
Phosphorus plays a fundamental role in microbial

cell physiology and biochemistry, being a part of such

important biomolecules as phospholipids, nucleic acids,

proteins, polysaccharides, as well as nucleotide cofactors

involved in energy transport and catalysis of many cell

processes. The vital importance of this nutrient for

microbial cells is satisfied by consuming from the envi�

ronment first of all the most available forms—orthophos�

phate and its easily hydrolyzed phosphate esters contain�

ing phosphorus in its highest oxidation state. However,

more and more data show the ability of bacteria to utilize

the more reduced organophosphorus compounds as

phosphorus sources, in particular, phosphonates charac�

terized by a single carbon�to�phosphorus (C–P) bond. In

contrast to the more labile O–P, N–P, and S–P linkages,

it is extremely resistant to chemical hydrolysis, thermal

decomposition [1], and photolysis [2]. Phosphonates are

widespread among naturally occurring compounds in all

kingdoms of wildlife, but only procaryotic microorgan�

isms are able to cleave this bond. Interest in microbial

degradation of phosphonates has grown in recent years

due to ecological problems. The matter is that

organophosphorus compounds with the C–P bond are

widespread among man�made chemical substances—

xenobiotics, which uncontrollably enter the environment

and become a toxic factor. The search for the ways of

phosphonate biodegradation to understand molecular

mechanisms of this process is an urgent basic problem of

physicochemical biology that would also contribute to the

solution of practical problems of environmental protec�

tion biotechnology. Unfortunately, current research into

the physiology and biochemistry of phosphonate

biodegradation and the ecology of microorganisms

degrading phosphonates is insufficient, so a systematized

analysis of the data available is particularly important for

specifying the prospects and ways of solving the above

problem.

PHOSPHONATES 

AND PHOSPHONATE�DEGRADING 

MICROORGANISMS

Phosphonates are a class of organophosphorus com�

pounds with a C–P bond, which makes their molecules

resistant to chemical hydrolysis and thermal decomposi�

tion [1]. Phosphonates occur widely among biogenic and

man�made compounds. 2�Aminoethylphosphonic acid

(2�AEP) found in flagellates from rumen protozoa [3] was

the first known natural compound with the C–P bond.

Further investigations established that 2�AEP is a con�

stituent of lipids, named as phosphonolipids by analogy

with phospholipids [4]. These compounds have been

found in protozoa, flagellates, coelenterates, mollusks

[5], the lower fungi [6], and even in man [7, 8]. Besides in

lipids, 2�AEP was found to be a constituent of proteins [5,

9] and polysaccharides [10]. Other representatives of bio�

genic phosphonates are antibiotics synthesized by

Streptomyces. They include phosphonomycin (1,2�cis�

epoxyprolylphosphonic acid), an inhibitor of biosynthesis
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of UDP�N�acetylmuramic acid essential for microbial

cell wall formation [11], and bialaphos (L�alanyl�L�

alanyl�phosphinothricin) [12], an inhibitor of glutamine

synthetase in Escherichia coli and plants [13, 14].

Biogenic phosphonates also include phosphonopyruvate

[15] and phosphonoacetate (PA) [16]. It is suggested [17]

that phosphonates, as well as phosphites, emerged at an

early stage of the Earth’s evolution and could be prebiot�

ic phosphorus carriers. Phosphite radicals could serve as

starting material for the formation of vinylphosphonic

acid, which in turn could be an initial compound for the

synthesis of phosphonoacetaldehyde, phosphonoacetic

acid, and ethyl�, 1�hydroxyethyl�, and 2�hydroxyethyl�

phosphonic acids. Phosphonoaldehyde could thus be

formed in great amounts [18�20]. The presence of

methyl�, ethyl�, and other alkylphosphonates in a sample

of the Murchison meteorite [21] with the dominating

methylphosphonate allowed the investigators to suggest

that these compounds might also have occurred in high

concentrations on the Earth in the initial period of life

origin.

The first synthetic derivatives of phosphonic acids

were obtained at the end of the 19th century, and their

industrial synthesis became possible since 1905 after the

discovery of the Arbuzov reaction [22]. At present, syn�

thetic phosphonates are the basis of many xenobiotics and

are widely used in different fields of human economic

activity [16, 23�27]. They include the herbicide

glyphosate, which is an inhibitor of 3�enolpyruvylshiki�

mate�5�phosphatesynthase (EC 2.5.1.19)—an enzyme

involved in the synthesis of aromatic amino acids [28].

Derivatives of ethyl� and phenylphosphonates are used as

insecticides; alaphosphaline and phosphonomycin

(biphosphonates) as antibiotics; cyclic esters of aromatic

biphosphonates as polymer additives; Phyrol 67, an

oligomer of vinylphosphonate–methylphosphonate, as a

flame extinguisher; and polyaminopolyphosphonic acids

as corrosion inhibitors [16]. Aminotri�(methylenephos�

phonic) and hydroxyethylidenediphosphonic acids are

widely used as chelate additives to household detergents

[24]. Phosphonic acids are used in scientific research [25,

26] and as drugs [27].

Man�made phosphonate derivatives include also

toxic constituents of chemical weapon (VX, sarin, and

soman) [29]. The first is alkylphosphonothiolate and the

latter two are methylphosphonofluoride esters. The final

products of their degradation are less toxic alkylphospho�

nic acids, which however are highly resistant to degrada�

tion in soil where they can be found decades later even

more than 1 m deep [30]. When contaminating water

reservoirs, they appear to be toxic for the inhabiting

organisms: Daphnia magna, Selenastrum capricornutum,

and flagellates [31]. Wide and uncontrollable use of phos�

phonate xenobiotics in economic activity resulted in sig�

nificant contamination of the environment and thus cre�

ated the problem of its protection and remediation. The

structures of some of the simplest phosphonates are given

in Fig. 1.

The structural diversity of phosphonate substrates

requires different enzymatic systems for their degrada�

tion. The ability of microorganisms to utilize

organophosphorus compounds with the C–P bond as the

sole phosphorus source has been known for a long time

[32�34]. The first evidence of biological cleavage of the

C–P bond was obtained with E. coli [32]. This bacterium

utilized methylphosphonic or ethylphosphonic acids as

sole phosphorus sources. Probably, after depletion of eas�

ily assimilated phosphorus sources in the environment, in

some cases it appeared to be available for microorganisms

only as phosphites and phosphonates, and they therefore

developed systems for catabolism (utilization) and con�

version of the latter substances to more available phos�

Fig. 1. Structures of orthophosphate and some phosphonates.

Pi methylphosphonate ethylphosphonate 2�aminoethylphosphonate

phosphonoacetate phosphonopyruvate glyphosate
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phorus compounds. This is indirectly supported by

molecular�genetic analysis of phosphite and hypophos�

phite oxidation in Pseudomonas stutzeri WM88 [35]. It

suggests an interrelation between phosphonate metabo�

lism and phosphite and hypophosphite metabolism

because some genes of the operon encoding proteins

responsible for the decomposition of these compounds

are homologous to the genes responsible for the cleavage

of the C–P bond in alkylphosphonates. Also, mutations

disturbing phosphonate utilization affect also phosphite

utilization [36, 37]. In addition to E. coli and Ps. stutzeri,

utilization of phosphonates and phosphites was shown in

Klebsiella aerogenes [38].

Works published to date show wide occurrence of

phosphonate�degrading microorganisms in nature,

including Gram�positive and Gram�negative bacteria

[33, 39�47] as well as some yeasts [40, 48, 49] and fungi

[50�52]. However, only special strains but not certain

groups of microorganisms are suggested to be capable of

phosphonate degradation [40]. The attempt to close this

gap was made, in particular, in the two papers cited below

[39, 40]. Thus, the first work [39] presented the bacteria

from five soil isolates that were able to degrade a wide

group of structurally different phosphonates. These were

first of all various strains of Pseudomonas and Bacillus

megaterium decomposing 14 of 15 studied substrates,

which is comparable with the broad substrate specificity

revealed previously in Agrobacterium radiobacter [41].

This work showed for the first time that Gram�positive

bacteria are able to directly degrade the C–P bond.

However, neither of the isolates could degrade isopropyl�

phosphonate or the phosphinate herbicide phos�

phinothricin. The second work assayed microorganisms

from seven ecosystems and 19 laboratory microorganisms

for the ability to grow on different natural and xenobiotic

phosphonates as sole phosphorus sources. This study

revealed the phosphonate degraders to occur among vari�

ous bacterial species and systematic groups from both

phosphonate polluted and non�polluted environmental

sources, indicating their wider occurrence than had been

supposed previously [53]. The work confirmed that

eucaryotic organisms were incapable of phosphonate

degradation and first revealed such ability in the photo�

synthetic organism Rhodobacter capsulatus and decompo�

sition of polyphosphonic acids by microorganisms. Of

course, the study of degrading ability of microorganisms

is not limited to the above works.

Bacterial strains able to mineralize both natural and

xenobiotic phosphonates as not only phosphorus but also

nitrogen and carbon sources have been identified quite

recently [46, 54]. These isolates possessed new inducible

enzymes with high specificity to individual substrates and

became good ground for departure from the previously

adopted conception that phosphonates are utilized by

organisms as the phosphorus source only [55]. There are

two reports about utilization of phosphonates by yeast as

a sole nitrogen source: natural 2�amino�3�phosphono�

propionic acid (phosphonoalanine) by cells of Candida

maltosa [48] and synthetic 4�aminobutylphosphonate by

cells of Kluyveromyces fragilis [49]. In the latter case,

phosphonate utilization did not depend on the phospho�

rus status of the cells, like it is in degradation of 2�AEP by

cells of Ps. putida [46].

PHOSPHONATE METABOLISM

Biosynthesis of phosphonates has been studied by

the example of 2�AEP to elucidate the mechanism of the

C–P bond formation. It was shown that the first reaction

in the pathway of the C–P bond formation is intramolec�

ular restructuring of phosphoenolpyruvate to phospho�

nopyruvate (Fig. 2, III A), catalyzed by phospho�

enolpyruvate�phosphomutase [15, 56]. Phosphonopyru�

vate under the action of enzyme phosphonopyruvate�

decarboxylase is then converted to phosphonoacetalde�

hyde. Phosphonoacetaldehyde can be converted either to

2�hydroxypropylphosphonic acid during phosphono�

mycin biosynthesis or to hydroxymethylphosphonic acid

during bialophos biosynthesis. Thus, phosphonopyru�

vate�decarboxylase is one of the key enzymes of biosyn�

thesis of different phosphonates [57, 58]. In addition to

the above, two more enzymes were found responsible for

the formation of the C–P bond in bialophos: car�

boxyphosphonoenolpyruvatemutase [59, 60] and “P�

methylating enzyme” [61, 62]. The finding of enzymes of

C–P bond biosynthesis suggested that under appropriate

conditions in a cell they could also realize back reactions,

i.e., to participate in decomposition of the C–P bond.

Indeed, as it was shown later, phosphoenolpyruvate�

phosphomutase is involved in biodegradation of phos�

phonoalanine [46, 63]. It is suggested [64] that the ability

to synthesize phosphonates could give microorganisms,

due to the presence of the chemically stable and phos�

phatase�resistant C–P bond in these compounds, certain

biological advantages for survival in a potentially phos�

phate�limited marine environment and in the struggle for

ecological niches.

As regards catabolism of phosphonates, several

enzymes are known to catalyze this process: phosphonatase

(phosphonoacetaldehyde hydrolase, EC 3.11.1.1) involved

in 2�AEP degradation [44], phosphonoacetate hydrolase

degrading phosphonoacetate [45], phosphonopyruvate

hydrolase [46], and C–P lyase [41] degrading the wide

range of phosphonates in intact bacterial cells (Fig. 2).

The first enzyme able to degrade the phosphorus�car�

bon salt, 2�phosphonoacetaldehyde hydrolase (phospho�

natase), was identified and isolated from the Gram�positive

bacterium B. cereus [44]. This bacterium was able to utilize

2�AEP as the sole phosphorus source and to degrade it to 2�

phosphonoacetaldehyde using 2AEP�pyruvate aminotrans�

ferase (EC 2.6.1.37) [65] and then to degrade phosphonoac�
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Fig. 2. Enzymes cleaving the C–P bond.
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etaldehyde to acetaldehyde and orthophosphate [44, 66] in a

reaction catalyzed by phosphonatase. The latter reaction

cleaves the C–P bond and proceeds via the formation of a

covalently bound imine intermediate with the carbonyl

group and the side chain of lysine residue in the enzyme.

Phosphonatase was isolated and purified, showed optimal

activity at pH 8, needed Mg2+ for its activity, was inhibited by

reagents degrading disulfide bonds, and consisted of two

subunits with the molecular mass of 33�37 kD each [44].

Phosphonatase resembled alkaline phosphatase of E. coli in

many properties [67] but was not able to degrade the wide

range of phosphomonoesters hydrolyzed by phosphatase.

The range of phosphonatase substrates was much less, and

the enzyme was not a metalloenzyme in contrast to phos�

phatase. The pathway of degradation of 2�AEP was suggest�

ed to be present in all organisms capable of utilizing this sub�

strate as a phosphorus source. Indeed, it was found in other

microorganisms, e.g., Ps. aeruginosa [65], Salmonella

typhimurium [68, 69], B. cereus [69], and Pseudomonas sp.

4ASW [70]. In addition to degradation of 2�AEP, phospho�

natase can participate also in decomposition of glyphosate,

as was shown in Arthrobacter atrocyanus [69]. The genes

encoding phosphonatases from Salm. typhimurium [68, 69]

and B. cereus [69] have been cloned and sequenced. Their

analysis showed that phosphonatases belong to a new family

of hydrolases having a highly conservative aspartate residue

in their active center, to which the phosphoryl group from a

lysine residue of the enzyme is being transferred [69]. The

study of crystal structure of phosphonatase from B. cereus

[71] showed that the enzyme is a homodimer. The occur�

rence of polar amino acid residues in active centers of

dehalogenases, phosphonatases, phosphatases, and phos�

phomutases belonging to NAD�dependent superfamily

indicates that active centers of these enzymes may be of

common origin. The molecular and genetic characteristics

of phosphonatase genes of Salm. typhimurium [69] and

Enterobacter aerogenes [72] showed that they are members of

the Pho regulon and, consequently, their expression is regu�

lated by exogenous orthophosphate and proceeds only after

Pi is depleted in the growth medium.

Phosphonoacetate hydrolase was found in Ps. fluo�

rescens 23F [45]. This enzyme is induced by phospho�

noacetate and does not need phosphorus starvation for its

induction, and the products of its degradation—phos�

phate and acetate—are easily utilized by cell. The gene

encoding phosphonoacetate hydrolase was cloned [73],

and the enzyme was purified and characterized [74]. The

enzyme consists of two identical subunits with the molec�

ular mass of 40 kD. Analysis of the structural gene (phnA)

of phosphonoacetate hydrolase showed five open reading

frames [75]. 2�Phosphonopropionate was shown able also

to induce this enzyme but is a bad substrate for it.

Degradation of both substrates is supposed to require the

expression of three genes: phnA, phnB, and phnR.

Burkholderia cepacia Pal6 is able to utilize L�phos�

phonoalanine as a source of nitrogen, carbon, or phospho�

rus, using the enzyme phosphonopyruvate hydrolase [46,

51] previously described as phosphoenolpyruvate phos�

phomutase. Phosphonopyruvate is a product of transami�

nation of L�phosphonoalanine and is decomposed to pyru�

vate and Pi. Kinetic parameters of this enzyme were par�

tially characterized, and the molecular mass of native pro�

tein was determined as equal to 232 kD [76]. These param�

eters are close to those of phosphoenolpyruvate phospho�

mutase purified from Ps. gladioli B�1 [77].

Finally, the enzyme C–P lyase is thought to catalyze

the direct scission of inactivated C–P bonds to yield inor�

ganic phosphate and the corresponding hydrocarbons. It is

responsible for cleavage of alkylphoshponates, which are

utilized as sole phosphorus sources by many bacteria. C–P

lyase manifests its activity only in cells and has never been

reliably found in cell�free extracts [78, 79] (testing of such

activity in vitro turned out to be incorrect [80]). This con�

siderably limits the possibility of understanding the mecha�

nism of action of this enzyme. However, several hypotheti�

cal models for the mechanism of C–P lyase�catalyzed

degradation of the C–P bond have been proposed [81, 82].

The first working hypothesis proposed that E. coli cells,

growing in aerobic conditions, oxidize alkylphosphonic

acids at the first carbon atom bound directly to phosphorus

via incorporation of atomic or molecular oxygen in this

position [81]. The resulting α�hydroperoxy, α�hydroxy, α�

keto, or phophomonoesters could be easily utilized by cells.

However, the study of degradation of alkylphosphonates by

cells of this bacterium using isotopic�labeled material

revealed no intermediates corresponding to the mechanism

proposed. In fact, the main phenomenon of degradation of

methylphosphonic acid by E. coli cells is predominant for�

mation of methane as the final reaction product in a ratio of

1 : 1 to intracellular phosphorus formed from alkylphos�

phonates. Ethane, propane, butane, pentane, and hexane

are formed by these cells using appropriate derivatives of

phosphonic acid. A thorough study of degradation products

of the above alkylphosphonates showed also the presence of

ethene, propene, butene, etc., respectively. Results of the

analysis of degradation products of alkylphosphonates do

not thus fit the initially proposed mechanism and assume

the possibility of another mechanism—a redox�dependent

radical�based dephosphorylation, probably including also

participation of transition metals in the reaction [82].

According to this mechanism (Fig. 3), the process is initiat�

ed by generation of a phosphonyl radical. Subsequent frag�

mentation of this reactive intermediate would lead to

metaphosphate and alkyl moieties as the corresponding

alkanes. Abstraction of a hydrogen atom by alkyl radical

would yield the corresponding alkane. The formation of

alkyl radical is a specific feature of alkylphosphonates

degradation. The finding of not only alkanes but also

alkenes among degradation products is evidence of the rad�

ical�based mechanism of degradation. It is yet unclear what

is the final phosphorous product. It is assumed that

monomer metaphosphoric acid forms orthophosphate
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when quickly reacting with water. However, the alternative

assumption is also known, namely, that the catalysis of the

C–P bond degradation involves ATP or other nucleotides

[83]. Taking into account that α�1�ethylphosphono�ribose

was among the products of degradation of alkylphospho�

nates, it is not improbable that it is precisely nucleotides

that are acceptors of the phosphoryl group of alkylphospho�

nates. The radical�based mechanism of alkylphosphonate

degradation is indirectly confirmed in a number of experi�

mental works [83, 84]. Chemical modeling of such a

process was performed using the reaction of alkylphospho�

nic acids with lead tetraacetate and their electrochemical

oxidation using a platinum anode [82]. The formation of

alkanes and alkenes as a result of bacterial degradation of

alkylphosphonates and chemical degradation of alkylphos�

phonates with lead tetraacetate is an important link between

biodegradation and the chemical model system, indicating

the radical�based mechanism of phosphonate degradation

via the C–P lyase pathway.

BACTERIA DEGRADING PHOSPHONATES 

BY THE C–P LYASE PATHWAY

With regard to the above, one can conclude that only

microorganisms degrading alkylphosphonates with the

formation of alkanes can be certainly attributed to

microorganisms containing C–P lyase, though their sub�

strate specificity may be not limited to alkylphospho�

nates. Some of the mentioned microorganisms are able to

degrade other phosphonates as well, including glyphosate

and 2�AEP (table).

Fig. 3. Presumed mechanism of the C–P lyase action.
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Most bacteria with exactly established degradation of

phosphonates by the C–P lyase mechanism belong to the

Gram�negative bacteria, but two representatives of the

Gram�positive bacteria are also known: Arthrobacter sp.

GLP�1 [42] and B. megaterium [39]. Among nearly forty

identified soil isolates and collection bacterial strains test�

ed for C–P lyase activity, only the mentioned Gram�pos�

itive bacteria possessed it. Other Gram�positive bacteria

(Corynebacterium glutamicum MB�1789, Arthr. globiformis

ATCC 8010, B. subtilis, B. cereus ATCC 13061, B. brevis

ATCC 14579 [41], Arthr. globiformis DSM 20124, Arthr.

paraffineus ATCC 21298, Arthr. paraffineus DSM 312,

Arthr. oxydans DSM 420, Arthr. histidinolovorans DSM

20115, Arthr. variabilis DSM 20132, Arthrobacter sp.

DSM 20389, Arthr. atrocyanus DSM 20217 [85], and

Staphylococcus aureus [40]) showed no C–P lyase activi�

ty. One more representative of bacteria that degrade phos�

phonates by the C–P lyase pathway is Rhodobacter capsu�

latus, a phototrophic Gram�negative bacterium able to

degrade the C–P bond under anaerobic conditions in the

light [40]. The search for C–P lyase activity among fungi

(Cladosporium herbarum, Fusarium culmorum, and

Trichoderma viride [40]) gave no positive results.

Thus, the ability to degrade phosphonates by the

C–P lyase mechanism occurs among Gram�negative

bacteria much more often than among Gram�positive

bacteria. These are representatives of the classes

Arthrobacteriaceae, Bacillaceae, Rhodobacteriaceae,

Alcaligenaceae, Pseudomonadaceae, Enterobacteriaceae

(Escherichia, Enterobacter, Klebsiella, Kluyvera), and

Rhizobiaceae (Rhizobium, Agrobacterium).

GENETIC CHARACTERIZATION 

OF PHOSPHONATE DEGRADATION 

BY THE C–P LYASE PATHWAY

Recently, significant progress has been made in

genetic characterization of the system of phosphonate

degradation by microorganisms. Thus, mapping and

molecular cloning of the phn genes responsible for C–P

lyase activity, as well as mutation analysis, have been

made in E. coli [37, 86�88]. Utilization of phosphonates

by E. coli cells was shown to be encoded by a cluster of 14

genes—one of the largest transcription units of E. coli

whose expression is controlled by Pho�regulon and

exogenous orthophosphate [89]. Initially, the phn locus in

the strain E. coli K12 was identified as a phosphate star�

vation�inducible gene, psiD, by constructing and analyz�

ing Mud1 (bla lacZ) fusions and then renamed as phn

after the insertion of Mu phage into the psiD locus had

been shown to deprive the strain of the ability to grow in

a medium containing methylphosphonic acid as the sole

phosphorus source [87].

The fact that E. coli phn mutants cannot utilize

alkylphosphonates as a sole phosphorus source resulted in

the assumption that phn genes encode C–P lyase. The

initial step of molecular�genetic study of this locus

revealed a 15.6 kb fragment where 17 open reading frames

denoted (in alphabetic order) the phnA to phnQ genes and

five open reading frames in the opposite direction were

identified [90].

Further analysis showed that the genes phnA, phnB,

and phnQ do not code degradation of phosphonates [37].

Finally, the identified operon responsible for degradation

of phosphonates in E. coli, 10.9 kb in size, consists of 14

genes phnCDEFGHIJKLMNOP localized close to

92.8 min of the chromosome map. It is evidently tran�

scribed from the only promoter, immediately preceding

the phnC gene. The genetic analysis [37] established the

following.

1. Three gene products (PhnC, PhnD, and PhnE) are

constituents of the alkylphosphonate transporter. The pro�

tein PhnD is hydrophilic and contains a signal sequence

on its N�terminus. According to the mutation analysis of

the analogous protein in Rhizobium meliloti, it is localized

in the periplasm [91]. PhnC has two highly conservative

sequences corresponding to the previously characterized

nucleotide�binding domains. The search for homologous

sequences using the database of the National Biomedical

Research Foundation revealed a high homology between

the above protein and some nucleotide�binding mem�

brane domains of bacterial permeases, including those of

PstB protein—a component of orthophosphate permease

[92]. The protein PhnE is probably an integral membrane

protein because it is highly hydrophobic. It has a certain

similarity in sequence with integral membrane compo�

nents RbsC and PstA of transport systems for ribose and

inorganic phosphorus, depending on the corresponding

metabolite�binding proteins.

2. Seven gene products (PhnG�PhnM) are assumed

to participate in the catalysis of degradation of alkylphos�

phonates and are components of membrane associated

C–P lyase complex. PhnM has a sequence that is similar

to integral membrane components of the above trans�

porters [37]. PhnL protein has nucleotide�binding

sequences.

3. Two gene products (PhnN and PhnP) are not

required for phosphonate use and may be accessory pro�

teins for the C–P lyase; at the same time, the protein

PhnN may have ATPase activity.

4. Two gene products (PhnF and PhnO) are unnec�

essary for the catalysis and play a regulatory role because

they have a sequence in common with other regulatory

proteins.

Thus, the molecular�genetic study suggests that the

process of alkylphosphonate degradation involves a

multi�component system with constituents localized in

the membrane and periplasm, which previously was

absolutely not considered in the search of C–P lyase

activity in cell�free extracts and probably prevented iden�

tification of the enzyme.
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Genes homologous to the phn genes of E. coli have

also been found in Rhiz. meliloti [91, 93]. The expression

of phn genes of Rhiz. meliloti cloned in plasmids revealed

an enhanced synthesis of gene products 16, 22, 29 kD,

corresponding to PhnG, PhnH, and PhnK components.

These proteins are not subjected to posttranslational

modification (signal peptide cleavage) and are expressed

only in cells grown on methylphosphonate, amino�

methylphosphonate, and glyphosate as sole phosphorus

sources. It is interesting that the PhnI component of the

C–P lyase complex of Rhiz. meliloti has a histidine

residue on its C�terminus, in surroundings homologous

to those of lipoxygenase of Oriza sativa, and may serve as

a ligand for metals. Besides, PhnJ has four conservative

cysteine residues, which can also be ligands for metals or

sites for binding of sulfur�containing metal complexes.

This suggests the involvement of metals in catalysis of

alkylphosphonate degradation. The broader substrate

specificity of degrading activity of Rhiz. meliloti [93] sim�

ilar to those of Agrob. radiobacter [41] and Arthrobacter sp.

[94] is a specific feature of this bacterium distinguishing it

from E. coli. Agrob. radiobacter and Arthrobacter sp., how�

ever, use two different C–P lyases for this purpose,

whereas Rhiz. meliloti uses only one. It was also estab�

lished that Rhiz. meliloti contains an enzyme of 2�AEP

degradation, genetically and biochemically different from

C–P lyase, which obviously determines the wider sub�

strate specificity of the organism. At the same time, phos�

phonoacetate (PA) hydrolase was not found in the organ�

ism. The presence of genes encoding the C–P lyase com�

plex or proteins similar to its components has been shown

to date not only in E. coli [61] and in Rhiz. meliloti [93],

but also in Rhiz. leguminosarum [95], Mesorhizobium loti

[96], Ps. aeruginosa PA01 [97], Ps. stutzeri WM88 [36],

Kleb. aerogenes [98], and Enterob. aerogenes [72].

GENETIC AND PHYSIOLOGICAL REGULATION

OF C–P LYASE

As mentioned above, the genes of the phn operon

encoding degradation of phosphonates by the C–P lyase

mechanism in E. coli are induced under phosphorus star�

vation. The promoter of this operon carries a sequence of

18 bp, CTGTtAgtcActTtTaAT, similar to the sense

sequence found in promoters of the pho genes (called a

PHO box) [99]. Thus, the genes of phosphonate assimila�

tion are members of the Pho regulon. Their expression is

regulated by exogenous orthophosphate and needs the

expression of phoB and phoR genes [89] encoding the reg�

ulator and the sensor, respectively, of the two�component

system of Pi signal transduction. The Pho regulon is a

universal system that provides cell response to deficiency

of exogenous orthophosphate, which was found in many

taxonomic groups of microorganisms. The phosphate

regulon of E. coli is several genes inducible under phos�

phorus starvation, whose products participate in primary

phosphorus assimilation from the environment and are

localized in different cell compartments [100]. They

include an outer membrane pore protein PhoE facilitat�

ing the diffusion of phosphorus�containing compounds,

hydrolytic enzymes of the periplasm cleaving organo�

phosphorus compounds (alkaline (PhoA) and acid

(AppA) phosphomonoesterases, 5′�nucleotidase (5′NUC),

proteins involved in biosynthesis of cell wall polymers and

utilization of polyphosphates (proteins PpX and PpK)),

periplasmic Pi�binding protein PstS, and glycerophos�

phate�binding protein UgpB. The Pho regulon includes

also the cytoplasmic membrane proteins involved in

transport of orthophosphate (PstA, B, C) and other phos�

phorus�containing compounds (UgpE, A, C), as well as

the cytoplasmic protein PhoU that does not participate in

transport but mediates signal transduction in the Pho reg�

ulon [101]. The fact that C–P lyase belongs to the phos�

phate regulon has been proved by not only the presence of

PHO box in the operator of phn locus. Cells were shown

to be unable to produce C–P lyase and degrade

methylphosphonate with the formation of methane in

strains with non�inducible Pho regulon due to a mutation

in PhoB transcription regulator [89, 102]. Mutations in

the genes controlling biosynthesis of components of the

Pho regulon repressor, on the contrary, result in produc�

tion of C–P lyase, which degrades methylphosphonate in

the presence of orthophosphate. The same is observed in

recombinant E. coli strains, where phn operon is cloned

under the control of a promoter not regulated by

orthophosphate, e.g., lac promoter [103]. It is worth not�

ing that the level of C–P lyase synthesis in mutants lack�

ing the structural gene of alkaline phosphatase is compa�

rable with that of the wild type strain and the production

of this enzyme is not accompanied by phosphatase activ�

ity, demonstrating that alkaline phosphatase is not

responsible for C–P lyase activity, while C–P lyase has no

phosphatase activity [89, 102].

Regulation of transcription of pho genes involves the

two�component regulatory system of Pi signal transduc�

tion: PhoB–PhoR in Gram�negative bacteria [104] and

PhoP–PhoR in Gram�positive bacteria [105]. The pro�

teins PhoB and PhoP are transcription regulators, which

are directly bound with the promoters of pho genes.

Protein PhoR is a transmembrane sensor. It receives Pi

signal from the environment, is autophosphorylated, and

participates in specific phosphorylation/dephosphoryla�

tion of the above transcriptional regulators.

Phosphorylated regulators induce the transcription of pho

genes. The genes of the Pho regulon are derepressed

under orthophosphate deficiency in the medium, while Pi

concentration in the cell remains rather high [106]. With

excess of exogenous orthophosphate, expression of the

Pho regulon genes is repressed due to formation of a

repressor complex including proteins PhoR, PhoU, and

all proteins of the Pst transport system (PstA, PstB, PstC,
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PstS). Components of other regulatory systems (under

so�called cross regulation) [107], e.g., acetylphosphate,

may be also inducers of the Pho regulon. Systems of such

phosphate�independent control of expression of the Pho

regulon genes are coupled with the steps of central cell

metabolism and regulated by the carbon source. One of

them functions during cell growth on glucose and needs

the presence of sensor protein CreC (PhoM) [108];

another functions during cell growth on pyruvate and is

coupled with acetylphosphate synthesis followed by PhoB

activation directly [109] or via one of the sensor proteins

[110]. Thus, the expression of the Pho regulon genes can

be not only controlled by exogenous orthophosphate but

also subjected to global control that combines protein

regulators of this two�component system with other sys�

tems of signal transduction and with the total cell metab�

olism. The search for optimal conditions for degradation

of phosphonates and biosynthesis of C–P lyase, which is

a member of the Pho regulon, needs taking into account

the above circumstance.

An important physiological feature of phosphonate

degradation is necessary “adaptation” of cells to these

compounds. In fact, even early physiological studies of

phosphonate degradation showed [39] that degradation of

and cell growth on these compounds as sole phosphorus

sources begins after a prolonged latent phase. The dura�

tion of the latent phase preceding the growth on phos�

phonates varied strongly depending on the culture and

the nature of the substrate, demonstrating multiple path�

ways of phosphonate degradation. Some bacteria, e.g.,

Pseudomonas sp. 4ASW, utilized phosphonates with the

same rate as orthophosphate; however, the latent phase

preceding their growth was significantly longer.

Moreover, the duration of this latent phase showed a cer�

tain correlation with the subsequent maximal rate of

growth. Phosphonates that are utilized after a short lag

period (glyphosate, phenylphosphonate, aminometh�

ylphosphonate, phosphonoacetate), maintain a compar�

atively high growth rate. The growth of B. megaterium on

most phosphonates was characterized by a longer lag

period and lower growth rate as compared with

orthophosphate.

Regulation of direct degradation of the C–P bond

was studied by the example of Pseudomonas sp. 4ASW.

Orthophosphate (0.15�0.3 mM) + phenylphosphonate or

2�aminoethylphosphonate was added to orthophosphate�

deficient medium to study cell growth and phosphonate

utilization. It was shown that orthophosphate was prefer�

ably utilized in the presence of phenylphosphonate and

orthophosphate simultaneously, but phenylphosphonate

was utilized as well. The growth starts more quickly on

orthophosphate and proceeds with the same rate with a

combination of Pi and phenylphosphonate. With

phenylphosphonate only, the growth rate is the same but

after a longer lag period. Biomass yield is the same. In

case of the above microorganism, no strict control of

either transport or degradation of phosphonate by exoge�

nous orthophosphate was observed, in contrast to Kluyv.

ascorbata [41]. Regulation in Pseudomonas sp. 4ASW is

similar to that in Agrob. radiobacter [41]. Cells of E. coli

K12 started to degrade methylphosphonic acid only in

48�70 h in the absence of other phosphorus sources with

a rather slow growth [89, 102].

There are several possible explanations for the latent

phase of phosphonate utilization. Phosphonate degrada�

tion probably includes some steps limiting the rate of

degradation, e.g., phosphonate transport. It turned out to

involve specific inducible transport systems, e.g., for 2�

aminoethylphosphonate, usual transport systems of

bound components [53], and systems inhibited by

orthophosphate [42]. The readying of different transport

systems needs different times. It is known, for example,

that phosphonopeptides are transported to cells easier

than free phosphonates [111]. This is probably the reason

why 9�fold longer lag phase and reduced growth rate of

Pseudomonas sp. 4ASW was revealed when 1�

aminoethylphosphonate, as compared with its peptide

analog, alaphosphaline, was used as a sole phosphate

source [39]. Another probable reason for the latent phase

of utilizing of phosphonates, particularly alkylphospho�

nates, may be formation of “adaptive” mutants [89, 102].

Deficiency of some nutrient substances and particularly

in the presence of alternative nutrients may result in for�

mation of adaptive mutants surviving under new condi�

tions of nutrition. Accumulation of such mutants also

needs time [112]. Selection of the expected mutants was

recently carried out for the first time [102] by the exam�

ple of several E. coli strains. Analysis of the dynamics of

cell population during the adaptation to methylphospho�

nate showed its heterogeneity—the presence of cells

yielding small and large colonies. The latter become more

numerous in the process of adaptation and this increase

correlates with the higher efficiency of methylphospho�

nate degradation. Colonies of different sizes were isolated

and the corresponding cells were selected followed by

their physiological and biochemical characterization.

The growth rate of adapted cells on orthophosphate was

the same as of the initial cells, but they differed in the rate

of growth on methylphosphonate. The rate of growth of

adapted cells was an order of magnitude higher as com�

pared with the initial non�adapted cells. Besides, the

adapted cells contained higher amounts of some proteins

in different cell compartments [102], and these proteins

were probably associated with the C–P lyase complex.

Subcellular fractions of adapted cells, however, showed

no C–P lyase activity, which confirms the impossibility or

difficulty of detecting such activity in cell�free extracts.

The mechanism of adaptation also remained unclear.

One possible adaptation mechanism suggests a genetic

analysis of the genes of the C–P lyase complex in E. coli

K�12 [77]. The gene phnE was shown to carry an insertion

of eight nucleotides resulting in mutations with a reading
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frame shift [113]. The strains of E. coli K�12 grow on a

medium with methylphosphonic acid as the sole source of

phosphorus when a spontaneous activation of the phn

operon takes place followed by the loss of this insertion.

The study of different bacteria [39, 40, 102] showed

a number of other physiological features of phosphonate

degradation. Thus, intensive utilization of phosphonates

had never been revealed. In most cases, the completeness

of degradation was 20�50% of theoretically possible value,

and phosphonate was always taken from the medium as

consistent with the culture growth though not linearly.

Utilization of 2�AEP was more rapid and almost com�

pleted in 7 days. Glyphosate was utilized with about the

same rate, but the completeness of utilization was 40�

45%. Polyphosphonates with a complex branched struc�

ture were degraded most intensively indicating that even

quasi�complex degradation can be achieved through

microbial action. The maximal utilization of methylphos�

phonic acid by E. coli cells in most cases did not exceed

30% of theoretically possible value at 2.5 mM

methylphosphonate concentration in the medium [102].

This percentage increased with the lowering of

methylphosphonate concentration in the medium, but

the maximal substrate degradation remained the same,

i.e., 400 nmol per unit of OD. This limitation, as well as

the absence of growth on some phosphonates, was not

due to their toxicity, since the inoculation of cells on Pi

medium resulted in the control level of culture growth

[40, 102]. An important factor determining the rate of

phosphonate degradation is aeration. Biodegradation of

phosphonates under anaerobic conditions, i.e., without

molecular oxygen, was first shown by the example of pho�

tosynthetic Rhodob. capsulatus [40]. Using E. coli strains,

it was demonstrated that in some of them the degradation

of methylphosphonic acid is inhibited by free oxygen

[102�104] while in others microaerobic conditions are

required for this process and free nitrogen inhibits it.

Thus, the role of aeration is still not clear.

Wide occurrence of phosphonates among biogenic

and abiogenic (natural and man�made) organophospho�

rus compounds makes the question about catabolism of

these compounds topical and at the same time potentially

resolvable. A wide range of microorganisms, mainly bac�

teria, was shown able to degrade different phosphonates.

The diversity of phosphonate structures, occurrence

among them of compounds with activated C–P bond

(aminophosphonates, acetylphosphonates) and com�

pounds with non�activated, more stable C–P bond

(alkylphosphonates) determine the great number of path�

ways of their catabolism. However, only the pathways of

activated C–P bond degradation have been characterized

rather completely, and enzymes catalyzing this degrada�

tion have been identified and characterized. The most

problematic aspect of phosphonate biodegradation (from

both fundamental and biotechnological points of view) is

degradation of the most stable C–P bond of alkylphos�

phonates. Neither the mechanism of degradation of this

bond nor the appropriate enzyme (or polyenzyme com�

plex) C–P lyase have been finally determined and charac�

terized so far. Meanwhile, the significant progress in

genetic characterization of the system of alkylphospho�

nate degradation opens quite optimistic prospects for

physiological and biochemical characterization of this

system and answers to yet unsolved questions about the

mechanism of this process. The search and characteriza�

tion of C–P lyase, based on genetic knowledge of its prob�

able structure, regulation, and localization, seems to be of

the greatest priority in solution of the problem of

alkylphosphonate biodegradation. At the same time, the

more complete physiological characterization of

alkylphosphonate degradation system (the mechanism of

cell adaptation to alkylphosphonates, optimal conditions

of biosynthesis and manifestation of C–P lyase activity in

living organisms and other parameters of biodegradation)

will promote more comprehensive biochemical character�

ization of the system. Taken together, the fundamental

knowledge of the mechanism of biodegradation of

organophosphorus compounds with the C–P bond will

serve, in turn, as a basis of biotechnology for environmen�

tal protection and biodegradation of toxic organophos�

phorus compounds with stable C–P bond, which uncon�

trollably enter the environment as pesticides, herbicides,

and other products of economic activity.
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