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Abstract—Phosphorus compounds are indispensable components of the Earth’s biomass metabolized by all living organ-
isms. Under excess of phosphorus compounds in the environment, microorganisms accumulate reserve phosphorus com-
pounds that are used under phosphorus limitation. These compounds vary in their structure and also perform structural and
regulatory functions in microbial cells. The most common phosphorus reserve in microorganism is inorganic polyphos-
phates, but in some archae and bacteria insoluble magnesium phosphate plays this role. Some yeasts produce phosphoman-
nan as a phosphorus reserve. This review covers also other topics, i.e. accumulation of phosphorus reserves under nutrient
limitation, phosphorus reserves in activated sludge, mycorrhiza, and the role of mineral phosphorus compounds in mam-

mals.
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Phosphorus compounds are indispensable compo-
nents of the Earth’s biomass metabolized by all living
organisms. Phosphorus is part of the most important
organic compounds including nucleic acids, ATP, and
other nucleoside phosphates, phospholipids, and phospho-
rylated proteins and carbohydrates. The long-term research
in the field of experimental and theoretical modeling of
prebiological stages of the origin of the biosphere suggested
a hypothesis about abiogenic origin of ATP, RNA, phos-
phorylated sugars, and inorganic polyphosphates and their
involvement in progenote metabolic pathways [1-15].

Insufficiency of phosphorus sources in the environ-
ment limits the growth and development of microorgan-
isms, while their excess has a negative effect on regulation
of phosphate metabolism. The intracellular content of P,
in living cells is strictly regulated. This regulation is pro-
vided by variations in the activity of specific transport sys-
tems of the cytoplasmic membrane and, in eukaryotes,
the activity of transport systems of organelles. P, homeo-
stasis also involves the enzymes providing phosphate con-
version into osmotically inert forms, which are specifical-
ly compartmentalized in cells. Microorganisms living in
constantly varying environments have various mecha-
nisms of adaptation to phosphate deficiency and excess.

Abbreviations: P;, orthophosphate; polyP, inorganic polyphos-
phates.
* To whom correspondence should be addressed.

One such mechanism is P; transport systems with differ-
ent affinity and mechanisms of action.

Some species of microorganisms possess transport-
ing systems with high affinity to P, and can survive and
grow at very low P; concentrations in the medium. Such
properties are typical of the bacterium GFAJ-1 inhabiting
waters with enhanced content of arsenates and low con-
tent of phosphates [16]. When this microorganism was
found, it was supposed to utilize arsenic instead of phos-
phorus [16]. However, later it was shown that the adaptive
mechanism providing its existence under these unfavor-
able conditions is the presence of a P, transporting system
with extremely high affinity, which allows the cells of this
bacterium to take up P; from the concentration of
1.7 umole/liter [17].

Most bacteria have two phosphate transporting sys-
tems: Pit and Pst [18-21]. The Pit transporter is constitu-
tive, has a low affinity to P;, and is capable of P, absorp-
tion and export together with a bivalent metal cation in
the form of MeHPO,, with consumption of energy of
proton motive force [19, 20]. The Pst system is induced at
P; concentrations in the medium below 20 uM and has
high affinity to P; [18, 19].

Yeasts also have several phosphate transporting sys-
tems with different affinity to P; [22, 23]. The presence of
numerous transporting systems allows microbial cells to
take up phosphate from media with either low or high
phosphate content.
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DIVERSITY OF PHOSPHORUS RESERVES IN MICROORGANISMS

This review is devoted to another pathway of micro-
bial adaptation to changes in phosphorus accessibility in
the environment, namely, the formation of reserve phos-
phorus compounds that 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 the microbial cell but also
perform structural, bypassing, and regulatory functions.

DIVERSITY OF PHOSPHORUS RESERVES
IN MICROORGANISMS

Reserve phosphorus compounds in microorganisms
include substances accumulated under phosphate excess
in the medium and utilized under its deficiency. These are
both mineral and organic phosphorus compounds local-
ized inside the cell, in different cell compartments, and
outside the cells. Extracellular phosphorus reserve com-
pounds either are adsorbed onto the cell surface or are
present in the medium. The accumulation of phosphorus
reserve compounds in microorganisms is characterized by
quantitative and qualitative diversity.

Orthophosphate. The simplest reserve phosphorus
compounds of microorganisms are low-solubility phos-
phates: MgPO,OH-4H,0 formed in the halophilic
archaea Halobacterium salinarium and Halorubrum dis-
tributum [24-26] and NH,MgPO,-6H,0 formed in bacte-
ria of the Brevibacterium genus [26] and Acetobacter
xylinum [27].

The archaea H. salinarium and H. distributum con-
centrate phosphate from aqueous solutions during their
growth [24-26]. P; consumption is suppressed by FCCP,
an uncoupler dissipating the transmembrane proton gra-
dient on the membranes [25, 26]. At excess concentration
of P;, a considerable part is not used in biosynthetic
processes but accumulates in biomass (Table 1).

The P; content in the biomass of both archaea
increases with an increase in the initial P; concentration
in the medium and considerably exceeds the content of
inorganic polyphosphates. The accumulation of P; from

Table 1. Content of P; and inorganic polyphosphate
(polyP) in biomass (% of P; consumed from the medium)
during cultivation on media with excess P; (8-11 mM)
[25]

Microorganism | Halobacterium | Halorubrum | Brevibacterium
salinarium distributum antiquum
P 90 90 70
polyP 9.5 10 13
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Fig. 1. Ultrathin sections of Halorubrum distributum cells [25]: a)
cells grown on medium with 0.05 mM P;; b) cells grown on medi-
um with 11.5 mM P;: ) cells with thickened cytoplasm; 2)
enlarged nucleoid zone; 3) extracellular crystals of magnesium
phosphate.

the medium leads to changes in the morphology of
archaeal cells [24-26]. Only some of the cells in the pop-
ulation remain intact under P; excess. Thin sections show
compression of the cytoplasm, accumulation of electron-
dense material in the cells (lead citrate staining), an
appreciable number of damaged cells, and extracellular
crystalline material (Fig. 1). The biomass of these archaea
grown under P; excess is treated with distilled water, fol-
lowed by cell lysis, and a water-insoluble precipitate
(orthophosphate) is obtained by repeated washing with
water and centrifugation.

This compound was identified by X-ray structure
analysis as Mg,PO,OH-4H,0 (International Center for
Diffraction Data, 1999, No. 44-0774), and the content of
H,O was determined by thermogravimetric analysis [26].
The chemical composition of the precipitate is in agree-
ment with the fact that the cells of halophilic archaca need
magnesium ions to scavenge P; from the medium [26].
Excess production of this poorly soluble salt leads to
destructives changes in some of the cells in the populations
of H. salinarium and H. distributum. During cultivation of
H. salinarium and H. distributum in P;-deficient medium,
the content of magnesium phosphate in the biomass
decreased fourfold [25]. After reinoculation into P,-defi-
cient medium, the biomass increment was greater with the
inoculum pregrown in medium with higher P; concentra-
tion [25]. This fact confirms the hypothesis that both intra-
cellular and extracellular P; as a poorly soluble salt performs
the function of phosphate reserve for the entire population.

Reserves of phosphate as poorly soluble salts was also
revealed in several species of brevibacteria, which during
their growth almost completely consumed P; from the
medium at its concentration of about 11 mM (Table 1)
[26]. Analysis of phosphorus compounds of the biomass
showed also the accumulation of mainly orthophosphate
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0.3 um

Fig. 2. Ultrathin sections of Brevibacterium antiquum cells [25]: a)
cells grown in medium with 0.05 mM P;; b) cells grown in medi-
um with 11.5 mM P;: 7) electron dense regions of the cytoplasm;
2) thickened cell wall with electron dense regions.

(Table 1). In contrast to the archaea, brevibacteria
demonstrated intracellular accumulation of P,. The
reserve phosphorus compound was extracted from B.
antiqguum cells by high-pressure extrusion. It was identi-
fied by X-ray structure analysis as NH,MgPO,6H,0
(International Center for Diffraction Data, 1999, No. 15-
0762) [26]. The presence of NHj ions was confirmed by
infrared spectroscopy, and the content of H,O and NH,
was determined by thermogravimetry [26].
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The accumulation of P; in brevibacterial cells was
accompanied by cell shape changes, the appearance of
electron-dense zones in the cytoplasm and cell wall, and
cell wall thickening (Fig. 2). It seems that cell wall thick-
ening allows these bacteria, in contrast to halophilic
archaea, to remain intact in spite of the high degree of
mineralization.

The cyanobacterium Microcoleus chthonoplastes
accumulated polyP in cells up to 1.4% P/g dry biomass
when P; concentration was increased to 0.55 mM; its
increase to 1.2 mM resulted in P; precipitation on the
mucous sheaths of the cells and their mineralization [28].
The mineral sheaths of cyanobacteria contain phosphorus
and calcium [28]. Increase in P; concentration to 2.5 mM
resulted in trichomes mineralization and cell death.
Degradation of the natural cyanobacterial mat is accom-
panied by destruction of these structures, and P; released
into the medium is sufficient for surviving cyanobacteria
[29]. This process is generally similar to mineralization in
the culture of halophilic archaea described above. The
accumulation of orthophosphate (including extracellular
orthophosphate) is also typical of Acefobacter xylinum
under carbon deficiency [27].

Inorganic polyphosphates (polyP). In most microor-
ganisms, the role of phosphate reserve is performed by
inorganic polyphosphates (polyP), the linear polymers of
orthophosphoric acid, containing from three to several
hundred of phosphate residues (Fig. 3a) [5]. PolyP, being
polymers, have no effect on osmotic pressure and simul-
taneously are an energy reserve, because the energy of
their phosphodiester bond is the same as in the ATP mol-
ecule. According to the modern concepts of the role of
polyP in microbial cells, phosphate reservation is not the
only function; they are involved in the regulation of
enzyme activity, the level of expression of many genes,
and stress adaptation processes [13, 30-32].
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Fig. 3. Structure of inorganic polyphosphate (a), glycerol teichoic acid (b), and phosphomannan of Kuraishia capsulata (c).
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The role of polyP as a phosphate reserve has been
proven for many microorganisms belonging to different
taxa from archaea to fungi [5, 33-35]. The amount of
these polymers is lower under phosphate starvation
and higher with sufficient phosphate content in the medi-
um. PolyP is rapidly consumed under phosphate starva-
tion even in E. coli characterized by low polyP reserve
[36].

Some bacteria are champions in polyphosphate
accumulation. For example, polyP was up to 30% of dry
biomass in the bacterium A. johnsonii under P; excess
[37]. Corynebacterium glutamicum accumulates up to
600 mM P; in the cytosol as polyP, and polyP granules can
make up to 37% of the cell volume [38]. Representatives
of the genera Mycobacteria and Corynebacteria accumu-
late a large amount of polyP as cytoplasmic granules [5,
13, 38]. It seems that the high ability to accumulate polyP
is associated with the fact that the bacteria of this system-
atic group show a close relationship between the function
of polyP as a phosphate reserve and the energy function of
these polymers. In addition to polyphosphate kinase,
which is the key enzyme of polyP synthesis in prokaryotes
[30], representatives of this group of bacteria possess
enzymes providing the direct consumption of polyP ener-
gy for substrate phosphorylation, such as polyphosphate
glucokinase [39, 40], NAD kinase [41, 42], and fructose
and mannose kinases [43]. Considerable amounts of
polyP are accumulated by bacterial associates from acti-
vated sludge of wastewater treatment plants when waste-
waters contain excess P; [44-46].

In most yeast species studied in this respect, the basic
reserve phosphorus compound is inorganic polyphos-
phates [13]. In the typical case of cultivation in complete
medium with excess P; (20 mM), S. cerevisiae cells accu-
mulate little P, (~94 umole P/g dry biomass) and much
polyP (~658 umol P/g dry biomass) [47]. PolyP with
chain lengths of 3-8 to 200-260 phosphate residues were
obtained from yeasts [47]. PolyP has been found in yeasts
in most cell compartments [48]. P; deficiency in the
medium causes a decrease in polyP level in S. cerevisiae
cells [5, 34, 49]. However, even phosphate-starved cells
maintain a low but quite reliable level of polyP [49]. It
seems that some polyP in yeast cells performs the func-
tion of phosphate reserve, while another smaller fraction
of these polymers is responsible for various regulatory
functions, e.g. regulation of glucose transferase activity in
the cell wall [50], maintenance of negative charge of the
cell wall [51], or other hypothetical functions associated
with regulation of gene expression [13].

P;-prestarved S. cerevisiae cells transferred into com-
plete medium accumulate more polyP than cells growing
normally in complete medium, i.e. there is a phenome-
non of hypercompensation, or “phosphate overplus”
[49], which is also known for bacteria [5, 13].

The following yeasts accumulating considerable
amounts of polyP were isolated from wastewaters con-
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taining excess phosphate: Candida humicola [52, 53],
Hansenula fabianii, and Hansenula anomala [54].

Organic phosphorus compounds. Teichoic acids
(polymeric compounds of cell walls of Gram-positive
bacteria) consist of repeating polyol or glycosyl polyol
residues linked by phosphodiester bonds (Fig. 3b). The
structures of these polymers are diverse and taxonomical-
ly interesting [55]. These polymers can contain up to 30%
of the total phosphorus of the cells and are consumed in
P;,-deficient medium [56]. The addition of teichoic acid
into a phosphate-limited cultivation medium stimulated
the growth of Bacillus subtilis [56]. Hence, it was sup-
posed that one of the functions of teichoic acids is phos-
phate reservation. It has been shown that B. subtilis strains
with point mutations in the genes coding for the enzymes
of teichoic acid biosynthesis are not viable under phos-
phate-limiting conditions [57].

This function of teichoic acids is now rarely dis-
cussed in the literature and is considered secondary, since
it has been shown that these polymers are involved in bac-
terial cell morphogenesis, regulate activity of autolysins,
and participate in processes of adhesion and regulation of
ionic composition of the cell wall [58]. However, it should
be borne in mind that polyfunctionality is a characteristic
feature of the majority of biological macromolecules. It
should be remembered that inorganic polyphosphates,
being largely a phosphorus reserve, also perform other
regulatory functions not always associated with phosphate
metabolism.

The yeast Kuraishia (Hansenula) capsulata on medi-
um with excess phosphate accumulates extracellular
phosphomannan (Fig. 3c) [59]. Its amount decreases at
lower P, concentrations in the medium [60]. Further evi-
dence of the reserve role of this polymer is the ability of
this yeast to utilize phosphomannan from the medium
under phosphate starvation [61].

FORMATION OF PHOSPHORUS RESERVES
BY MICROORGANISMS UNDER MODEL
LIMITING CONDITIONS

Formation of reserve compounds in microbial cells is
usually associated with growth limitation in unbalanced
media, when there is an excess of some nutrients but not
enough of other nutrients to provide growth and reproduc-
tion. It is also typical of the accumulation of reserve phos-
phorus compounds. Escherichia coli cells accumulate inor-
ganic polyphosphates under amino acid deficiency. The
level of guanosine penta- and tetraphosphate, (p)ppGpp,
one of the substrates of the gppA polyphosphatase, increas-
es in response to amino acid starvation, resulting in com-
petitive inhibition of polyphosphate hydrolysis by this
enzyme [62]. An increase in the level of ATP and
polyphosphate synthesis by polyphosphate kinase results
from the inhibition of cell growth and division [30].
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Table 2. Phosphate uptake by microorganisms under limited conditions (% of initial content in the medium)

Microorganism*
Composition of medium
Brevibacterium Acetobacter Saccharomyces Cryptococcus Kuraishia
casei [63] xylinum [27] cerevisiae [68] humicola [64] capsulata [61]
P, Mg>* 0 0 0 45 0
P,, glucose 4 3 44 36 31
P,, Mg**, glucose 4 50 84 75 100
P,, Mg?*, amino acid mixture 95 86 13 55 nd**

* Incubation time 15 h for B. casei and A. xylinum, 5 h for S. cerevisiae and Cr. humicola, and 24 h for K. capsulata. Concentrations of medium
components: KH,PO,, 5 mM; MgSO,, 5 mM; glucose, 30 mM; Difco amino acid mixture, 5 g/liter.

** nd, no data.

The diversity of phosphorus reserve formation by
microorganisms belonging to different taxonomic groups
was comparatively studied in an experimental model
where the cells were placed into unified media containing

Table 3. Composition of reserve phosphorus compounds
in representatives of bacteria and yeasts under nutrient-
limited conditions [27, 61, 63, 64, 68]

Content, %
Micro- Conditions Reserve phos- of phosphate
organism phorus compounds| consumed
from
medium
Brevibacteria | carbon NH,MgPO,-6H,0 68
source
deficiency polyP 2
Acetobacter carbon NH,MgPO,6H,0 56
xylinum source
deficiency polyP 2
nitrogen polyP 70
source
deficiency | NH,MgPO,6H,0 8
Saccharomyces | nitrogen polyP 70
cerevisiae source
deficiency P, 7
Cryptococcus | nitrogen polyP 63
humicola source
deficiency P, 9
Kuraishia nitrogen polyP 14
capsulata source
deficiency P; 1.4
extracellular 66
phosphomannan

no carbon or nitrogen sources and not maintaining
growth (Table 2).

Phosphate uptake ability was analyzed in this system
for the three bacterial species — E. coli, Brevibacterium
casei [63], and A. xylinum [27] — and for several species of
ascomycetous and basidiomycetous yeasts [64]. This abil-
ity proved to be different. E coli cells consumed a small
amount of P;, while B. casei and A. xylinum cells almost
completely scavenged P; from the medium at its initial
concentration of 5 mM. Brevibacterium casei and A.
xylinum accumulated up to 0.3-0.5 mmol P/g wet bio-
mass. This was close to the accumulation of mineral
phosphorus compounds by bacteria isolated from activat-
ed sludge of phosphate-contaminated wastewaters:
Acinetobacter johnsonii [65], Microlunatus phosphovorus
[66], and Rhodocyclus sp. [67].

The analyzed yeasts were shown to contain species
with efficient phosphate uptake and species taking up
small amounts of P; [64]. There was no relationship
between the taxonomic position of and phosphate uptake
by a species. Some species of the Cryptococcus genus
(order Sporidiales) consumed little P; (Cr. terreus), while
other species consumed nearly all of it at a concentration
of 5 mM (Cr. humicola). Pseudozyma fusiformata, a rep-
resentative of the order Ustilaginales, also related to
basidiomycetes, consumed P; only twice as poorly as Cr.
humicola. Ascomycetes also demonstrated considerable
differences in the ability to take up P;. At the same time,
uptake ability comparable to that of Cr. humicola was
characteristic of the taxonomically distant S. cerevisiae.
This yeast consumed 0.7 and 0.4 mmol P,/g dry biomass
in the complete medium but 2.1 and 1.9-mmol P;/g dry
biomass in the nitrogen-limited medium with P, and Mg
excess.

The compositions of reserve phosphorus compounds
were also compared in some microorganisms showing
high level of P; removal from the medium (Table 3).
Comparison of the conditions favoring phosphorus

BIOCHEMISTRY (Moscow) Vol. 79 No. 13 2014
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reserve formation led to the following conclusions. The
bacteria B. casei and A. xylinum form poorly soluble
orthophosphate salts under carbon source limitation and
nitrogen excess [27, 63]. The indispensable component
for such form of phosphorus mineralization is magnesium
ions. This is in agreement with features of the functioning
of the Pit transport system, which transports phosphate in
the form of MeHPO, under P; excess. The requirement
for magnesium ions is also associated with the chemical
structure of the poorly soluble salt formed. Excess of
nitrogen as a mixture of amino acids evidently results in
the activation of their catabolism and release of ammoni-
um ions. Histidine, arginine, glutamine, or a-ketoglu-
tarate and ammonium sulfate can be added as a nitrogen
source instead of amino acid mixture [27, 63].
Ammonium sulfate and magnesium per se did not stimu-
late the formation of these phosphate reserves, probably
because the Pit system depends on the proton gradient
across the cytoplasmic membrane.

In contrast to brevibacteria, A. xylinum demonstrat-
ed the accumulation of phosphate reserves not only under
nitrogen limitation, but also under nitrogen deficiency in
the presence of glucose. In the latter case, the main phos-
phate reserve was polyP [27] (Table 3). Electron
microscopy shows many electron-dense materials, both
bound with the cell surface of these bacteria and lying free
in the biomass, which emerged as a result of incubation
with the amino acid mixture (Fig. 4). Data obtained dur-
ing the extraction of phosphorus compounds from the
biomass suggest that this material is a poorly soluble
orthophosphate. It seems that acetobacteria not only
consume P; but also alkalize the medium by catabolizing
some amino acids under carbon deficiency. At the same
time, magnesium phosphate forms a precipitate that is
adsorbed on the cell surface. The following two ways of
phosphate reservation are implemented in A. xylinum
depending on environmental conditions: as poorly solu-
ble P; salts under energy deficiency and nitrogen excess,
and as high molecular weight polyP in the presence of an
energy source but under nitrogen deficiency.

Most of the yeast species used in our model system
accumulated polyP, and the necessary condition for accu-
mulation was the presence of glucose as a carbon source.
No orthophosphate accumulation was observed (Table 3).
Magnesium ions were not an obligatory component for
such accumulation; however, they stimulated polyP accu-
mulation (twofold for S. cerevisiae and Cr. humicola). In
the presence of magnesium ions, both yeast species
demonstrated higher content of polyphosphates with
chain lengths of 70 and more phosphate residues and
lower content of short-chain polyP with chain lengths of
about 15-45 phosphate residues [64].

In yeast cells grown in P;-depleted medium, the
content of polyP was low and the typical electron-dense
inclusions were not observed [68]. The S. cerevisiae and
Cr. humicola cells that had accumulated polyP in the
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Fig. 4. Ultrathin sections of Acetobacter xylinum cells [27]: a) cells
were incubated in medium containing 5 mM KH,PO,, 5 mM
MgSO,, and 5 g/liter of amino acid mixture (Casamino acid;
Difco) for 15 h; b) cells were incubated in medium containing
5 mM KH,PO,, 5 mM MgSO,, and 30 mM glucose for 15 h: I)
extracellular electron dense material, probably poorly soluble salt
of P;; 2) intracellular electron dense material, probably polyP.

presence of Mg?* contained numerous small electron-
dense inclusions in the cytoplasm, vacuoles, and mito-
chondria (Fig. 5). The peculiar feature of these inclu-
sions in §. cerevisiae was their localization close to the
cytoplasmic membrane, as well as in association with
large electron-transparent inclusions, probably of lipid
nature (Fig. 5a). The Cr. humicola cells, which had
accumulated polyP in the presence of Mg?*, also con-
tained many small electron-dense inclusions in the
cytoplasm (Fig. 5b), vacuoles, especially close to the
vacuolar membrane, and mitochondria. The peculiarity
of polyP localization in the cells of this yeast species was
the presence of large aggregated polyP granules in the
cytoplasm and close to the vacuolar membrane and sin-
gle large granules close to the cell wall. Cr. humicola
accumulated longer-chain polyP compared to §. cere-
visiae [64].

The only exception in the studied sample was the
yeast not accumulating polyP under carbon excess and
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Fig. 5. Ultrathin sections of the cells of S. cerevisiae (a) and Cr.
humicola (b) after 5-h incubation in minimal medium containing
5 mM KH,PO,, 5 mM MgSO,, and 30 mM glucose: /) vacuole;
2) mitochondria; 3) polyP granules associated with cell envelope;
4) polyP granules associated with lipid inclusions; 5) polyP aggre-
gates in cytoplasm near vacuolar membrane.

nitrogen deficiency (Table 3). It should be noted that K.
capsulata completely utilizes P; at the initial concentra-
tion of 5 mM in about 24 h, while most of the yeast
species utilize it during 5 h. At the same time, the content
of polyP remained low. The incubation medium con-
tained organic compounds, where phosphorus could be
detected only after chemical mineralization. When the
phosphomannan preparation was obtained from the incu-
bation medium by precipitation with Cetavlon [61], it was
shown to contain the major portion of P; consumed from
the medium. The resultant phosphomannan fraction
contained 3.35 pmole of total phosphorus per g of the
preparation (~57% of total phosphorus in the incubation
medium) and contained neither P, nor labile phosphorus.
These data suggest that the extracellular phosphomannan
of K. capsulata is a secondary metabolite formed under
nitrogen deficiency as well as phosphorus and carbon
excess.

The experiments with simulated limiting conditions
made it possible to estimate the diversity of structure,
localization, and peculiarities of formation of reserve
phosphorus compounds in microorganisms from different
taxa.

KULAKOVSKAYA et al.

ROLE OF PHOSPHATE-RESERVING
MICROORGANISMS IN NATURAL
AND TECHNOGENIC ECOLOGICAL NICHES

Water bodies and bottom sediments. The concentra-
tion of P, in natural water reservoirs, including the ocean,
is usually too low to provide the primary formation of cal-
cium phosphates from solution (nucleation) [69].
However, the formation of such minerals does occur in
some water bodies. Many data demonstrate that microor-
ganisms are primarily responsible for assimilation and
remineralization of phosphorus in the ocean [69-71].
Many microorganisms inhabiting the ocean are able to
concentrate P; as intracellular polyP under conditions
when oxygen is available (in surface water layers). This is
followed by utilization of the polyP as an energy source
under anaerobic conditions (in bottom sediments),
release of P;, increase in its local concentration, and pre-
cipitation of apatite in calcium-rich seawater [69-71].
Such release and hydrolysis of polyP can occur after cell
death in the bottom sediments [69-71]. This process is
supposed to involve marine bacteria belonging to the gen-
era Pseudomonas and Acinetobacter [69], as well as the
sulfide-oxidizing bacteria Beggiatoa and Thiomargarita
[72-74] that form bacterial mats. It has been shown that
P; concentration increases to 300 uM in oceanic bottom
sediments containing up to 25% hydroxyapatite and
inhabited with Thiomargarita, but is usually below 1 uM
in ocean water [71]. These bacteria were shown to accu-
mulate phosphates under aerobic conditions, while phos-
phate release from the cells and apatite formation were
observed under anaerobic conditions [73]. Beggiatoa and
Thiomargarita accumulated polyP in the presence of sul-
fur and nitrate [74]. Under laboratory conditions, polyP
in Beggiatoa cells was depolymerized at higher sulfide
concentrations and under oxygen deficiency, while P; was
released into the medium [74].

Diatoms are also capable of polyP accumulation
[75]. PolyP granules found in bottom sediments are simi-
lar in size to those found in diatoms. It is supposed that
the accumulated polyP enters bottom sediments after the
death of diatom cells and destruction of their silicate cell
walls; then P, is released by alkaline phosphatase localized
on the cell surface [75].

Novel genetic and bioinformatics approaches have
made it possible to ascertain the broad distribution of the
ppkl and ppk2 genes coding for polyphosphate kinases
and the ppx gene coding for polyphosphatase among
marine oligotrophic microorganisms living under P; defi-
ciency [76]. These data are evidence in favor of the glob-
al spreading of phosphorus concentration as polyP by
microorganisms in the World Ocean.

Activated sludge of wastewater treatment plants.
Recently, polyP has been used worldwide as a component
of detergents. The hydrolysis of polyP by microbial
enzymes results in excessive release of P; into wastewater
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and hence causes eutrophication. The use of polyP in
detergents is now banned in Europe and the USA; howev-
er, according to the literature data, wastewaters contain 4-
12 mg P/liter, most often as P;, which is easily utilized by
microorganisms including cyanobacteria [77]. Therefore,
the problem of wastewater purification from excess P; is
still relevant. The basic microbiological approach to
wastewater purification from excess P; is so-called
Enhanced Biological Phosphorus Removal (EBPR).
Numerous studies describing the microbiota of activated
sludge and the mechanisms of P, uptake and accumulation
of reserve phosphorus compounds by the microorganisms
involved in EBPR are generalized in a great number of
reviews. Hence, let us give but a few references to relative-
ly recent reviews [77-80]. The role of polyP accumulation
by sludge bacteria during wastewater purification from
excessive phosphates was demonstrated relatively long ago
[81-86]. The engineering design process was created still
earlier. In treatment plants successively used in some
countries, the content of P; in wastewaters is minimized by
activated sludge microorganisms. Technologies have been
developed for using the phosphates accumulated in sludge
as phosphate fertilizers [78]. The main problem in this
respect is the high content of heavy metals and xenobiotics
in sludge of wastewater treatment plants.

Hence, the microbiota of activated sludge of treat-
ment plants is complex and the process of phosphate
absorption depends on many factors including the com-
position of microbial associations and wastewater compo-
sition, and thus investigation of the mechanisms of P,
removal from the dissolved phase remains an urgent prob-
lem. Wastewater purification from phosphate needs alter-
nation of anaerobic and aerobic conditions, which is
achieved most often via the serial arrangement of anaero-
bic and aerobic zones in a series of flow-through systems,
with sludge returning into the cycle. In the anaerobic
stage, the activated sludge bacteria take up the organic
substrates of wastewaters. Intracellular polyP is used as an
energy source, while P, is released into the medium. Such
conditions favor the accumulation of polyhydroxybu-
tyrate (PHB) and other polyhydroxyalkanoates (PHA). It
is considered that the bacteria accumulating large
amounts of polyP have a selective advantage in the anaer-
obic zone. In the aerobic zone, PHA is hydrolyzed, ATP
is synthesized, and the sludge consumes more P; than has
been released in the previous aerobic stage. The P; scav-
enged from wastewaters accumulates in bacterial cells as a
large amount of polyP. A certain amount of phosphate is
retained also by extracellular polymers associated with
the agglomerations of microbial cells [87]. Phosphorus-
enriched sludge is then removed from the system.

The first pure cultures isolated from EBPR systems
and accumulating large amounts of polyP were different
strains of Acinetobacter sp. [81]. Later, bacteria of numer-
ous systematic groups were isolated from activated sludge;
novel species and genera were described. They include
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Microlunatus phosphovorus [88], Rhodocyclus sp. [46],
corynebacteria [89], Microthrix parvicella [90], Tetracoccus
cechii [91], Tetrasphaera [92, 93], Gemmatimonas aurantia-
ca [94], and Accumulibacter phosphatis [95]. Several yeast
species were also found in activated sludge [52-54]. Sludge
was also shown to contain many uncultured species, which
are identified by molecular biological and fluorescence
methods [80]. Specific dyes for polyP and PHA make it
possible to evaluate the ability to accumulate these
biopolymers directly in sludge preparations.

By modeling EBPR in laboratory reactors, it has
been concluded that the process cannot be performed
completely by any individual microbial species. It is now
believed that the composition of the microbial communi-
ties performing EBPR is determined by wastewater
chemical composition, temperature, pH, and other fac-
tors. EBPR water treatment plants are unique techno-
genic ecological niches whose peculiarities are deter-
mined just by the presence of anaerobic and aerobic
zones, with different bacterial species or associations
gaining selective advantage in each zone [77-80].
Regarding biochemical peculiarities, they contain PAO
(Polyphosphate-Accumulating Microorganisms): bacte-
ria accumulating large amounts of polyP. They were
believed to inhibit phosphate transport under nitrate
excess. Later, sludge was shown to contain DPAO
(Denitrifying Polyphosphate Accumulating Organisms),
which can simultaneously take up phosphate and reduce
nitrate in the absence of oxygen, utilizing nitrate as an
electron acceptor. The next group is the so-called GAO
(Glycogen-Accumulating Microorganisms), which accu-
mulate glycogen under aerobic conditions and compete
with PAO for the carbon source [77-80]. The competition
between PAO and GAO and its dependence on tempera-
ture, pH, carbon source accessibility, and the P; and
acetate ratio in wastewaters have been described in detail
in a review [80]. However, the problem of stable EBPR is
still far from solved.

Among the fundamental problems associated with
the application of polyP-accumulating microorganisms
in wastewater bioremediation, we should mention, first,
the problem of directed development of the most produc-
tive microbial consortia for phosphate scavenge from
wastewaters; second, substantial dependence of phos-
phate uptake efficiency on wastewater composition; and,
third, the problem of further application of activated
sludge. It is obvious that polyP-accumulating microor-
ganisms are the key element of excess phosphate uptake
from wastewaters, and further studies of polyP metabo-
lism are important for the development of improved vari-
ants of biotechnologies for wastewater purification.

Mycorrhiza. Some observations demonstrate that
mycorrhiza contains large amounts of P; and polyP. A sub-
stantial amount of polyP was detected by X-ray microas-
say in vacuoles of the fungus Pisolithus tinctorius in the
ectomycorrhiza formed with the roots of Fucalyptus pilu-
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laris [96]. Microsclerotia of the fungus Phialocephala for-
tinii accumulated polyP at an early stage of interaction
with the roots of Asparagus officinalis [97]. Studies in obli-
gate mycorrhizal fungi have shown that polyP is accumu-
lated in fungal cells and then locally hydrolyzed to supply
phosphate to symbiotic plants [98]. The content of polyP
in the fungus varies during mycorrhiza development and
can be used as an activity indicator of the fungus as a phos-
phate supplier for the plant [98]. The obligate mycorrhizal
fungi have recently been shown to have a polyP-synthetase
activity in the presence of ATP [99]. Mycorrhizal fungi
play a key role in phosphorus supply to symbiotic plants. It
is associated with the ability of fungal cells to concentrate
P, from soil, to dissolve poorly soluble mineral phosphorus
compounds due to organic acid excretion into the medi-
um, and to accumulate polyP [100].

CONCLUSION

The data on the diversity of phosphate reserves in
microorganisms suggest that most often they are present
as mineral compounds. Organic phosphorus reserve com-
pounds occur rarely. The formation of mineral phospho-
rus compounds is related to the phenomenon termed bio-
logical mineralization, or biomineralization. Biological
molecules are matrices or catalysts for the formation of
mineral compounds in living cells; therefore, these com-
pounds are characterized by structural peculiarities dif-
ferent from minerals of abiotic origin. The term “phos-
phate mineral nucleation”, which is also accepted in the
literature, denotes the case when the local increase in the
concentrations of phosphate and metal cations (especial-
ly calcium) results in the initial formation of apatite crys-
tals, while further formation of this biomineral is con-
trolled by specific proteins [70].

Some pathways of phosphorus biomineralization
have been maintained during the evolution from prokary-
otes to the higher eukaryotes. They are observed primari-
ly in mitochondria, which, according to the endosymbi-
otic theory, originated from ancient bacteria. Electron-
dense granules (so-called “dense granules™) with high Ca
and P concentrations were found in rat liver mitochon-
dria as early as in 1964 [70]. It was unclear why crystalline
apatite was not formed in these granules. However, later it
was shown that such granules contained not P;, but polyP
[70]. They have been found in protozoa and in mammals:
in special cell organelles (acidocalcisomes) [101] and in
the platelets [102] and mitochondria of bone tissue cells
[103], respectively. PolyP was also shown to participate in
calcium homeostasis and transport across the membrane
in mitochondria of other mammalian tissues [104].

To date, ideas of the role of polyP in bone tissues are
in brief as follows [103, 105-107]. Mitochondria accumu-
late calcium and polyP in osteoclasts, forming dense
granules. Because of exocytosis, these granules are
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released into the extracellular space in the place of bone
growth or repair. Here, the granules are destroyed and
alkaline phosphatase hydrolyzes polyP and releases P,.
With the involvement of osteoblast-specific proteins,
structured bone apatite is formed from the released P; and
calcium. There are still many unclear aspects in this
process. It is not known what enzymes are responsible for
polyP synthesis in mitochondria, because the gene of the
typical polyphosphate kinase responsible for polyP syn-
thesis in bacteria has not been found in mammals [32].
Also, it is not known what signals cause the release of
polyP granules from osteoclasts.

PolyP-rich granules have also been found in platelets
[102]. On 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 [108-112].

There is an evolutionarily significant analogy
between phosphorus mineralization in microorganisms
and bone apatite formation and individual stages of clot-
ting in mammals. The most pronounced similarity is
observed between the formation of sedimentary apatites
in water bodies with the involvement of microorganisms
and the formation of bone tissue apatite in mammals:

— individual stages of these processes are character-
ized by predominance of either uptake of phosphorus
mineral compounds from the medium or their release
from cells (and/or release from cells in case of death);

— phosphate concentration from the medium is
accompanied by local accumulation of inorganic
polyphosphates in the cells;

— under varying environmental conditions or cell
death, polyP is released into the extracellular medium
and hydrolyzed by phosphatases; apatite is formed from
the released P; in the presence of calcium ions.

The study of phosphate reserves in microorganisms,
their structure, and conditions of formation and destruc-
tion is significant not only for understanding phosphorus
turnover in the biosphere, but also for modeling normal
and pathological processes in the human organism asso-
ciated with phosphate metabolism.
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