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The deep-sea is characterized by extreme conditions, such as high hydrostatic pressure (HHP) and near-freezing temperature. Piezophiles, microorganisms adapted to high pressure, have developed key strategies to maintain the integrity of their lipid membrane at these conditions. The abundance of specific membrane lipids, such as those containing unsaturated and branched-chain fatty acids, rises with increasing HHP. Nevertheless, this strategy is not universal among piezophiles, highlighting the need to further understand the effects of HHP on microbial lipid membranes. Challenges in the study of lipid membrane adaptations by piezophiles also involve methodological developments, cross-adaptation studies, and insight into slow-growing piezophiles. Moreover, the effects of HHP on piezophiles are often difficult to disentangle from effects caused by low temperature that are often characteristic of the deep sea. Here, we review the knowledge of membrane lipid adaptation strategies of piezophiles, and put it into the perspective of marine systems, highlighting the future challenges of research studying the effects of HHP on the microbial lipid composition.
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1 INTRODUCTION
The deep-sea is defined by a water depth of >1,000 m and encompasses most of Earth’s biosphere. At these depths, the average sea temperature is 2°C and the hydrostatic pressure is >10 MPa (100 bars) increasing by 1 MPa (10 bars) every 100 m (Jannasch and Taylor, 1984). High hydrostatic pressure (HHP) in deep-sea environments usually coincides with low bottom-water temperatures except for areas in the vicinity of hydrothermal vents and warm seas, such as the Mediterranean, and the Black Sea, which average bottom temperature are 12°C and 8°C, respectively (Lacombe et al., 1985; Vargas-Yáñez et al., 2017).
Microorganisms adapted to HHP are usually known as piezophiles, referring to their preference for high pressure (Kato, 2011). Regarding the adaptability to HHP, microorganisms can be piezolerant, if they can withstand HHP but have similar or faster growth rates at atmospheric pressure, while obligate piezophiles can only grow under HHP (Kato, 2011). Piezophiles are usually found at the bottom of the water column thus these microorganisms are both piezophiles and psychrophiles (adapted to low temperatures). The fact that these two factors coincide makes it challenging to discern the effects of HHP and low temperature on microorganisms. A strategy to pinpoint the microbial effects of HHP solely is to focus on microorganisms isolated from warmer deep-sea bottom waters or from locations close to hydrothermal vents outside of areas with extremely high temperatures. Nevertheless, to our knowledge research to pull these two effects apart are scarce (Bartlett, 1999; Nogi, 2008; Wang et al., 2009).
HHP impacts protein folding, metabolic rate, and membrane stability, leading to cell disruption. Thus, piezotolerant and piezophiles have developed various adaptive strategies to cope with HHP, such as accumulation of protein-stabilizing solutes, gene expression modulation (such as induction of genes encoding for heat shock protein), and changes in the composition of the cell membrane (Simonato et al., 2006; Oger and Jebbar, 2011).
An essential microbial cell feature that has been observed to change under HHP is the composition of the cell membrane, which represents the cell barrier against environmental stimuli. The cell membrane is a dynamic compartment composed of membrane lipids and proteins. HHP has been seen to affect membrane proteins, for example, by increasing membrane diffusion by the activation of porins (proteins forming membrane channels) (Bartlett, 1999), or by increasing the abundance of respiratory terminal oxidase able to maintain their integrity under HHP (Tamegai et al., 2011). Changes in the membrane lipid composition to keep the membrane fluid are known as homeoviscous adaptation, while the modification of the proportion of lipids in a crystalline state is referred as homeophasic adaptation (Bartlett, 2002; Fang and Bazylinski, 2008). Membrane fluidity (i.e., a parameter describing the freedom of movement of lipids and proteins within the membrane) can be adapted by modifying the degree of lipid packing, which directly affects the water permeability across the membrane. In addition, other biophysical characteristics of the cell membrane have been seen to be relevant to modulate the integrity of the membrane such as thickness, phase properties, and viscosity (Chwastek et al., 2020).
Here, we review the knowledge of membrane lipid adaptation strategies of piezotolerant and piezophile microbes encountered in the water column of marine systems. Most studies have been conducted in this setting since the deep-sea represents by far the most widespread environment where microorganisms thrive under HHP. Several structural features of the membranes have been examined, such as the composition of polar headgroups and degree of unsaturation and methylation of fatty acyl chains, and the presence of hopanoids and sterols. We conclude this review by outlining the future challenges to determine membrane lipid adaptations to HHP.
2 MICROBIAL MEMBRANE LIPIDS AND THEIR RESPONSE TO HHP
Bacteria and eukaryotes have similar adaptive strategies, as they share characteristics in the structure of their lipid membranes with their lipids composed of fatty acyl chains connected through ester bonds to glycerol-3-phosphate at positions sn-1 and sn-2, and polar head groups (Figure 1A). Both bacterial/eukaryotic and archaeal membrane lipids have mainly glycerophospholipids (GPLs) composed by a glycerol moiety, a phosphate group, and a variable head group. GPLs are polar lipids - they have an amphiphilic nature, meaning they have both a hydrophilic (with a strong affinity to water, soluble in water) and a hydrophobic (lacking affinity for water) part.
[image: Figure 1]FIGURE 1 | Overview of the chemical structures of bacterial and archaeal membrane lipids, including (A) different stereochemistry in the backbone being glycerol-3-phosphate (G3P) in bacteria and G1P in archaea (labeled in pink), and a different type of side chain (in yellow), i.e., fatty acids esterified to the G3P in bacteria, and isoprenoid alkyl chains linked through ether bonds to the G1P moiety in archaea. Polar headgroup is labeled in blue. (B) Different fatty acid side chains of phospholipid fatty acids (PLFA) commonly encountered in the bacterial membranes of piezophiles, with (B1) being C20:5, (B2) being (Z)-hexadec-9-enoic acid or palmitoleic acid, and (B3) being hexadecenoic acid or palmitic acid (C16), and their influence in the packing conformation and fluidity of the membrane. (C) Archaeal tetraether membrane lipids, being (C1) GDGT-4 with four cyclopentane moieties, and (C2) GDGT with no cyclopentane moieties (i.e., GDGT-0), and their impact on the conformation and fluidity of the membrane.
Archaeal membrane lipids differ substantially from those of bacteria and eukaryotes as they are composed of two linear isoprenoidal alkyl chains made up of a phytanyl chain (containing 20 carbon atoms, or C20) bound through ether-bonds to the sn-2 and sn-3 position of glycerol-1-phosphate (G1P) (Figure 1A). Thus, they are referred to as glycerol diether or archaeol. In addition, archaea can also form monolayers of tetraethers or so-called glycerol dibiphytanyl glycerol tetraethers (GDGTs) (Figure 1A). The isoprenoid cores can be modified by unsaturation, hydroxylation, or presence of cyclopentane or cyclohexane rings (only in the case of crenarchaeol synthesized by Thaumarchaeota) (Schouten et al., 2013).
These fundamental chemical differences between bacterial/eukaryotic and archaeal membranes lead to specific adaptation when encountering membrane-disrupting parameters such as HHP, depressurization, or extreme temperature (Siliakus et al., 2017). To adapt to HHP and extreme temperature, bacteria and eukaryotes modulate the degrees of unsaturation and branching of their acyl chain (Figure 1B) and adapt the type and proportion of polar headgroups, while archaea modulate their ratio of diether lipid to GDGT (Figure 1C).
3 ADAPTATIONS IN THE COMPOSITION OF BACTERIAL/EUKARYOTIC MEMBRANE LIPIDS TO HHP
3.1 Acyl chain composition
Most research on membrane lipid adaptation has focused on modulation of the fatty acyl chains of the bacterial/eukaryotic lipids in response to physical parameters. For example, saturated fatty acyl chains allow the lipids to be packed in a tighter and denser configuration than lipids with unsaturated chains, resulting in a more rigid membrane structure (Small, 1984); (Figure 1B). Monounsaturated phospholipid fatty acyl chains lead to a slight curled configuration, thus loosening the membrane, leading to an increase in fluidity (Figure 1B). In addition to unsaturation, hydroxylation (i.e., the presence of hydroxy groups), methylation, and length of the fatty acyl chain can also impact the fluidity of the membrane by impacting the melting temperature (Ernst et al., 2016).
In general, piezophiles are known to increase the level of fatty acyl chain unsaturation as an adaptive response to HHP. For instance, the model organism Photobacterium profundum SS9, a piezo- and psychrophile, has been reported to increase the unsaturation in its fatty acyl chain upon HHP as well as the bacterium Alteromonas 4033-B (Table 1; Kamimura et al., 1993; Allen et al., 1999). The presence of multiple unsaturations of the fatty acyl chain, or so-called polyunsaturated fatty acids (PUFAs), is also a common strategy among piezophiles. PUFAs that are most frequently associated with adaptation to HHP are C20:5 and C22:6 (Bartlett, 1999; Kawamoto et al., 2011; Usui et al., 2012; Moi et al., 2018). For example, two strains of Psychromonas (2D2 and 16C1) were isolated from the intestines of a deep-sea fish, Coryphaenoides yaquinae, which lives at 6,000 m depth. Under HHP, both strains significantly increased the content of C20:5 and C22:6, confirming that this lipid plays an important role in microbial adaptation under HHP (Table 1; Yano et al., 1998). Another example is Shewanella piezotolerans WP3, which increases the relative abundance of C20:5 upon HHP [Table 1; (Wang et al., 2009; Kawamoto et al., 2011)]. Surprisingly, however, the phylogenetically related piezophile Shewanella violacea DSS12 adopts an opposite strategy; it decreases the relative abundance of C20:5 upon HHP (Kawamoto et al., 2011).
TABLE 1 | Summary of piezophiles and piezotolerant microorganism.
[image: Table 1]Although these studies confirm that the microbial membrane can adapt to HHP by changing the relative abundance of the PUFA C20:5, other studies have shown that the presence of this PUFA is not essential to withstand HHP since, e.g., some bacterial strains such as the piezotolerant Pseudomonas sp. BT1, do not contain C20:5 in its membrane (Kaneko et al., 2000). Moreover, the lack of production of C20:5 by mutation of specific biosynthetic genes in the piezotolerant strains S. piezotolerans WP3 and S. violacea did not impair their cell viability but only reduced their growth rate under HHP conditions suggesting the synthesis of PUFA is not a requirement to withstand HHP (Wang et al., 2009; Usui et al., 2012). Both strains compensated for the absence of C20:5 by increasing the relative abundance of monounsaturated fatty acids (MUFAs), supporting the fact that both PUFAs and MUFAs are involved in the membrane adaptation to HHP (Table 1). This is further supported by other studies, showing that mutant strains of P. profundum with a deficit in C20:5 could withstand both low temperature and high pressure, while mutants with reduced C18:1 were unable to grow under those conditions (Allen et al., 1999). The membrane of piezophilic and piezotolerant microorganisms harbors also other types of PUFAs, such as the C22:6 (Table 1), which typically occurs in the piezophilic and piezotolerant strains of the genera Moritella and Colwellia (DeLong and Yayanos, 1986; Oger and Cario, 2014), as well as Psychromonas hadalis, Psychromonas strain 2D2, and strain 16C1 (Table 1; Yano et al., 1998; Nogi et al., 2007).
Another acyl change modification of the bacterial/eukaryotic fatty acids that has been related to the homeoviscous adaptation under HHP is related to an increase in the degree of branching of the esterified fatty acids (Mostofian et al., 2019). In piezophile and piezotolerant strains, the most commonly occurring branched-chain fatty acids are iso and anteiso fatty acids (Figure 2). Iso and anteiso fatty acids are usually found in Gram-positive and sulfate-reducing bacteria (Kaneda, 1991), but they have also been reported in the membrane of some piezophiles (Fang and Kato, 2007). For example, Shewanella benthica and P. profundum both synthesize iso fatty acids under HHP (Allen et al., 1999; Fang and Kato, 2007). Consequently, changes in their relative abundance have been previously interpreted as a strategy to deal with HHP (Bartlett, 1999). As an example, the gram-positive Clostridium paradoxum increased its relative abundance of iso and anteiso fatty acids at increasing hydrostatic pressure at a given growth temperature (Table 1; Li et al., 1993; Scoma et al., 2019). This strategy in C. paradoxum coincided with an increase of the proportion of shorter carbon chain fatty acids in the membrane with increasing hydrostatic pressure to increase the fluidity of the membrane (Scoma et al., 2019). Nevertheless, other piezotolerant bacteria, e.g., Colwellia piezophila, Moritella yayanosii, and Psychromonas kaikoae, do not produce branched-chain fatty acids (Table 1), revealing that branched-chain fatty acids solely are not required to achieve piezophily for some microbial groups (Kaneda, 1991).
[image: Figure 2]FIGURE 2 | Differences between straight and branched-chain fatty acids. (A) Example of a straight-chain fatty acid containing 15 carbons. (B) Two branched-chain fatty acids chain containing 15 carbons. Iso-15:0 refers to configuration of the acyl chain containing a methyl group attached on the penultimate, while anteiso-15:0 refers to a similar configuration in which the methyl group would be attached to the antepenultimate carbon of the acyl chain.
3.2 Polar head groups
Polar head groups attached to the glycerol backbone, both in eukaryotic/bacterial lipids, confer specific structural characteristics, such as anchorage of proteins or curvature to the membrane (Castell, 2019). Head group polarity is also a key factor to regulate membrane packing. Zwitterionic lipids, which contain an equal amount of negative and positive charges, are expected to be packed more tightly than lipids with a net positive or negative charge. Thus, polar headgroup have an important effect on the packing and in the curvature of the membrane, and can play an important role for homeoviscous adaptation.
The membrane polar head groups can be diverse, but the most common ones are serine, ethanolamine, glycerol, choline, and myo-inositol, which are found in the phospholipids in all three domains of life (Sohlenkamp and Geiger, 2015). Most of the studies that have evaluated changes in the cell membrane upon environmental stimuli, including HHP, have focused on changes in the core lipid, while little is known of how the polar head groups change in these conditions. Nonetheless, a study by Kaneko et al. (2000) reported an increase in the relative abundance of intact polar lipids (IPLs) with the phosphatidylethanolamine (PE) head group with increasing pressure in a piezotolerant strain of Pseudomonas sp. isolated from the deep sea and grown at elevated temperature and HHP (Canganella et al., 2000). Another study also reported an increase in the relative abundance of IPLs with phosphatidylcholine (PC) head group for the deep-sea bacterium Photobacterium profundum grown at HHP and low temperature (Allen et al., 1999). In contrast, a recent study reported a decrease of the relative abundance of PC IPLs at HHP in two strains of the family Marinifilaceae of the phylum Bacteroidetes (Yadav et al., 2020). Yadav et al. (2020) also observed opposing changes in the polar head group distribution upon HHP for different analyzed strains of the same genus, with PE IPLs either increasing or decreasing at HHP, concomitantly with an increase or decrease of the ornithine lipid (OL). (Yadav et al., 2020). Therefore, it is likely that polar head group modifications upon HHP are not a universal feature. In general, all the studies on the membrane adaptation upon HHP suggest that the membrane lipid response is a combination of changes on both the polar head group and the core lipids (fatty acids) as a whole, and that the nature and the direction of this change is highly dependent on the taxonomy of the strains under study.
4 HOPANOIDS AND STEROLS
Apart from membrane lipids, other lipid-based components are part of the membrane and act as regulators modifying the permeability of the membrane by increasing its rigidity and decreasing its permeability, being these hopanoids and sterols.
Hopanoids are a diverse group of pentacyclic triterpenoids mainly produced by bacteria. Their functionalized derivatives are referred as bacteriohopanepolyols (BHPs). The structure of hopanoids resemble the one of sterols (tetracyclic triterpenoids) found mostly in eukaryotic membranes. Previous studies have been shown that hopanoids have a similar location and function than sterols (Joung et al., 2008). Both sterols and hopanoids are derived from the same precursor, squalene, which is one of the products of the isoprenoid biosynthetic pathways (Kannenberg and Poralla, 1999; Micera et al., 2020). Sterols have also been observed in a few bacterial species of aerobic methanotrophs, myxobacteria and planctomycetes and members of the Bacteroidetes. Nevertheless, these have a very low structural complexity in comparison with those of eukaryotes.
The effect of HHP on the composition and/or abundance of sterols or hopanoids in cell membranes is poorly constrained. Two piezotolerant Marinifiliceae from the Black Sea possess BHPs biosynthetic genes, however the conditions inducing the productions of those hopanoids have not yet been identified (Yadav et al., 2020). A study by Abe, (2021), evaluated the effect of HHP on the growth of the yeast Saccharomyces cerevisiae by using functional genomics and transcriptomics analyses, concluding that mutations causing a decrease in the abundance of the sterol ergosterol in their membrane, made the cells more sensitive to HHP and to low temperature (Abe, 2021). More studies on the changes in membrane lipids in sterol and hopanoid-producers need to be conducted to further clarify if an increase of these membrane regulators upon HHP is a universal feature or not.
5 ADAPTATION TO HHP IN ARCHAEAL MEMBRANE LIPIDS
Archaeal membrane lipids are based on ether-bonded isoprenoid chains with modifications, such as methylations, hydroxy groups covalent bonds, and ring moieties, the abundance of which has been related to membrane fluidity adaptation to compensate for environmental changes (Figure 3; Siliakus et al., 2017; Jebbar et al., 2015).
Membrane adaptation under HHP has only been studied in two archaeal species; in Methanococcus jannaschii, a thermophilic methanogen, and in Thermococcus barophilus, a hyperthermophile piezophile [Table 1; Kaneshiro and Clark, 1995; Cario et al., 2015)]. In both species, the ratio of diether to GDGT membrane lipids increased when they were grown at higher than optimal pressure (Cario et al., 2015). This change would theoretically result in a bulkier membrane with higher lateral mobility and lower bending rigidity (Shinoda et al., 2005). In M. jannaschii, this transition to diether lipid results in a strong increase of macrocyclic archaeol at the expense of GDGT-0 and archaeol (Figure 3A). The increase of macrocyclic molecules in the membrane results in a tightly packed membrane, and prevents potential leakage of solute, proton or water (Jebbar et al., 2015). Although the studies on M. jannaschii and T. barophilus point to similar adaptive strategies, the lack of additional study on piezophile or piezotolerant archaea does not allow to identify specific adaptive response to HHP in archaea.
[image: Figure 3]FIGURE 3 | Diversity of isoprenoid chains in archaeal membrane lipids. (A) Archaeol (diether) membrane lipids encountered in piezophiles. (B) Diversity of archaeal tetraether lipids with and without moieties. Top: GDGT-0, with no cyclopentane moieties. Middle: GDGT-4 containing four cyclopentane rings, bottom: crenarchaeol, containing four cyclopentane rings and a cyclohexane ring (Damsté et al., 2002; Holzheimer et al., 2021).
6 METHODOLOGICAL CHALLENGES OF STUDYING THE EFFECT OF HHP ON THE MEMBRANES OF MARINE MICROBES
To gain more insight into the potential contained in piezophiles, isolation and cultivation of piezophilic microorganisms under laboratory conditions is essential. Nevertheless, the maintenance of HHP during sampling and further cultivation is rather challenging and advancements in this regard have been only possible as a result of developments in specific equipments (Bartlett, 2002; Garel et al., 2019). These constraints have severely biased the types of piezophiles available in culture from which their physiology has been investigated, with a preference for oxygen-consuming (aerobic) microbes or piezophilic (hyper)thermophiles collected from hydrothermal vents. In this regard, most of the studied piezophiles are bacteria, while little is known about piezophilic archaea due to their slower growth rate and because they either consume or generate gasses out of their metabolism.
Methods to extract and analyze microbial membranes in general, and membrane lipids in particular, have been widely optimized (Carrasco-Pancorbo et al., 2009; Aldana et al., 2020). Nevertheless, the main problem is to assure that microbial membranes do not change upon decompression of the cultures or enrichments prior to analysis. Previous studies have assessed the effect of decompression on microbial growth, cell mobility and morphology, but the effect on membrane composition has yet to be examined (Cario et al., 2022a). Similar caveats have been faced when studying changes in microbial gene expression upon HHP, and a solution to it has been to fix samples while they are under HHP (Feike et al., 2012). To the best of our knowledge, no studies have been performed with fixed samples under HHP for the purpose of lipid analysis, and there is no knowledge regarding how membranes, or membrane lipids specifically, would be affected by the use of fixatives that would arrest cell activity. Still, these kinds of studies would be essential to discard changes in the microbial membrane during decompression which would be independent on those caused by HHP.
Among future challenges are the live observation of changes in the permeability or integrity of the cell membrane upon changes in hydrostatic pressure by using live-cell imaging methods. In this regard, previous studies have adjusted microscope setups to be able to perform high-resolution quantitative imaging of live cells under HHP (Bourges et al., 2020). In addition, the development of microfluidic chip now allows to observe phenotype change of microbes under HHP in real-time, without depressurization (Cario et al., 2022b). Another way to determine potential changes in the membrane lipids upon HHP, might be to determine the microbial genomic potential to synthesize unsaturated and branched-chain fatty acids, which have been seen to increase as a response to HHP. Lipid biosynthetic pathways and their protein-coding genes are, in some cases, quite constrained and it is possible to detect, determine the diversity, and or the expression of specific genes as a proxy of the diversity of microorganisms producing a given lipid, or the up and downregulation of the gene expression leading to it (Pearson et al., 2007; Villanueva et al., 2014). This approach has proven to be very useful when applied to environmental settings to better constrain the distribution and/or abundance of producers of specific membrane lipids (Kim et al., 2016; Besseling et al., 2018).
7 CONCLUSIONS AND FUTURE CHALLENGES
In conclusion, piezophiles and piezotolerant prokaryotes have multiple mechanisms to maintain the integrity of their cell membrane when challenged to grow under HHP, such as an increased degree of unsaturation or branching of fatty acids. However, the extent of those mechanisms is not fully constrained as most studies have focused solely on modifications in the acyl chain, and the impact of HHP on polar head groups, the presence of hopanoids and/or sterols, and membrane proteins remains largely unknown. Unveiling those aspects of membrane adaptations would allow to have a comprehensive picture of microbial adaptation, and possibly explain the substantial differences in fatty acid distribution found even between species of the same genus. Similarly, the limited research on the impact of the chemical composition of archaeal membrane on its physical properties does not allow at present to draw broad conclusion on archaeal adaptation, although the two piezophiles archaea studied seem to have similar adaptive strategies. This scarcity can be explained by the difficulty of studying piezophiles and piezotolerant microbes in the lab. Developments of accessible and low-maintenance high pressure incubators would allow to culture and identify more piezophiles and piezotolerant strains, and potentially highlight specific adaptations to HHP.
Another challenge for high pressure incubators and samplers is the decompression process: the transition to atmospheric pressure is likely to impact the membrane composition—the extent of this impact being still unknown. Alternatively, molecular omics methods present a way to circumvent the culturing difficulty and allow to predict the potential of a microbial community. Such studies require well-characterized lipid biosynthetic pathways. Future challenges would include a combined omics study, combining lipidomics, metagenomics and proteomics, to fully assess the specific membrane lipid adaptations of environmental microbial communities.
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