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Introduction 
Phosphorus, a vital cell element, was undoubtedly involved into the 

earliest stages of life origin on the Earth [1-6].

Inorganic polyphosphate was proposed to be an ancient molecule 
performing energy functions in primary living cells [4,6]. The opinion 
that polyphosphate formed as a result of geothermal activity could be 
used by primitive kinases for the ancient transphosphorylation processes 
was supported by several researchers [1-7]. Modern hypothesis 
modeling life origin suggests the participation inorganic polyphosphate 
and pyrophosphate in energy transduction and membrane transport in 
progenote metabolic pathways [8,9]. 

Phosphorus deficiency suppresses the growth and development of 
microorganisms, while their excess has a negative effect on regulation 
of phosphate metabolism. The intracellular content of Pi is strictly 
regulated. Microorganisms living in the varying environment have 
mechanisms of adaptation to phosphate deficiency and excess. One 
of such mechanisms is the Pi transport systems with different affinity 
and mechanism of action. An another pathway of microbial adaptation 
to the changes in phosphorus accessibility in the environment is the 
formation of reserve phosphorus compounds, which are accumulated 
or utilized under excess or deficiency of phosphorus sources in the 
medium, respectively. These compounds are of diverse chemical nature 
and not only play the role of relatively inert phosphorus reserves in a 
microbial cell but also perform structural and regulatory functions. 

Phosphorus Storage Compounds in Microorganisms 
The simplest reserve of phosphorous compounds of 

microorganisms is low-soluble phosphates: MgPO4OH·4H2O formed 
in the halophilicarchaea, Halobacterium salinarium and Halorubrum 
distributum
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pressure and simultaneously are an energy reserve, because the energy 
of their phosphodiester bond is the same as in ATP molecule. The role of 
polyP as a phosphate reserve has been proved for many microorganisms 
belonging to different taxa, from archaea to fungi [15-17]. The amount 
of these polymers is lower under phosphate starvation and higher with 
sufficient phosphate content in the medium. PolyP is rapidly consumed 
under phosphate starvation even in E. coli characterized by low polyP 
reserve [18]. Some bacteria accumulate unusually high polyphosphate 
levels. Poly P was up to 30% of dry biomass in the bacterium A. johnsonii 
under Pi excess [19]. Corynebacterium glutamicum accumulates up to 
600 mM Pi in the cytosol as polyP, and polyP granules may be up to 37% 
of the cell volume [20]. Bacteria belonging to the genera Mycobacteria 
and Corynebacteria accumulate a lot of polyP as cytoplasmic granules 
[4,20]. It seems that the high ability to accumulate polyP is associated 
energy function of these polymers. In addition to polyphosphate 
kinase, the key enzyme of polyP synthesis in prokaryotes [21], 
Mycobacteria and Corynebacteria possess the enzymes providing the 
direct consumption of polyP energy for substrate phosphorylation, 
such as polyphosphate glucokinase [22,23], NAD kinase [24,25], 
fructose and mannose kinases [26]. In most of the yeast species studied 
in this respect, the basic reserve phosphorous compound is inorganic 
polyphosphates [4]. In the typical case of cultivation in a complete 
medium with excess Pi (20 mM), the cells of S. cerevisiae accumulate 
little Pi (~ 94 µmole P/g dry biomass) and much polyP (~ 658 mole 
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and polyP [52,53]. The studies in obligate mycorhhizal fungi have shown 
that polyP is accumulated in fungal cells and then locally hydrolyzed to 
supply phosphate to symbiotic plants [52]. The content of polyP in the 
fungus varies during mycorrhiza development and can be used as an 
activity indicator of the fungus as a phosphate supplier for the plant 
[52]. The obligate mycorrhizal fungi have recently been shown to have 
a polyP-synthetase activity in the presence of ATP [53]. Mycorrhizal 
fungi play a key role in phosphorus supply to symbiotic plants [54]. It is 
associated with the ability of fungal cells to concentrate Pi from soil, to 
dissolve low-soluble mineral phosphorous compounds due to organic 
acid excretion into the medium, and to accumulate polyP.

Polyphosphate and Apatite: An Evolutionary Insight 
Some pathways of phosphorus biomineralization have been 

maintained during the evolution from prokaryotes to the higher 
eukaryotes. Electron-dense granules (the so-called “dense granules”) 
with high Ca and P concentrations were found in rat liver mitochondria 
as early as in 1964 [40]. It was unclear why crystalline apatite was not 
formed in these granules. However, later on it was shown that such 
granules contained not Pi but polyP [55]. They were found in protozoa 
in special cell organelles (acidocalcisomes) [55] and in mammals: in 
the platelets [56] and mitochondria of bone and other tissues [57,58].

To date, the ideas of the role of polyP in bone tissues are in brief 
as follows [57,59,60]. Mitochondria accumulate calcium and polyP in 
osteoclasts, forming dense granules. As a result of exocytosis, these 
granules are released into extracellular space in the place of bone 
growth or repair. Here, the granules are destroyed and the alkaline 
phosphatase hydrolyzes polyP and releases Pi. With the involvement 
of osteoblast-specific proteins, the structured bone apatite is formed 
from the released Pi and calcium. There are still a lot of unclear 
aspects in this process. It is unknown what enzymes are responsible 
for polyP synthesis in mitochondria, because the gene of the typical 
polyphosphate kinase responsible for polyP synthesis in bacteria has 
not been found in mammals. It is unknown what signals cause the 
release of polyP granules from osteoclasts either.

After destruction of platelets, polyP is released into blood, where it 
is involved in the coagulation cascade, being bound by factor XII and 
activating it, and then polyP and calcium ions enter the thrombus to 
increase its stability [61]. 

There is an evolutionary analogy between phosphorus mineralization 
in microorganisms and the bone apatite formation and individual 
stages of clotting in mammals. For example, a similaritycanbe noted 
between the formation of sedimentary apatites by microorganisms and 
the formation of bone tissue apatite in mammals (Figure 2). Individual 
stages of these processes are characterized by predominance of either 
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