2.8 0.85 0.67 0.14 16.49 6.25
A.R4 A t44 R4 19.9 61.2 7.953 5.4 0.17 0.19 0.91 68.02 0.8
A.R4 A 51 R4 20.3 61.5 7.727 2.6 0.33 0.21 2.52 77.86 1.22
A.R4 A t58 R4 20 61.8 7.993 5 0.25 0.22 0.83 30.18 2.35
A.R5 A t9 R5 19.9 61.6 7.866 1.6 0.62 0.35 40.54 370.04 100.11
A.R5 A t16 R5 20.3 63 8.075 0.1 0 0.61 36.84 338.98 114.03
A.R5 A t23 R5 20.6 64.5 8.148 1 0.72 0.56 26.94 197.34 119.36
A.R5 A 30 R5 19.7 60.9 7.996 2.9 3.1 0.58 3.17 65.09 122.32
A.R5 A 137 R5 19.6 60.1 7.907 3 1.16 1.13 1.59 41.38 102.78
A.R5 A t44 R5 19.7 61.8 7.935 0.8 0.14 0.09 10.19 203.62 121.48
A.R5 A t51 R5 19.8 61.9 7.675 1.5 0.39 0.37 8.15 126.75 93.01
A.R5 A 58 R5 20.2 61.4 7.675 1.9 0.2 1.03 4.15 107.88 35.82
A.R6 A t9 R6 19.6 61.3 8.046 0.1 0.87 0.46 38.01 424.42 108.01
A.R6 A 116 R6 20.2 62.8 8.22 0.1 0.02 0.27 62.25 378.64 127.11
A.R6 A 123 R6 20.6 66.1 8.253 1.4 2.34 0.47 45.79 340.4 115.87
A.R6 A 30 R6 19.8 65.7 8.192 1.3 0 0.66 36.74 288.43 116.32
A.R6 A 137 R6 19.5 65.3 7.852 2.3 0.16 0.43 22.88 207.35 126.49
A.R6 A t44 R6 20.2 64.9 7.998 2.6 0.49 0.35 10.52 169.39 113.75
A.R6 A t51 R6 20.2 63.3 7.839 3 1.12 1.4 3.37 100.05 24.65
A.R6 A 58 R6 19.9 62.8 7.975 4.7 0.17 0.11 3.23 103.11 1.96
W.R1 W 9 R1 19.9 61.2 8.105 0.3 0.51 0.24 38.58 333.12 104.08




W.R1 W t16 R1 21.4 64.7 8.092 0.7 0.13 0.09 29.01 271.56 124.63
W.R1 W t23 R1 23 70.6 7.963 0.8 1.86 0.15 24.47 192.28 124.02
W.R1 W t30 R1 24.2 71.4 7.892 0.9 0.19 0.44 25.08 193.13 131.05
W.R1 W t37 R1 23.5 75.6 8.002 1.1 0 0.54 27.35 265.27 123.43
W.R1 W t44 R1 24 75.6 7.904 0.7 0 0.33 21.4 235.25 121.66
W.R1 W t51 R1 23.8 67.7 7.956 2.1 0.12 0.36 12.14 160.68 100.98
W.R1 w 58 R1 24.6 64.4 7.83 1.7 0.3 0.33 8.17 153.32 80.08
W.R3 w 9 R3 20 61.7 7.603 0.7 0.42 1.36 47.67 422.13 95.87
W.R3 w 116 R3 21.2 65.8 8.177 0.4 0 0.51 64.19 437.57 98.17
W.R3 w 123 R3 231 71.6 8.124 0.1 1.59 0.2 43.02 293.97 116.58
W.R3 w 30 R3 24 72.6 7.942 0.9 0.24 0.5 21.76 109.16 132.66
W.R3 w 137 R3 23.8 80.6 8.044 1.2 1.47 0.49 13.18 127.05 110.4
W.R3 W t44 R3 24 69.2 7.919 1.5 0 0.11 12.98 164.34 90.86
W.R3 W t51 R3 23.6 63.6 8.048 3.9 0.52 0.33 10.38 17411 36.92
W.R3 W t58 R3 24.6 771 7.917 1.9 0.14 0.08 8.12 192.57 2.64

W.R4 W t9 R4 20 63.5 8.156 0.1 0.43 0.33 68.32 464.36 89.01

W.R4 W t16 R4 214 65.3 8.147 0.7 0.47 0.91 33.63 299.45 124.56
W.R4 W 23 R4 23 68 8.115 0.8 1.55 0.17 24.32 230.99 131.86
W.R4 w 30 R4 241 67.3 7.841 0.3 0.35 0.69 12.54 93.26 125.25
W.R4 w 137 R4 235 75.2 7.891 2.1 1.73 0.59 12.3 121.74 115.37
W.R4 w t44 R4 241 65 7.902 1 1.6 0.13 8.43 204.8 105.12
W.R4 w t51 R4 23.8 65.2 8.11 6.1 0.72 1.29 2.93 70.41 30.36
W.R4 w 58 R4 245 65.2 7.751 22 0.42 0.52 2.59 119.27 23.71

W.R5 w t9 R5 19.8 60.4 7.951 1 3.09 2.79 6 77.71 82.42
W.R5 W 116 R5 214 65.7 8.155 1.1 0.08 0.16 25.25 298.36 136.56
W.R5 W 23 R5 23.2 70.6 8.049 0.6 1.63 0.19 33.47 249.77 123.39
W.R5 W 30 R5 24.3 62 8.029 0.6 0.16 0.12 30.7 243.5 129.07
W.R5 W 137 R5 23.8 82.2 7.987 1 0.77 0.2 29.03 267.35 128.91
W.R5 W t44 R5 24.3 74 7.977 1.7 0.38 0.17 27.29 271.85 124.05
W.R5 W t51 R5 23.9 74.2 7.981 2.4 0.28 0.32 16.65 217.61 99.47




W.R5 W 58 R5 24.5 65.4 7.986 3.6 0.15 0.43 9.79 158.18 74.04
W.R6 W t9 R6 20.1 61.3 8.184 0.1 0.43 0.71 43.04 408.88 96.89
W.R6 W t16 R6 20.6 63.8 NA NA 0.21 0.12 26.08 267.86 128.04
W.R6 W t23 R6 23 66.7 8.061 0.6 0.23 0.12 21.13 150.12 131.44
W.R6 W t30 R6 241 66.8 7.968 3.5 3.21 0.49 12.31 95.02 131.85
W.R6 W t37 R6 23.6 69.6 8.002 0.9 0.87 0.12 11.72 190.65 131.04
W.R6 w t44 R6 242 69.4 7.78 1.4 0.26 0.17 12.13 139.94 114.18
W.R6 w t51 R6 23.7 68.8 7.902 4.4 0.25 0.46 8.13 122.96 94.12
W.R6 w t58 R6 245 64.7 7.885 2.2 0.23 0.29 517 119.36 70.55
WA.R2 WA 9 R2 20.9 62.2 7.959 0.7 2.26 2.71 9.79 140.17 110.88
WA.R2 WA t16 R2 20.8 67.6 8.111 0.3 0.4 0.12 47.95 452.06 104.42
WA.R2 WA t23 R2 23.9 83.2 8.111 0.1 0.13 0.22 46.3 346.57 106.65
WA.R2 WA t30 R2 23.9 66.5 7.924 1.4 0.84 1.61 13.81 135.16 135.25
WA.R2 WA t37 R2 23.4 61.2 7.789 0.7 0.45 0.51 2.4 75.35 100.57
WA.R2 WA t44 R2 23.5 62.5 7.842 0.6 2.29 0.21 7.56 144.85 117.98
WA.R2 WA t51 R2 23.5 63.1 7.785 0.7 0.2 0.04 8.15 172.24 102.53
WA.R2 WA 58 R2 24.6 64.1 7.822 2.9 0.31 0.28 7.68 125.07 91.14
WA.R3 WA 9 R3 211 61.3 7.947 0.4 0.32 0.08 12.09 277.05 120.95
WA.R3 WA t16 R3 21 65.4 8.045 0.1 0.16 0.1 19.62 322.75 136.29
WA.R3 WA t23 R3 231 68.8 7.924 0.6 0.17 0.31 13.97 177.08 126.83
WA.R3 WA t30 R3 23.8 66.8 7.764 1.1 0.35 0.41 6.42 81.11 94.61

WA.R3 WA t37 R3 23.3 69 7.946 0.9 0.14 0.11 11.74 213.06 125.8
WA.R3 WA t44 R3 235 66 7.78 1.1 0.11 0.26 4.99 148.94 83.51

WA.R3 WA t51 R3 23.7 68.3 7.896 1.1 0.27 0.18 11.67 238.31 117.47
WA.R3 WA 58 R3 24.3 69.9 7.92 2.1 0.11 0.12 12 231 101.98
WA.R4 WA 9 R4 21 61 8.129 0.3 0.91 0.19 24.34 361.92 118.61
WA.R4 WA t16 R4 20.9 66.6 8.085 1 0.79 0.14 26.79 244.59 134.04
WA.R4 WA 23 R4 241 71.4 8.034 0.6 0.21 0.13 34.86 201.99 120.02
WA.R4 WA t30 R4 24.5 76.8 8.061 0.8 2.24 0.12 31.1 201.43 130.35
WA.R4 WA 37 R4 23.6 65.5 7.943 1.9 0.7 0.21 10.9 119.13 115.48




WA.R4 WA t44 R4 23.9 66.4 7.819 2.1 0.43 0.13 7.53 161.54 83.95

WA.R4 WA t51 R4 23.6 69.3 8.028 3.7 3.07 0.29 11.82 172.58 82.87
WA.R4 WA t58 R4 24.6 63.8 7.947 4.7 0.3 0.27 6.41 125.69 38.09
WA.R5 WA t9 R5 21 62.1 8.019 0.7 1.12 0.38 44.66 363.08 89.68
WA.R5 WA t16 R5 21.3 64.7 7.946 0.4 0.08 0.29 28.9 221.06 120.73
WA.R5 WA t23 R5 23.1 NA 7.997 0.1 0.14 0.16 33.71 210.61 110.68
WA.R5 WA t30 R5 242 69.8 7.832 0.8 0.39 0.16 22 170.61 126.73
WA.R5 WA t37 R5 23.2 66.4 7.932 0.8 0.64 0.43 14.57 132.41 132.92
WA.R5 WA t44 R5 23.5 64.2 7.705 1.2 1.91 0.19 6.97 88.95 111.66
WA.R5 WA t51 R5 23.7 64.6 7.869 0.5 0.27 0.18 10.29 146.97 118.11
WA.R5 WA t58 R5 242 62.6 7.948 3.9 0.72 0.45 2.99 64.09 49.8

WA.R6 WA 9 R6 20.9 60.5 7.873 0.3 1.02 0.68 25.13 273.39 120.84
WA.R6 WA t16 Re6 21.2 65.2 8.038 0.1 0.2 0.2 31.53 288.94 128.31
WA.R6 WA 23 Re6 23.8 69.9 8.058 0.1 0.29 0.37 36.1 251.7 116.45
WA.R6 WA t30 Re6 24.4 66.4 7.865 0.1 0.16 0.09 15.39 103.28 135.38
WA.R6 WA t37 Re6 23.9 62.9 7.815 0.9 0.18 0.37 9.2 118.28 126.52
WA.R6 WA t44 R6 24.2 65.5 7.725 0.1 0.09 0.16 12.11 188.69 122.67
WA.R6 WA t51 R6 24.2 67.4 7.768 1.2 0.26 0.24 8.78 155.27 93.56
WA.R6 WA t58 R6 24.7 65.1 7.912 4.6 0.47 0.48 3.59 78.29 15.98

Annexe 6: Regional fact sheet (Introduction) and regional fact sheet of Europe from the sixth assessment report of the Working Group |, “The Physical
Science Basis” part, by the IPCC (2021).
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Regional fact sheet - Introduction

Purpose

* Regional fact sheets are an outreach product that is fully traceable to the IPCC Working Group | Sixth
Assessment Report: (AR6-WGI).

» The fact sheets constitute an entry point for regionalized information in the Chapters, the Technical Summary
and the Interactive Atlas.

« The content is not exhaustive but represents most of the high level key messages assessed in the WGI Report
region by region.

» As the scope of the IPCC Working Group | is to assess the physical science of climate change, the fact sheets
are focused on the relevant regional climatic information.

Disclaimer
The regional fact sheets were built based on the Final Governmental Distribution of the Report which is the most updated

version prior to the approval of the Summary For Policymakers. They are subject to revisions following the SPM approval,
copy-editing, and layout.

lcons The blue font in the statements is used
to highlight if the changes are

Heat and cold Droughts and aridity @ Fire weather observed, attributed to climate change

or projected.

Precipitation @ Snow and ice @ Wind/Cyclones || Attribution statements are provided
when the studies are available in the

. Coastal Other scientific publications. Not being
@ River flood/runoff @ mentioned does not mean that the
change is not attributable to climate
change.

Regions
The fact sheets provide key statements for 11 regions that combine sub-sets of the AR6 reference regions

» Africa

e Asia

* Australasia

» Central and South America
* Europe

* Mountains

* North and Central America
* Ocean

* Polar regions

* Small Islands

* Urban areas

Monsoon Region

« Some subregions are duplicated to represent all the relevant areas for specific climate
phenomena. For example, the Mediterranean subregion is included both in Africa and
Europe fact sheets.

» For more information about the reference regions, see the description of the AR6 -
reference regions and the typological regions in the Interactive Atlas GitHub repository
(https://github.com/IPCC-WG 1/Atlas/tree/devel/reference-regions )

—



https://github.com/IPCC-WG1/Atlas/tree/devel/reference-regions
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Definitions

+ Climatic impact-drivers (CIDs): Climatic impact-drivers are physical climate system conditions (e.g., means ,
events, extremes) that affect an element of society or ecosystems. Depending on system tolerance, CIDs and
their changes can be detrimental, beneficial, neutral or a mixture of each across interacting system elements
and regions. See also Risk, Hazard and Impacts (Glossary).

+ Meteorological drought: A period with an abnormal precipitation deficit (Glossary).

+ Agricultural and ecological drought: Depending on the affected biome: a period with abnormal soil moisture
deficit, which results from combined shortage of precipitation and excess evapotranspiration, and during the
growing season impinges on crop production or ecosystem function in general. (Glossary).

* Fire weather: Weather conditions conducive to triggering and sustaining wildfires, usually based on a set of
indicators and combinations of indicators including temperature, soil moisture, humidity, and wind. Fire weather
does not include the presence or absence of fuel load. (Glossary).

Links between scenarios, global warming levels and time horizons

+ Scenarios: Five illustrative scenarios that cover the range of possible future development of anthropogenic
drivers of climate change found in the literature are used consistently across this report. They start in 2015,
and include scenarios with high and very high greenhouse gas (GHG) emissions (SSP3-7.0 and SSP5-8.5),
and intermediate GHG emissions (SSP2-4.5) and with low and very low GHG emissions (SSP1-2.6, SSP1-
1.9). (TS.1.3.1).

+ Global warming levels: Quantifying geographical response patterns at global warming levels, such as 1.5
or 2°C above the 1850-1900 period, is a useful approach to quantify changes in mean climate, extremes and
climatic impact-drivers. Global Warming Levels are used in this Report, and across the Working Groups, as a
dimension of integration independent of the timing when the warming is reached and of the emissions
scenario that led to the warming (T7S.1.3.2).

Assessed global surface temperature
1980 2000 2020 2040 2060 2080 Scenario

SEP5-B.5 Observed and projected global
S8P3-7.0 surface temperature changes,
88P2-4.5 shown as global warming levels
S8P1-2.6 relative to 1850-1900.

55P1-1.8

1980 2000 2020 2040 2080 2080

¥ ] ] | | I

05 1 15 2 3 4
Global warming level (°C)

., %a| Most of the maps of the fact sheets are provided by the Interactive Atlas, a novel

5”\>/' AR6 Working Group | tool that allows for a flexible spatial and temporal analysis of

both data-driven climate change information and assessment findings in the
report. Link: https://interactive-atlas.ipcc.ch/

i
& ,Hg : The icon in the bottom right corner is a hyperlink that leads to the displayed map
o in the Interactive Atlas



https://interactive-atlas.ipcc.ch/
https://interactive-atlas.ipcc.ch/regional-information#
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Regional fact sheet - Europe

Common regional changes

@ Regardless of future levels of global warming, temperatures will rise in all European areas at a rate
exceeding global mean temperature changes, similar to past observations (high confidence).

@) The frequency and intensity of hot extremes, including marine heatwaves, have increased in recent decades
and are projected to keep increasing regardless of the greenhouse gas emissions scenario. Critical
thresholds relevant for ecosystems and humans are projected to be exceeded for global warming of 2°C and
higher (high confidence).

The frequency of cold spells and frost days will decrease under all the greenhouse gas emissions scenarios
in this report and all time horizons, similar to past observations. (high confidence)

(&) Despite strong internal variability, observed trends in European mean and extreme temperatures cannot be

explained without accounting for anthropogenic factors. Before the 1980s, warming by greenhouse gases
was partly offset by anthropogenic aerosol emissions. Reduced aerosol influence in the recent decades has
led to an observable positive trend in shortwave radiation. (high confidence)

@ Observations have a seasonal and regional pattern consistent with projected increase of precipitation in
winter in Northern Europe. A precipitation decrease is projected in summer in the Mediterranean extending
to northward regions. Extreme precipitation and pluvial flooding are projected to increase at global warming
levels exceeding 1.5°C in all regions except the Mediterranean. (high confidence)

Regardless of level of global warming, relative sea level will rise in all European areas except the Baltic Sea,
at a rate close to or exceeding global mean sea level. Changes are projected to continue beyond 2100.
Extreme sea level events will become more frequent and more intense, leading to more coastal flooding.
Shorelines along sandy coasts will retreat throughout the 21st century (high confidence).

Strong declines in glaciers, permafrost, snow cover extent, and snow seasonal duration at high
latitudes/altitudes are observed and will continue in a warming world (high confidence).

@ Multiple climatic impact-drivers have already changed concurrently over recent decades. The number of
climatic impact-driver changes is expected to increase with increasing global warming (high confidence).

DJF Mean JJA Mean DJF Total JJATotal

Temperature Temperature Precipitation Precipitation Projected changes
& 2 = = in seasonal (Dec—
£ Feb, DJF, and
g ' p Jun-Aug, JJA)
3; (25 mean temperature
iy JO and precipitation
o % - at 1.5°C, 2°C, and

, . 4°C global

2. = @w warming relative
E : to 1995-2014.
H
o ]
g “&‘N " Based on EURO
s} .
0 pr—_ - CORDEX (40

models) using the
» SSP5-8.5 scenario

()]
£ to compute the
g warming levels.
S
Q
ko)
(o))
o
) Co—
Results expanded 0 1 2 3 4 5 -::::-
in the Interactive change (°C) change (%)

interactive-atlas.ipcc.ch Atlas (aCtlve Ilnks) —


https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/regional-information#
https://interactive-atlas.ipcc.ch/
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Northern Europe (NEU)

+ Observed increase in pluvial flooding attributed to human influence and projected to further increase at global
warming of 1.5°C (medium confidence) and 2°C and above (high confidence).

» Projected decrease in river flood at global warming of 2°C and above (medium confidence).

» Projected increase in severe wind storms at global warming of 2°C and above (medium confidence).

Western & Central Europe (WCE) Eastern Europe (EEU)

« Projected increase in pluvial flooding at  Projected increase in
global warming of 1.5°C (medium pluvial flooding at global
confidence) and 2°C and above (high warming of 1.5°C (medium
confidence). confidence) and 2°C and

» Observed increasing trend in river above (high confidence).
flooding and projected further increase + Projected decrease in river
at 2°C and above of global warming flood at global warming of
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Links for further details:
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Sub-regions: TS.4.3.2.5,11.9, Tables 11.16-18, 12.4.5, Atlas.8.2, Atlas.8.4
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Annexe 7: Impact of Climate Change on Phototrophic Communities Inhabiting Microbial Mats (iPoster), World Microbe Forum online conference
(conférence internationale), virtual, 2021
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Introduction et objectifs

Le groupe d'experts intergouvernemental sur I'évolution du climat (GIEC, 2014) prévoit que
les systémes marins seront parmi les zones les plus affectées par le changement climatique.
Elles feront face a de nombreuses pressions environnementales, en particulier I'augmentation
de latempérature et I'acidification des océans. Les sédiments marins jouent un réle important
dans la transformation de la matiére organique et dans la dynamique des cycles
biogéochimiques tels que le carbone, I'azote et 'oxygene. Dans les zones cétieres, les tapis
microbiens assurent ces roles clefs. Les impacts du changement climatique sur les
écosystémes marins sont beaucoup étudiés au niveau mondial mais trés peu au niveau local.
Ils sont notamment méconnus en région Nouvelle-Aquitaine. Il est primordial de connaitre les
modifications, structurales et fonctionnelles, et la dynamique des communautés
microbiennes en réponse au changement climatique. Notre étude vise a définir I'impact de du

réchauffement et de I'acidification du milieu marin sur les tapis microbiens de I'lle de Ré.

Matériel et méthodes

Des tapis microbiens prélevés dans des marais salants non exploités de I'lle de Ré ont été
placés dans des mésocosmes en laboratoire. Une augmentation de la température de I'eau et
une diminution de son pH ont été simulés durant 8 semaines d’aprées les prévisions RCP8.5

pour 2100 du GIEC (2014). Un suivi quotidien des paramétres physico-chimiques et des


mailto:camille.maziere@univ-pau.fr

prélevements hebdomadaires du tapis ont été réalisés afin de suivre sa dynamique

fonctionnelle et de caractériser la modification de sa diversité.

Résultats, discussion et conclusion

Malgré son acidification, un maintien du pH de lI'eau des mésocosmes est observé. Une
augmentation de la température est bien réalisée. Des premiers résultats ont montré que
I'acidification impactait la concentration de pigments inconnus, vraisemblablement de la
bactériochlorophylle ¢, qui augmente alors que la concentration en chlorophylle a diminue. De
plus, les substances extracellulaires polymériques sucrées liées augmentent, jouant certainement
un réle de protection. Le traitement acidification affecte donc la communauté phototrophe
microbienne. Cela pourrait potentiellement impacter d’autres communautés au sein du tapis

microbien et donc son fonctionnement entier.

Annexe 10: Les Marais, entre Terre et Mer (Poster), Féte de la Science 2020 (local conference), La
Rochelle, France, 2020

Annexe 11: Biogeochemical interactions between iron and nutrient cycling in a saline inland lake
(Poster), Goldschmidt 2021 (international conference), virtual, 2021

This poster was the result of a collaboration between the MESMIC project and me to perform vertical
microprofiles during its sampling campaign.
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Les marais ...

lones humides terrestres, périodiquement ou
continuellement inondées par une eau stagnante et
peu profonde, d’'origine naturelle ou anthropique.

e Marais salés

Répartition des différents types de
marais en Charente Maritime

marais doux

Des travaux de recherche menés a La Rochelle,
pour comprendre et prédire le fonctionnement des marais...

Avec la thése de Raphaél Moncelon « Structure et fonctionnement des marais de la
Charente-Maritime : vers un développement d'un indicateur de fonctionnement
trophique et son application & la gestion des zones humides. »

Dans le cas des marais doux,

la croissance du phytoplancton dépend de
la libération de nutriments par le sédiment
lors du processus de minéralisation de la
matiere organique.

Image de présentation a la MT180 2020.

Avec la these de Camille Maziére, « Exploration et exploitation des tapis microbiens en
région Nouvelle-Aquitaine.»

Les marais salants abritent des structures
microbiennes au niveau de la surface
du sédiment : les tapis microbiens.

Ces derniers jouent un rdle important
dans les cycles biogéochimiques Cycledu Cyclede Cycledu Stabilisation
essentiels au fonctionnement de carbone l'azote  soufre  dusédiment
I'écosysteme.
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Biogeochemical interactions between-iron
and nutrient cycling In a saline inland lake
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REDOX REACTIONS INVOLVING Fe, SAND N GALLOCANTA LAKE SAMPLING

In aquatic ecosystems Fe can be linked to S and N biogeochemical cycles through Gallocanta lake (GL) is located in NE Spain, in a semi-arid climate region. It is endorheic, alkaline and saline. Its
biotic and abiotic redox reactions that can take place simultaneously (Fig. 1). average water depth is ca. 50-70 cm but it can dry depending on evaporation, rainfall and groundwater table.
These processes will depend on several environmental parameters such as salinity. Migrating crane are present in GL from October to March. Two sampling campaigns have been performed in GL to

study Fe and nutrient cycling and check seasonal variations (November 2020 and June 2021). Sediment and
surface water samples were obtained from three points (Fig. 2, Table 1). Here we report preliminary results for the
characterization of porewater (PW) obtained from sediment (Fig. 3).

- Table 1. Sampling campaigns.
Point A+ B PointA+B+C
3 sediment core (13 cm) / point 1 sediment core (25 cm) / point
Surface water EC: A =17, B =20 mS/cm Surface water EC: A=17,B=16,C=42mS/cm

Fig. 1. Simplified scheme of S and N cycling processes involving Fe reduction and oxidation

[ - {
I T
- * Porewater &

solid fraction

OBIJECTIVES

This study aims to determine the impact of Fe redox reactions on S and N cycling
processes in a saline lake. To reach the goal, surface water, porewater and ) ! ) Fig. 2. Map of the three sampling points
sediment samples will be characterized chemically and isotopically. Fig. 3. Sediment core sample processing in GL, NE Spain (40°58'00"N 1°29'50"0)

Fe, S AND N CYCLING IN POREWATER OF GALLOCANTA LAKE
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average 3 cores, November 2020) (site B, average 3 cores, November 2020) (site B, average 3 cores, November 2020)
* Fein PW reached up to 5 ppm at 7 cm depth. 3. R
* No difference was observed between sites A and B. Fevs. NO,” PO,* vs. NH,
* In June 2021, ferrozine analysis proved the presence of dissolved Fe?* 1.0 2.5
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€
Q
% * NO, showed higher concentration than NO, in November * The strong increase of NH,* concentration with depth
3 Sediment 2020. Both compounds showed a negligible concentration and the lack of correlation between NH," and PO,*
containing in June 2021 (increased NO, reduction in spring). seems to indicate additional reactions to organic matter
[SO,4] ¥ SO, rich * Similar Fe and NO,7/NO," evolution suggest the occurrence mineralization such as DNRA.
k4 4 ) T . P .
iz minerals[1] of biotic denitrification and/or chemodenitrification.

. CONCLUSIONS
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Fig. 5. Dissolved S (SO,?) in PW of GL (sites A, Band C,
November 2020 and June 2021)

High SO,% content in PW of GL is likely due to minerals dissolution.

Higher SO, content was observed in site C compared to A and B.

H,S was detected in the top 5 cm of sediment (microprofile), suggesting
that SO, might decrease due to bacterial reduction (BSR).

H,S could be oxidized by Fe(lll) reduction.

DNRA Denitrification

Sediment
REFERENCES
[1] Comin et al., 1990. Hydrobiologia 197: 51-66. Fig. 10. Interactions between Fe, S and N cycles in GL
AKNOWLEDGEMENTS Fe, S and N biogeochemical cycles are active in porewater of GL. Some specific processes have been hypothesized
This study has been financed by E2S (Université de Pau et Pays de I'Adour, Pau, according to concentration data (Fig. 10). Further metagenomic and isotopic (634S and 65N ) characterisation of the

France) through the MeSMic project. samples will allow to verify the occurrence of these reactions.




Annexe 12: Exploration de tapis, article written by Matin Galilée for “I'Actualité Nouvelle-Aquitaine®,
n°126, 2019

Exploration de tapis
Par Martin Galilée

Camille Maziere étudie les tapis microbiens en Nouvelle-Aquitaine. Ce sont des assemblages
de micro-organismes stratifiés verticalement, des lasagnes de microbiologie,
contenantbactéries, virus, archées et méiofaune — animaux de 42 ym a 1 mm. On les trouve
dans certains écosystemes commes les cotes, les sources hydrothermales ou les zones
polaires. Ceux de Camille Maziére proviennent des marais salants de I'ille de Ré, choisie pour
ses beaux tapis microbiens observés en 2017, une fierté locale trop peu valorisée. Leur
épaisseur varie de quelques millimetres a quelques centimétres. «Sur le terrain, c’est vraiment
comme un tapis. On peut le soulever, le prendre dans la main et ¢a fait une plaque», témoigne
la chercheuse. Dans ses échantillons se succédent quatre couches de couleur : vert, blanc,
rouge puis noir. «Les micro-organismes sont en quelque sorte rangés selon les gradients
biogéochimiques qui se forment. Le tapis microbien joue un réle environnemental important
dans les cycles du carbone, de 'oxygéne, de 'azote et du soufre. L’'oxygéne est présent au-
dessus et absent en-dessous, et inversement pour le soufre». Camille Maziere conduit son
doctorat en co-direction entre deux laboratoires CNRS, avec Robert Duran de I'Institut des
sciences analytiques et de physico-chimie pour I'environnement et les matériaux de Pau
(Iprem, UMR 5254) et Christine Dupuy du laboratoire Littoral, environnement et sociétés de
La Rochelle (Lienss, UMRi 7266). Elle est financée a parts égales par la région Nouvelle-
Aquitaine et 'université de Pau et des pays de I’Adour. «A Pau se trouve toute I'expertise sur
les micro-organismes et la biologie moléculaire. A La Rochelle, la spécialité est le milieu marin
et la méiofaune. J'y trouve le savoir-faire nécessaire pour réaliser mes expériences, construire

mes mésocosmes», explique-t-elle.



Compter les brouteurs

Ses mésocosmes, intermédiaires entre macrocosmes et microcosmes, sont des boites de
plastique, petits mondes isolés dans lesquels elle cultive le tapis microbien. «La plus grosse
partie de mon travail de thése consiste a simuler les changements climatiques les plus
pessimistes prévus par le GIEC pour 2100 et a observer si les tapis microbiens vont s’adapter
ou disparaitre.» Elle acidifie donc I'eau de 0,4 unités pH et augmente sa température de 4°C
pour deux mois d’observations comparées, carottages, mesures du pH et sondages de
'oxygéne et du sulfure a toutes les profondeurs. Les procaryotes sont comptés au cytométre
en flux, la méiofaune étudiée a la loupe binoculaire, et ’ADN extrait des échantillons pour
déterminer la variété du vivant : bactéries (dont les cyanobactéries), virus, archées, microfaune
(dont les petits brouteurs), microflore (euglénes), méiofaune, etc. En 1971, Terry Pratchett

publiait Le Peuple du tapis . Camille Maziére saura bient6t s'il survivra jusqu’a la fin du siécle.
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Annexe 13: Influence du changement climatique sur les tapis microbiens des marais salants /
Influence of climate change on salt ponds microbial mats, front-page article of BOREA website,
2021.
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This study aimed to determine the effect of climate change on the phototrophic communities of
salterns microbial mats. Among the parameters tested (decrease in pH, increase in temperature
and a combination of both), the decrease in pH in seawater induced a modification of the
pigment composition of the microbial mats, which resulted in a significant decrease in the
relative quantity of chlorophyll a and an increase in bacteriochlorophylls. The drop in pH would
therefore favor anoxygenic photosynthesis (i.e., which does not produce oxygen) in these
ecosystems. However, these microbial communities are naturally confronted with environmental
conditions (pH, light, temperature, salinity, etc.) that fluctuate, sometimes on a daily basis, well
beyond IPCC predictions for 2100. This probably explains why the photosynthetic capacities of
oxygenic microorganisms were not altered during this experiment. This study represents a

I y the long-term impact of climate change on salt ponds
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tapis microbiens / Photography of the studied area: a salt marsh in Ré Island where microbial
mats are observed. © Alice Baldy et Camille Maziére

Photo 1 : Photographie d'un tapis microbien prélevés dans un marais salant de I'ile de Ré /
Photography of a microbial mat sampled in a salt marsh of Ré Island. © Alice Baldy et Camille
Maziére

Photo 2 : Photographie des mésocosmes oU a été simulé le changement climatique (acidification
et réchauffement de |'eau) sur les tapis microbiens (sans le systéme lumineux) / Photography of

the mesocosms' system where climate change (ocean acidification and warming) was simulated
on microbial mats, without the light system. © Cristiana Cravo-Laureau et Camille Maziére
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The Intergovernmental Panel on Climate Change (IPCC, 2014) predicts that marine ecosystems will
face many environmental pressures by 2100, in particular ocean acidification and warming. In coastal
areas, microbial mats play key roles in the transformation of organic matter and the dynamics of
biogeochemical cycles. The impacts of climate change on marine ecosystems have been widely studied
at the global level but very little at the local level. They are particularly poorly understood in the Nouvelle-
Aquitaine region (France). It is essential to understand the structural and functional modifications and
dynamics of microbial communities in response to climate change. This thesis aims to define the impact
of ocean warming and acidification on the microbial mats of Ré Island. First, a study of this microbial
structure was perfomed in situ, in several types of salt marshes and according to the seasons, allowing
to select the most suitable area to collect microbial mat and the season of sampling. The selected
microbial mats were then maintained in mesocosms at laboratory. An increase in water temperature and
a decrease in water pH were simulated for 8 weeks according to the most pessimistic predictions
(RCP8.5) of the IPCC (2014) for 2100. Daily monitoring of physical-chemical parameters and weekly
sampling of the microbial mat were performed to follow the functional dynamics and characterise the
diversity changes. Acidification impacted the diversity and functioning of the microbial mats, particularly
on the phototrophic communities. It has contributed to a decrease in prokaryotic diversity and an
increase in some archaea that parasitise other archaea. The warming of the water had rather an effect
on eukaryotic communities, with a change in Chlorophyceae and Diatomea abundance. The
combination of these two conditions had less impact than the conditions alone suggesting a mitigating
effect between them. However, in their current natural environment, these microbial mats already face
temperatures higher or equal to those simulated, which is not the case for the pH reaching a final value
of 7.6. Thus, these microorganisms are certainly already adapted and resilient to the simulated
temperature, explaining little impact observed with this parameter, whereas acidification affects were
more visibles.
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Le groupe d'experts intergouvernemental sur I'évolution du climat (GIEC, 2014) prévoit que les
écosysteémes marins feront face a de nombreuses pressions environnementales d’ici 2100, en particulier
I'acidification et le réchauffement océaniques. Dans les zones cétiéres, les tapis microbiens jouent des
rOles clefs dans la transformation de la matiére organique et la dynamique des cycles biogéochimiques.
Les impacts du changement climatique sur les écosystémes marins ont été tres largement étudiés au
niveau mondial mais trés peu au niveau local. lls sont particulierement méconnus en région Nouvelle-
Aquitaine (France). Il est essentiel de comprendre les modifications et les dynamiques structurales et
fonctionnelles des communautés microbiennes en réponse au changement climatique. Cette thése a
pour but de définir 'impact du réchauffement et de I'acidification de I'océan sur les tapis microbiens de
I'lle de Ré. Dans un premier temps, une étude de cette structure microbienne a été réalisée in situ, dans
plusieurs types de marais salants et en fonction des saisons. Cela a permis de choisir la zone de
provenance du tapis microbien et la saison de prélévement les plus adéquates. Ensuite, les tapis
microbiens choisis ont été échantillonnés et placés dans des mésocosmes en laboratoire. Une
augmentation de la température et une diminution du pH de I'eau ont été simulés durant 8 semaines
selon les prédictions les plus pessimistes (RCP8.5) du GIEC (2014) pour 2100. Un suivi journalier des
paramétres physico-chimiques et un échantillonnage hebdomadaire du tapis microbien ont été effectués
afin de suivre les dynamiques fonctionnelles et de caractériser la modification de sa diversité.
L’acidification a impacté la diversité et le fonctionnement des tapis microbiens, notamment des
communautés phototrophes. Il a notamment contribué a la diminution de la diversité procaryotique et a
'augmentation de certaines archées parasites d’autres archées. Le réchauffement de I'eau a plut6ot
affecté les communautés eucaryotes, avec une modification de I'abondance de Chlorophyceae et des
Diatomea. La combinaison de ces deux conditions a eu moins d'impact que les conditions seules
suggérant un effet atténuant entre elles. Cependant, dans leur environnement naturel actuel, ces tapis
microbiens font déja face a des températures supérieures ou égales a celles simulées, ce qui n’est pas
le cas concernant le pH atteignant une valeur finale de 7,6. Ainsi, ces microorganismes sont
certainement déja adaptés et résilients face a la température simulée, expliquant pourquoi ce parametre
a peu d’impact, alors que I'acidification les affecte plus.

Mots-clefs : tapis microbien, marais salants, changement climatique, acidification océanique,
réchauffement océanique.









