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ABSTRACT 

Red Sea Physicochemical Gradients as Drivers of Microbial Community Assembly 

 

Environmental gradients exist at global and local scales and the variable conditions they 

encompass allow the coexistence of different microbial assemblages. Studying gradients 

and the selection forces they enclose can reveal the spatial succession and interactions of 

microorganisms and, therefore, how they are assembled in functionally stable 

communities. By combining high-throughput sequencing technology and laboratory 

experimental approaches, I investigated the factors that influence the microbial community 

assemblages in two types of environmental gradients in the Red Sea. I have studied the 

communities in the chemoclines occurring at the transition zones along the interfaces 

between seawater and the Deep Hypersaline Anoxic Brines (DHABs) at the bottom of the 

Red Sea. Across these chemoclines salinity increases of 5-10 times respect to the overlying 

seawater. I compared the microbial community diversity and metabolisms in the 

chemoclines of five different DHABs, finding different microbial community 

compositions due to the different DHABs characteristics, but the same succession of 

metabolisms along the five interfaces. From the Suakin Deep brine, I assembled the 

genome of a novel bacterial phylum and revealed the metabolic features that allow this 

organism to cope with the challenging variable conditions along the chemocline. In an 

alternative environmental system, I studied the effect of different thermal regimes on the 

microbiome of coastal sediment exposed to different yearly ranges of temperature 

variation. Sediment bacterial communities living under larger temperature variations are 

more flexible and can grow under a larger range of thermal conditions than communities 
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experiencing narrower temperature ranges. My results highlight the large metabolic 

flexibility of microorganisms and their capacity to efficiently self-organize in complex 

functional assemblages under extreme ranges of environmental conditions.
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1.1 Background 

Microorganisms are widespread in all ecosystems where they are fundamental players of 

biogeochemical cycles. Despite their importance, we are still puzzled by the driving forces 

that influence their distribution and shape the microbial community assemblages in the 

environment (Nemergut et al. 2011). The high diversity of microbes coupled with their 

high dispersal capacity make the investigation of the biogeographic patterns of microbial 

communities a difficult task. The Baas-Becking hypothesis has proposed the concept that 

“everything is everywhere, but the environment selects” , on the contrary others studies 

evidenced distinct patterns that limit the distribution of microorganisms according to the 

evolutionary processes occurring at local scale (Martiny et al. 2006; Nemergut et al. 2013). 

However, in many environments, it still remains not clear which are the variables that 

influence the diversity and the composition of microbial assemblages and which are their 

effects on functionality (Hanson et al. 2012). 

In the latest decades, the improvement in next-generation sequencing has drastically 

enhanced the potential of molecular phylogenetic approaches for the investigation of 

microbial diversity and dispersal (Nemergut et al. 2011; Jansson, 2013). The application 

of “omics” technologies after worldwide ocean sampling expeditions has considerably 

increased our knowledge on the biogeography of microorganisms in the sea. The 

Malaspina (Duarte, 2015), the Tara ocean (Bork et al. 2015), and the Sorcerer II (Yilmaz 

et al. 2012) expeditions have collected data on global scale, providing information not only 

about the microbial dispersal patterns through oceans, but also on the factors that drive the 

community assembly. 
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In recent studies, temperature and oxygen levels have been correlated and proposed as 

important drivers in shaping the structure and functionality of microbial communities in 

surface ocean waters (Sunagawa et al. 2015). Temperature affects also the physiology of 

microbes and the shrinkage in the size of microbial cells has been correlated with the 

warming of the sea, with consequences on the higher trophic level organisms and their 

abundance (Moran et al. 2015). While studies of temperature effects on water column 

organisms are available on large-scale sampling, it is still unclear which are the 

mechanisms that drive the microbial community responses and assembly. In extreme 

marine environments characterized by high temperature and salinity and low pH, it has 

been proposed that the salinity and the substrate type are the main factors that constrain 

microbial community assembly (Lozupone and Knight, 2007). 

The Red Sea is a unique environment with constrained South-to-North water circulation, 

relatively high salinity and temperature both on the surface and deep waters. It presents 

seasonal temperature variations in the surface waters (Ngugi et al. 2012; Raitsos et al. 

2013). These features expose the microbial communities to conditions that are more 

stressful than the ones present in other sea ecosystems and make the Red Sea a natural 

laboratory to investigate how abiotic gradients can influence the diversity and the 

functionality of microbial communities. This would be especially relevant in 

correspondence of widespread and/or local physicochemical gradients that are formed 

along the basin. In this thesis research work, I will deal with two different specific 

gradients. The first part of the thesis will be focused on the role of the physicochemical 

gradients in the transition zone between the seawater column and the brine water, which 

occur in the brine pool basins present at the bottom of the Red Sea. Brine pools are extreme 
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environments that display steep gradients of salinity and oxygen level coupled with varying 

changes of pH and temperature, in a thin layer of few meters in the water column, at the 

interface between the oxic water column and the anoxic brine water body (Merlino et al. 

2018). The vertical distribution of the microbial community is dramatically affected by 

these gradients. The second part of the thesis will focus on the effect of mild temperature 

variation on bacterial communities associated to Red Sea marine coastal sediments. Marine 

sediments at different depth experience different thermal regimes along the seasons, while 

the dispersal constrain of the sediment bacterial communities is limited (Zinger et al. 2014). 

I investigated three different depths exposed to different range of temperature variations 

(high, intermediate, low) during the year and I explored the effect of temperature on the 

growth and physiology of the sediment communities and their response to thermal stresses. 

 

1.2 The drivers involved in the shaping of microbial community assemblages 

There are two main opposed hypotheses on the mechanisms that influence the dispersal 

capacity of microorganisms. In the first one, it is supposed that, due to the high number, 

small size and high dispersal potential, microbial cells are able to migrate everywhere, and 

the presence of a species in a determined area is a matter of chance, followed by 

environmental selection events. This hypothesis is summed up by the postulate: 

“everything is everywhere, but the environment selects” (Becking, 1934). On the contrary, 

the second hypothesis denies the statement that bacteria are randomly distributed over the 

globe and stresses the importance of dispersal ecological barriers that determine the 

formation of biogeographic patterns in microbial community distribution (Martiny et al. 

2006; Lindström and Langenheder, 2012). In the last 10 years, several studies tended to 
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provide data supporting such a second scenario. Indeed, microbial dispersal patterns have 

been described in different environments, such as seawater, marine sediments, lakes, and 

soil (Hewson and Fuhrman, 2006; Hewson et al. 2007; Chaffron et al. 2010; Tamames et 

al. 2010; Nemergut et al. 2011), where taxa are endemic. However it is still not clear if the 

diversity in microbial community is mainly due to local or regional factors that shape the 

assemblage of the microorganisms in the different communities (Lindström and 

Langenheder, 2012). 

Mutation, selection, drift and dispersal have been indicated as the main processes that 

regulate the differentiation of microbial community diversity among environments, in the 

so called distance-decay relationship (Hanson et al. 2012; Nemergut et al. 2013). This 

relationship measures biogeographic patterns correlating the distance between 

communities with their genetic similarity. Such a relationship postulates that if the distance 

between communities increases, the mutual genetic diversity increases (Hanson et al. 

2012). Under the perspective of the distance-decay relationship, mutation, selection and 

drift enhance the diversity between microbial assemblages at the raising of distance. On 

the opposite, dispersal mitigates the variations induced by selection (Hanson et al. 2012). 

Selection induces the reduction of the common traits between distant locations, due to the 

presence of environmental gradients that tend to impose more similar selective pressure 

effects on closer than on distant habitats. Moreover, distant habitats are more likely 

exposed to different environmental conditions and selection factors that enhance the 

diversity among distant communities. Drift, that represent the stochastic changes in the 

abundance of taxa inside communities, tends to improve the differences between far 

microbial assemblages. In environments characterized by high dispersal rates, such as the 
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oceans where currents enhance microbial cell distribution, dispersal mitigates variation 

associated to distance (Hewson et al. 2006; Fodelianakis et al. 2019). On the contrary in 

disconnected habitats, where the dispersal is limited, similarity decreases (Barberán and 

Casamayor, 2010). Finally, mutations coupled with selection act on local scale, increasing 

the diversity in each community, due to the low probability that the same mutation can 

establish under different selective conditions (Hanson et al. 2012). 

The combination of these four processes determines the overall community response to 

biotic and abiotic factors that influences the assembly of microbes in different habitats 

(Nemergut et al. 2013). The time factor has been highlighted as well as a factor implicated 

in shaping the diversity of the communities and their assembly. Historical contingency, i.e. 

the exposure of a community to given environmental pressures for different times, has been 

shown to influence microbial community composition and functional response in different 

environments (Martiny et al. 2006). The selection of microbial assemblages is dependent 

by the original taxa composition and their capacity to adapt to environmental changes. The 

same environmental pressure on different microbial communities could determine different 

variations in their diversity, due to the positive or negative interactions between the species 

or due to the induced environmental modifications mediated by the community (Nemergut 

et al. 2013). 

The above-mentioned forces are those that in ecological theories should determine the 

assembly of microbial communities. However, in the myriads of natural environmental 

variations occurring on earth it remains to be clarified which of these drivers play the main 

role in shaping microbial community compositions in specific locations and environmental 

conditions under different temporal and spatial scales. 



 

 

23 

In general, it is widely assumed the importance of abiotic variables, such as, among others, 

temperature, salinity, oxygen availability and pH, on modulating organismic physiology 

and in determining biogeographic shifts in the microbial assemblages (Lozupone and 

Knight, 2007; Gilbert et al. 2012; Krause et al. 2012). When environmental conditions 

changes, the first response of communities is dependent by the species adaptation capacity 

(Pörtner, 2010). If community members are not able to cope with stress levels, the possible 

scenarios include the migration of taxa towards more favorable conditions, or their 

extinction, both processes reshaping the community diversity (Somero, 2012). 

Recently, the effects of variations of abiotic variables on global scale have attracted high 

attention due to the impact of global warming in different environments, especially in 

marine ecosystems, that for many aspects have a smaller buffer capacity in response to 

environmental changes (Doney et al. 2012; García Molinos et al. 2016). Since 2009 with 

the global ocean cruise expeditions, such as the Tara oceans (Bork et al. 2015) or the 

Malaspina (Duarte, 2015), the biogeography of microbial communities has been 

investigated at a planetary scale and the first glimpse has been obtained on the drivers that 

are globally shaping microbial community assembly and dispersal. A study of 243 marine 

water samples, collected in 68 locations from all the Earth ocean regions, has shown that 

temperature and O2 level consistently correlate with the microbial community structure in 

worldwide surface seawaters (Sunagawa et al. 2015) (Figure 1.1). On the contrary the 

geographic origin of the samples did not appear to significantly influence the structure of 

the microbial assemblages. 

These results confirm previous data on the importance of temperature in driving the 

diversity of microbial communities. Time series studies showed that temperature variations 
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determine cyclic seasonal patterns in surface water microbial assemblages, where a 

consistent part of taxa “appear” only in determinate thermal conditions (Gilbert et al. 

2012). This observation could be referred to different thermal tolerances among microbial 

taxa, that are able to grow only under specific thermal ranges (Yung et al. 2015). Also in 

soil ecosystems, temperature has been shown to play an important role in shaping bacterial 

communities (van der Voort et al. 2016), while few information is available on marine 

coastal sediments. 

Another global scale study pointed out the role of salinity as the main driver in determining 

the microbial diversity among different ecosystems (Lozupone and Knight, 2007). In 

extreme environments characterized by high temperatures, high salinity and low pH, the 

microbial community diversity has been shown to be related to salinity and substrate types 

composition (Lozupone and Knight, 2007). 

An aspect that may be neglected in the global scale studies is related to the factors that 

drive community assembly at a narrow spatial scale, where environmental micro-gradients 

can establish very different communities in a narrow space. Global diversity studies loose 

resolution and may underestimate the distribution of the stenotolerant species able to 

survive only in very narrow ranges of abiotic conditions respect to the eurytolerant ones 

able to thrive under widely different abiotic variables (Somero, 2012). Underscoring local 

small-scale analysis decreases the resolution of the understanding of community assembly 

mechanisms. 



 

 

25 

 

Figure 1.1 Physical-chemical drivers of microbial community composition in the seawater. 

In top of panel A is reported a principal coordinate analysis of samples collected in different geographical 

regions grouped by their origin. In the bottom of panel A the samples were separated by local temperature 

and they show a high correlation between the explained variance and the temperature (R2: 0.76). In panel B 

are reported pairwise comparisons of environmental factors and their importance in influencing the 

community assemblage (Sunagawa et al., 2015). MS = Mediterranean Sea; RS = Red Sea; IO = Indian Ocean; 

SAO = South Atlantic Ocean; SO = Southern Ocean; SPO = South Pacific Ocean; NPO = North Pacific 

Ocean; NAO = North Atlantic Ocean. (Adapted from Sunagawa et al., 2015). 

 

1.3 Characteristics of the Red Sea: a model marine environment 

The Red Sea represents an active rift system generated by the divergent movement of the 

Arabian and the African tectonic plates, in a process started approximately 25 million years 

ago (Schardt, 2015). The water turnover is mainly driven by the Bab-el-Mandeb strait 

connecting the Red Sea basin with the Indian Ocean through the Gulf of Aden in the South, 

and by a limited exchange with the Mediterranean Sea in the North through the Suez 
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Chanel. Since the Red Sea does not receive freshwater inputs by major rivers or rainfalls, 

it can be considered a rather closed systems in term of water turnover (Raitsos et al. 2013). 

The Red Sea is also characterized by high temperatures both in the surface and in the deep 

waters. While the deep waters are constantly set at 20-22°C at the different latitudes and 

during the year, surface waters present a range of thermal variations along the latitude, 

coupled with a wide seasonal thermal variability, with colder and warmer temperatures in 

the North and the South, respectively. The North to South variation of the surface water 

temperature is about 10°C in surface waters, with 22°C in the winter-spring season in the 

North, and 32°C during the summer in the South (Figure 1.2) (Raitsos et al. 2013), making 

Red Sea one of the hottest oceanic regions on Earth. 

Similar to the thermal profile, the salinity is also very elevated in this basin due to the high 

evaporation rate, and the limited freshwater inputs. Moreover, 25 deep hypersaline anoxic 

basins (DHABs) (van der Wielen et al. 2005) are present along the central axis of the Red 

Sea, mainly in correspondence of the fault between Arabian and African plates (Ngugi et 

al. 2015), showing the highest concentrations in the world of brine pools in a unique basin. 

Taking into consideration all these features, and looking to the high biodiversity 

characterized by a high presence of endemisms (Dibattista et al. 2015), the Red Sea is a 

unique ecosystem for investigating microbial community adaptations and assembly in 

response to salinity and temperature changes along spatial and temporal scales. 
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Figure 1.2 Seasonal sea surface temperature (SST) variation along the Red Sea basin. (Adapted from Raitsos 

et al., 2013). 

 

1.4 Brine pools and seawater-brine interface salinity gradients 

Brine pools are deep sea extreme environments located in the Red Sea, the Eastern 

Mediterranean Sea, and the Gulf of Mexico. Due to the high salinity and hydrostatic 

pressure, lack of oxygen and light, they are also known as Deep Hypersaline Anoxic Basins 

(DHABs). Despite the harsh conditions, DHABs support a highly specialized microbial 

diversity, especially along the steep halocline that occurs in correspondence of the brine-

seawater interface where prokaryotic communities are sharply stratified. Being among of 

the most challenging marine habitats found on Earth, their unique features greatly affect 

the distribution, structure and richness of the microbial communities living therein. DHABs 

originate from the exposure of subsurface-stratified evaporitic rocks to the seawater and, 

due to the difference in water density, the mixing between the brine and the overlying 

seawater is prevented. This results in the formation of stable brines, characterized by 

reducing conditions, absence of light and oxygen, high hydrostatic pressure (up to 38 MPa) 
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and hypersalinity (5–10 times higher than seawater), with the presence of a sharp halocline 

at the brine/seawater interface (Borin et al. 2009; Daffonchio et al. 2006, van der Wielen 

et al. 2005). All of these features select specialized prokaryotic assemblages, making brine 

lakes hot-spot of microbial life with variable metabolic activities. Since the vast part of 

these microorganisms has not yet been cultivated in pure cultures, the characterization of 

their metabolic properties is limited to the availability of molecular data. The rapid 

advancement in high-throughput sequencing technologies opens a novel perspective for 

the exploration of the still hidden functional diversity associated to brine pools. Although 

nowadays the application of omics technologies is receiving great attention, very few 

microbiological studies have been conducted on these environments up to now. 

 

1.5 Effects of temperature on microbial communities in marine sediments 

Temperature has been reported as an important factor in soil systems (Crowther & 

Bradford, 2013; van der Voort et al. 2016), but its effects on microbial diversity and 

functionality in coastal sediments has been poorly investigated. 

Microbes are involved in all the main geochemical cycles in soil and sediments, including 

nitrogen and carbon processes and the degradation of organic carbon and the release of 

CO2 in the atmosphere. In soil, increasing temperature affects the respiration rate of 

microbial communities resulting in decreasing activities (Bradford et al. 2008; Crowther 

& Bradford, 2013). It is not clear if the lower respiration rate is due to a shift in the 

community in favor of less active microbes, or rather, if temperature variation influences 

the enzymatic activity of the communities (Crowther & Bradford, 2013). However, van der 

Voort and colleagues (van der Voort et al. 2016) have shown that in forest soil, there was 
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an increase of diversity inside the sediment community, due to short-temporal heat 

disturbance. When the bacterial community was incubated at 50°C and 80°C a peak in the 

diversity was registered as proposed by the “intermediate disturbance hypothesis” (Jiang 

& Patel, 2008). This variation reflect a change in the evenness of the community due to the 

effect of the disturbance and the tentative of the communities to cope with the stressful 

conditions (van der Voort et al. 2016). Moreover, they observed that the exposure of 

bacteria to high temperature compromises the capacity of the community to suppress the 

development of plant diseases with a loss of community services. This study was an 

example of the important role played by temperature in shaping the microbial community 

assemblages in soil, affecting either their diversity or the functionality. 

In the light of climate change, it is also important to understand the role of temperature on 

marine coastal sediment communities. Sunagawa et al. (2015) showed that temperature is 

the main driver in the regulation of microbial diversity in seawater. However, the thermal 

variation effect on the communities associated to marine coastal sediments is poorly 

known. Sediments may present variable geochemical conditions at small distance scale and 

the microorganisms associated to this habitat are adapted to thrive in very specific niches. 

These communities experience a stronger dispersal limitation respect to microbes living in 

the water column (Zinger et al. 2014). Moreover, slight changes in temperature can have 

different effects on microbial community (Bell et al. 2005). Understanding the thermal 

tolerance of bacterial communities in costal marine sediments will give important data on 

the recovery capacity of environmental communities to cope with future temperature 

increases and give information on the role of temperature in shaping the microbial 

community in coastal ecosystems.  
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1.6 Objectives 

In this Ph. D. thesis, I aim to evaluate which are the effects of physicochemical gradients 

on the assembly and functionality of microbial communities in the Red Sea, in two specific 

environments: the deep hypersaline anoxic basins (DHABs) and the coastal marine 

sediments. In particular, I want to evaluate how the steep physicochemical gradients 

represented by the seawater-brine interfaces influence the stratification of microbial 

communities at a high scale resolution (~9 cm scale sampling), and investigate which are 

the factors driving the community assembly in such a harsh environment. The goal of this 

part of the research is to understand how main environmental parameters such as salinity, 

temperature, pH and oxygen concentration affect the microbial distribution along the 

geochemical gradients formed by the brine-seawater interfaces in different DHABs. 

Moreover, I intend to assess the effects of spatial and temporal temperature gradients on 

the bacterial community associated to Red Sea costal sediments, investigating how the 

diversity and the functionality of bacterial communities living in sediments are influenced 

by mild seasonal temperature fluctuations and the mechanisms determining their thermal 

tolerance. The goals of this part of the research is to understand if marine sediments, that 

are separated by few meters of depth (3, 25, 50 m), but exposed to different ranges of 

temperature variation along the seasons, display differences in their response capacity to 

temperature changes, and how the temperature influences the community composition. 

To achieve these aims in Chapter 2, I present an overview of the poorly investigated brine 

pools environment, summarizing the characteristics of the known basins and the 

characteristics of the microbial communities thriving in these challenging ecosystems. In 

Chapter 3, I compare the features of five different Red Sea DHABs, highlighting how the 
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different combination of environmental variables affect the microbial community 

composition, and which are the metabolisms selected along the seawater-brine interface 

gradients. In Chapter 4, I present the versatile metabolism of a new discovered bacterial 

phylum, named Haloclinimicrobia. The genome of this organism was assembled from the 

metagenomes retrieved from the chemocline of Suakin Deep, and I discuss the metabolic 

features that this bacterium presents to cope with the extreme conditions of the brine. In 

Chapter 5, I present how temperature affects bacterial communities associated to coastal 

marine sediment exposed to different temperature regimes along the year, and their 

capacity to respond to thermal stresses. 
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2.1 Abstract 

Deep hypersaline anoxic basins (DHABs) are unique water bodies occurring within 

fractures at the bottom of the sea, where the dissolution of anciently buried evaporites 

created dense anoxic brines that are separated by a chemocline/pycnocline from the 

overlying oxygenated deep-seawater column. DHABs have been described in the Gulf of 

Mexico, the Mediterranean Sea, the Black Sea and the Red Sea. They are characterized by 

prolonged historical separation of the brines from the upper water column due to lack of 

mixing and by extreme conditions of salinity, anoxia, and relatively high hydrostatic 

pressure and temperatures. Due to these combined selection factors, unique microbial 

assemblages thrive in these polyextreme ecosystems. The topological localization of the 

different taxa in the brine-seawater transition zone coupled with the metabolic interactions 

and niche adaptations determine the metabolic functioning and biogeochemistry of 

DHABs. In particular, inherent metabolic strategies accompanied by genetic adaptations 

have provided insights on how prokaryotic communities can adapt to salt-saturated 

condition. Here, we review the current knowledge on the diversity, genomics, metabolisms 

and ecology of prokaryotes in DHABs. 

 

2.2 Introduction 

Among the most extreme places, where microbial life has been reported, are the so-called 

deep hypersaline anoxic basins (DHABs, Mapelli et al. 2017a). Since the observation of 

the hot-brine-filled Atlantis II Deep at the bottom of the Red Sea (Charnock 1964), many 

DHABs have been discovered in different locations in the Red Sea (Backer and Schoell 

1972), the Mediterranean Sea (Scientific Staff of Cruise Bannock 1984-12 1985), the Gulf 
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of Mexico (Shokes et al. 1977) and the Black Sea (Aloisi et al. 2004; Figure 1). Despite 

the geology varies considerably for each specific case, in general, the majority of DHABs 

discovered so far originated by the re-dissolution of evaporitic deposits buried under layers 

of sediments and exposed to seawater because of tectonic activity (Cita 2006). This re-

dissolution process generates the DHABs and a gradient of salinity, the Brine-Seawater 

Interface (BSI), at the boundary between the hypersaline water mass and seawater. Such 

salinity gradient is a halocline where the salt dissolution increases the water density 

determining a pycnocline. In parallel to the gradient of salinity and density a chemocline 

occurs with gradients of the many chemical species that form redox couples capable of 

supporting different microbial metabolisms. 

The Red Sea hosts the largest number of documented DHABs (Figure 1; Backer and 

Schoell 1972; Pautot et al. 1984). It has been proposed that during the Miocene period, the 

Red Sea became isolated from seawater influxes through the Bab El Mandeb Strait and the 

Gulf of Suez, possibly because of similar events that originated the Messinian Salinity 

Crisis in the Mediterranean Sea (Hsu, Stoffers and Ross 1978; Gargani, Moretti and 

Letouzey 2008; Garcia-Castellanos and Villasenor 2011). These events might have lead to 

the precipitation of several km of evaporites in the central trough of the Red Sea (Searle 

and Ross 1975). 

The Red Sea brines are categorized in two types depending on the postulated seismic origin 

and biogeochemical composition (Schmidt, Al-Farawati and Botz 2015). Type I, also 

named “collapse-type” DHABs, includes Oceanographer Deep and Kebrit Deep. They 

present ranges of high salinity (167-182 mg Cl- l-1), low pH (5.5-5.6) and, H2S (15-24 ml 

l-1), mild warm temperatures (23.4-24.9°C) and low trace of heavy metals (Schmidt, Al-
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Farawati and Botz 2015). The geochemical characterization of type I DHABs indicates that 

their composition is not influenced by input of hydrothermal fluid and water/volcanic rock 

interaction, but rather by evaporite dissolution and sediment alteration. Type II, also named 

“intrusion-/extrusion-related” DHABs, include the Conrad Deep, Shaban Deep and others 

located in the multi-deeps region of the Central Red Sea (Figure 1). Geochemically, these 

brines feature high concentrations of manganese (7-90 mg ml-1), and other metal ions, 

possibly due to hydrothermal input and subsurface water/volcanic rock interaction 

(Schmidt, Al-Farawati and Botz 2015). Many of the DHABs in the northern (Conrad, 

Shaban and Nereus) and central regions (Chain, Valdivia, Discovery, Shagara, Wando, 

Albatros, Atlantis II, Erba, Suakin and Port Sudan) of the Red Sea might have all been 

originated by the re-dissolution of evaporitic deposits subjected to the seismic events 

during the early seafloor spreading (Bonatti 1985). For instance, the influence of 

hydrothermal fluids is evidenced - and continues to occur - in Atlantis II Deep and the 

interconnected Discovery Deep (Hartmann 1985; Hartmann et al. 1998; Swift, Bower and 

Schmitt 2012; Schardt 2015). 

The deepest brine pools described to date are located in the eastern Mediterranean Sea, all 

lying at depths greater than three km below the sea level (Figure 1; Cita 2006). Bannock, 

Discovery, Kryos, L’Atalante, Medee, Thetis, Tyro and Urania sit on the Mediterranean 

Ridge accretionary wedge, which lies from west to east in the south of the island of Crete. 

Other brine pools have been reported in the Nile Deep Sea Fan off the Nile river delta 

(Huguen et al. 2009). Geological data, suggest that all the basins were produced by the 

dissolution of different layers of Messinian evaporites generated during the Messinian 

Salinity Crisis (Garcia-Castellanos and Villasenor, 2011), with subsequent fluid migration 
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in confined depressions on the seafloor (Bortoluzzi et al. 2011). The water masses that 

dissolved the evaporites can be of variable origins. For instance, in the Discovery DHAB 

the upmost layer of evaporites was dissolved by subsurface waters rather than seawater and 

remained entrapped in the sediments for unknown periods of time before reaching the 

actual Discovery basin (Wallmann et al. 1997; Wallmann et al. 2002). The variable 

processes of evaporites dissolution and brine generation have determined substantial 

chemical differences in the composition of Mediterranean DHABs (van der Wielen et al. 

2005). 

The brines in the Gulf of Mexico originated from the dissolution of evaporitic sheets, part 

of the Louann salt formation. Such a salt deposit was originally formed during the middle 

Jurassic (175-145 million years ago) and covered by sediments in the early Miocene. 

Gradual accumulation and differential loading of sediments caused the compression and 

generation of salt domes. Seismic events subsequently cracked the sediments leading to the 

dissolution of the evaporites (Cordes, Bergquist and Fisher 2009), originating several 

DHABs (Bouma and Bryant, 1994; Roberts et al. 2007). Some studies have shed some 

light on the microbial ecology of DHABs of the Gulf of Mexico, reviewed by Antunes, 

Ngugi and Stingl (2011) and Mapelli, Borin and Daffonchio (2012) and references therein. 

The Orca basin (Figure 1), a 400-km2 basin lying at about 2.25 km below sea level at the 

boundary between the Green Canyon and Walker Ridge protraction areas (Pilcher and 

Blumstein, 2007), was the first DHAB discovered in the Gulf of Mexico (Shokes et al. 

1977; van Cappellen et al. 1998; Shah et al. 2013) and was followed by other smaller, low-

salinity brines/mud volcanoes such as NR-1/GC233 and GB425 (Brooks et al. 1979; 
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MacDonald et al. 1990), which have received attention in the last few years (Joye et al. 

2009). 

The Dvurechenskii mud volcano in the Black Sea (Aloisi et al. 2004; Figure 1) contains 

highly saline fluids enriched in Li, B, Ba, Sr, I and dissolved inorganic nitrogen. The 

analysis of the geochemical properties of the fluids indicated that they are not originated 

by the dissolution of evaporites, but from diagenetic processes (Aloisi et al. 2004). 

 

 

Figure 2.1 Locations of the most studied DHABs in the Gulf of Mexico (green dots), the Mediterranean Sea 

(blue dots), the Black Sea (black dot) and the Red Sea (red dots). 
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2.3 Unique features of DHABs 

2.3.1 Physical structure and productivity of DHABs 

Due to the high density (up to 1.35 g cm-3, as for the Discovery DHAB in the Mediterranean 

Sea; van der Wielen et al. 2005), and the high hydrostatic pressure, these brine pools hardly 

mix with the overlying deep seawater, and are often considered as lakes at the bottom of 

the sea. Some DHABs, such as Urania basin in the Mediterranean Sea (Borin et al. 2009) 

and Atlantis II Deep in the Red Sea (Bougouffa et al. 2013) among others, encompass 

multiple vertically stratified brine bodies along the halocline, that are stably separated by 

their different densities. Within the physical structure of single-brine-bodies, different 

layers can be recognized (Figure 2A), each contributing to the productivity and functioning 

of the entire system. The brine body, which can vary in depth from a few to hundreds of 

meters (van der Wielen et al. 2005; Cao et al. 2015), typically shows uniform salinity and 

physicochemical characteristics. At the bottom of the brine, the brine-sediment interface 

often has higher environmental variability than the brine body due to fluids and gas 

emissions from the subsurface and the accumulation of organic matter sinking from the 

brine body (Yakimov et al. 2007a). The most productive layer of DHABs is the BSI 

between the oxygenated upper water column and the brine body, which constitutes the 

“functional hotspot” of the DHABs. 

The material sinking from the water column, which includes an array of diverse dissolved 

organic carbon molecules (Arrieta et al. 2015), accumulates in the BSI due to the density 

barrier, fueling microbial productivity (Shah et al. 2013). Peaks in the range of 20-25 nmol 

Corg l-1 day-1of heterotrophic carbon biomass production (estimated using [3H]-leucine 

uptake) have been measured in the upper BSI of Medee DHAB (Yakimov et al. 2013). 
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Similarly the highest rates of carbon fixation were recorded in the upper BSI of L’Atalante 

(Yakimov et al. 2007b), Medee (Yakimov et al. 2013) and Thetis (La Cono et al. 2011). 

For instance, in the upper BSI of the Thetis DHAB, carbon fixation measured by [14C]-

bicarbonate assimilation rates has been determined to be 315 ± 82 nmol Corg l-1 day-1 (given 

as rates of production of organic carbon), eight times higher than that in the overlying 

seawater (40 ± 8 nmol Corg l-1 day-1; La Cono et al. 2011). Quantitative data about the 

microbial populations showed that the interface is typically enriched in prokaryotic cell 

counts. In different DHABs, prokaryotic numbers increase from values in the order of 104-

105 cells ml-1 in normal seawater, to 106-107 cells ml-1 in the BSI, to decrease again in the 

brine body (Borin et al. 2009; Joye et al. 2009; La Cono et al. 2011). 

Depending on the chemistry of the brines, the BSIs and the chemoclines therein can be of 

variable thickness ranging from one meter (Borin et al. 2009) to several tens of meters 

(Bougouffa et al. 2013). The thickness of the BSI is presumably determined by the brine 

chemistry and density, and/or by the currents within, above and around the DHAB. Within 

the BSI chemoclines, the changing pools of organic matter and concentrations of chemical 

species determine vertical profiles of suitable redox couples, electron donors and acceptors 

likely feeding specific microbial metabolic groups. These characteristics determine 

microbial stratification along the chemocline. For instance, the highest biological activities 

in the DHABs have so far been measured in the BSIs relative to the proximal waters in the 

brine and in the oxic water above (Daffonchio et al. 2006). The microbial diversity and 

functionality of the communities that are thriving along the BSI chemoclines have been 

characterized at a 10-centimeter scale resolution. Specifically designed sampling strategies 

have been used, such as the fractioning of the BSI layers sampled with Niskin bottles at 
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different depths within the chemoclines (Figure 2a and 2b; Daffonchio et al. 2006) or the 

use of a specifically designed sampling bottle, the “brine-trapper” deployed by a 

submersible (Figure 2a and 2c; Joye et al. 2005). 

The presence of highly stratified microbial communities at the interface of DHABs 

(Daffonchio et al. 2006; Borin et al. 2009; Joye et al. 2009) is further reinforced by studies 

on the predicted effect of density stratification on microbial cells (Doostmohammadi, 

Stocker and Ardekani 2012). In stratified fluids, flow effects on small aquatic organisms 

(1 μm to 2 mm) are size-dependent. Prokaryotes (in the order of few μm), phytoplankton 

and small protists (10-100 μm) are hardly affected by flow and therefore are predicted to 

move freely inside pycnoclines (Doostmohammadi, Stocker and Ardekani 2012). This 

suggests that the microbial stratification observed at the interface of Bannock and Urania 

(Daffonchio et al. 2006; Borin et al. 2009), or in the brine pools in the Gulf of Mexico 

(Joye et al. 2009) is likely determined by the changing environmental conditions and 

availability of suitable nutrients along the chemocline. 
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Figure 2.2 General physical structure of a DHAB and fine-scale sampling strategy of the brine-seawater 

Interface (BSI). (A) Schematic drawing of a DHAB showing the different layers of the BSI, brine and brine-

sediment interface. On the left side of the panel, a rosette-based approach for sampling the BSI is illustrated 

(Daffonchio et al. 2006). A rosette sampler equipped with a Conductivity, Temperature and Depth (CTD) 

sensor and with Niskin bottles is connected to the modus vehicle equipped with a live camera used to monitor 

the sampling operations. The modus vehicle is optional as the limits of the brine-seawater interface can be 

identified by the CTD on the rosette sampler. On the right side of the panel, a schematic representation of the 

brine-trapper used to sample the BSI in DHABs in the Gulf of Mexico is illustrated (Joye et al. 2005). The 

brine-trapper is a 3-mcylinder attached to the submersible Johnson Sea Link II in a horizontal position. Once 

above the brine, the instrument is lowered into the brine-seawater interface in a vertical position. The water 

enters in different compartments along the tube to entrap different layers of the interface. (B) Once on board, 

the BSI water sampled with the Niskin bottles is aliquoted in fractions of 0.5–2 l that represent the salinity 

gradient in the BSI. (C) With the brine-trapper, the water in the different compartment (∼200ml) is extracted 

from the tube for further analysis. 
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2.3.2 Constraining conditions on cell survival and macromolecule stability 

A major feature of the DHABs is the extreme salinity that can reach values several orders 

of magnitude higher than in the overlying seawater. Ionic concentrations higher than 4 M 

have been measured in L’Atalante (4.7 M Na+) and Discovery (5 M Mg2+) in the 

Mediterranean Sea (van der Wielen et al. 2005). Such salinities significantly constrain the 

metabolic activities of cells (Oren 2011), by decreasing water activity and impairing cell 

turgor and by exerting ionic, kosmotropic and chaotropic effects on the cells (Hallsworth, 

Heim and Timmis 2003; Hallsworth et al. 2007). In the absence of order-making 

kosmotropic solutes, such as NaCl that stabilizes the interactions of water molecules in the 

presence of the chaotropic MgCl2, the molar concentration of this salt permissible for life 

has been estimated to be around 2.3 M. Under such conditions the indicators of microbial 

life such as those based on DNA-profiling of microbial communities may be erroneous due 

to the high stability of remnant DNA material in chaotropic salts (Hallsworth et al. 2007). 

The informational content of bacterial plasmid DNA molecules exposed to Mediterranean 

Sea brines, including the Mg2+-rich Discovery basin, was preserved for more than one 

month with minor effects on plasmid conformation. The exposure to the brine waters of 

these plasmid DNA molecules did not affect the capability of the naturally competent 

Acinetobacter baylyi BD413 to uptake them and express the genes present on the plasmids 

(Borin et al. 2008). However, mRNA that is more labile than DNA has been successfully 

recovered from the brine body of Kryos basin characterized by MgCl2 salt concentrations 

of 2.27-3.03 M, suggesting the presence of active microbial cells at salt concentrations 

previously considered non-permissive for life. The slightly elevated concentrations of Na+ 
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and SO42− ions were suggested to compensate against the extreme chaotropicity of MgCl2 

due to their kosmotropic effect (Yakimov et al. 2015). 

To cope with high salinity, halophilic prokaryotes employ the ‘salt-in’ or the ‘compatible-

solute’ strategies (Oren 1999). The ‘salt-in’ strategy is used by few halophiles because it 

consists in the accumulation of high ionic (mostly K+) concentrations in the cytoplasm and 

so requires the adaptation of the entire cellular machinery to such concentrations (Oren 

2011). The ‘compatible-solute’ (e.g. ectoine, glycine-betaine, glutamate, glutamine and 

proline) strategy has been described in different prokaryotes inhabiting the DHABs. 

Pathways for the synthesis of osmolytes were found in the genomes, obtained from 

DHABs, of ammonia-oxidizing archaea affiliated with the genus Nitrosopumilus (Ngugi 

et al. 2015) and a recently described anaerobic ammonium oxidizing bacterium, ‘Ca 

Scalindua rubra’ (Speth et al. 2017). However, exposure of moderately halotolerant 

bacterial isolates (including sporeformers) to brines from the Discovery basin and three 

other DHABs from the Mediterranean Sea, induced cell death within 2 h to 144 days, 

depending on the strain and the brine type, with the Discovery brine being the most 

aggressive (Borin et al. 2008). 

Although temperature varies in different DHABs, values have generally been found to 

resemble those in the overlying deep seawater column (around 14°C in the Mediterranean 

Sea and 22°C in the Red Sea; van der Wielen et al. 2005; Eder et al. 2001). Notable 

exceptions are the interconnected Atlantis II Deep and the Discovery Deep in the Red Sea, 

which have temperatures up to 68°C and 45°C, respectively, the highest temperatures ever 

recorded for DHABs (Swift, Bower and Schmitt 2012). Temperature was predicted to be a 

strong driver of microbial assemblage in these brine pools (Bougouffa et al. 2013). The 
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capacity to synthesize thermoprotective molecules (e.g. hydroxyectoine; Tanne et al. 2014) 

may have selected for thermophiles as deduced from the reconstructed genome of key 

organisms present in Atlantis II Deep (Ngugi et al. 2015; Ngugi et al. 2016). 

At the depth where typically the DHABs of the Mediterranean Sea are located (deeper than 

three km below sea level) hydrostatic pressures higher than 30 MPa may select piezophilic 

microorganisms (Kato and Qureshi 1999). While the method of sampling deep seawaters 

has been shown to variably affect the level of gene expression in prokaryotes and 

eukaryotes (Edgcomb et al. 2016), it was recently shown that even mild hydrostatic 

pressures such as 5-10 MPa might affect the response of microorganisms, determining loss 

of activities and inducing stress response (Scoma et al. 2016). Such effects, for which the 

term ‘Alcanivorax paradox’ was coined, after hydrocarbon degraders of the genus 

Alcanivorax were found indetectable in the deep plume of the Deepwater Horizon oil spill 

(Mapelli et al. 2017b), might represent a differential factor of microbial selection between 

deep and shallower DHABs, such as those in the Mediterranean Sea and in the Red Sea, 

respectively. 

A typical feature of DHABs is the depletion of oxygen usually already few tens of 

centimeters inside the BSI and full anoxia in the brine bodies. Electron acceptors 

alternative to oxygen (e.g. iron, manganese, sulfate, elemental sulphur, carbon dioxide, 

nitrite and nitrate) are available in the DHAB layers possibly allowing the existence and 

interconnection of a wide variety of anaerobic metabolisms (van Cappellen et al. 1998; 

Borin et al. 2013; Guan et al. 2015). However, the lack of oxygen, the most energy-yielding 

electron acceptor, in combination with the multiple stressors in the DHABs represents a 

further challenge affecting the adaptation of novel microorganisms. 
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2.3.3 Enigmatic microbial inhabitants and higher organisms  

Several studies indicate that DHABs are “hotspots” of many novel undefined taxa 

(Antunes, Ngugi and Stingl 2011), most of which remain uncultivated to date. Because of 

their differing chemistries (Table 1, Figure 3), the microbial communities in individual 

DHABs are composed by unique phylotypes and functionally discrete groups of organisms 

(La Cono et al. 2011). Consequently, most of the metagenomic proteins deduced from 

these DHAB - both in the seawater-brine interface and the brine - encompass hypothetical 

proteins exhibiting little sequence homology to characterized proteins in public databases 

(Ferrer et al. 2012). 

Animals are also conspicuous residents of DHABs (Danovaro et al. 2010; Neves et al. 

2014). Danovaro and colleagues (2010) have presented evidences of the first ever described 

metazoan reported to permanently live anaerobically in the sediments of L’Atalante, even 

though the ability of such organism to carry out their entire lifecycle in absence of oxygen 

is debated (Bernhard et al. 2015, Danovaro et al. 2016). Sea anemones, sponges, 

tubeworms, polychaetes, hydroids, clams, top snails, gastropods, crabs and mussels include 

some of the macrofauna lying at the edges of the DHABs and on the beaches surrounding 

the BSI (MacDonald et al. 1990; Nix et al. 1995; Batang et al. 2012; Niemann et al. 2013; 

Vestheim and Kaartvedt 2016). A detailed discussion on animal-associated or mat-forming 

microorganisms is beyond the scope of this review. Nevertheless, the prokaryote 

(endo)symbionts living together with their eukaryotic hosts (Dubilier, Bergin and Lott 

2008), as well as the viral communities (Danovaro et al. 2005), represent an unchartered 

facet in the ecology of DHABs currently lacking systematic investigations. 
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Table 2.1 Concentrations of chemical species available for different DHABs in the Red Sea, the 

Mediterranean Sea and the Gulf of Mexico. All values are mM. Abbreviations: n.a., data not available. N, 

North; S, South; SW, South-West; RS-SW, Red Sea seawater; MS-SW, Mediterranean Sea seawater; GoM-

SW, Gulf of Mexico seawater; T, thalassohaline; AT, athalassohaline. *, Note that two different DHABs are 

named Discovery, one in the Red Sea and the other in the Mediterranean Sea. Data are from: a, Schmidt et 

al. (2015); b, De Lange et al. (1990); c, Yakimov et al. (2015); d, La Cono et al. (2011); e, Yakimov et al. 

(2013); f, Joye et al. (2005); g, Van Cappellen et al. (1998). 

 

 Category Na+ Cl- Mg+ K+ Ca2+ SO4
2+ Sulfide 

Red Sea         

RS-SW a  547.33 548.18 65.75 9.41 12.40 33.37 n.a. 

Albatross a T 4344.88 4608.75 48.84 55.96 111.98 14.89 n.a. 

Atlantis II-N a T 4615.09 5149.66 35.42 85.84 149.96 10.86 n.a. 

Atlantis II-SW a T 4677.73 5189.97 35.42 86.88 148.71 10.74 n.a. 

Conrad a T 4295.43 4619.67 101.01 67.70 24.63 48.77 n.a. 

Discovery a* T 4635.53 5021.75 36.78 84.86 144.87 10.66 n.a. 

Erba a T 2621.99 2678.14 71.43 30.92 29.57 47.15 n.a. 

Kebrit a T 4805.74 5135.67 121.13 36.70 56.56 20.08 n.a. 

Oceanographer a T 4353.37 4716.86 280.64 77.09 86.21 10.32 1.13 

Shaban-N a T 4784.51 4900.52 97.96 49.29 19.74 51.57 0.71 

Shaban-S a T 4844.97 4970.92 84.96 48.77 22.16 48.47 n.a. 

Nereus a T 3556.62 4131.47 64.06 77.42 230.80 11.25 n.a. 

Port Sudan a T 3784.68 3855.22 70.89 46.50 35.63 47.77 n.a. 

Suakin a T 2416.77 2612.84 62.87 35.42 57.14 36.05 n.a. 
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 Category Na+ Cl- Mg+ K+ Ca2+ SO4
2+ Sulfide 

Mediterranean Sea 

MS-SW b  480.00 560.00 54.50 10.40 10.50 28.90 <0.002 

Bannock b T 4200.00 5378.00 643.90 126.30 16.30 135.20 2.90 

Discovery c* AT 840.17 10154.29 5142.97 89.52 1.00 110.35 0.85 

Kryos c AT 1236.32 9054.24 4402.39 84.40 1.00 322.71 1.20 

L’Atlante 1 d T 4670.00 5290.00 533.00 300.00 5.90 323.00 2.90 

L’Atlante 2 c T 4654.24 5302.80 658.30 368.31 7.49 333.13 2.82 

Medee e T 4178.00 5259.00 788.00 471.00 2.80 201.00 1.64 

Thetis d T 4760.00 5300.00 604.00 230.00 9.00 265.00 2.12 

Tyro b T 5300.00 5350.00 71.10 19.20 35.40 52.70 2.10 

Urania d T 3505.00 3730.00 315.00 122.00 31.60 107.00 15.00 

Gulf of Mexico         

GoM-SW f  462.00 564.00 11.00 43.00 11.00 29.00 ~0 

GB425 f T 1790.00 2114.00 8.70 89.00 59.00 <1.00 0.004 

GC233 f T 1751.00 2092.00 97.0 22.00 36.00 <1.00 0.002 

Orca Basin g T 4240.00 4450.00 42.4 17.20 29.00 20.00 0.025 
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Figure 2.3 Dendrogram grouping the different brines of DHABs of the Gulf of Mexico (green), 

Mediterranean Sea (blue) and the Red Sea (red) by hierarchical clustering using the Euclidean distance 

metric and average linkage based on the concentrations of Na+, Cl−, K+, Ca2+, Mg2+, SO42− and H2S. Data 

are summarized in Table 2.1. 

 

2.4 The microbial diversity and ecology of DHABs 

2.4.1 Red Sea DHABs 

The Red Sea DHABs have been intensively studied for their microbial communities with 

pioneering molecular description of novel organisms (Eder, Ludwig and Huber 1999; Eder 

et al. 2002; Antunes, Ngugi and Stingl 2011). Except in Kebrit Deep and Atlantis II Deep, 

Bacteria generally dominate over Archaea, similarly to the Mediterranean Sea DHABs 
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(Guan et al. 2015). A rather wide diversity is also found in the BSI relative to the overlying 

deep seawater column (Bougouffa et al. 2013; Abdallah et al. 2014; Ngugi et al. 2015; 

Guan et al. 2015) with differences between the upper and lower portions of the BSI akin 

to Mediterranean Sea DHABs (Yakimov et al. 2007b; Borin et al. 2009). 

In the Atlantis II Deep and Discovery Deep the bacterial community in the different layers 

was represented by lineages affiliated with Moritella, Ca. Scalindua, Nitrospina, 

Marinomonas, Planctomyces, Sulfurimonas and KB1 (Bougouffa et al. 2013; Guan et al. 

2015). Several of these bacterial lineages belong to the following groups: Deferribacteres 

and Planctomycetes in the interfaces of Atlantis II Deep and Discovery Deep, respectively 

and Gammaproteobacteria in the brine body of both (Bougouffa et al. 2013). Many of 

these groups in the case of Atlantis II Deep are composed mainly of heterotrophic taxa 

potentially able to use aromatic compounds as suggested by the detection of aromatic 

compound degraders (such as Phyllobacterium) and enrichment of the related metabolic 

pathways for degrading hydrothermally generated aromatic compounds (Wang et al. 2011; 

Wang et al. 2013; Abdallah et al. 2014). Signatures of aerobic methane-oxidizing bacteria 

and unique uncultured taxa with divergent alkane monooxygenases were found in the 

brine-seawater interface of Atlantis II Deep and Kebrit Deep but not in the Discovery Deep 

(Bougouffa et al. 2013; Abdallah et al. 2014). 

In Kebrit Deep, Erba Deep and Nereus Deep, members of Deltaproteobacteria, in 

particular Desulfohalobiaceae and Desulfobacteraceae, predominated in the brine-

seawater interface (Guan et al. 2015). In Kebrit Deep, aerobic methanotrophic taxa were 

also detected, likely driven by the juxtaposed presence of methane and oxygen in the BSI 

(Abdallah et al. 2014). The sulfidic Kebrit Deep is also home to the KB1 clade in both the 
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BSI and the sediment-brine interface (Eder et al. 2001). KB1 also inhabits other brines 

from the Red Sea (Eder et al. 2002) and the Mediterranean Sea (van der Wielen et al. 

2005). 

Even though Archaea dominate in the deep ocean (Karner, DeLong and Karl 2001), their 

genetic and metabolic diversity was found to be lower in Atlantis II Deep and Discovery 

Deep (Wang et al. 2013). Mostly autotrophic archaea capable of CO2 fixation and methane 

oxidation were identified in these brines, while the Thaumarchaeota (Stahl and de la Torre, 

2012) almost exclusively dominated the BSI (Ngugi et al. 2015; Guan et al. 2015). The 

major ammonia-oxidizing thaumarchaea are phylogenetically affiliated to the genus 

Nitrosopumilus and are distinct from bathypelagic Thaumarchaeota, sharing only about 

54% of their predicted genetic inventory with bathypelagic thaumarchaea (Ngugi et al. 

2015). Recent studies in the brine body of Atlantis II Deep and the interfaces of Kebrit 

Deep and Erba Deep also implicated methanogenic archaea in the dark primary production 

(Guan et al. 2015). 

 

2.4.2 Mediterranean Sea DHABs 

The majority of the Mediterranean DHABs are thalassohaline having as major dissolved 

ions those of seawater (Table 1). Two DHABs are athalassohaline, Discovery and Kryos, 

characterized by high Mg2+ concentrations (Table 1) possibly originating from the 

dissolution of bischofite. 

In the Thetis DHAB aerobic heterotrophic halophiles of the archaeal family 

Halobacteriaceae occupy the upper BSI (up to 110 g l-1 salinity). Low salinity and anoxia 

prevent their proliferation in the overlaying seawater and in the lower part of the BSI and 
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the brine body, respectively. Salinity restricts the distribution of Planctomycetes and 

Bacteroidetes to the upper BSI, whereas KB1 bacteria are distributed from the upper BSI 

to the brine body indicating adaptation to a wide range of salinities (up to 348 g l-1 in the 

brine body). Enrichment of Deltaproteobacteria and high concentrations of sulfide (HS-, 

2.12 mmol l-1) in the brine body, indicate the occurrence of active dissimilatory sulfate 

reduction (La Cono et al. 2011). 

A study on the DHAB Medee gave interesting insights about the correlation between the 

geochemical milieu and the key microbial groups inhabiting the system (Yakimov et al. 

2013): Mediterranean Sea Brine Lake 1 (MSBL1) and Candidatus Acetothermia (formerly 

Candidate Division KB1) are the dominant archaeal and bacterial prokaryotes, 

respectively. Syntrophic interactions between these two groups have been hypothesized 

based on the metabolism of glycine-betaine, a common osmoprotectant produced by a 

variety of moderate halophiles (Yakimov et al. 2013). According to this hypothesis, KB1, 

a deep phylogenetic lineage close to Thermotogales and Aquificales at the root of Bacteria 

domain (Eder et al. 1999), could be able to degrade glycine-betaine to acetate and 

trimethylamine using H2 as electron donor. Trimethylamine in turns would support a 

methylotrophic methanogenic activity of MSBL1, which would produce H2. 

Measurements of glycine-betaine, trimethylamine, acetate and methane concentrations 

profiles along the chemocline, together with methane production rates at different depths 

of the brine body and enrichment cultures on glycine-betaine and trimethylamine, 

supported such syntrophic interaction hypothesis. Recent reconstructions of the KB1 (from 

the Orca Basin; Nigro et al. 2016) and MSBL1 (Atlantis II Deep, Discovery Deep, Nereus 

Deep, Erba Deep and Kebrit Deep; Mwirichia et al. 2016) genomes, revealed that both the 
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organisms have the metabolic features to produce substrates for methanogens. KB1 can 

potentially use glycine-betaine not only for osmoregulation but also as a carbon and energy 

source (Nigro et al. 2016). MSBL1 does not present the core genes of methanogenesis, but 

the determinants for the Embden-Meyerhof-Parnas pathway together with the Wood-

Ljungdahl pathway or the reductive TCA cycle suggesting that it has a mixotrophic 

lifestyle, being capable of fermenting glucose when available, or, in the absence of organic 

carbon, fixing carbon dioxide (Mwirichia et al. 2016). 

The Bannock and L’Atalante DHABs present some analogies in the major microbial 

groups. Among Archaea, ammonia-oxidizing Thaumarchaeota Marine Group I and MSBL 

groups were dominating the 16S rRNA gene libraries. Within bacteria sulphate reducing 

Deltaproteobacteria and sulphur oxidizing Gamma- and Epsilonproteobacteria were 

among the most abundant clones together with the KB1 lineage (Daffonchio et al. 2006; 

Yakimov et al., 2007). The Urania basin was show to be dominated by methanogenic 

archaea, sulphate reducers and sulphide oxidizers supporting the dominance of 

methanogenesis and the sufur-based metabolisms (Borin et al. 2009). 

The two athalassohaline DHABs Discovery and Kryos presented, similarly to all the other 

thalassohaline brine lakes dominance of the bacterial community over the archaeal one 

(van der Wielen et al. 2005; Yakimov et al. 2015). Bacterial representatives of Gamma-, 

Epsilonproteobacteria, Sphingobacteria and Halobacteria were detected only in the 

Discovery brine, whereas dominance of representatives of candidate division KB1 and 

Deltaproteobacteria was found in both DHABs. In the interface of Kryos, the population 

of KB1 was found to be uniform along the salinity gradient, whereas different groups of 

Deltaproteobactria were identified at different depths: sulphate reducers related to 
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Desulfotignum and Desulfosalsimonas were dominant in the less saline layer, while 

signatures of unknown Deltaproteobacteria were found in the deeper layer of the BSI. 

Among Archaea, MG1 Thaumarcheota were only detected in the upper layer of the BSI of 

Kryos DHAB, whereas MSBL1 were dominant in the deeper layers of the interface of both 

Discovery DHAB and Kryos DHAB. Interestingly van der Wielen and co-workers (2005) 

retrieved in the Discovery DHAB sequences related to the archaeal genus Halorhabdus, 

which include the species H. tiamatea, isolated from the brine-sediment interface of 

Shaban Deep (Antunes et al. 2008a), able to tolerate up to 1 M of Mg2+. 

 

2.4.3 Gulf of Mexico DHABs 

In the NR1/GC233 brine pool and the GB425 mud volcano laying on the continental slope 

of the Gulf of Mexico, active microbial populations involved in sulphur cycling and 

methanogenesis were identified (Joye et al. 2009). In NR1, the existence of a dynamic 

sulphur-cycling microbial community was suggested by the correlation of geochemical 

data and molecular signatures of different Deltaproteobacteria sulfate-reducers (related to 

Desulfosarcinales, Desulfobacterium, Desulfobulbus and Desulfocapsa) and of sulphide-

oxidizing Epsilonproteobacteria (Joye et al. 2009). The GB425 mud volcano community 

was instead characterized by a low diversity of sulfate-reducing bacteria, with only two 

phylotypes retrieved: one related to Desulfosarcinales and one to Desulfobacterium (Joye 

et al. 2009). 

A diverse community of methanogens was observed in NR1 with signatures of the genera 

Methanolobus, Methanosaeta, Methanoculleus and Methanospirillum (Joye et al. 2009). 

However, low rates of acetoclastic and hydrogenotrophic methanogenesis were measured, 
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suggesting that methanogenesis from substrates such as methanol or methylated amines 

was dominant rather than from acetate or H2. On the contrary, the signatures of acetoclastic 

methanogens dominated over hydrogenotrophic and methylotrophic species (Joye et al. 

2009). 

 

2.5 Biogeochemical cycles in the DHABs 

The steep gradients and extreme environmental conditions of each DHAB have created 

niches that lead to the selection of distinct prokaryotic communities peculiar to each DHAB 

and the different brine layers. Consequently, a wide biodiversity and unique metabolic 

features are expected along the halocline. The pycnocline-driven isolation of the different 

transition zones from the oxygenated overlying water column, have given rise to complex 

biogeochemical cycles sustaining microbial life in the brines (Figure 4). The DHABs 

studied to date generally show evidence of sulfate reduction, acetogenesis, methanogenesis 

and heterotrophic activity but also different processes of the nitrogen cycles. 
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Figure 2.4 Simplified scheme of the biogeochemical processes occurring in the DHABs. On the left the redox 

potential Eh (continuous line) and salinity (dash line) profiles are taken as proxy of the BSI chemocline. The 

biogeochemical processes are schematically positioned in the BSI along the redox potential gradient. The 

names of the different processes in each schematic layer of the BSI are referred to in the reactions reported 

from left to right. MA, methylamine; GB, glycine-betaine. 

 

2.5.1 Carbon cycle 

2.5.1.1 CO2 fixation 

Initial hypothesis concerning microbial metabolic pathways in DHABs, posed that the 

majority of microbes likely depend on organic material sinking from the overlying sea-

water column as a source of carbon (Sass et al. 2001). However, the potentially limited 

availability of organic carbon, especially in the deepest DHABs, suggests 
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chemoautotrophy likely features as a prominent metabolic lifestyle of communities 

thriving in the brine-seawater interface and the brine body. The first evidence of 

chemoautotrophy, namely methanogenesis, in DHABs was observed in the L’Atalante, 

Bannock, Urania and Discovery DHABs from the Mediterranean Sea. Methanogenesis was 

detected by both molecular methods (16S rRNA gene clone libraries) and measurements of 

methane production (van der Wielen et al. 2005). Even though the prediction of living 

microorganisms in the Discovery DHAB can be erroneous when based on DNA signatures, 

due to the high stability of remnant DNA in presence of chaotropic salts (Hallsworth et al. 

2007), genes for the type I (cbbL) and II (cbbM) ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) have been later found the BSI and the brine of the 

Discovery Basin. The cbbL genes were predicted to originate from chemoautotrophic 

Gammaproteobacteria, while the type II RuBisCO suggested the presence of 

chemoautotrophic facultative anaerobic bacteria (van der Wielen 2006), possibly capable 

of anaerobic sulfide oxidation with nitrate as an electron acceptor (Elsaied and Naganuma 

2001). In the L’Atalante Basin, it was shown that dark primary production rates were 

higher in the BSI than in the overlying deep-seawater and the brine body, which also 

coincided with the highest prokaryotic biomass (Yakimov et al. 2007b). 

An active role of Bacteria in autotrophic CO2 fixation has been documented in the Thetis 

basin (La Cono et al. 2011). Evidence for aerobic and microaerophilic CO2-fixing 

pathways were found only in the upper BSI and were related to bacterial species such as 

Thiomicrospira halophile and members of the Epsilonproteobacteria. An eightfold 

autotrophic CO2 fixation activity was measured in the upper BSI than in the overlaying 

deep-seawater. These findings were later confirmed by the detection of Thiomicrospira-
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like RNA transcripts of enzymes in the Calvin-Benson-Bassham cycle (Pachiadaki et al. 

2014). 

The reductive acetyl-CoA pathway (the Wood-Ljungdahl Pathway, WLP) was proposed to 

occur in the Thetis basin (Pachiadaki et al. 2014). WLP is typically found in sulfate-

reducing bacteria, methanogenic archaea, acetogenic prokaryotes, and microorganisms 

performing anaerobic methane oxidation (Berg et al. 2010; Hugler and Sievert 2011). It 

should be noted that methylotrophic type of both methanogenic and acetogenic WLP are 

likely to be thermodynamically more relevant and can be independent from CO2 fixation 

(Chistoserdova et al. 2010; Drake and Daniel 2004). Metatranscriptomic analysis of the 

upper and lower BSI documented the presence of transcripts belonging to sulfate-reducing 

bacteria of the family Desulfobacteraceae, the anaerobic methane oxidizers group 1 

(ANME1) and the methanogenic archaea Methanoregula formicica (Pachiadaki et al. 

2014). 

 

2.5.1.2 Methanogenesis and anaerobic methane oxidation (AOM) 

Given the thermodynamic limitations imposed by high salinity—that is, increasing salinity 

requires the uptake or synthesis of osmolytes—methylotrophic methanogenesis (from 

methylated amines, methanol and dimethyl sulfide) with higher energetic yield is 

thermodynamically more relevant in hypersaline environments in comparison to 

aceticlastic and hydrogenotrophic methanogenesis, with lower energetic yields (Oren 

1999). The high concentrations of dissolved methane observed in numerous DHABs 

(reviewed in Antunes, Ngugi and Stingl 2011), the detection of high methanogenic 

activities (Joye et al. 2009) and few taxa related to methanogenic archaea (Daffonchio et 
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al. 2006; Guan et al. 2015), support that methanogens contribute to the carbon 

biogeochemistry of DHABs. Because of the apparent thermodynamic constrains under 

high salinity it has been proposed that halophilic methanogens likely generate methane 

from methylamines, a fermentation product of the osmoprotectant glycine-betaine (Borin 

et al. 2009; Yakimov et al. 2013), but so far no methylotrophic methanogen has been 

isolated from marine DHABs. 

Recent molecular studies on methanogenesis in the Thetis basin lead to the discovery of 

different groups of transcripts of the key enzyme, methyl coenzyme M reductase (mcrA; 

La Cono et al. 2011). The first group was specifically detected in the brine body and 

resulted closely related to Methanohalophilus, while the second group affiliated to ANME1 

was also retrieved in the BSI. It was later found that anaerobic methane oxidation, rather 

than methanogenesis dominates in the lower interface of Thetis based on the detection of 

ANME1 sequences and the lack of genes encoding coenzyme F420-dependent N5, N10-

methenyltetrahydro-methanopterin dehydrogenase, an essential enzyme of 

methanogenesis (Pachiadaki et al. 2014). 

In the brine body of Atlantis II Deep and in the BSI of Erba Deep and Kebrit Deep in the 

Red Sea, 90% of mcrA sequences clustered with cultivated representatives of the genera 

Methanohalophilus and Methanococcoides, which are known to utilize methylated 

compounds as substrates (Guan et al. 2015). These observations lead to the inference that 

the disproportionation of methanol and methylamines are likely the main methanogenic 

pathways in these DHABs. In the Kebrit Deep BSI, one mcrA OTU could not be assigned 

to any of the known methanogens but showed 78% sequence similarity with that of ‘Ca. 
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Methanoperedens nitroreducens’, suggesting the presence of anaerobic methane-oxidizers 

in this DHAB. 

A recent group of extremely halophilic methyl-reducing methanogens, a class-level lineage 

called “Methanonatronarchaeia” within the phylum Euryarchaeota was discovered in 

hypersaline sediments from deep lakes (Sorokin et al. 2017b). Strikingly, 

“Methanonatronarchaeia” is closely affiliated with environmental 16S rRNA gene 

sequences of the uncultured Candidate Division Shaban Archaea (SA1; Eder et al. 2002), 

in turn, providing the first clue of their metabolism and role in carbon cycling in DHABs. 

The genomic features of this newly-discovered methyl-reducing methanogen, i.e. the 

incomplete set of genes for part of the oxidation pathway of methyl group to CO2 and the 

membrane-bound cytochromes and heterodisulfide reductase, suggest that the strategies 

employed by methanogens to thrive in salt-saturating conditions are not limited to the 

classical methylotrophic pathway (Sorokin et al. 2017a). Another novel lineage distantly 

affiliated with “Methanonatronarchaeia” lacking key enzymes for methanogenesis but 

also affiliated with the SA1 Archaea was recently described based on single-cell genomics 

(Ngugi and Stingl 2018), suggesting the potential for metabolic diversity within members 

of the Candidate Division SA1 (Eder et al. 2002). 

 

2.5.2 Nitrogen cycle 

Dissimilatory nitrogen reduction represents one of the key metabolic features of DHABs. 

Evidence for different metabolic steps in the nitrogen cycle were recently detected in Thetis 

(Pachiadaki et al. 2014). Transcripts of enzymes involved in denitrification were found 

along the entire brine-seawater interface transition zone, while signatures of ammonia 
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oxidation or anaerobic ammonium oxidation (anammox) were not found. Denitrification 

represents a major N2 gas production pathway in Bannock and L’Atlante, accounting up to 

86% of the total N2 production (Borin et al. 2013). Interestingly, despite high ammonia 

concentrations typically found in the brines relative to the deep-seawaters above the 

DHABs (Borin et al. 2009; Ngugi et al. 2015), transcripts of nitrogenase enzymes involved 

in nitrogen fixation were overrepresented in the lower part of the brine-seawater interface 

in Thetis. The nitrogenase transcripts were attributed to archaeal clades, including ANME 

and methanogens and it was speculated that nitrogen fixation and ammonia assimilation is 

performed in the lower Thetis BSI for the synthesis of osmoprotectants through the 

glutamine synthase and glutamate synthase pathways (Pachiadaki et al. 2014). 

Ammonia-oxidizing archaea (AOA) dominate the brine-seawater interface microbial 

communities of several Red Sea DHABs. AOA were shown to be divergent from the 

mesopelagic and bathypelagic thaumarchaea (Ngugi et al. 2015; Zhang et al. 2016), 

confirming what was previously observed in Mediterranean DHABs (Daffonchio et al. 

2006; Yakimov et al. 2007b; Borin et al. 2009). The dominant thaumarchaeal lineage is 

closer to epipelagic marine thaumarchaea (otherwise also called “the Shallow Marine 

Group I clade”; Francis et al. 2005), specifically to the genus Nitrosopumilus (Könneke et 

al. 2005). This genotype shows several features supporting a niche adaptation to the BSI 

environment (and the epipelagic zone), including acidic tuning of their membrane-bound 

proteins and the capacity to synthesize ectoine and hydroxyectoine, all of which are 

necessary for osmoregulation. The capacity to synthesize hydroxyectoine may confer 

tolerance to high temperatures such as those in the Atlantis II Deep. The unique presence 

of key osmoregulatory mechanisms in thaumarchaea residing in saline ecosystems but their 
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absence in mesopelagic clades (Ngugi et al. 2015), supports the notion that salinity is a key 

factor determining the niche speciation of marine AOA (Erguder et al. 2009). Considering 

the extremely variable geochemistry of DHABs, it is likely also that other thaumarchaeal 

lineages exist and may have been shaped by their unique environments. 

Nitrite oxidizers encompass the second group of microbes participating in nitrification. In 

the Red Sea, putative nitrite-oxidizing Nitrospina-like bacteria, named Ca. Nitromaritima 

RS were discovered in the brine-seawater interface of the Atlantis II Deep. This group of 

ecologically important microorganisms constitutes up to one-third of the bacterial 

community and highly diverges from Nitrospina gracilis, one of the two cultured species 

of this widely distributed marine nitrite oxidizers (Ngugi et al. 2016). The osmoregulatory 

machinery of members of Ca. Nitromaritima includes high-affinity carriers for 

extracellular osmolytes and pathways for the biosynthesis of osmoprotectants. 

The likelihood of anammox to occur in the Red Sea DHABs is supported by the detection 

of Anammox Planctomycetes sequences (Bougouffa et al. 2013; Abdallah et al. 2014; 

Guan et al. 2015). The ability of these organisms to thrive in seawater environments was 

previously demonstrated with the description of ‘Candidatus Scalindua’ in many marine 

environments (van de Vossenberg et al. 2008; Woebken et al. 2008; Lüke et al. 2016). 

Apart from the challenge imposed by the high salinity, the environmental conditions of the 

DHABs are compatible with the requirements of the anammox metabolism, namely anoxic 

and ammonia-replete conditions, and the connection with an oxic interface providing 

nitrite. However, except two studies, molecular data on the identity of resident anammox 

organisms and their ecological role in DHABs nitrogen cycle remains poorly studied. The 

first molecular insights on the presence of Planctomycetes in DHABs was provided in a 
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study of the highly sulfidic Urania deep hypersaline basin (Borin et al. 2009), and later the 

unequivocal detection of anammox activity and bacteria in the brine-seawater interface of 

Bannock and L’Atalante basin (Borin et al. 2013). The detected anammox populations 

belonged to the ‘Ca. Scalindua’ clade (mostly ‘Ca. Scalindua brodae’), which provides 

insights on the niches occupied by anammox including extremely saline sulfidic 

ecosystems. Recently, a planctomycetes genome phylogenetically distinct from ‘Ca. 

Scalindua brodae’, named ‘Ca. Scalindua rubra’, has been reconstructed from the 

metagenome of BSI samples collected from Discovery Deep in the Red Sea (Speth et al. 

2017). Genomic analyses indicated that this scalindua species uses compatible solutes for 

osmoadaptation in contrast to other marine anammox bacteria that likely use a salt-in 

strategy. 

 

2.5.3 Sulphur cycle 

The presence of different sulphur chemical species and the detection of bacteria 

canonically involved in the sulphur cycle have suggested the importance of microbial 

sulphur cycling in different DHABs, especially the sulfidic ones. In Urania, one of the most 

sulfidic water bodies on earth, sulfate reduction was shown to be important in 

biogeochemistry of sulphur and the energetic metabolism of the whole microbial 

community (Borin et al. 2009). High sulfate reduction rates were measured at depths in the 

BSI where redox potential drastically decreased and highest ATP concentration and 

bacterial cell numbers occurred. The 16S rRNA genes of the sulfate-reducing bacteria 

families Desulfobacteraceae and Desulfobulbaceae were abundantly detected along the 

Urania DHAB water column, from the BSI to the brine. Similarly the presence of active 
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dissimilatory sulfate reduction in the lower BSI was observed in Thetis, supported by a 

high abundance of rRNA transcripts from the family Desulfobacteraceae (Pachiadaki et 

al. 2014). Metabolic activity of sulfate-reducing Deltaproteobacteria was also found in the 

Kryos BSI following the detection of dsrAB gene transcripts distantly related to the ones 

of Desulfotignum balticum and the halophilic species Desulfosalsimonas propionicica 

(Yakimov et al. 2015). 

Sulfate-reducing bacteria were also recently highlighted in the brines of the Kebrit Deep, 

Nereus Deep, Erba Deep, Atlantis II Deep, and Discovery Deep, where different 

communities were found (Guan et al. 2015). While in the first three DHABs dsrA 

sequences affiliated to known sulfate-reducing bacteria were detected, in the last two 

DHABs, characterized by higher temperatures, the dsrA sequences were instead affiliated 

to uncultured sulfate-reducing bacteria. This suggested that Atlantis II Deep and Discovery 

Deep harbor specific and novel sulfate-reducing communities (Guan et al. 2015). 

Enzymes potentially responsible for three interconnected sulfide oxidation pathways were 

recorded from the BSI metagenome of Thetis, including i) the sulphur-oxidizing (SOX) 

multienzyme complex that catalyzes the oxidation of sulfide or thiosulfate to sulfate, with 

elemental sulphur and sulfite as intermediates, ii) a sulfide:quinone reductase (SQR), which 

oxidizes hydrogen sulfide to elemental sulphur and iii) polysulfide reductase (PSR), which 

reduces precipitated sulphur to sulfide (Friedrich et al. 2001). Accordingly, it was proposed 

that the interconnection of the second and the third pathways could allow microorganisms 

to yield maximal energy by switching from the complete oxidation of sulphur to sulfate 

(Sox system), to the production of elemental sulphur (sulfide:quinone reductase), which 

could then be reduced again by polysulfide reductase, avoiding S0 accumulation (Ferrer et 
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al. 2012). Indeed, novel groups of strictly anaerobic sulphur-respiring haloarchaea with the 

capacity to reduce sulphur or thiosulfate using acetate, pyruvate, formate, or hydrogen as 

the sole electron donors have been isolated from various hypersaline lakes around the globe 

including Lake Medee from the Mediterranean Sea (Sorokin et al. 2016; Sorokin et al. 

2017a). Thus, providing pioneer evidence of their potential role in biogeochemical sulphur 

cycling linked with anaerobic carbon mineralization in DHABs (Sorokin et al. 2017a). 

Another important bacterial group for the sulphur cycle is the Epsilonproteobacteria 

encompassing several taxa capable oxidizing sulfide and other sulphur chemical species. 

In the Urania water column it was observed that the number of sequences of the different 

epsilonproteobacterial taxa increased or decreased according to the change in salinity. 

Sulforovum and Helicobacteraceae abundances increased with salinity up to 18-20%, 

while Campylobacteraceae were dominating at lower salinities (Borin et al. 2009). Also, 

some species of the genus Arcobacter in the Campylobacteraceae family are involved in 

sulphur oxidation/reduction (Campbell et al. 2006; Sievert et al. 2007). 

The involvement of representatives of the class Epsilonproteobacteria in other redox 

cycling processes has been considered, such as the cycling of manganese and iron 

(Campbell et al. 2006). Some works have highlighted the presence of 

Epsilonproteobacteria in the Bannock and the Urania basin in the Mediterranean Sea 

speculating on their potential involvement in a manganese cycle (Daffonchio et al. 2006; 

Borin et al. 2009). High concentrations of manganese have been observed in some DHABs 

such as Bannock (De Lange et al. 1990; Daffonchio et al. 2006) and other DHABs in the 

Mediterranean Sea (La Cono et al. 2011). Similarly, iron and manganese stratifications 

have been measured in the Gulf of Mexico (Trefry et al. 1984; van Cappellen et al. 1998) 



 

 

70 

and Mediterranean Sea DHABs. For instance in Bannock it has been shown that manganese 

exhibits a nonlinear slope, suggesting non-conservative behavior and possible biologically 

mediated cycling (Daffonchio et al. 2006). 

 

2.6 New research directions 

Despite the scientific effort of the last 20 years, many aspects of the microbial ecology and 

the metabolic traits of many dominant taxa specific to DHABs, remain uncharacterized, 

highlighting the important challenges and the scientific questions yet to be answered. 

The BSI emerges as the most metabolically active zone of DHABs. Due to the steep 

increases in salinity and density it is a particle trap for debris sinking through the water 

column, generating conditions that enhance microbial activity. Some studies demonstrated 

a precise stratification of the microbial communities along the chemocline with different 

prokaryote assemblages and networks resolved over depths of few to tens of centimeters 

(Daffonchio et al. 2006; Yakimov et al. 2007b; Borin et al. 2009; Joye et al. 2009). 

However, most of these studies used fingerprinting and old-generation sequencing 

techniques of the small-subunit ribosomal RNA gene and few functional genes, thus 

exploring a limited amount of the existing genetic diversity. Attempts to circumvent this 

problem through application of whole-genome sequencing approaches (or metagenomics) 

have so far been done for a few brine pools, only using bulk samples that disregard the 

micro-scale niches along the chemocline. Thus, to date no studies exploiting high-

throughput sequencing approaches (metagenomics and metatranscriptomics) at a fine 

spatial scale have been followed, for a comprehensive in-depth understanding of the 

genetic and metabolic networks occurring in the BSI, even though the main conundrum of 
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sampling approaches capable to maintain the integrity of the environmental gradients and 

the underlying microbial stratification has been addressed (Daffonchio et al. 2006; Joye et 

al. 2005). 

Some studies to date have described the fauna in DHABs, but the linkage of predicted 

metabolic pathways to the actual intrinsic function of the symbiotic microbial communities 

remain circumstantial in the absence of transcriptomic or proteomic data. To reveal the 

functions occurring in DHABs, larger efforts exploiting meta-omics are desirable 

(Pachiadaki et al. 2014), complemented by the use of radiotracers and stable isotope 

techniques (Dumont and Murrell 2005; Borin et al. 2013; Yakimov et al. 2013). 

The dramatic improvement of sequencing technology and of the downstream data analysis 

pipelines and the decrease of sequencing costs, allow efficient reconstructions of 

prokaryote genomes from metagenomic data and single cell genomes (Rinke et al. 2013). 

This has enlarged the breath of information achievable from small seawater or sediment 

samples, and such approaches are revealing novel metabolic function of communities 

occurring in DHABs. For instance, several recent metagenomic and single-cell genomic 

studies revealed novel microorganisms, which include ammonia-oxidizing archaea (Ngugi 

et al. 2015), nitrite-oxidizing bacteria (Ngugi et al. 2016), anaerobic ammonia-oxidizing 

bacteria (Speth et al. 2017) and unveiled the metabolisms of the uncultured MSBL1 

archaeal clade (Mwirichia et al. 2016) and the KB1 bacterial clade (Nigro et al. 2016). We 

expect that the large differences in the environmental conditions and the biogeochemistry 

of the DHABs may have selected different genotypes and variants in the different brines 

and we predict that novel genomes should have been evolved in these unique ecosystems. 
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The DHABs present a formidable set of multiple stress conditions that can potentially lead 

to the selection of unique phenotypes, metabolisms and enzymes. In this regard, DHABs 

represent an untapped genetic source of microbial extremophiles, extremozymes and 

extremolytes (Raddadi et al. 2015; Mapelli et al. 2016). Novel bacterial and archaeal taxa 

have been isolated from DHABs. These include, among others, extremely halophilic 

anaerobic archaea that metabolize elemental sulphur and acetate (Sorokin et al. 2016), a 

potential polysaccharide-degrading extremely halophilic archaeon (Antunes et al. 2008a; 

Werner et al. 2014), and a cell-wall-less contractile bacterium representing a novel 

Haloplasmatales order (Antunes et al. 2008b). Besides being sources of novel enzymes, 

these novel prokaryotes can be directly used as catalyzers for biotransformations of fine 

chemicals. For example, bacterial isolates from the BSI of Mediterranean DHABs have 

been used for stereoselective hydrolysis of racemic esters that are used in the synthesis of 

prostaglandins (De Vitis et al. 2015). Versatile esterases equipped with different catalytic 

centers and the ability to function at prohibitive salt concentrations or hydrostatic pressures 

have been cloned and characterized from a metagenome of the Urania BSI (Ferrer et al. 

2005). 

Other applications of the microbial resources from the DHABs regard the microbial 

electrolysis technology for simultaneous treatment and energy generation from industrial 

high-temperature and high-saline wastewaters (Shehab et al. 2017). Moreover, the extreme 

conditions of the DHABs together with the hydrocarbon inputs from the bottom sediments 

(Figure 4; Borin et al. 2009), can serve as models for studying the processes that may lead 

to oil weathering in petroleum reservoirs (Bastin 1926; Bennett et al. 2013; Vigneron et al. 

2017). 
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All these aspects should be addressed by future research efforts in order to (i) understand 

the functioning of the DHABs, (ii) assess the interaction of the microorganisms with the 

geochemistry of this systems, (iii) disentangle the structure-function relationships of 

microbes with their fine-scale environments, and (iv) elucidate the untapped 

biotechnological potential that DHAB microorganisms may have. 
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3.1 Abstract 

The Red Sea hosts the highest number, known so far, of deep hypersaline anoxic basins 

(DHABs) that are among the most extreme environments in the oceans. In this study the 

microbiology of five Red Sea DHABs, Atlantis II Deep, Kebrit Deep, Port Sudan Deep, 

Suakin Deep and the newly discovered Afifi, is compared to identify common taxonomic 

and evolutionary traits. Among the five DHABs, the last three have never been studied 

from the microbiological point of view, while Atlantis II Deep and Kebrit Deep were 

studied only on bulk brine water samples. In this work, I focus my attention on the most 

variable part of this environment, the seawater-brine interface. This transition zone among 

the seawater column and the salty brine water is characterized by a sharp variation in the 

environmental conditions and is the most microbiologically-active portion of the brines. 

By using phylogenomic amplicon sequencing and metagenomic approach, I compared, 

following a high scale resolution sampling, the bacterial, archaeal, and the eukaryotic 

community profiles associated to the physicochemical gradients in the seawater-brine 

interfaces. The results shown how each basin represents a unique environment that select 

a specific microbial community that vary along the seawater-brine interface gradient. 

Microbial vertical succession is different among the DHABs, but not the succession of the 

metabolisms inferred from the microbiome taxonomy. 

 

3.2 Introduction 

Deep hypersaline anoxic basins (DHABs) are among the most extreme marine 

environments that have been discovered at the bottom of seas like in the Mediterranean, 

Gulf of Mexico and Red Sea (Barozzi et al., 2018; Merlino et al., 2018). DHABs present 
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high salinity, even 5 to 10 time higher than the average seawater salinity, depletion of 

oxygen along the seawater-brine interface, and they are generally located at thousands 

meters below the sea level (Mapelli et al., 2017). 

The Red Sea is characterized by a deep central axis that is opening due to the tectonic 

activity movements (Bonatti, 1985). These movements are exposing to re-dissolution 

processes of the buried evaporitc sediments, that have been deposited at the sea bottom, 

during the massive seawater evaporations occurred in the Miocene (Searle, 1975; Hsu et 

al., 1978). The re-dissolution of the evaporites led to the formation of high salty water 

bodies, which remain separated from the overlaying seawater, and generated transition 

gradients at the interfaces between seawater and brines (Cita, 2006). These gradients are 

characterized by steep increases of salinity, decreases of oxygen concentration until 

complete anoxia, variations in pH and more or less pronounced increases of temperature 

in a range of few meters. 

Across the Red Sea central axis more than 20 DHABs have been reported up to now 

between latitudes 27°3.000' N and 17°56.670' N (Backer and Schoell, 1972; Duarte et al., 

2020). However, despite the presence of many DHABs, including the first ever discovered 

Atlantis II Deep in the ‘60s (Charnock, 1964), these extreme ecosystems of the Red Sea 

have been poorly investigated, especially for their microbial ecology. 

Geological studies have been conducted on some DHABs (Backer and Schoell, 1972; 

Pautot et al., 1984; Hartmann, 1985), and the first discovery of life forms was reported 

only in the late ‘90s in the Orca basin in the Gulf of Mexico and in the Kebrit Deep in the 

Red Sea (Van Cappellen et al., 1998; Eder et al., 1999). These works together with other 

studies conducted in the Mediterranean Sea, highlighted the transition zone formed by the 
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seawater-brine interface, as hotspot for microbial growth and diversity (Van Cappellen, 

1998; Eder et al., 2001; Sass et al., 2001; van der Wielen et al., 2005; Daffonchio et al., 

2006; Borin et al., 2009). Understanding how the seawater-brine interface gradient shapes 

the microbial community compositions can shed light on how these organisms are adapted 

to the varying environmental conditions across the chemocline and which metabolisms 

they exploit to live under such highly demanding salinity and anoxic conditions. 

Some recent studies provided information about the bacterial and archaeal communities 

associated to the Atlantis II Deep, Discovery Deep, Erba Deep, Kebrit Deep, Nereus Deep 

and Shaban Deep highlighting sulfate reduction, degradation of aromatic compound, 

methanogenesis, ammonia and methane oxidations, as main metabolisms (Eder et al., 

2002; Wang et al., 2011; Bougouffa et al., 2013; Abdallah et al., 2014; Guan et al., 2015; 

Ngugi et al., 2015) (Figure 3.1A). However, these works were all conducted on seawater-

brine interface bulk samples, loosing spatial scale resolution. Since the rapid changes in 

the environmental conditions occur in few meters of depth, and the microbial community 

composition has been proved to be stratified along the seawater-brine interface (Daffonchio 

et al., 2006), in this study I adopted a sampling strategy to analyze the phylogenomic profile 

of the communities along the interface with a scale resolution of approximately 9 cm. I 

sampled five brine deeps: Atlantis II, Kebrit and the previous uncharacterized Port Sudan, 

Suakin and Afifi. The five DHABs are situated in different regions of the Red Sea (Figure 

3.1B). Kebrit Deep is in the North, Atlantis II Deep is located in the central DHAB cluster 

and Suakin Deep and Port Sudan Deep are more South along the central axis, while Afifi 

is the southernmost DHAB and it is not located across the Red Sea central axis but rather 

close to the Saudi coast. Afifi was recently discovered far east from the central axis, in a 
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relatively shallow coastal area (Duarte et al. 2020). These five DHABs differ for their 

origins, geochemical composition and environmental conditions (Schmidt et al., 2015; 

Merlino et al., 2018), giving an unique opportunity to expand our knowledge on the 

organisms that inhabit the challenging environments of the seawater-brine chemoclines. 

 

Figure 3.1 Location of Red Sea brine pools. A Previously studied brine pools (yellow dots). B Brine pool 

studied in this work (red dots).  

 

3.3 Material and methods 

3.3.1 Sampling procedure 

Five different brine pools were sampled during three cruises in the Red Sea on the R/V 

Thuwal research vessel (CMOR, KAUST). Port Sudan deep (20°3.800' N, 38°3.800' E) 

and Suakin deep (19°36.660' N, 38°43.260' E) were sampled in April 2016 , Kebrit deep 

(24°44.000' N, 36°17.000' E) in July 2016, Afifi (17°56.670' N, 41°46.700' E) and Atlantis 
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II deep (21°20.760' N, 38°4.680' E) in April 2017. A rosette equipped with 23 10 L niskin 

bottles and an Idronaut CTD was used to measure the profiles of salinity, temperature, 

pressure, pH and oxygen concentration along the seawater column and in the brines. The 

seawater-brine interface was detected when the salinity profiles sharply increased. The 23 

niskins were closed above the interface, along the interface gradient and in the brine body. 

Once the rosette was back on board, the salinity at the top and at the bottom of each niskin 

was measured again with a refractometer (VWR) to determine the salinity range captured 

in the bottle, and the relative portion of seawater-brine interface that was collected. The 

seawater above the brine and the brine body water were collected in 10 L sterile HDPE 

acid-washed carboys and then filtered in 0.2 μm PES sterivex (Millipore) with peristaltic 

pump (Millipore). To obtain a highly resolution sampling scale, the niskins with the widest 

salinity range closed along the seawater-brine interface were subsampled in nine 1 L sterile 

HDPE acid-washed bottles. Each fraction corresponds to ~9 cm of the seawater-brine 

interface. The salinity and the pH of each fractions were measured again with the 556 YSI 

Multiparameter detector, before being filtered in 0.2 μm, 47 mm Æ PES filters (Sartorius) 

by percolator systems (Nalgene). To preserve the nucleic acids entrapped in the filters, 1.8 

mL of lysis buffer (EDTA 40 mM pH 8.0, Tris HCl 50 mM pH 8.0, Sucrose 0.75M) was 

added and the samples stored at -20 °C until DNA extraction and further analysis (Murray 

et al., 1998). 

Triplicate samples of 1.8 mL for each fraction were collected for flow cytometer cells count 

analysis, and fixed with 10% of the final volume of paraformaldehyde and glutaraldehyde 

fixing solutions (10% phosphate buffer, 10% paraformaldehyde and 0.5% 
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paraformaldehyde, pH 7.4). After an incubation time of 10 minutes at room temperature, 

fixed samples were stored at -20 °C until the analysis. 

 

3.3.2 DNA extractions and sequencing 

From each 0.2 μm filter, the total DNA was extracted by phenol-chloroform extraction. 

The cells lysis was induced by the addition of 20 mg/mL of lysozyme with an incubation 

time of 30 minutes at 37 °C. Then proteins were degraded by the addition of 20 mg/mL of 

proteinase K and 1% of SDS with an incubation time of 2 hours at 55 °C. The DNA was 

separated by two consecutive phenol:chloroform:isoamyl alcohol (25:24:1) steps and one 

chloroform:isoamyl alcohol (24:1) step. The DNA was precipitated by the addition of 2 

volumes of ice-cold absolute ethanol and 10% of sodium acetate (3.0 M pH 5.2) overnight 

at -20 °C. The DNA was purified by two 80% ice-cold ethanol washing steps and 

resuspended in sterile Tris HCl 10 mM pH 8.0. The DNA extracted was stored at -20°C 

until further use. 

The 16S rRNA gene amplicon sequencing was performed using the MiSeq Illumina 

platform provided by the Biological Core Lab at King Abdullah University of Science of 

Technology (BCL KAUST) using the v3 MiSeq reagent kit Illumina for 600 cycles. The 

MiSeq library were made for bacteria, archaea and eukaryote independently, respectively 

amplifying the bacterial 16S rRNA gene, regions V3-V4, with the primer couple 341F 5’-

CCTACGGGNGGCWGCAG-3’ and 785R 5’-GACTACHVGGGTATCTAATCC-3’ 

(Klindworth, Pruesse, Schweer, Peplies, Quast, Horn, Glöckner, et al., 2013), the archeal 

16S rRNA gene, region V4, with the primer couple 519F 5’-

CAGYMGCCRCGGKAAHACC-3’ and 806R 5’-GGACTACNSGGGTMTCTAAT-3’ 
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(L. Zhang et al., 2016), and the eukaryotic 18S rRNA gene, region V4, with the primer 

couple TAReuk454FWD1 5’-CCAGCASCYGCGGTAATTCC-3’ and TAReukREV3 5’-

ACTTTCGTTCTTGATYRA-3’ (Stoeck et al., 2010). The amplicon libraries were made 

following the illumina protocol. 

 

3.3.3 Data analysis 

The raw data were analyzed using the DADA2 pipeline (Callahan et al., 2016) in RStudio 

and the high-quality reads obtained were clustered in sequence variants (SVs). A total of 

24,232,770, 33,151,744, 22,819,269 high-quality reads were obtained for bacteria, archaea 

and eukaryote respectively. The average reads per sample were 71,047 ± 30,174; 118,193 

± 45,359; 70,388 ± 38,515; for bacteria, archaea and eukaryote respectively. The samples 

with a sequencing depth less than 10,000 reads were excluded from the analysis and only 

the samples that reached rarefaction were kept. SVs less abundant than 0.01% were 

discarded. Taxonomy was assigned using the Silva ribosomal RNA (version 132) gene 

database (Quast et al., 2013). 

The phyloseq package was used to analyze the microbial community amplicon data 

(McMurdie and Holmes, 2013a). Alpha diversity was measured by Simpson index, that 

take in account both richness and evenness of the samples (Kim et al., 2017). Statistical 

analyses were performed with the combination of phyloseq and vegan packages 

(McMurdie and Holmes, 2013b; Oksanen et al., 2019). PERMANOVA analysis and 

distance-based redundancy analysis (db-RDA) were performed on log(x+1) transformed 

sequence counts, using Bray Curtis distance matrix. The functional prediction of the 
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bacterial and archaeal community metabolisms were obtained using the software 

FAPROTAX (Louca et al., 2016). 

 

3.3.4 Cells count 

Cells counts were measured by Attune NxT acoustic focusing cytometer (Thermo Fischer 

Scientific). 200 μL of sample were incubated with 10X Sybr Green I nucleic acid gel stain 

(Life Technologies) for 20 minutes in dark conditions to stain the cells. Then, samples were 

loaded on a 96-well-plate and the cells counts were read with the instrument’s autosampler. 

Each sample was run for a total volume of 30 μL with a flow speed set at 12.5 μL/min. The 

samples were shacked for one cycle before each measure, the cell count recording started 

after 30 secs to stabilize the flow and three washing cycles were performed after each 

measure. The voltages were set as follow on the different channels: Front Scatter (FSC) 

350 mV, Side Scatter (SSC) 350 mV, BL1 (Sybr Green) 430 mV with the respective 

following thresholds: FSC 100, SSC 400, BL1 500. 

 

3.3.5 Metagenomic library preparation, sequencing, and analyses 

Metagenomic libraries were prepared following the Ovation Ultralow V2 DNA-Seq 

Library preparation kit (NuGen) protocols instruction. Briefly, a fragmentation step was 

initially performed to obtained 300 bp DNA fragments. For each sample, a total amount of 

0.32 between 50 and 100 ng of gDNA were diluted in 120 µL of Nuclease-Free water 

(Ambion), in Covaris snap cap microtube (PN 520045, Covaris) and then fragmented by 

sonication with Covaris M220 following these sonication cycle settings: 70 sec treatment 

time, 200 cycle per bust, 20% duty factor, 50 W peak incident power. The 300 bp 
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fragmented DNA was used as starting material to prepare the metagenomic libraries. The 

quality of each libraries was checked by Bioanalyzer 2100 (Agilent) and the DNA 

concentration was estimated by Qubit 3.0 (Thermofischer). Finally, the prepared libraries 

were pooled together in a final 20 nM 11-samples pool. MAGs were made using the 

metabat2 software (Kang et al., 2015) and the annotation process was done with RAST 

(Aziz et al., 2008). 

The quality and quantity of the library pool was checked with Bioanalyzer 2100 (Agilent) 

and quantified by qPCR with the Kapa Library Quantification kit (KAPA Biosystems) 

respectively. The sequencing was performed by Hiseq 4000 Illumina platform (2x 150 bp 

cycle) provided by the Biological Core Lab (BCL) at King Abdullah University for Science 

& Technology (KAUST). Raw read sequences were quality filtered and trimmed using 

Trimmomatic v0.32 (Bolger et al., 2014) to remove adapter sequences and leading and 

trailing bases with a quality score below 20 and reads with an average per base quality of 

20 over a 4-bp window. This pre-processing step also included a mapping-based step to 

remove reads from the internal phage standard PhiX using BBmap v37.44 (Bushnell 2016) 

with default settings. At each step, sequence quality was assessed with FASTQC (Andrews 

2010). The resulting high-quality reads for each dataset were independently assembled 

using metaSPAdes v3.9.0 (Nurk et al., 2017), employing the error-correction mode and 

preset metagenomic options using a kmer range of 21 to 127. The assembled contigs were 

then filtered to a minimum length of 500 base-pairs (bp) prior to gene prediction using 

Prodigal v2.6.2 (Hyatt et al., 2017) with the options “-p meta -m”. 

To determine microbiome diversity and community structure, SingleM was applied to 

reads from each sample (B.J.W. et al., unpublished materials, source code available 
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at https://github.com/wwood/singlem). De-novo OTUs were generated using 14 single 

copy genes, clustering the reads at 89%. The taxonomy was assigned by the NCBI database 

(Parks et al., 2018). Beta diversity was then assessed by weighted Unifrac beta-diversity 

with the ExpressBetaDiversity software (Parks et al., 2013). 

 

3.4 Results 

3.4.1 General brine characteristics 

The five DHABs are characterized by different environmental conditions. The data 

obtained from the CTD casts showed different profiles for most of the parameters 

suggesting that each DHAB is a unique system with a particular combination of physical 

and chemical characteristics (Figure 3.2). The salinity profiles highlight the different 

structure of the basins and the different seawater-brine interface gradients. While in Afifi, 

Kebrit Deep, Port Sudan Deep and Suakin Deep there is a single sharp increase in salinity, 

corresponding to the interface between deep seawater and the brine, Atlantis II Deep has 

three different sharp gradients alternated to brine water mass bodies with constant 

parameters (Figure 3.2 A, E, I, O, S). This is due to the presence of connective layer 

originated from the formation of hot brine water that is warmed up by the magma fluid 

present under the floor sediment crust (Schardt, 2016). The salinity gradients differ also 

for their thickness and depth. The seawater-brine interfaces of Afifi and Suakin Deep occur 

in a vertical range of 1-2 meters, the different gradients in Atlantis II Deep and the Kebrit 

Deep interface occur across a depth of 3-5 meters, while in Port Sudan Deep the variations 

along the interface take place in a water layer of approximately 10-15 meters (Figure 3.2 

A, E, I, O, S). 
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Suakin Deep and Port Sudan Deep are the deepest DHABs of the Red Sea and the seawater-

brine interface start at 2771 m and 2519 m respectively. The Atlantis II Deep seawater-

brine interface is around 1998 m, while the interfaces between the connective layers are at 

2027 m and 2049 m, while Kebrit Deep and Afifi are shallower, with the seawater-brine 

interface occurring at 1466 m and 351 m respectively (Figure 3.2 A, E, I, O, S, Table 3.1). 

The different depth of the DHABs is accompanied by different hydrostatic pressures. Also 

the temperature profiles vary among the DHABs. Usually the seawater-brine interface is 

coupled with a slight increase of about 1°C respect to the overlying seawater (~22°C). This 

is the case of Afifi, Suakin Deep and Kebrit Deep, while in Port Sudan Deep and Atlantis 

II Deep the changes of temperature are larger. Across the Port Sudan Deep seawater-brine 

interface, temperature increase up to 35.6°C the brine body. In Atlantis II Deep, that is the 

warmest know DHAB (Schmidt et al., 2015; Merlino et al., 2018), temperature increase 

across three transition layers up to 69°C (Figure 3.2 A, E, I, O, S). Brine pH is always 

lower than that of seawater. In all the studied DHABs pH decreases when the salinity 

increase. Despite the same trend, pH profiles varied according to the different DHABs. In 

Suakin Deep pH is around 7.0-8.0 across all the vertical profile of the DHAB and in Port 

Sudan it reaches slightly acid pH, contrary to Afifi, Atlantis II Deep and Kebrit Deep where 

the pH drops to more acidic pH values, around 5.0 (Figure 3.2 B, F, L, P). 

The different environmental conditions that characterize each basins are coupled with 

differences in the chemical composition of the DHABs, that are linked to the type of 

geophysical process of their formation and the original composition of the evaporites 

(Schmidt et al., 2015). In Table 3.1 are reported the concentrations of some of these 

chemicals (Table 3.1). A main noticeable difference that can affect the living communities 
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associated with each brine is the presence and concentration of hydrogen sulfide (Table 

3.2). Among the sampled DHABs, Kebrit Deep and Afifi are characterized by the presence 

of high concentrations of H2S, which are negligible or absent in the others. 

Cells abundance increases in all the basins at the beginning of the seawater-brine interface 

(Figure 3.2 G; data not available for the Kebrit Deep), where the concentration of cells per 

mL reaches value between 1.06 x105 and 3.70 x105, comparable with the cell concentration 

measured at the surface of the Red Sea and one order of magnitude higher than the 

overlying deep seawater (Silva et al., 2019). Across the interface, the cells concentration 

gradually drops, reaching values around 2.0-3.0 x 104 cells/mL in the brine bodies (Figure 

3.2 C, M, Q, U), Supplementary Table S3.1-S3.5). An exception is the shallower Afifi, 

where the cell concentration is an order of magnitude higher along all the profile, with a 

maximum of 1.08 x106 cells/mL at the beginning of the interface and a concentration of 

1.56 x 105 in the brine body (Figure 3.2C, Table S3.1). In Atlantis II, the layer with higher 

cell concentration is the first interface between the seawater and the brine, where the 

amount of cells per mL reaches 3.7 x105. After the first brine body (Brine Body A) cells 

concentration decreases below 104 (Figure 3.2M, Table S3.3). The overall trend of higher 

cells abundance at the beginning of the seawater-brine transition zone, followed by a 

gradual decreasing in the cell numbers, suggests that also in the Red Sea as in the 

Mediterranean Sea DHABs, the upper part of the interface is the most active layer, 

(Daffonchio et al., 2006; Borin et al., 2009). 

Panels D, H, N, R, V of Figure 3.2 highlight the positions in the DHABs transition zones 

where samples were recovered for studying the microbial community composition along 

the transition layers of the five DHABs. I succeeded in having good coverage and 
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resolution of the interfaces in all the DHABs. The characteristics of each fraction are 

reported in the Supplementary Tables S3.1-3.5. 

 

Table 3.1 DHABs characteristics. Chemical compositions data were taken from Merlino et al. (2018). 

Chemical species concentrations are in mM. The presence of sulfide in Afifi was detected and reported in the 

Duarte et al. (2020). 

(*) Not quantified yet. 

Main characteristics Afifi Kebrit Atlantis II Port Sudan Suakin 

N° of interfaces 1 1 3 1 1 

Interface Depth (m) 351-353 1466 - 1470 1998/2027/2049 2519 - 2527 2771 - 2772 

Max Depth (m) 398 1550 2159 2777 2826 

Salinity interface range 

(g/L) 

40.97-

228.36 

40.91 - 

218.40 
40.94 - 201.88 

40.57 - 

197.59 

40.60 – 

146.24 

Max temp (°C) 23.14 23.14 69.05 35.62 23.28 

pH range 5.65 - 7.42 5.42 - 8.19 4.49 - 7.78 6.47 - 7.75 7.09 - 7.93 

Na+ 3132.70 4805.74 4677.73 3784.68 2416.77 

Cl- 3646.30 5135.67 5189.97 3855.22 2612.84 

Mg2+ 352.90 121.13 35.42 70.89 62.87 

K+ n. a. 36.70 86.88 46.50 35.42 

Ca2+ 68.60 56.56 148.71 35.63 57.14 

SO42- 188.60 20.08 10.74 47.77 36.05 

Sulfide Present (*) 1.13 n .a. n. a. n. a. 
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Figure 3.2 CTD profiles of the five DHABs. Salinity (in blue) was used as a proxy to highlight the seawater-

brine interface profiles. A, E, I, O, S represent temperature profiles, B, F, L, P, T pH profile, C, G, M, Q, U 

microbial cell abundance and D, H, N, R, V the sampled fractions. 
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3.4.2 Effects of environmental variables on the microbial community compositions 

The combination of the environmental conditions in each basin significantly affects the 

composition of the bacterial, archaeal and eukaryotic communities along the different brine 

layers (PERMANOVA, p = 0.001, Supplementary Table S3.6). All the communities 

associated with the seawater above the brine are more similar between them, and the 

differences among the communities are mainly due to differences in depth 

(PERMANOVA, p = 0.001, in bacterial, archaeal and eukaryotic communities, 

Supplementary Table S3.6). The seawater of Afifi, that is much shallower than the others, 

cluster separately (Figure 3.3 A-C). On the contrary, variation among the seawater 

communities are slightly affected by pH, that is not significant for archaea and not very 

significant for bacteria and eukaryotes (p = 0.765, 0.037, 0.014, respectively). pH values 

of seawaters above the brines are very similar in all the locations. The bacterial, archaeal, 

and eukaryotic community compositions in the brine bodies are significantly affected by 

the environmental conditions. Bacteria are mainly affected by temperature, depth, salinity 

and pH variations, archaea by temperature, depth, pH and salinity, eukaryotes are less 

affected by environmental conditions, where temperature and depth explain some of the 

variation among the communities (Supplementary Table S3.9, Figure 3.3). In the brine 

bodies, the bacterial communities of Kebrit Deep and Afifi clustered more closely than 

those of Suakin Deep and Atlantis II Deep. This may be due to their sulfidic nature and to 

the lower salinity of the Suakin body and the high temperature in Atlantis II Deep (Figure. 

3.3 A, B). Overall the environmental variables considered, explain more than one third of 

the variance between the seawater and brine body communities for bacteria and archaea 
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(35.8%, 46,6% respectively), while for the eukaryotes, where there are less differences 

especially among the brine bodies, the explained variance is 16.8% (Figure 3.3 A, B, C). 

A similar trend occurs for the seawater-brine interfaces, where, despite all the 

environmental variables significantly influence all the communities (p < 0.001), these 

variables explain less variability among eukaryotic communities (16.1%, Figure 3.3 F) than 

bacteria and archaea (36.4%, 29.1% respectively). Depth is the main factor affecting 

diversity of eukaryotic communities. Bacteria and archaea associated to the brine interface 

are influenced mainly by differences in depth and temperature (Supplementary Table S3.8, 

Figure 3.3 D, E). 

 

Figure 3.3 Distance-based Redundancy Analysis (db-RDA) of the bacterial, archaeal, eukaryotic 

communities associated to the seawater, brine interface and brine body layers of the five DHABs, in relations 

to the depth, salinity, temperature and pH. A, B, C Seawater and brine body db-RDA for bacteria, archaea 

and eukaryotes respectively. D, E, F Brine interface db-RDA for bacteria, archaea and eukaryotes 

respectively.  
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3.4.3 Microbial diversity in the five DHABs 

In all the DHABs, microbial communities are stratified across the seawater-brine interface. 

Across the interface gradient, the community composition changes together with the 

variation of the environmental conditions towards higher salinity value (Figure 3.4, 3.5, 

3.6). The alpha diversity of the bacterial, archaeal, and eukaryotic communities, measured 

by Simpson Index (SI), is high for almost all the samples (Supplementary Figure S3.1-

S3.3). Bacterial alpha diversity in Afifi, Kebrit Deep, and Atlantis II Deep is higher than 

0.8 in the seawater, brine interface and brine body layers, while in Port Sudan Deep and 

Suakin Deep the SI of the fractions along the brine interface varies between 0.6 and 0.98 

(Figure S3.2). Alpha diversity of archaeal community is slightly lower in all the layers if 

compared with the respective bacterial alpha diversity values. Alpha diversity varies more 

in the brine interface were the values are lower than those of seawater and brine body in 

all the brines, especially Kebrit Deep, Port Sudan Deep and Suakin Deep, ranging from 0.6 

to 0.8 SI (Figure S3.3). The alpha diversity in the eukaryotic community is higher than 0.8 

SI values, with the exception of the brine body of Port Sudan Deep, the brine interface and 

the brine body of Kebrit Deep, where alpha diversity ranges reach lower values of 0.6. 

Alpha diversity of the Kebrit Deep brine body is the only very low (value < 0.3), probably 

due to few eukaryotic sequence variants (SVs). 

 

3.4.3.1 Bacterial diversity across the seawater-brine interfaces 

The bacterial communities of the seawater above the Afifi and Kebrit Deep are overly 

dominated by Gammaproteobacteria (85%). While the community associated with the 

seawater above Port Sudan Deep, Suakin Deep, Atlantis II Deep display a more even 
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community of Gamma-, Delta-proteobacteria, Marinimicrobia, and Dehalococcoidia. In 

Suakin Deep and Port Sudan Deep are present also bacteria belonging to the class 

Nitrospinia, while in Suakin Deep and Atlantis II Deep Alphaproteobacteria are present 

(Figure 3.4). 

The seawater-brine interface in Afifi is characterized by a strong decrease of 

Gammaproteobacteria from 85% to less than 5% and Marinimicrobia (3% to 0%), while 

Deltaproteobacteria increase from 5% to 20% at a salinity of 40 to 80 g/L. Notably, the 

class Ignavibacteria which is not detected in seawater, increases up to 20% of the bacterial 

community from a salinity of 100 g/L until the end of the interface. This is also the case 

for Campylobacteria and Kiritimatiellae which respectively reach 5% and 3% of the total 

bacterial community at a similar salinity of ~100 g/L. Acetothermiia and Halanaerobiia 

also increase in the seawater-brine interface, however they tend to increase when the 

salinity range is higher than 170 g/L up to the brine body where they are the most abundant 

taxa. 

The Kebrit Deep interface is dominated by Campylobacteria (20-40%). Other abundant 

classes are Gammaproteobacteria (10%), Deltaproteobacteria (7%), Cloacimonadia and 

Gracilibacteria. In the brine body of the Kebrit Deep, the most abundant classes together 

with the Camplylobacteria are Gammaproteobacteria, Alphaproteobacteria, Acetothermiia 

and Bacilli, which were not present in the seawater brine interface (Figure 3.4 B). 

The seawater-brine interface of Port Sudan Deep and Suakin Deep are more similar. 

Marinimicrobia is the dominant class until the brine body reaching up to 60-80% of the 

total abundance in the middle of the interface. The class Anaerolineae is absent in the 

seawater and increases in abundance (up to 15%) along both interfaces, remaining 
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relatively constant in the brine body of both the DHABs. Similarly to the Afifi interface, 

some classes (Gammaproteobacteria, Deltaproteobacteria, Dehalococcoidia, and 

Nitrospira) are only present in the seawater and the upper part of the interface. The main 

differences between the two DHABs concern the Acetothermiia class which is only present 

in Port Sudan Deep while Actinobacteria, Bacteroidia, Poribacteria are only found in the 

Suakin Deep brine body (Figure 3.4 C, D). 

Atlantis II Deep displays a unique profile characterized by a different community shift in 

four different parts of the interface. In the seawater-brine interface, the dominant class is 

Marinimicrobia, along with Anaerolinae, Gammaproteobacteria and Zetaproteobacteria, 

the latter being only found in this layer. In the lower part of this interface, Calditrichia class 

which is also found in the brine body A and the second transition interface (Interface 2) 

has been found. This interface is also characterized by the presence of Acetothermiia, 

Anaerolineae, and Deltaproteobacteria. In the lowest part of interface 2, in the brine body 

B and along interface 3, Alphaproteobateria Rhodobacteraceae, Gammaproteobacteria, 

Clostridia and Oxyphotobacteria classes are increasing. The brine body C of Atlantis II 

Deep is dominated by Bacilli (60%), together with Alphaproteobacteria, 

Gammaproteobacteria, Dehalococcoidia and Oxyphotobacteria (Figure 3.4 E). 
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Figure 3.4 Class level bacterial taxonomic composition across A Afifi, B Kebrit Deep, C Port Sudan Deep, 

D Suakin Deep and E Atlantis II Deep. Samples are ordered from lower to higher salinity. Note that the same 

color code has been used for all the five DHABs, indicating major differences in the diversity among the 

DHABs. 

 

A common feature of all DHABs is that the largest part of the bacteria are only present in 

a particular region of the brine seawater system. The ternary plots shown in Figure S3.4 A, 

B, C, D confirm this with only few SVs that are shared equally among all the seawater, 

brine interface and body layers. Instead, many bacteria are or shared between two layers or 

are exclusive of one of them. An exception is Atlantis II Deep that display three transitions 

layers. The bacteria present in the seawater, the first interface and the Body A showed the 

same patterns occurring in the other brines (Figure 3.5 E). However, the bacteria present 
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in the interface2, body B, interface 3, body C, looks to be more shared among the adjacent 

layers (Figure 3.5 F, G). 

 

3.4.3.2 Archaeal diversity across the seawater-brine interfaces 

The Archaeal community profile in Afifi, Kebrit Deep, Port Sudan Deep and Suakin Deep 

is largely dominated by archaea of the Nitrososphaeria class, with a relative abundance 

above 80-90% in many fractions across the basins. Due to the dominance of this class, 

there is a less evident stratification of the archaeal communities that vary just in the lower 

part of the seawater-brine interface and in the brine bodies (Figure 3.5 A, B, C, D). The 

only brine with a different profile across the interface is Atlantis II Deep. In this DHAB, 

the class Nitrososphaeria dominates the seawater above the interface (90%) and the 

seawater-brine interface (50-90%). In interface A, the archaeal community is completed 

by some uncultured Hydrothermachaeota and Woesarchaeia. From the body A the archaeal 

community changes with the drastic reduction of the Nitrososphaeria class and the 

dominance of the Methanomicrobia class, specifically belonging to the anaerobic 

methanotrophic archaea (ANME-1) family. The community is completed by the presence 

of Archaeoglobi, uncultured Hydrothemarchaeota and Hadesarchaeaota. Methanomicrobia 

decreases along the final part of Interface 2 and is scarcely represented in body B. In the 

second interface also the Archaeoglobi gradually decreases and appears archaea belonging 

to Hadesarchaeota class (Figure 3.6 E). The taxonomic composition of the archaeal 

community associated to body C is not available, due to the low abundance of archaea in 

these samples. 

In the other DHABs, the remaining archaea belong to the Woesearchaeia, Halobacteria and 
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Candidate division Mediterranean Sea Brine Lake-1 (MSBL-1) classes in Afifi, to 

Woesearchaeia and MSBL-1 classes in Kebrit Deep, to Woesearchaeia and 

Methanomicrobia in Suakin Deep. The lower part of the interface of Port Sudan Deep and 

the brine body contain archaea belonging to Micraarchaeaia, Nanohaloarchaeia and 

Bathyacrhaeia classes not present in the other DHABs (Figure 3.5 C). 

Overall the low resolution at lower taxonomic level for the archaeal community 

composition associated to the fractions along the brine interfaces, makes difficult the 

investigation of further differences among the communities of the different basins. 

The distribution of the different SVs across the different brine layer are similar with the 

distribution of bacterial SVs for Kebrit Deep, Port Sudan Deep, Suakin Deep and the first 

interface of Atlantis II Deep, where the majority of the archaea is shared among two layers 

or are specific to only one (Supplementary Figure S3.5 B, C, D, E). In Afifi and in the other 

layers of Atlantis II Deep, there are more archaea that are ubiquitous from the seawater to 

the body (Supplementary Figure 3.5 A, F, G). 
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Figure 3.5 Class level archaeal taxonomic composition along A Afifi, B Kebrit Deep, C Port Sudan Deep, 

D Suakin Deep and E Atlantis II Deep. The archaeal taxonomic composition of the brine body C layers of 

Atlantis II Deep were not obtained. Samples are ordered from lower to higher salinity. Note that the same 

color code has been used for all the five DHABs, indicating major differences in the diversity among the 

DHABs 

 

3.4.3.3 Eukaryotic diversity across the seawater-brine interfaces 

The eukaryotic community along the brine interface mainly belong to the three classes 

Alveolata, Holoza and Rhizaria. In Afifi and Atlantis II Deep, Alveolata is the most 

abundant class for all the brine profiles (30-80%) (Figure 3.6 A, E), prevailing over 

Rhizaria, and Holozoa. Member of the classes Chloroplastidia and Stramenophyles only 

appear along the Afifi and Atlantis II Deep profiles. In Kebrit, the upper portion of the 

seawater-brine interface is inhabited by Alveolata (80-90%), that gradually decrease until 
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the brine body and is substituted by members of the class Holozoa (Figure 3.6 B). In Port 

Sudan Deep and Suakin Deep the upper interface is composed by a more even community 

of Alveolata, Holozoa and Rhizaria eukaryotes. When the salinity increases, the Rhizaria 

decrease in abundance and disappear in the lowest brine layers, Alveolata also decrease 

and are substitute by Holozoa (Figure 3.6 C, D). 

Looking to the family level of the eukaryotic communities (data not shown), some results 

suggest the presence of complex eukaryotes, like fish of the Neopterygii family, or 

polychaete worms belonging to the family Scolecida, in the lower layers of the brine 

interfaces or in the brine bodies. These findings suggest that sinking DNA of these 

organisms is accumulated inside the brines especially in the lower layers and makes hard 

to disentangle which eukaryotic organisms are really inhabiting the interface of the brines 

and which are present because they sank inside the brines. 

In most basins/layers, with the exception of Afifi and Kebrit Deep, eukaryotic SVs tend to 

be shared among all the seawater, brine interfaces and brine body layers contrary to what 

was the case for most of the basins with archaeal and bacterial SVs (Supplementary Figure 

S3.7). 
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Figure 3.6 Class level Eukaryotic taxonomic composition along A Afifi, B Kebrit Deep, C Port Sudan Deep, 

D Suakin Deep and E Atlantis II Deep. Samples are ordered from lower to higher salinity. Note that the same 

color code has been used for all the five DHABs, indicating major differences in the diversity among the 

DHABs 

 

3.4.4 Distribution of predicted bacterial metabolisms across the seawater-brine 

interface 

The predicted metabolisms obtained from the taxonomic composition of the bacterial 

communities associated to the five DHABs, suggest stratified shifts across the seawater-

brine interface gradient. As an example, dissimilatory sulfate reduction (sulfate respiration) 

occurs in all the DHABs and is not present, or barely present, in the overlaying seawater, 

where nitrogen-based metabolisms are predicted. In Afifi and Kebrit Deep, sulfate 

respiration occurs across the entire interface, where no or few bacteria are able to perform 
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nitrogen-based metabolisms. In Port Sudan Deep, Suakin Deep and Atlantis II Deep, 

metabolisms based on sulfur compounds are predicted in the lower portion of the interface, 

contrary to nitrification, aerobic nitrite oxidation, and only in Atlantis II Deep nitrate 

reductions that are mainly predicted in the seawater and the first part of the interface 

(Figure 3.7). In Afifi seawater and in the upper part of the interface of Atlantis II Deep 

oxidation of sulfide is also present, while in Port Sudan Deep and Suakin Deep, only 

nitrification, in particular nitrite oxidation, seems to be present in these layers (Figure 3.7 

A, E). In Kebrit Deep, bacteria are not predicted to perform oxidative metabolisms of 

nitrogen or sulfur, while some may be methanothropic and methylothrophic, that can 

metabolize methane both in aerobic and anaerobic conditions. Methanotrophic and 

methylothropic bacteria are also predicted to be present along all the Kebrit Deep interface, 

but not in the brine body. (Figure 3.7 B). 

Chemoheterothropic bacteria are widespread along the seawater-brine interfaces and they 

increase in the lower part of the interface and in the brine body of all the five basins. 

Fermentation processes occur in the lower part of the interface of Afifi and Atlantis II 

Deep. (Figure 3.7 A, E). 

Atlantis II hosts bacteria predicted to perform thiosulfate respiration across the second 

interface (Figure 3.7 E). Surprisingly, Atlantis II Deep is also the only DHAB where 

bacterial photoautothrophy, anoxygenic photoautothrophy and photoetherothrophy are 

predicted in the deepest layers, from the lowest part of interface 2, until body C. The 

prediction of these metabolisms is associated to cyanobacteria of the class 

Oxyphotobacteria. The presence of these aerobic bacteria in the deep anoxic brine layers 

can be explained by the presence of their DNA in the fluids seeping at the bottom of 
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Atlantis II Deep (Schardt, 2016). The DNA of these bacteria may be entrapped and 

preserved in the sediments during the evaporites formation process. Therefore, the 

detection of Oxyphotobacteria may be due to the preserved ancient DNA associated to the 

evaporitic sediments, that are transported in the brine by the underground fluids that seeps 

at the bottom of Atlantis II Deep (Fish et al., 2002). 

The prediction of archaeal metabolisms is biased by the strong dominance of archaea 

belonging to the Nitrosopumilaceae family and from the low resolution level of the 

taxonomic classification. However, in all the five brines nitrification and aerobic ammonia 

oxidation are the main predicted archaeal metabolisms in the DHABs. 
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Figure 3.7 Bacterial metabolisms across the DHABs predicted by the FAPROTAX software. A Afifi, B Kebrit 

Deep, C Port Sudan Deep, D Suakin Deep, E Atlantis II Deep. Samples are ordered from lower to higher 

salinity. 

 

3.4.5 Metagenomic Analysis 

The stratification of microbial communities linked to the different environmental 

conditions is confirmed by the metagenomic analysis conducted on all the DHABs. 

Considering only MAGs with a completeness level higher than 75% and a contamination 
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below the 10%, NMDS analysis performed on a total of 937 MAGs bins assembled from 

all the five DHABs, confirms how the peculiar combination of environmental conditions 

in each brine select distinct communities among the basins and the variations occurring 

along the seawater-brine interface determine a consistent microbial stratification (Figure 

3.8 and Figure 3.2 I). 

In fact, the microbial communities associated to each brine are all clearly separated. Among 

the differences, Afifi (yellow) and Kebrit deep (green), the sulfidic brines, display more 

similar microbial communities, while Suakin deep (purple) and Port Sudan deep (blue), the 

deepest brines, host more analogous communities matching the more similar 

environmental conditions. Atlantis II deep (red), the hottest brine, present a more different 

microbial composition especially in the deeper layers where the temperature significantly 

increases reaching 69°C (Figure 3.8). Interestingly, in all the DHABs the different layers 

clearly show a progressive variation in the microbial compositions. The communities 

associated to the overlaying seawater (cross) are more similar among brines, even though 

there are some variations due to the shallower depth of Afifi and Kebrit Deep. These 

community similarities progressively vanish along the seawater-brine interface (triangle), 

where the different conditions of each basin select a unique microbial community that 

change accordingly with the salinity and the physicochemical variations along the gradients 

up to the brine bodies (circle). These results clearly highlight how the microbes associated 

with DHABs are adapted to specific brine layers and the variations occurring even between 

few centimeters of brine water can determine significative changes in the assembly of the 

communities (Figure 3.8). 
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Figure 3.8 Non-metric multidimensional scaling (NMDS) of microbial communities among the 5 brine pools. 

The graph is based on the coverage of the different bins in the samples. Metagenomic communities associated 

to each fraction are separated by basin (colors) and by layer (shape). In the analysis were included 937 MAGs 

bins belonging to 118 classes of 62 different phyla. The numbers in the square boxes report the salinity in 

g/L of the seawater layer above the brine and of the brine layer.  

 

These changes in the microbial communities are explained by the deep variations occurring 

among the taxonomic composition along the different fractions. In figure 3.9 we reported 

the microbial community associated to the five studied brines obtained by metagenomic 

data. In all the basins is again highlighted the differences between microbes along the 

seawater-brine interfaces with specific taxa that increase along the gradients, while others 

are more abundant in the upper part of the interface and decrease or disappear in the deepest 
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anoxic brine waters. In general, we observed that in all the basins the proportion of bacterial 

taxa is higher than the archaeal ones, even if the microbial profiles differ in each brine. In 

particular, in Afifi the overlaying seawater and the first layers of the seawater-brine 

interface are mainly represented by bacteria belonging to the phylum Candidatus 

Marinimicrobia and by Proteobacteria. These phyla decrease along the interface and in the 

brine body, where they are substituted by Candidatus Cloacimonetes and Candidatus 

Bipolaricaulota (previously Acetothermia (Kadnikov et al. 2019)), Deltaproteobacteria, 

Bacteroidetes and Verrucomicrobia. The archaeal community instead is composed by 

Creanarchaeota, Nanoarchaeota, Hadesarchaeota and Thermoplasmata. Creanarchaota are 

the dominant archaeal phylum in the Afifi overlaying seawater but they decrease along the 

interface. A similar trend occurs for the less abundant Thermoplasmata, while 

Nanoarchaeota and Hadesarchaeota display an opposite trend increasing their abundance 

along the interface, reaching a proportion above 30% in the Afifi body. Kebrit Deep, the 

other sulfidic brine, host a similar microbial composition and an analogous trend along the 

interface. However, if compared with Afifi, this basin is characterized by a higher 

proportion of Candidatus Cloacimonetes and a lower proportion of Candidatus 

Bipolaricaulota and Verrucomicrobia. 

Atlanis II deep present a significant variation among the three convective layers with major 

differences in the microbial community associated to the first layers, seawater-brine 

interface and first brine body, and the lower brine layers. In details, along the seawater-

brine interface the main present taxa are the bacteria belonging to the phylum Candidatus 

Marinimicrobia, Proteobacteria, Chloroflexi, the bacterial class Deltaproteobacteria and 

the archaeal phyla Crenarchaeota, Nanoarchaeota and Thermoplasmata. Along the 
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seawater-brine interface Planctomycetes increase their abundance while Creanarchaeota, 

Nanoarchaeota, Thermoplasmata decrease and Deltaproteobacteria disappear in the lower 

part of the interface. From the first brine body and in the gradient formed between the 

Atalntis II Deep connective layers, there is a switch in the microbial community with an 

enrichment of the archaea Halobacteria, Hadesarchaeota and Hydrothermarchaeota that 

together with an increase of Nanoarchaeota overcame the total proportion of bacteria 

inhabiting the deeper hot layers of Atlanis II Deep. 

Port Sudan Deep and Suakin Deep host a similar microbial community. In the upper part 

of the seawater-brine interface the communities are mainly composed by the bacteria 

Candidatus Marinimicrobia, Protobacteria, Chloroflexi, Planctomycetes, 

Deltaproteobacteria and the archaea Crenarchaeota, Nanoarchaeota and Thermoplasmata. 

In both the basins Crenarchaeota decrease their abundance along the interface together with 

Thermoplasmata and Actinobacteria, while is observed an increase of Bacteroidetes and 

Halobacteria. The lower layers of Port Sudan interface are also characterized by the 

increasing of a novel bacteria belonging to the new phylum Haloclinimicrobia described 

in the next chapter of this work (Chapter 4). These novel bacteria are not present in the 

overlaying seawater, but appear in the first part of the brine interface representing up to the 

25% of the microbial communities. The abundance of Haloclinimicrobia drastically 

decrease in the body of Port Sudan Deep, suggesting that they are specialized to thrive 

along the variable brine interface gradient. Haloclinimicrobia is also present along the 

Suakin Deep interface, but in a lower proportion. Contrary to the Port Sudan body, 

Haloclinimicrobia are observed in the Suakin Deep brine body where they increase their 

abundance up to the 20% of the microbial communities. Compared to Port Sudan Deep, 
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the lower part of the Suakin Deep interface is also characterized by and higher abundance 

of Deltaproteobacteria, Nanoarachaeota and Halobacteria (Figure 3.9). 

 

Figure 3.9 Metagenomic microbial community composition at phylum and class level in the 5 brine pools. 

Taxonomy was assigned on NCBI database. The black line next to the bar highlight the seawater-brine 

interface fraction. Each bar represent » 9 cm of seawater-brine interface. The bars above the black line 

represent the overlaying seawater, while the bars below the black line represent the brine body. 
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Figure 3.10 Main brine metabolisms in the 5 brines predicted from metagenomic data. 

 

The analysis of the metagenomic data of the 5 basins show how the organic carbon 

oxidation and the fermentation are the main metabolisms adopted by microbes to thrive 

along the seawater-brine interfaces and in the brine bodies of all the studied brines (Figure 

3.10). The other main metabolisms adopted in the brine waters are the carbon fixation, the 

sulfur oxidation, the arsenate reduction, the acetate oxidation, the sulfate reduction, the 

nitrate reduction and the hydrogen oxidation in some layers of Afifi, Atlantis II Deep and 

Suakin Deep. Despite this overview of the metabolisms predicted by the metabolic 

pathways present in the genomes, give useful insights to understand the strategy adopted 
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by microbes to survive in the extreme brine conditions, further transcriptomic analysis are 

required to better understand which are the main active metabolisms in the different layers 

of the seawater-brine interface gradient, and how they change accordingly with the 

environmental variations, among the different basins. 

 

3.5 Discussion 

The differences among the microbiomes inhabiting Afifi, Atlantis II, Kebrit, Port Sudan 

and Suakin DHABs are driven by the physical characteristics of the basins and the 

geochemical composition derived from the brine formation process (Bonatti, 1985; 

Schmidt et al., 2015). The microbiomes in the brines are affected by the eventual presence 

of hydrothermal volcanic/magmatic rocks in contact with the bottom of the brine (Schmidt 

et al., 2015; Schardt, 2016). This explains the variations in the temperature of the brines, 

that are always warmer than seawater. Brine pools are classified in two types according to 

the influence of hydrothermal fluids. Kebrit Deep belong to the Type I, that includes brines 

with low-temperature sediments, while Atlantis II Deep, Suakin Deep and Port Sudan Deep 

are classified in the Type II, which are affected by high sediment temperature (Schmidt et 

al., 2015). Afifi was not yet known and is not included in the study of Schmidt et al. (2015). 

However, Afifi brine seems to be formed by the injection of sub-sediment fluids through 

the presence of an active seep in proximity of the basin (Duarte et al., 2020). 

The combination of salinity, depth, temperature and pH significantly affects the microbial 

community composition of the five DHABs (PERMANOVA p = 0.001). These variables 

explain around one third of the differences observed in the bacterial and archaeal 

communities. A lower proportion of the eukaryotic community variability is explained by 
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the environmental conditions of the DHABs, suggesting that some eukaryotic signatures 

are not originated in the DHABs, but rather belongs to organisms living above or around 

the DHABs, that sink inside the brines (Batang et al., 2012; Niemann et al., 2013; Vestheim 

and Kaartvedt, 2016).  

The dominance in the archaeal community obtained by 16S rRNA gene amplicon 

sequencing of Thaumarchaeaota of the Nitrosopulilaceae family matches with previous 

studies in other Red Sea DHABs, Indeed, high abundance of this archaea was previously 

found in the DHABs Discovery Deep, Erba Deep and Nereus Deep as well as in Atlantis 

II Deep and Kebrit Deep, were the archaeal community is more abundant that the bacterial 

one (Guan et al., 2015; Ngugi et al., 2015). However, from the analysis of metagenomic 

data, where the taxonomic composition of the communities was determined on the 

genomes assembled in the different brine layers, Thamarchaeota was confirmed to be the 

dominant archaea only in the overlaying seawater and the upper layers of the brine 

interface, while in all the basins, the microbial communities associated to the lower layers 

host also important proportion of Nanoarchaeota, Halobacteria and Crenarchaeota. These 

results suggest that also the archaeal community in brine pools could be more complex and 

can vary along the interface gradient together with the variations of the environmental 

conditions. The overestimation of Thaumarchaeota in the lower brine layers obtained by 

16S rRNA amplicon sequences could be explained by a bias in the primer amplification 

that preferably amplified the 16S rRNA gene of Thaumarchaeota. This PCR bias has to be 

kept in account for further analysis on brine pools samples that consider only amplicon 

sequencing data, because the results can underestimate the diversity and the dynamics of 

archaeal communities in this complex and understudied environment. 
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In all the studied sites, I highlight how the microbial communities shift across the seawater-

brine interface together with the variation of the environmental conditions along the 

interface gradient. In nearly all the bacterial, archaeal and eukaryotic communities the 

microbiome composition gradually changes from a configuration to another, where some 

microorganisms increase their relative abundance in the upper part of the interface and 

decreases in the lower part of the brine and vice versa, while others are significantly 

represented only in certain layers within the interface gradient. These dynamics were 

confirmed both by the data obtained by amplicon sequencing and by shotgun metagenomic 

sequencing. Some differences in the taxonomic composition assigned to the microbial 

communities in the 5 DHABs between the two approaches were observed. These variations 

can be determined by the different way used to assign the taxonomy during the analysis 

that however didn’t affect the trend observed among the communities, giving further 

confirmation on the consistency of the microbial community stratification along the 

seawater-brine interface gradients. 

Besides depth, temperature, salinity, and pH, another fundamental variable that may 

contribute to shape the distribution of the microbial diversity across the gradient is oxygen 

concentration. DHABs are anoxic environments, but oxygen from the above oxic seawater 

column diffuses on the surface of the seawater-brine interface, where it is rapidly consumed 

and depleted. Thus, small concentration of oxygen are available in the first layers of the 

interface for microbes with oxidative metabolism that support ammonia oxidation, 

nitrification, and aerobic methane oxidation (Bougouffa et al., 2013; Abdallah et al., 2014; 

Guan et al., 2015; Ngugi et al., 2016). The geochemistry of the gradient explains the 

diversity and distribution of the metabolisms predicted from the bacterial taxonomic 
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composition across the vertical profiles of the five DHABs. Metabolisms that require the 

presence of oxygen were detected in the DHAB-overlying seawater, and in the first layers 

of the seawater brine interfaces. As soon as oxygen is depleted, respiratory metabolism 

based on different electron acceptors, such as nitrate reduction, fermentation processes and 

sulfate reduction increase their importance in the lower layers of the interface. 

Chemoetherotrophy in all the basins were predicted in this study, confirming previously 

published works on Red Sea DHABs (Wang et al., 2011, 2013; Abdallah et al., 2014). 

Interestingly, despite the variability in the community compositions among the basins, the 

distribution scheme of the different metabolisms is mainly conserved. The conservation of 

the vertical succession of the same metabolisms, despite the variation of the environmental 

conditions across the seawater-brine interface, allows to hypothesize that specific 

functional niches are preserved among the different DHABs. While the vertical succession 

of the predicted metabolisms is conserved, a large variability of the composition of the 

microbial communities was found among the DHABs, even though such communities were 

invariably stratified across the vertical interface gradients. This suggest a functional 

vicariance among different microbial groups in the different DHABs: the metabolic 

succession across the vertical profile of the DHABs is always similar and specialized 

microbial taxa are localized in specific vertical layers of the interfaces, but the players of 

these metabolisms vary depending on the geochemistry of the specific DHAB that act as 

selective factors that diversify the microbial assemblages in these extreme marine 

ecosystems. Nevertheless, the analysis of the metabolisms active along the brine basins 

needs further confirmation from transcriptomic data. This analysis can further confirm 

which are the active metabolisms among the different brine layers, avoiding possible bias 
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introduced by the metabolic prediction based on the taxonomic community composition or 

from incomplete or not active pathway found in the assembled genome obtained by 

metagenomic data. 

 

3.6 Conclusion 

In this study, I investigated the microbial community composition associated to five Red 

Sea DHABs, to understand how the seawater-brine interface gradients affect the 

assemblage of the communities. Afifi, Kebrit Deep, Port Sudan Deep, Suakin Deep and 

Atlantis II Deep are characterized by a different combination of environmental variables 

that shape the community composition across the vertical profiles. Sharp variation of 

salinity, temperature, and pH, coupled with the variation of redox couples, determine a 

stratification of the bacterial, archaeal and eukaryotic communities in all the basins. 

Despite the varying community composition among the DHABs, there is a conserved 

stratification of the metabolisms that occur in the different layers of the DHAB interfaces. 

In the upper part of the interface, where oxygen diffuse from the upper oxic seawater 

column, aerobic microorganisms and metabolisms such ammonia oxidation, nitrification, 

sulfide oxidation, and aerobic methane oxidation prevail. When the conditions in the brine 

turn anaerobic the metabolisms switch to nitrate respiration, sulfate respiration, 

chemoetherothropy, and methanogenesis. Due to the particular environmental conditions 

and the chemical composition characteristic of each DHAB, every system is a particular 

environment characterized by a combination of extreme conditions that host shifting 

microbial community. While the distribution of the metabolisms along the brine interface 

is largely conserved among very different DHABs, the microbial taxa catalyzing these 
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metabolisms largely vary indicating that DHABs are repository of a wide diversity of 

functionally vicariant extremophyles. 
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3.10 Supplementary Material 

3.10.1 Supplementary Tables 

Supplementary Table S3.1 Physicochemical characterization of the Afifi seawater-brine interface fractions 

collected on April 2017. 

Fraction Depth Salinity Temp (°C) pH Cells count (cell/mL) 

Seawater 330.67 40.98 22.02 7.73 1.56*105 

N3F9 352.88 52.73 22.55 7.42 5.50*105 

N2F9 352.86 52.88 22.48 7.40 3.82*105 

N4F9 352.78 59.09 22.53 7.23 4.57*105 

N2F8 352.95 67.50 22.48 7.13 6.88*105 

N3F8 352.97 73.73 22.55 7.02 1.08*105 

N4F8 352.87 80.33 22.53 6.96 6.92*105 

N2F7 353.05 91.68 22.48 6.77 9.24*105 

N4F7 352.97 98.18 22.53 6.72 5.85*105 

N3F7 353.07 100.78 22.55 6.67 9.49*105 

N2F6 353.14 117.60 22.48 6.49 5.54*105 

N3F6 353.16 135.20 22.55 6.39 8.38*105 

N4F6 353.06 136.84 22.53 6.43 5.99*105 

N2F5 353.23 153.79 22.48 6.25 7.89*105 

N4F5 353.15 171.60 22.53 6.18 7.80*105 

N3F5 353.25 172.03 22.55 6.14 5.50*105 

N2F4 353.32 197.27 22.48 5.97 7.97*105 

N3F4 353.34 201.83 22.55 5.99 6.99*105 

N4F4 353.24 203.27 22.53 6.01 6.90*105 

N3F3 353.44 207.25 22.55 5.97 7.13*105 

N2F3 353.42 210.57 22.48 5.89 6.56*105 

N4F3 353.34 210.57 22.53 5.95 7.45*105 
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N2F2 353.51 212.45 22.48 5.90 6.40*105 

N3F2 353.53 212.47 22.55 5.93 7.48*105 

N4F2 353.43 213.44 22.53 5.93 6.54*105 

N2F1 353.60 214.11 22.48 5.87 7.82*105 

N3F1 353.62 215.34 22.55 5.90 8.96*105 

N4F1 353.52 218.23 22.53 5.91 6.04*105 

Brine Body 370.28 228.36 23.14 5.65 1.67*105 

 

Supplementary Table S3.2 Physicochemical characterization of the Kebrit Deep seawater-brine interface 

fractions collected on 2016. 

Fraction Depth Salinity Temp (°C) pH Cells count (cell/mL) 

Seawater 1400.00 40.91 21.51 8.19 n.a. 

N2F9 1466.19 91.13 21.53 6.04 n.a. 

N2F8 1466.28 100.85 21.53 6.06 n.a. 

N2F7 1466.38 112.16 21.53 6.02 n.a. 

N2F6 1466.47 123.01 21.53 5.96 n.a. 

N2F5 1466.56 133.24 21.53 5.92 n.a. 

N2F4 1466.65 144.42 21.53 5.81 n.a. 

N2F3 1466.75 153.05 21.53 5.76 n.a. 

N2F2 1466.84 154.64 21.53 5.76 n.a. 

N2F1 1466.93 155.03 21.53 5.82 n.a. 

Brine Body 1528.41 218.40 23.14 5.43 n.a. 
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Supplementary Table S3.3 Physicochemical characterization of the Atlantis II Deep seawater-brine 

interface fractions collected on April 2017. An accurate estimation of the cells abundance was not possible 

for cells counts below 1.0 x 104 due to the difficulty to distinguish false positive results.  

Fraction Depth Salinity Temp (°C) pH Cells count (cell/mL) 

Seawater 1850.70 40.94 21.89 7.78 3.60*104 

N19F8 1997.33 59.20 32.30 6.52 3.56*105 

N19F7 1997.43 60.90 32.30 6.55 2.63*105 

N19F5 1997.61 65.22 32.30 6.49 2.62*105 

N19F3 1997.80 67.15 32.30 6.47 3.70*105 

N16F7 1998.59 75.87 38.62 6.32 2.39*105 

N16F6 1998.68 79.12 38.62 6.19 2.67*105 

N16F5 1998.77 83.15 38.62 6.25 n.a. 

N16F4 1998.86 84.7 38.62 6.20 1.99*105 

Brine Body A 2023.77 112.791 51.86 6.21 8.90*104 

N11F9 2027.47 124.70 55.97 5.90 2.22*104 

N11F8 2027.56 124.79 55.97 5.86 2.00*104 

N11F7 2027.66 126.08 55.97 5.82 < 1.00*104 

N11F6 2027.75 131.59 55.97 5.76 < 1.00*104 

N11F5 2027.84 142.51 55.97 5.78 < 1.00*104 

N11F4 2027.93 154.06 55.97 5.84 < 1.00*104 

N11F2 2028.12 156.29 55.97 5.82 < 1.00*104 

N11F3 2028.03 156.32 55.97 5.81 < 1.00*104 

N11F1 2028.21 156.82 55.97 5.91 < 1.00*1004 

Brine Body B 2040.27 160.937 59.14 5.89 4.69*1004 

N4F8 2048.70 170.60 62.90 5.70 < 1.00*104 

N4F9 2048.61 170.92 62.90 5.73 < 1.00*104 

N4F7 2048.80 173.07 62.90 5.72 < 1.00*104 

N4F6 2048.89 180.03 62.90 5.68 < 1.00*104 
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N4F5 2048.98 189.66 62.90 5.63 < 1.00*104 

N4F4 2049.07 198.06 62.90 5.57 < 1.00*104 

N4F3 2049.17 200.32 62.90 5.53 < 1.00*104 

N4F2 2049.26 200.72 62.90 5.60 < 1.00*104 

N4F1 2049.35 200.88 62.90 5.65 < 1.00*104 

Brine Body C 2070.26 201.881 69.05 5.49 8.18*102 
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Supplementary Table S3.4 Physicochemical characterization of the Port Sudan Deep seawater-brine 

interface fractions collected on April 2016. 

Fraction Depth Salinity Temp (°C) pH Cells count (cell/mL) 

Seawater 2400.40 40.57 21.91 7.75 2.63*104 

N1F9 2519.43 57.36 27.54 7.61 1.10*105 

N1F8 2519.52 63.57 27.54 7.55 n.a. 

N1F7 2519.62 73.31 27.54 7.42 n.a. 

N1F6 2519.71 80.76 27.54 7.33 1.19*105 

N1F5 2519.80 83.99 27.54 7.35 n.a. 

N1F4 2519.89 86.57 27.54 7.33 n.a. 

N1F3 2519.99 87.57 27.54 7.33 7.47*104 

N1F2 2520.08 88.42 27.54 7.33 n.a. 

N1F1 2520.17 88.56 27.54 7.34 n.a. 

N13F8 2520.54 104.02 28.95 7.27 n.a. 

N13F9 2520.45 104.13 28.95 7.27 9.82*104 

N13F7 2520.64 104.65 28.95 7.24 n.a. 

N13F6 2520.73 110.53 28.95 7.25 n.a. 

N13F5 2520.82 118.29 28.95 7.19 n.a. 

N13F4 2520.91 125.93 28.95 7.19 1.08*105 

N13F3 2521.01 127.25 28.95 7.21 n.a. 

N13F1 2521.19 127.68 28.95 7.20 n.a. 

N13F2 2521.10 127.81 28.95 7.20 n.a. 

N22F9 2521.30 128.95 30.00 7.17 9.61*104 

N22F8 2521.39 130.43 30.00 7.15 n.a. 

N22F7 2521.49 133.29 30.00 7.17 n.a. 

N22F6 2521.58 137.41 30.00 7.13 n.a. 

N22F5 2521.67 140.17 30.00 7.13 3.82*104 

N22F4 2521.76 147.80 30.00 7.11 n.a. 
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N22F3 2521.86 151.39 30.00 7.06 n.a. 

N22F2 2521.95 152.62 30.00 7.08 n.a. 

N22F1 2522.04 153.13 30.00 7.07 4.99*104 

Brine Body 2600.75 197.59 35.62 6.47 2.43*104 
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Supplementary Table S3.5 Physicochemical characterization of the Suakin Deep seawater-interface 

fractions collected on April 2016. 

Fraction Depth Salinity Temp (°C) pH Cells count (cell/mL) 

Seawater 2700.00 40.60 21.95 7.60 8.90*104 

N5F8 2770.61 41.01 22.24 7.90 1.60*105 

N5F9 2770.52 41.18 22.24 7.93 1.07*105 

N4F9 2770.65 41.35 22.35 7.88 5.19*104 

N4F8 2770.74 41.41 22.35 7.88 4.14*104 

N5F7 2770.71 41.41 22.24 7.89 1.38*105 

N4F7 2770.84 41.71 22.35 7.89 4.80*104 

N5F6 2770.80 42.16 22.24 7.85 1.71*105 

N4F6 2770.93 47.71 22.35 7.81 1.10*105 

N5F5 2770.89 47.94 22.24 7.73 6.19*104 

N4F5 2771.02 70.92 22.35 7.56 1.57*105 

N5F4 2770.98 75.17 22.24 7.53 1.76*105 

N5F3 2771.08 96.14 22.24 7.36 1.06*105 

N4F4 2771.11 96.84 22.35 7.27 1.84*105 

N7F9 2771.28 110.71 22.75 7.22 7.41*104 

N5F2 2771.17 116.73 22.24 7.12 9.08*104 

N4F3 2771.21 117.57 22.35 7.14 1.17*105 

N5F1 2771.26 122.59 22.24 7.09 8.54*104 

N4F2 2771.30 124.77 22.35 7.15 1.45*105 

N7F8 2771.37 125.36 22.75 7.22 5.43*104 

N7F7 2771.47 126.98 22.75 7.16 6.75*104 

N4F1 2771.39 127.47 22.35 7.18 1.25*105 

N7F6 2771.56 129.32 22.75 7.18 6.74*104 

N7F5 2771.65 133.29 22.75 7.25 4.55*104 

N7F4 2771.74 135.78 22.75 7.28 9.09*104 
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N7F3 2771.84 137.89 22.75 7.34 7.90*104 

N7F1 2772.02 139.31 22.75 7.39 8.97*104 

N7F2 2771.93 139.34 22.75 7.39 7.35*104 

Brine Body 2780.00 146.24 23.28 7.92 3.74*104 
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Supplementary Table S3.6 PERMANOVA table results for Bacteria, Archaea and Eukaryote SV diversity 

considering the DHABs and the brine layers. Number of PERMANOVA permutation = 999. Significant p-

Value are in bold. Significant codes are *** = p < 0.001, ** = p < 0.01, * = p < 0.05. 

Bacteria Df SumOfSqs R2 F Pr(>F) Signif. 

Brine 4 29.27 0.50931 60.6377 0.001 *** 

Layer 2 5.236 0.0911 21.6926 0.001 *** 

Brine x Layer 8 6.794 0.11821 7.0371 0.001 *** 

Residual 134 16.171 0.28137    

Total 148 57.471 1    

       

Archaea Df SumOfSqs R2 F Pr(>F) Signif. 

Brine 4 22.307 0.47898 44.7091 0.001 *** 

Layer 2 3.421 0.07347 13.7152 0.001 *** 

Brine x Layer 8 4.628 0.09937 4.6376 0.001 *** 

Residual 130 16.215 0.34818    

Total 144 46.571 1    

       

Eukaryote Res.Df Df.diff Dev  Pr(>Dev) Signif. 

Brine 4 13.442 0.25587 14.402 0.001 *** 

Layer 2 3.042 0.05791 6.5189 0.001 *** 

Brine x Layer 8 5.483 0.10437 2.9372 0.001 *** 

Residual 131 30.567 0.58185    

Total 145 52.535 1    
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Supplementary Table S3.7 PERMANOVA table results for Seawater Layer (A) Bacteria, (B) Archaea and 

(C) Eukaryote SV diversity considering the main environmental variables. Number of PERMANOVA 

permutation = 999. Significant p-Value are in bold. Significant codes are *** = p < 0.001, ** = p < 0.01, * 

= p < 0.05. 

 

(A) Bacteria Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 0.40217 0.18204 13.9504 0.001 *** 

Depth 1 1.25146 0.56648 43.4108 0.001 *** 

pH 1 0.09279 0.042 3.2186 0.037 * 

Salinity 1 0.20333 0.09204 7.0531 0.005 ** 

Residual 9 0.25945 0.11744    

Total 13 2.2092 1    

       

 

(B) Archaea Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 0.0991 0.10883 3.27 0.046 * 

Depth 1 0.44007 0.48325 14.5206 0.001 *** 

pH 1 0.01562 0.01715 0.5153 0.765  

Salinity 1 0.0831 0.09125 2.742 0.064  

Residual 9 0.27276 0.29952    

Total 13 0.91064 1    
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(C) Eukaryote Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 0.5362 0.1671 5.1772 0.001 *** 

Depth 1 1.0815 0.33701 10.4416 0.001 *** 

pH 1 0.2679 0.0835 2.587 0.014 * 

Salinity 1 0.3913 0.12193 3.7777 0.004 ** 

Residual 9 0.9321 0.29048    

Total 13 3.209 1    
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Supplementary Table S3.8 PERMANOVA table results for Brine Interface Layer (A) Bacteria, (B) Archaea 

and (C) Eukaryote SV diversity considering the main environmental variables. Number of PERMANOVA 

permutation = 999. Significant p-Value are in bold. Significant codes are *** = p < 0.001, ** = p < 0.01, * 

= p < 0.05. 

 

(A) Bacteria Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 7.026 0.16361 88.383 0.001 *** 

Depth 1 11.66 0.2715 146.664 0.001 *** 

pH 1 2.656 0.06186 33.414 0.001 *** 

Salinity 1 3.112 0.07246 39.142 0.001 *** 

Brine 4 9.984 0.23249 31.398 0.001 *** 

Residual 107 8.506 0.19808    

Total 115 42.945 1    

       

 

(B) Archaea Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 5.581 0.15007 60.9 0.001 *** 

Depth 1 8.104 0.21793 88.435 0.001 *** 

pH 1 2.392 0.06433 26.104 0.001 *** 

Salinity 1 2.666 0.0717 29.096 0.001 *** 

Brine 4 8.73 0.23476 23.817 0.001 *** 

Residual 106 9.713 0.26121    

Total 114 37.185 1    
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(C) Eukaryote Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 2.286 0.05731 10.8313 0.001 *** 

Depth 1 6.365 0.15956 30.1578 0.001 *** 

pH 1 1.647 0.04129 7.8041 0.001 *** 

Salinity 1 1.715 0.04298 8.1242 0.001 *** 

Brine 4 5.717 0.14331 6.7718 0.001 *** 

Residual 105 22.16 0.55554    

Total 113 39.89 1    
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Supplementary Table S3.9 PERMANOVA table results for Brine Body Layer (A) Bacteria, (B) Archaea 

and (C) Eukaryote SV diversity considering the main environmental variables. Number of PERMANOVA 

permutation = 999. Significant p-Value are in bold. Significant codes are *** = p < 0.001, ** = p < 0.01, * 

= p < 0.05. 

 

(A) Bacteria Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 1.5709 0.23838 11.9408 0.001 *** 

Depth 1 1.2985 0.19705 9.8707 0.001 *** 

pH 1 0.7923 0.12023 6.0225 0.001 *** 

Salinity 1 1.0863 0.16485 8.2574 0.001 *** 

Residual 14 1.8418 0.27949    

Total 18 6.5898 1    

       

 

(B) Archaea Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 1.2165 0.24781 10.9606 0.001 *** 

Depth 1 1.0986 0.2238 9.8984 0.001 *** 

pH 1 0.7478 0.15234 6.738 0.001 *** 

Salinity 1 0.6251 0.12734 5.6324 0.001 *** 

Residual 11 1.2208 0.2487    

Total 15 4.9088 1    
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(C) Eukaryote Df SumOfSqs R2 F Pr(>F) Signif. 

Temp 1 0.8267 0.1334 3.1377 0.001 *** 

Depth 1 0.7828 0.12631 2.971 0.001 *** 

pH 1 0.6124 0.09882 2.3244 0.001 *** 

Salinity 1 0.5503 0.0888 2.0887 0.002 ** 

Residual 13 3.4252 0.55268    

Total 17 6.1974 1    
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3.10.2 Supplementary Figures 

 

Supplementary Figure S3.1 Bacterial alpha diversity in the different layers of the DHABs. Alpha diversity 

was measured by Simpson Index. 
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Supplementary Figure S3.2 Archaeal alpha diversity in the different layers of the DHABs. Alpha diversity 

was measured by Simpson Index. 
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Supplementary Figure S3.3 Eukaryotic alpha diversity in the different layers of the DHABs. Alpha diversity 

was measured by Simpson Index. The alpha diversity of Kebrit Brine Body is below 0.3. 
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Supplementary Figure S3.4 Bacterial taxonomic distribution among the seawater, brine interface, brine 

body layers of A Afifi, B Kebrit Deep, C Port Sudan Deep, D Suakin Deep and E, F, G Atlantis II Deep. 
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Supplementary Figure S3.5 Archaeal taxonomic distribution among the seawater, brine interface, brine 

body layers of A Afifi, B Kebrit Deep, C Port Sudan Deep, D Suakin Deep and E, F, G Atlantis II Deep. The 

archaeal taxonomic composition of the brine body C layers of Atlantis II Deep were not obtained. 
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Supplementary Figure S3.6 Archaeal taxonomic distribution among the seawater, brine interface, brine 

body layers of A Afifi, B Kebrit Deep, C Port Sudan Deep, D Suakin Deep and E, F, G Atlantis II Deep. 
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4.1 Abstract 

The bottom of the Red Sea is characterized by the presence of many deep hypersaline 

anoxic basins (DHABs) mostly located along its central axis. DHABs are very challenging 

environments for living organisms, yet a wide variety of microbes are able to thrive under 

such harsh conditions and many of them remain understudied or unknown. Here, I 

assembled five high quality metagenome-assembled genomes (MAGs) belonging to a 

previously undescribed bacterial phylum from the seawater-brine interface of the Suakin 

Deep in the Red Sea. The proposed named is Haloclinimicrobia. This bacterium appears to 

possess a flexible metabolism that allows to thrive under the varying conditions 

encountered in the brine. In the slightly oxic upper part of the brine interface, 

Haloclinimicrobia can oxidize sugars and generate energy via the oxidative TCA cycle 

(oTCA), while when the conditions turn anoxic the bacteria can invert the direction of TCA 

cycle and fix CO2 via reductive TCA cycle and obtain energy by sulfate or nitrate 

respiration according to the availability of these electron acceptors in the brine waters. 

Haloclinimicrobia is also adapted to cope with a wide range of salinity levels up to 172 g/L 

using a compatible solute strategy to balance the osmotic pressure between the cytoplasm 

and the hypersaline environments. The versatile metabolic competence of 

Haloclinimicrobia is supported by its distribution in other DHABs, such as the Port Sudan 

Deep, where it is distributed across the entire sweater-brine interface in a wide range of 

salinity and redox couples availability. 

 

4.2 Introduction 

Deep hypersaline anoxic basins (DHABs) are among the most challenging environments 
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in the oceans (van der Wielen et al., 2005; Daffonchio et al., 2006). The first identified 

brine pool was Atlantis II Deep, discovered at the bottom of the Red Sea along its central 

axis (Charnock, 1964). From this first discovery, many other DHABs have been spotted 

around the globe, such as the Gulf of Mexico (Shokes et al., 1977), the Mediterranean Sea 

(Cita et al., 1985) and the Black Sea (Aloisi et al., 2004). The extreme feature of the 

DHABs, such as high salinity, low oxygen levels or anaerobic conditions and in some cases 

high temperature, and hydrostatic pressure, strongly select the microbial communities 

adapted to thrive inside the brines. Due to these constrains, peculiar novel organisms have 

been isolated or identified by metagenomic approaches (Eder et al., 2001, 2002; Antunes 

et al., 2008a; Antunes et al., 2008b; Antunes et al., 2011; Yakimov et al., 2013; Pachiadaki 

et al., 2014; Nigro et al., 2016; Speth et al., 2017). The seawater-brine interface that it is 

formed between the deep seawater column and the high saline brine water mass is where 

microbial life is more abundant and active (Daffonchio et al., 2006; Borin et al., 2009). 

The seawater-brine interface is characterized by a sharp increase of salinity that determines 

the formation of a pycnocline where microbes and chemical compounds are stratified 

(Daffonchio et al., 2006; Borin et al., 2009). This stratification from the oxygenated 

seawater to the anaerobic water of the brine body, leads to the establishment of different 

ecological niches where microbes display different metabolisms. Up to now, proofs of 

chemoautotrophic pathways such as methanogenesis (Borin et al., 2009; Joye et al., 2009), 

aerobic and anaerobic methane oxidation (Bougouffa et al., 2013; Abdallah et al., 2014), 

reductive acetyl-CoA pathway and reductive citrate cycle (La Cono et al., 2011; Pachiadaki 

et al., 2014; Nigro et al., 2016), dissimilatory nitrogen reduction, ammonia oxidation, or 

ammonia anaerobic oxidation (Borin et al., 2013; Bougouffa et al., 2013; Abdallah et al., 
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2014; Guan et al., 2015; Ngugi et al., 2015, 2016; Zhang et al., 2016), sulfate reduction 

(Borin et al., 2009; Pachiadaki et al., 2014; Yakimov et al., 2015) and sulfide oxidation 

(Campbell et al., 2006; Sievert et al., 2007) have been documented in the DHABs showing 

the metabolic complexity of microbial communities associated to the seawater-brine 

interface (Mapelli et al., 2017; Barozzi et al., 2018; Merlino et al., 2018). The sustainability 

of these metabolisms and their presence across the interface is probably partially related to 

the availability of O2 concentration at the beginning of the interface and the energetic 

constrains determined by the salinity increase across the pycnocline (Oren, 2011; Gunde-

Cimerman et al., 2018). 

The investigation of the microbial assemblage in DHABs is limited by the difficulties of 

the sampling, due to their remote locations and by the cultivability constrains of these 

microbes in laboratory conditions that are far from the environmental ones. The 

development of high throughput technologies has improved the tools available for the 

biological studies in these environments. In this work, I applied a metagenomic approach 

to investigate the presence of novel microbes and their metabolisms to increase our insight 

on the microbial communities associated to DHABs. I was able to sample the seawater-

brine interface of different brine basins in the Red Sea. The interface was entrapped in 

niskin bottles equipped on a rosette sampler system and fractionated in smaller sub-

fractions. A whole-metagenome sequencing approach was then performed. In this chapter, 

I present the data obtained from the poorly described Red Sea brine pool Suakin Deep, 

where I was able to assemble five metagenomic amplified genomes (MAGs) belonging to 

the same species of a previously undescribed bacterial phylum. Our study suggests that this 

novel bacteria Candidatus Haloclinimicrobia can be a facultative anaerobic bacteria that 
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display the capacity to degrade sugars and gain energy by the oxidative tricarboxylic acid 

cycle (oTCA) when traces of oxygen are present in the seawater-brine interface and switch 

to an anaerobic metabolism in the lower anoxic layers of the DHAB. Indeed, 

Haloclinimicrobia possesses the genes to perform the reverse TCA cycle and thus, grow 

chemolitoautotrophically fixing CO2 via reductive citrate cycle (rTCA) using either nitrate 

or sulfate as final electron acceptors according to their availability along the seawater-brine 

interface. By 16S rRNA gene analysis, the presence of bacteria belonging to 

Haloclinimicrobia have been detected in other Red Sea basins, especially in Port Sudan 

Deep, where these bacteria have been found in similar environmental conditions than 

Suakin Deep. The relative abundance increasing of Haloclinimicrobia in a salinity range 

between 110 and 172 g/L suggest a strong adaptation of these bacteria to the high salinity 

present in the brines. 

 

4.3. Material and methods 

4.3.1 Sampling procedure 

Samples from the seawater-brine interface of Suakin Deep (19° 36.660' N, 38° 43.260' E) 

and Port Sudan Deep (20° 3.800'N, 38° 30.800'E) were collected during three different 

cruises in the Red Sea on the R/V Thuwal research vessel (April 2016 and 2017, August 

2016). The salinity, temperature, pressure and oxygen concentration were measured along 

the cast by the Idronaut CTD equipped on the rosette. The water samples were collected 

using 10 L niskin bottles equipped on a rosette sampler and fractioned immediately on 

board in 1 L sterile HDPE acid-washed bottles to have a high-scale resolution sampling 

where each fraction represent ≈9 cm of the seawater-brine interface. Once the rosette came 

back on board, the salinity at the top and the bottom of each niskin was measured with a 
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refractometer (VWR) and the three niskins that entrapped the wider salinity range were 

chosen and divided into fractions. The salinity of each 1L fraction was measured again 

using a 556 YSI Multiparameter detector for salinity and pH. Then, the fractions were 

filtered in 0.2 μm polyethensulfone (PES) membrane filters through a percolator filtering 

system and stored at -20°C until further use. For each fraction, I collected 15 mL of the 

filtered water in duplicate to analyze the chemical compositions of each sample. The 

filtered water was stored at -20°C and analyzed using the commercial service provided by 

GEOMAR (Helmholtz Centre for Ocean Research, Kiel, Germany). The sampling strategy 

adopted in this work is reported in the supplementary material (Supplementary Figure 

S4.1). 

 

4.3.2 DNA extractions and sequencing 

The total DNA was extracted from each fraction by phenol-chloroform treatment and the 

bacterial community associated to each sample was obtained by 16S rRNA gene amplicon 

sequencing performed by Illumina® MiSeq platform using the MiSeq reagent kit v3 600 

cycles and the bacterial primers set 341F 5’-CCTACGGGNGGCWGCAG-3’ and 785R 

5’-GACTACHVGGGTATCTAATCC-3’ reported in the work of Klindworth and 

collaborators (Klindworth et al., 2013). The whole metagenome sequencing was performed 

on a subsample of representative fractions from Suakin Deep by Illumina® HiSeq4000 

platform and the libraries were prepared using the Ovation Ultralow System V2 kit 

(NuGen) following the manufacturer protocol. All sequencing was performed at the King 

Abdullah University of Science and Technology Biological Core Lab (KAUST BCL). The 

features of the Suakin Deep fractions analyzed by 16S rRNA gene amplicon sequencing 
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are reported in the Supplementary Table S4.1, while the characteristics of the fractions 

analyzed by whole-metagenome sequencing are reported in the Supplementary Table S4.2. 

 

4.3.3 Genome assembly 

Genomes were assembled using the metabat2 software (Kang et al., 2015) and the 

annotation process was done with RAST (Aziz et al., 2008). The phylogeny of the MAGs 

was assigned with the GTDB-Tk software which use the pplacer software and a 

concatenation of 120 proteins to place the genomes in the phylogenetic tree made using the 

GDTDB taxonomy database (Matsen et al., 2010; Parks et al., 2018). The quality of the 

MAGs was assessed with the checkM software (Parks et al., 2015). MaFFT was used to 

align nucleotidic and aminocidic sequences (Nakamura et al., 2018). Jspecies was used to 

calculate the Average Nucleotide Identity (ANI) between the genomes (Richter et al., 

2016), while the Average amino acid identity (AAI) was measured by the online tool 

provided by the Kostas Lab (Rodriguez-R and Konstantinidis, 2014). The core genome 

between the MAGs was investigated using the web platform OrthoVenn (Wang et al., 

2015). Kegg (Kanehisa et al., 2017), Mapple (Takami et al., 2012; Arai et al., 2018), and 

BlastP (Altschul et al., 1997) have been used to investigated the presence of genes involved 

in the different metabolic pathways, while the transmembrane transporters were predicted 

by the transporter automatic annotation pipeline TransAAP based on the TransportDB 

database (Elbourne et al., 2017). The prediction of the isoelectric point (pI) of the protein-

coding genes was calculated using the EMBOSS software v.6.5.1 (Rice et al., 2000), using 

the ‘iep’ script. 
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4.4 Results and Discussion 

By analyzing the Suakin metagenomes obtained by the DNA sequencing of 11 fractions 

along the seawater-brine interface (Supplementary Table S4.2), I obtained 5 metagenome-

assembled genomes (MAGs) belonging to a new taxon from 5 different fractions in a 

salinity range between 71 g/L and 151 g/L (Supplementary Table S4.3). The completeness 

of these genomes is above 87.5% with a contamination level below 4.4%. The genome 

with the best quality score was assembled in the bin obtained at 71 g/L of salinity with a 

completeness of 96.7% and no contamination (0%). Four out of five MAGs respected the 

high quality genomes standard since they all overcome the reference threshold of 

completeness, fixed in the literature at 90%, and have a contamination lower than 5% 

(Konstantinidis et al., 2017). Only one MAG has a completeness level of 87.5% below 

90%. Taking as example, the most complete and not contaminated MAG, the size of these 

genomes is approximately 2.85 Mb with a GC content of 66.1 mol%. The total genes are 

2304 of which 2257 are CDS. 3 rRNA genes are present, one each for the 23S, 16S and 5S 

subunits, while the MAG possesses 44 tRNA genes (Supplementary Table S4.3). 

 

4.4.1 Phylogeny 

Comparing the 16S rRNA gene found in the MAGs with the 16S rRNA gene sequences 

obtained by amplicon sequencing from each fraction, the genomes were not classified with 

other known bacteria or wrongly classified as unclassified Proteobacteria in the SILVA 

database (Quast et al., 2013). I blasted the full 16S rRNA gene sequence in the nucleotide 

database NCBI (NCBI, 2014) obtaining as closest matches representatives of the phylum 

Calditrichaeota, Calorithrix insularis and Caldithrix abyssi, respectively with an identity 
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of 84% and 82% (Supplementary Table S4.4). According with the latest guidelines to 

described novel lineages proposed by Kostantinidis and collaborators (2017), the identity 

between the 16S rRNA genes to distinguish two different phyla is close to this threshold 

(83%, (Konstantinidis et al., 2017). To better confirm this finding, I performed a 

phylogenetic analysis on 120 concatenated proteins sequences encoded by unrelated 

housekeeping genes. The results unequivocally assigned the five MAGs to a new phylum 

branch related, but clearly separated, to the phylum Marinimicrobia with a bootstrap value 

of 96.5% (maximum likelihood tree, bootstrap = 100) (Figure 4.1). The phylum 

Calditrichaeota is even more distant and in another separated branch from the five MAGs. 

The proposed name for this new bacterial phylum is Haloclinimicrobia. Moreover, I looked 

to the similarity between the five MAGs, the ANI and the AAI is above 99% in all the 

pairwise comparisons, confirming that all the MAGs found along the interface belonging 

to the same species (Konstantinidis et al., 2017) (Supplementary Figure S4.2). 
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Figure 4.1 Maximum Likelihood phylogenetic tree based on 120 concatenated protein. The five 

Haloclinimicrobia MAGs assembled from the seawater-brine interface of Suakin Deep cluster together in a 

separated branch from any known bacterial phylum. The closest phylum is Marinimicrobia, that remain 

distantly separated by Haloclinimicrobia with a high bootstrap value (bootstrap = 100). 

 

4.4.2 Genome comparison 

The core genome between all the five Haloclinimicrobia MAGs is composed by 1582 

genes. Excluding from the analysis the most incomplete MAG assembled in the N4F4 

fraction, the core genome increases to 1821, the 82% of all the MAGs pangenome. This 

result confirmed the similarity of the assembled genomes (Supplementary Figure S4.3). 

Indeed, the four most complete genomes assembled from the fractions N4F5, N4F2, Body 

and N7F1 do not have unique genes absent in the other genomes. Moreover, in the other 

genes that complete the Haloclinimicrobia pangenome, no metabolic key enzymes have 
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been found (Supplementary Figure S4.3). For this reason, I characterized the metabolic 

features of Haloclinimicrobia considering the five MAGs as a unique species. 

 

4.4.3 General Metabolism 

4.4.3.1 Carbon Metabolism 

Haloclinimicrobia can exploit a flexible metabolism, with both autotrophic and 

heterotrophic capacities respectively in anaerobic and aerobic condition. When the 

environmental conditions of the brine are completely anoxic, Haloclinimicrobia can fix 

CO2 via the reductive citrate cycle (rTCA), an alternatively anaerobic CO2 fixation 

pathway discovered in green sulfur bacteria (Evans et al., 1966; Buchanan and Arnon, 

1990). The genomes present the genes encoding for the key enzymes for the rTCA 

(Supplementary Table 4.5), the pyruvate ferrodoxin oxidoreductase (E.C. 1.2.7.1) and the 

2-oxoglutarate ferrodoxin oxidoreductase (E.C. 1.2.7.3), that catalyze respectively the 

reaction from acetyl-CoA to pyruvate and succinyl-CoA to α-ketoglutarate (Zeikus et al., 

1977; Buchanan et al., 2017). On the contrary, a third key rTCA enzyme the ATP-

dependent citrate lyase that is fundamental for the conversion of citrate in acetyl-CoA and 

oxaloacetate was not found in the MAGs (E.C. 2.3.3.8) (Ivanovsky et al., 1980; Moller et 

al., 1987). However in an in-vivo study on the deltaproteobacterium Desulfurella 

acetivorans, it was shown how the ATP-independent citrate synthase enzyme (E.C. 

2.3.3.1), usually catalyzing the synthesis of citrate from acetyl-CoA and oxaloacetate in 

the oxidative citrate cycle (oTCA), can also works in the reverse direction when the 

bacteria grows autotrophically, exploiting energy released by the highly exergonic 

reduction of oxaloacetate to malate, catalyzed by malate dehydrogenase (E.C. 1.1.1.37) in 
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the following step of the rTCA (Mall et al., 2018). The rTCA mediated by citrate synthase 

is more energetically favorable than the “classic” rTCA mediated by citrate lyase due to 

the saving of one ATP molecule required to fix CO2, and can be the most favorable 

autotrophic CO2 fixation pathway discovered until now (Buchanan et al., 2017; Mall et al., 

2018).  

Surprisingly, for an anaerobic bacterium, the Haloclinimicrobia genomes contained also 

almost all the genes encoding for the oxidative citrate cycle (oTCA) and the different 

complexes required for the oxidative phosphorylation, suggesting that in presence of O2, 

as occurs in the first part of the Suakin seawater-brine interface (Figure 4.4), 

Haloclinimicrobia can use molecular oxygen to oxidize sugars and gain more energy than 

under anaerobic conditions (Supplementary Table S4.5). 

Haloclinimicrobia possesses all the genes involved in the glycolysis except for the pyruvate 

kinase (E.C. 2.7.1.40). The absence of this enzyme is presumably due to the incompleteness 

of the MAGs. The pyruvate generated in the glycolysis can enter the oTCA due to the 

presence of the pyruvate dehydrogenase (E.C. 1.2.4.1) and the 2-oxoglutarate 

dehydrogenase (E.C. 1.2.4.2) that catalyze respectively the oxidation of pyruvate to acetyl-

CoA and the oxidation of α-ketoglutarate to succinyl-CoA. The citrate lyase (E.C. 2.3.3.1) 

in aerobic condition works in the oxidative direction proceeding in the oTCA generating 

ATP and NADH required for the electron transport chain in the oxidative phosphorylation. 

The capacity of Haloclinimicrobia to use O2 as final electron acceptor is also suggested by 

the presence of the Nuo complex (I), the succinate dehydrogenase (II), the cytochrome bc1 

(III) and the cytochrome c oxidase complex (IV), involved in the electrons transport and 

the reduction of O2, together with the generation of proton motive force across the 
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membrane, used by the ATP synthase (E.C. 3.6.3.14) to generate ATP. The capacity of 

bacteria to exploit the TCA cycle both in the oxidative and reductive directions has been 

already proved in both archaea (Hu and Holden, 2006) and bacteria (Tang and Blankenship, 

2010), and the possibility of the citrate synthase to work in both the directions without the 

consumption of ATP can give to Haloclinimicrobia a competitive metabolic advantage to 

thrive in the challenging and varying conditions of the seawater-brine interface (Mall et 

al., 2018). 

Haloclinimicrobia can also synthetize 6-carbon sugars by gluconeogenesis and non-

oxidative pentose phosphate pathway. In the gluconeogenesis, glucose can be synthetized 

in the cell starting from the conversion of the citrate cycle intermediate oxaloacetate to 

phospoenolpyruvate and then to glucose via reverse glycolysis pathway. Via non-oxidative 

pentose phosphate pathway, 6P-fructose can be regenerated starting from pentose sugars 

(Figure 4.2 and Supplementary Table S4.6). 

 

4.4.3.2 Sulfur Metabolism 

When the conditions in the brine turn anaerobic, Haloclinimicrobia can gain energy by 

anaerobic respiration using other inorganic electron acceptors. In anaerobiosis, it behaves 

as an anaerobic sulfate reducing bacteria (SRB) as suggested by the presence of all the 

genes required for the dissimilatory sulfate reduction and the absence of oxygen where its 

relative abundance increase (Figure 4.4). In the Haloclinimicrobia genomes, I found two 

different sulfate transporters: SulP and DASS (Figure 4.2 and Supplementary Table S4.6) 

responsible for the uptake of sulfate from the environment. SulP transporters are usually 

found in non-thermophilic bacteria with a growth optimum below 40°C (Marietou et al., 
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2018). These transporters may have a variable affinity for sulfate (Saier et al., 1999), even 

though in sulfate reducing bacteria it is more likely that SulP affinity for sulfate is high 

(Zolotarev et al., 2008). The sulfate is transported inside the cytoplasm in symport 

primarily with H+, or Na+ (Hawkesford, 2003). Dass family transporters with sulfate as 

substrate have been detected in multiple copies in all the MAGs. These transporters 

coupled the uptake of one sulfate molecule inside the cell with the symport of three Na+ 

ions, resulting in the transfer of one positive charge on the internal side of the membrane 

(Pajor, 2006). Contrary to SulP, the Dass transporters were shown to have a low sulfate 

affinity in prokaryotes, suggesting that Dass transporters are active when the sulfate 

concentration is in the order of mM (Gisin et al., 2010; Hoffmann et al., 2017; Tarpgaard 

et al., 2017) as is the case of the Suakin brine where the sulfate concentration range from 

40 mM to more than 120 mM (Figure 4.4 and Supplementary Table S4.2). This suggests 

that Haloclinimicrobia possesses two different ways to uptake sulfate that can alternatively 

work at low or high sulfate concentration, saving energy and regulating the cytoplasmic 

sulfate level (Stahlmann et al., 1991; Tarpgaard et al., 2017). Other sulfate transporters 

SulT, CysP, CysZ, which were found in some sulfate reducing bacteria have not been 

detected in the Haloclinimicrobia genome (Marietou et al., 2018). 

In the cytoplasm, the reduction of sulfate to H2S requires the transfer of eight electrons. 

The redox potential of sulfate reduction is very negative, -526 mV (Thauer et al., 2007), 

entailing the activation of sulfate in a first ATP-consuming reaction and the formation of 

intermediate activated sulfate molecules, such as adenosine 5’phosphosulfate (APS). Two 

molecules of ATP are consumed in this reaction catalyzed by the sulfate adenyltransferase 

enzyme (Sat, E.C. 2.7.7.4). Then, APS reductase (AprAB, E.C. 1.8.99.2) reduces APS to 
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HSO3-, with the transfer of the first 2 e-, before this second product is finally reduced to 

H2S by dissimilatory sulfite reductase (DsrAB, 1.8.99.3), with the transfer of the last 6 e- 

(Thauer et al., 2007). In many SRB the reduction of sulfite may involve another protein 

DsrC, also present in Haloclinimicrobia (Cort et al., 2001; Mander et al., 2005; Venceslau 

et al., 2014). If this protein is involved in the SO3- reduction, sulfite accepts four electrons 

forming S0 and binds a cysteine of the DsrC motives resulting in a persulfide intermediate 

(Oliveira et al., 2008). The persulfide intermediate participates in another 2 e- transfer 

reaction with the other DsrC cysteine, forming a disulfide bond and releasing H2S. The 

oxidized DsrC protein is then reduced by the electrons coming from the transmembrane 

complex DsrMKJOP, often present in SRB, in a mechanism that allow energy conservation 

(Oliveira et al., 2008) (Figure 4.2). Another fundamental complex present in all the SRB 

is QmoABC (quinone-interacting membrane-bound oxidoreductase complex) (Pires et al., 

2003). QmoABC are transmembrane proteins that works as electron donors for the AprA 

reductase that is in turn involved in the APS reduction (Lampreia et al., 1994; Parey et al., 

2013). 

These steps required in the dissimilatory sulfate reduction in all the SRB, imply the 

presence of the Sat, AprAB, DsrAB, DsrC genes and the encoding genes for the proteins 

forming the transmembrane complexes DsrMKJOP and QmoABC. All these genes are 

present in the five Haloclinimicrobia MAGs, with the only exception of AprAB genes in 

the genome retrieved from the fraction N4F4, probably because is the most incomplete 

(87.5%). Moreover in sulfate reducing bacteria Sat, AprAB, QmoABC and DsrAB, DsrC, 

DsrMKJOP are often found in the same gene cluster as is the case for Haloclinimicrobia 

MAGs (Pereira et al., 2011; Venceslau et al., 2014; Rabus et al., 2015). Only the gene 
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qmoC has not been found on the same contig, although always present in all the five MAGs, 

probably because Sat, AprAB, QmoAB are cytoplasmic proteins and are encoded all 

together, while QmoC is a transmembrane protein that can be expressed by a gene localized 

in another genome position. 

The two molecules of ATP that are consumed in the sulfate activation must be restored and 

others ATPs have to be synthetized to sustain the metabolic cellular processes. The 

production of ATP in this metabolism is a consequence of the electron transport chain 

involving the DsrMKJOP and QmoABC and the proton motive force that is generated by 

the extrusion of protons from the membrane (Marietou et al., 2018). The H+ are then 

exploited by the ATP synthase to generate ATP molecules importing 3H+ from the outer 

side of the membrane to the cytoplasm and converting ADP and phosphate in ATP (Figure 

4.2). 

 

4.4.3.3 Nitrogen Metabolism 

In the Haloclinimicrobia, I also found genes coding for the enzymes involved in the 

dissimilatory nitrate reduction, however only the subunits for the nitrate reductase (E.C. 

1.7.99.4), the enzyme that catalyze the reduction of nitrate to nitrite are present, suggesting 

the capacity of Haloclinimicrobia only to perform a partial nitrate reduction that is not 

completed to ammonia (Figure 4.2). 

Further indications of the capacity of Haloclinimicrobia to perform nitrate reduction come 

from the presence in the genomes of the transporter NarK, often found in many nitrate 

reducing microbes (Fukuda et al., 2015; Goddard et al., 2017), which is a nitrate/nitrite 

antiporter responsible for the uptake of nitrate from the environment, and the release of 
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nitrite produced inside the cell by the nitrate reductase. In Haloclinimicrobia, NarK can be 

fundamental to provide substrate to nitrate reductase and at the same time to avoid the 

accumulation of the produced nitrite (Fukuda et al., 2015). Moreover, genes belonging to 

the NtrC family have also been found. These genes encode the two components system 

involved in sensing low nitrogen availability in the environment and activating the nitrogen 

assimilation inside the cell. The key proteins in this system are the sensor cytoplasmic 

membrane protein NtrY and the response regulator protein NtrX. This finding can possibly 

suggest that when the cell detects the presence of nitrate in the environment, the bacteria 

assimilate the nitrogen and perform the partial respiration of nitrate that is more 

energetically convenient compared with the sulfate respiration (Oren, 2011). 

 

4.4.3.4 Generation of proton motive force  

Other than the DsrMKJOP and QmoABC complexes, in Haloclinimicrobia additional 

membrane energy-conserving complexes implicated in the generation of proton motive 

force have been found. The Haloclinimicrobia MAGs contain the RNF ion-pumping 

ferredoxin:NADH oxidoreductase complex (Schmehl et al., 1993; Biegel et al., 2011). 

RNF can be responsible for the extrusion of protons or cations from the membrane 

contributing to the H+ gradient fundamental for the ATP synthesis. The extrusion of 

protons is coupled with the oxidation of ferredoxin and the consequential NAD+ reduction 

(Müller et al., 2008; Price et al., 2014). Interestingly in our MAGs, the genes of this 

complex are found in the same contig with the NADH:quinone oxidoreductase (Nuo) 

complex I also found in many SRB (Pereira et al., 2011), that is also involved in the 

electron transfer chain in the oxidative phosphorylation. The Nuo complex is responsible 
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for the translocation of four protons across the membrane coupled with the transfer of 2e- 

between the reduced NADH and the ubiquinone. Haloclinimicrobia MAGs also display a 

cytoplasmic pathway potentially responsible for the energy conservation of the cell. 

Haloclinimicrobia can encode the electron-transferring flavoprotein (EtfAB) that can be 

coupled with butyryl-CoA dehydrogenase or the lactate dehydrogenase, respectively 

forming the complex BcdA-EtfBC (Herrmann et al., 2008; Chowdhury et al., 2014) and 

Ldh-EtfAB (Weghoff et al., 2015). Both these complexes are involved in the electron 

bifurcation respectively responsible for the oxidation of an acyl-CoA short-chain and the 

lactate comporting the reduction of a FAD+ or a NAD+ molecule in FADH and NADH and 

protons that can be transferred to a transmembrane complex involved in the proton 

translocation. 

All these strategies can potentially be coupled to sulfate reduction or nitrate reduction to 

generate the proton motive force across the membrane and consequentially synthetize ATP 

molecules required for the bacterium metabolism (Figure 4.2). 

 

4.4.3.5 Transporters 

Haloclinimicrobia has all the genes required for the ABC transporters involved in the 

uptake of lipoprotein, lipopolysaccharide, phospholipid and biotin. The presence for 

lipopolysaccharide transporter suggest Haloclinimicrobia are gram-negative bacteria 

(Zhang et al., 2013). Moreover, ABC transporters involved in the excretion of Na+ ion 

(NatA, NatB) and in the uptake of osmoprotectants like choline-glycine betaine compatible 

solutes are present in the genomes. These transporters are related to the osmoregulation of 

the cell that it is fundamental for the survival of the bacteria in the extreme salty brine 



 

 

186 

 

environment. The glycerol uptake transporters belonging to the GUP family can be also 

involved in the cell osmoprotection, mediating the uptake of glycerol from the environment 

in symport with Na+ ions. 

Instead, the TRAP-T family transporters encoded by Haloclinimicrobia can be important 

for the uptake of fundamental 4-carbon molecules inside the cell such as pyruvate, 

fumarate, succinate, malate which are important TCA intermediates (Gunde-Cimerman et 

al., 2018). 

 

 

Figure 4.2 Haloclinimicrobia metabolic map. In red are highlighted genes not present in the MAGs. 
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4.4.3.6 Osmotic Adaptation 

The high salinity that characterizes the seawater-brine interface is particularly challenging 

for the microorganisms that inhabited the DHABs. There are two possibly osmotic 

adaptation strategies to cope with the exposure to high salinity: the salt-in and the 

compatible solute strategy (Oren, 2008, 2011; Gunde-Cimerman et al., 2018). 

The salt-in strategy is adopted by strictly halophilic microbes. These organisms balance the 

environmental and the cytoplasmic osmotic pressure, importing salts in high concentration, 

usually KCl. The concentration of salts inside the cell must be higher than the outside one 

to avoid water loss and the shrinkage of the cell (Nigro et al., 2016). The presence of high 

salt concentration inside the cytoplasm results in an acidification of the proteome, 

implicating a physiological adaptation of all the cell machineries. 

The compatible solute strategy is adopted by microbes with a proteome not adapted to low 

cytoplasmic pH, and consists in the synthesis or in the translocation inside the cell of 

organic compounds that do not affect cell functioning (Brown and Simpson, 1972; Brown, 

1990). The compatible solute strategy in terms of energetic cost is more expensive than the 

salt-in strategy, but on the other side, it confers more adaptability to variable conditions 

where the salinity fluctuates (Gunde-Cimerman et al., 2018). 

The isoelectric point (pI) of the predicted proteome obtained from metagenome data of 

Haloclinimicrobia MAGs are distributed in analogy with the proteomes of other bacteria 

from other hypersaline environments that adopt compatible solute strategy, such as 

Desulfohalobioum retbaense (Ollivier et al., 1991; Sorokin et al., 2017). Moreover, the pI 

distribution of Haloclinimicrobia proteome does not highlight a shift through more acidic 

pI value typically observed in the extreme halophiles as for instance Salinibacter ruber 
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(Antón et al., 2002; Oren, 2013) (Figure 4.3). In our sampling Haloclinimicrobia has not 

been detected in the seawater column when the salinity was around 40 g/L, on the contrary 

it was more abundant in the Suakin brine body were the salinity is around 150 g/L. The 

presence of osmoprotectant ABC transporters genes in the MAGs, described earlier, further 

confirmed the strategy adopted by Haloclinimicrobia. 

The compatible solute strategy, despite is more demanding for the bacteria metabolism 

than the salt-in strategy, it may allow Haloclinimicrobia to better cope with the variable 

environmental conditions, by regulating the compatible solutes concentration inside the 

cytoplasm (Gunde-Cimerman et al., 2018). I can speculate that the lack of genes encoding 

for motile appendices, like flagella, and the lack of genes involved in the chemotaxis, 

suggest a low motile capacity of Haloclinimicrobia, possibly exposing the bacteria to 

salinity variations. By modulating the cytoplasmic density via compatible solute 

concentrations, Haloclinimicrobia can possibly fluctuates along the seawater-brine 

interface keeping the cell adapted to the brine conditions. 
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Figure 4.3 Distribution of the predicted Haloclinimicrobia proteome in function of the Isoelectric point (PI). 

 

4.4.4 Distribution of Haloclinimicrobia along the Suakin Deep seawater-brine 

interface 

The analysis of the relative abundance of the 16S rRNA gene, found in the 

Haloclinimicrobia MAGs among the bacterial communities associated to the different 

fractions representing the Suakin seawater-brine interface gradient, suggests that 

Haloclinimicrobia are not present in the seawater column above Suakin deep and are 

mainly present in the brine body. In fact Haloclinimicrobia appears at the beginning of the 

brine-seawater interface starting from a salinity of 41 g/L to the brine body, where the 

relative abundance increase from 0.1% to up to 10% of the total bacterial community, 

suggesting the adaptation of these bacteria to high salty water with a salinity higher than 
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150 g/L in the brine body (Figure 4.4A and 4.4B). Haloclinimicrobia bacteria are present 

in the seawater-brine interface when the conditions are slightly oxic (O2 < 2 mg/L) and turn 

in complete anoxic condition (Figure 4.4C). These findings match with the presence in the 

Haloclinimicrobia genomes of the genes for the oTCA and the electron transport chain 

complexes including the cytochrome c for the reduction of O2, that can be useful to cope 

with the presence of oxygen in the brine water. In the upper part of the interface where 

Haloclinimicrobia started to be present, there is a higher concentration of nitrate that is 

progressively consumed along the seawater-brine interface (Figure 4.4D). This trend is 

opposite to the sulfate concentration that instead increase along the interface and the Suakin 

body (Figure 4.4E). These environmental conditions coupled with the capacity of 

Haloclinimicrobia to perform both the nitrate reduction and the sulfate reduction can let us 

hypothesize that in presence of a sufficient nitrate concentration, Haloclinimicrobia can 

exploited the more energetically favorable nitrate reduction, while when nitrate is depleted 

and the availability of sulfate is high, Haloclinimicrobia can switch its metabolism to the 

less energetically favourable sulfate reduction. The low abundance of Haloclinimicrobia in 

the upper part of the interface may be explained by the presence of other nitrate reducing 

bacteria, that are more competitive than Haloclinimicrobia in presence of nitrate. 
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Figure 4.4 Haloclinimicrobia relative abundance and environmental conditions across the Suakin Deep 

seawater-brine interface. (A) Relative abundance of Haloclinimicrobia bacteria along the Suakin interface. 

(B) Salinity profile. (C) Oxygen profile. (D) Nitrate and (E) Sulfate concentrations. 

 

4.4.5 Distribution of Haloclinimicrobia in other Red Sea DHABs 

The presence of Haloclinimicrobia by 16S rRNA gene comparison has also been found in 

other Red Sea DHABs (Supplementary Figure S4.4, Figure S4.5, Table S4.6 Table S4.7). 

Haloclinimicrobia was detected in very low concentration (<0,1%) along the seawater-

brine interface in Valdivia deep and Atlantis II deep, while it was not detected in the 

sulfidic Kebrit Deep. On the contrary, in Port Sudan Deep where the environmental 

conditions, especially the nitrate/sulfate concentration trends, are similar to the one 

reported for the Suakin Deep (Supplementary Figure S4.4 and Table S4.6), 

Haloclinimicrobia have been found along the seawater-brine interface (Supplementary 

Figure S4.5 and Table S4.7). In the case of Port Sudan, Haloclinimicrobia appears at the 

beginning of the seawater-brine interface in low proportion, but its relative abundance 
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increases over a salinity of 110g/L up to the 18% when the salinity is around 150g/L, before 

decreasing again in the Port Sudan brine body where the salinity is higher than 200 g/L 

(Supplementary Figure S4.5 and Table S4.7). The highest relative abundance of 

Haloclinimicrobia always occur in the same range of salinity approximately between 110 

g/L and 170 g/L (Figure 4.5) independently of the brine layer (interface or brine body). The 

metabolism of Haloclinimicrobia cannot probably sustain its growth in environmental 

conditions where salinity increase over 200 g/L because the energy required to cope with 

this salinity level is higher than the one produced by the bacteria metabolism (Oren, 2011). 

The relative abundance distribution of Haloclinimicrobia in different DHAB suggests that 

it can tolerate the high salinity across the seawater-brine interface with a growth optimum 

around 140-150 g/L, but can hardly survive under higher salinities (Figure 4.5). 

 

 

Figure 4.5 Relative abundance of Haloclinimicrobia in function of salinity across the Suakin Deep and Port 

Sudan Deep. 
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4.5 Conclusion 

The distribution of the relative abundances of Haloclinimicrobia across the vertical profiles 

of the Suakin Deep and the Port Sudan Deep and the genomic characteristics of the MAGs 

reconstructed from the Suakin Deep indicates a novel facultative anaerobic bacterial 

phylum specialized to live in the seawater-brine interface of the DHABs in the Red Sea. 

This novel phylum represents a well separated lineage from the phylum Marinimicrobia 

and inhabits non-sulphidic brine systems in salinity ranges between 50 and 160 g/L with a 

preferred habitat over 110 g/L. Interestingly, these bacteria have a versatile metabolism 

that can use different final electron acceptors for growth, switching to the most energetic 

favorable metabolism to better cope with the energetic constrains imposed by salinity. In 

regards with its relative abundance, Haloclinimicrobia seems to prefer a general anaerobic 

lifestyle. However, it can possibly exploit the highly energetic oTCA cycle and use 

molecular oxygen as final electron acceptor when exposed to low O2 concentrations. 

However, in anaerobic condition Haloclinimicrobia can use the rTCA cycle to fix carbon 

and gain energy by dissimilatory sulfate reduction, where respiration of sulfate is coupled 

with pathways sustained by different membrane- and soluble-protein complexes to 

generate proton motive force across the cell membrane, for the synthesis of ATP. 

Moreover, Haloclinimicrobia in presence of nitrate could be also able to switch the 

anaerobic metabolism to the more energetic nitrate respiration, reducing the nitrate to 

nitrite. The general trends of increasing (sulfate) and decreasing (oxygen and nitrate) 

concentration of electron acceptors across the seawater-brine interface of DHABs, 

corroborate the potential of Haloclinimicrobia to use alternative energetic metabolisms. 

Haloclinimicrobia can be the first described sulfate reducing bacteria also able to exploit 
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nitrate reduction and aerobic respiration. This very flexible metabolism is probably the 

result of the strong selective pressure induced by the extreme conditions of the DHABs 

that select for microbes with the potential to switch among multiple metabolic options. To 

cope with the high salinity constrains imposed by the DHAB, Haloclinimicrobia adopts a 

compatible solute strategy that can confer to the bacteria a higher adaptability to the 

variable saline concentration occurring along the seawater-brine interface of the DHABs. 
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4.9 Supplementary Material 

4.9.1 Supplementary Tables 

Supplementary Table S4.1 Physicochemical characterization of the Suakin Deep seawater-brine interface 

fractions collected in April 2016. 

Fraction Depth (m) Salinity (g\L) Temp (°C) pH NO3 (μM) SO4 (mM) 

Water 2770.00 40.86 21.95 7.75 2.01 33.50 

N5F9 2770.52 41.18 22.24 7.93 8.68 36.80 

N5F8 2770.61 41.01 22.24 7.9 4.67 36.60 

N4F9 2770.65 41.35 22.35 7.88 10.20 36.90 

N5F7 2770.71 41.42 22.24 7.89 11.34 37.00 

N4F8 2770.74 44.77 22.35 7.88 NA NA 

N5F6 2770.80 42.17 22.24 7.85 9.12 37.70 

N4F7 2770.84 41.71 22.35 7.89 14.07 37.30 

N5F5 2770.89 47.95 22.24 7.73 8.03 42.80 

N4F6 2770.93 47.72 22.35 7.81 10.02 42.60 

N5F4 2770.98 75.17 22.24 7.53 6.95 67.20 

N4F5 2771.02 70.93 22.35 7.56 9.86 63.40 

N5F3 2771.08 96.14 22.24 7.36 4.69 85.90 

N4F4 2771.11 96.85 22.35 7.27 5.02 86.50 

N5F2 2771.17 116.74 22.24 7.12 0.47 104.30 

N4F3 2771.21 117.58 22.35 7.14 1.17 105.10 

N5F1 2771.26 122.6 22.24 7.09 0.58 109.50 

N7F9 2771.28 110.72 22.75 7.22 2.35 98.90 
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N4F2 2771.30 124.78 22.35 7.15 0.42 111.50 

N7F8 2771.37 125.37 22.75 7.22 0.80 112.00 

N4F1 2771.39 127.49 22.35 7.18 0.40 113.90 

N7F7 2771.47 127 22.75 7.16 0.38 113.50 

N7F6 2771.56 129.33 22.75 7.18 0.09 115.60 

N7F5 2771.65 133.3 22.75 7.25 0.35 119.10 

N7F4 2771.74 135.79 22.75 7.28 0.97 121.30 

N7F3 2771.84 137.9 22.75 7.34 0.68 123.20 

N7F2 2771.93 139.33 22.75 7.39 0.72 124.50 

N7F1 2772.02 139.33 22.75 7.39 0.49 124.50 

Body 2772.50 151.42 23.28 7.59 0.00 124.80 
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Supplementary Table S4.2 Phisicochemical characterization of the fractions selected for whole genome 

sequencing between the Suakin Deep seawater-brine interface fractions collected in April 2016. 

Fraction Depth (m) Salinity (g/L) Temp (°C) pH NO3 (μM) SO4 (mM) 

N4F8 2770.74 44.77 22.35 7.88 NA NA 

N4F7 2770.84 41.71 22.35 7.89 14.07 37.30 

N5F5 2770.89 47.95 22.24 7.73 8.03 42.80 

N4F5 2771.02 70.93 22.35 7.56 9.86 63.40 

N4F4 2771.11 96.85 22.35 7.27 5.02 86.50 

N4F3 2771.21 117.58 22.75 7.14 1.17 105.10 

N7F9 2771.28 110.72 22.35 7.22 2.35 98.90 

N4F2 2771.3 124.78 22.35 7.15 0.42 111.50 

N7F6 2771.56 129.33 22.75 7.18 0.09 115.60 

N7F1 2772.02 139.33 22.75 7.39 0.49 124.50 

Body 2772.5 151.42 23.28 7.59 0.00 124.80 

 

Supplementary Table S4.3 Metagenome-assembled genome (MAGs) characteristics. In the table are 

reported the characteristic of the five MAGs assembled from five different fraction along the Suakin Deep 

seawater-brine interface. Compl. = Completeness. Cont. = Contamination. 

Bin/Fraction 

name 

Salinity 

(g/L) 

Total Length 

(nt) 

Compl.

(%) 

Cont. 

(%) 

GC content 

(%) 

Total 

Genes 

Protein 

coding 

genes 

rRNa 

coding 

genes 

tRNa 

coding 

genes 

N4F5_3 70.93 2,845,984 96.7 0 66.1 2,304 2257 3 44 

N4F4_1 96.85 2,627,895 87.5 4.4 64.2 2,248 2,217 2 29 

N4F2_1 124.78 2,878,629 95.6 0.4 66 2,363 2,312 3 47 

N7F1_1 139.33 2,853,795 91.8 3.4 65.9 2,311 2,274 0 37 

BODY_1 151.42 2,988,220 92.3 1.5 65.9 2,388 2,344 3 41 
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Supplementary Table S4.4 Full length 16S rRNA gene closest match. Best five matches with the 

Haloclinimicrobia full length 16S rRNA gene. In N4F4_1 and N7F1_1 bin no copy of 16S rRNA has been 

found. 

 

Identity Taxa threshold1: Species <97%, Genus <95%, Family <92%, Order <89%, Class <86%, Phylum 

<83% 

1 According with Konstantinidis et al. 2017 – ISME Journal  



 

 

212 

 

Supplementary Table S4.5 List of Haloclinimicrobia genes divided by metabolism or pathway. In red are 

highlighted the missing genes in the pathway. 

Kegg 

cod. 
Cod. Enzyme Name E. C. 

Glycolysis 

K00845 glk Glucokinase 2.7.1.2 

K01810 pgi Glucose-6-phosphate isomerase  5.3.1.9 

K00850 pfkA 6-phosphofructokinase 2.7.1.11 

K11645 fbaB fructose 1,6-bisphosphate aldolase class I 4.1.2.13 

K01803 tpiA Triosephosphate isomerase 5.3.1.1 

K00134 gapA glyceraldehyde 3P dehydrogenase 1.2.1.12 

K00927 pgk phosphoglycerate kinase 2.7.2.3 

K01834 gpmA 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase 5.4.2.11 

K01689 eno enolase 4.2.1.11 

K00873 pyk pyruvate kinase 2.7.1.40 

Pyruvate Oxidation 

K00163 aceE Pyruvate dehydrogenase E1 component 1.2.4.1 

K00627 aceF 
Dihydrolipoamide acetyltransferase E2 component of pyruvate dehydrogenase 

complex 
2.3.1.12 

K00382 lpd 
Dihydrolipoyl dehydrogenase, E3 component of pyruvate dehydrogenase 

complex 
1.8.1.4 

Fermentation 

K00121 adhC Alcohol Dehydrogenase  1.1.1.1 

Gluconeogenesis 

K01610 pckA Phosphoenolpyruvate carboxykinase [ATP] 4.1.1.49 

K01689 eno Enolase  4.2.1.11 

K1834 gpmA Phosphoglycerate mutase (2,3-diphosphoglycerate-dependent) 5.4.2.11 

K00927 pgk Phosphoglycerate kinase 2.7.2.3 
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K00134 gapA Glyceraldehyde 3P dehydrogenase 1.2.1.12 

K01803 tpiA Triosephosphate isomerase 5.3.1.1 

K11645 fbaB Fructose-bisphosphate aldolase class I 4.1.2.13 

Non-oxidative Pentose Phosphate Pathway 

K00615 tktA, tktB Transketolase 2.2.1.1 

K00616 talA, talB Transaldolase 2.2.1.2 

K01783 rpe Ribulose-phosphate 3-epimerase 5.1.3.1 

K01808 rpi Ribose 5-phosphate isomerase B 5.3.1.6 

Oxidative TCA Cycle (oTCA) 

K01647 CS Citrate synthase 2.3.3.1 

K01681 ACO Aconitate hydratase 4.2.1.3 

K00031  
IDH1, 

IDH2 
Isocitrate dehydrogenase 1.1.1.42 

K00164 OGDH 2-oxoglutarate dehydrogenase E1 component 1.2.4.2 

K00658 DLST 
2-oxoglutarate dehydrogenase E2 component (dihydrolipoamide 

succinyltransferase) 
2.3.1.61 

K00382 DLD Dihydrolipoamide dehydrogenase 1.8.1.4 

K01902 sucD Succinyl-CoA synthetase alpha subunit 6.2.1.5 

K01903 sucC Succinyl-CoA synthetase beta subunit 6.2.1.5 

K00239 sdhA Succinate dehydrogenase flavoprotein subunit 1.3.5.1 

K00240 sdhB Succinate dehydrogenase iron-sulfur protein 1.3.5.1 

K00241 sdhC Succinate dehydrogenase cytochrome b-556 subunit 1.3.5.1 

K00242 sdhD succinate dehydrogenase anchor membrane subunit (putative) 1.3.5.1 

K01677 fumA Fumarate hydratase class I alpha subunit 4.2.1.2 

K01678 fumB Fumarate hydratase class I alpha subunit 4.2.1.2 

K01679 fumC Fumarate hydratase class II  4.2.1.2 

K00024 mdh Malate dehydrogenase 1.1.1.37 

Reverse TCA Cycle (rTCA) 

K01647 CS ATP-independent citrate synthase* 2.3.3.1 



 

 

214 

 

K00174 korA 2-oxoglutarate ferredoxin oxidoreductase alpha subunit 1.2.7.3 

K00175 korB 2-oxoglutarate ferredoxin oxidoreductase beta subunit 1.2.7.3 

K00176 korD 2-oxoglutarate ferredoxin oxidoreductase delta subunit 1.2.7.3 

K00177 korC 2-oxoglutarate ferredoxin oxidoreductase gamma subunit 1.2.7.3 

K00169 porA Pyruvate ferredoxin oxidoreductase alpha subunit 1.2.7.1 

K00170 porB Pyruvate ferredoxin oxidoreductase beta subunit 1.2.7.1 

K00172 porG Pyruvate ferredoxin oxidoreductase gamma subunit 1.2.7.1 

Dissimilatory Sulfate Reduction 

K00958 Sat ATP sulfate adenylyltransferase 2.7.7.4 

K00958 Sat Adenylylsulfate kinase 2.7.1.25 

K00394 AprA Adenylylsulfate reductase alpha subunit 1.8.99.2 

K00395 AprB Adenylylsulfate reductase beta subunit 1.8.99.2 

K11180 DsrA Dissimilatory sulfite reductase alpha subunit 1.8.99.3 

K11181 DsrB Dissimilatory sulfite reductase beta subunit 1.8.99.3 

K11179 DsrC Dissimilatory sulfite reductase gamma subunit 2.8.1.- 

K18500 DsrM Sulfite reduction-associated complex DsrMKJOP protein DsrM - 

K18501 DsrK Sulfite reduction-associated complex DsrMKJOP protein DsrK - 

- DsrJ Sulfite reduction-associated complex DsrMKJOP protein DsrJ - 

K00184 DsrO Sulfite reduction-associated complex DsrMKJOP protein DsrO - 

K00185 DsrP Sulfite reduction-associated complex DsrMKJOP protein DsrP - 

K16885 qmoA CoB--CoM quinone-modifying oxidoreductase subunit QmoA - 

K16886 qmoB quinone-modifying oxidoreductase subunit QmoB - 

K16887 qmoC quinone-modifying oxidoreductase subunit QmoC - 

Dissimilatory Nitrate Reduction 

K00370 NarG Respiratory nitrate reductase alpha chain 1.7.5.1 

K00371 NarH Respiratory nitrate reductase beta chain 1.7.5.1 

K00374 NarI Respiratory nitrate reductase gamma chain 1.7.5.1 

K02575 NarK Nitrate/nitrite transporter - 

Complex I (Nuo) 
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K00330 nuoA NADH ubiquinone oxidoreductase chain A 7.1.1.2 

K00331 nuoB NADH ubiquinone oxidoreductase chain B 7.1.1.2 

K00332 nuoC NADH ubiquinone oxidoreductase chain C 7.1.1.2 

K00333 nuoD NADH ubiquinone oxidoreductase chain D 7.1.1.2 

K00334 nuoE NADH ubiquinone oxidoreductase chain E 7.1.1.2 

K00335 nuoF NADH ubiquinone oxidoreductase chain F 7.1.1.2 

K00336 nuoG NADH ubiquinone oxidoreductase chain G 7.1.1.2 

K00337 nuoH NADH ubiquinone oxidoreductase chain H 7.1.1.2 

K00338 nuoI NADH ubiquinone oxidoreductase chain I 7.1.1.2 

K00339 nuoJ NADH ubiquinone oxidoreductase chain J 7.1.1.2 

K00340 nuoK NADH ubiquinone oxidoreductase chain K 7.1.1.2 

K00341 nuoL NADH ubiquinone oxidoreductase chain L 7.1.1.2 

K00342 nuoM NADH ubiquinone oxidoreductase chain M 7.1.1.2 

K00343 nuoN NADH ubiquinone oxidoreductase chain N 7.1.1.2 

Complex II (Succinate dehydrogenase) 

K00239 sdhA Succinate dehydrogenase flavoprotein subunit 1.3.5.1 

K00240 sdhB Succinate dehydrogenase iron-sulfur protein 1.3.5.1 

K00241 sdhC Succinate dehydrogenase cytochrome b-556 subunit 1.3.5.1 

K00242 sdhD succinate dehydrogenase anchor membrane subunit (putative) 1.3.5.1 

Complex III Cytochrome bc1  

k00411 petA Ubiquinol-cytochrome C reductase iron-sulfur subunit 1.10.2.2 

k00412 petB Ubiquinol-cytochrome c reductase cytochrome B subunit 1.10.2.2 

 

Complex IV Cytochrome c oxidase 

K02274 coxA Cytochrome c oxidase polypeptide I 1.9.3.1 

K02275 coxB Cytochrome c oxidase polypeptide II 1.9.3.1 

K02276 coxC Cytochrome c oxidase polypeptide III  1.9.3.1 

K02277 coxD Cytochrome c oxidase polypeptide IV 1.9.3.1 



 

 

216 

 

K02257 cox10 Heme O synthase protoheme IX farnesyltransferase 
EC 

2.5.1.- 

Complex V ATP Synthase 

K02108 ATPF0A ATP synthase F0 sector subunit a 3.6.3.14 

K02109 ATPF0B ATP synthase F0 sector subunit b 3.6.3.14 

K02110 ATPF0C ATP synthase F0 sector subunit c 3.6.3.14 

K02111 ATPF1A ATP synthase alpha chain 3.6.3.14 

K02112 ATPF1B ATP synthase beta chain 3.6.3.14 

K02113 ATPF1D ATP synthase delta chain 3.6.3.14 

K02115 ATPF1G ATP synthase gamma chain 3.6.3.14 

K02114 ATPF1E ATP synthase epsilon chain 3.6.3.14 

Other Proton Pumps 

K00937 ppk polyphosphate kinase 2.7.4.1 

K01524 ppa Pyrophosphate-energized proton pump 3.6.1.1 

RNF Complex 

K03617 rnfA Electron transport complex protein RnfA - 

K03616 rnfB Electron transport complex protein RnfB - 

K03615 rnfC Electron transport complex protein RnfC - 

K03614 rnfD Electron transport complex protein RnfD - 

K03613 rnfE Electron transport complex protein RnfE - 

K03612 rnfG Electron transport complex protein RnfG - 

Soluble Electron Transfer Complexes BcdA-EtfBC and Ldh-EtfAB 

k00248   Butyryl-CoA dehydrogenase 1.3.8.1 

K18928 lldE Predicted L-lactate dehydrogenase%2C Fe-S oxidoreductase subunit - 

K18929 lldF Predicted L-lactate dehydrogenase%2C Iron-sulfur cluster-binding subunit - 

K00782 lldG Predicted L-lactate dehydrogenase%2C hypothetical protein subunit - 

K03522 etfA Electron transferring flavoprotein alpha subunit - 

K03521 etfB Electron transferring flavoprotein beta subunit - 
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Supplementary Table S4.6 Haloclinimicrobia relative bacterial abundance in Suakin Deep in the three 

sampling sessions. 

Suakin Deep April 2016 

Fraction Depth (m) Salinity (g/L) Proportion (%) 

SuakinWaterA 2700.00 40.46 0.00 

SuakinWaterB 2700.00 40.46 0.00 

SuakinWaterC 2700.00 40.46 0.00 

SuakinN5F8 2770.61 41.01 0.08 

SuakinN5F9 2770.52 41.18 0.08 

SuakinN4F9 2770.65 41.35 0.07 

SuakinN5F7 2770.71 41.42 0.13 

SuakinN4F7 2770.84 41.71 0.15 

SuakinN5F6 2770.80 42.17 1.00 

SuakinN4F8 2770.74 44.77 0.11 

SuakinN4F6 2770.93 47.72 0.51 

SuakinN5F5 2770.89 47.95 0.48 

SuakinN4F5 2771.02 70.93 2.35 

SuakinN5F4 2770.98 75.17 0.76 

SuakinN5F3 2771.08 96.14 0.66 

SuakinN4F4 2771.11 96.85 1.45 

SuakinN7F9 2771.28 110.72 0.65 

SuakinN5F2 2771.17 116.74 2.22 

SuakinN4F3 2771.21 117.58 1.26 

SuakinN5F1 2771.26 122.60 1.20 

SuakinN4F2 2771.30 124.78 1.55 

SuakinN7F8 2771.37 125.37 0.68 

SuakinN7F7 2771.47 127.00 1.18 

SuakinN4F1 2771.39 127.49 2.23 
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SuakinN7F6 2771.56 129.33 0.43 

SuakinN7F5 2771.65 133.30 1.17 

SuakinN7F4 2771.74 135.79 0.75 

SuakinN7F3 2771.84 137.90 1.84 

SuakinN7F1 2772.02 139.33 0.84 

SuakinN7F2 2771.93 139.33 1.90 

SuakinBodyA 2780.00 151.42 10.94 

SuakinBodyB 2780.00 151.42 11.26 

SuakinBodyC 2780.00 151.42 10.35 

      
 

  

Suakin Deep August 2016 

Fraction Depth (m) Salinity (g/L) Proportion (%) 

SuakinWaterA 2700.00 40.58 0.00 

SuakinWaterB 2700.00 40.58 0.00 

SuakinWaterC 2700.00 40.58 0.01 

SuakinN9F9 2770.47 49.01 0.88 

SuakinN9F8 2770.56 49.25 0.72 

SuakinN9F7 2770.66 53.15 0.91 

SuakinN11F9 2770.52 58.04 0.31 

SuakinN11F8 2770.61 61.03 0.49 

SuakinN9F6 2770.75 64.34 0.45 

SuakinN11F7 2770.71 69.61 0.45 

SuakinN9F5 2770.84 74.12 0.34 

SuakinN11F6 2770.80 81.09 0.33 

SuakinN9F4 2770.93 84.74 1.79 

SuakinN12F5 2770.72 87.04 0.28 

SuakinN12F7 2770.54 87.04 0.41 

SuakinN12F6 2770.63 87.08 0.52 
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SuakinN12F8 2770.44 87.16 0.45 

SuakinN12F3 2770.91 87.24 0.41 

SuakinN12F4 2770.81 87.51 0.29 

SuakinN12F2 2771.00 87.70 0.37 

SuakinN11F5 2770.89 87.92 0.59 

SuakinN12F1 2771.09 88.20 0.54 

SuakinN11F4 2770.98 94.72 0.69 

SuakinN9F3 2771.03 94.73 0.26 

SuakinN11F3 2771.08 98.43 0.20 

SuakinN11F2 2771.17 99.53 0.58 

SuakinN9F2 2771.12 99.84 0.44 

SuakinN11F1 2771.26 100.14 0.26 

SuakinN9F1 2771.21 104.46 0.69 

SuakinBodyA 2781.00 150.98 9.97 

SuakinBodyB 2781.00 150.98 6.87 

SuakinBodyC 2781.00 150.98 5.44 
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Suakin Deep April 2017 

Fraction Depth (m) Salinity (g/L) Proportion (%) 

SuakinWaterA 2701.36 40.86 0.00 

SuakinWaterB 2701.36 40.86 0.00 

SuakinWaterC 2701.36 40.86 0.00 

SuakinN19F8 2770.42 47.69 0.86 

SuakinN18F9 2770.91 50.21 0.60 

SuakinN18F8 2771.00 51.35 0.51 

SuakinN19F6 2770.61 53.98 1.08 

SuakinN18F7 2771.10 54.40 0.65 

SuakinN18F6 2771.19 59.14 1.10 

SuakinN18F5 2771.28 66.31 1.92 

SuakinN19F4 2770.79 67.52 0.83 

SuakinN18F4 2771.37 81.66 2.03 

SuakinN19F2 2770.98 89.87 1.30 

SuakinN18F3 2771.47 91.94 3.43 

SuakinN18F2 2771.56 93.51 2.15 

SuakinN5F8 2771.61 93.56 0.53 

SuakinN18F1 2771.65 93.64 5.02 

SuakinN4F9 2771.63 108.43 0.84 

SuakinN4F8 2771.72 122.82 1.91 

SuakinN5F6 2771.80 125.32 0.63 

SuakinN4F7 2771.82 136.48 2.90 

SuakinN5F2 2772.17 141.40 1.75 

SuakinN5F4 2771.98 141.64 1.42 

SuakinN4F6 2771.91 141.66 3.66 

SuakinN4F5 2772.00 142.77 2.15 

SuakinN4F3 2772.19 143.23 2.39 
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SuakinN4F2 2772.28 143.29 2.37 

SuakinN4F4 2772.09 143.30 2.58 

SuakinN4F1 2772.37 143.37 2.02 

SuakinBodyA 2778.37 149.90 6.23 

SuakinBodyB 2778.37 149.90 11.14 

SuakinBodyC 2778.37 149.90 9.93 
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Supplementary Table S4.7 Haloclinimicrobia relative bacterial abundance in Port Sudan Deep in the three 

sampling sessions. 

Port Sudan Deep April 2016 

Fraction Depth (m) Salinity (g/L) Proportion (%) 

PortSudanWaterA 2400.00 40.29 0.00 

PortSudanWaterB 2400.00 40.29 0.00 

PortSudanWaterC 2400.00 40.29 0.00 

PortSudanN1F9 2519.88 57.36 0.26 

PortSudanN1F8 2519.97 63.57 0.42 

PortSudanN1F7 2520.07 73.31 0.86 

PortSudanN1F6 2520.16 80.76 1.89 

PortSudanN1F5 2520.25 83.99 0.88 

PortSudanN1F4 2520.34 86.57 0.75 

PortSudanN1F3 2520.44 87.57 0.82 

PortSudanN1F2 2520.53 88.42 0.80 

PortSudanN1F1 2520.62 88.56 0.79 

PortSudanN13F8 2520.54 104.02 3.93 

PortSudanN13F9 2520.45 104.13 2.05 

PortSudanN13F7 2520.64 104.65 1.27 

PortSudanN13F6 2520.73 110.53 4.10 

PortSudanN13F5 2520.82 118.29 6.17 

PortSudanN13F4 2520.91 125.93 7.71 

PortSudanN13F3 2521.01 127.25 8.02 

PortSudanN13F1 2521.19 127.68 7.03 

PortSudanN13F2 2521.10 127.81 4.01 

PortSudanN22F9 2521.30 128.95 14.22 

PortSudanN22F8 2521.39 130.43 5.79 

PortSudanN22F7 2521.49 133.29 11.01 
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PortSudanN22F6 2521.58 137.41 9.74 

PortSudanN22F5 2521.67 140.17 11.84 

PortSudanN22F4 2521.76 147.80 17.49 

PortSudanN22F3 2521.86 151.39 16.97 

PortSudanN22F2 2521.95 152.62 10.88 

PortSudanN22F1 2522.04 153.13 16.02 

PortSudanBodyA 2600.00 212.76 1.28 

PortSudanBodyB 2600.00 212.76 0.72 

PortSudanBodyC 2600.00 212.76 0.56 

   
 

 

Port Sudan Deep August 2016 

Fraction Depth (m) Salinity (g/L) Proportion (%) 

PortSudanWaterA 2400.45 40.77 0.00 

PortSudanWaterB 2400.45 40.77 0.00 

PortSudanWaterC 2400.45 40.77 0.00 

PortSudanN2F8 2519.55 88.59 0.33 

PortSudanN2F9 2519.45 88.61 0.78 

PortSudanN2F7 2519.64 88.73 0.39 

PortSudanN2F6 2519.73 91.00 0.76 

PortSudanN2F5 2519.82 95.75 0.81 

PortSudanN2F4 2519.92 97.33 0.42 

PortSudanN2F3 2520.01 100.55 0.68 

PortSudanN2F2 2520.10 110.62 1.74 

PortSudanN2F1 2520.19 112.66 3.30 

PortSudanN10F8 2520.82 134.43 4.97 

PortSudanN10F9 2520.73 134.54 3.10 

PortSudanN10F7 2520.91 134.95 5.91 

PortSudanN7F8 2521.22 135.57 3.25 
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PortSudanN7F9 2521.13 135.64 2.95 

PortSudanN7F7 2521.31 135.81 4.28 

PortSudanN10F6 2521.00 137.59 5.89 

PortSudanN7F6 2521.41 138.03 4.34 

PortSudanN10F5 2521.10 138.51 5.42 

PortSudanN7F5 2521.50 144.88 5.03 

PortSudanN10F4 2521.19 146.33 7.30 

PortSudanN7F4 2521.59 148.45 6.82 

PortSudanN7F3 2521.68 150.52 9.67 

PortSudanN7F2 2521.78 151.24 8.97 

PortSudanN7F1 2521.87 151.73 8.44 

PortSudanN10F1 2521.47 152.51 8.41 

PortSudanN10F3 2521.28 152.66 6.60 

PortSudanN10F2 2521.37 153.24 6.20 

PortSudanBodyA 2520.73 211.82 1.10 

PortSudanBodyB 2600.76 211.82 0.40 

PortSudanBodyC 2600.76 211.82 0.59 
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Port Sudan Deep April 2017 

Fraction Depth (m) Salinity (g/L) Proportion (%) 

PortSudanWaterA 2400.40 40.50 0.00 

PortSudanWaterB 2400.40 40.50 0.00 

PortSudanWaterC 2400.40 40.50 0.00 

PortSudanPreinterfaceB 2519.40 69.21 0.02 

PortSudanN3F8eF9 2519.45 70.56 0.77 

PortSudanPreInterfaceA 2519.49 71.91 0.05 

PortSudanN6F1eF2 2520.49 96.02 1.29 

PortSudanN8F8eF9 2521.32 124.84 6.48 

PortSudanN11F1eF2 2522.83 132.66 6.61 

PortSudanN13F8eF9 2523.30 159.17 15.97 

PortSudanN16F1eF2 2523.76 172.45 7.96 

PortSudanBodyA 2570.18 211.48 0.70 

PortSudanBodyB 2570.18 211.48 0.73 

PortSudanBodyC 2570.18 211.48 0.82 
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4.9.2 Supplementary Figures 

 

Supplementary Figure S4.1 Seawater-brine interface sampling strategy. In figure (A) is illustrated the 23-

niskins rosette sampler system equipped on the R/V Thuwal Research vessel used to sample the seawater-

brine interface. In (B) is reported as an example the profile of temperature and salinity measured by the 

Idronaut CTD equipped on the rosette during the cruise in April 2016. The green shade highlight the Suakin 

Deep seawater-brine interface characterized by the steep increasing in salinity inside which the 23 niskins 

where closed. The sketch in (C) shows the sampling strategy adopted to fraction the seawater-brine interface 

entrapped in each niskin in ten 1L bottles. (D) shows the overlapping between the salinity measured by CTD 

(black cross) and the salinity of each fraction measured on board by multiparameter detector (colored dot). 

The blue, red, and orange square represented the 3 niskins that successfully entrapped the seawater-brine 

interface. 

 

 



 

 

227 

 

 

ANI Threshold1: 65-95% species, <65% genera 

AAI Threshold1: 65-95% species, 45-65% genera, 45% different family 

1According with Konstantinidis et al. 2017 – ISME Journal 

 

Supplementary Figure S4.2 (A) Average Nucleotide Identity (ANI) and (B) Average Amino acid Identity 

(AAI) between the five MAGs assembled from the Suakin Deep seawater-brine interface. 
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Supplementary Figure S4.3 Haloclinimicrobia core genome. In (A) are represented the genes shared by all 

the five MAGs assembled from Saukin Deep. In (B) are reported the genes shared by the MAGs with 

completeness higher than 90%. In (C) are reported the total genes contained in each MAG. 
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Supplementary Figure S4.4 Haloclinimicrobia bacterial relative abundance in Suakin Deep and 

Nitrate/Sulfate concentrations. In (A) is represented the relative abundance of Haloclinimicrobia in the 

bacterial community associated to the Suakin Deep seawater-brine interface. In blue are reported the fractions 

sampled in April 2016, in red the fractions sampled in August 2016, in green the fractions sampled in April 

2017. In (B) are reported the concentration of Nitrate (purple) and Sulfate (orange) of the corresponding 

fractions. 
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Supplementary Figure S4.5 Haloclinimicrobia bacterial relative abundance in Port Sudan Deep and 

Nitrate/Sulfate concentrations. In (A) is represented the relative abundance of Haloclinimicrobia in the 

bacterial community associated to the Port Sudan Deep seawater-brine interface. In blue are reported the 

fractions sampled in April 2016, in red the fractions sampled in August 2016, in green the fractions sampled 

in April 2017. In (B) are reported the concentration of Nitrate (purple) and Sulfate (orange) of the 

corresponding fractions. 
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5.1 Abstract 

Temperature is one of the main drivers that affects the composition of bacterial 

communities in many environments. The effect of temperature on the diversity and 

distribution of marine microbial communities has been investigated on a worldwide scale, 

while few data are available on the constrains induced by temperature on the bacterial 

communities associated to coastal marine sediments, where the dispersal capacity is 

limited. In this work, I sampled the bacterial communities associated to three marine 

sediments at three different depths, exposed to three different thermal variation regimes 

along the seasons. Shallow sediments (3 m depth) are exposed to a high thermal variation 

regime (HTV, 21.6-34.4°C), intermediate sediments (25 m) are exposed to an 

intermediated regime (ITV, 24-32.8°C), deep sediments (50 m) are exposed to a lower 

thermal variation regime (LTV, 24-30.7°C). We evaluated the thermal response capacity 

of the communities associated to these sediments, their growth, physiology, enzymatic 

activity and the shift in the community compositions in the cold and in the warm seasons. 

Results showed a more adaptability of the HTV communities to wider temperature 

variations. The capacity to respond to wider temperature variations was linked to the 

presence of more bacteria specialized to cope with high temperature and of enzymes with 

a higher temperature optimum. The variability that we observed in sediments at just few 

meters of distance, exposed to a mild gradient of temperature variations along the year, 

reflected the differences observed at a larger scale in marine sediments from the cold Irish 

Sea to the warm Red Sea. These results highlight the important effects of temperature on 

microbial communities at local scale. 
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5.2 Introduction 

Temperature influences the ecology and physiology of all organisms (Márquez et al., 2007; 

Portner, 2010). It drives the structure of the global ocean microbiome, explaining up to 

60% of the entire microbial diversity and distribution (Sunagawa et al., 2015), as well as 

for microbiomes in freshwater, soil and sediment (Fuhrman et al., 2015; Prober et al., 2015; 

Bunse and Pinhassi, 2017). It finely regulates symbiotic microbial communities associated 

with animal and plant hosts (Gilbert et al., 2010). For example, shifts in coral prokaryotic 

communities are linked to the frequency of heat stress events that can change corals 

resilience and favour bleaching events, indicating that the host-symbiont interaction is 

temperature-sensitive (Ziegler et al., 2017). 

Understanding how temperature governs microbial communities and their functionality is 

important in order to predict future ecological patterns under climate change (Thuiller, 

2007). Predictions are usually based on large spatial scale studies and averaged 

temperatures as predictor for biological changes (Bates et al., 2018), overlooking the effect 

of thermal heterogeneity in time and space especially for organisms living in variable 

habitats such as coastal areas, deserts or thermal vents (Rodwell and Hoskins, 1996; 

Helmuth et al., 2006; Bates et al., 2010; Martiny et al., 2011; Makhalanyane et al., 2015). 

In these habitats, organisms respond to temperature shifts in short time ranges (in the order 

of weeks, hours or minutes) that can be recorded in detail with the available temperature 

monitoring technologies (Lima et al., 2011). 

Temperature is linked to climatic and environmental variables including, seasons, 

geomorphology, tidal and wind currents, precipitations and sun irradiations, among many 

others (Bates et al., 2018). Although the driving effect of temperature on biological 
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processes is generally recognized, there is still a lack of information on how the variability 

drives the community assembly, physiology and processes (Bunse and Pinhassi, 2017; 

Antiqueira et al., 2018; Chang et al., 2018; Delgado-Baquerizo et al., 2018). For instance, 

the thermal stress induced by large seasonal shifts has been shown to influence symbiotic 

systems, such as the one in sponge microbiota (Erwin et al., 2012). More in details, the 

presence of rare symbionts (i.e. Ircinia spp.) occurred most prominently in warmer seasons, 

along the elevated thermal regimes. Also, by lowering (winter season) or increasing 

(summer season) temperature in top-soil, seawater and ice-covered lakes, massive bloom 

formations occurs in bacterioplankton, phytoplankton, zooplankton, protists, 

cyanobacterial, algae, microalgae and dinoflagellate (Díaz et al., 2013; Garcia-Pichel et 

al., 2013; Bižić-Ionescu et al., 2014; El-Swais et al., 2015). 

Enzyme machinery activity of ectotherms has been reported as a marker of seasonal 

thermal shifts. It has been shown that the thermal seasonal variations (from 0 to 21ºC), over 

a full year cycle, affects the activity of enzymes involved in polymer degradation in 

freshwater environments with higher chitin degradation rates in the summer months (Beier 

and Bertilsson, 2013). Although warming affects microbial populations and determines 

metabolism changes, including physiological adjustment to the new temperature (Portner 

and Farrell, 2008), the understanding of enzymatic responses to local and biogeographical 

thermal patterns is particularly weak. Indeed, it is far to be fully understood how the 

enzymatic activity can explain the thermal response of organisms to temperature variations 

(Somero, 2010; Bižić-Ionescu et al., 2014). 

In this study, we investigated the thermal response of microbial enzymatic activity, 

physiology, growth, and composition of microbial communities exposed to different 
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thermal regimes. We hypothesized that bacterial communities respond to the local seasonal 

thermal variations, with higher plasticity linked to higher thermal variations. We tested this 

hypothesis in the sediment bacterial communities of the neritic area of the Red Sea coast 

in the warm and cold seasons exposed to three different regimes: high thermal variation 

(HTV) in sediment collected in shallow water at 3 meters depth, intermediate thermal 

variation (ITV) in sediment collected at 25 meters depth and low thermal variation (LTV) 

in sediments collected at 50 meters depth. We examined the diversity of the bacteria 

associated to the sediments, identifying their thermal preferences, the thermal-niche 

optimum and breadths and the properties of their enzymes, and we extended the 

investigation of the thermal enzymatic response of microbial communities resident in the 

sediments along fourteen marine locations with different thermal regimes, from the Irish 

Sea, across the Mediterranean Sea, to the Red Sea. 

 

5.3 Material and Methods 

5.3.1 Environmental description and sediment collection 

Using HOBO data-loggers (Onset, USA), the temperatures of the sediment surface were 

recorded from March 2015 to September 2016 in 9 stations. Location, depth and 

temperature fluctuation of studied sediments are resumed in Supplementary Figure S5.1 

and Supplementary Table S5.1. Three different thermal regimes were identified 

(Supplementary Figure S5.2): ‘high temperature variation’ sediments at 2.6-3.7 m depth 

(hereafter HTV), ‘intermediate temperature variation’ sediments at 25.3-25.6 m depth 

(hereafter ITV) and ‘low temperature variation’ sediments at 51.8-54.4 m depth (hereafter 

LTV). From each station, 200 g of surface sediments (0-5 cm) were sampled in triplicates 
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in August and December 2015 with a Van der Venn grab (1 dm3 volume) equipped with 

CTD (Conductivity, Temperature, Depth) device on the R/V Thuwal (KAUST). During 

the sampling, temperatures of sediments and water-layer covering the sediments were 

measured using a digital thermometer and the CTD, respectively (Supplementary Table 

S5.2). The sampling has been conducted in agreement and in compliance of the guidelines 

specified by KAUST University and Saudi Arabian Authorities. 

 

5.3.2 Processing of sediments for cultivation-independent and -dependent analysis of 

bacterial communities 

From each biological replicate, subsamples of sediments (n=54, ~10 g) were immediately 

stored at -20°C for molecular analysis. Separately, 25 ± 1 g of sediment was transferred in 

50 ml tubes and supplemented with 30 ml of filtered Red Sea water. The tubes were 

shacked at 500 rpm for 1 hour and then centrifuged at 300 g for 15 min in order to detach 

the microbial cells present in the sediments without affecting their vitality (Riis et al., 1998; 

dos Santos Furtado and Casper, 2000). The supernatant containing the extracted cells was 

collected in sterile tubes: 5 ml were immediately used for bacterial cultivation; the 

remaining part (~25 ml) was filtered by 0.2 μm polyethersulfone (PES) membrane filters 

(Mapelli et al., 2013) and stored at 

-20 °C for molecular analysis. 
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5.3.3 Total DNA extraction, Illumina sequencing and metaphylogenomic analysis of 

16S rRNA 

Total DNA was extracted from 0.4 ± 0.1 g of sediment using a PowerSoil© DNA Isolation 

Kit (MoBio Inc., CA, USA). Total DNA was also obtained from the filter entrapping the 

microbial cells extracted from sediments following the protocol described by Mapelli and 

collaborators (Mapelli et al., 2013). PCR amplification of the V3-V4 hypervariable regions 

of the 16S rRNA gene was performed on both DNA (sediments and sediment-extracts) 

using the universal primers 341F and 785R as described by Klindworth et al., (2013). 

Libraries were constructed with the illumina 96 Nextera XT Index Kit, following the 

manufacturer’s instructions. The pair-end sequencing were performed with the MiSeq 

illumina platform at the Bioscience Core Lab (BCL), at King Abdullah University of 

Science and Technology (KAUST). The obtained reads were deposited in the NCBI 

database (SRP accession numbers PRJNA508596). Raw forward and reverse reads were 

assembled into paired-end reads for each sample (minimum overlap = 50 nucleotides, 

maximum mismatch within the region = 1) using the fastq-join algorithm and analysed 

using UPARSE v8 and QIIME v1.9 software (Caporaso et al., 2010). The final reads were 

clustered as OTUs considering 97% sequence distance similarity. A total of 5,572,442 

(average length of 405 bases) sequences and 19,587 OTUs were finally obtained 

(Supplementary Table S5.3). Only samples with a suitable sequencing depth and diversity 

(Good’s coverage values >88%) were used for the further analysis (Supplementary Table 

S5.3). Compositional similarity matrices (Bray-Curtis of the log-transformed OTUs table) 

were calculated with Primer 6 (Anderson et al., 2008). Using the same software, canonical 

analysis of principal coordinates (CAP) was performed on the compositional matrices 
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considering the thermal regime (levels: HTV, ITV and LTV) as constrained ordination 

variable (Anderson and Willis, 2003). 

To examine whether the bacterial communities associated with the different sediments 

(HTV, ITV and LTV) contained members with different thermal preferences, the thermal-

niche optimum and breadths of each OTU was calculated as described in Fodelianakis et 

al., (2017). For each OTU, the OTU’s relative abundance along the temperature gradient 

was used to calculate xmax (T°C in which OTU had the highest relative abundance among 

all the samples), ymax (maximum relative abundance of an OTU) and ds (breadth from 

xmax indicate how tolerant an OTU is to changes in thermal niche). High ymax values 

combined with small ds values (<1) indicate specialist OTUs (Fodelianakis et al., 2017), 

while high ds suggest generalist OTUs. Classification of thermal-niches was reported in 

Supplementary Figure S5.3A. 

Co-occurrence relationships among bacteria were analysed for each thermal environment 

identified (HTV, ITV and LTV) using the CoNet plugin of Cytoscape 3.5.1 and the most 

important statistical network descriptors were calculated and the graphical networks 

visualized in Gephi 0.9.2 as described in Marasco et al., (2018). Nodes were classified on 

the base of the thermal-niche optimum determined. Hubs (nodes within the top 5% of 

degree) and keystone species (top 1%) in the bacterial network were identified for each 

thermal environment (modify from Agler et al., 2016). 

 

5.3.4 Evaluation of sediment-bacteria growth at different temperature 

The growth rate of the bacterial cells extracted from the three thermal environments (HTV, 

ITV and LTV) was evaluated at 10, 20, 30, 40 and 50 °C using as cultivation medium 
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Marine Broth (Zobell Marine Broth 2216) supplemented with 0.1 g/L of Cycloheximide. 

96 wells plates were inoculated with 200 µl of cultivation medium and 25 µl of 

supernatants extracted from sediments. The three biological replicates from each station of 

the different thermal environments were inoculated in 8 wells, establishing a total of 72 

replicates for each plate with 24 wells used as negative control inoculated with water. A 

total of three plates for each temperature of incubation were assembled in August and 

December 2015. The plates were spectrophotometrically measured at intervals of three 

hours using the optical density at 600 nm (Spectramax® M5) for 72 h. Wells with optical 

density < 0.15 have been considered ‘not growth’ at a given temperature. The growth 

(expressed as OD600) was normalizing considering the OD600 of the initial inoculum done. 

The growth rate (change in the number of cells in a culture per unit time) has been 

calculated as described in Yung et al., (2015). Generalized additive models (GAM; (Wood, 

2006)) were used to evaluate the effect of temperature, depth and the seasonality on the 

continue response variable related to bacterial growth and growth rate. 

 

5.3.5 Extraction, activity and thermal denaturation of the total sediment microbial 

protein 

The collected sediments were subjected to protein isolation by using the microbial 

detachment procedure (Yoon and Rosson, 1974), with some modifications. In an ice water 

bath, 100 ± 5 g of sediments were mixed with 300 ml of sterilized saline solution (35 g/l 

NaCl and 5 mM sodium pyrophosphate) with 150 mg/L of Tween 80. After re-suspension, 

the samples were sonicated in a water bath on ice for 120 mins at 60 W with the Bandelin 

ultra-sonicator (SONOREX, Berlin, Germany). This procedure was repeated two times, 
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with an ice water bath incubation of 60 min between each cycle. To remove the sediment 

material the samples were centrifuged at 500 g at 4ºC, for 15 min. The supernatants were 

transferred to a new tube, with care to minimize disruption of the sediments, and the 

resulting supernatants centrifuged at 13,000 g for 15 min at 4ºC to pellet the microbial 

cells. The resulting bacterial pellet was used to extract the total protein by shaking (250 

rpm) the cells for 30 min mixed with 1.2 mL BugBuster® Protein Extraction Reagent 

(Novagen, Germany). Samples were then disrupted by sonication on ice using a pin 

Sonicator® 3000 (Misonix, USA) for a total of 2 min, at 10 W with a series of 4 cycles (30 

sec each, with 1.0 min ice-cooling break in between). The extracts were centrifuged for 10 

min at 12,000 g to separate cellular debris and intact cells at 4ºC. The supernatants were 

then carefully aspirated without disturbing the pellet, transferred to new tubes, and stored 

at -80°C until use. Protein solution with a molecular weight (MW) cut off of 3,000 Da was 

filtered at 15ºC for 7 hours using Vivaspin filters (Sartorius, Germany) to concentrate 

proteins until a final concentration of 1 mg/ml, according to the Bradford Protein Assay 

(Bio-Rad) describe by Bradford, 2013). The total amount of proteins extracted per each 

100 ± 5 g of sediment is given in Supplementary Table S5.4. Proteins obtained by this 

protocol were directly tested for esterase hydrolytic activity using the ester p-nitrophenyl 

propionate (p-NPC3) as previously described (Alcaide et al., 2015). Briefly, at each of the 

different temperatures, assay reactions were conducted in 96 wells-plate by adding 10 µl 

of protein stock solution (1 mg/ml) to an assay mixture solution made of 2 µl of ester stock 

solution (100 mM in acetone) and 198 µl of Tris-HCl buffer (50 mM,  pH 8.0). The final 

volume of the assay was 200 µl, while the final substrate and protein concentrations were 

respectively 0.5mM and 5 µg/ml. All measurements were performed in triplicates after 30 
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min in a microplate reader (Synergy HT Multi-Mode Microplate Reader, BioTek). One 

unit (U) of enzyme activity was defined as the amount of enzyme required to transform 1 

µmol of substrate in 1 min under the assay conditions. All the values were corrected for 

non-enzymatic transformation (background rate). Circular dichroism spectra (CD) were 

acquired at 220 nm, in triplicates, with a Jasco J-720 spectropolarimeter equipped with a 

Peltier temperature controller (range from 4 to 95ºC), employing a 0.1 cm-path cell. The 

protein concentration was determined spectrophotometrically according to the Bradford 

Protein Assay (Bio-Rad; (Bradford, 2013)). Protein solutions (2 mg/ml) were prepared in 

50 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer pH 7.0. 

Spectra were analysed (Pace and Schmid, 1997; Pace and Scholtz, 1997) and denaturation 

temperatures were determined as the temperatures at which structural changes make up 

50% of the total ellipticity changes in the temperature phase diagram when monitored at 

220 nm. Note that due to the high protein amount required for CD analyses, all HTV, ITV 

and LTV sub-samples were mixed and concentrated to a final concentration of 1 mg/ml for 

each sampling time (August and December). Proteins were analysed using coomassie-

stained 2D SDS-PAGE performed on 12 % (v/v) acrylamide gels as described by Kube 

and collaborators (Kube et al., 2013); gel results in Supplementary Figure S5.4. A 

generalized additive model (GAM) has been performed to analyse the protein activity and 

the esterase circular dichroism (our response variables) at each temperature as continuous 

explanatory variable, the hot and cold seasons (respectively August and December) and the 

three different thermal regimes (HTV, LTV, ITV) as our categorical explanatory variables. 
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5.3.6 Sediment Redox profile and net fluxes 

In each sampling session, redox microprofiles and O2 fluxes were measured for all the 

sediments, starting from the seawater-sediment interface to an average depth of 2 cm below 

the sediment surface, using the Unisense Field Microprofiling system (Aarhus, Denmark). 

In each sampling event, four sediment cores per sampling depth were collected. The size 

of the sampling cores was 10 cm height and 5 cm in diameter. Each sampling core consists 

at least of 6 cm of undisturbed sediment. 

The samples were immediately transported to the laboratory where the microprofile 

analysis started within 3 hours. One core for each sediment depth, representing the in-situ 

O2 and redox profiles was analysed immediately after the sampling, while the other cores 

were incubated at 20°C, 30°C, 40°C for 72h before performing the microprofile measures. 

Oxygen microsensors with a tip diameter of 200 µm, were calibrated at oxygen partial 

pressures of 0 and 21 kPa in sterile water. Redox measurements were performed using 

Redox microelectrodes with a tip diameter of a 200 µm. The redox sensors were calibrated 

using two 10 mg/ml quinidrone solutions buffered respectively at pH 4 and pH 7. The 

measures of the electrode potential in the sediments were performed against the Ag-AgCl 

reference electrode provided by Unisense (Aarhus, Denmark). A manual micromanipulator 

(Märzhäuser, Wetzlar, Germany), was used to positioning the microsensors and the sensors 

tip position was visually controlled by a horizontally USB mounted stereomicroscope 

(Veho VMS-004). The oxygen and redox microprofiling measurements were started 10 

mins after the setting of the sensors and lasted approximately 2 hours per each sediment 

core. After all the profiling measurements, the surface sediment position was adjusted 

using the Sensor Trace Suite Software v 2.7.100 (Unisense, Denmark). 
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The Oxygen profiles were used to analyse the net oxygen fluxes in each of the experimental 

treatment previously using the ‘Activity’ routine in the microprofile application in Sensor 

Trace Suite v2.7.100 (Unisense, Denmark). Porosity was calculated to retrieve the correct 

oxygen fluxes. Porosity was determined by the calculation of the void space occupied by 

water in the sediment. The sediment dry weight was subtracted to the sediment wet weight 

and adjusted for the sediment density. Net fluxes were compared using a two-way ANOVA 

considering as explanatory variable the season (August and December) and the three 

different thermal regimes (HTV, ITV, LTV). 

Differences in Redox profiles were tested by general additive model considering the same 

explanatory variable adopted for the oxygen net fluxes experimental design above. 

 

5.3.7 Sampling and analysis of sediments across a wide geographical range 

Fourteen sediments were additionally sampled along the coastlines of the Irish Sea, 

Mediterranean Sea and Red Sea (from 16 to 53 ºN). Location details and temperature 

fluctuation of studied sediments are resumed in Supplementary Table S5.5 and visualized 

in a map (Supplementary Figure S5.5). Sediments (5 kg) were collected in triplicates and 

total proteins extracted. The 2-DE (12% acrylamide) gels are reported in Supplementary 

Figure S5.6. 

 

5.4 Results 

5.4.1 Red Sea thermal environments 

The Red Sea is one of the warmest basin on Earth, characterized by a marked sea surface 

temperature seasonality ranging from 21.6 (in February) to 34.4°C (August) along the year 
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(D E Raitsos et al., 2013; Chaidez et al., 2017). In the stations selected for this study 

(Supplementary Figure S5.1 and Supplementary Table S5.1) the temperature variations 

along the year determined three significantly different thermal-niches (F2,98886=8220, 

p<0.0001; Figure 5.1A and 5.1B), in which the sediments were exposed to (i) high 

temperature variation (HTV, T range: 21.6-34.4°C; T average: 29.3°C), (ii) intermedium 

temperature variation (ITV, T range: 24-32.8°C; T average: 28.2°C) and (iii) low 

temperature variation (LTV, T range: 24-30.7°C; T average: 26.8°C). HTV sediments were 

experiencing the widest range of temperatures and were exposed for 45% of the time to 

temperature higher than 31°C, while in the ITV and LTV sediments, the temperature was 

for 43% and 13% between 28 and 31°C and for 45% and 87% of the time below 28°C, 

respectively (Figure 5.1C and Supplementary Table S5.1). Notably, the LTV sediments 

never experienced high temperature (>31°C), while ITV ones encountered such 

temperatures only for 12% of the year (Figure 5.1C and Supplementary Table S5.1). As 

representative of the three thermal regimes, sediments were collected from the selected 

stations in August and December 2015 (Supplementary Table S5.2; Supplementary Figure 

S5.2B and C, respectively). 
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Figure 5.1 Temperature Range in Red Sea coastal sediments. (A) Temperature experienced by ‘shallow’ (~3 

m), ‘intermediate’ (~25 m) and ‘deep’ (~55 m) surface sediments (0-5 cm) exposed to ‘high thermal 

variation’ (HTV), ‘intermediate thermal variation’ (ITV) and ‘low thermal variation’ (LTV), respectively, 

along the year. Temperature values are reported as average of the measures obtained from the three stations 

belonging to each thermal environment (red: HTV; blue: ITV; black; LTV). The black arrows indicate the 

sampling sessions. (B) Yearly thermal variation experienced by the sediment of the three stations. (C) 

Frequency distribution of temperature measurements retrieved during the year. Values are expressed in 

percentage. 

 

5.4.2 Temperature in Red Sea sediments drove bacterial community diversity 

A total of 16,302 bacterial 16S rRNA gene unique operational taxonomic units (OTUs) 

were identified globally in the sediments (Supplementary Table S5.3). Distinct bacterial 

communities inhabited the three different thermal niches (PERMANOVA, F2,51=6.15, 

p=0.001; Figure 5.2A; multiple comparison tests in Supplementary Table S5.6; cross 

validation thermal-niches in Supplementary Table S5.7), consistently in the two sampling 

seasons (August and December; Supplementary Figure S5.7). Such variation was 

explained for 35% by temperature. 

All the bacterial communities were dominated by Gammaproteobacteria (LTV: 23%, ITV: 

24% and HTV: 38%) and Deltaproteobacteria (LTV: 29%, ITV: 36% and HTV: 24%), 



 

 

246 

 

with the remaining portion of the communities composed by 144 classes, equally 

distributed among LTV, ITV and HTV (F2,439=0.02, p=0.98). Analysis of bacteria 

taxonomy at lower levels revealed significant differences among the three classes of 

sediments. For instance, Pseudoalteromonadaceae and Thiotrichaceae families had higher 

abundance in the HTV sediments, while Syntrophobacteraceae and Desulfobulbaceae in 

the ITV and Piscirickettsiaceae and Dehalococcoidaceae in the LTV sediments. 

Thermal preferences of OTUs were also analysed. Generalist OTUs (ds>1) were the most 

abundant (8,025) and constantly present across the entire temperature range (Figure 5.2B 

Table 5.1). They accounted 84% of the total relative abundance, showing a similar 

distribution across the different classes of sediments (LTV: 75%, ITV: 94% and HTV: 

82%; Figure 5.2C). On the contrary, specialist OTUs accounted for a lower percentage in 

the communities, with LT-specialists (optimum at T<28°C), HT-specialists (T>31°C) and 

IT-specialists (28<T>31°C) reaching 11.8%, 4.4% and 0.3% of relative abundance, 

respectively (Table 5.1 and Supplementary Figure S5.3A). As expected, these specialist 

OTUs were differently proportionated in the three thermal niches of sediments (Figure 

5.2C) and characterized by different phylogenetic affiliations (Supplementary Figure 

S5.3B). HTV contained a total of 11,441 bacterial OTUs, 13% were HT-specialist and 4% 

were LT-specialist with a ~3.2 HT/LT ratio. Sediments from LTV thermal-niche contained 

a total of 13,372 bacterial OTUs, among them, thermal specialists were dominated by LT-

specialist OTUs accounting 25% of the communities; no HT-specific OTUs and only 0.1% 

of IT specialists were found in LTV sediments (Figure 5.2C). Such differences were 

attenuated in ITV sediments where dominance of generalist OTUs (94% of 11,639 total 

OTUs) leaves a limited space to the specialist ones (LT=4.3%, IT=0.7% and HT=0.5%; 
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Figure 5.2C). The niche parameters (ds and xmax) of the generalist and specialist OTUs 

were also different among the sediments (Welch F tests, p<0.0001 for all comparisons see 

Supplementary Table S5.8), with the most profound differences being found among the 

specialist taxa of the different sediments collected in August (Table 5.1 and Figure 5.2D). 

For example, communities from the HTV sediments contained bacteria with little tolerance 

for low temperature (i.e., < 28°C) and with a strong preference for high-temperature (red 

line in Figure 5.2D). On the contrary, the ITV and LTV communities contained bacteria 

with higher tolerance for low temperature and with less strong preference for high 

temperature (Figure 5.2D). 

 

 

Figure 5.2 Bacterial communities in Red Sea sediments experiencing different thermal fluctuations. (A) 

Principal coordinate analysis (PCoA) of bacterial communities associated with the three thermal classes of 

sediments (HTV, ITV and LTV) collected in August and December 2015. (B) Acclimation of the bacterial 

communities OTUs along the thermal gradient of sediments. Generalistic and LT-, IT- or HT-specialist OTUs 

were detected. Their xmax (T in which they had higher relative abundance) and ymax (maximum relative 

abundance) were plotted. (C) Relative abundance of generalistic and LT-, IT- or HT-specialist OTUs in the 

three classes of sediments. (D) Normal distribution plots of the niche parameters, xmax, ymax and ds for 

December (dashed lines) and August (solid lines) adapted bacterial operational taxonomic units (OTUs) from 
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thermal niche of origin (LTV, ITV and HTV sediments). The mean of each distribution was set to equal the 

average niche optimum, which is the average temperature of the sample where the maximum relative 

abundance of the OTUs composing the fraction was observed (xmax). The standard deviation was set to 

equal the average ds defined for each community. The height (on the y-axis) of each distribution was set to 

equal the average maximum relative abundance of the OTUs composing the sediment (ymax). 
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Table 5.1 The number of OTUs, mean niche optima (xmax) and breadths (ds) for the generalist and specialist 

(LT-, IT- and HT-) community fractions of each sediment class (LTV, ITV and HTV) sampled in August and 

December. Values are expressed as mean ± standard deviation. 

Niche parameters  
August 

 
 

 
December 

 
LTV  ITV HTV  LTV  ITV HTV 

Generalist 

OTUs 3181 ± 377 3859 ± 569 3675 ± 1267  5352 ± 265 5792 ± 301 5494 ± 128 

ds 2.15 ± 0.02 2.08 ± 0.03 2.28 ± 0.01  2.12 ± 0.02 2.1 ± 0.01 2.17 ± 0.01 

xmax 27.18 ± 0.02 27.28 ± 0.01 27.27 ± 0.04  27.15 ± 0.01 27.26 ± 0.01 27.21 ± 0.02 

LT-

specialist 

OTUs 1342 ± 168 219 ± 33 166 ± 55  3081 ± 0 1794 ± 198 1755 ± 12 

ds 0.43 ± 0.001 0.55 ± 0.01 0.51 ± 0.02  0.43 ± 0.03 0.48 ± 0.08 0.41 ± 0.01 

xmax 26.97 ± 0.02 27.03 ± 0.02 27 ± 0.01  26.91 ± 0.06 26.98 ± 0.01 26.93 ± 0.03 

IT-

specialist 

OTUs 30 ± 10 15 ± 4 8 ± 5  98 ± 8 173 ± 86 106 ± 0 

ds 0.55 ± 0.03 0.48 ± 0.04 0.56 ± 0.06  0.57 ± 0.05 0.49 ± 0.01 0.52 ± 0 

xmax 28.1 ± 0 28.95 ± 0.17 28.23 ± 0.22  28.1 ± 0 28.12 ± 0.03 28.1 ± 0 

HT-

specialist 

OTUs 7 ± 5 7 ± 4 18 ± 2  2 ± 1 2 ± 1 1 ± 1 

ds 0.63 ± 0.25 0.69 ± 0.18 0.35 ± 0.04  0.25 ± 0.23 0.26 ± 0.23 0.15 ± 0.27 

xmax 33.11 ± 0.08 33.11 ± 0.05 33.09 ± 0.01  33.08 ± 0.08 33.09 ± 0.06 33.12 ± 0.03 

 

The differences in the niche parameters of the bacterial OTUs among the sites were 

accompanied by different structural and functional community responses according to the 

thermal-niche of origin. Network analysis revealed a significant difference among the 

season and the thermal niche the sediment was exposed, (Table 5.2 and Supplementary 

Figure S5.8). While HTV and LTV are similar in number of nodes included in the network, 

in ITV there was an important effect of the season, strongly increasing the number of nodes 
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in December and lowering them in August (Table 5.2 and Supplementary Figure S5.9). 

Positive interactions were consistently higher in warm season than in cold season as well 

as clustering coefficient and network density while, the opposite is recorded in network 

heterogeneity (Supplementary Figure S5.9). Seasons and thermal niches control the 

connectedness and centrality of nodes in bacterial networks (Figure 5.3A-F). In particular, 

the degree of connection change significantly among seasons and thermal niches (GLM, 

c22,2943=10.21, p<0.0001) with higher degree of connectivity in the ITV at both seasons 

(Figure 5.3A and B). Same significant interaction was detected for the positive interaction 

among nodes (GLM, c22,2943=428,38, p<0.0001) but an opposite trend was measured: warm 

season showed a higher positive degree in the ITV compare to the others, to be the lowest 

in the colder season (Supplementary Figure S5.9E). We also found a significant interaction 

of season and thermal niche in the centrality (closeness and betweenness) of bacterial 

network OTUs (GLM, c22,2943=2.95, p<0.024 and GLM, c22,2943=1.02, p=0.017, 

respectively) with higher closeness centrality record at ITV in both season while a lower 

one considering the betweenness centrality (Figure 5.3C-F). 

Moreover, in the networks, the strength of the correlations between network connectedness 

and the betweenness centrality changed according with the season (Figure 5.3G and H). In 

August all the three thermal niches significantly increased positively (ANCOVA, 

F1,1311=5.68; p<0.001). Conversely, in December such relationship significantly changed 

according with the thermal niche (ANCOVA, F2,1502=10.024; p<0.001). Specifically, in 

LTV the betweenness increased significantly with the connectedness, while the opposite 

was recorded for HTV (Figure 5.3H). ITV betweenness instead did not change with the 

connectedness. 
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Table 5.2 Network topological parameters for each season (August and December) at each sediment thermal 

niche (LTV, ITV and HTV). 

Depth 
August  December 

LTV ITV HTV  LTV ITV HTV 

Clustering coefficient 0.279 0.252 0.291  0.146 0.155 0.238 

N. nodes 926 794 1194  1098 1721 1148 

Density 0.006 0.011 0.003  0.003 0.003 0.003 

Heterogeneity 1.723 1.599 1.662  1.85 3.942 1.374 

Average Neighbors 5.62 9.055 4.025  3.341 4.33 3.686 

Average Path Length 5.392 3.419 6.12  5.092 3.599 6.459 

Total Interactions 2602 3595 2403  1834 3726 2116 

Positive interactions 2014 1941 1913  1078 1588 1791 

Negative interactions 588 1654 490  756 2138 325 
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Figure 5.3 Bacterial community’s co-occurrence networks in Red Sea sediments over thermal variations. (A 

and B) Connectedness (degree), (C and D) closeness and (E and F) betweenness centrality of bacterial 

networks in HTV, ITV and LTV sediments from August and December 2015. Black dots in violin plots 

represent median, top and bottom of violins represent first and third quartiles; dots represent single 

observation relative to each sediment’ network. (G and H) Relationship between network log-normalized 

connectedness and node-normalized betweenness centrality in the two sampling seasons (August and 

December, respectively). 

 

5.4.3 Response of bacterial metabolism to temperature changes 

Sediment yearly exposed to the three different thermal-regimes determined different 

thermal-optimum of bacterial growth (i.e. optical-density and growth rate). Different 

patterns of response to temperature variation were detected in the cultivable fraction of 

bacterial communities extracted from the sediments. We detected a significant effect of 

temperature, thermal regime and season (GAM, F1,62=167.2, p<0.0001; F2,61=6.51, 

p<0.005; F1,62=4.53, p<0.05) with HTV sediment exhibiting a better growth performance 

at higher temperature in August and reducing it in December (Supplementary Figure 
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S5.10). Similar significant patters have been detected for growth rate (GAM, F1,41=30, 

p<0.0001; F2,40=4.51, p<0. 05; F1,41=4.04, p<0.05 for temperature, thermal regime and 

season, respectively; Figure 5.4A and B). 

The esterase activity of protein extracts isolated from each of the samples was used as a 

proxy of the overall activity of the community (Ferrer et al., 2016). By using p-NPC3, 

which is one of the most common chromogenic substrates to assay esterase activity (Ferrer 

et al., 2016), we observed significant differences in the variation of enzyme activity with 

temperature in both August and December at the three different depths (GAM; F1,95=86.66, 

p<0.0001; F2,93=2.63, p<0.05; F1,95=3.04, p<0.05 respectively; Figure 5.4C and D). In 

August, while all enzymes showed optimal activity at about 45-50ºC, the activity of the 

proteins from LTV and ITV sediments significantly drop above 50ºC. However, high level 

of the activity (>80% of the maximum) in the HTV sediments was extended up to 60°C 

(Figure 5.4C). Note that the protein extracts showed maximal activity at temperatures much 

higher than the temperature at the sampling sites (Supplementary Table 5.2) and the 

temperature for optimal growth (Figure 5.4A), as previously observed in marine 

environments (Kube et al., 2013). The optimal temperature of activity suggested that 

enzymes from HTV sediments retained high level of activity and stability at higher 

temperatures than ITV and LTV. Denaturing temperatures measured by circular dichroism 

show the significant effect of temperature, depth and season (GAM; F1,1097=918.8, 

p<0.0001; F2,1096=110.45, p<0.0001; F1,1097=11.53, p<0.001, respectively; Figure 5.4E) 

confirming the higher stability of proteins isolated from HTV sediments (68.6±0.4ºC) 

compared to those from sites ITV (56.7±0.3ºC) and LTV (46.6±1.5ºC). Notably, a similar 

trend in the variation of enzyme activity with temperature was also noticed within the 
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proteins extracted from December sediments (Figure 5.4D). Proteins from ITV and LTV 

sites exhibited maximal activity at 45 and 50ºC, respectively, with those from HTV 

retaining higher level of activity at temperature as high as 60ºC (up to 87% of the 

maximum; Figure 5.4D). Denaturing temperatures by circular dichroism confirmed these 

data (Figure 5.4F) showing that protein stability is significantly different in the three 

sediments, ranging from 66.2±0.7 to 55.6±0.4 and 46.5±6.7ºC in proteins associated with 

HTV, ITV and LTV sediments, respectively. 

Comparing the August and December seasons, differences were found. A reduced maximal 

activity (~4ºC) was observed in HTV proteins of December sediments compared to August 

ones (Figure 5.4C and D). This reduction had a lower extent for the proteins associated 

with ITV sediments, while no appreciable differences were detected in the thermal profile 

of proteins from LTV sediments in the two seasons (Figure 5.4C and D). Slight reduction 

was also observed in denaturing temperatures, where protein stability was observed at 1.5 

and 1ºC lower in HTV and ITV sediments of December, respectively; no differences were 

observed for the LTV sediments (Figure 5.4E and F). 
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Figure 5.4 Response of bacterial community to temperature variation. (A and B) Growth rate of cultivable 

portion of bacteria associated with the sediments exposed to the three thermal regimes (HTV, ITV and LTV), 

in (A) August and (B) December. (C and D) Intracellular hydrolase activities of bacterial enzymes extracted 

from HTV, ITV and LTV sediments in the Red Sea coastal sediments. Relative specific activity of the protein 

extracted from the sediments (units/g per kg of sediment) is expressed as mean ± standard deviation for each 

temperature tested for (C) August and (D) December samples. (E and F) Thermal unfolding of proteins 

(stability) monitored by circular dichroism. The normalized circular dichroism melting curves of proteins 

extracted during (E) August and (F) December, report the Θ220(T) recorded at 220 nm along a wide 

temperature range, from 4 to 95°C. 

 

5.4.4 Sediments profile 

Redox conditions significantly change according with the profile and the sediment thermal-

niches and the seasons (GAM, F1,1231=85.25, p<0.0001; F2,1230=188.4, p<0.0001; 

F1,1231=78.32, p<0.0001; Figure 5.5A and Supplementary Figure S5.11). Samples coming 

from the warm season have consistently lower redox than sediment samples during the cold 

season, at all the three thermal regimes. Net oxygen fluxes are consistently negative on the 
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aerobic layer of the sediment sampled, revealing a consistent oxygen consumption that was 

always higher than the oxygen produced by photosynthetic organisms. A significant 

interaction among sediments coming from the three thermal regimes and the seasons has 

been detected (ANOVA, F2,12=4.167, p<0.05). In LTV and HTV sediment, the oxygen 

consumption was higher in the hot than in the cold season, while in the ITV sediment the 

trend was opposite with higher oxygen consumption in cold season than in the hot one 

(Figure 5.5B). 

 

 

Figure 5.5 Sediment response to seasons and thermal niches. Solid boxplots refer to sediment responses in 

August while empty ones to sediment responses in December. In dark grey, blue and red are indicated the 

different thermal niches LTV, ITV and HTV respectively. (A) redox distribution of the sediment profiles. 

(B) net oxygen fluxes in the first centimetre of the sediment sampled. 

 

5.4.5 Temperature is the driver of bacterial enzymatic activity 

To assess on a larger geographical scale, the effect of temperature on the sediment 

microbial activity, sediments, and associated enzymes, were recovered across latitudes 

from 53ºN in the Irish Sea, passing to 43-31ºN within the Mediterranean Sea basin, to 22-

16°N in the Red Sea (Supplementary Table S5.5 and Supplementary Figure S5.5). The 
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selected sediments inhabited different environments (Bargiela et al., 2015; Gertler et al., 

2015), particularly in term of temperature: the mean temperature differences at the time of 

sampling and the maximal annual temperature, between the northern and southern sites, 

were on average +6.7 ºC and +12.6 ºC respectively (Supplementary Table S5.5). Protein 

extracts across sites showed significantly different turnover rate of hydrolysis, providing 

evidences that the differences in rate were not random but depending from the sediment-

temperature conditions (Figure 5.6A). The difference in the optimal temperature for protein 

activity between the northern (53ºN) and southern (16ºN) sites was 35ºC. Proteins from 

warmer and lower latitude sites (i.e. Red Sea) had higher activity at highest temperatures 

(100% of the activity at temperatures above 55ºC), while the ones from norther/colder (i.e. 

Irish Sea) sediments retained higher activity levels at lower temperature (11.2 and 100% 

of the activity at 4 and 20ºC, respectively; Figure 5.6A).  
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Figure 5.6 Enzymatic adaptation of microbial communities harboured by sea sediments subjected to wide 

range of temperatures. (A) Relative specific activities (units/g) are expressed as mean of three replicates, 

with the standard deviation being less than 5%. The colour code ranges from intense blue (no activity, 0%) 

to intense red (100% activity). Abbreviation codes and temperature of the analysed sediment are reported in 

Supplementary Table S5.5. 

 

5.5 Discussion 

Here, we documented the thermal plasticity of microbial communities living in a highly 

thermal dynamic environment. Bacteria exhibit a wide response to thermal variability 

dictated by the thermal regime present where they live. The results highlight the 

heterogeneity of thermal response by microbial communities in different thermal niches of 

marine neritic systems and indicate that thermal regimes and seasonal variations must be 

considered in modelling the response to climate change of the coastal biota. 

The analysis of sediment temperatures, recorded with a frequency of 30 minutes over a 

period of almost two years, showed how the study locations experienced significantly 
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different thermal ranges varying from ≈ 13.9ºC for shallow sediment to 7ºC in deep 

sediment. The difference in temperature variation at which the sediments are exposed to, 

is sufficiently high to contribute in shaping the composition of bacterial communities 

associated with the sediments and their thermal response. Bacterial communities associated 

with the different thermal niches are enriched by specialists adapted to such thermal 

conditions. This observation is consistent with the different temperatures’ growth optima 

of the bacterial communities associated with the HTV, ITV, LTV sediments in December 

(‘cold’) and August (‘hot’) seasons and with the growth range of the communities. In fact, 

only the bacterial communities naturally exposed to more variable and higher temperatures 

exhibited consistent higher growth performance when exposed to temperature increasing. 

The higher metabolic plasticity of bacterial communities associated with HTV sediments 

was also supported by differences in their enzymatic activities. The esterase activity, used 

as a proxy of the overall bacterial metabolic activity, is extended over 50ºC and even 60ºC 

only in the communities associated with HTV sediments consistently in both August and 

December. On the contrary, the esterase activity in ITV and LTV sediment significantly 

drops, suggesting a lower capacity of the bacteria of these communities to cope with high 

temperature as a consequence of their exposition to narrow thermal variation ranges in their 

thermal niche, with lower maximum temperature. The temperature at which the esterase 

activity was maintained in HTV sediment was higher than the environmental temperature 

occurring during the year in costal Red Sea areas, and exceeds the growth range capacity 

measured for these bacteria; as it was shown in other studies, activity at higher temperature 

entails an higher stability of the enzymes in an extended temperature range (Kube et al., 

2013). 
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These findings suggest that the influence of temperature on the microbial community 

compositions shown in global scale studies (Sunagawa et al., 2015), is a results of the 

changes induced by temperature on the metabolism and the physiology of microorganisms 

in local communities. Environmental thermal variation also affects the response of 

bacterial networks. Functional networks of bacterial communities of sediments in different 

thermal niches presented different properties and responded differently to seasons. The 

properties of the bacterial co-occurrence networks indicate low stability (measured as 

relationship with degree of connectivity and betweenness centrality) under higher 

temperature variations in colder season (i.e., December), while stability constantly 

increased in the hot season, despite the niche thermal variability (de Vries et al., 2018). 

Interestingly, temperature also drives the relationship between connectedness and the 

centrality of each node of the network. While higher temperature tends to have the same 

effect on the network topology (the centrality of the nodes increases with their own level 

of connectedness), colder temperature induced a different response a strong correlation 

between temperature and network topology (Ma et al., 2016). 

Further evidences of the effect of temperature on the metabolism of the communities 

associated with HTV, ITV and LTV sediments in the hot and cold seasons come from the 

redox and oxygen profiles of the first centimetres of the sediments. Hotter seasons 

significantly correspond to lower redox conditions in the sediments, especially in LTV 

thermal regime suggesting a temperature dependent change in the physicochemical 

conditions of the sediment induced by the bacterial metabolic response. By examining the 

net fluxes, oxygen consumption in the sediment layer is still significantly explained by 

temperature with bacterial living in ITV thermal regime having a higher consumption 
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during the hot than the cold season, while for bacteria living in HTV and LTV is the 

opposite. The lower net oxygen consumption in the hot season can firstly be explained by 

an increased contribution of photosynthetic activity. Conversely, the opposite result in ITV 

can be explained by lowered photosynthetic activity or an active response to the 

temperature that increases the respiration rate coupled with the increase of the thermal 

stress. 

Using the preferred environment (i.e., niches’ temperature; from Fodelianakis et al. 2017 

(Fodelianakis et al., 2017)), the taxa within a community can be categorized into 

ecologically meaningful fractions (i.e., cold-adapted stenotherm, eurytherm or warm-

adapted stenotherm; (Gubry-Rangin et al., 2011)), if the distribution along an 

environmental thermal gradient is examined and the community thermal-niche described. 

In our case we did not observe a phylogenetic conservatism of the niche optima (xmax) and 

breadths (ds) in our sediments, with a compositional shift of bacterial communities during 

higher temperature variation, especially in warmer season (August; Figure 5.2E). On the 

other hand, the heterogeneity of ymax (i.e., relative abundance of most abundant OTUs for 

each preferred environment, xmax) suggests that bacterial niche specialization for 

temperature does not necessarily correlate with high abundance at the environmental 

optimum, as confirmed in previous studied on coastal environments (Fodelianakis et al., 

2017). 

 

5.6 Conclusion 

The overall results obtained in this study confirm that environmental contingencies (i.e., 

thermal variation) and the environmental fine-scale variability in bacterial communities are 
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driven by the modification of niche optima and breadths (ds) of the bacterial taxa highlight 

the high sensitivity and flexibility of the microbial bacterial communities. 

Variability on the enzymatic response observed at small geographical scale (Red Sea 

coastal area) is retained in broad geographical range. The same enzyme isolated from 

several sited from the Irish Sea to the Red Sea, has optimum thermal activity and stability 

that is consistent with the thermal variability of the sites, showing the fine thermal 

adaptation of the bacterial machinery and explaining why temperature is a very important 

driver in shaping the diversity and the assembly of microbial communities even in 

environments exposed to slightly different range of temperature variations along the 

seasons.  
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5.10 Supplementary Material 

5.10.1 Supplementary Tables 

Supplementary Table S5.1 Locations and sediment depths of the three stations selected for each thermal 

environment (HTV, ITV and LTV). Measurements recorded from March 2015 to September 2016 were 

analyzed and divided in three categories: T≤28°C, 28<T>31°C and T>31°C. Number of measures belonging 

to the three categories are reported as percentage (%T). HTV: high temperature variation, ITV: intermediate 

temperature variation, LTV: low temperature variation. 

Station Coordinates 
Depth 

(m) 

%T≤27°C 27°C<%T>31°C %T≥31°C 

HTV-1 
22°16'58.99"N, 

39°5'8.30"E 
3.7 

41.45 13.41 45.14 HTV-2 
22°16'46.24"N, 

39°5'7.57"E 
2.6 

HTV-3 
22°16'34.44"N, 

39°5'3.39"E 
3.7 

ITV-1 
22°18'00.82"N, 

39°3'20.59"E 
25.3 

45.04 42.88 12.08 ITV-2 
22°17'45.06"N, 

39°3'9.70"E 
25.5 

ITV-3 
22°17'36.54"N, 

39°2'52.40"E 
25.6 

LTV-1 
22°19'40.23"N, 

39°1'34.65"E 
54.4 86.64 13.36 0.00 
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LTV-2 
22°18'48.10"N, 

39°1'16.95"E 
52 

LTV-3 
22°18'23.69"N, 39° 

1'7.93"E 
51.8 
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Supplementary Table S5.2 In-situ measurement of temperature (T). Temperature are reported for both 

sediments and 10 cm water-layer covering the sediments in the two sampling periods of August and 

December 2015. 

Station 
Sediment T (°C) Water T (°C) 

August December August December 

HTV-1 32.8 26.7 33.4 26.8 

HTV-2 33.1 26.9 33.4 27.3 

HTV-3 33.2 26.8 33.3 26.9 

ITV-1 30.7 27.5 31.4 27.9 

ITV-2 30.6 27.7 31.6 28.0 

ITV-3 30.5 28.1 31.5 28.2 

LTV-1 27.1 26.2 27.4 28.5 

LTV-2 27.4 26.5 27.7 28.5 

LTV-3 27 26.6 27.9 28.5 
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Supplementary Table S5.3 Number of sequences, number of OTUs (richness) and Good’s coverage values 

were reported for sediments and sediment-extracts. Star (*) indicate samples with low Good’s coverage 

(<0.8) that are not included in the further analyses. 

Sample August N. seq. N. OTUs Good's cov. December N. seq. N. OTUs Good's cov. 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

Sediment 

LTV-1-1 21536 3288 0.93 LTV-1-1 35272 4422 0.96 

LTV-1-2 12508 2315 0.90 LTV-1-2 138757 7367 0.99 

LTV-1-3 21487 3253 0.93 LTV-1-3 99042 6432 0.99 

LTV-2-1 28719 3355 0.95 LTV-2-1 124562 6653 0.99 

LTV-2-2 20585 2411 0.95 LTV-2-2 136504 5512 0.99 

LTV-2-3 35059 2979 0.97 LTV-2-3 144818 5771 1.00 

LTV-3-1 33863 1907 0.97 LTV-3-1 113595 6128 0.99 

LTV-3-2 18809 2445 0.94 LTV-3-2 121300 6776 0.99 

LTV-3-3 13388 2135 0.92 LTV-3-3 173996 6659 1.00 

ITV-1-1 7289 1086 0.92 ITV-1-1 62556 5404 0.97 

ITV-1-2 31312 2952 0.96 ITV-1-2 49390 4834 0.96 

ITV-1-3 15988 2025 0.93 ITV-1-3 80666 5295 0.98 

ITV-2-1 18549 2201 0.94 ITV-2-1 106564 5912 0.99 

ITV-2-2 24807 2804 0.95 ITV-2-2 135785 6488 0.99 

ITV-2-3 7977 1435 0.90 ITV-2-3 133627 5523 0.99 

ITV-3-1 29684 3516 0.95 ITV-3-1 148165 5748 0.99 

ITV-3-2 14886 1706 0.94 ITV-3-2 122367 5091 0.99 

ITV-3-3 32454 3036 0.96 ITV-3-3 96991 4947 0.99 

HTV-1-1 44363 2596 0.97 HTV-1-1 58141 5058 0.97 

HTV-1-2 5501 734 0.93 HTV-1-2 63154 5252 0.97 

HTV-1-3 3507 135 0.98 HTV-1-3 47626 4645 0.97 

HTV-2-1 24696 2069 0.95 HTV-2-1 53984 4461 0.97 

HTV-2-2 38078 1509 0.98 HTV-2-2 81563 5558 0.98 

HTV-2-3 83613 2496 0.99 HTV-2-3 100313 5649 0.99 

HTV-3-1 61931 4002 0.98 HTV-3-1 97131 4395 0.99 

HTV-3-2 39351 2799 0.97 HTV-3-2 159267 5442 0.99 
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Sediment HTV-3-3 31298 2954 0.96 HTV-3-3 137998 6109 0.99 

Sediment-

extract 

LTV-1-1 27462 3872 0.95 LTV-1-1 31162 2082 0.99 

LTV-1-2 40929 4769 0.96 LTV-1-2 110637 4808 1.00 

LTV-1-3* 23 10 0.65 LTV-1-3 70764 3358 0.99 

LTV-2-1 34234 3596 0.96 LTV-2-1 59199 4587 0.99 

LTV-2-2 44936 4387 0.96 LTV-2-2 83203 3617 1.00 

LTV-2-3 34960 4927 0.94 LTV-2-3 42162 2218 0.99 

LTV-3-1 27018 4299 0.93 LTV-3-1 42949 3481 0.99 

LTV-3-2 39038 5241 0.95 LTV-3-2 31692 2602 0.99 

LTV-3-3 27692 3079 0.95 LTV-3-3 61540 3297 0.99 

ITV-1-1 26047 3605 0.94 ITV-1-1 28188 2024 0.99 

ITV-1-2 23804 3144 0.95 ITV-1-2 26511 1464 0.99 

ITV-1-3 27318 3983 0.94 ITV-1-3 27489 1881 0.99 

ITV-2-1* 19 15 0.37 ITV-2-1 6375 673 0.98 

ITV-2-2 28309 4360 0.94 ITV-2-2 54061 3215 0.99 

ITV-2-3 32049 3856 0.95 ITV-2-3 97145 4404 0.99 

ITV-3-1 19092 3424 0.92 ITV-3-1 6994 1706 0.89 

ITV-3-2 12369 2780 0.89 ITV-3-2 69093 3395 0.99 

ITV-3-3 18324 3357 0.91 ITV-3-3 62725 3344 0.99 

HTV-1-1 12156 2566 0.89 HTV-1-1 56898 2369 1.00 

HTV-1-2 12167 2451 0.91 HTV-1-2 58804 2656 0.99 

HTV-1-3 27029 3551 0.95 HTV-1-3 60588 2628 0.99 

HTV-2-1* 1274 584 0.68 HTV-2-1 14636 2000 0.96 

HTV-2-2 26172 3757 0.94 HTV-2-2 110040 3167 1.00 

HTV-2-3 11848 2323 0.91 HTV-2-3 36199 2215 0.99 

HTV-3-1 60581 4268 0.98 HTV-3-1 1839 637 0.80 

HTV-3-2 32306 3918 0.95 HTV-3-2 59829 2442 0.99 

HTV-3-3 14454 2686 0.91 HTV-3-3 57054 2375 1.00 
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Supplementary Table S5.4 Amount of proteins extracted from each 100 ± 5 grams. Data are expressed as 

total amount extracted from the three biological replicates for each thermal environment station in both 

August and December sampling. 

Station Protein amount [mg] 

 August December 

HTV-1 2.18 ± 0.32 3.31 ± 0.12 

HTV-2 9.53 ± 1.83 4.81 ± 0.30 

HTV-3 2.06 ± 0.28 4.25 ± 0.08 

ITV-1 3.99 ± 0.05 5.60 ± 0.03 

ITV-2 4.39 ± 0.12 7.97 ± 0.58 

ITV-3 8.17 ± 0.55 9.01 ± 0.26 

LTV-1 6.19 ± 0.26 5.64 ± 0.75 

LTV-2 3.15 ± 0.02 4.33 ± 0.17 

LTV-3 7.38 ± 0.43 8.63 ± 0.06 

 

Supplementary Table S5.5 Locations and codes of samples collected along the thermal transect. 

Temperature (T) are expressed in °C 

Site Country Latitude Longitude 
Sampling 

T 

Annual 

min/max T* 

Menai Strait IS 53°13'32.00"N 4°9'35.00"W 11.0 10.9/13.1 

Ancona harbor IT 43°37'0.00"N 13°50'15.00"E n.d. 15.9/20.7 

Milazo harbor IT 38°12'30.10"N 15°15'34.89"E 23.0 18.1/22.0 

Messina harbor IT 38°11'42.27"N 15°34'25.01"E 23.0 18.1/22.0 
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Priolo Gargallo 

harbor 

IT 
37°16'8.90"N 9°53'20.10"E 19.0 18.2/21.9 

Bizerte lagoon TN 37°10'27.46"N 15°12'7.50"E 19.3 17.6/21.1 

Mar Chica lagoon MA 31°9'31.20"N 29°50'28.20"E 21.3 17.9/21.3 

El-Max ET 35°11'57.10"N 2°55'37.60"W 20.0 20.7/23.6 

Gulf of Aqaba HKJ 30°22'0.42"N 25°24'57.00"E 26.5 23.4/26.1 

Alkarar lagoon SA 22°57'29.94"N 38°52'20.88"E 27.9 27.1/30.1# 

KAEC, Thuwal SA 22°24'28.02"N 39°7'58.44"E 26.4 27.1/30.1# 

Farasan island SA 16°52'40.02"N 42°10'35.46"E 27.6 28.6/31.3$ 

Jizan SA 16°45'5.22"N 42°2'17.94"E 24.1 28.6/31.3 

Jizan SA 16°45'5.22"N 42°2'17.94"E 30.4 28.6/31.3 

* Average of annual max sea surface temperatures as calculated by http://www.seatemperature.org/ 
# Data referred to Jeddah 
$ Data referred to Jizan 
n.d., not detected 
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Supplementary Table S5.6 Multiple comparison test of bacterial communities associated with HTV, ITV 

and LTV sediments. Significant difference for p<0.05 

Thermal niche t p 

LTV vs ITV 2.4656 0.001 

LTV vs HTV 2.8711 0.001 

ITV vs HTV 2.0035 0.002 

 

Supplementary Table S5.7 Cross validation of bacterial communities’ classification in the three thermal 

environments (HTV, ITV and LTV). Both sediments and sediment-extracts samples are analysed by the 

canonical analysis of principal coordinates. Permutation test, first squared canonical correlation: 

delta_1^2=0.99506, p=0.001. 

Class HTV ITV LTV Total % correct 

HTV 35 0 0 35 100 

ITV 0 35 0 35 100 

LTV 0 0 35 35 100 
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Supplementary Table S5.8 Welch F tests pairwise comparison among the seasons and thermal niches 

sampled, with Benjamini-Hochberg correction. In bold the p value that reveal a significant difference 

between the terms of comparison. 

Terms of comparison p value 

December HTV-December ITV 0.20576 

DecemberHTV-December LTV 0.00156 

December HTV-August HTV 0.00001 

December HTV-August ITV 0.00133 

December HTV-August LTV 0.00342 

December ITV-December LTV 0.00178 

December ITV-August HTV 0.00121 

December ITV-August ITV 0.00092 

December ITV-August LTV 0.10492 

December LTV-August HTV 0.00015 

December LTV-August ITV 0.00006 

December LTV-August LTV 0.00178 

August HTV-August ITV 0.00183 

August HTV-August LTV 0.00003 

August ITV-August LTV 0.00022 
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5.10.2 Supplementary Figures 

 

Supplementary Figure S5.1 Sampling sites. Stations selected for the sampling procedures are reported. High 

(HTV), intermediate (ITV) and low (LTV) temperature variation stations are reported in red, black and blue, 

respectively. Environmental data (depth, sediment and water temperatures) of the sampling stations are 

reported in Supplementary Table 5.1 and Figure 5.1A. 

 

 

 

Supplementary Figure S.5.2 Red Sea Seasonal variations in August and December 2016. Seasonal 

variations correspond to the period of collection of the samples from the Red Sea (data collected from 

NOAA). 

August December 

Monthly average in August and December (ºC)  
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Supplementary Figure S5.3 (A) Classification of thermal-niches (LT-, IT- and HT-specialist) and example 

of three modelled OTU distributions along the sediment temperature gradient measured. OTU_48 is 

taxonomically affiliated to the genus Halomonas, OTU_210 to the bacterial family of Desulfobulbaceae, and 

OTU_3 to the bacterial family of Pseudoalteromonadaceae. Dots represent the observed relative abundance 

of the three OTUs along the thermal gradient of the samples, and lines represent the modelled distributions, 

represented as normal distributions to enhance the visualization (Fodelianakis et al., 2017). (B) Phylogenetic 

affiliation at order level of specialist OTU’s for each thermal-niche. Values are expressed as percentage of 

their relative abundance. Minor orders are grouped and classified as ‘others’; original number of orders found 

in each OTU’ specialist group is reported on the top of the bars. 
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Supplementary Figure S5.4 Coomassie-stained SDS-PAGE of the protein extracts from the sediments of 

the three thermal environments HTV, ITV and LTV collected in August and December. Note that the three 

biological replicates per each of the thermal environment sampled were mixed and loaded as a single sample 

in both August and December sampling. 
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Supplementary Figure S5.5 Map showing sampling sites where sediments were collected (white circle). 

Sea water was colored following the average temperature experience during the year. 
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Supplementary Figure S5.6 Sypro-stained SDS-PAGE of the protein extracts (150 µg loaded) from 

sediment samples herein investigated. The 2-DE (12% acrylamide) gels show the total amount of proteins 

extracted per each 100 ± 5 g of sediments. 
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Supplementary Figure S5.7 (A) Canonical Analysis of Principal Coordinates of bacterial communities 

harbored by sediments sampled in August and December seasons. (B) Sum of relative abundance of all the 

Generalist and LT-, IT- or HT-specialist OTUs detected at the different temperature measured during the 

sediment sampling. 
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Supplementary Figure S5.8 Network analysis for each thermal niche at each season. Nodes were colored 

on the base of their thermal-niche classification; black=LT-specialist OTUs, blue=IT-specialist OTUs, 

red=HT-specialist OTUs and grey=generalistic OTUs. Node size rank (from 20 to 50); edge colored by 

source. Network parameters description in Table 5.2. 
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Supplementary Figure S5.9 Network Topology parameters. (A) Network clustering coefficients; (B) total 

number of nodes for each network; (C) network density; (D) total edge composing the network with total; (E 

and F) positive and negative interactions among nodes; (G) network heterogeneity. See network parameters 

description in Table 5.2. 

 



 

 

288 

 

 

 

Supplementary Figure S5.10 Bacterial growth efficiency (OD600) of the bacterial community extracted 

from the sediments (August and December seasons), (A) and (B), respectively at the different temperature 

tested. 

 

Supplementary Figure S5.11 Redox (mV) profiles of the first 15-20 mm of sediments collected in December 

(A) and August (B) in the three thermal regimes (LTV, ITV and HTV). 
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6. General Discussion and Conclusions 

The effort of the work presented in this thesis is to contribute to expand the available 

knowledge on microbial community dynamics across environmental gradients in marine 

ecosystems. My research was focused on two different systems, the seawater-brine 

interface gradients occurring in the DHABs and the temperature fluctuations that coastal 

sediments experience following the seasonal temperature variations. I adopted these two 

models because they present two major factors that are very important for the selection of 

microbial communities, i) salinity variations and ii) temperature variations. As detailed in 

the introductory chapter and in the other sections of the manuscript these two factors are 

widely recognized in the literature as major driving forces that determine the structure and 

diversity of the microbial communities. 

In the case of the seawater-brine interface gradients, the salinity changes across the 

gradients are also accompanied by changes of the redox couples that contribute to the 

selection of different metabolisms across the gradient. The investigation at high-scale 

resolution of the steep gradient formed between the seawater and the brines highlighted the 

stratification of the microbial communities together with the variation of the environmental 

conditions such as salinity, temperature, pH and oxygen concentration. I investigated the 

microbial community composition across five DHABs, Afifi, Kebrit Deep, Port Sudan 

Deep, Suakin Deep and Atlantis II Deep. Among these, Afifi, Port Sudan Deep and Suakin 

Deep have never been studied and the present investigation provides the first information 

on the microbiology of these extreme systems. Each DHAB displayed a unique 

combination of environmental parameters and the results of the study showed how the 

associated communities are differently shaped by the respective unique environmental 
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conditions. Despite the taxonomic and phylogenetic variability among the communities in 

the different DHABs, the metabolisms predicted across the seawater-brine interface are 

always similar both in types and in the topological localization across the interface. The 

availability of low concentration of oxygen that permeates the first layer of the interface, 

from the oxic overlaying seawater, opens niches for microbes with aerobic metabolisms, 

such as ammonia oxidation, nitrification, sulfide oxidation, and aerobic methane oxidation. 

While in the lower layers of the brine profile, where the conditions turn to be completely 

anoxic, the prevalent metabolisms involved are sulfate reduction, chemoheterotrophy, 

fermentation and methanogenesis. Overall, the metabolisms based on nitrogen compounds 

characterize the upper part of the interfaces, while sulfur-based metabolisms are more 

linked to the deeper portions of the salinity gradients. These results suggest that despite i) 

the unique characteristics, represented by the environmental conditions present in each 

DHAB select unique microbial communities and ii) the microbial stratification across the 

seawater-brine interface is invariably present, the microbiomes are taxonomically different 

among DHABs but the overall microbiome retains a similar succession of metabolisms 

across the gradients. These findings support the concept of a ‘microbial system functional 

vicariance’ among the different DHAB systems that is sustained by the similar succession 

across the gradient of redox couples that provide different energetic levels to their users 

decreasing across the gradients. The environmental differences among the DHABs then 

modulates the specific arrangement of the community selecting different taxonomic groups 

that describe the observed changes in microbial diversity. These results suggest a revision 

of the concept “everything is everywhere, the environment select” to “every metabolism is 

everywhere, the environment select”. While metabolisms are conserved along these 
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gradients the taxonomy and phylogenetic positions of the microbial players can remarkably 

change. 

The discovery and assemblage of the genome belonging to the new bacterial phylum 

Haloclinimicrobia gave the opportunity to investigate how microbes thriving in DHABs 

are able to cope with extreme environmental conditions. Haloclinimicrobia includes sulfate 

reducing bacteria, mainly abundant in the lower portion of the Suakin Deep and Port Sudan 

Deep seawater-brine interfaces, where the salinity is between 110 g/L and 160 g/L. 

Haloclinimicrobia genome hallows to cope with the highly saline conditions of the saline 

waters of the DHABs, by exploiting an energetically-demanding compatible solutes 

strategy. Dissimilatory sulfate reduction is not a very favourable energetic metabolism and 

the Haloclinimicrobia genome is equipped with alternative pathways for more 

energetically favourable metabolisms such as nitrate reduction, and even aerobic 

respiration. I raise the hypothesis that when nitrate or oxygen are present along the 

interface, Haloclinimicrobia may switch its metabolisms to gain more energy, to better 

cope with the high salinity constrain of the seawater-brine interface. Under this scenario, 

the seawater-brine interface gradients in DHABs can be viewed as metabolically dynamic 

systems where, beside microbes with specific metabolisms adapted to a particular layer of 

the gradient, other microbial types are more versatile and capable to adapt to the variable 

conditions of the salinity gradient. As a consequence, these microorganisms can be 

predicted to have a more generalist ecotype, in comparison with the more specialized ones, 

and can thrive across multiple layers of the salinity gradient of the DHABs. 

To assess the effect of another changing environmental parameter commonly occurring 

across environmental gradients, in this thesis I also investigated the effect of mild range of 
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temperature variations on bacterial communities associated to marine coastal sediments. 

Marine sediments at different depths experience different ranges of temperature variation 

along the seasons. Bacterial communities associated to sediments that experience narrower 

yearly temperature variations are more affected by temperature changes. Bacterial 

communities associated to sediment exposed to wider temperature variations display a 

higher plasticity in their response to temperature. This higher adaptation response is 

determined by two concurring factors, the selection in the community of a higher 

proportion of “specialized” bacteria able to grow at higher temperature, and the presence 

in the community of more thermophilic enzymes capable of performing well under higher 

temperatures. Such pattern observed at a local scale in the coastal sediments of the Red Sea 

is conserved at a much larger scale, specifying the role of temperature as a factor steering 

the assembly and functioning of microbial communities. Bacterial communities associated 

to marine sediments across a large latitudinal gradient of increasing temperatures, from the 

Irish Sea to the Southern Red Sea, progressively display sets of enzymes that are adapted 

to work under increasingly warmer conditions. 

The overall results obtained in the different chapters of this thesis, highlighted the role of 

physicochemical gradients in shaping the microbial communities in the environment. 

Variations occurring along the gradients determine a selection of microbes able to cope 

with the changing conditions, influencing the community composition. For what emerged 

from the DHABs and the marine coastal sediments data, it seems that the Bass-Becking 

hypothesis: “everything is everywhere, but the environment selects” (Becking, 1934; 

Martiny et al. 2006) should be reconsidered in the light of the metabolism selection rather 

than taxonomic selection. In the five DHABs studied the microbial communities, which 
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were all invariably stratified across the gradient layers, presented the same succession of 

metabolisms, which were, however, supported in most of the cases by rather different 

microbial groups. 

While all the DHABs presented a microbial stratification across the seawater-brine 

gradients with different taxa occurring predominating at different salinities, some 

microbial appeared as more generalist. The new bacterial phylum Haloclinimicrobia was 

one of these, capable of colonizing different relatively wide ranges of the salinity gradients 

in the Suakin Deep and the Port Sudan Deep. The generalist ecotype of this novel phylum, 

which is apparently endemic of these two DHABs, is explained by its capacity to exploit 

different metabolisms including sulfate reduction, nitrate reduction and aerobic respiration. 

In the studied marine coastal sediments, as for seawater and soil ecosystems, temperature 

is a main driver that strongly influences the composition of the communities associated to 

the sediments (Sunagawa et al. 2015, van der Voort et al. 2016). The thermal tolerance of 

the bacterial communities is determined by the functional range of the protein and 

enzymatic machineries of the bacteria inside the communities. Bacteria able to grow at 

higher temperature are molecularly adapted to cope with a wider temperature range. These 

results parallel those of other studies that reported different thermal tolerance between 

microbial taxa, that grow only in specific range of temperature, and determine the presence 

of taxa only in determinate thermal conditions (Gilbert et al., 2012; Yung et al., 2015). 

Temperature determines patterns in microbial community distribution, preventing the 

possibilities that non-adapted microbes are widespread among ecosystems (Martiny et al. 

2006; Lindström and Langenheder, 2012). 
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To conclude, I demonstrated in this study that physicochemical gradients deeply modulate 

microbial community assembly, selecting microbes able to cope with the variations in the 

environmental conditions. The molecular characteristics of the microbes, including their 

metabolisms and the functional range of their protein and enzymatic machineries, regulate 

their selection. The results of this work highlights the importance to conduct local scale 

experiments, with high-sampling resolution, to investigate the fine variability of 

ecosystems, that otherwise is missed in worldwide large-scale studies. Such studies 

complement large-scale ones for the understanding the interplay of the small- and the large-

scale forces in determining microbial community assembly.  
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