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A B S T R A C T   

High hydrostatic pressure (HHP) is a common factor in the deep sea and provides an ignorable parameter of 
consideration in all studies related to deep life. High-temperature environments in the deep sea, mainly including 
hydrothermal vents and deep sediments in the subseafloor, support enormous amounts of biomass, productivity, 
and diversity of life. Many microbes living there are usually (hyper)thermophilic piezophiles, which cope with 
the dual stresses of high temperature and HHP at the same time and playing significant roles in geochemical 
elemental cycling. Knowledge of the upper temperature limit of life under deep-sea HHP conditions can help us 
to estimate the boundary of the biosphere and explore its habitability on Earth and in extraterrestrial areas, but 
uncertainties remain. Here, we have summarized the current known knowledge of physiological correlations 
between high temperature and HHP, as well as the effects of HHP on cells at high temperature. These effects 
mainly comprise two aspects: biological integrity and metabolic feasibility. The former has been investigated in 
many studies on various microorganisms, from which we can draw a general conclusion that HHP helps cells 
maintain biological integrity under high temperature. For the latter, existing studies have provided clues sug
gesting that both high temperature and HHP challenge metabolic feasibility, but it is still difficult to draw 
conclusions on the additive effects on metabolism due to the lack of systematic analysis. Here, we also propose a 
series of questions for further investigation and called for more attention on metabolic responses to high tem
perature and HHP; this could provide a direct bridge between geochemistry and ecology, help us to understand 
the microbial functions in the deep biosphere and allow us to estimate the boundaries of life and habitats.   

1. Introduction 

1.1. High hydrostatic pressure (HHP) is a common factor in the deep sea 

Oceans cover more than 70% of the Earth’s surface area, and mi
crobes comprise approximately 90% of the ocean biomass; they are 
regarded as an important hidden driver of essential elemental cycling (e. 
g., C, N, S) in the ocean (Karl 2007; Sunagawa and Salazar 2017; 
Sephton et al., 2018). The deep sea refers to water depths greater than 
1000 m. As the hydrostatic pressure increases by approximately 0.1 MPa 
for every 10 m increase in water depth, the hydrostatic pressure in the 
deep-sea is higher than 10 MPa. While in sediments, the pressure in
creases 15 MPa per kilometer (Cario et al., 2019). The average depth of 
oceans is 3800 m, which provides an average hydrostatic pressure of 
approximately 38 MPa (Jannasch and Taylor 1984). Hydrostatic pres
sure influences the physiology of organisms living in the deep sea, which 

is the largest habitat of the biosphere in terms of volume (1.3 × 1018 m3) 
(Whitman et al., 1998). In general, deep-sea prokaryotes are known to 
be predominantly piezophilic, that means adapted to high-hydrostatic 
pressure conditions (Tamburini et al., 2013). It is believed that bio
topes under elevated pressure represent the largest habitat for microbial 
life on Earth, and pressure generally enhances microbial activity rates in 
deep environments (Picard and Daniel 2013). As a pioneer in piezophile 
studies, Bartlett and his collaborators have done a lot of work on how 
HHP impacts the biological processes in psychrophilic piezophilic bac
teria, by investigating the changes of DNA replication, gene expression 
and regulation, respiratory system, flagellar systems, and genetic mu
tations under HHP (Tamegai et al., 2012; El-Hajj et al., 2009; Marietou 
et al., 2015; Eloe et al., 2008; Lauro et al., 2008). These works indicated 
the importance of unsaturated fatty acids proportion and increasing 
swimming velocity under HHP in a well-studied psychrophilic piezo
philic bacteria strain, Photobacterium profundum SS9. Although their 
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work in SS9 strain showed that the respiratory component was not 
affected by altered pressure, they came up an assumption that SS9 strain 
may use fermentation rather than respiration under high pressure 
(Tamegai et al., 2012). In addition, Fang et al. reported changes in the 
energy yields of redox reactions in the deep sea under low temperature 
and HHP conditions and compared these conditions to those of surface 
environments at 25 ◦C and 0.1 MPa (Fang et al., 2010). In recent studies, 
HHP was reported to impact the shifts of end products of fermentation 
and external electron acceptors in respiration in both the microbiolog
ical community and in pure cultured strains (Ya�〄
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~35% of sediments are warmer than 60 ◦C, and ~25% of marine sedi
ments are warmer than ~80 ◦C (Larowe et al., 2017). Considering the 
3800 m average depth of oceans (with pressures of 38 MPa) and the 
lithostatic pressure found with increasing depths of sediments and crust 
(Oger and Jebbar 2010), microbes in the subseafloor often encounter 
and must survive conditions of high hydrostatic pressure, high temper
ature, and, sometime, extreme starvations (Fouquet 2014; Peoples et al., 
2020). However, the subseafloor biosphere is still suggested to contain 
two-thirds of Earth’s total prokaryotic biomass (Whitman et al., 1998). It 
is known that subseafloor microbes play a significant role in chemical 
reactions that were previously thought to have been abiotic, including 
iron and sulfur cycling as well as ethane and propane generation (Hin
richs et al., 2006). However, the limits of subsurface life in terms of any 
environmental properties are not yet known due to the lack of testable 
cultures. 

1.3. What is the upper temperature limit for life under HHP? 

As the record for the deepest sediments has been raised several times, 
the record for sedimentary microorganisms living at high temperatures 
has also been updated (Roussel et al., 2008; Heuer et al., 2020) (Fig. 2). 
In 2008, Roussel et al. provided evidence of prokaryotic cells living 
1626 m below seafloor (mbsf) sediments at temperatures of 60–100 ◦C, 
and suggested that representative hyperthermophile, Thermococcales (i. 
e., Thermococcus and Pyrococcus), is the only group active in the deep 
biosphere at that depth (Roussel et al., 2008). In a recent study, Heuer 
et al. provided evidence for growing microbes living up to a depth of 1.2 
km with hot sediments up to 120 ◦C in the Nankai Trough subduction 
zone. The microbiological metabolic activities are distinguished by 
different temperature zones. Above 45 ◦C to 80–85 ◦C, the biological 
production and oxidation of methane are detected, while at 
100 ◦C–120 ◦C, the activity of acetate-degrading hyperthermophiles is 
detected. These results suggested that temperature is one of the key 
factors shaping the metabolic processes occurring in deep sediments, 
and further shows that life in the deep subseafloor is not constrained by 
an upper temperature limit below 120 ◦C (Heuer et al., 2020). 

For pure cultured microbes, the record for the highest growth tem
perature has been raised several times in the past five decades. Ther
mophiles were first discovered in the hot springs of Yellowstone 
National Park in the United States, and their highest growth tempera
tures could be as high as 89 ◦C, which was recorded as for chlorophylless 
Schizomycetes in 1903 (Setchell 1903). Thermophilic bacteria with a 
maximum growth temperature of 93 ◦C were discovered in the 1960s 
and 1970s (Brock 1978). With the discovery of hydrothermal vents in 
the 1980s, hyperthermophiles whose maximum growth temperatures 
exceeded 100 ◦C were isolated there (Baross et al., 1982). This is the first 
time it was realized that the upper temperature of life can reach 100 ◦C. 

Thus far, microbes with the ability to grow at and above approximately 
100 ◦C are all archaea (Grogan 2013). In 1997, a Pyrolobus fumarii strain e 
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Table 1 
Reported (hyper)thermophilic piezophiles including both bacteria and archaea. Abbreviations: Topt: optimal growth temperature; Tmax: maximum growth tem
perature; Popt: optimal growth pressure; DSHV: deep sea hydrothermal vents; DSHS: deep sea hydrothermal sediments; SGHSF: sandy geothermally heated sea floor; 
ND: no data.  

Type Strain name Habitats in situ depth 
(m) 

Topt (◦C) Tmax (◦C) Popt 
(MPa) 

P range 
(MPa) 

Energy 
metabolism 

Reference 

Bacteria Anoxybacter fermentans 
DY22613 

DSHV 2891 60–62 72 20 0.1–60 Fe3+ reduction Zeng et al. (2015)  

Piezobacter thermophilus 
108 

DSHV 3626 50 55 35 0.1–65 H2/S oxidation Takai et al. (2009)  

Thioprofundum 
lithotrophica 106 

DSHV 3626 50 55 15 0.1–50 S oxidation Takai et al. (2009)  

Thermosipho japonicus 
IHB1 

DSHV 972 65 70 20 0.1–60 S reduction Takai and Horikoshi 
(2000)  

Marinitoga piezophila KA3 DSHV 2630 60 70 40 0.3–50 S reduction Alain et al. (2002)  
Pseudothermotoga elfii 
DSM9442 

DOW 1600–1900 66 72 20 0.1–50 Fermentation (Roumagnac et al., 2020;  
Ravot et al., 1995)  

Clostridium paradoxum 
JW-YL-7 

WGAP – 56 (0.1 
MPa) 
60 (22 
MPa) 

63 (0.1 MPa) 
70 (22 MPa) 

22 0.1–30 Methanogenesis (Li et al., 1993; Scoma 
et al., 2019) 

Archaea Methanocaldococcus 
jannaschii JAL-1 

DSHV 2600 72 (0.01 
MPa)86 
(7.5 MPa) 

95 ND 0.1–75a Methanogenesis (Jones et al., 1983;  
Boonyaratanakornkit 
2006)  

Methanococcus 
thermolithotrophicus DSM 
2095 

SGHSF 0.5 65 70 50 0.1–100 Methanogenesis Huber et al. (1982)  

Methanopyrus kandleri 
116 

DSHV 2000 105 110 (0.1 
MPa)116 
(0.4 MPa)122 
(20 MPa) 

20 0.1–50 Methanogenesis (Kurr et al., 1991; Takai 
et al., 2008)  

Methanopyrus kandleri 
121 

DSHV 2270 105 121 ND ND Fe3+ reduction Kashefi and Lovley (2003)  

Palaeococcus ferrophilus 
DMJ 

DSHV 1338 83 88 30 0.1–60 S reduction Takai et al. (2000)  

Palaeococcus pacificus 
DY20341 

DSHS 2737 80 90 30 0.1–80 S reduction Zeng et al. (2012)  

Pyrococcus abyssi GE5 DSHV 2000 96 102 (0.2 
MPa)105 
(20/40 MPa) 

20 0.1–50 S reduction Erauso et al. (1993)  

Pyrococcus yayanosii CH1 DSHV 4100 98 105 (20 MPa) 
108 (52 MPa) 

52 20–120 S reduction Birrien et al. (2011)  

Thermococcus aggregans 
TY 

DSHV 2000 88 94 20 0.1–30 S reduction Canganella et al. (1998)  

Thermococcus 
guaymasensis TYS 

DSHV 2000 85 90 20–35 0.1–50 S reduction Canganella et al. (1998)  

Thermococcus 
peptonophilus SM-2 

DSHV 2885 90 103 45 0.1–60 S reduction González et al. (1995)  

Thermococcus 
eurythermalis A501 

DSHV 2007 85 100 (0.1 
MPa)102 (40 
MPa) 

0.1–30 
(85 ◦C)10 
(95 ◦C) 

0.1–70 S reduction Zhao et al. (2015)  

Thermococcus barophilus 
MP 

DSHV 3550 85 95 (0.3 MPa) 
100 (40 MPa) 

40 0.1–80 S reduction Marteinsson et al. (1999)  

Thermococcus 
paralvinellae ES1 

DSHV 2200 88 93 (1 MPa) 
95 (22 MPa) 

40 ND S reduction Hensley et al. (2014)  

Thermococcus piezophilus 
CDGS 

DSHV 4964 75 90 (50 MPa) 50 0.1–125 S reduction Dalmasso et al. (2016)  

Thermococcus barophilus 
Ch5 

DSHV 3020 88 ND 40 ND S reduction (Oger et al., 2016; Zhang 
et al., 2021)  

Thermococcus camini 
Iri35c 

DSHV 2300 75–80 90 10–30 .01–50 S reduction Courtine et al. (2021)  

Pyrococcus strain ES4 DSHV 2200 97 95 (3 MPa) 
105 (22 MPa) 

ND ND S reduction Holden and Baross (1995)  

Pyrococcus sp. GB-D DSHV 2010 90 95 (0.1 MPa) 
104 (10/20 
MPa) 

ND ND S reduction Jannasch et al. (1992)  

Desulfurococcus sp. SY DSHV 2510 90 94 (0.1 MPa) 
96 (10/20 
MPa) 

ND ND S reduction Jannasch et al. (1988)  

Archeoglobus fulgidus VC- 
16 

heated 
sea floor 

ND 85 95 0.1–60 0.1–30 Sulfate 
reduction 

(Oliver et al., 2020; Stetter 
1988) 

Abbreviations. Topt: optimal growth temperature; Tmax: maximum growth temperature; Popt: optimal growth pressure; DSHV: deep sea hydrothermal vents; DSHS: 
deep sea hydrothermal sediments; SGHSF: sandy geothermally heated sea floor; DOW: deep oil-producing well; ND: no data. 

a For M. jannaschii strain, 75 MPa corresponds to the highest pressure tested, with a higher growth rate but the optimum pressure is not known (Miller et al., 1988). 
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relaxation dynamics in this hyperthermophilic protein than in a meso
philic model protein, which provides evidence that the protein energy 
landscape is distorted by high pressure and is significantly different for 
hyperthermophilic and mesophilic proteins (Shrestha et al., 2015). Tros 
et al. used ultrafast vibrational spectroscopy and dielectric relaxation 
spectroscopy to observe the random orientational motions of water 
molecules inside the living cells of three prototypical mesophilic or
ganisms. They found that most of the intracellular water exhibited the 
same random orientational motion as neat water, whereas a smaller 
fraction (~20–45%) exhibited slower orientational dynamics. This 
intercellular slow water is proposed to bound primarily to proteins and, 
to a lesser extent, to other biomolecules and ions (Tros et al., 2017). In 
addition, the high flexibility of proteome associated with reduced hy
dration water was observed in hyperthermophilic piezophilic archaea by 
using quasi-elastic neutron scattering, which was proposed to be a po
tential key to the molecular adaptation of the cells to high hydrostatic 
pressure (Martinez et al., 2016). However, the detailed physical effects 
of temperature and/or pressure on intercellular water in both meso
philic and (hyper)thermophilic conditions remain a mystery. 

3.2. Cell membrane 

The cell membrane is essential for separating the intracellular envi
ronment from the outside. The existence of the membrane enables the 
cell to maintain a relatively stable internal environment to support 
biological functions in the face of changing or extreme external envi
ronments. The mobility of the cell membrane increases at high tem
peratures (Fig. 3B). With the application of lethal heat stress, the high 
mobility of the cell membrane easily leads to the appearance of pores 
and structural damage, which cause solute overflow and cell lysis. In 
addition, lethal heat stress also has a great impact on binding of mem
brane proteins and the permeability of cell membrane. At lethal high 
temperatures, membrane proteins aggregate, membrane protein activity 
decreases, solute flux decreases, and the permeability of cations in
creases (Lande and B. 1995). 

Hyperthermophiles themselves have special membrane properties 

allowing them to adapt to high growth temperatures. For example, 
thermophilic bacteria enhance the thermal stability of membranes by 
increasing the proportion of saturated fatty acids in phospholipid mol
ecules, increasing the length of phospholipid alkyl chains and increasing 
the proportion of isomerized branched chains (Imanaka 2011). Hyper
thermophilic archaea use a monolayer membrane structure comprising 
glycerol dibiphytanyl glycerol tetraethers (GDGTs), which are more 
rigid and impermeable than classical bacterial/eukaryal bilayer mem
branes made of diacylglycerols; GDGTs impact higher mechanical 
strength to resist the high-temperature environments (Chong 2010). In 
addition, the increase in cyclopentane structures and the glycosylation 
modification of the glycerol skeleton are also ways for hyperthermo
philic archaea to maintain the stability of membrane (Ulrih et al., 2009). 
Most of these adaptation mechanisms enhance stability through 
changing membrane lipids and their composition. 

Generally, HHP helps maintain membrane integrity, fluidity, and 
permeability, like the low temperature treatment, leading to contrasting 
results at high temperatures (Fig. 3B). HHP and low temperature can 
both make the cell membrane orderly and compress the packing of fatty 
acids (Daniel et al., 2006). At 100 MPa and 2 ◦C, the fluidity of the 
membrane is similar to that seen at − 18 ◦C under a pressure of 0.1 MPa 
(Simonato et al., 2006). Each 10 MPa increase in pressure is equivalent 
to a 13–21 ◦C decrease in temperature, but the exact equivalence is 
determined by the composition of the lipid system (Somero 1992). High 
temperature increases the entropy of the membrane and increase its 
disorder, while high pressure will reduce the entropy. The increase in 
pressure reduces the fluidity of the membrane, so HHP can maintain the 
fluidity of the membrane within a relatively stable range. For membrane 
proteins, on the one hand (as mentioned above), the increase in hy
drostatic pressure is conducive to the maintenance of the protein’s 
structure to a certain extent, so HHP can maintain the protein’s higher 
structure resist the damage caused by high temperatures. On the other 
hand, due to the increased accumulation of lipid chains, HHP can cause 
changes in protein-membrane interactions (Scarlata 2005). The influ
ence of HHP on the membrane structure can maintain the stability of the 
membrane and the normal function of the membrane when 

Fig. 3. Schematic diagram of the effects of high temperature and high hydrostatic pressure on cells and biological processes in (hyper)thermophilic piezophiles. HT: 
high temperature; HHP: high hydrostatic pressure. 

Y. Yang et al.                                                                                                                                                                                                                                    
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thermophiles are subjected to lethal thermal stress, and this is one of the 
ways that HHP can increase the maximum temperature and maintain the 
integrity of the cell structure. 

Almost all archaea produce both diethers and tetraethers (Tourte 
et al., 2020; Oger and Cario 2013). Many works to date have demon
strated a strong correlation between the diether/tetraether ratio in lipid 
composition and adaptation to various extreme conditions in addition to 
high temperature, such as extreme acidity, alkalinity, salinity, and HHP 
(Boyd et al., 2013; Kates 1993; Cario et al., 2015). Cario et al. measured 
the ratio of diether (C20, Archaeol) versus tetraether (C40, GDGT-0) 
under different temperatures and pressures (Fig. 3C). Their results 
clearly showed the similar trends with increasing pressure and 
decreasing temperature, both of which led to an increase in the pro
portion of diethers. Conversely, a higher proportion of GDGT-0 was 
observed under low-pressure and high-temperature conditions. Notably, 
fluctuations in pressure and temperature also impacted the level of 
unsaturation of apolar lipids with an irregular polyisoprenoid carbon 
skeleton (unsaturated lycopane derivatives) (Cario et al., 2015) 
(Fig. 3C). 

3.3. Macromolecules 

Many biomolecules, especially the macromolecules, face different 
threats under heat stress. The effect of high temperature on biological 
stability is the most studied of these threats. Hydrogen bond is a kind of 
weak interaction and hydrogen bonds in proteins help to stabilize pro
tein structure (Steiner 2002). For protein molecules, irreversible dena
turation occurs when the hydrogen bonds inside the protein are broken 
under the influence of deadly thermal stress (Scharnagl et al., 2005). At 
the same time, amino acid residues in protein molecules are prone to 
undergo covalent modifications at high temperature, leading to the 
inactivation and degradation of protein molecules such as in the dea
midation of glutamine residues and asparagine residues and the oxida
tion of cysteine residues (Jaenicke and Sterner 2006) (Fig. 3D). The 
nucleic acid molecules DNA and RNA are also threatened by high tem
peratures. The double helix of the DNA molecule will open when the 
temperature exceeds the DNA melting temperature, and the structure of 
the tRNA molecule is easily destroyed at high temperature (Jaenicke and 
Sterner 2006), and it cannot participate in the functional translation 
process (Fig. 3E). 

Hyperthermophiles exhibit special adaptation mechanisms for 
adapting to “optimal growth” temperature conditions, such as 
enhancing noncovalent forces (Littlechild et al., 2013), improving the 
stability of α-helices (Sterner and Liebl 2001), and reducing hydropho
bic effects (Holden and Daniel 2004). However, when hyper
thermophiles face nearly lethal thermal stress, these high-temperature 
adaptation mechanisms cannot effectively maintain the functional ac
tivities of cells. In this scenario, HHP can help maintaining the stability 
of these biomolecules to some extent. For example, Derek et al. found 
that high pressure can help maintaining the stability of hydrogenase of 
M. jannaschii; based on their results, this effect was proposed to play a 
role by establishing hydrophobic interactions. The authors also analyzed 
how HHP helped to maintain the internal packaging of amino acids to 
preserve stability (Hei and Clark 1994). HHP promotes protein 
compression and mitigates the damage of the three-dimensional struc
ture caused by the loss of protein hydrogen bonds induced by high 
temperature (Welch et al., 1993). Additionally, HHP helps stabilize the 
structure of DNA and 
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deal with the cell damage caused by lethal heat stress. The accumulation 
of multiple compatible solutes and their de novo biosynthesis pathways 
have been identified and shown to be associated with various stresses, 
but little is known about their in vivo physical, physiological, and 
metabolic roles, which leaves a huge knowledge gap in our under
standing of how compatible solutes work in cells. It deserved to extend 
studies on more hyperthermophilic microorganisms from the deep 
biosphere. 

4. Both high temperature and HHP challenge the metabolic 
feasibility 

Hyperthermophilic microorganisms are all chemotrophic microor
ganisms, including chemoautotrophs and chemoheterotrophs. The 
chemoautotrophic microorganisms are mainly anaerobic, and a few are 
micro-oxygenated. They carry out energy metabolism through the 
oxidation of H2 and S, as well as the recovery of S, SO4

2− , CO2 and NO3−

(Schönheit and SchönheitJ 1995). The metabolic pathways of chemo
heterotrophic hyperthermophiles mainly include the metabolism of 
peptides and sugars as substrates. Their energy metabolism is very 
diverse and involves the use of different kinds of electron acceptors, such 
as Fe3+, CO2, NO3− , sulfur compounds in different oxidation states, and 
even protons (Schönheit and SchönheitJ 1995). Some of them contain 
more than one electron acceptor in the electron transfer chain. With the 
presence of external electron acceptors, the substrates will be oxidized to 
CO2 and/or converted to other organic products with low molecular 
weights (e.g., acetate, propionate, alcohols) by fermentation (Schönheit 
and SchönheitJ 1995). Hyperthermophiles have special characteristics 
in their metabolic pathways to address challenges of thermal stresses, 
but they still suffer from chemical reaction imbalances, accumulation of 
toxic metabolites and losses in coupling efficiency caused by tempera
ture disturbances. Similarly, HHP also has global impacts on meta
bolism, as mentioned from the very beginning. Therefore, the dual-stress 
conditions of high temperature and HHP will cause additive influences 
on metabolism. In this section, we summarized the reported challenges 
and potential inT㤠呭ਜ਼⡿⥝⁔䨊⽆〠ㄠ呦਱‰‰‱‭〮㐷㘵‰⸵㜸㈠ⴶ⸵㘵㐠ㄴnT㤠呭ਊㄠ〠〠ㄠⴰ⸴㜶㔠〮㔷㠲〱ㄮ㈰㌱‭㜴㙝⁔䨊⽆〠ㄠ呦਱‰‰‱‭〮呭ਊㄠ〠〠ㄠⴰ⸴㜶㔠〮㔷‘਱、⸶㜹㜠ⴱ吰〷teM㐮㈵㜲〰ఀ਀଀Ѐ
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(Vannier et al., 2015). Cario et al. observed 14 more amino acid re
quirements in a hyperthermophilic piezophile under HHP and hypoth
esized that the low energy yields of fermentation of organic polymers, 
together with energetic constraints imposed by high hydrostatic pres
sure, may render de novo synthesis of amino acids ecologically unfa
vorable (Cario et al., 2015). Regardless, it is still too early to draw 
conclusions on how high temperature and HHP impact metabolism, and 
systematic investigations of the interaction between these two factors 
are still insufficient, especially with respect to the quantitative analysis 
needed to shed light on how high temperature and HHP impact meta
bolism individually and how cooperatively. 

5. Conclusions and prospects 

Temperature is considered the key limit for life and habitat. The 
discovery of life in high-temperature environments in the deep sea, i.e., 
hydrothermal vents and deep subseafloor, profoundly extended our 
views of the boundary of both life and the habitat environments of the 
Earth. With the recognition of the significant impacts of HHP on cells, 
the way in which we view the physical, physiological, and metabolic 
profiles of life living in the deep sea and deep biosphere has also been 
changed. Despite the relatively clear and contrasting effects of high 
temperature and HHP on biological integrity, our knowledge of meta
bolic responses has many blind areas spots, even with respect to the 
individual stress of either high temperature or HHP, not to mention the 
mechanism of cross-stress adaptation. However, metabolism may pro
vide a direct bridge between geochemistry and ecology. The current 
knowledge gaps regarding metabolism limit our understanding of the 
real microbiological functions mediating the elemental cycle under in 
situ polyextreme environments in the deep sea and hinder our estimation 
of where the boundaries for both life and habitats are located. 

Based on the knowledges reviewed above during the exploration of 
the upper temperature limit of life and the correlation between high 
temperature and HHP, we raise a series of questions requiring further 
investigation: (1) Is there any convergent evolution in metabolism under 
high temperature and/or HHP; if so, which pathways (including both 
fermentation and respiration) are favorable? (2) What’s the final effects 
under both high temperature and HHP? (3) Where is the real upper 
temperature limit of life, and which organism will hold the next record? 
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