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Adaptation of microbial communities to low water
potential

ABSTRACT

Desiccation and hyper-salinity are often treated as the same stress since both lead
to the reduction of bioavailable water in the environment. Microorganisms adapted to
these stresses have developed survival strategies like sporulation, metabolic dormancy,
biosynthesis and accumulation of compatible solutes, expression of catalases, ROS scav-
engers and organisation in multi-species stratified biofilms. However, it is still not clear
which of these adaptations are specific to either desiccation or hyper-salinity and which
are common to both stresses. Our primary goal was to gain insights into the adap-
tation strategies of microorganisms adapted to arid and hyper-saline environments.
We investigated two microbial communities that endure low water bioavailability: a
desert biological soil crust and a hyper-saline microbial mat. We used FISH to evalu-
ate the changes in the ribosomes content in cells from the desert biological soil crusts
upon hydration. We saw increase in the FISH detection rate and the signal intensity
throughout the 12 h incubation period, suggesting increase in the protein synthesis po-
tential upon hydration. We looked at the spatial distribution of Archaea, Bacteria and
Alphaproteobacteria throughout the depth profile of two hyper-saline microbial mats
with different salinity levels using CARD-FISH. We compared the relative abundance
of the taxa of study with metagenomic reads estimations from the same samples. Rel-
ative abundance diverged between CARD-FISH and metagenomic reads estimations,
but both methods detected a decrease in the Alphaproteobacteria relative abundance
in the middle layer of the mat under low salinity. Finally, we searched for potential
habitat-specific adaptation strategies in closely related genomes sequenced from arid
and saline environments. Although phylogeny was more important than adaptation
to the environment in terms of genomic content, we found several strategies shared
by closely related bacteria from both habitats, like ion transport, and strategies that
were characteristic from hyper-saline bacteria, like compatible solutes transport. From
our work we can conclude that desiccation and hyper-salinity are different stresses and
have different impact on the genome, despite leading both to lower water activity.
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Adaptation of microbial communities to low water
potential

ZUSAMMENFASSUNG

Austrocknung und erhöhter Salzgehalt werden in der Wissenschaft oft als dieselbe
Belastung behandelt, da beide zu einer Verringerung des bioverfügbaren Wassers in
der Umwelt führen. Mikroorganismen, die an diese Belastungen angepasst sind, haben
Überlebensstrategien entwickelt wie Sporulation, Stoffwechselruhe, Biosynthese und
Akkumulation kompatibler gelöster Stoffe, Expression von Katalasen, ROS-Fängern
und die Organisation in geschichtete Biofilme mit mehreren Spezies. Es ist jedoch
immer noch nicht klar, welche dieser Anpassungen genau für die Austrocknung und
den hohen Salzgehalt verantwortlich sind und zu welcher der beiden Belastungen sie
beitragen. Unser Hauptziel war es, Einblicke in die Anpassungsstrategien von Mikroor-
ganismen zu gewinnen, die an trockene und hyper-saline Umgebungen angepasst sind.
Wir untersuchten zwei mikrobielle Kulturen, die einer geringen Wasserverfügbarkeit
ausgesetzt sind: eine biologische Bodenkruste in der Wüste und eine mikrobielle Matte
in hyper-salinem Gebiet. Wir verwendeten die Methode FISH, um die Veränderungen
des Ribosomengehalts in den Zellen der biologischen Wüstenbodenkruste nach erfolgter
Hydratation zu analysieren. Die FISH-Erkennungsrate und die Signalintensität nah-
men während der 12-stündigen Inkubationszeit zu, was auf eine Zunahme des Protein-
synthesepotenzials nach der Hydratation schließen lässt. Des Weiteren, untersuchten
wir die räumliche Verteilung von Archaea, Bakterien und Alphaproteobakterien im
Tiefenprofil von zwei hyper-salinen mikrobiellen Matten mit unterschiedlichem Salzge-
halt mittels CARD-FISH. Wir verglichen die relative Häufigkeit der untersuchten Taxa
mit den Schätzungen der metagenomischen Daten aus denselben Proben. Die relativen
Häufigkeiten von CARD-FISH und die metagenomischen Daten wichen voneinander ab,
aber beide Methoden zeigten eine Abnahme der relativen Häufigkeit von Alphapro-
teobakterien in der mittleren Schicht der Matte bei niedrigem Salzgehalt. Schließlich
suchten wir in eng verwandten Genomen, nach potenziellen habitatspezifischen An-
passungsstrategien, die zuvor in ariden und salzigen Umgebungen sequenziert wurden.
Obwohl die Phylogenie mehr Einfluss auf den genomischen Inhalt hat als die Anpas-
sung an die Umwelt, fanden wir mehrere Strategien, die eng verwandte Bakterien aus
beiden Lebensräumen gemeinsam haben, wie z. B. den Ionentransport. Aber wir kon-
nten auch spezifischere Mechanismen für hyper-saline Bakterien entdecken wie z. B.
den Transport kompatibler gelöster Stoffe. Unsere Arbeit zeigt, dass Austrocknung
und Übersalzung unterschiedliche Arten der Belastung sind und auch unterschiedliche
Auswirkungen auf das Genom haben, aber dennoch beide zu einer geringeren Wasser-
aktivität führen.
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Chapter 1

Introduction

1.1 Microbial life under low water activity

Water is essential for biological processes such as protein folding, enzymatic perfor-
mance and cell wall integrity [1]. Nevertheless, approximately 35% of the Earth’s
surface corresponds to drylands, which are populated by microbial life [2]. Microorgan-
isms inhabiting these harsh habitats are termed “xerotolerant”, from the Greek xēros
(dry) [3]. Microorganisms inhabiting saline and hyper-saline environments have been
described as ”xerotolerant” due to the fact that water is not biologically available in
these environments [4]. Lack of water has physical similarities with hyper-osmolarity
since both stresses lead to a reduction of the water activity [5]. Furthermore, both
stresses are often not distinguished [6]; desiccation in laboratory conditions is sim-
ulated by the addition of high concentration of salt to liquid medium [7]. However,
desiccation and high salt concentration have been reported to be different stresses [8, 9].
Despite the low water potential, the presence of a solute in hyper-saline medium still
allows for the transport of microorganisms and the diffusion of nutrients, which is not
possible in arid environments [6]. For this reason I will differentiate between xerotol-
erant (i.e. adapted to high aridity) and halo-tolerant (i.e. adapted to high salinity)
microorganisms throughout this thesis.

1.2 Adaptation strategies to low water activity

Low water activity due to either lack of water or hyper-salinity leads to stresses such
as loss of membrane integrity, disruption of the ion potential across the membrane,
reduction of turgor pressure and loss of cytoplasmic volume, accumulation of reactive
oxygen species (ROS), denaturation of proteins and DNA damage [3]. In many environ-
ments, low water activity is coupled to other stressors (i.e. high UV radiation, extreme
temperature and nutrient limitation), which pose additional difficulties to cell sur-
vival. Microorganisms inhabiting xeric and hyper-saline environments have developed
a repertoire of different strategies, that act sometimes simultaneously, to overcome
these stresses. However, adaptations to low water activity have been only partially
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characterised to date [10]. Although it is known that desiccation and hyper-salinity
induce different responses in the cells [8], further studies are needed to understand
which microbial adaptations are specific to lack of water or high salinity and which
ones are common to both stresses.

Sporulation and metabolic dormancy are common responses to water deprivation
[11, 12]. Arid soil microorganisms experience extended periods of desiccation. In re-
sponse, some bacterial species undergo differentiation into highly resistant spores which
are protected from DNA damage and can endure nutrient starvation for long periods of
time [13]. Non-sporulating prokaryotes can enter a quiescent state in which cell growth
and division are stopped and energetically costly biological processes, such as protein
synthesis, are reduced drastically [14]. This state is called metabolic dormancy. In order
to decrease protein synthesis, some dormant bacteria carry out ribosome hibernation.
Ribosomes cease their activity upon association to small peptides called hibernation
factors. Ribosome modulation factor (RMF) and hibernation promoting factor (HPF)
induce the dimerisation of 70S ribosomes into inactive 100S dimers, whereas RaiA sta-
bilises 70S monomers in an inactive state [15]. As a result, global protein synthesis and
energy consumption decrease drastically but can be rapidly resumed upon changing
conditions [15].

Low water activity, as well as high UV radiation, induce reactive oxygen species
(ROS), which damage proteins, lipids and DNA [16, 17]. Microorganisms adapted
to these stresses encode several proteins to overcome ROS damage such as cata-
lases, thioredoxin, DNA-binding ferritin, and the ROS scavenger super oxide dismutase
(SOD) [18, 19, 20].

Accumulation of compatible solutes is a widely used strategy to overcome low wa-
ter activity [1]. Under hyper-osmolar conditions, intracellular accumulation of small
organic molecules (osmolites) and ions restores the osmotic equilibrium, allowing the
correct folding of proteins and inhibiting water removal and membrane disruption [21].
Additionally, under extreme desiccation conditions some compatible solutes such as
trehalose and glycerol can replace water inside the cytoplasm, maintaining the sta-
bility of intracellular macromolecules in a state of ”vitrification” [22]. Osmolites can
be carbohydrates (trehalose or sucrose), polyols (mannitol), amino acids (proline) or
trimethylammonium compounds, such as glycine betaine. They can be either syn-
thesised de novo or taken from the environment via proteic transporters [23]. An
alternative strategy to compatible solutes accumulation is the so called ”salt-in” strat-
egy, that consists in the accumulation of potassium chloride (KCl) in the cytoplasm to
match the extracellular osmolarity [24]. The salt-in strategy consumes less energy but
requires the global adaptation of the cell to high KCl concentration (e.g. proteins have
a lower isoelectric point [25]), making it unable to grow under low salt conditions [24].

Changes in external water availability affect severely the cellular membrane of bac-
teria [26]. Some bacteria cope with high temperatures and low water activity by in-
creasing the ration of trans to cis fatty acids and the proportion of negatively charged
phospholipids [27]. These modifications help to preserve the lipidic bilayer in an or-
dered phase [28]. Cell wall can be modified upon desiccation and have been reported
to be thicker [29].
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Besides unicellular survival strategies, microorganisms adapted to high aridity and
high salinity can organise in biofilms at community level [30, 31]. Biofilms are thought
to be the first line of defence against xeric stress. Algae, fungi, bacteria and ar-
chaea adapted to xeric habitats co-inhabit multi-species biofilms. Most of the biofilm’s
biomass is composed of extracellular polysaccharides (EPS), that hold water and pro-
vide a substrate for the community [32, 33].

1.3 Microbial organisation in xeric and hyper-

saline environments

Microorganisms inhabiting extreme environments organise in communities in order to
trap all necessary resources of energy and matter in an inwardly oriented diffusive cycle
[31]. In habitats like hot springs, salt lakes and man-made salterns, microorganisms
organise forming phototrophic microbial mats: stratified, small-scale, self-sustained
ecosystems that comprise the major element cycles, trophic levels and food webs [34].
Microbial mats are vertically stratified due to physicochemical gradients that are gen-
erated and maintained by microbial activity [35]. Each layer of the mat provides dif-
ferent micro-environments and biological niches [35]. Cyanobacteria are the dominant
primary producers; they harvest light as source of energy and fix CO2 to synthesise
organic matter, thus sustaining metabolically diverse heterotrophs [36]. Additionally,
cyanobacteria are responsible for the production of an EPS matrix that embeds the
community and provides protection against desiccation [33]. Key nutrients such as
sulphur, carbon and oxygen are efficiently recycled within the mat ecosystem [36].
Sulphate-reducing bacteria, sulphide-oxidising bacteria and anoxygenic phototrophic
bacteria are vertically stratified according to microgradients of oxygen, sulphide and
light [35].

In arid environments such as desert soils, microorganisms associate with macro-
scopic species (algae, microfungi, lichens, mosses...) to form biological soil crusts
(BSCs) [30]. Filamentous Cyanobacteria are pioneers in the BSC formation, as they
form the matrix of BSC by aggregating soil particles together and secreting EPS
[32, 37]. Furthermore, they supply organic carbon to the heterotrophic community
members [38]. However, the potential for CO2 fixation has also been reported in
anoxygenic phototrophic bacteria and H2-oxidising chemolithoautotrophs [39]. BSCs
are stratified due to high levels of solar radiation; pigmented species occupy the upper
part of the crust and quench UV radiation to non-pigmented filamentous cyanobacte-
ria [32]. Association into BSCs helps microorganisms to tolerate extreme dehydration
thanks to the high water holding capacity of secreted EPS. Additionally, BSCs act like
”dust traps”, since surface roughness and EPS increase the capture of nutrient-rich
particles, providing nitrogen, phosphorus and potassium to the community [32].

Despite their differences in structure and biochemical processes, hyper-saline micro-
bial mats and BSCs share filamentous cyanobacteria as primary producers; the genera
Microcoleus and Coleofasciculus (formerly classified as Microcoleus chthonoplastes) are
common and dominant taxa in both environments [34, 30].
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1.4 Methods to study xerotolerant and halotoler-

ant microbial communities

Our knowledge on microorganisms adapted to low water activity and how they organise
in communities and cope with environmental stress comes from several approaches,
sometimes used simultaneously. For decades, microorganisms have been cultivated and
subjected to high salinity or to desiccation [1, 7, 8]. This approach allows to test which
genes are associated with the stress response and their mechanism of action. However,
only a fraction of the microbial community can be cultured [40] and this approach does
not provide information about the relationship between community members [41].

Several culture-independent methods (e.g. Raman, NanoSims, BONCAT and
FISH) allow to study the role and distribution of the microorganisms in situ, as well
as how they interact with each other and with the surfaces they colonise [42]. These
methods have been used in the research of microorganisms, reaching single cell resolu-
tion. Raman spectroscopy [43] and high resolution secondary ion mass spectrometry
(NanoSIMS) [44] are techniques that provide information about the molecular compo-
sition of the samples [45]. Both methods have been used in microbial mats to study
sulphur storage at single cell resolution [46] and the functions and metabolism of Chlo-
roflexi [47]. Protein synthesis, and therefore biological activity, can be quantified using
BONCAT (bio-orthogonal non-canonical amino acid tagging). This method has been
used to study microbial metabolic activity in soil at single cell resolution [48].

Fluorescence in situ hybridisation (FISH) has become a widely used cultivation-
independent single-cell method in the study of microbial communities [41]. It allows
the identification, quantification and characterisation of microbial populations in com-
plex environments [41]. In FISH, the sample is incubated with fluorescently labelled
oligonucleotides that bind to the ribosomal RNAs (rRNA) and only the cells whose
rRNA matches the probe will emit a fluorescent signal [49]. This enables the design of
oligonucleotide probes matching a wide range of taxonomic entities: from the general
Bacteria and Archaea-specific probes [50, 49] to species-specific and even strain-specific
probes [51], capturing the phylogenetic diversity of the community. The FISH signal
is proportional to ribosomal amount [52, 53], which can range from a few hundred
ribosomes to tens of thousands depending on the taxon and the state of the cell [41].
Therefore, the FISH signal intensity among stained cells can be highly variable within
a sample. Catalysed reported deposition (CARD)-FISH is an alternative to conven-
tional FISH that improves the sensitivity of the method [54]. In CARD-FISH, probes
are linked to horseradish peroxidase (HRP), which catalyses the deposition of fluores-
cently labelled tyramide molecules resulting in a strong fluorescent signal even in cells
with few active ribosomes [54, 55].

Although FISH-based methods do not provide information about which functions
are carried out by the targeted microorganisms per se, they can be used simultane-
ously with Raman microspectroscopy, NanoSIMS and BONCAT to link the metabolic
activity with phylogenetic identity of the community members [46, 47, 56]. Ribosomal
RNAs also determine the protein synthesis potential of cells and thus rRNA measure-
ments can be used as an indicator of potential biological activity (termed “protein
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synthesis potential”) [57]. Since FISH probes binding to a cell are proportional to the
concentration of rRNA molecules, FISH signal intensity can be used to quantify riboso-
mal amount in the whole microbial community and in single cells [58]. The potentially
active fraction of the microbial community can then be calculated as the proportion of
cells that display a FISH probe over the total number of cells [12, 59, 60].

Besides cultivation-based and single-cell methods, molecular genetics can provide
insights into microbial community diversity, metabolism and potential survival mech-
anisms in hostile ecological niches. 16S rRNA gene amplicon sequencing has become
the most common method to study community composition, revealing the enormous
diversity of microbial communities [61, 62]. This high throughput method allows the
identification of thousands of phylotypes in a single sample, but abundance estima-
tions might not be fully reliable due to biases introduced during DNA extraction and
PCR [63], to variable number of copies of the 16S rRNA gene per genome [64] and
to poliploidy (i.e. multiple genome copies per cell) [65]. Furthermore, amplicon se-
quencing relies on the amplification of a single marker gene, usually a region of the
16S rRNA gene. Thus, amplicon sequencing studies do not provide information on the
survival strategies of identified microbial community members, in contrast to metage-
nomic approaches. Metagenomic surveys in hyper-arid and hyper-saline environments
have shown different potential mechanisms by which bacteria could overcome stress in
harsh environments [3]. By binning the metagenomes it is possible to associate these
mechanisms to specific taxa [39]. Since habitat adaptations are accessory (i.e. they
do not belong to the core genome) [66], tolerant bacteria must be genetically equipped
with xeric stress resistance strategies that are absent in their close relatives adapted
to ”physiological conditions”, even if they belong to the same genus [67, 68]. Studying
the pangenome (i.e. the sum of all the genes present in at least one genome within a
clade [67]) allows the identification of potential stress resistance strategies which are
characteristic to an environment [68]. However, this approach has never been used to
compare the genomic potential and survival strategies of bacteria adapted to arid and
hyper-saline environments.

1.5 Aim of the project

Here we aimed to gain insights into the adaptation of microbial communities to low
water activity. Desiccation and high salinity have been traditionally treated as the
same stress. The main objective of the master thesis was to further characterise two
microbial communities adapted to these stresses: a desert BSC and a hyper-saline mi-
crobial mat, in order to test whether microorganisms adapt in the same way to aridity
and hyper-salinity. We used FISH to evaluate the changes in ribosomal content in BSC
cells throughout a 12 h period upon a hydration event. Further, we studied the effect of
long-time storage in BSC ribosomal dynamics. We quantified the relative abundance
of Bacteria, Archaea and Alphaproteobacteria from two microbial mats undergoing
different levels of salinity with CARD-FISH and compared the results to abundance
estimations based on metagenomic data. Finally, we used the Anvi’o analysis and visu-
alisation platform to study the functions encoded in closely related genomes sequenced
from arid and saline habitats. We looked for stress resistance strategies characteristic
of each environment using a MAG-centric strategy.
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Chapter 2

Materials and Methods

2.1 Sample collection

2.1.1 Biological Soil Crusts sample collection

I was provided with the biological soil crusts (BSCs) analysed in Chapter 3. Briefly,
samples were collected in September 2019 at the Avdat long-term ecological research
site located in the Negev Desert, Israel (N 30°36’33”, E 34°44’48”). The site has a
yearly precipitation of ca. 90-100 mm and is characterised by Cyanobacteria-dominated
biological soil crusts covering the soil between shrub plants [39]. Crust pieces were
collected in Petri dishes, sealed with parafilm and stored in the dark at 18-20 ºC and
.ca 40% humidity until further use.

2.1.2 Hyper-saline Oman mats sample collection

I was provided with the microbial mats material used in Chapter 4. Briefly, samples
were collected from an intertidal area in Oman (20°45’39.6”N 58°38’52.3”E) in February
2018 [69]. The mats were sampled from two different sites: ”Site 1” had more than
30% salinity, no tides and salt crust on top of the mats [69] whereas ”Site 2” had 18%
salinity and regular tides (Site 2 corresponds to ”O4” site in Vogt et al. 2018) [70].
Three mats were sampled from each site: Mat II, III and V at the site with salt crust,
and Mat VII, VIII and IX at the site without crust. Only one mat per site was used
for CARD-FISH (Section 2.2.3), but metagenomic reads estimation was based on the
average abundance of the three mats from each site.
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Figure 2.1: Piece of microbial mat with layers partially scraped off (left). Scheme of
the layers in the high and the low salinity mats (right). Figure adapted from Meier et
al. 2021 [69]

2.2 Sample preparation

2.2.1 Incubation and fixation of BSCs

Crust pieces with a dry weight of ca. 1 g were put in Petri dishes, hydrated up to
a water content of 26% (w/w), corresponding to 75% of the maximum water holding
capacity and sealed with parafilm. The pieces were incubated in a climate chamber
(FitoClima 600 & 1200 Bio, Aralab, Lisbon, Portugal) mimicking ”day” conditions
(light, 27 ºC). Crust pieces were incubated for a determined time, one crust for each
time point: 15 minutes, 30 minutes, 3 hours and 12 hours. Additionally, a crust piece
was fixed without previous hydration and incubation (time point 0 h).

After incubation, the crust pieces were fixed in 4% PFA in 1x phosphate buffered
saline (PBS), pH = 7.6. Each crust piece was placed in a 50 mL polyethylene tube
and incubated at RT for 1 h in 6 mL of fixation solution. The polyethylene tube was
centrifuged (Eppendorf centrifuge 5804R, Germany) at 10,000 g for 5 min at 4ºC and
the supernatant discarded. The pellet was washed in 1x phosphate buffered saline
(PBS) pH 7.6 three times (10 mL of PBS, mixing and centrifugation: 10.000 g, 5 min,
4 ºC). The pellet was re-suspended in 10 mL EtOH/PBS (1:1) and frozen at -20ºC
until further use.
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2.2.2 Cell detachment, Nycodenz density gradient separation
and filtration of BSCs

Fixed soil crust samples were washed twice (10000 g, 5 min, 4 °C) with 10 mL of
1x PBS. Cell detachment was performed according to Eichorst et al. 2015 using the
”combinational treatment” [45]. Afterwards, the samples were additionally sonicated
ten times for 10 s at 35 kHz in a sonication bath (Sonorex, Bandelin, Berlin, Germany).

The samples were added on equal volumes of 1.42 g/mL Nycodenz (Axis-shield
PoC, Oslo, Norway) and centrifuged with an Ultracentrifuge (Beckman, Indianapolis,
USA) at 10,000 rpm for 90 min at 4 °C. After centrifugation, the aqueous upper layer
of the gradient containing the extracted cells and the greenish interphase containing
the cyanobacteria were collected and filled up to 50 mL with 1x PBS.

Aliquots of the cell suspensions were filtered onto 0.2 µm pore-size polycarbonate
filters (diameter 25 mm, Millipore GTTP 02500, Eschborn, Germany). The volume
of cell suspension that was filtered varied between samples and ranged between 5 mL
and 10 mL. Aliquot volume for each sample was chosen empirically based on optimal
cell density for visualisation on the filters (i.e. abundant, non-overlapping cells were
visualised via staining with 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) as
explained in Section 2.3.3). The filters were air-dried and stored at -20 ºC until they
were used for FISH (Section 2.3.1).

2.2.3 Fixation and filtration of hyper-saline mats

Mat samples were provided to me already fixed in PFA. Fixation and filtration are
described in Meier et al. 2021 [69]. The salt crust was washed from the mat surface,
each mat layer was separated with a scalpel according to the colour: orange, green,
brown, black and grey and separated in different tubes. The material was fixed in 4%
PFA in 1x PBS (pH = 7.6) for 90 minutes at RT, washed twice with 1x PBS and stored
in an ethanol:PBS mixture (1:1) at -20 °C until further analysis.

Material from all the layers of the mats III (30% salinity) and VIII (18% salin-
ity) were filtered. For the filtration, 100-200 mg of mat material from each layer were
suspended in 1 mL PBS:EtOH (1:1), sonicated with a UW 2070 probe (Bandelin Elec-
tronic, Berlin, Germany) for 30 seconds (1 pulse/second, 20% intensity) and briefly
span. 1 mL of supernatant was collected and replaced by 1 mL of PBS:EtOH (1:1).
The procedure was repeated six more times, collecting 7 mL of cell suspension per
sample. Thirty µL of each cell suspension were filtered onto 0.2 µm pore-size poly-
carbonate filters (diameter 25 mm, Millipore GTTP02500, Eschborn, Germany). Cell
density was inspected on filter pieces stained with 4’,6-diamidine-2’-phenylindole dihy-
drochloride (DAPI) as explained in Section 2.3.3. The filters were air-dried and stored
at -20 ºC until they were used for CARD-FISH (Section 2.3.2).
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2.3 Microscopy

2.3.1 Fluorescence in situ hybridisation on BSC filters

Sections of the BSC filters were cut with scissors and hybridised with FITC mono-
labelled EUB338 I-III and NON338 probes as described in Glöckner et al. 1996 [71].
Shortly, filter sections were placed facing up on a glass slide and each section was
covered with a droplet of hybridisation solution (for each section, 3 µL of probe 50
ng DNA/µL were mixed with 27 µL of hybridisation buffer). A humidity chamber
was prepared by putting a piece of blotting paper into a 50 mL polyethylene tube
and soaking it with 2.5 mL of hybridisation buffer. The slide was placed inside the
humidity chamber horizontally. The closed chamber was incubated for 3 h at 46 ºC.
Hybridised sections were transferred to a polyethylene tube with 50 mL of preheated
washing buffer (48 ºC) and incubated at 48 ºC for 15 min. Some modifications were
made to the original protocol: SDS concentration in hybridisation and washing buffers
was increased to 0.02% and the hybridisation time was extended to 3 h. Sequence,
target organisms, hybridisation conditions and references of the probes used for FISH
are shown in Table 2.1.

2.3.2 Catalysed reporter deposition (CARD)-FISH on hyper-
saline mat filters

Endogenous peroxidases were inactivated by incubating mat material filters in H2O2

(0.15% in methanol) for 30 min at RT. Sections of the peroxidase-deactivated filters
were cut with scissors and used for CARD-FISH as described in Ishii et al. 2004
[72] with some modifications: embedding step was skipped since it resulted in cell
aggregation and cell loss due to permeabilisation was not significant (personal commu-
nication, Dr. Dimitri Meier - ETH Zürich), and an additional permeabilisation step
was included for detection of Archaea. Shortly, filter sections were incubated in freshly
prepared lysozyme solution (10 mg/mL in 0.05 M EDTA, pH 8.0; 0.1M Tris-HCl, pH
8.0) for 60 min at 37°C and then washed in MQ H2O. Filter pieces hybridised with the
archaeal probe ARC915 were additionally permeabilised in HCl (0.1 M in H2O) for 1
min at RT and then washed in MQ H2O. Hybridisation of the filter pieces was carried
out by immersing them in an Eppendorf tube filled with 600 µL of hybridisation so-
lution (2 µL of HRP probe 50 ng/µL in 598 µL hybridisation buffer) for 3 h at 46ºC.
After the hybridisation, filter sections were transferred to a polyethylene tube with 50
mL of pre-warmed washing buffer (48 ºC) and incubated at 48 ºC for 15 min. Sections
were incubated for another 15 min in 1xPBS pH = 7.6 at RT (in order to equilibrate
the HRP). Amplification was carried out by immersing the filter pieces in an Eppendorf
tube filled with amplification solution for 45 min at 46 ºC in the dark. Amplification
solution was prepared by mixing 1000 µL of amplification buffer with 10 µL of H2O2

0.15% v/v in 1xPBS pH 7.6 and 1 µL of fluorescent labelled tyramide (Alexa FluorTM

594 Tyramide Reagent, Thermo Fisher Scientific, Massachusetts, USA). Finally, am-
plified filter sections were washed in excess MQ H2O, subsequently in EtOH and then
air-dried. Sequence, target organisms, hybridisation conditions and references of the
probes used for CARD-FISH are shown in Table 2.1.
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Probe Sequence (5’ to 3’) Target Formamide (%) at 46 °C

EUB338 I-IIIab [73, 50]
GCTGCCTCCCGTAGGAGT (I)
GCAGCCACCCGTAGGTGT (II)
GCTGCCACCCGTAGGTGT (III)

Bacteria 35

ARC915b [49] GTGCTCCCCCGCCAATTCCT Archaea 20

ALF968b [74] GGTAAGGTTCTGCGCGTT Alphaproteobacteria 20

CFX1223b [75] CCATTGTAGCGTGTGTGTMG Chloroflexi 35

EHB412b [76] TACGCCCCATAGGGGTGT Rhodothermales 45

NON338ab [77] ACTCCTACGGGAGGCAGC Negative control 35

Table 2.1: Oligonucleotide probes used for FISH (a) and CARD-FISH (b)

2.3.3 DAPI staining

Filter sections were incubated in DAPI solution (1µg/mL in H2O) for 3 minutes at
RT. The filters were washed in MQ H2O for 1 minute, dehydrated in 100% EtOH for
1 minute and air-dried.

2.3.4 Microscopic visualisation of the cells

The filters were mounted in the non-hardening and anti-bleaching mounting medium
CitiFluorTM AF1 (Citifluor, Ltd., London, United Kingdom) and inspected under a
Zeiss Axio Imager 2 (Carl Zeiss, Jena, Germany) with a 100x oil objective and a set
of filters for DAPI (405 nm), FITC (480 nm) and Alexa Fluor 594 (660 nm) dyes. For
image acquisition in 660 nm (samples hybridised with CARD-FISH protocol) and the
DAPI channel, exposure time was set as the maximum value at which the image did
not show saturation. Exposure time was set to 300 ms in the FITC channel (samples
hybridised with FISH protocol) in order to compare the signal intensity of BSC filters
of different incubation time points.

2.3.5 Image analysis

FIJI [78] was used to count the DAPI, as well as FISH and CARD-FISH signals (of
BSC and mat samples, respectively) in at least ten images for each filter. More than
2500 cells were counted per filter except in filters corresponding to Oman mat layers
3 and 4, in which only 500 cells could be counted. A semi-automatic approach was
used for counting in order to reduce the workload and the bias. The function ”Find
maxima” was used with a prominence > 25 to select cell candidates in both channels,
that were then inspected visually. Signals in the FISH channel were checked to have
a corresponding DAPI signal. Auto-fluorescent particles (i.e. particles detected in
the FISH channel but not in the DAPI channel) were deselected and adjacent cells
detected as a single maximum were corrected. The final list of detected cells in the
FISH and DAPI channels were saved as Regions of interest (ROIs) for tractability.
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Relative abundance of FISH-targeted cells was calculated as FISH counts divided by
DAPI counts.

For filters of BSC, the software daime v2.2 [79] was used to measure the signal
intensity of all FISH-targeted cells on each picture. Cells were identified by dark-light
contrast with an object size threshold of 28 and including internal dark regions into the
object area. Probe clumps (visualised as high intensity particles), that were detected
as cells automatically by daime, were removed manually.

2.3.6 Statistics

Data sets did not follow a normal distribution according to Shapiro test. For this
reason, non-parametric Kruskal-Wallist test and pairwise Wilcoxon rank-sum test (α =
0.05) were used to evaluate statistically significant differences. False discovery rate was
set as p-values adjustment method in Wilcoxon test. Analysis of similarities (ANOSIM)
function from the package ”vegan” [80] was used with the following settings: 9999
permutations and Bray-Curtis distance metric. The statistical analysis was done with
R [81] in RStudio [82].

2.4 Pangenomic analysis

2.4.1 Data availability

All the isolate genomes and metagenome-assembled genomes (MAGs) used in the
pangenomic analysis (Chapter 5) were obtained either from NCBI [83], from Bay et
al. 2021 [84] or provided by Dr. Dimitri Meier (Supplementary table S1). In all the
cases they were already assembled and binned. Twenty-four out of 41 genomes were
sequenced from the same biological soil crust and hyper-saline mat samples described
in Section 2.1 (Supplementary table S1). Two genomes originated from isolates cul-
tured from the BSC material (previously cultured on Avdat desert soil extract agar
plates). Genomes were sequenced with the Illumina MiSeq chemistry and assembled
with SPAdes v.3.11.0 [85] using standard settings at the Joint Microbiome Facility.
Sequencing, assembly and binning workflows for BSC MAGs can be found in Meier
et al. 2021 [39]. Hyper-saline mat material was sequenced with Illumina NovaSeq S4
sequencer in 2x150 bp mode. Assembly and annotation were performed by the stan-
dard automated pipeline of the JGI and loaded into the Integrated Microbial Genomes
and Metagenomes (IMG/M) platform for exploration and systematic gene search. The
binning was done the same way as for BSC MAGs [39]. Following method section was
provided by the JGI in the assembly report:

”Reads were corrected using bbcms v. 38.34.(1) This was run using the fol-
lowing command line options: bbcms.sh metadatafile=counts.metadata.json min-
count=2 highcountfraction=0.6 in=out.fastq.gz out=input.corr.fastq.gz. The read-
set was assembled using metaSPAdes assembler with metaspades 3.13.0. [86] This
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was run using the following command line options: spades.py -m 2000 –tmp-dir
scratch -o spades3 –only-assembler -k 33,55,77,99,127 –meta -t 72 -1 reads1.fasta
-2 reads2.fasta. The input read set was mapped to the final assembly and cov-
erage information generated with bbmap 38.34. [87]. This was run using the
following command line options: bbmap.sh nodisk=true interleaved=true ambigu-
ous=random in=out.fastq.gz ref=assembly.contigs.fasta out=pairedMapped.bam covs-
tats=covstats.txt bamscript=to bam.sh.”

OTU table from BSCs collected in 2017 and 2019 referred to in Section 3.2.2 and
metagenomic reads table used for estimating hyper-saline mats taxa abundance (Chap-
ter 4) were provided by Dr. Dimitri Meier.

2.5 Taxonomic classification of the genomes

The tool GTDB-Tk v.0.3.3 [88], from the Genome Taxonomy Database [89], was used
to place the genomes into the GTDB phylogenomic tree and determine the closest
related genome in the database based on concatenated alignment of 120 marker protein
sequences.

2.6 Genome completion estimation

CheckM v1.1.3 [90] was used to assess the quality of the genomes. The software evalu-
ates the quality of the genomes using lineage-specific single copy marker genes. Com-
pletion is inferred from the proportion of marker genes found in the genome, whereas
contamination is calculated based on the presence of multiple copies of these genes.
Strain heterogeneity refers to the proportion of the multiple copy genes (contamina-
tion) that belong to closely related strains to the query genome based on the aminoacid
identity (AAI). The Lineage-specific Workflow ”checkm lineage wf” was used with de-
fault parameters. This workflow identifies the most informative lineage-specific marker
set suitable for evaluating each genome.

2.7 Genomes annotation and function prediction

MAGs retrieved from NCBI [83] were downloaded already annotated in GenBank file
format. Prodigal v2.6.3 [91] was used to identify the coding sequences in the rest of
the genomes (Supplementary Table S1). Predicted genes were scanned against Pfam
[92] and KEGG [93] databases using using hmmscan from HMMER v3.2.1 and against
COG database [94] using DIAMOND alignment [95]. Additionally, EggNOG-Mapper
[96] was used to allocate each encoded protein to a group of orthologs in the EggNOG
database [97]. For all the databases, E-value cut-off was set to 10−5.
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2.8 Computing of Cyanobacteria and Alphapro-

teobacteria pangenomes

Anvi’o pangenomic workflow [98, 99] was used to compute and visualise the Cyanobac-
teria and Alphaproteobacteria pangenomes. For each pangenome, a database contain-
ing the DNA and amino acid sequences of each annotated genes from each genome, as
well as their predicted functions, was generated. The pangenomes were computed using
the program ”anvi-pan-genome” with the flag ”–use-ncbi-blast” and default parameters
(minbit = 0.5, inflation = 2, minimum sequence identity = 0%). ”anvi-pan-genome”
calculates alignment similarity of all the amino acid sequences in the database pairwise
using BLASTp [100] and removes weak hits using ”minbit heuristic” [101]. Minimum
sequence identity is set to 0% because the minbit parameter is a better predictor for
weak matches, since it takes into account the alignment length between the two se-
quences. MCL (Markov Cluster algorithm) [102] is used to associate the remaining hits
into groups of homologs. As a result, ”anvi-pan-genome” generates clusters of homol-
ogous genes. Each gene cluster can be present or absent across the analysed genomes.
By default, genomes are sorted by hierarchical clustering based on gene clusters distri-
bution using Euclidean distance and Ward clustering. The program ”anvi-display-pan”
was used to visualise the pangenome in an interactive interface.

2.9 Functional enrichment

The function ”anvi-get-enriched-functions-per-pan-group” was used to study functions
that are predominantly found in genomes from one habitat. Briefly, each Anvi’o gene
cluster is associated to the most frequent COG function among its containing genes.
Gene clusters associated to the same COG number are merged into a single function.
A frequency table of functions in genomes is built and used as input to compute an
enrichment score and a p-value for each function. Enrichment score is calculated using
the Rao test. False Detection Rate correction to p-values is done using the R package
qvalue. Adjusted p-value threshold was set to 0.05. The results indicate if a function is
more frequent within a defined group of genomes than on average in the whole dataset.

2.10 Average Nucleotide Identity calculation

The program pyANI v0.2.10 [103] was used to calculate the average nucleotide identity
(ANI). For ANI calculation, genomes are aligned pairwise by cutting the first genome
(query) into consecutive fragments, that are then matched against the second genome
(reference). ANI is calculated as the average percentage nucleotide identity of the
matching regions [104]. The flag ”-ANIb” was set in order to use BLASTN+ [105] as
alignment algorithm and 1020 nucleotides long fragments as input.
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Chapter 3

Measuring rRNA content in BSC
cells upon hydration

Microbial dormancy is a widespread strategy that allows microorganisms to survive
harsh conditions [12] by minimising basal energy consumption in order to survive for
longer time. In arid ecosystems, water deprivation leads to energy limitation due to
the decreased availability of dissolved organic carbon [13]. Protein synthesis by the
ribosomes is one of the most energy consuming processes in the cell; ribosomes can
constitute up to 45% of the total mass of the bacteria and their biosynthesis consume
up to 40% of the produced energy [106]. During starvation, some microorganisms can
reduce their ribosome numbers [107] while other microorganisms maintain their ribo-
somes in an inactive state [108] or even increase them in the case of specific akinetes
[109]; therefore, ribosomal content cannot be used as a direct proxy of biological ac-
tivity. However, rRNA content directly relates to the potential to catalyse protein
synthesis of the microbial community [57].

It was the goal to investigate the ribosome content of BSC cells during rehydration
by performing mono-labelled FISH with the general Bacteria probe EUB338 I-III. Crust
pieces were hydrated and incubated for different time points, cells were fixed, detached
from the crust and filtered as explained in the materials and methods chapter (Sections
2.2.1 and 2.2.2).
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3.1 Results

3.1.1 FISH detection rate on BSC cells was only 20% after 12
hours hydration

FISH signal was quantified by calculating the percentage of the total cells (visualised
with DAPI) that had an overlapping FISH signal. The proportion of cells detected
with FISH upon hydration increased with the incubation time (Figure 3.1). Only
0.04% of the cells had a FISH signal in the time point 0 h, in which the crust was
not hydrated. The percentage increased to 0.14% 15 minutes after hydration, to 7.16%
after 30 minutes and reached 18.52% after 3 hours. The value remained stable 12 hours
after hydration, with 20.66% of the cells having a FISH signal. The increase in the
detection rate from three to twelve hours was not significant (p-value = 0.48).

Figure 3.1: Proportion of cells detected with the EUB I-III probe mix fixed at different
times after hydration. Ten images (black dots) were taken and more than 2,500 cells
were counted per time point.
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3.1.2 Maximum fluorescent intensity of cells was found 30
minutes after hydration

In mono-labelled FISH, signal intensity correlates with the number of ribosomes in a
single cell since each probe binds to one ribosome [52, 53]. We calculated the intensity of
FISH signals throughout the incubation time using the software daime (Section 2.3.5).
Fluorescence intensity increased with incubation time and reached its maximum 30
minutes after hydration (53±12 Arbitrary Units). In time points 3 h and 12 h, FISH
intensity remained stable (Figure 3.2).

Figure 3.2: Mean intensity of FISH signal at different incubation times after hydration.
At least 1000 objects were detected and measured in each time point except 30 min,
in which 496 objects were detected.
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3.2 Discussion

3.2.1 Hydration of the BSC lead to an increase in protein
synthesis potential of the microbial community

Hydration experiment of a biological soil crust showed an increase of the FISH detec-
tion rate with the incubation time, and stabilisation after 3 hours incubation. The
proportion of cells that were hybridised with the FISH probe EUB338 I-III in the com-
munity did not vary significantly between the 3 hours and 12 hours incubation time
points, comprising a maximum of about 20% of the bacteria that were detected with
DAPI (Figure 3.1). After 12 hours incubation, the majority of the cells (80%) had
no FISH signal. This could be due to different reasons. First, that the number of
ribosomes were below the FISH detection limit. It has been calculated that 1400±170
rRNA copies per cell are needed to display FISH signal in E. coli from activated sludge
hybridised to the EUB338-I probe [55]. However, an alternative explanation could be
that the probe could not enter a fraction of the cells due to rigid cell walls, regardless
the ribosomal content. Adaptations to desiccation stress include modifications in the
bacteria cell wall [29].

The mean intensity of the FISH signals increased with the incubation time too,
reaching its maximum 30 minutes after hydration (Figure 3.2). Nevertheless, the size
of the error bars in all the time points except for time point 0 hours indicates that
there is a lot of heterogeneity in the fluorescence signal, and therefore the ribosomal
load, of the BSC bacteria that could be hybridised.

Ribosomal content and growth rate are not always correlated [57]. Furthermore,
bacterial response to starvation in terms of ribosomal content is variable between cells
[107, 108], and ribosomal content can even be higher in dormant cells than in vegetative
ones [109]. However, we saw that the fraction of cells in the community displaying a
FISH signal and the mean signal intensity increased with incubation time. Our results
suggest that protein synthesis potential increases in the BSC microbial community
upon the hydration event.

3.2.2 Post-sampling storage time had no influence in riboso-
mal content of the BSC

The crust pieces used in this experiment belonged to a crust that had been sampled in
2019 and was stored for two years under stable dry and dark conditions (Section 2.1).
Pieces from the same biological crust were previously used in reactivation experiments
by Lisa Boden [58], in which the FISH patterns of a two years old crust (sampled in
2017 and hydrated in 2019) and a crust sampled and hydrated in 2019 were compared
[58] (Figure 3.3). FISH detection rate increased rapidly in the freshly sampled 2019
crust and reached its maximum after 3 h hydration, whereas in the 2017 crust detection
rate increased gradually throughout the 12 h incubation period (Figure 3.3a). In 2019
samples, the intensity of the FISH signals did not differ between time points, whereas
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in 2017 it increased with the incubation time (Figure 3.3b). From these results it was
hypothesised that rapid reactivation of the fresh 2019 crust was due to hibernating
ribosomes reactivation, whereas ribosomes had to be synthesised de novo after two
years storage, leading to a more gradual reactivation of the 2017 crust [58].

Figure 3.3: a: Proportion of cells detected with EUB I-III probe mix at different
incubation times. b: Mean intensity of FISH signal at different incubation times.
Results shown in figures 3.1 and 3.2 (in red) were compared to Boden 2020 results of
BSC sampled in 2017 (in light green) and in 2019 (dark green) [58] and to spike-ins
(i.e. the same filters used in Boden 2020 were hybridised de novo) of 2017 (yellow) and
2019 (pink) filters. In Boden 2020 an additional 6h time point was used.

Our results on the 2019 biological soil crust after two years storage show the same
reactivation trend as the 2019 crust hybridised shortly after sampling: a rapid increase
in the FISH detection rate and the signal intensity followed by stabilisation (Figure
3.3). However, both the proportion of hybridised cells in the community and the
intensity of the FISH signals were much lower. In order to test if this discrepancy was
due to lower ribosomal amounts after two years storage or due to variations in FISH
protocol, the same filters used in Boden 2020 (time points 30 min and 6 h, fixed in
2019) were hybridised de novo, resulting in at least 10 intensity units below what it
was observed in the same filters in Boden 2020 (Figure 3.3). Thus, the decrease in the
detection rate and signal intensity are not due to ribosomal degradation after 2 years
storage but either due to the fact that the FISH hybridisation of the same samples was
carried out by two different people, which could lead to different FISH hybridisation
efficiencies.

Alternatively, different reactivation trends of 2017 and 2019 BSCs could be ex-
plained by different starting community composition in these two years. It has been
reported that microbial community composition is altered during wetting events and
subsequently recovers to pre-wetting levels as the soil desiccates [110]. ANOSIM test
of amplicon sequencing data from BSC collected in 2017 and 2019 resulted in small
but significant dissimilarity between the microbial communities (R = 0.36, p-value =
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0.0001). SIMPER test indicated that 207 out of 1362 OTUs contribute significantly
to the differences between 2017 and 2019 crusts (personal communication, Dr. Dimitri
Meier - ETH Zürich). In conclusion, ribosomal content of BSC cells increased through-
out a 12 h period upon hydration. However, we did not find support for the hypothesis
that post-sampling storage time had an influence in ribosomal content of the BSC, as
the detection rate and signal intensity trends throughout a 12 h incubation did not
change after 2 years storage of the 2019 BSC.

3.2.3 Perspectives: using conventional FISH for quantifying
ribosomal content in cells

Comparison of FISH signal intensities of the same BSC showed a consistent trend over
12 hours, but there was disparity in the intensity values (Figure 3.3) despite following
the same protocol and setting the same exposure time as in Boden 2020. This could
be due to other sources of variation that could not be controlled, including the human
factor, the state of the probe stock solution, the age of the microscope lamp or the
state of the fluorescence filter cubes, that could reduce the intensity of the FISH signal
between assays. From this we can conclude that the method is semi-quantitative;
absolute intensity values should not be compared between assays but only the trends
throughout the incubation time.

Autofluorescent particles were seen in microscopy images and detected automat-
ically by the software daime as signals, leading to high standard deviation in the
measurements caused by artifacts. Even though it was possible to remove manually
signals corresponding to probe clumps (visualised as high intensity particles), other ar-
tifacts such as debris particles, that are more difficult to detect and remove due to their
low intensity and small size, could be interfering with the analysis. I would suggest
using double-labelled (DOPE) instead of mono-labelled probes to enhance the signal to
noise ratio. DOPE probes are proportional to the ribosome content as well and result
in more intense FISH signals with lower exposure time, reducing the autofluorescence
and the noise in the intensity measurement.

FISH is frequently used to identify microorganisms present in environmental sam-
ples [57]. Here we used this technique in a quantitative way, to evaluate the changes
in the ribosomal amounts of cells from a BSC throughout a 12 hours period upon hy-
dration. The quantification of rRNA molecules is not a robust indicator of biological
activity since some microorganisms accumulate ribosomes as they enter dormant state
[109]. Furthermore, FISH probes do not seem to distinguish between hibernating and
active ribosomes based on previous studies in dormant communities [111, 112]. How-
ever, the ribosome levels of the cells can inform us about the protein synthesis capacity
of the community and how this changes with the time. By applying FISH in a quan-
titative way to BSC cells we concluded that the protein synthesis potential increased
during the 12 h incubation and we did not find support to the hypothesis that long
time storage of the BSCs leads to ribosome degradation that alters the detection rate
and signal intensity patterns.
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Chapter 4

Characterisation of Oman
hyper-saline mats’ microbial
community

The microbial communities in hyper-saline mats are highly stratified, with phylogeneti-
cally and metabolically different taxa in each layer due to strong gradients in redox and
light intensity across the mat depth [56]. Primary production in the mat is controlled
by light and temperature, and the flow of carbon and nutrients follows internal cycles
[113]. In microbial mats from a salt flat at the coast of Oman, five layers were distin-
guished and separated in the mats based on colour and texture [69]. We used catalysed
reporter deposition fluorescence in situ hybridisation (CARD-FISH) to compare the
spatial distribution of Archaea, all Bacteria, and Alphaproteobacteria specifically in
two microbial mats with different salinity levels: 18% and 30%.

4.1 Results

4.1.1 Cell density does not vary with salinity

We aimed to calculate the cell abundance in each layer of the mats (Figure 2.1). Cell
density and relative abundance of bacteria and archaea (see section 4.1.3) was calcu-
lated simultaneously in the same filter pieces. Material from each layer was hybridised
and amplified with CARD-FISH probes EUB338 and ARC915 and subsequently stained
with DAPI. Ten images were taken from each layer and counted. Unspecific binding of
DAPI was seen in all the filters belonging to the high salinity mat upon CARD-FISH
amplification. This incompatibility of DAPI staining with CARD-FISH amplification
did not occur in the low salinity mat, in which we could clearly quantify the cells.
Cell density of the high salinity mat had been calculated by Dimitri Meier in filters
which were not previously amplified with CARD-FISH [69], so the cell density at both
salinities could be compared.
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Cell density per gram of material in the low salinity mat almost doubled from the
top layer (layer 1) (1.25·1010 cells/g) to layer 3 (2.29·1010 cells/g). In layers 4 and 5 the
number of cells decreased 10-fold, to 1.93 · 109 cells/g and 1.45 · 109 cells/g respectively
(Figure 4.1). Cell density in the high salinity mat remained stable in the three upper
layers and dropped in the last two, showing the same trend than low salinity mat
(Figure 4.1). Differences in cell abundance were significant between the layers (p-value
< 0.0005), but not between mats (p-value = 0.607) according to Kruskal-Wallist test. A
subsequent pairwise Wilcoxon rank-sum test was performed to evaluate the differences
in abundance between layers. In the low salinity mat differences in abundance were
significant between all the layers (p-value < 0.015). In the high salinity mat, abundance
in layers 1-3 (p-value > 0.15) and 4-5 (p-value = 0.18) was not significantly different.

Figure 4.1: Barplot depicting cell abundance per gram of mat material in each layer
of the high salinity mat (red) and the low salinity mat (blue). Cell numbers were
obtained by counting DAPI-stained cells by epifluorescence microscopy. Data of the
high salinity mat were taken from Meier et al. 2021 [69]. Please see Figure 2.1 for
information on layer numbers.
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4.1.2 Visualisation of Archaea and Bacteria in hypersaline
mats

Relative abundances of Archaea and Bacteria in the microbial mats had been previ-
ously estimated by Dr. Dimitri Meier by mapping metagenomic reads to the SILVA
SSU132 database using PhyloFlash [114]. PhyloFlash estimated high Archaeal abun-
dance in the upper layers, reaching 80% of the total microbial reads percentage (Figure
4.3). Sequencing-based diversity estimation methods carry a potential source of bias
introduced during DNA extraction. Furthermore, they provide indirect abundance in-
formation since they detect DNA, not whole cells. Thus, relative abundance could
be inaccurate due to poliploidy and variable 16S rRNA gene copy number [65, 64].
I used CARD-FISH microscopy to verify the abundance estimation using a single-
cell approach. Filters from each layer of a low salinity mat were hybridised with
probes ARC915, specific for Archaea and EUB338 I-III, specific for Bacteria (Table
2.1). NON338 probe, which does not hybridise to any 16S rRNA sequence, was used
as a negative control.

CARD-FISH was chosen over conventional FISH because mat material presented
high autofluorescence, especially in 480 nm (green) and 550 nm (orange) channels
(Supplementary figure S2). Lower autofluorescence levels were seen in the 660 nm (far
red) channel (Supplementary figure S2). For this reason, Alexa Fluor 594 Tyramide
was used in CARD-FISH amplification. Bacteria inhabiting the mats had heteroge-
neous morphologies in the three upper layers, being the most abundant: bundles of
filamentous bacteria, cyanobacteria (identified as thick filaments), cocci, bacilli and
diplobacilli. Bacteria from the two bottom layers were mainly bacilli and filamentous
bacteria. Regarding Archaea, they had mainly coccoid shape and were arranged in
diplococci and tetrads in all the layers (Figure 4.2). The two bottom layers, in which
cell density decreased drastically, were abundant in sediment particles and dead cells.
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Figure 4.2: Epifluorescence microscopy images of hyper-saline mat material from layer
1 hybridised with ARC915 (a) and from layer 3 hybridised with EUB338 I-III (b).
CARD-FISH probe (red) and DAPI (blue) channels are overlapped in the same image.
Scale bar of 10 µm.
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4.1.3 Relative abundance diverged between quantification
methods

In order to verify the abundance estimations based on metagenomic reads (obtained
from three replicate mat cores, each separated in five layers) throughout the depth
profile of the low salinity mats, CARD-FISH was performed on the five layers of one
mat core. CARD-FISH and DAPI signals were counted in ten images for each layer and
probe, and the CARD-FISH/DAPI ratio was calculated. The trend of Archaea relative
abundance was the same as seen in PhyloFlash estimation; an ”U” pattern with highest
abundance in the top and bottom layers of the mat. However, the maximum abundance
of Archaea identified by CARD-FISH in layer 1 was 20% in comparison to an average
60% abundance estimated based on the metagenomic reads (Figure 4.3a). The layers
with highest relative abundance of Bacteria differed between analysing metagenomic
reads and CARD-FISH. Based on metagenomics, highest bacterial abundance was
found in layers 3 and 4 with 92% and 91%, whereas with CARD-FISH the highest
abundance was detected in layer 2, reaching 82%.

The sum of Archaea and Bacteria relative abundance detected with CARD-FISH
was close to 100% in layers one and two. In layer three, detection rate fell to 70%, and
reached the lowest values in layers four and five with 40.19% and 55.96% respectively
(Figure 4.3b). Filters from layers four and five were hard to quantify due to high
abundance of disintegrating cells, in which the cell borders are diffused due to loss of
membrane integrity, and autofluorescent particles. However, lower detection was also
seen in layer three, which had the highest total cell abundance (Figure 4.1) and in
which most cells kept their integrity.
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Figure 4.3: Relative abundance of Archaea and Bacteria across the mat layers according
to metagenomic reads abundance (PhyloFlash) and fluorescence microscopy.

Top panel: mean relative abundance of Archaea (a) and Bacteria (b) according to
Phyloflash (red) and CARD-FISH (blue). Metagenomes were produced from three low
salinity mat cores (Section 2.1) and the Phyloflash relative abundance was calculated
as the average of the three replicates in each layer. CARD-FISH was only done in one
mat core, and ten images and at least 500 cells were counted for each layer (Section
2.3.5). (obtained from three replicate mat cores, each separated in five layers).

Bottom panel: stacked relative abundance of Archaea (blue) and Bacteria (red) in each
layer of the low salinity mat. Quantification with Phyloflash (c) and CARD-FISH (d).
”No signal” (grey) refers to the proportion of the cells detected with DAPI that were
not covered by either EUB338 or ARC915 probes.
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4.1.4 Alphaproteobacteria, Rhodothermaceae and Chloroflexi
change in abundance with salinity

PhyloFlash abundance estimation highlighted differential presence of three taxa be-
tween the metagenomes from low salinity and high salinity mats and across the depth
profile: Alphaproteobacteria, Bacteroidetes and Chloroflexi.

Alphaproteobacteria populations were biologically interesting due to their potential
role in the microbial mat and their distribution across the depth profile. The predom-
inant Alphaproteobacteria taxa estimated by PhyloFlash were the genus Rhodovibrio
and the family Rhodobacteraceae, being respectively the most abundant Alphapro-
teobacteria in the metagenomes from the high salinity and the low salinity mats (Sup-
plementary figure S1). Both clades could occupy the same niche as phototrophic
sulphide-oxidisers, since the MAGs binned from the metagenome harbour the sox
genes. These genes encode for the Sox enzyme system (SoxABCDXYZ), which confers
the ability to oxidise sulphur compounds like hydrogen sulphide or thiosulphate [115].

The familiy Rhodothermaceae, including the genus Salinibacter, were the most
abundant Bacteroidetes, especially in the metagenomes of the top two layers of the
high salinity mat. Salinibacter was more abundant in high salinity than in low salinity
mats (Supplementary figure S1). A clade belonging to the family Marinilabiliaceae
increased in abundance with depth in both salinities.

Two Chloroflexi taxa were predominant in the metagenomes at different layers.
Candidatus Chlorothrix was the most abundant Chloroflexi taxon in metagenomes of
the three upper layers of both mats, whereas SBR1031 was dominant in the bottom
ones (Supplementary figure S1).

4.1.5 Only Alphaproteobacteria could be quantified in micro-
bial mats

I used CARD-FISH to verify the relative abundance of the aforementioned taxa of
interest in the community. I used probes specific to Rhodothermaceae, Chloroflexi
and Alphaproteobacteria, as well as the NON probe as negative control (Table 2.1).
Prior to performing CARD-FISH, I tested in silico if the probes matched any of the
microbial taxa from the mats. PhyloFlash was used to assemble 16S rRNA sequences
from the metagenomic raw reads. From the 319 sequences that were reconstructed,
281 were larger than 1000 bp. The three probes matched 16S rRNA sequences with no
mismatches. ALF968 probe matched nineteen 16S rRNA sequences. Although most of
ALF968 matches did not belong to Alphaproteobacteria (i.e. Desulfobacterota, Myxo-
coccota, Planctomycetota, Zixibacteria, FW113 and ”Unclassified taxa”), the summed
outgroup hits supposed less than 1% of the metagenomic reads relative abundance in
all the layer. CFX1223 matched twenty three Chloroflexi sequences, covering the taxa
Candidatus Chlorothrix and SBR1031. EHB412 matched six sequences belonging to
the order Rhodothermales, including the genus Salinibacter.
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Figure 4.4: Relative abundance of Alphaproteobacteria in the low salinity (left) and
high salinity (right) mats according to CARD-FISH (blue) and PhyloFlash (red).

CARD-FISH signal could not be detected upon filter hybridisation with CFX1223
or EHB412 probes. Thus, only Alphaproteobacteria abundance could be quantified at
both salinities and compared to metagenomic estimations. The Alphaproteobacteria
distribution pattern obtained by CARD-FISH diverged from the one estimated from the
metagenomic reads. According to CARD-FISH, Alphaproteobacteria exhibited similar
dynamics throughout mat depths in both salinities (Figure 4.4). The maximum relative
abundance was found in the top two layers of both mats and decreased significantly in
the two bottom layers. However, the middle layer had a different abundance in each
mat. In the high salinity mat, relative abundance in layer three was 15%, resembling
the top mats’ abundance (13% and 17%), whereas in the low salinity mat it was 3%,
following the decreasing trend and leading to 0.5% and 0.4% in layers four and five.
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4.2 Discussion

4.2.1 Archaea abundance was overestimated in the metage-
nomic reads

In Meier et al. 2021, 16S rRNA amplicon sequencing of different mat layers resulted in
Archaea relative abundance of 56% in the mat layer with the highest relative abundance
(layer 4) [69]. This matches the observed relative abundance based on the proportion
of metagenomic reads mapped to archaeal 16S rRNA sequences, which amounts to on
average 60%, albeit in a different mat layer (layer 1) (Figure 4.3a). This is in contrast
to the relative abundance of Archaea of 21% based on CARD-FISH quantification.
However, CARD-FISH quantification was in concordance with previous reports in mi-
crobial mats, in which Archaea make up between 1% and 20% of the community in
hyper-saline microbial mats [116, 117].

Poor correspondence between 16S rRNA amplicon sequencing and CARD-FISH
quantification has been reported in the literature [63, 118, 119]. In Ushio et al. 2014
the same soil samples were quantified with amplicon sequencing and CARD-FISH.
They reported an Archaea abundance of 1% with amplicon sequencing and more than
30% with CARD-FISH. Piwosz and colleagues compared the accuracy of amplicon se-
quencing and CARD-FISH in mock and environmental communities and concluded
that CARD-FISH was more accurate estimating the true taxa abundance, but both
methods were reliable when studying the influence of environmental parameters in the
community composition [118, 119]. Abundance estimation based on the mapping of
metagenomic reads avoids part of the biases and artifacts associated with amplicon
sequencing (e.g. primer bias and sequence chimerism [120]) [114], but bias is still in-
troduced during DNA extraction step. Furthermore, poliploidy, which is common in
bacteria and archaea [65], and variable number of 16S rRNA gene copies per genome
[64] can lead to the underrepresentation of taxa with fewer genome and 16S rRNA gene
copies in the metagenomic reads pool. Here we report differences in abundance be-
tween PCR-independent metagenomic sequencing and CARD-FISH. A previous study
has shown similar proportion of Bacteroidetes in CARD-FISH and 16S rDNA sequences
recovered from marine water metagenomes [121]. However, studies using mock com-
munities are needed to assess the true accuracy of metagenomic profiling, amplicon
sequencing and FISH and CARD-FISH quantification.

4.2.2 Lack of CARD-FISH coverage could be due to low ri-
bosome content or cell wall impermeability

In the upper two layers, CARD-FISH had a detection rate of nearly 100% (91.64%
and 95.46%, respectively, summing up relative abundances of Bacteria and Archaea in
layer 1 and 2). Whereas the three lower layers had a summed Archaea and Bacteria
relative abundance of 70%, 40.19% and 55.96%, respectively (Figure 4.3b). Similar
relative abundance patterns of Archaea were determined with both, DNA sequencing
based and CARD-FISH based method. In contrast, the relative abundance pattern of
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Bacteria differed between both methods. Therefore, it is likely that the missing CARD-
FISH signals in the lower layers correspond to Bacteria. Decrease in the detection rate
in the lower layers of the mat could be explained by a higher relative abundance of
cells that are either dead, or that maintain their cell wall integrity and DNA, but have
ribosome numbers below the detection limit of CARD-FISH. The minimum number of
rRNA molecules required to display a fluorescent signal in CARD-FISH is less than a
hundred per cell in comparison with more than a thousand needed in conventional FISH
[55]. However, we cannot discard ribosome degradation below CARD-FISH detection
limit in a fraction of the community, especially in layers 4 and 5. In these layers cell
abundance decreased 10-fold (Figure 4.1), pointing to decreased viability. Besides, less
viable cells could be eventually buried in the bottom of the mat due to sedimentation.
In Pernthaler et al. 2002, significant decrease in the detection rate of the community
throughout the depth profile of sea water sediment was also reported [54]. A mean
detection rate of 93% was reported in the depth 0-6 cm, that fell to 60% in the depth
6-14 cm. However, since only EUB338-HRP was used, this decrease could be partially
explained by the presence of Archaea in the microbial community of the lower layers.
Additionally, higher abundance of dead cells was hypothesised as a reason for this
observation [54].

The probes EHB412 and CFX1223, that target the abundant taxa Rhodothermales
and Chloroflexi (according to the metagenomes), had no signal in any of the layers of
both mats. The main reasons for failure in FISH are low accessibility of the probe
to the rRNA, low ribosome content and cell wall impermeability [122, 55, 123]. FISH
probes design is based on the matching specificity of the sequence, but must fulfill other
prerequisites such as optimal length, hybridisation behaviour and ribosomes accessibil-
ity [124]. According to E. coli 16S rRNA accessibility map [122], EHB412 binds to a
class II region whereas CFX1223 binds to class II and IV regions. The 3D structure of
the 16S rRNA molecule could vary in other organisms, especially in extremophiles, but
the complete lack of signal would require the binding of both probes to class VI (lowest
accessibility) regions. Furthermore, both probes have been successfully used for FISH
in the case of EHB412 [76] and CARD-FISH in the case of CFX1223 [47]. Therefore,
it is unlikely that unsuccessful hybridisation with probes EHB412 and CFX1223 is due
to low ribosome accessibility.

Cell wall impermeability could explain the lack of signals corresponding to the
abundant taxa Rhodothermaceae and Chloroflexi. Despite being a more sensible
method, CARD-FISH is less efficient than FISH penetrating the cell walls because
HRP-conjugated probes have a higher molecular weight than conventional FISH fluo-
rescent probes [123]. It has been reported that Gram-positive cell walls are harder to
permeabilise than Gram-negative [125]. In the same way, modifications in the bacterial
cell wall and cell membrane composition, which are a well known mechanism to cope
with salt stress and desiccation [3, 126, 27], could limit the permeability. Therefore,
CARD-FISH efficiency could be limited only in specific taxa from the community, i.e.,
those that use cell wall modification strategies to survive in hyper-saline conditions.

Rhodothermales and Chloroflexi account for 32% of the total metagenomic reads in
layer 2. In this layer, 95.46% of the cells had a CARD-FISH signal upon hybridisation
with EUB338 and ARC915 probes. Therefore, following the hypothesis that the hy-
bridisations with probes EHB412 and CFX1223 were unsuccessful due to impermeable
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cell walls of the target organisms, then the abundance of these taxa would need to
be less than 5% provided that they are the only taxa that cannot be targeted using
CARD-FISH, which is not realistic. Therefore, it remains open to us why these probes
did not work in our sample material. This issue points out the need for optimised
CARD-FISH protocols that allow to cover all the diversity in complex samples.

4.2.3 Taxonomic profiling is needed to verify the absence of
false positives in CARD-FISH samples

The probe ALF968 matched nineteen 16S rRNA assembled sequences, from which
only six were Alphaproteobacteria. The thirteen matched outgroup sequences included
the phyla Desulfobacterota, Myxococcota, Planctomycetota, Zixibacteria, as well as
unclassified sequences. Nevertheless, these outgroups supposed less than 1% of the hits
in all the layers. Phyloflash performs taxonomic profiling by mapping the metagenomic
reads against the SILVA SSU database and calculating taxa relative abundance as the
percentage of 16S rRNA reads assigned to each taxon over the total number of reads
assigned to the 16S rRNA gene [114]. Additionally, full-length 16S rRNA sequences
are assembled from the reads [114]. Targeted assembly of the 16S rRNA gene from
metagenomic reads is challenging due to the presence of highly conserved regions in
the sequence, that lead to loops in the assembly graph [114]. For this reason, the list
of 16S rRNA assembled sequences recovered from the metagenome does not provide a
reliable overview of the community composition due to under-detection of certain taxa.
Assembled 16S rRNA sequences can be used to design probes and study the phylogeny,
but do not provide relative abundance information.

Additionally, we used the software TestProbe from the SILVA database to eval-
uate the outgroups that are targeted with no mismatches by the widely used FISH
probe ALF968. Only 74% (23,962/32,242) of the hits against the database belonged
to Alphaproteobacteria. Furthermore, 22% of the Desulfobacterota sequences, 58% of
the Mycococca and 22% of the Zixibacteria sequences collected in the SILVA database
matched the ALF968 probe. Previous evaluations of the probe ALF968 revealed many
outgroup hits (false positives) throughout the bacterial domain and 20% of untargeted
Alphaproteobacteria (false negatives) in the SILVA database [41]. This addresses the
importance of performing taxonomic profiling of the community before carrying out
CARD-FISH, despite the potential bias discussed in Section 4.2.1. We could use the
ALF968 probe since mapping-based taxonomic profiling resulted in a minimal relative
abundance of outgroup taxa in the hyper-saline mat metagenomes even if the majority
of the hits in the 16S rRNA assembled sequences were not Alphaproteobacteria. Even
though the two main Alphaproteobacteria clades, Rhodovibrio and Rhodobacteraceae,
are targeted by the ALF968 probe, we should be aware that we could be missing a
fraction of the Alphaproteobacteria present in the community.
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4.2.4 Alphaproteobacteria distribution could be influenced by
sulphur and oxygen availability

Abundance of Alphaproteobacteria throughout the mat depth differed between metage-
nomic reads estimation and CARD-FISH microscopy quantification. However, with
both methods Alphaproteobacteria in the layer 3 was higher in the high salinity mat
than in the low salinity mat (Figure 4.4).

Rhodobacteraceae, the most prominent Alphaproteobacteria clade under low salin-
ity conditions, are known to be versatile photoheterotrophic organisms that can adopt
different trophic strategies and therefore occupy various niches in the mats [34]. Al-
though Rhodobacteraceae are typically classified as purple non-sulphur bacteria, the
MAGs binned from Oman mats metagenome harbour the sox genes, so they could use
reduced sulphur compounds like hydrogen sulphide or thiosulphate. The other major
Alphaproteobacteria clade, Rhodovibrio, harbours the sox genes too.

Changing salinity alters the biochemical fluxes in the mat [69]. Under high salinity
conditions, oxygenic photosynthesis is inhibited leading to an increase in sulphide con-
centration since O2 cannot be used as electron acceptor. Differences in O2 and sulphide
concentrations could define the majoritarian Alphaproteobacteria clade (Rhodobacter-
aceae under low salinity and Rhodovibrio under high salinity S1) and its depth profile.
Vertical migration of bacteria in response to changing sulphur and oxygen levels has
been hypothesised previously [127, 128]. Both, sulphate-reducing bacteria and pho-
totrophic anoxygenic bacteria were differentially found during the day in the mid layer
of a hyper-saline microbial mat, that undergoes diel fluctuation between oxic and anoxic
zone [127, 128].

4.2.5 Perspectives: combination of metagenomic and mi-
croscopy data in microbial diversity assessment

In order to characterise the microbial communities inhabiting two hyper-saline micro-
bial mats, we used a combined approach in which high throughput metagenomic data
was used to target taxa of interest that were estimated to change with the salinity
and the depth profile, and low throughput CARD-FISH was used to quantify them.
From our results and previous works [119, 129, 63], we can conclude that both meth-
ods present biases and challenges for the characterisation of halophilic microorganisms
in microbial mats. Their physiologies or survival strategies can interfere with the
molecular assays: high amounts of EPS and autofluorescent pigments can interfere
with fluorescence microscopy evaluation, whereas cell wall modifications could affect
CARD-FISH efficiency. Microscopy seems to be particularly informative in the deepest
mat layers, as it shows that cells disintegrate, while their DNA could still be detected.
Taking this into account, a combined quantification strategy seems the best way to
obtain reliable results.
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Chapter 5

Pangenomic analysis of
Cyanobacteria and
Alphaproteobacteria inhabiting arid
and saline environments

High salinity and lack of water have as a common consequence: reduced bioavailable
water [3]. Nevertheless, it has been reported that the cellular response to desiccation
and hyper-osmolarity is different [8, 9]. I used a MAG-centric comparative genomics
approach to study the differences in putative resistance genes and strategies found
in bacteria from arid and saline habitats. I compared the genes encoded by closely
related microorganisms inhabiting arid soils and aquatic saline environments ranging
from brackish to hyper-saline conditions. Additionally, I used available freshwater
genomes as a reference for organisms putatively unadapted to low water potential. For
this analysis I mainly used data from two metagenomes that were produced by Meier et
al. in the following habitats: hyper-saline microbial mats in Oman [69] and biological
soil crusts in the Negev desert [39] (Section 2.4.1).

Microbial mats material was sampled from an intertidal area that reached salin-
ity levels of up to 40% (saturation). According to preliminary 16S rRNA data, mat
community was stratified by depth. The mat community was characterised by a high
proportion of archaeal sequences, that could reach 56% of the relative abundance in
some layers [69]. Cyanobacteria constituted a minor proportion of the reads, whereas
anoxygenic phototrophs such as Chloroflexi were much more abundant. In total, 393
MAGs were assembled and binned from the sequenced mat material.

BSC metagenomes were produced from an arid site in the Negev Desert, Israel, with
less than 100 mm of annual rainfall [39]. Based on both, 16S rRNA amplicon sequencing
and metagenomic reads analysis, the community was composed of large proportions
of Cyanobacteria and Actinobacteria and smaller fractions of Alphaproteobacteria,
Bacteroidota, Chloroflexota, Gemmatimonadota and Acidobacteriota [39]. Ninety-six
MAGs were binned from the metagenomes and were dominated by Actinobacteria
(54/96 MAGs), whereas Cyanobacteria abundance was lower in the MAGs and in 16S
rRNA amplicon sequencing data (4/96 MAGs and 29/922 OTUs) [39].
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In order to study habitat-specific adaptations, I looked for the functions that were
conserved exclusively in one of the environments (i.e. arid or saline). I compared the
genomes from two taxa: Coleofasciculus (genus) and sulphide-oxidising phototrophic
Alphaproteobacteria (class) were present in both aforementioned habitats. However,
due to the low number of Coleofasciculus genomes from both habitats, I expanded the
genome collection to the closely related cyanobacteria genus Microcoleus and I searched
in public databases for genomes that were isolated from arid soils and non-freshwater
aquatic samples, ranging from brackish to hypersaline.

5.1 Results

5.1.1 Cyanobacteria pangenome

Filamentous cyanobacteria of the genus Coleofasciculus were found in both, BSC (one
MAG) and microbial mat (three MAGs), metagenomes. Additionally, I collected from
public databases Coleofasciculus genomes obtained from arid soils, aquatic brackish,
saline and hyper-saline environments and freshwater (Supplementary table S1). Due
to the scarcity of Coleofasciculus genomes in the databases, I included in the analysis
genomes from the genus Microcoleus, that was present in the Negev BSC metagenome.
Microcoleus is also a filamentous Cyanobacteria genus, with a similar lifestyle (i.e. both
are phototrophic, filamentous cyanobacteria that aggregate to solid matrices by secret-
ing high amounts of EPS) and that has also been found in microbial mats and BSCs in
xeric environments [130]. I collected 22 genomes; 10 classified as Coleofasciculus and
12 as Microcoleus (Supplementary table S1) according to the metadata.

Taxonomic classification and completion estimation

I checked the taxonomy of the retrieved genomes with GTDB-Tk, that classified and
placed the 22 sequences into the tree of bacterial genomes based on concatenated
alignment of 120 marker protein sequences [88]. The ten Microcoleus sequences were
classified as Microcoleus in the GTDB bacterial tree. However, only four out of twelve
”Coleofasciculus” genomes were actually placed in this genus. Five were placed in the
genus PCC7113, that belongs to the family Coleofasciculaceae, two were placed in the
Coleofasciculaceae family but were not assigned a genus and one was placed outside of
it, in the Chamaesiphonaceae family (Table 5.1).

Metagenome assembly and binning are challenging processes; none of the available
algorithms has achieved to reconstruct genomes from an environmental sample with
100% completeness [131]. We used CheckM to analyse the quality of the MAGs using
lineage-specific marker genes for each MAG. Nine genomes had completeness values
over 90%, eight genomes were between 70% and 90% complete and five genomes were
between 50% and 70% complete (Table 5.1). The sum of contamination (presence of
marker genes from distantly related organisms) and strain heterogeneity (presence of
marker genes from closely related organisms) was below 5% in seventeen genomes and
it did not reach 10% in any genome.
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Genomes completeness and taxonomy
Genome name GTDB taxonomy Completeness (%) Contamination (%) Strain heterogeneity (%)
bin38 s M. sp013299165 98.72 0.00 0.11
bin48 s M. sp013299185 99.27 0.55 0.00
C1bin4 g Microcoleus 69.82 1.43 1.43
C3bin4 g PCC7113 54.25 1.39 1.18
Co250 g PCC7113 87.83 4.46 0.71
Cobin12 g Microcoleus 52.22 2.51 3.95
Cobin14 g PCC7113 60.96 1.54 1.35
Coleofasciculus01 g PCC7113 89.74 1.05 0.17
FACHB1120 f Chamaesiphonaceae 100.00 0.37 0.00
LEGE07076 g Microcoleus 98.48 1.34 0.19
LEGE07081 g Coleofasciculus 99.17 1.70 0.00
LEGE07092 g Coleofasciculus 99.56 1.26 0.00
Microcoleus01 g Microcoleus 90.07 1.11 6.86
OSALTMAG134 f Coleofasciculaceae 97.22 3.28 0.35
OSALTMAG256 f Coleofasciculaceae 85.24 3.05 1.14
OSALTMAG82 g Coleofasciculus 76.67 0.18 0.89
PCC7420 s C. chthonoplastes 98.93 0.80 0.16
SCS111 g PCC7113 65.70 3.41 0.93
SCS153 g Microcoleus 76.55 1.93 4.38
SCS76 g Microcoleus 79.36 0.71 3.72
T1bin1 g Microcoleus 75.86 3.39 1.00
T3bin5 g Microcoleus 70.26 6.66 1.29

Table 5.1: Taxonomic placement and completeness and contamination estimation of
the analysed Cyanobacteria MAGs. MAGs were placed at species (s), genus (g) or
family (f) level in the bacterial tree of life.

Pangenomic analysis

Anvi’o pangenomic analysis associates annotated homologs in groups based on Di-
amond amino acid alignments [99]. Therefore, the functional working unit in this
analysis is not the gene anymore, but the cluster of homologous genes. These genes are
classified in the same cluster under the premise that they will have the same function.
We compared the functional potential of the genomes based on presence-absence of
homologous genes.

Anvi’o pangenomic workflow produced 24,762 gene clusters, that were reduced to
10,835 after removing the gene clusters that were found in only one genome (singletons).
When I sorted the genomes based on their presence/absence pattern of homologous
genes (gene clusters), they were split in two branches corresponding to Microcoleus and
Coleofasciculaceae genomes. At lower ranks saline Coleofasciculaceae (OSAL MAG134,
256 and 82, LEGE07081 and 07092 and PCC7420) clustered together (Figure 5.1).
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Figure 5.1: Anvi’o pangenomic analysis of 22 genomes belonging to Microcoleus (green)
and Coleofasciculaceae (plus the Chamaesiphonaceae FACHB1120) (purple) binned
from desert (brown), saline (dark blue) and freshwater (light blue) metagenomes.
75,947 genes were allocated in 10,835 gene clusters (black bars) after removing sin-
gletons. ANIb was calculated with pyANI v0.2.10 [103] and ranges from 70% (white)
to 100% (red). Genomes were ordered according to presence/absence of gene clusters.
Dendrogram was built with Fasttree v2.1.10 [132].

Anvi’o enrichment analysis

Additionally, I performed an enrichment analysis, that resulted in a list of gene func-
tions that are predominantly found in one habitat (Section 2.9). This allows us to find
functions that are characteristic of saline or arid environments.

One hundred and forty-four protein functions were reported to be more frequent
in saline genomes than in desert and freshwater ones. Several putative halotoler-
ance functions, selected among the top enriched functions based on literature research
[1, 3, 7, 9, 133, 134, 135], were found in at least six out of seven saline genomes
and one or less non-saline ones. These functions were: catalase KatE (COG0753),
Na+/proline symporter PutP (COG0591), Glycerol-3-phosphate dehydrogenase GlpA
(COG0578), trehalose-6 phosphate synthase OtsA (COG0380) and Na+/H+ antiporter
NhaP (COG0025) (Figure 5.3). Although these functions were present in most saline
cyanobacteria, they were covered by different protein families (e.g. four gene clusters
were associated to KatE, each one found in different genomes). Only three proteins
were reported to be more frequent in desert genomes than in saline. And none of them
had a high enrichment value.
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Even though the genomes were classified by their functional potential (gene clusters
presence/absence), they clustered based on phylogeny. For this reason, I performed
a species-specific functional enrichment in order to check how many functions were
characteristic of each taxon (i.e. Microcoleus or Coleofasciculaceae) and if there were
”core functions” present in the genomes from the same family/genus. One hundred
and sixty-seven functions were associated to one of the taxa: 111 to Coleofasciculaceae
and 56 to Microcoleus. Only seven gene clusters associated to three functions were
present in all Coleofasciculaceae and absent in all Microcoleus and none was present
in all Microcoleus and absent in Coleofasciculaceae. According to this result, there are
no core functions characteristic of each species, but this analysis only used the gene
clusters that were associated to a COG function (61% of the gene clusters).
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5.1.2 Sulphur-oxidising Phototrophic Alphaproteobacteria
pangenome

Sulphide oxidising phototrophic Alphaproteobacteria were found in MAGs sets gener-
ated from both metagenomes - BSC and hyper-saline mats. I included in this group
any Alphaproteobacteria that harboured in its genome any of the soxABCXYZ genes
and chlorophyll synthesis genes. In total I collected 19 genomes; two were sequenced
from BSC isolates, four were binned from the BSC metagenome and thirteen from the
hyper-saline mat metagenome.

Taxonomic classification and completion estimation

GTDB-Tk placed the 19 genomes in class Alphaproteobacteria, in the orders: Kiloniel-
lales (7), Rhodobacterales (4), Acetobacterales (4), Rhizobiales (3) and Azospirillales
(1). Rhizobiales was the only order found in both habitats. CheckM was used to
calculate completion and contamination values of the genomes with marker genes spe-
cific for the Alphaproteobacteria class. Four genomes were over 90% complete, six had
completion values between 70% and 90%, nine genomes were between 50% and 70%
complete. The sum of contamination and strain heterogeneity was below 5% in eleven
genomes and between 5% and 10% in eight genomes.

Genomes completeness and taxonomy
Genome name GTDB taxonomy Completness (%) Contamination (%) Strain heterogeneity (%)
Acetobacteraceae01 f Acetobacteraceae 82.80 2.34 3.89
Acetobacteraceae02 f Acetobacteraceae 68.81 1.16 2.59
AvdatX09 f Acetobacteraceae 95.27 0.75 0.00
AvdatX14 f Beijerinckiaceae 92.50 0.00 0.18
Craurococcus01 f Acetobacteraceae 97.96 1.00 0.00
Microvirga01 f Beijerinckiaceae 69.20 3.69 0.34
OSALTMAG03 f Rhodovibrionaceae 93.71 0.67 0.89
OSALTMAG129 f Rhodobacteraceae 79.28 3.52 0.25
OSALTMAG141 f Rhodovibrionaceae 62.31 4.15 2.97
OSALTMAG172 f Rhodovibrionaceae 77.37 1.80 3.59
OSALTMAG185 f Inquilinaceae 54.23 6.36 1.78
OSALTMAG187 f Rhodomicrobiaceae 64.87 4.79 1.15
OSALTMAG228 f Rhodobacteraceae 71.02 7.88 0.98
OSALTMAG275 f Rhodovibrionaceae 57.97 0.76 0.76
OSALTMAG52 f Rhodovibrionaceae 68.08 1.61 2.89
OSALTMAG56 f Rhodovibrionaceae 69.11 1.83 3.96
OSALTMAG71 f Rhodobacteraceae 77.65 2.21 1.47
OSALTMAG83 f Rhodobacteraceae 57.14 1.09 1.96
OSALTMAG89 f Rhodovibrionaceae 72.27 3.48 1.74

Table 5.2: Taxonomic placement and completion and contamination estimation of the
analysed Alphaproteobacteria MAGs. All the MAGs were placed at family (f) level in
the bacterial tree of life.

48



Pangenomic analysis

Anvi’o pangenomic workflow generated 34,936 gene clusters that were reduced to 11,698
after removing the singletons. I sorted the genomes based on their presence/absence
pattern of gene clusters. The genomes split into two clusters: one formed by six
Rhodovibrionaceae genomes belonging to the hyper-saline habitat, and the other one
including the remaining genomes from both habitats. Interestingly, one Rhodovib-
rionaceae was functionally more similar to Rhodomicrobiaceae, Beijerinckiaceae and
Inquilinaceae than to the other Rhodovibrionaceae. At lower ranks, the four Rhodobac-
teraceae (OSALT MAG129, 228, 71 and 83) and the four Acetobacteraceae (Acetobac-
teraceae 01 and 02, Craurococcus 01 and Avdat X09) clustered together respectively.

Figure 5.2: Anvi’o pangenomic analysis of 19 genomes belonging to the class Al-
phaproteobacteria binned from desert (brown) and saline (dark blue) metagenomes.
The genomes belonged to the families: Rhodovibrionaceae (light blue), Rhodobacter-
aceae (purple), Acetobacteraceae (pink), Beijerinckiaceae (green), Rhodomicrobiaceae
(brown) and Inquilinaceae (dark red). 50,576 genes were allocated in 11,698 gene clus-
ters after removing singletons. ANIb was calculated with pyANI v0.2.10 [103] and
ranges from 70% (white) to 100% (red). Genomes were ordered according to pres-
ence/absence of gene clusters. Dendrogram was built with Fasttree v2.1.10 [132].
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Anvi’o enrichment analysis

Enrichment analysis of Alphaproteobacteria genomes produced 102 COG functions
enriched in desert genomes, 15 of which were present in all desert genomes and in no
saline one. Thirty-three functions were enriched in saline genomes, from which 7 were
found in 12/13 saline genomes and in no desert genome.

Among the most enriched functions in MAGs from Negev Desert BSC some could be
involved in coping with xeric stress according to literature research [1, 3, 7, 9, 133, 136,
137]: K+ uptake protein Kup (COG3158) and Na+/H+ antiporter NhaA (COG3004).
The most enriched functions in MAGs from the hyper-saline mats included: choline-
glycine betaine transporter BetT (COG1292), Multisubunit Na+/H+ antiporter (sub-
unit MnhC) (COG1006), ABC-type proline/glycine betaine transport system ProVW
(COG4176) and Ca2+/Na+ antiporter ECM27 (COG0530) (Figure 5.3).

When genomes were sorted based on their presence/absence pattern of gene clus-
ters, they grouped by families: six out of seven Rhodovibrionaceae together, the four
Rhodobacteraceae together and three out of four Acetobacteraceae together (Figure
5.2). I looked for functions that are characteristic of each family and could explain
this distribution. Two functions were found in all Rhodovibrionaceae and absent in
the rest of the groups. Twenty four functions were found in all Acetobacteraceae and
absent in the rest of the genomes. Seven functions were found in all Rhodobacteraceae
and were absent in all the other families.

In contrast to the functional enrichment by habitat, in which the top enriched func-
tions were related to xeric stress, family enriched functions were mostly linked to the cell
cycle and metabolism: DNA-binding transcriptional regulator PadR, thiamine kinase
CotS in Rhodovibrionaceae, 2-keto-4-pentenoate hydratase MhpD and β-glucosidase
BglB in Acetobacteraceae, and putative NADPH-quinone reductase MdaB and Serine
transporter YbeC in Rhodobacteraceae.
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5.2 Discussion

5.2.1 Multi-locus sequence comparison is required for Cyano-
bacteria taxonomy classification

Prior to analysing their genomic potential, we placed all the MAGs in the GTDB tree.
Out of the twelve genomes that were collected from the databases as ”Coleofasciculus”
only four were placed in the Coleofasciculus genus branch, seven were placed within the
Coleofasciculaceae family and one was placed outside of it (Table 5.1). Cyanobacteria
have been traditionally classified based on morphological traits that do not reflect their
phylogeny, leading to polyphyletic taxa which require revision [138]. This was the case
of Microcoleus, that was reclassified into several families and genera based on their 16S-
23S ITS region [139], one of them being the genus Coleofasciculus [140]. In this study
we could use the genomes even if they didn’t belong to the genus Coleofasciculus since
our aim was to look for habitat adaptations of Cyanobacteria with a similar lifestyle.
Nevertheless, this result addresses the importance of using taxonomic classification
methods based on concatenated marker proteins instead of only 16S rRNA sequence
alignment.

Placement of the genomes in the GTDB tree was in concordance with the ANI
values of the MAGs. ANI values among Microcoleus sequences were higher than those
among ”Coleofasciculus” and formed a solid cluster (Figure 5.1). ANI values within the
Microcoleus cluster were above the 94% species threshold [141] in the seven genomes
corresponding to desert Microcoleus, and dropped to 86.0-87.6% in the three Micro-
coleus genomes corresponding to saline and freshwater environments. GTDB-Tk placed
the ten genomes at the same genus level.

Genomes that belonged to the family Coleofasciculaceae did not form a solid cluster.
Furthermore, the desert genome Co250, that was classified by GTDB-Tk as PCC7133
(family Coleofasciculaceae), had slightly higher ANI values when compared to desert
Microcoleus genomes (family Microcoleaceae) (ANI of 75.8% or higher) than to any
saline or freshwater genome belonging to its family (ANI of 73.9% or lower) (Figure
5.1). This highlights again the limitations of 16S rRNA classification, according to
which all the Coleofasciulaceae genomes belonged to the same genus.

5.2.2 Genomes are classified based on phylogeny instead of
habitat

We sorted the genomes based on their gene cluster presence/absence pattern, expect-
ing that those microorganisms inhabiting the same environment and facing the same
stresses would have a more similar set of functions. However, the genomes grouped
based on phylogeny and only at lower ranks split by habitat (Figures 5.1 and 5.2). It
is possible that habitat adaptation is determined by few gene clusters. These clusters
would have less influence in the presence/absence grouping than clusters containing
core genes.
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5.2.3 Catalases are taxon- and habitat-specific

Catalase activity is present in all organisms that are exposed to O2; it protects them
from ROS by decomposing H2O2 to H2O and O2 [142]. Enrichment analysis of the
pangenomes showed that the catalase KatE was exclusively found in saline Cyanobac-
teria and in desert inhabiting Alphaproteobacteria (Figure 5.3). KatE is not exclusively
found in xeric environments, as it is encoded by Escherichia coli [133]. Expression of
E. coli KatE in the freshwater Cyanobacterium Synechococcus sp. PCC 7942 conferred
it salt stress tolerance [133].

It is surprising that, even though the gene is present in both environments, it was
conserved by different taxa in each one: by Cyanobacteria in saline environments and
by Alphaproteobacteria in arid ones. This could be due to the presence of additional
catalases in the pangenomes that could carry out the same function. The most com-
mon catalase (CotJC) in both genome collections contains Mn instead of haem group
as prosthetic group. This catalase was widely present in both taxa and environment
except for saline Alphaproteobacteria (Figure 5.3). Mn group has a higher thermal and
oxidation stability than haem group, and is preferred over it in specific conditions such
as extreme heat [142]. In my Scientific Practice, Mn-containing catalase was preferred
over haem-catalases in desert and temperate environment inhabiting Alphaproteobac-
teria [143]. Our result has shown, in concordance, a preference for Mn-containing
catalase in desert-inhabiting Alphaproteobacteria, but not in saline inhabiting ones.

Another catalase was encoded by the majority of the Alphaproteobacteria but it
was absent in the Cyanobacteria pangenome, the haem-containing catalase KatG. It
was the major catalase in saline Alphaproteobacteria, compensating for the absence
of KatE and CotJC. No catalase was found in desert Cyanobacteria MAGs C3bin4
and SCS111. This could be due to their low completeness values, 55.11% and 65.88%
respectively (Table 5.1).
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Figure 5.3: Proportion of genomes from arid, saline and freshwater environments that
encode the selected xeric stress resistance genes. The number of genomes per group is
indicated in parentheses. Genes enriched in any of the groups are indicated with an
asterisk (*) adjacent to the name of the protein they encode.
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5.2.4 Compatible solutes transporters were exclusively en-
coded by saline-inhabiting bacteria

Most microorganisms do not possess active water transporters [21]. Thus, in order
to retain water under hyper-osmotic conditions they must accumulate osmolytes in
their cytoplasm [1]. Compatible solutes are compounds that increase the osmolarity of
the cytoplasm without interfering with the central metabolism [21]. We found several
functions related to the biosynthesis, transport and accumulation of these compounds
in both genome collections.

The proteins OtsA, OtsB and GlpA, associated to compatible solutes biosynthe-
sis, were found in the saline Cyanobacteria and Alphaproteobacteria and the desert
Alphaproteobacteria (Figure 5.3). OtsA and OtsB are involved in the synthesis of
trehalose [134], whereas GlpA is the key enzyme of glycerol synthesis [135]. In Saccha-
romyces cerevisiae, glycerol production is the main response to osmotolerance and the
expression of glycerol-3-phosphate deshydrogenase is enhanced under hyper-osmotic
conditions [144].

Proteins associated to compatible solutes transport were only encoded in saline bac-
teria genomes. Saline Cyanobacteria were enriched in Na+/proline symporter (PutP),
whereas saline Alphaproteobacteria encoded transporters for choline-glycine betaine
(ProVWX) and proline/glycine betaine (BetT), as well as the Ca2+/Na+ antiporter
ECM27. The deletion of ECM27 in S. cerevisiae was linked to inability to maintain
trehalose levels [137], and it could play a similar role in bacteria.

Compatible solutes have two mechanisms of action under xeric stress conditions:
they retain water inside the cell by increasing the osmolarity [21] and they induce the
vitrification of the cytoplasm by replacing water in its interactions with intracellular
macromolecules [22], protecting their structure. Bacteria inhabiting arid environments
could rely on vitrification instead of retaining water under desiccation conditions, when
the extracellular osmolarity is too high to be countered. Furthermore, the transport of
compatible solutes could be limited under desiccation conditions due to lack of a sol-
vent. Thus, desiccated microorganisms would have to rely on endogenous biosynthesis
despite being energetically unfavourable in comparison with transport [23].
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5.2.5 Ion transporters were common in both habitats

Na+/H+ antiporters have several roles in bacteria [145]. The most important ones in
hyper-osmotic environments are avoiding the accumulation of Na+ in the cytoplasm,
which is toxic in high concentrations, and establishing an electrochemical potential of
Na+ in order to couple it with the symport of compatible solutes [145]. Interestingly,
the three groups of bacteria that had enriched functions were able to extrude Na+, but
the same function was carried out by different proteins. In desert Alphaproteobacteria
and saline Cyanobacteria, this function was carried out by NhaP protein. However,
saline Alphaproteobacteria encoded the complete multi-subunit protein Mnh instead.
An incomplete Mnh complex was encoded by freshwater and saline Cyanobacteria too
(Figure 5.3). Based on genomic information, saline Cyanobacteria have the potential
to use Na+ extrusion as a way to import proline, since the proteins NhaP and PutP
were found in most of the genomes of the group.

The K+ uptake protein Kup was exclusively found in all desert-inhabiting Al-
phaproteobacteria and absent in the rest of the genomes (Figure 5.3). Xerotolerant
microorganisms import K+ as a first response to osmotic shock, since it is faster than
accumulation of compatible solutes [136]. Furthermore, Kup has been associated with
the osmotic shock response in E. coli and Bacillus subtilis [136]. We looked in the
pangenomes for additional K+ uptake proteins associated with hyper-osmolarity in the
literature [7]. The K+ transporter Trk was not found in the pangenomes, whereas
the K+-transporting ATPase KdpABC was encoded by a fraction of the xerotolerant
genomes and by the three freshwater Cyanobacteria genomes, suggesting that does not
play a crucial role in adaptation to xeric conditions.

5.2.6 Assessing dormancy potential in the pangenomes

No metabolic dormancy protein was highlighted in the enrichment analysis. Neverthe-
less, we studied dormancy potential in the pangenomes by searching for the hibernation
factors HPF, RMF and RaiA, which are reported to be ubiquitous within the bacte-
rial domain [15]. The ribosome modulation factor (RMF) was not found in any of
the pangenomes. This was expected since it has been reported to be confined to the
Gammaproteobacteria [15]. The ribosome associated translation inhibitor (RaiA) was
found in at least 50% of the genomes from both pangenomes, whereas the hibernation
promoting factor (HPF) was only present in Alphaproteobacteria genomes. Both RaiA
and HPF are homologs and induce ribosomal inactivation and growth arrest under
certain circumstances, such as stress or transition to stationary phase [15]. RaiA binds
to 70S ribosomes and inactivates them, whereas HPF induces 70S ribosomes dimeri-
sation into 100S inactive dimers [15]. According to our results, most of the analysed
genomes present metabolic dormancy potential regardless their habitat. Microbial dor-
mancy is not restricted to extreme xeric environments; periods of nutrients starvation
or unfavourable conditions can be experienced in any natural environment [146].
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5.2.7 Perspectives: comparative metapangenomics as a way
to study potential microbial survival strategies in xeric
environments

We used the open source software platform Anvi’o to link the genomic content of
closely related bacterial genomes to xeric environments adaptation. Our results show
the feasibility of the method to associate genomic information to environmental data,
in concordance with previous works [98, 99, 147]. However, the performance varied
between the Cyanobacteria and the Alphaproteobacteria pangenomes. Our results were
more informative for Alphaproteobacteria, showing potential exclusive strategies for
arid- and saline-inhabiting microorganisms, whereas only saline-specific strategies could
be inferred from the Cyanobacteria pangenome. Disparity in the results could be caused
by different annotation coverage of the pangenomes: only 61% of the gene clusters
(6619/10835) in the Cyanobacteria pangenome were associated to a COG20 function
in comparison to 84.2% (9854/11698) in the Alphaproteobacteria pangenome. Acquired
adaptation genes are encoded in the flexible genome, which is poorly annotated [66].
Therefore we could be missing a fraction of the xeric stress-related genes encoded in
the pangenome. Furthermore, genes associated to the same COG function were split
in several clusters, suggesting that not all the homologs could be grouped together.
Therefore, Anvi’o analysis could perform better with genome collections related at
species or genus level.

Another shortcoming of the analysis was experienced during the selection of
genomes. We had enough phototrophic S-oxidising Alphaproteobacteria genomes from
arid (Negev BSC) and hyper-saline (Oman microbial mats) environments. However,
lack of sufficient hyper-saline inhabiting cyanobacteria genomes lead to the inclusion of
a range of brackish and saline inhabiting cyanobacteria genomes (Table S1). Brackish
water is more saline than freshwater, but cannot be considered an extreme environ-
ment that requires adaptations to hyper-osmolarity. Thus, the inclusion of brackish
cyanobacteria into the ”saline” category could partially explain why the Alphapro-
teobacteria comparison, in which only genomes from true xerotolerant and halotolerant
bacteria were employed, was more informative than the Cyanobacteria comparison. It
has been reported that 20% of the metagenomes produced for scientific publications
are not publicly available [148]; efforts should be made to increase the accessibility of
the genomic data in order to produce high quality comparative metagenomics surveys.
We also included freshwater cyanobacteria genomes as a ”negative control”. The in-
clusion of genomes associated to non-xeric environments in the analysis could serve as
a reference for organisms not adapted to low water activity. However, fresh water or-
ganisms inhabiting certain environments such as river beds can experience xeric stress
periodically (e.g. the river dries out in summer) and thus be equipped with genes
to cope with this stress. For this reason, metadata associated to publicly available
genomes and MAGs needs to be as complete and precise as possible in order to link
environmental conditions to genomic content.

The comparative pangenomics analysis allows to screen for xeric adaptation strate-
gies in publicly available genomic data and formulate hypotheses. However, this strat-
egy cannot replace cultivation-dependent methods. As shown in the discussion of this
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work, the potential screened strategies are supported by low throughput in vivo studies.
Although it goes beyond the scope of this thesis, downstream analysis can be carried
out for each potential xeric-stress resistance gene cluster, assessing phylogenetic rela-
tions between the genes included in the cluster and looking for potential polymorphisms
that could explain differences between habitats.

From this analysis we can conclude that phylogeny is more important than adap-
tation to the environment in terms of the genomic content of closely related bacte-
ria. However, the most differentiated functions between environments were stress-
associated, therefore how they cope with stress is the main difference between bacteria
adapted to arid and saline environments. Additionally, we found strategies that were
exclusively found in saline environments but not in arid ones, providing new support
to the idea that desiccation and hyper-salinity are different stresses.
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Chapter 6

Conclusions

Microorganisms have developed several strategies to cope with low water activity. How-
ever, response to low stress is heterogeneous and varies between taxa and habitats. In
this thesis we studied microbial adaptations to low bioavailable water from different
approaches: fluorescence in situ hybridisation and comparative genomics, identifying
several limitations in the current methods used in microbial ecology research.

Studying xerotolerant microorganisms is a challenging task since their adaptation
strategies could be interfering with molecular assays. We could not compare FISH
intensity values between two assays using the same BSC samples due to variability
associated to the FISH protocol. FISH signal is proportional to the number of ribo-
somes per cell. However, signal intensity can differ between assays due to variation in
the reagents and human bias, which hinders the reproducibility of the method. The
performance of CARD-FISH in hyper-saline microbial mats failed with specific probes
and mat layer material. Thus, (CARD-)FISH protocols need to be optimised for com-
plex environments undergoing extreme conditions in order to fully cover the microbial
communities that inhabit them and understand their dynamics.

Advances in sequencing technologies allow us to study the vast fraction of the mi-
crobial world that cannot be grown in the laboratory. However, amplicon sequencing
and metagenomic reads diversity estimations present biases that should be taken into
consideration in order to assess the real microbial abundances in the community. Al-
though the number of metagenomes and MAGs that are available in public databases
is increasing vertiginously, parallel efforts should be made to improve the classifica-
tion methods of the genomic data (by using multi-locus sequence alignment) and to
include complete and accurate environmental metadata in order to make robust asso-
ciations between microbial genomes and environmental conditions. Furthermore, func-
tional genomics is limited by the high proportion of unknown coding sequences in the
metagenomes as a result of relying on our knowledge about cultivable microorganisms.
We need strategies to screen for potential functions in environmental metagenomes
besides protein alignment to already known functions.
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Despite the aforementioned limitations, a combined approach involving single-cell
microscopy and computational biology can provide insights into microbial survival
strategies in hostile environments. From our results we can conclude that protein syn-
thesis potential increased at community and single-cell level in a BSC upon hydration
and we did not find support to the hypothesis that long-term storage lead to ribosome
degradation. We could verify disagreement between sequencing- and microscopy-based
abundance estimations in the same microbial mat material. We concluded as well that
the main difference between Alphaproteobacteria inhabiting arid and hyper-saline en-
vironments is how they cope with stress. Therefore, hyper-salinity and desiccation are
different stresses and have different impact on the genome, despite leading both to
lower water activity.

60



Chapter 7

Bibliography

[1] M Potts. Desiccation tolerance of prokaryotes. Microbiological Reviews,
58(4):755–805, December 1994.

[2] Stephen B. Pointing and Jayne Belnap. Microbial colonization and controls in
dryland systems. Nature Reviews Microbiology, 10(8):551–562, August 2012.

[3] Pedro H. Lebre, Pieter De Maayer, and Don A. Cowan. Xerotolerant bacteria:
Surviving through a dry spell. Nature Reviews. Microbiology, 15(5):285–296, May
2017.

[4] W. D. Grant. Life at low water activity. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences, 359(1448):1249–1266; discussion
1266–1267, August 2004.

[5] M. Chen and M. Alexander. Survival of soil bacteria during prolonged desiccation.
Soil Biology and Biochemistry, 5(2):213–221, March 1973.

[6] Jason Bosch, Gilda Varliero, John E. Hallsworth, Tiffany D. Dallas, David
Hopkins, Beat Frey, Weidong Kong, Pedro Lebre, Thulani P. Makhalanyane,
and Don A. Cowan. Microbial anhydrobiosis. Environmental Microbiology,
23(11):6377–6390, 2021.

[7] Sabine Zeidler and Volker Müller. Coping with low water activities and osmotic
stress in Acinetobacter baumannii: Significance, current status and perspectives.
Environmental Microbiology, 21(7):2212–2230, 2019.

[8] Jan Vriezen, Frans Bruijn, and Klaus Nüsslein. Responses of Rhizobia to Des-
iccation in Relation to Osmotic Stress, Oxygen, and Temperature. Applied and
environmental microbiology, 73:3451–9, June 2007.

[9] Nina Gunde-Cimerman, Ana Plemenitaš, and Aharon Oren. Strategies of adap-
tation of microorganisms of the three domains of life to high salt concentrations.
FEMS Microbiology Reviews, 42(3):353–375, May 2018.

61



[10] Roberto Orellana, Constanza Macaya, Guillermo Bravo, Flavia Dorochesi,
Andrés Cumsille, Ricardo Valencia, Claudia Rojas, and Michael Seeger. Liv-
ing at the Frontiers of Life: Extremophiles in Chile and Their Potential for
Bioremediation. Frontiers in Microbiology, 9, 2018.

[11] Emily S. C. Rittershaus, Seung-hun Baek, and Christopher M. Sassetti. The
Normalcy of Dormancy. Cell host & microbe, 13(6):643–651, June 2013.

[12] Jay T. Lennon and Stuart E. Jones. Microbial seed banks: The ecological and
evolutionary implications of dormancy. Nature Reviews Microbiology, 9(2):119–
130, February 2011.

[13] Pok Man Leung, Sean K. Bay, Dimitri V. Meier, Eleonora Chiri, Don A. Cowan,
Osnat Gillor, Dagmar Woebken, and Chris Greening. Energetic Basis of Microbial
Growth and Persistence in Desert Ecosystems. mSystems, 5(2), April 2020.

[14] E K Fuge, E L Braun, and M Werner-Washburne. Protein synthesis in long-term
stationary-phase cultures of Saccharomyces cerevisiae. Journal of Bacteriology,
176(18):5802–5813, September 1994.

[15] Thomas Prossliner, Kristoffer Skovbo Winther, Michael Askvad Sørensen, and
Kenn Gerdes. Ribosome Hibernation. Annual Review of Genetics, 52(1):321–
348, November 2018.

[16] Jason M. Hansen, Young-Mi Go, and Dean P. Jones. Nuclear and mitochondrial
compartmentation of oxidative stress and redox signaling. Annual Review of
Pharmacology and Toxicology, 46:215–234, 2006.

[17] M. B. França, A. D. Panek, and E. C. A. Eleutherio. Oxidative stress and its
effects during dehydration. Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology, 146(4):621–631, April 2007.

[18] Lara Rajeev, Ulisses Nunes da Rocha, Niels Klitgord, Eric G. Luning, Julian
Fortney, Seth D. Axen, Patrick M. Shih, Nicholas J. Bouskill, Benjamin P. Bowen,
Cheryl A. Kerfeld, Ferran Garcia-Pichel, Eoin L. Brodie, Trent R. Northen, and
Aindrila Mukhopadhyay. Dynamic cyanobacterial response to hydration and
dehydration in a desert biological soil crust. The ISME Journal, 7(11):2178–
2191, November 2013.

[19] A. Martinez and R. Kolter. Protection of DNA during oxidative stress by the
nonspecific DNA-binding protein Dps. Journal of Bacteriology, 179(16):5188–
5194, August 1997.

[20] Breanne Shirkey, Don Paul Kovarcik, Deborah J. Wright, Gabriel Wilmoth,
Todd F. Prickett, Richard F. Helm, Eugene M. Gregory, and Malcolm Potts. Ac-
tive Fe-Containing Superoxide Dismutase and Abundant sodF mRNA in Nostoc
commune (Cyanobacteria) after Years of Desiccation. Journal of Bacteriology,
182(1):189–197, January 2000.

[21] B. Kempf and E. Bremer. Uptake and synthesis of compatible solutes as micro-
bial stress responses to high-osmolality environments. Archives of Microbiology,
170(5):319–330, October 1998.

62



[22] J. H. Crowe, J. F. Carpenter, and L. M. Crowe. The role of vitrification in
anhydrobiosis. Annual Review of Physiology, 60:73–103, 1998.

[23] Aharon Oren. Bioenergetic Aspects of Halophilism. Microbiology and Molecular
Biology Reviews, 63(2):334–348, June 1999.
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[64] Tomáš Větrovský and Petr Baldrian. The Variability of the 16S rRNA Gene
in Bacterial Genomes and Its Consequences for Bacterial Community Analyses.
PLoS ONE, 8(2):e57923, February 2013.

[65] Vito Pecoraro, Karolin Zerulla, Christian Lange, and Jörg Soppa. Quantifica-
tion of Ploidy in Proteobacteria Revealed the Existence of Monoploid, (Mero-
)Oligoploid and Polyploid Species. PLOS ONE, 6(1):e16392, January 2011.

[66] Martin F. Polz, Eric J. Alm, and William P. Hanage. Horizontal gene transfer and
the evolution of bacterial and archaeal population structure. Trends in Genetics,
29(3):170–175, March 2013.
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[98] A. Murat Eren, Özcan C. Esen, Christopher Quince, Joseph H. Vineis, Hilary G.
Morrison, Mitchell L. Sogin, and Tom O. Delmont. Anvi’o: An advanced analysis
and visualization platform for ‘omics data. PeerJ, 3:e1319, October 2015.

[99] Tom O. Delmont and A. Murat Eren. Linking pangenomes and metagenomes:
The Prochlorococcus metapangenome. PeerJ, 6:e4320, January 2018.

[100] S. F. Altschul, W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. Basic local
alignment search tool. Journal of Molecular Biology, 215(3):403–410, October
1990.

[101] Matthew N. Benedict, James R. Henriksen, William W. Metcalf, Rachel J.
Whitaker, and Nathan D. Price. ITEP: An integrated toolkit for exploration
of microbial pan-genomes. BMC Genomics, 15(1):8, January 2014.

[102] Stijn Van Dongen. Graph Clustering Via a Discrete Uncoupling Process. SIAM
Journal on Matrix Analysis and Applications, 30(1):121–141, January 2008.

[103] Leighton Pritchard, Rachel H. Glover, Sonia Humphris, John G. Elphinstone,
and Ian K. Toth. Genomics and taxonomy in diagnostics for food security: Soft-
rotting enterobacterial plant pathogens. Analytical Methods, 8(1):12–24, Decem-
ber 2015.

69



[104] Johan Goris, Konstantinos T Konstantinidis, Joel A Klappenbach, Tom Coenye,
Peter Vandamme, and James M Tiedje. DNA-DNA hybridization values and
their relationship to whole-genome sequence similarities. International journal
of systematic and evolutionary microbiology, 57(Pt 1):81–91, January 2007.

[105] Stephen F. Altschul, Thomas L. Madden, Alejandro A. Schäffer, Jinghui Zhang,
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Janssen, Johannes Dröge, Ivan Gregor, Stephan Majda, Jessika Fiedler, Eik
Dahms, Andreas Bremges, Adrian Fritz, Ruben Garrido-Oter, Tue Sparholt
Jørgensen, Nicole Shapiro, Philip D Blood, Alexey Gurevich, Yang Bai, Dmitrij
Turaev, Matthew Z DeMaere, Rayan Chikhi, Niranjan Nagarajan, Christopher
Quince, Fernando Meyer, Monika Balvočiūtė, Lars Hestbjerg Hansen, Søren J
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Genomes list
Bin name Habitat Location Pangenome Accession

OSALTMAG134 Hypersaline Oman sabkha[69] Cyanobacteria PRJNA653500c

OSALTMAG256 Hypersaline Oman sabkha[69] Cyanobacteria PRJNA653498c

OSALTMAG82 Hypersaline Oman sabkha[69] Cyanobacteria PRJNA653498c

PCC7420 Saline Salt marsh Cyanobacteria GCA 000155555.1

LEGE07081 Brackish Mesotidal zone[149] Cyanobacteria GCA 015207445.1

LEGE07092 Brackish Mesotidal zone[149] Cyanobacteria GCA 015207375.1

FACHB1120 Freshwater Freshwater[150] Cyanobacteria GCA 014698845.1

Coleofasciculus01 Arid Negev desert[39] Cyanobacteria GCA 902805485.1

Co250 Arid Negev desert[84] Cyanobacteria -a

SCS111 Arid Negev desert[84] Cyanobacteria -a

Cobin14 Arid Arid sandy surface[151] Cyanobacteria GCA 014534335.1

C3bin4 Arid Arid sandy surface[151] Cyanobacteria GCA 014534505.1

LEGE07076 Brackish Mesotidal zone[149] Cyanobacteria GCA 015207455.1

bin38 Freshwater Riverbed cobble biofilm[152] Cyanobacteria GCA 013299165.1

bin48 Freshwater Riverbed cobble biofilm[152] Cyanobacteria GCA 013299185.1

Microcoleus01 Arid Negev desert[39] Cyanobacteria GCA 902805765.1

SCS153 Arid Negev desert[84] Cyanobacteria -a

SCS76 Arid Negev desert[84] Cyanobacteria -a

C1bin4 Arid Arid sandy surface[151] Cyanobacteria GCA 014534575.1

Cobin12 Arid Arid sandy surface[151] Cyanobacteria GCA 014534405.1

T1bin1 Arid Arid sandy surface[151] Cyanobacteria GCA 014534015.1

T3bin5 Arid Arid sandy surface[151] Cyanobacteria GCA 014533905.1

OSALTMAG03 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653497c

OSALTMAG141 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653497c

OSALTMAG52 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653499c

OSALTMAG187 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653500c

OSALTMAG129 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653500c

OSALTMAG172 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653501c

OSALTMAG185 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653501c

OSALTMAG56 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653503c

OSALTMAG228 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653505c

OSALTMAG83 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653506c

OSALTMAG89 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653506c

OSALTMAG71 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653506c

OSALTMAG275 Hypersaline Oman sabkha[69] Alphaproteobacteria PRJNA653506c

Microvirga01 Arid Negev desert[39] Alphaproteobacteria GCA 902805785.1

Craurococcus01 Arid Negev desert[39] Alphaproteobacteria GCA 902805545.1

Acetobacteraceae01 Arid Negev desert[39] Alphaproteobacteria GCA 902805645.1

Acetobacteraceae02 Arid Negev desert[39] Alphaproteobacteria GCA 902805625.1

AvdatX09 Arid Negev desert[39] Alphaproteobacteria -b

AvdatX14 Arid Negev desert[39] Alphaproteobacteria -b

Table S1: List of genomes included in the pangenomic analyses. The assembly accession
number or the Bioproject accession number (if assembly is not available) are provided
for each genome. Some genomes were not available in NCBI. Co250, SCS111, SCS153
and SCS76 were obtained from the supplementary material of Bay et al. 2021 [84] (a).
AvdatX09 and AvdatX14 were isolated in pure culture, sequenced and assembled by
Dr. Dimitri Meier (b). MAGs from hyper-saline mats were assembled and binned by
Dr. Dimitri Meier and assembly accession is not available in NCBI yet (c).
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Figure S1: Stacked abundance of Alphaproteobacteria (a, b), Bacteroidetes (c, d) and
Chloroflexi (e, f) in the low salinity (a, c, e) and high salinity (b, d, f) mats based on
metagenomic reads abundance. Top: Rhodovibrio (blue), Rhodobacteraceae (red) and
other Alphaproteobacteria (grey). Middle: Salinibacter (dark blue), Rhodothermaceae
(light blue), Marinilabiliaceae (red) and other Bacteroidetes (grey). Bottom: SBR1031
(blue), Ca. Chlorothrix (red) and other Chloroflexi (grey).
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Figure S2: Epifluorescence microscopy images of hyper-saline mat material stained
with DAPI. 405 nm (blue, DAPI) (a), 660 nm (far red) (b), 550 nm (orange) (c) and
480 nm (green) (d) channels. Scale bars of 10 µm
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