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Glycerol (C H O ), also known as propane-1,2,3-triol, is a significant biomolecule [1 (https://www.mdpi.com/2073-

4344/11/1/86/htm#B1-catalysts-11-00086)]. It is chemically classified as a ‘polyol with a molar mass of 92.09382 g/mol, a

density of 1.26 g/cm , and a boiling point of 554 °F (290 °C). In this section, we shall highlight some key roles this

molecule plays in the biochemistry of life.

Keywords: glycerol ; phosphorylation ; catalysis ; extremophiles ; halophiles ; origin of life ; meteorites

1. Introduction

Glycerol is produced by human physiology and is a product of other living organisms. It is the structural backbone of lipid

molecules (triacylglycerols) and is considered to be an important metabolite in living organisms . It is synthesized from

sn-glycerol-3-phosphate in the presence of an enzyme called glycerol-3-phosphate phosphatase . sn-glycerol-3-

phosphate is formed from 1,3-dihydroxyacetone phosphate (DHAP, hereafter), a glycolytic product, catalyzed by the

enzyme glycerol phosphate dehydrogenase or from dihydroxyacetone (DHA, hereafter), catalyzed by glycerol

dehydrogenase . Such biochemical reactions are in equilibrium and hence are reversible depending on the substrate

and product levels in the reactions. The enzymes that catalyze the reactions of glycerol are tissue-specific: e.g., glycerol

kinase and glycerol dehydrogenase are chiefly found in the liver and kidney . Small amounts of enzymes such as

glycerol kinase and glycerol dehydrogenase have been found in skeletal muscle   as well as intestinal mucosa   while

glycerol phosphate dehydrogenase is mainly found in skeletal muscle, the liver, and adipose tissue .

Another biochemical process for the formation of glycerol is the de-esterification reaction (or also known as lipolysis) of

triacylglycerols   that mainly takes places in adipose tissue, skeletal muscle, the liver, and in blood circulating through

blood vessels that are lined with lipoprotein lipase . The most significant form of glycerol is sn-glycerol-3-phosphate,

which directly takes part in the biochemical synthesis of lipids .

The key metabolic pathway of lipogenesis (formation of triacylglycerols) occurs in adipose tissue, liver, muscle, heart, and

the pancreas, and requires glycerol and its derivatives such as glycerol phosphates and fatty acid esters of glycerol

(acylglycerols). Such metabolic pathways maintain and control energy homeostasis in the living organisms . It has been

found that white adipose tissues (WAT) secrete copious amounts of glycerol . As mentioned earlier, glycerol is also

produced as a by-product of lipolysis of triacylglycerols . While WAT’s capacity to regenerate glycerol is extremely

limited , glycerol is the key substrate for hepatic gluconeogenesis as well as for many other biochemical reactions

taking place in living organisms . In addition to it taking part in hepatic gluconeogenesis, glycerol is also catalyzed by

the enzyme glycerol kinase to form sn-glycerol-3-phosphate that then takes part in the biosynthesis of acylglycerols .

Glycerol is also the main low molecular weight compound in birds’ eggs, completely replacing glucose during the first

stages of embryonic development . Furthermore, in many species of plants and yeasts, formation of glycerol from

sn-glycerol-3-phosphate favors its accumulation in living cells as a response to metabolic stress caused by harsh

environmental conditions . In WAT, glycerol becomes the waste product of lipolysis and thus gets converted into

glucose, thus providing a significant source of glucose for hibernating animals such as the black bear . The North

American fish species rainbow smelt (Osmerus mordax) is known to depress the freezing point of body fluids by using a

mixture of antifreeze protein and glycerol .

In some fungi and algae, the intracellular glycerol concentration can reach as high as 7–8 M, which might act as a stress

factor in certain yeasts (or fungi) . The significance of glycerol, its metabolism, and its transportation in yeasts (e.g.,

Saccharomyces cerevisiae) has been extensively discussed . In Saccharomyces cerevisiae and many other yeasts,

glycerol is synthesized in the cytosol of the cell by the reduction of DHAP to sn-glycerol-3-phosphate which undergoes
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dephosphorylation to form glycerol . Glycerol is also an important nutrient for the cell-wall-less bacteria of the

genus Mycoplasma . This particular genus belongs to pathogens that derive glycerol from the lipids of their hosts

(humans or animals) .

As discussed above, glycerol serves as the backbone of lipid molecules. It plays a central role in the formation of

acylglycerols (simple lipids) and phospholipids (complex lipids). Both simple lipids and complex lipids play a central role in

the formation of cell membranes in the living organisms and phosphorylated derivatives of glycerol. For example, glycerol

phosphates play a significant role in the formation of cell membranes in living beings . Glycerol phosphates (e.g., sn-

glycerol-3-phosphate or sn-glycerol-1-phosphate and glycerol-2-phosphate) together with proteins make up the

membranes of cells. Glycerol phosphate (with phosphate at the terminal carbon of glycerol) constitutes an essential part

of the phospholipids.

Glycerol also plays a crucial role in the various metabolic pathways such as cellular respiration and photosynthesis. In

vivo, glycerol is converted into products such as DHA, glyceraldehyde, and glyceric acid. These oxidized products of

glycerol sustain metabolic pathways. For example, in glycolysis, glycerol is oxidized to DHA, the simplest ketone sugar,

and this molecule actively takes part in respiration in higher plants and animals . Its phosphorylated derivative, DHAP,

is also an important intermediate in metabolic pathways such as glycolysis and the Calvin cycle, which is part of

photosynthesis.

Another oxidation product of glycerol is glyceraldehyde, which is an intermediate in the metabolism of fructose sugar. Its

phosphorylated derivative glyceraldehyde-3-phosphate is considered to be a high-energy intermediate that facilitates the

generation of ATP (adenosine triphosphate) . Similarly, glyceric acid and its phosphorylated derivatives such as 2-

phosphoglyceric acid, 3-phosphoglyceric acid, 2,3-diphosphoglyceric acid, and 1,3-diphosphoglyceric acid all play central

roles in glycolysis . The bacterial species Gluconobacter oxydans is capable of converting glycerol into glyceric acid,

implying a facilitated conversion of glycerol into glyceric acid .

2. The Varieties of Glycerol Used by Modern Biochemistry

In order to understand the origin and evolution of early membranes, it is important to understand the role of glycerol

phosphates in phospholipids. Phospholipids are amphiphilic macromolecules that contain fatty acids linked to glycerol

phosphate. Glycerol phosphates constitute the polar part of the phospholipids and may also link through a phosphate

diester to form a structure called a ‘head group’. Important examples of phospholipids include phosphatidic acids,

phosphatidylethanolamines, phosphatidylcholines, and phospohatidylserine.

Glycerol phosphate is an achiral molecule, whereas phospholipids have a stereogenic center at the second carbon of

glycerol and on the basis of this stereogenic center, different types of glycerol phosphates are used in archaea compared

to eukaryotes and bacteria. The naturally occurring enantiomer of the diacylglycerol phospholipids found in eukaryotes

and bacteria is always D (also known as sn-glycerol-3-phosphate) , whereas the naturally occurring enantiomer of

the phospholipidic isoprenoid glycerol ethers in archaeal cell membranes is L (also referred as sn-glycerol-1-phosphate)

. Bacteria and eukaryotes share similar membrane biochemistry, with ester-linked fatty acid-based phospholipids that

comprise of sn-glycerol-3-phosphate. These sn-glycerol-3-phosphate based phospholipids were considered to be

universal, but studying the archaeal biochemistry revealed that archaeal phospholipids are formed of sn-glycerol-1-

phosphate that is connected to isoprenoid chains via ether linkage . It is perhaps due to this chemical difference that

there are different phospholipid biosynthesis pathways.

The plausible studies of the origin of phospholipids and glycerol phosphates would help in understanding the evolution of

membranes and their various structural aspects. Perhaps one of the intriguing questions is indeed the structural disparity

in the cell membranes of eukaryotes and bacteria versus archaea. However, it is important to mention here that certain

prebiotic synthesis reactions reported to have started from achiral glycerol and fatty acids or aldehydes and achiral

condensing agents and yielded the racemic mixtures of the phospholipids , and have generally not focused on

chirality.

Cell membranes in bacteria, archaea, and eukaryotes are composed of phospholipids as bilayers; however, in some

thermophilic prokaryotes they are present as monolayers. Various proteins are embedded in these lipid layers . Despite

the similarity in the basic composition of phospholipids in archaea and eukaryotes as well as bacteria, there is remarkable

difference with respect to chemical compositions and structures. As mentioned above, in eukaryotes and bacteria, sn-

glycerol-3-phosphate is chemically linked via an ester linkage to fatty acids.

In archaea, there are three distinctive features of phospholipids that differ from other organisms :
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(1) Their phospholipids are comprised of sn-glycerol-1-phosphate

(2) The hydrophobic side chain is built of isoprenoid units

(3) The isoprenoid units are linked with glycerol-1-phosphate by an ether linkage   (Figure 2).

Figure 2. The basic phospholipid structural differences of the archaea versus eukaryotes and bacteria: (A) generic

structure of phospholipids in most eukaryotes and bacteria that contain unbranched fatty acid chains linked up with sn-

glycerol-3-phosphate (D-glycerol). The bond between fatty acids and glycerol phosphate is an ester (shown as green

color), (B) generic structure of phospholipids in archaea contains ‘branched isoprenoid’ units, linked up with sn-glycerol-

1-phosphate (L- glycerol) via ether linkages, shown as red color. “n” represents generic number for the isoprenoid or

fatty acid units.

What is a plausible explanation for the formation of these two forms of glycerol phosphates (both sn-glycerol-1-phosphate

and sn-glycerol-3-phosphate) between the major domains of life? An answer may lie in their biochemical synthesis.

Glyceraldehyde-3-phosphate dehydrogenase (G PDH, hereafter) is a dehydrogenase enzyme that directs/catalyzes the

biosynthesis of sn-glycerol-3-phosphate in eukaryotes and bacteria, whereas glyceraldehyde-1-phosphate

dehydrogenase (G PDH) is responsible for the synthesis of sn-glycerol-1-phosphate in archaea. It is an open question as

to which form of glycerol phosphate existed first in biology: sn-glycerol-1-phosphate may have preceded sn-glycerol-3-

phosphate (or vice versa), or both may have co-existed  . This feeds into a larger question that relates to the issue of a

‘cenancestor’ (defined as the ancestor species from which all modern organisms plausibly evolved): was it archaeal or

was it bacterial? Both the G PDH and G PDH dehydrogenases and their presence in the cenancestor could plausibly be

a cause of the diversification of archaea and bacteria .

Furthermore, the stereospecificity of lipids found in archaea and their unique structure has been hypothesized to be more

stable in extreme environments, providing the organism better chances of survival . However, archaea are also present

in mesophilic (growing in moderate temperatures) and neutrophilic environments (living in neutral environments e.g., pH =

6.5–7.3) where the significance of a chemical variation in cell membrane composition is lessened . With these points in

mind, there are three hypotheses that attempt to explain the plausible origin of sn-glycerol-1-phosphate and sn-glycerol-3-

phosphate cell membranes .

The first hypothesis posits the prebiotic synthesis of glycerol phosphate in a non-chiral fashion on a surface that would

have then become the “first acellular metabolists” . Due to non-chiral synthesis both sn-glycerol-1-phosphate and

sn-glycerol-3-phosphate would have been used in phospholipid syntheses at the initial stages of the formation of cell

membranes. Later, the organisms could plausibly evolve their respective enzymes (G PDH or G PDH) to catalyze the

reduction of DHAP for specific glycerol phosphate, either sn-glycerol-1-phosphate or sn-glycerol-3-phosphate. These

primitive organisms would eventually evolve into eukaryotes via archaeal-bacterial symbiotic associations and the

acquired membranes would have passed onto the eukaryotes.

The second hypothesis was presented by Martin and Russell   who favor a hydrothermal origin of life and, according to

them, iron monosulphide bubbles around hydrothermal vents could be considered as the earliest cellular compartments.

In this scenario, the origin of life and metabolic activities were more geochemically-driven and many chemical activities

could be successfully carried out within the iron monosulphide bubbles. It has further been proposed that this cell-like

[35][36][37]

3

1

[35]

3 1
[35]

[37]

[38]

[35]

[38][39][40]

1 3

[41]



entity could perform metabolic activities and, at a certain stage, even became capable of forming RNA and the associated

necessary proteins, but still thrived on iron monosulphide bubbles to act as cellular compartment and support its

developing membranes or simple compartments. In this scenario, the chirality of glycerol phosphate was selected much

later than the origin of life and may have been done at random.

The third hypothesis suggests the formation of a lipid membrane during a pre-cell stage (Figure 3). This membrane was a

racemic mixture of chiral ancient lipid molecules that over the course of time gave rise to enantiomeric lipids that would

have selected for a specific handedness depending on the evolution of the organisms, and eventually would have

replaced the racemic mixture of lipids .

Figure 3. The formation of lipid membranes in primitive organisms: (A) the emergence of cellular life on pyrites, or more

generally ‘minerals’ , (B) the emergence of life on monosulphide bubbles around hydrothermal vents , and (C) the

non-stereospecific formation of the GP and the subsequent evolution of enzymes G PDH and G PDH to catalyze the

formation of stereospecific GP . GP stands for glycerol phosphates, G P stands for sn-glycerol-1-phosphate, and G P

stands for sn-glycerol-3-phosphate. This figure was redrawn and reprinted with permission from ; Copyright © 2004

Elsevier.

The prebiotic synthesis of phospholipids has undergone further studies specifically concerning the issue of the symmetry

breaking of phospholipids . These experiments have discussed issues such as the generation of pure enantiomeric

lipid compounds from chiral or achiral reactants or catalysts. According to this study, in the evolution and development of

membrane systems, the enzymatic activity appears to be the main strategy to get enantiomeric pure lipid type molecules.

The study further suggests that the occurrence of two genes encoding for G PDH and G PDH could be responsible for

the buildup of an evolutionary tree. Evolution of these two specific genes would have been the potential source of

evolution in the membranes. Gene encoding for G PDH in eukaryotes may have originated from G PDH gene that is

found in archaea revealing that archaea might have originated earlier than eukaryotes . Archaea and bacteria might

have evolved separately, a suggestion based on their distinctively different genes coding for G PDH and G PDH. A

consequence of this hypothesis is that the catalytic biosynthesis pathways of homochiral sn-glycerol-1-phosphate or sn-

glycerol-3-phosphate are more efficient than those that form racemic glycerol phosphate mixtures. Additionally, it is quite

possible that both G PDH and G PDH would have emerged separately during evolution .

3. Significance of Glycerol in the Biochemistry of Extremophiles

Extremophiles are organisms that can thrive in severe environmental conditions such as extreme temperatures (both

exceptionally cold or hot), extreme pH (highly acidic or alkaline), or other harsh environments such as presence of

salts/oxidants/radiation and many other harsh conditions . Extremophiles thriving in various harsh conditions help to

understand the various forms of life and their adaptations. Moreover, studying extremophiles also has implications for the

origin and evolution of early life on the Earth   and thus these organisms are a subject of interest with relevance for

this review article. This section will specifically highlight the significance of glycerol in the biochemistry of some

extremophiles.
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3.1. Role of Glycerol in the Biochemistry of Microalgae, Archaea and Other Organisms

Glycerol is a product of photosynthesis in the genus Dunaliella (red algae represented as D. hereafter). CO  is fixed to

form glycerol   in this process, as confirmed by the use of labeled CO . The speciation of CO -fixed products

demonstrated most of the C was present in glycerol. It was also found that glycerol’s generation was directly

proportional to an increase in salinity . Studies with D. parva, D. tertiolecta , and D. viridis   revealed

that the intracellular glycerol concentration is dependent on the salinity of the growth medium. D. parva cells were adapted

to grow in concentration of 1.5–2 M NaCl and had about 2–2.2 M glycerol in the intracellular medium, whereas cells of D.
salina grown in 4 M NaCl contained about 7.8 M glycerol (same as 72% glycerol solution in water by weight) . Figure 4

shows the natural habitat of the aforementioned halophilic organisms, also known as red algae.

Figure 4. Images of Lake Chaxa: (A) a salt-flat lake in Chile wherein red algae impart a reddish hue to the lake, (B) higher

salt contents and salt crusts that can easily be seen as large white deposits. This lake is the habitat of halophilic

organisms including the red algae Dunaliella. These species thrive in high salt conditions, and the briny lake is an ideal

habitat for these halophiles. Photo credit to Chris Hunkeler. Both images are licensed under the creative commons

Attribution-Share Alike license.

A schematic diagram of the ‘glycerol cycle’ in the genus Dunaliella is represented as Figure 5A. The starting substrate is

DHAP. Four specific enzymes catalyze the overall synthesis of glycerol, including (1) NAD  dependent dehydrogenase or

DHAP reductase, (2) glycerol-3-phosphate phosphatase, (3) DHA reductase, and 4) DHA kinase . In the presence of

light, glycerol is synthesized via photosynthesis, followed by the Calvin cycle (the light independent phase of

photosynthesis) and, in the absence of light, the starch in the organism is converted into glycerol  (Figure 5).

Figure 5. Schematic diagram showing the role of glycerol in various living organisms: (A) ‘glycerol cycle’in the genus

Dunaliella, (B) glycerol’s metabolic pathways in aerobic heterotrophic prokaryotes, and (C) fermentation of glycerol in

Halanaerobium saccharolyticum. The abbreviations used are as follows: G (glycerol), DHAP (1,3-dihydroxyacetone

phosphate), G3P (sn-glycerol-3-phosphate), DHA (1,3-dihydroxyacetone), PEP (phosphoenolpyruvate), HP (3-

hydroxypropionaldehyde), PD (1,3-propanediol), AA (acetic acid), CD (carbon dioxide), and H  (hydrogen gas). Enzyme
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names are shown in blue while organics (products or reactants) are shown as green, and co-enzymatic or high energy

molecules (such as PEP) based reactions are shown as red. For more information see . Figure reproduced, redrawn

(with minor modifications) with permission from ; Copyright © 2017 John Wiley and Sons.

Co-enzyme NAD  (nicotinamide adenine dinucleotide) assists in various metabolic reactions and exists in another form,

NADP , which undergoes reduction by accepting electrons and hydrogen (e.g., H ) atoms to form NADPH. NADH and

NADPH (nicotinamide adenine dinucleotide phosphate) are hence the biochemical reducing agents that drive this

reaction. ATP (adenosine triphosphate), also known as the ‘energy currency’ of life, is needed in the process, which

hydrolyzes ATP into ADP (adenosine diphosphate) to release energy.

Enzymes such as glycerol-3-phosphate dehydrogenase and glycerol-3-phosphate phosphatase help with the catalytic

conversion of glycerol from DHAP, followed by the re-conversion of glycerol to DHAP, which is catalyzed by DHA

reductase and DHA kinase . These cyclic processes are highly energy dependent and need ATP to sustain and

complete the cycle. Different steps of the glycerol cycle could happen in different locations in the cell, owing to the

distribution of various enzymes, for example, enzymes like glycerol-3-phosphate dehydrogenase and quite possibly

glycerol-3-phosphate phosphatase are located in the chloroplasts whereas DHA reductase is located in the cytoplasm.

However, the locations and distributions of enzymes such as glycerol-3-phosphate phosphatase and DHA kinase are

uncertain and still under further scrutiny. In the presence of light, glycerol can be synthesized by the products of

photosynthesis, whereas in the dark starch hydrolyzes into glycerol   (Figure 5A).

Glycerol is also consumed by prokaryotes such as halophilic aerobic archaea that may catabolize glycerol by two

pathways (Figure 5B). One path involves the synthesis of sn-glycerol-3-phosphate and subsequent formation of DHAP

. The major enzymes involved include glycerol kinase, a potential sn-glycerol-3-phosphate ABC transport system, and

glycerol 3-phosphate dehydrogenase . Alternatively, glycerol first converts into DHA with the help of glycerol

dehydrogenase enzyme . The synthesized DHA can potentially get phosphorylated and subsequently fed into certain

Embden–Meyerhof pathways (a form of glycolytic pathway) or converted into metabolic intermediates including sn-

glycerol-1-phosphate, which make up the backbone of archaeal phospholipids .

Certain halophilic archaea such as Halanaerobium saccharolyticum (and many others) have been demonstrated to

generate energy by the fermentation of glycerol through its conversion into acetate, H  and CO  . This is an anaerobic

pathway. Figure 5C shows the fermentation of glycerol in Halanaerobium saccharolyticum. The aforementioned features

of glycerol are attributed to its simplicity and excellent solubility in water, thus making it an excellent source of carbon for

these organisms. A majority of halophilic bacterial species were found to be highly dependent on glycerol for nutrition .

Halophilic archaea consume glycerol by two different pathways: phosphorylation to sn-glycerol-3-phosphate and eventual

conversion into DHAP and glycerol conversion into DHA. Both paths require their own sets of enzymes .

Another fascinating feature of glycerol is its help in maintaining the osmotic pressure in algae, where it acts as a solvent to

regulate cellular metabolism and maintains enzymatic and other cellular activities under these saline concentrations 

. This special feature of glycerol is seen in extremophiles living in highly saline environments.

There are so many other organisms that thrive on glycerol by consuming it as a nutrient. One such remarkable is

Anaerobium acetethylicum, a strictly anaerobic, mesophilic bacterium which converts glycerol into useful compounds such

as ethanol and hydrogen .

Certain fungal xerophiles such as Aspergillus penicillioides and Xeromyces bisporus are known to thrive in high solute

environments and/or alternatively at very low water availability, by retaining high levels of glycerol for their osmotic

adjustments . Furthermore, in such species, glycerol is also known to facilitate the xerophile spore germination .

Similarly, halotolerant yeast Debaryomyces hansenii is also known to produce copious amounts of glycerol under

increased saline concentrations . This behavior is similar to that of genus Dunaliella of the red algae.

It is important to mention here that the utilization of glycerol as a substrate to derive energy and nutrients by various

organisms has been documented previously in the scientific literature already available. Furthermore, the discussion of

how non-extremophiles consume glycerol is beyond the scope of the current paper. The primary focus of this review

article is extremophiles, owing to their relevance from an evolutionary viewpoint where they lie close to the root of the tree

of life.
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