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ABSTRACT 

INFLUENCE OF HYDROSTATIC PRESSURE AND TEMPERATURE ON THE 

METABOLIC ACTIVITY OF Alcanivorax marisrubri sp. nov. ISOLATED FROM 

THE RED SEA 

Nathalia Catalina Delgadillo Ordoñez 

 

Hydrostatic pressure (HP) and low temperature are among the main parameters that 

affect the microbial activity in the deep sea. Especially in the event of an oil spill, the 

natural microbial degradation of hydrocarbons in the harsh conditions of the deep sea 

can be significantly impaired. In the Red Sea, the temperature in the deep (22°C) is much 

higher than in other oceans and may favor hydrocarbon degradation. Bacteria of the 

genus Alcanivorax, which are prominent and ubiquitous alkane degrading bacteria, have 

been extensively studied because of their high abundance in oil-contaminated shallow 

water, but have been shown to be absent in the deep sea because of their piezo-

sensitivity. In the present thesis, the novel species Alcanivorax marisrubri isolated at 1000 

m from the Southern Red Sea has been evaluated for its piezo-adaptation under different 

combinations of temperature, and HP. A. marisrubri showed a piezotolerance different 

from other Alcanivorax species. Furthermore, a positive compensation of growth 

inhibition was observed when the cells were exposed to mild HP (10 MPa) in combination 

with a relatively high temperature of 38°C. While growth was inhibited at lower 

temperatures (20 and 26°C) under mild-HP (5 and 10 MPa), the metabolic activity was 

triggered, possibly in response to cellular stress. This study showed that the growth and 
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metabolic activity of A. marisrubri under HP depend on temperature, which exerts a 

positive compensation effect and may extend the growth of this bacterium to the depths 

of the Red Sea. 
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Chapter 1 
 

INTRODUCTION 

1.1 The deep ocean 

The deep ocean is the largest ecosystem on earth, mostly underexplored, covering around 

65% of the surface of the planet (Jannasch & Taylor, 1984). It is defined to be below 1,000 

m and is, on average, 3,800 m deep, where the hydrostatic pressure (HP) is 38 

Megapascals (MPa) (Herring & Clarke 1971). Moreover, temperatures oscillate around 3–

4°C, and HP increases by 1 MPa every 100 m in depth (Jørgensen & Boetius, 2007). This 

“extreme” environment plays a significant role at a planetary scale in the production and 

recycling of organic carbon (Whitman et al., 1998). This is because of the activity of 

microorganisms that decompose and through chemosynthesis, transform sinking organic 

matter and release it into energy available sources, forming the basis of the food webs in 

the ocean (Aristegui et al., 2009). 

The microorganisms adapted to live in this high-pressure ecosystem are referred as 

piezophilic because their optimal growth rates are greater at high hydrostatic pressures 

(HHP) than at atmospheric pressure (Yayanos, 1995; DeLong et al., 1997). Many cell 

metabolic processes that are critical for cell survival, replication of DNA, transcription, 

and translation for protein synthesis, flagellar motility, and cellular architecture (Oger & 

Jebbar, 2010) are pressure-sensitive. As an example, the combination of HPP and low 

temperature affect the rigidity of fatty acids, by increasing the packing of fatty acid acyl 
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chains, thus changing cell membrane conformation and plasticity, which leads to a loss of 

fluidity and makes it less permeable to molecules (Royer, 1995; Winter & Jeworrek, 2009). 

It was observed that HP of 100 MPa and temperature of 2°C result in a similar effect on 

the membrane when comparing to a temperature of -18°C at 0.1 MPa (Simonato et al., 

2006). 

Microbes adapted to live in the deep ocean have developed different strategies to cope 

with the effects of HHP and low temperatures, such as modification of macromolecules, 

the regulation of gene expression, and metabolic pathway (Tamegai et al., 2012; Ohke et 

al., 2013). In this context, several studies have identified genes that are involved in the 

cellular response and adaptation to HHP and temperature (Aertsen et al., 2004; Karatzas 

et al., 2005, 2007; Vezzi et al., 2005; Simonato et al., 2006; Wang et al., 2008; Peoples & 

Bartlett 2017). These adaptations encompass the fine-tuning of the transcriptome to 

increase the proportion of unsaturated fatty acids in the membrane, conferring more 

fluidity (DeLong & Yayanos, 1986). Since the cell membrane is one of the most sensitive 

cellular structures to environmental stress, various research has observed the up-

regulation of genes encoding for the production of monounsaturated and 

polyunsaturated fatty acids (Simonato et al., 2006; Allen et al., 1999) at low temperature 

and HHP conditions, to maintain the fluidity of the membrane (Figure 1). In fact, according 

to Allen and Bartlett (2002), only monounsaturated fatty acids are required during cell 

growth at these conditions of temperature and pressure. Still, the specific role of 

polyunsaturated fatty acids is not well established. All these adaptations of the cell 
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membrane are referred to as the “homeoviscous adaptation” (Mrozik et al., 2004; Zhang 

& Rock, 2008) (Figure 1).  

 

Figure 1. Homeoviscous adaptation of the cell membrane to HP and temperature. Modified from Jebbar 

et al., 2015. 

Besides, other adaptation mechanisms include the upregulation of genes encoding for 

outer cell membrane proteins (OmpH and OmpL), cold/heat-shock proteins and 

chaperones that contribute maintaining protein function (Oger & Jebbar, 2010) in 

response to temperature pH, osmolarity, and survival under different environmental 

stressors (Wang, 2002). Additionally, proteins involved in DNA repair and ribosome 

stability are important in the piezoadaptation, since low temperature and high pressure 

can decrease the translational efficiency (Simonato et al., 2006) and also, the loss of 

functionality of the ribosomes due to disassociation of the ribosomal subunits 50S and 

30S (Alpas et al., 2003; Pavlovic et al., 2005). Other responses encompass the production 

of piezolites like ectoine that support the turgor pressure and protect the cell from 

osmotic stress (Scoma et al., 2016a; Scoma & Boon, 2016), the modification of 
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transmembrane proteins involved in the respiratory chain (Tamegai & Horikoshi, 1998) 

and shifting to alternative respiratory pathways (Bartlett, 2002; Bartlett et al., 1995; 

Simonato et al., 2006).  

Similarly to HP, temperature affects the functioning, distribution and community 

composition of microorganisms (Perez Calderon et al., 2019), due to the effects it has on 

many cellular processes such as enzymatic activity, growth rate, respiration rate, 

secondary metabolism, degradation of recalcitrant compounds, pollutants, etc. (Thomas 

et al., 2012; Fuhrman & Azam, 1983; Megharaj et al., 2011). However, most of the genes 

and functions related to piezophiles adaptation have been linked to respond to other 

stresses and are present in non-piezophiles microorganisms as well (Dutta et al., 2019), 

the specific genomic responses to the combination of HHP and low-temperature 

conditions present in the deep ocean remains to be further elucidated. 

1.2 Hydrostatic Pressure and Temperature influence on hydrocarbons degradation in 

the deep ocean 

In the event of an oil spill, physicochemical processes (referred to as weathering) like 

evaporation, photo-oxidation, dissolution, emulsification, dispersion, and sinking, 

together with biodegradation transform the oil slick by the effect of solar radiation, wind, 

waves, and microorganisms. Sinking can take place due to the formation of marine snow 

or precipitation of dense residues from the weathered oil that are not volatilized or 

dissolved, as well as the formation of tar caused by oxidation processes (Scoma et al., 

2017). When this fraction of the slick reaches the deep ocean, it can take many years to 
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be degraded by microorganisms, given the harsh conditions of increased HP, low 

temperatures and oxygen availability (Scoma et al., 2017; Marietou et al., 2018; Schwarz 

et al., 1975). Hence, all those factors make the natural attenuation slower, affecting the 

ecosystem equilibrium (Varjani et al., 2017). Despite this, certain microbial taxa are 

adapted to degrade those components, due in part to the occurrence of natural oil seeps 

in the deep ocean floor, which continually release oil into the water, and provide a carbon 

source for the microorganisms under conditions of permanent HHP (Jørgensen & Boetius, 

2007; Scoma et al., 2017). For example, it was estimated that 30% of the spill after the 

Deep Water Horizon (DWH) spill in 2010, was degraded in the deep ocean (Marietou et 

al., 2018), due to the rapid degradation of hydrocarbons by certain rare groups of the 

microbial community from deep waters, such as Oceaniserpentilla, Colwellia, and 

Cycloclasticus (Kleindienst et al., 2016). 

HP and low temperatures particularly affect the degradation of hydrocarbons since their 

viscosity increases at low temperatures, therefore decreasing the degradation rates by 

microorganisms, thus causing an overall negative effect on the natural attenuation 

processes (Leahy & Colwell, 1990; Varjani et al., 2014). On the contrary, high 

temperatures increase the solubility of hydrophobic pollutants and decrease the viscosity, 

which facilitates their degradation (Aislabie et al., 2006). Hence, the synergistic effects of 

low temperature and HHP in the deep ocean generally have a negative impact on 

microbial activity, impairing degradation processes of pollutants (Marietou et al., 2018; 

Schwarz et al., 1975). In this sense, Fasca et al., (2018) observed that low temperature 
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(4°C) and HHP (22 MPa) strongly influenced the structure of oil-degraders bacterial 

communities from the surface water located nearby an off-shore extraction platform in 

Rio de Janeiro, Brazil. Another study showed that at low temperature (5°C) and 

atmospheric pressure, there was a decrease of aromatic hydrocarbon degradation by the 

indigenous microbial communities of the deep waters of the Gulf of Mexico (Wang et al., 

2016). Recently, Marietou et al., (2018) studied the effect of HHP in microbial 

enrichments from the DWH and observed that Oleispira was the only dominant taxa at all 

the pressures tested, highlighting the importance to include the synergistic effect of 

pressure and low temperature on microbial hydrocarbon degradation, in contrast to most 

of the studies, which have been conducted at room temperature (Schedler et al., 2014; 

Scoma et al., 2016a, b). In this respect, the case of the Alcanivorax genus is particularly 

interesting. Indeed, even though this member of Gammaproteobacteria is one of the 

most studied hydrocarbon-degrading bacteria, well known to be abundant in oil-

contaminated surface waters due to its specialization in degrading alkanes (Golyshin et 

al., 2005), its abundance was found to be very low abundant in the deep seawater during 

the DWH spill (Hazen et al., 2010; Dubinsky et al., 2013). This observation raised the 

hypothesis of the inability of Alcanivorax to degrade hydrocarbons at these depths. 

Scoma et al., (2016a, b, c) measured significant inhibitions of growth and biodegradation 

capabilities of three species of Alcanivorax (A. dieselolei KS_293, A. borkumensis SK2, and 

A. jadensis KS_339) under variable HP conditions (5 and 10 MPa respectively) at 20°C. 

These observations have been referred to as the "Alcanivorax paradox," which is the 

inability of Alcanivorax species to degrade hydrocarbons when exposed at these HHP, 
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which could explain their low frequency in the deep (Mapelli et al., 2017). Scoma et al., 

(2016a, b) found different transcriptome responses of these Alcanivorax species when 

exposed to HHP. Indeed, the primary genes affected by mild HP were related to fatty acids 

and alkane metabolism. For example, in A. borkumensis SK2, a general transcriptional 

upregulation of the genes related to fatty acid metabolism was measured at HHP. Also, 

the transcriptions of genes involved in alkane activation, such as the cytochrome p450 

and alkane 1-mono oxygenase, were upregulated. In contrast, A. dieselolei and A. jadensis 

responded to HHP with the downregulation of similar genes for alkane activation (Scoma 

et al., 2016b). Despite these different regulations, the deleterious effects of HP on 

bacterial growth yields were consistent in all the strains. 

These studies were conducted with strains isolated from the surface seawater, possibly 

reflecting constraints in terms of the adaptation of these bacteria to cope with HHP. 

Moreover, most of these studies were performed, considering only one temperature 

condition (Fasca et al., 2018). Very few studies in this sense have examined the effects of 

different combinations of HHP and temperature on hydrocarbon degradation. However, 

it is known that a combination of HHP and high temperature has a beneficial impact on 

microbial activity and growth (Casadei et al., 2002; Holden & Baross, 1995). Such is the 

case for the polyextremophile bacterium Clostridium paradoxum, that was not isolated 

from deep-sea but presented optimal growth rate and maximum cell numbers after 

incubation at HHP (22MPa) and high temperature (60°C) rather than at atmospheric 

pressure and lower temperature (Scoma et al., 2019). Under these conditions, there was 
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a decrease in damaged cells, concluding that the exerted pressure had a beneficial effect 

on the growth. As such, it has been proposed that a compensation effect determined by 

higher temperatures may favor the enhancement of cell membrane fluidity at HHP, 

therefore expanding the growth limits of the organism. Hence, the interaction of HP and 

temperature can allow elucidating the mechanisms used by marine microorganisms to 

thrive in a harsh environment like the deep sea. 

Under this perspective, the case of the Red Sea is particularly compelling as the warm 

temperature in deep waters (22˚C) (Ngugi et al., 2012) should facilitate a microbial activity 

for the degradation of certain compounds like hydrocarbons, compensating the adverse 

effects of the mild but yet an increase of HP in the deep ocean (the max depth of the Red 

Sea is around 2,850 m). The unique adaptations that microbial communities have 

developed in this ocean can provide novel insights on their adaptation to degrade 

hydrocarbons in this particular environment that might facilitate its potential of self-

healing capacity from oil contamination, and thus be a resource to favor natural 

attenuation in case of deep-sea oil spill accidents. 

This study aimed to contribute to elucidating the metabolic response of the alkane-

degrader strain Alcanivorax marisrubri ALC70 sp. nov. isolated from the depths of the 

Southern Red Sea. The rationale of using this organism for the study is driven by its 

potential adaptation to the combination of HHP and the relatively high temperature of 

the deep Red Sea. High-pressure laboratory equipment was used to perform growth and 

physiological assays under different combinations of mild HHP and temperature. 
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1.3 Objectives and Contributions 

 To elucidate the piezo-adaptation response of Alcanivorax marisrubri sp. nov. 

from the Red Sea 

 To evaluate the compensation effects of different combinations of 

temperature/mild HHP on the growth and physiology of Alcanivorax marisrubri 
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Chapter 2 
 

Physiological response to Hydrostatic pressure and temperature of 

Alcanivorax marisrubri sp. nov.  

2.1 Materials and Methods  

2.1.1 Alcanivorax isolates and growth conditions 

Alcanivorax marisrubri ALC70 used in this study was previously isolated from the deep 

waters of the Southern Red Sea sampled at the station SR3 (18.97N, 39.54E) during the 

InDeep SW0416 cruise in April 2016. The water sample was obtained from the depth of 

1,000 m using Niskin bottles. The strain was previously isolated (Bianchi, 2018) using 

microcosms with 5 mL of seawater as inoculum and 45 mL of filtered seawater (FSW) were 

supplemented with Arabian light crude oil (1% v/v) as the sole source of carbon along 

with urea and KH2PO4 as sources of nitrogen and phosphorus, respectively. After several 

rounds of pre-enrichment using the fresh media at 26°C, 100 μL of the liquid culture was 

plated on Petri dishes using the same media (FSW, oil, urea, KH2PO4, and agar) to obtain 

pure colonies. The resulting strains were grown in marine broth (MB) (BD, U.S.A.) at 26°C 

for two days, and then conserved at -80°C in MB supplemented with20 % (v/v) glycerol.  
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2.1.2 Temperature growth range 

To test the ability of the strain A. marisrubri ALC70 to grow at different temperatures (5-

45°C), the strain was pre-inoculated in 50 mL of ONR7a media with sodium pyruvate 1% 

(w/v) as the sole source of carbon and incubated for three days at 26°C with agitation. 

Then, 20 mL of ONR7a with sodium pyruvate at 1% v/v as the sole carbon source, was 

added in sterile Erlenmeyers with the inoculum at an initial OD of 0.05. The incubation 

was carried out for five days, with agitation. The OD was measured every 24 hours using 

a spectrophotometer. Each condition was done in triplicates plus a negative control 

without the inoculum. After this, growth curves were generated to calculate the growth 

rates at the exponential phase to establish the optimum and temperature range of this 

species. Then, four temperatures (20, 26, 32 and 38°C) were chosen for mild-pressure 

experiments. 

2.1.3 Mild-HP tests 

Initially, an exploratory analysis was performed to test the ability of A. marisrubri ALC70 

and two other strains of the same genus that were originally isolated from the North Sea 

(A. borkumensis SK2) (Yakimov et al., 1998) and the Mediterranean Sea (A. venustensis 

DSM13974) (Fernández-Martínez et al., 2003) to grow under 0.1, 5 and 10 MPa at 26°C. 

Fresh growing cultures of two-three days of incubation were used as pre-inoculum in 

ONR7a media with n-dodecane (C12) 1% (v/v) as sole carbon source. Then, 5 mL of fresh 

ONR7a media were transferred into sterile 10 mL syringes. The inoculum was adjusted to 
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an initial OD of 0.05, corresponding in average to 2.40 x 106 cells mL-1 ± 9.38 cells x 105 

cells mL-1. Oxygen was supplied through 2.5 mL of gas headspace constituted of air. Also, 

500 µL of Fluorinert (FC70, SIGMA) was added to the syringes to increase oxygen 

availability in the culture media (Meyer et al., 2012) for the subsequent incubation. The 

syringes were closed using a rubber cap and then placed on an 8 L high-pressure reactor 

filled with deionized water. The hydrostatic pressure was adjusted up to 5 and 10 MPa 

through a high-pressure pump, so the piston of the syringe transmitted the pressure 

inside the cultures. The reactor was incubated for three days at 26°C without agitation. 

At the end of the incubation period, the pressure was gently decreased to 0.1 MPa, and 

syringes were immediately placed on ice for the next analysis. All the strains were tested 

in three independent replicates. Experiments at atmospheric pressure (0.1 MPa) were run 

in parallel with the same conditions. 

For this exploratory experiment, only the initial and final cell number was quantified to 

estimate the bacteria growth after three days of incubation. Cell count was carried out 

using a flow cytometer with the Attune NXT® Software. The cells were diluted 50 times 

by adding 4 µL of the bacterial culture in 196 µL of the same growth medium. This volume 

was placed in separate wells of a 96 well plate for cell count. To stain the cells, SYBR® 

Green 1X at final concentration was added to each well, and the samples were incubated 

for 15 min at room temperature in the dark. Data from cell counting was collected for 45 

seconds, with a speed of 12.5 µL per minute, and was recorded as logarithmic signals 

triggered on the green fluorescence channel. Ultrapure water was used as the sheath 
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fluid, and controls of the ONR7a media plus C12 at the same concentration was used to 

remove the background noise from the samples. 

To evaluate more in detail the growth responses of A. marisrubri ALC70 under different 

combinations of HP and temperature, growth curves were obtained at 0.1 and 10 MPa at 

20, 26, 32 and 38°C, to study the growth rate and physiological response in the lag, 

exponential, and stationary phases. The experimental design was as follows: 2.5 mL sterile 

syringes were set up containing 1.75 mL of ONR7A liquid culture media + 17.5 µL (1% v/v) 

of C12 as the carbon source and 0.75 mL of headspace constituted by air. The inoculum 

was added at a final concentration of 106 cells/mL approximately, using a fresh pre-

inoculum in ONR7a+ C12 at 1% v/v. To close the syringes, sterile three-way valves were 

used. Negative controls were done in the same conditions without the inoculum. For this 

setup, the syringes were incubated in 200 mL high-pressure reactors (Classic Filters Ltd., 

UK). To adjust the pressure, deionized water was slowly injected inside the reactor 

through a pump (Enerpac, NL). Pressure reactors were placed in a custom-made incubator 

that can set the temperature from 20 to 100°C using a water thermostat (Corio C, Julabo 

GmbH, DE). For the 20°C, the reactors were incubated in a temperature-controlled room. 

The syringes at 0.1 MPa were placed in the same incubator filled with deionized water 

and covered with a glass lid and aluminum foil. 

The cell numbers were measured every day for three or four days. To avoid repeated 

compression and decompression, a reactor was sacrificed at each time point to process 

the samples. For all experiments, the cell counting was done with the Burker’s chamber. 
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For this, serial dilutions of the sample were used in sterile saline solution (3%) to have 

appropriate cell counts. Four independent replicates were done for each tested condition 

for statistical analysis. 

2.1.4 Metabolic activity (CO2 production) 

To estimate the CO2 production for the metabolic activity of the strain in the late 

exponential phase, the dissolved inorganic carbon (DIC) present in the liquid phase was 

quantified. For this, 1 mL of the sample was transferred to crystal vials containing glass 

beads of different sizes. The volume of the sample was adjusted, so there was no gas 

space inside the vial. The samples were stored at -20° C until processed. The DIC was 

determined by gas chromatography as described in Scoma et al., (2016a, b) 

2.1.5 Data analysis 

The data were expressed as mean values from three or four independent replicates of the 

experiments. The growth rate in the exponential phase was estimated using the following 

formula: 

Ln(ODf/ODi)

(tf − ti)
 

Were the ODi is the initial OD, ODf is the final OD, ti is the initial time, and tf is the final 

time. Statistical significance was assessed using a two-way ANOVA Test with post-hoc 

analysis using the T-student test with one sided distribution and 95% confidence interval 

(95% CI). Standard deviations were represented as bars on the graphs. 
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2.2 Results and Discussion 

2.2.1 Temperature growth range 

To evaluate the thermal adaptation of A. marisrubri ALC70, the growth rate was 

calculated at the exponential phase for five days. The results show that the strain grew at 

all the tested temperatures from 20 to 45°C with optimum growth rates between 30°C  

and 40°C (0.1271 and 0.1341 h-1, correspondingly) (Figure 2). At 5°C, there was no evident 

growth (0.0036 h-1), and at 10°C and 15°C, the growth rate was very low compared to 

higher temperatures (0.0206 and 0.0442 h-1 respectively). Hence, this species is 

characterized as an obligated mesophilic, which is in accordance with the warm 

temperatures of the Red Sea that are 22° C in the deep (Ngugi et al., 2012). In contrast, 

other Alcanivorax species are adapted to lower temperatures, which reflect their 

adaptation to colder oceans. That is the case of A. borkumensis SK2, which is capable of 

growing between 4°C and 35°C, with its optimum at 25-30°C (Yakimov et al., 1998). This 

species was originally isolated from the North Sea, where temperatures can range on 

average between -1 to 27° C during the year (Høyer, & Karagali, 2016). Among others, 

another cold-adapted species is A. venustensis, isolated from the Mediterranean Sea, with 

a similar growth range concerning temperature (4- 40°C) and an optimum at 30°C 

(Fernández-Martínez et al., 2003). Therefore, the strain A. marisrubri ALC70 shows an 

adaptation to living in warmer waters such as the conditions present in the Red Sea, which 

might restrict its global distribution to warmer oceans. This trait gives evidence of the 
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differential thermal adaptation of this novel species that has evolved in a unique ocean 

basin that drives microbial evolution. 

 

Figure 2. Growth rate (µ; h-1) of A. marisrubri ALC70 at different temperatures (5-50°C). 

2.2.2 Growth response of A. marisrubri ALC70 to HP 

Growth yield was evaluated in A. marisrubri ALC70, A. borkumensis KS2, and A. 

venustensis under atmospheric (0.1 MPa) and mild (5 and 10 MPa) HP at 26°C for three 

days. The ANOVA test (p-value < 0.05) confirmed that the growth yield was significantly 

affected. The results showed that at 0.1 MPa, the strains had an increase in the number 

of cells of 1-2 orders of magnitude (Figure 3). Nevertheless, in this condition, A. marisrubri 

grew significantly less than the other strains (p-value < 0.05). At 10 MPa, the final number 

of cells dramatically decreased in all the strains, compared to the observed growth at 

atmospheric pressure (p-value <0.05; Figure 3). A. marisrubri had significantly fewer cells 

at this HP, compared to A. borkumensis (p-value <0.05), but it was similar with A. 
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venustensis (p-value > 0.05). Most importantly, at 5 MPa, the final number of cells in A. 

marisrubri was similar to the observed value at atmospheric conditions (p-value > 0.05), 

suggesting that it was not significantly affected at this mild-HP (Figure 3). On the contrary, 

the other strains were more affected by this pressure condition (p-value < 0.05).  

 

Figure 3. Increase in cell number of A. marisrubri ALC70 after 3 days of growth in ONR7a with C12 as the 

sole source of carbon. Bars indicate the standard deviation. The samples not connected by the same letter 

are significantly different, according to the T-test (p-value < 0.05). 

These results provide evidence that this particular strain has a different adaptation to HP 

that allows it to withstand mild-HP conditions, differently from other Alcanivorax species 

that show a piezo sensitive profile, which restricts their distribution to shallower layers in 

the water column, referred as the “Alcanivorax paradox” (Mapelli et al., 2017) as shown 

in several studies (Scoma et al., 2016a, b), especially in A. borkumensis, A. jadensis, and 

A. dieselolei. To conclude, these exploratory results suggest that the “Alcanivorax 
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paradox” may not include this novel specie of Alcanivorax, since it wasn’t affected 

significantly by mild- HP in these specific conditions. 

2.2.3 Temperature/pressure response of A. marisrubri ALC70 

To test the hypothesis of a positive compensation effect on bacterial growth at increased 

temperatures under different HP conditions, the growth curves of A. marisrubri ALC70 

were evaluated to varying combinations of these parameters (20, 26, 32, 38°C at 0.1 and 

10 MPa) during three-four days of incubation providing C12 1% (v/v) as the sole carbon 

source. The growth curves evidenced a positive compensation effect at 38°C at 10 MPa 

on the growth rate of A. marisrubri ALC70 (Figure 4-5). According to the ANOVA analysis, 

the growth rate of A. marisrubri ALC70 was significantly different at the evaluated 

conditions and was influenced by pressure and temperature (p-value < 0.0001).  

At all the evaluated temperatures, the growth rate at atmospheric pressure was 

significantly higher than at 10 MPa (p-value < 0.05; Figure 4-5). Initially, at 20°C and 10 

MPa, the growth rate (0.048 h-1) was reduced 32% with respect to the growth rate at 

atmospheric pressure (0.070 h-1) (Figure 5A), also with a significantly lower final cell 

number in the stationary phase (3.71 x108 at 0.1 MPa and 4.15 x107 at 10 MPa; Figure 4A) 

(p-value < 0.05). Similarly, at 26°C the growth rate at 10 MPa was lower (0.053 h-1) 

corresponding to a reduction of 26% in comparison with the one observed at 0.1 MPa 

(0.072 h-1) (Figure 5A) and the final cell number was significantly lower as well (5.03 x107 

at 0.1 MPa and 2.36x107 at 10 MPa; Figure 4B) (p-value <0.05). Here, the increased 

temperature to 26°C resulted in a similar growth rate at 10 MPa compared to 20°C (p-
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value > 0.05, Figure 5B). This could indicate that these temperatures were not sufficiently 

high to allow optimal membrane fluidity to the cell, therefore causing a negative impact 

on the growth at this HP (Marietou et al., 2018). As indicated by Mangelsdorf et al. (2005), 

temperature and pressure have opposing effects on the cell membrane. Therefore an 

insufficient combination of both parameters may cause a negative impact on membrane 

processes or even cell disintegration. At 32°C and 0.1 MPa, the growth rate (0.098 h-1) 

was the highest among all conditions (Figure 4C), and it was statistically higher compared 

to the growth rate at 20 and 26°C (p-value < 0.05, Figure 5B). In contrast, at 10 MPa, it 

was reduced to 51% (0.048 h-1) of the one at ambient pressure at the same temperature 

(Figure 5A), and it was statistically similar compared to the growth rates at 20 and 26°C 

at 10 MPa (p-value > 0.05, Figure 5B). Interestingly, at 32°C, the final cell number in the 

stationary phase was more similar (3.39 x108 at 0.1 MPa and 2.37 x108 at 10 MPa) but 

were still statistically different (p-value < 0.05). In fact, the growth at 32°C at 10 MPa, 

showed a more linear behavior, with an extended exponential phase. Accordingly, the 

strain grew slower at 32°C and 10 MPa but reached a similar cell concentration compared 

to atmospheric pressure conditions. This might be related to the time that the cell 

requires to adapt to HP at this temperature. Since 32°C should be an appropriate 

temperature to allow a normal membrane fluidity and metabolism in a mesophile such 

as A. marisrubri, the adaptation of the cells to counteract with this HP seem to slow down 

its growth; nevertheless, the cells can adapt to it and reach a similar cell number than at 

ambient pressure.  
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At 38°C, a clear compensation effect in the growth rate was observed. At 0.1 MPa, the 

growth rate (0.097 h1) was similar to that at 32°C (0.098 h-1) (p-value > 0.05) at the same 

pressure (Figure 4C, 4D). At 10 MPa, the growth rate at 38°C (0.076 h-1) was significantly 

higher than at 20, 26 and 32°C at this HP condition (p-value < 0.05) (Figure 5B) and it had 

a reduction of 22% in contrast with atmospheric pressure at the same temperature 

condition (Figure 5A). Although the final cell number at 38°C in the stationary phase was 

similar at both pressures (3.75 x 107 at 0.1 MPa and 3.14 x 107 at 10 MPa), it was 

statistically different (p-value < 0.05). This result expands the piezotolerance of the strain, 

at 38°C. The increase in temperature, therefore, exerted a positive compensation effect 

on the bacterial performance, indicating that the strain can counteract better mild-HP at 

38°C, which is still within its optimum temperature range of 30-40°C.  

 

Figure 4. Growth curves of A. marisrubri ALC70 after 4 days at A) 20; B) 26; C) 32; D) 38°C, at 0.1 and 10 

MPa (dashed line). Bars indicate the standard deviation. µ indicates the growth rates (h-1). 
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Figure 5. Growth rates (µ) of A. marisrubri ALC70 at 20, 26, 32, and 38°C at 0.1 and 10 MPa. A) Percentages 

of reduction in µ at 10 MPa (dashed line) relative to the µ at 0.1 MPa for each given temperature 

condition; B) Statistical differences of the growth rates µ. Bars indicate the standard deviation. The 

samples not connected by the same letter are significantly different, according to the T-test (p-value < 0.05). 
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Although a relationship between HP and temperature in microbial life has been early 

proposed (ZoBell, C. E., & Johnson, 1949), just a few studies have addressed it (Fitchel et 

al., 2015; Perez Calderon et al., 2018). Recently, evidence has been published that 

different combinations of these parameters can have a positive effect on growth and 

performance of bacteria, thus expanding the growth limits of microbes (Scoma et al., 

2019), as previously reported in Escherichia coli (Casadei et al., 2002) and Pyrococcus 

hyperthermophilic strain (Holden & Baross, 1995). For example, Clostridium paradoxum, 

a polyextremophilic bacterium, has its growth limits extended at temperature and HP 

combinations of 60°C at 22 MPa, compared to its performance at ambient pressure and 

50°C (Scoma et al., 2019). On the contrary, lower temperatures and HHP conditions impair 

microbial growth and metabolic activity (Schwarz et al., 1975; Marietou et al., 2018).  

One possible explanation for this compensation effect at higher temperatures could be 

related to the cell membrane adaptation to the HP-temperature combination. As 

previously stated, the lipid composition of the cell membrane can be modified in response 

to changes in temperature, pressure, osmolarity, and salinity (Mrozik et al., 2004; Zhang 

& Rock, 2008) by the homeoviscous adaptation. In this matter, it is well known that low 

temperature and HHP reduce the fluidity of the membrane by increasing the packing of 

fatty acid acyl chains (Oger & Jebbar, 2010), which affects its functionality (Winter & 

Jeworrek, 2009). On the contrary, an increased temperature decreases the viscosity of 

the membrane, therefore increasing its fluidity (DeLong & Yayanos, 1986). According to 
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Scoma et al. (2019), the membrane would possibly respond to HHP and incremented 

temperature through membrane modulation consisting of synthesizing more saturated 

branched-chain fatty acids and shorter phospholipid fatty acids (PFLAs), as they generate 

more fluid structures (Rilfors et al., 1984). Also, it was observed that temperature had a 

more substantial influence on the fatty acid saturation and structuring of main 

phospholipids of the cell membrane, while pressure mostly affected the branching and 

length of the sidechains (Fitchel et al., 2015). Further research would provide more 

insights into the compensation effect at higher temperatures when exposed at HHP, and 

the microbial adaptations to these parameters, which might be beneficial for the 

hydrocarbon degraders associated to warmer environments in the ocean. 

2.2.4 Metabolic activity (CO2 production) 

The CO2 was measured to evaluate the metabolic activity of A. marisrubri at 20, 26, and 

32°C at 0.1, 5, and 10 MPa (Figure 6), while no data were available at 38°C. The results 

showed that the CO2 production per cell was significantly different and influenced by 

pressure and temperature in the evaluated conditions according to the ANOVA analysis 

(p-value < 0.0001). In this sense, the CO2  production was higher at 20 and 26°C at 5 and 

10 MPa (p-value < 0.05), which might be due to an increased metabolic activity related to 

cell stress under the effects of mild-HP at those temperatures. At 32°C, CO2 production 

was significantly lower at 5 and 10 MPa compared to the other temperatures (p-value < 

0.05), which might indicate that the cells are not stressed at the same level given the 

compensation effect of this temperature that reduces the adverse impacts of mild-HP. 
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Also, at atmospheric pressure, CO2 production was similar at all temperatures tested       

(p-value > 0.05), and it was significantly lower than at 5 and 10 MPa (p-value < 0.05). 

 

Figure 6. CO2 production in A. marisrubri ALC70 and cell number after three days at 0.1, 5, and 10 MPa at 

20, 26, and 32°C. Bars indicate the standard deviation. The samples labeled with different letters are 

significantly different, according to the T-test (p < 0.05). 

 

Contrary, Scoma et al. (2016a) found a decrease in CO2 production in A. borkumensis SK2 

under 5 and 10 MPa at 20°C, as mainly at 5 MPa this strain was lethally inactivated. In this 

research, it was suggested that variations in CO2 production under mild and atmospheric 

pressure might indicate a shift in cell metabolism under increased HP. In a similar study 

(Scoma et al., 2016b), A. jadensis and A. dieselolei showed higher CO2 production per cell 

at 5 MPa at 20°C than at atmospheric pressure. 
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The increased CO2 production under HHP might be related to cell stress, given the overall 

activation of the metabolism to rapidly adapt to this environmental condition. In addition 

to the homeoviscous adaptation, some studies have reported that under HHP, the cells 

start accumulating intracellular organic solutes like ectoine, glutamate and N-

trimethylamine oxide (TMAO), which are intended to contribute in maintaining the turgor 

pressure of the cell (Amrani et al., 2016; Yin et al., 2018; Scoma et al., 2016a, c; Lamosa 

et al., 1998), although their role in the adaptation to HP and temperature remains to be 

further investigated. Other cell responses include the upregulation of genes involved in 

glycolysis, gluconeogenesis, and glycogen metabolism (Fernandes et al., 2004) to enhance 

osmotic stability and energy consumption (Yale & Bohnert., 2001), as well as the 

upregulation of genes encoding for cold-heat shock proteins and reduced translational 

efficiency (Simonato et al., 2006) among others. 
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2.3 Conclusions 

After the DWH oil spill, the research in the microbial ecology of hydrocarbon degradation 

in the deep sea increased significantly (Hazen et al., 2010; Dubinsky et al., 2013). 

Nonetheless, most of the studies were carried out at ambient pressure and room 

temperature, neglecting the effects of mild HP and its interaction with temperature on 

the growth and physiology of deep-sea microbial communities (Atlas & Razen, 2011; Joye, 

Teske,& Kostka, 2014; Redmond & Valentine, 2012 and others). 

This thesis provides evidence of the differential adaptation to HP and the temperature of 

a novel species of a specialized alkane degrader, A. marisrubri ALC70 isolated from the 

Red Sea. Under the tested conditions, the strain showed a piezotolerant profile that was 

promoted under appropriate combinations of mild HP and temperature. These findings 

suggest that the special conditions of temperature in the deep Red Sea, may drive the 

adaptation and evolution of hydrocarbonoclastic bacterial communities, which facilitates 

their hydrocarbon-metabolic performance, therefore representing a source for future 

research for improved remediation technologies for oil-contaminated waters. Further 

experiments at other combinations of temperature and HHP that may include the 

transcriptomic analysis of the alkane metabolism-related genes in different phases of the 

strain growth curve would provide more detailed clues about the genomic adaptation of 

hydrocarbon metabolism and fine-tuning mechanisms in response to different 

HP/temperature combinations. 
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