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Abstract: Phosphorus occurs in mineral and organic forms in aquatic environments. Much of the available
phosphorus resources occur in organic forms which are impossible to use directly by living organisms —
cytoplasmic membranes of microorganisms’ cells transport almost exclusively orthophosphates. Biological
decomposition of organic phosphorus combinations is one of the key stages of phosphorus cycle in surface
waters. This process is possible due to existence of a group of phosphohydrolytic enzymes, such as:
5’-nucleotidase, endo- and exonucleases, phytase and phosphatases. Occurrence or activity of these enzymes
was found in all components of plankton: bacteria, cyanobacteria, algae, fungi, single- and multicellular
plankton animals. Activity of phosphohydrolytic enzymes directly affects productivity of aquatic ecosystems.
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Phosphorus is one of the elements that are strictly necessary for life of all living
organisms. Although, in comparison with carbon and nitrogen, aquatic organisms
require small amounts of this nutrient for growth and development (for example molar
ratio of C:N:P in biomass of algae equals 106 : 16 : 1), its role in a cell is versatile. It is
one of a cell building materials, eg phospholipids that build cytoplasmic membrane,
compounds which store and transfer energy, eg ATP, phosphoenolpyruvic acid, many
coenzymes or structures that store and express genetic information — DNA and RNA
[1, 2].

Phosphorus occurs in mineral and organic compounds (as dissolved organic
phosphorus or phosphorus enclosed in molecular matter) in aquatic environments.
Fraction of mineral phosphorus is composed mainly of PO43’, HPO42’, H,PO, ions,
various indecomposable orthophosphates or their condensates. Definite majority of
organic derivatives of phosphorus consists of various monoesters and diesters of
orthophosphoric acid (phosphatides). The compounds that contain P-N binding (phos-
phocreatine or phosphoarginine) are the only exceptions. Availability of phosphorus
resources in Earth hydrosphere is limited. Firstly, phosphorus consisting minerals are
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weakly soluble and relatively rare, so supply of this element to aquatic environments as
an effect of erosion and weathering of rocks is minimal. Secondly, global transport of
phosphorus is directed almost one-way. This element moves from land ecosystems to
inland waters and finally to seas and oceans, where it is practically immobilised for
a long time in sedimentary rocks formed in these ecosystems. Duration of phosphorus in
these reservoirs equals on average several thousand years [3].

Currently, many various mineral and organic substances enter aquatic ecosystems as
a result of human activity. Among them nitrogen and phosphorus, nutrient sources for
organisms living in water, can be found. Apart from metabolites of living organisms,
soil erosion and weathering of rocks, also various mineral and organic combinations of
phosphorus that do not occur in natural state, eg synthetic polyphosphates incorporated
in detergents or pesticides occur in the pool of phosphorus containing compounds [4—6].

Common presence of phosphorus in many cell structures and important role of this
element in metabolism caused that content and transformations of phosphorus became
of particular interest of scientists and main objective of research projects within last few
decades. Principal conclusion of these studies was a statement that content of
phosphorus and its derivatives is a basic factor that controls biological production and
evolution [7-12].

Phosphorus is a major nutrient that affects algae growth in surface waters. Biological
decomposition of organic combinations of phosphorus is one of key stages of
phosphorus cycle in surface waters, because cytoplasmic membranes of microorganism
cells transport almost exclusively orthophosphates (PO43’) and small amounts of
phosphoglycerol and exceptionally phosphopentoses. The rate of mineral phosphorus
release determines P-PO, assimilation rate by specified biocenoses. Thus, processes that
aim at making phosphorus resources available for growth and development of living
organisms are extremely important. Enzymatic decomposition of organic phosphorus
carried out by four major groups of phosphohydrolytic enzymes is one of these
processes [13].

Microorganisms, particularly heterotrophic bacteria, play crucial role in cycles of
elements and organic matter decomposition. Majority of these processes depends on
microorganisms abilities to produce ectoenzymes. Phosphohydrolases produced by
microorganisms are very important for phosphorus mineralisation and supply of
inorganic phosphates. Also large number of labile organic compounds that act as
bacterial substrates is formed in a cycle of gradual enzymatic reduction of polymeric
organic matter. Proteins, polysaccharides, lipids or nucleic acids belong to this category
of polymers. They are a significant fraction of dissolved organic matter which is the
most important source of nutrients and is hydrolysed and then used by aquatic
micro-heterotrophic organisms [7, 13].

Phosphohydrolases as ectoenzymes
Microorganisms that produce ectoenzymes are probably the most likely to win the

competition for inorganic as well as for organic nutrients in aquatic environment.
Ectoenzymes transform unavailable components of organic matter into easily adoptive
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and easily penetrable through cellular membranes substrates for microorganisms, also
called UDOM fraction (ultrafiltered dissolved organic matter). Because ectoenzymes
are located on the cell surface, they make UDOM fraction components easily available
for the cell transport system. It increases chance of microorganisms to survive in aquatic
environment, where availability of energy and nutrients is a factor that limits growth
and proliferation of population. Heterotrophic bacteria associated with organic matter
particles are the most effective in ectoenzymes production. Specific activity of some
ectoenzymes calculated for bacteria cells may be 2 to 20 times higher for fraction
associated with cells (ectoenzymes) than for “free” enzymes [14].

Production of ectoenzymes which degrade substrates resistant to decomposition by
other microorganisms may give their producers advantage in nutrients availability and
let dominate the ecosystem. What is more, ectoenzymes producing bacteria are the
significant part of aquatic ecosystem, in which they not only make carbon, phosphorus
and nitrogen available for themselves by organic matter decomposition, but also
influence count of algae by supplying them with nutrients [15].

Four major groups of phosphohydrolytic enzymes produced by aquatic organisms
take part in processes of decomposition of organic compounds of phosphorus:
5’-nucleotidase, endo- and exonucleases, phytase and phosphatases. Occurrence or
activity of these enzymes was found in all components of plankton: bacteria,
cyanobacteria, algae, fungi and single- and multicellular plankton animals [16-19].

The majority of above-mentioned enzymes are functionally ectoenzymes. Only some
of them occur in water as free enzymes or enzymes adsorbed on seston particles or on
mineral particles and particles associated with biofilm “matrix”. Ectophosphohydrolases
of eukaryotic microorganisms are located on external surfaces of cytoplasmic mem-
brane, in Gram-positive bacteria in cell wall whereas in Gram-negative bacteria in
periplasmic space or in its boundary structures [20, 21].

Activators and inhibitors of phosphohydrolases

Activity of ectoenzymes in waters mostly depends on environmental factors, such as:
temperature, pH, inorganic and organic compounds, UV-B radiation and presence of
activators and inhibitors or lack of inhibitors. Divalent metal ions are activators for
alkaline phosphatases. Alkaline phosphatase activity is stimulated by magnesium, which
binds with active site of every part of enzyme. This site differs from the active site for
zinc. Magnesium ion causes allosteric modulation, which stimulates dephosphorylation
process. If the site provided for magnesium is bound with zinc cation, with higher
affinity than magnesium, it will cause decrease of enzyme activity. Inhibitors of alkaline
phosphatase are chelates of bivalent ions, such as EDTA and fluoride ions showing
uncompetitive effects. On the other hand, acid phosphatase activity is often inhibited by
fluorides. Also in presence of heavy metal ions rapid decrease of phosphatase activity
occurs (acid as well as alkaline). Product of phosphatase activity — phosphate ion — is
competitive inhibitor, similarly to other multivalent anions of inorganic and organic
acids, similar in size and charge distribution to phosphate ion [22-24].
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Brief Characteristic of phosphohydrolytic enzymes

5’-nucleotidase is located only in surface structures of bacteria and cyanobacteria. It
is more specific than phosphatases, because it can only hydrolyse 5’-mono, di- and
triphosphates of nucleotide. This enzyme is used by bacteria, similarly to alkaline
phosphatase, to supplement intracellular pool of orthophosphate during deficiency of
this compound in environment. Free nucleic acids — DNA and RNA are the most
important reservoir of substrates for 5’-nucleotidases in lake waters. They belong to
dissolved organic phosphorus (DOP) fraction particularly rich in this element, because
they contain 9 % of phosphorus, whereas dry mass of algae contains only 2 % P, and
dry matter of bacteria — 3 % P [25, 26].

Nucleases take part in pre-hydrolysis of DNA (dDNA) and RNA (dRNA) dissolved
in water. Due to methodological reasons it is very difficult to define meaning of nucleic
acids, and therefore also meaning of nucleases [27].

Phytase is an adaptive enzyme of bacterial origin, with maximum activity at pH 4-6.
Effects of its activity are particularly visible in naturally acid or artificially acidulated
waters, where it takes part in releasing phosphates from macromolecular organic
phosphorus combinations which are mostly products of decomposition of plant material
— from inositol phosphates combined with proteins, lipids and fulvic acid [28].

Phosphomonoesterases also called phosphatases are the most common and usually
most active phosphohydrolytic enzymes in water. These enzymes catalyse reactions of
splitting phosphate rest from proteins, fats, nucleotides and other compounds. Bacterial
phosphatases are intracellular enzymes or they are secreted into environment. It depends
on construction of external cellular structures, because Gram-negative bacteria with
multilayer cell wall secrete small amount of periplasmic enzymes, whereas Gram-
-positive bacteria secrete more extracellular enzymes due to lack of one or a few layers
of cell wall [23, 29].

Research on Pseudomonas bacteria showed [30] that phosphatases are located in
periplasmic space. Touati et al [31] described acid phosphatase located in periplasm,
produced by Escherichia coli (Gram-negative bacteria) in alkaline environments.
Extracellular secretion of phosphatases from living cells was found by Glew and Heath
[32] from Micrococcus (Gram-positive bacteria) and Kobori and Taga [33] from
Pseudomonas (Gram-negative bacteria). Kobori et al [34] proved presence of con-
stitutive high activity phosphatases in bacteria occurring in coastal waters. Cotner and
Wetzel [35] found presence of Acinetobacter bacteria in pelagic zone of Third Sister
Lake. This organism produces adaptive alkaline phosphatase; activity of this phos-
phatase increased even a thousand times under conditions of severe shortage of
orthophosphate. If high concentration of orthophosphates is found in waters (higher
than 140 ugPO43_ dm™), then pelagic bacteria produce alkaline phosphatase, which
activity is inhibited by shortage of organic carbon rather than by phosphorus [36].

Phosphatases are also synthesised by most algae species. In algae they are located on
the cell surface, in cellular membrane or secreted outside the cell [37-39].

There is also a part of the fraction of enzymes called “free” enzymes. This fraction
consists of dissolved enzymes actively secreted by living algae cells, zooplankton and
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bacteria; they constitute an important part of total phosphatase activity. Part of activity
of this fraction also comes from leakage of contents of aging cells or due to their
damage by herbivorous organisms, decomposition of dead cells, their fragmentation,
autolysis or lysis of living algae cells by bacteria or non-bacteria parasites. Free
enzymes, unlike ectoenzymes do not have contact with cellular structures as a result of
physico-chemical processes or after lysis of cells that produce them. Usually their
activity, in comparison with the one observed in ectoenzymes is small and is usually a
few percent high. Alkaline phosphatase, which connection with cytoplasmic membranes
is often weak, may be an ectoenzyme as well as a free enzyme. In turn, 5’-nucleotidase
does not occur in environment in “free” state [20, 40, 41].

Resume

Aquatic microorganisms produce a range of hydrolytic enzymes. Activity of this
enzymatic potential, particularly bacterial but also algal, influences rate of organic
matter assimilation in aquatic environments, which directly influences productivity of
ecosystems [42]. Heterotrophic activity of multi-species bacteriocenoses is an indicator
that well reflects degree of intensity of organic matter transformation processes in
natural ecosystems [43].

Conclusions

1. Availability of phosphorus in aquatic environments is limited, therefore processes
that aim at making it available for aquatic microorganisms are crucial.

2. Organic phosphorus decomposition is carried out by four groups of phosphohydro-
lytic enzymes: 5’-nucleotidase, endo- and exonucleases, phytase and phosphatases.

3. Activity of phosphohydrolytic enzymes was found in all components of plankton:
bacteria, cyanobacteria, algae, fungi, single- and multicellular plankton animals.

4. Activity of phosphohydrolytic enzymes in waters is affected by the following
environmental conditions: temperature, pH, inorganic and organic compounds, UV-B
radiation and presence or lack of activators and inhibitors or lack of inhibitors.

5. Activity of phosphohydrolytic enzymes determines rate of organic matter
assimilation in aquatic environments, which directly influences productivity of eco-
systems.
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AKTYWNOSC ENZYMOW FOSFOHYDROLITYCZNYCH W WODACH
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Abstrakt: W $rodowiskach wodnych fosfor wystepuje w postaci zwigzkéw mineralnych i organicznych.
Znaczna czg$¢ dostgpnych zasobow fosforu ma posta¢ organiczng, niemozliwa do wykorzystania przez
organizmy zywe bezposrednio. Przez blony cytoplazmatyczne komoérek mikroorganizméw sa transportowane
prawie wylacznie jony ortofosforanowe. Biologiczny rozktad organicznych potfaczen fosforu jest jednym
z kluczowych etapow obiegu fosforu w wodach powierzchniowych. Jest to mozliwe dzigki grupie enzymow
fosfohydrolitycznych, takich jak: 5’-nukleotydaza, endo- i egzonukleazy, fitaza oraz fosfatazy. Wystgpowanie
lub aktywnos$¢ tych enzymow stwierdzono we wszystkich sktadnikach planktonu: bakteriach, sinicach,
glonach, grzybach oraz jedno- i wielokomoérkowych zwierzgtach planktonowych. Aktywnosé¢ enzymow
fosfohydrolitycznych wptywa bezposrednio na produktywnos¢ ekosystemow wodnych.

Slowa kluczowe: fosfor, materia organiczna, aktywnos$¢ enzyméw, woda



