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I. I N T R O D U C T I O N 
During the last 20 or 30 years, tremendous advances have been made in 

the development and use of synthetic organic substances for controlling 
various pests, diseases and weeds. Consequently, an ever-increasing quantity 
and variety of potent, synthetic compounds find their way into soil. Many 
of these compounds are highly specific poisons to insect or other pests, or 
they are herbicides against different species of weeds, but the specificity is 
not complete and secondary effects on desirable plants or organisms can be 
caused. The toxicity and persistence of these compounds in soil, therefore, 
may raise serious problems. The fate of such substances needs careful study 
if harmful consequences to plants, animals and humans are to be avoided. 
Much attention has already been given to this subject and there are numerous 
reviews dealing with different aspects of the interactions between soil micro-
organisms and pesticides and other chemicals (see, e.g., Audus, 1960; Bollen, 
1961; Martin and Pratt, 1958; Eno, 1958; Fletcher, 1960; Freed and Mont-
gomery, 1963; Martin, 1963; Newman and Downing, 1958). 

Two general lines of inquiry are of interest and concern to the soil micro-
biologist: first, the effects of unusual synthetic chemicals on agriculturally 
useful soil micro-organisms; and, second, the part played by micro-organisms 
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in detoxifying and decomposing such chemicals. Many of these modern com-
pounds are very potent and a few pounds per acre are often sufficient to 
achieve an acceptable control of weeds or insect pests. Such amounts, for 
example of the substituted phenoxyacetic acid herbicides, have no harmful 
effects on the majority of soil micro-organisms; indeed, there is little evidence 
that any of the widely used herbicides and pesticides have any lasting dele-
terious action on the soil microflora (Martin and Pratt, 1958; Eno, 1958; 
Newman and Downing, 1958). The most harmful substances seem to be 
various fungicides and fumigants (e.g. chloropicrin, formaldehyde, aliphatic 
halogen compounds) which can have a partial sterilizing effect; but, even with 
these, the soil becomes recolonized in course of time and eventually the 
ecological balance is restored. This aspect, therefore, will not be considered 
here. 

The part played by soil micro-organisms in degrading residual toxic chemi-
cals is more relevant as it is a vital factor in maintaining soils in a useful and 
fertile condition. A more detailed consideration of this role forms the subject 
of this chapter. The discovery of the so-called hormone herbicides, 2,4-
dichlorophenoxyacetic acid and related compounds, was a crucial one in the 
modern phase of using highly selective substances for plant protection and 
pest control; moreover, these compounds were among the first to be found 
susceptible to bacterial decomposition in the soil. Thus, it is not surprising 
that more work has been done on the investigation of the microbiological 
decomposition of herbicides than of other plant protection chemicals. 

Some knowledge of the bacterial metabolism of aromatic substances, 
which has been particularly useful in later investigations of the biological 
degradation of synthetic herbicides, existed before the discovery of these 
herbicides. The utilization of such unlikely nutrient sources as hydrocarbons 
and other aromatic compounds by bacteria has received increasing study 
during the last 30 years (see reviews by Happold, 1950; Zobell, 1946, 1950; 
Evans, 1956; Fuhs, 1961; Treccani, 1962). Work by Söhngen, Tausson, 
Fowler and a few others before 1930 demonstrated that there existed bacteria 
capable of deriving their carbon and energy from aliphatic hydrocarbons, 
aromatic hydrocarbons and related substances such as phenol. Since then, 
much work has been done on the metabolic pathways involved in the bacterial 
dissimilation of these substances. Benzoic acid and phenol oxidation in soil 
bacteria were studied by Evans (1947), who used mainly a Vibrio sp., isolated 
from a sewage filter bed by Happold and Key in 1932. Evans found that both 
phenol and benzoic acid were oxidized to catechol which then underwent ring 
fission. Later, Kilby (1951) isolated ß-oxoadipic acid as a product appearing 
after ring fission, and Evans and Smith (1951) recognized that the first product 
formed from catechol was cis-cis-muconic acid, which may be oxidized 
enzymatically to ß-oxoadipic acid by way of two isomeric, unsaturated lac-
tones. Succinic and acetic acids were later products in the dissimilation. 
Details of the metabolic pathways of various hydroxy-benzoic acids, benzene, 
naphthalene, phenanthrene, anthracene, chloro- and methyl-naphthalenes 
are given in the reviews already mentioned, especially those by Evans, Fuhs 
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and Treccani. Similarly the oxidative metabolism of aliphatic hydrocarbons, 
from methane to the higher, longer chain liquid paraffins, by various micro-
bial species has been studied and some of the intermediate steps in their dis-
similation elucidated. Much of this information has provided a useful back-
ground of knowledge to similar studies on the microbial decomposition of 
plant protection chemicals, especially herbicides, as several of these are also 
benzene derivatives. 

A. ELECTIVE OR ENRICHMENT CULTURE 

There is a close analogy between the development of an enrichment culture 
of micro-organisms and the ecological changes in microflora that take place 
in soil when some unusual substance is added, so that some discussion of this 
technique is necessary. It is not yet fully understood how a microbial popu-
lation, capable of metabolizing some foreign, apparently stable, chemical 
that may even be very toxic to most other higher organisms, can develop in 
soil or other substrate. Various stages in the process can be recognized, but 
the ultimate mechanism is still unknown by which a given bacterium acquires 
the necessary, modified, enzymic constitution that enables it to derive its 
energy and carbon requirements for growth from the unusual substance. 
Nevertheless, once a micro-organism has become so adapted, either because 
of a gene-controlled mutation or by some enzyme alteration (induced or 
adapted enzyme formation) and, provided that other conditions for growth 
such as nutrient supply, pH, aeration, moisture, etc., are favourable, then a 
population of adapted organisms can develop. Depending on the supply of 
the foreign chemical, this adapted population may become the dominating 
part of the microbial population in the soil, because it has the advantage of a 
nutrient supply denied to other organisms not able to use this substrate. 

The idea of treating soil as though it were a mammalian tissue and perfusing 
it with various solutions, as is done by physiologists when studying metabolic 
processes, was developed by Quastel (1946) and led to the use of soil perco-
lators (e.g. Lees and Quastel, 1944). Audus (1949, 1960) studied the kinetics 
of the disappearance of 2,4-dichlorophenoxyacetic acid (2,4-D) in a soil 
percolator and distinguished three phases in the process : first, a fairly rapid 
adsorption of a small fraction of the 2,4-D; then a long period (15-16 days) 
in which 2,4-D concentration remained unchanged; and, third, a rapid pro-
gressive decline in 2,4-D concentration, coinciding with the logarithmic 
growth of bacteria able to decompose it. Subsequent additions of 2,4-D 
were metabolized at a similar rate, without any delay. The long lag at first 
was necessary for adapted bacteria to form and multiply; the subsequent 
growth of the population then existing mainly depended on the nutrient 
supply (2,4-D, in this case). Later, Audus (1950) isolated a strain of Bacterium 
globiforme which grew with 2,4-D as its only carbon source. 

In principle, of course, there is nothing new in selective culture of a particu-
lar microbial species or group from a mixed population by providing either a 
particular nutrient or specialized conditions; it was a method much used by 



496 N. WALKER 

Beijerinck and van Iterson. Merely incubating a mixture of wet soil and a 
small quantity of the specific substrate, with suitable aeration, is also often 
satisfactory. The concentration of the substrate is important, as many com-
pounds are toxic at high concentration, e.g. more than 0-1% phenol is bac-
tericidal to many organisms, but some bacteria can grow vigorously in 0-05% 
phenol solution. The type of micro-organism encouraged is also affected by 
the pH, temperature and air supply: conditions that normally govern micro-
bial growth. 

Examples of the microbiological decomposition in soil and in culture of 
selected herbicides and other plant protection chemicals will be given further 
on. In several instances, micro-organisms responsible for the degradation of 
particular chemicals have been isolated in pure culture and investigations 
made of the pathway by which these substances are dissimilated. 

The disappearance or degradation of other chemicals has been found to 
occur under conditions that favour microbial growth or is prevented by 
agents or conditions, e.g. enzyme inhibitors, antiseptics, sterilization by heat, 
etc., that prevent microbiological activity, thus providing circumstantial 
evidence that the decomposition is microbiological. Proof of the microbial 
nature of the decomposition is best obtained by the isolation and identifica-
tion of the responsible organisms. 

II. M I C R O B I O L O G I C A L D E C O M P O S I T I O N OF 
H E R B I C I D E S 

A. PHENOXYACETIC ACID DERIVATIVES 

The compounds, 2,4-dichlorophenoxyacetic acid (2,4-D), 2-methyl-4-
chlorophenoxyacetic acid (MCPA) and 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T) are now used in thousands of tons annually to control dicotyl-
edonous weeds. As already stated, Audus (1949) was the first to study in 
detail the kinetics of the biological detoxication of these substances in soil. 
Nutman, Thornton and Quastel (1944) had reported that 2,4-D was decom-
posed in soil. Audus identified a Bacterium globiforme strain that grew with 
2,4-D as its sole carbon source and caused the decomposition of 2,4-D when 
it was inoculated into soil in a percolator. He also found that the bacterial 
population developed in a soil percolator in response to 2,4-D would decom-
pose both 2,4-D and MCPA but not 2,4,5-T, whereas the population deve-
loped in response to MCPA would decompose 2,4,5-T also. Several workers 
have isolated other species of soil bacteria which can decompose 2,4-D or 
MCPA and use these compounds as energy and carbon sources. The meta-
bolic pathway by which different bacteria dissimilate these compounds has 
also been investigated and there seems to be differences in metabolism by 
different bacterial species. Evans and his co-workers obtained evidence of the 
following pathway in a 2,4-D-decomposing Pseudomonad : 
2,4-D -> 2,4-Dichlorophenol -> 3,5-Dichlorocatechol -> a-Dichloro-râ-m-

muconate -> α-Chloro-y-carboxymethylene- Ja-butenolide -> a-Chloro-
maleylacetate. 
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There seems general agreement that 2,4-dichlorophenol is a stage in the dis-
similation of 2,4-D (see Rogoff and Reid, 1956; Walker and Newman, 1956; 
Steenson and Walker, 1957) by various bacteria. Steenson and Walker found 
that neither 6-hydroxy-2,4-D nor 3,5-dichlorocatechol was oxidized by a 
2,4-D-decomposing Achromobacter strain and suggested 4-chlorocatechol as 
the next metabolic intermediate; but it is likely that there are metabolic 
differences between species. Ultimately, all the carbon of 2,4-D is liberated 
as carbon dioxide and the chlorine in the ionic form. MCPA is degraded by 
bacteria in a fairly analogous manner in which an early intermediate appears 
to be the corresponding 5-chloro-2-cresol. Gaunt and Evans (1961) isolated 
the lactonic acid a-methyl-y-carboxymethylene-^a-butenolide and detected 
5-chloro-2-cresol and a small amount of 6-hydroxy-4-chloro-2-methyl-
phenoxyacetic acid in cultures of a MCPA-decomposing soil bacterium. 
They suggested the following pathway of degradation for MCPA: 

MCPA -> 6-Hydroxy-MCPA -> 5-Chloro-3-methylcatechol -> a-Methyl-y-
chloromuconic acid -> a-Methyl-y-carboxymethylene-zla-butenolide ->■ a-
Methyl-maleylacetic acid -> Smaller molecules. 

Although there are differences in the way 2,4-D and MCPA are metabolized 
by different bacterial species, several species of soil bacteria can convert these 
herbicides completely to carbon dioxide, water and chloride ions, and so 
completely detoxify them in soil. 

2,4,5-T is a much more resistant compound and its metabolism in bacteria 
has not yet been worked out because of the difficulty of isolating such 
organisms in pure culture. 

B. OTHER PHENOXYALKYLCARBOXYLIC ACID DERIVATIVES 

Herbicidal activities more specific than that of 2,4-D are found in com-
pounds that are not themselves very phytotoxic but are converted either by 
soil micro-organisms or by plants into highly phytotoxic substances. For 
example, 2,4-dichlorophenoxyethyl sulphate is used to control weeds in deep-
rooted crops because it is hydrolysed in wet soil to 2,4-dichlorophenoxy-
ethanol which, in turn, is oxidized by soil bacteria to the phytotoxic 2,4-D. 

Homologues of 2,4-D, for example, y-(2,4-dichlorophenoxy)-butyric acid, 
that are degraded in certain plant species to the phytotoxic 2,4-D, were 
introduced by R. L. Wain and co-workers to control susceptible weeds 
among crop plants, that do not convert the compound to 2,4-D and so are 
unaffected by them. Such chlorophenoxyalkyl carboxylic acid herbicides are 
susceptible to microbiological decomposition in soil. Webley, Duff and 
Farmer (1958) showed that some soil Nocardia species oxidized a number of 
ω-aryloxy-H-alkyl carboxylic acids by a β-oxidation mechanism ; for example, 
y-(2-methyl-4-chlorophenoxy)-butyric acid (MCPB) and y-(2,4-dichloro-
phenoxy)-butyric acid (2,4-DB) were converted slowly to the corresponding 
ß-hydroxy-acid. In contrast, Macrae, Alexander and Rovira (1963) reported 
the decomposition of 2,4-DB by a Flavobacterium species in which oxidation, 
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involving fission of the ether linkage, occurred and gave rise to 2,4-dichloro-
phenol, butyric and crotonic acids as primary degradation products which 
subsequently were further metabolized. Once again, therefore, there are 
different metabolic pathways in different microbial species for the same 
initial substrate. Alexander and Aleem (1961) studied also the effect of chemi-
cal structure on the decomposition of aromatic herbicides by micro-organisms 
and concluded that in a halogenated phenoxyalkyl carboxylic acid, the pres-
ence of a meta-substituted halogen makes the compound very resistant to 
decomposition. ω-Substituted phenoxyalkyl carboxylic acids are readily 
degraded but the decomposition of an α-substituted phenoxyalkyl carboxylic 
acid is influenced both by the presence of a meta-halogen and the length of 
the aliphatic chain, decomposition being rapid for acetate and caproate but 
not for propionate and valerate. 

C CHLORO-SUBSTITUTED ALIPHATIC ACIDS 

Several workers have studied the persistence and decomposition of sub-
stances of this group including trichloroacetic acid and sodium α,α-dichloro-
propionate (dalapon) by a range of soil organisms. Jensen (1957) described 
three groups of soil bacteria capable of decomposing various chloro-aliphatic 
acids. Some Pseudomonads decomposed monochloroacetic, monochloro-
propionic and monobromoacetic acids but had little effect on di- or tri-
chloroacetic acid. A group of bacteria, possibly belonging to the genus 
Agrobacterium, decomposed α,α-dichloropropionic acid and dichloroacetic 
acid but did not attack mono- and trichloroacetic acids. A third type of 
bacteria decomposed trichloroacetic acid in media containing a little vitamin 
B12. Jensen (1960) showed that the ability of bacteria to release chloride from 
these halogeno-aliphatic acids was caused by inducible enzymes which he 
termed "dehalogenases." Some fungi, including Trichoderma viride, were also 
found to decompose some of these acids (Jensen, 1959). 

Acetate- and propionate-utilizing bacteria from soil or from the rumen of 
sheep were found by Hirsch and Stellmach-Helwig (1961) to have little 
ability to decompose α,α-dichloropropionic or trichloroacetic acid compared 
with bacteria from soil enrichments in which these acids had been decomposed. 

Hirsch and Alexander (1960) isolated from soil several Pseudomonas and 
Nocardia strains that could decompose the herbicides α,α-dichloropropionic 
acid and trichloroacetic acid; similar results have been reported by other 
workers. Bromo-acetate, bromo-propionate and even iodo-acetate were 
decomposed by some of these micro-organisms but fluoroacetate was not. 
Pseudomonas and Agrobacterium strains able to decompose α,α-dichloro-
propionic acid were also isolated by Magee and Colmer (1959). 

D. SUBSTITUTED PHENYLCARBAMATES AND PHENYLUREA COMPOUNDS 

The herbicide, zsopropyl-N-phenylcarbamate (IPC) is not very persistent 
in soils because of its relatively high vapour pressure ; however, it is also 
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subject to microbiological decomposition (Freed and Montgomery, 1963). 
The chloro derivative, /sö-propyl-N-(3-chlorophenyl)-carbamate (CIPC) is 
much more resistant to microbiological attack. The metabolism of these 
compounds by suitable micro-organisms has not yet been investigated in 
detail. 

Although the substituted urea herbicides, monuron 3-(4-chlorophenyl)-l,l-
dimethylurea and diuron 3-(3,4-dichlorophenyl)-l,l-dimethylurea are very 
persistent in soil (e.g. only 10% of a dose of 2 p.p.m. monuron was lost in 90 
days), Hill, McGahen, Baker, Finnerty and Bingeman (1955) concluded that 
microbial decomposition was a main cause of the loss of monuron from soil. 
Geissbühler, Haselbach, Aebi and Ebner (1963) showed that N'-(4-chloro-
phenoxy)-phenyl-NN-dimethylurea suffered a 25-35% loss in humus soil in 
8 weeks and it was degraded by bacterial suspensions from this soil to N'-
(4-chlorophenoxy)-phenyl-N-methylurea, N'-(4-chlorophenoxy)-phenylurea, 
N'-(4-chlorophenoxy)-aniline and at least two other substances. 

E. TRIAZINE HERBICIDES 

Simazine (2-chloro-4,6-to-ethylamino-s-triazine) and atrazine (2-chloro-
4-ethylamino-6-/£ö-propylamino-s-triazine) are the two most widely used 
substances of this class ; they are very persistent in soil, simazine more so than 
atrazine, partly because of their very slight solubility in water. Freed found 
that the maize plant can metabolize these compounds to the corresponding 
hydroxy derivatives with elimination of the chlorine atom (unpublished work). 
The metabolism of simazine in treated plants has practical significance in 
causing the disappearance of at least part of the simazine applied to soil. 
A crop of maize, therefore, seems the best crop to use for shortening the 
residual activity of this type of herbicide (Gysin and Knüsli, 1960). 

Burschel (1961) found that simazine decomposes in soil by a first order 
reaction; the same proportion of the initial dose was found after a given time 
irrespective of the size of the dose. The decomposition was greatly affected 
by temperature and the amount of humus present, both effects being con-
sistent with the activity of micro-organisms. 

French workers, Guillemat, Charpentier, Tardieux and Pochon (1960) 
obtained evidence that species of fungi can use simazine as a nitrogen source; 
the degradation of simazine was dependent on the amount of available carbon 
in the medium. Ragab and McCollum (1961) showed that C14-labelled sima-
zine was degraded both by plants and soil micro-organisms ; in the latter case, 
the labelled simazine was decomposed in non-sterile soil but not in sterilized 
soil. Talbert and Fletchall (1964) also showed that the inactivation of sima-
zine and atrazine at 2 lb/acre in the field was most rapid when conditions were 
favourable for the growth of soil micro-organisms. 

F. MISCELLANEOUS HERBICIDES 

Amitrole (3-amino-l,2,4-triazole) is not very persistent in soil and can be 
decomposed by micro-organisms, although the rate of decomposition may 
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vary according to the different populations and activities of the micro-
organisms involved (Ashton, 1963). Likewise, endothal (di-sodium 3,6-
endoxo-hexahydro-phthalate) is readily decomposed by microbes and, when 
used as an aquatic herbicide, its persistence depends on the amount of silt or 
plant debris present (Hiltibran, 1962). 

Ammonium sulphamate is a fairly stable compound, but Jensen (1963) 
isolated two strains of a bacterium and some strains of Aureobasidium pullu-
lans that used it as a nitrogen source, although they grew slowly. 

Gundersen and Jensen (1956) obtained a strain of Corynebacterium 
simplex from soil enrichment cultures containing 4,6-dinitro-o-cresol 
(DNOC); the bacterium could use this herbicide as its source of both nitrogen 
and carbon. The dissimilation of DNOC resulted in the fission of the nitro 
group para to the hydroxyl in the form of nitrite ions. 4-Nitro-, 2,4-dinitro-
and 2,4,6-trinitro-phenols were also decomposed but not 4,6-dinitro-o-
butylphenol, which therefore would be a more persistent herbicide. 

Douros and Reid (1956) isolated strains of Pseudomonas aeruginosa and 
Ps. putida which decomposed 2,4-dinitro-o-seobutylphenol and grew with 
this compound as the sole carbon source. 

III. M I C R O B I O L O G I C A L D E C O M P O S I T I O N OF 
P E S T I C I D E S 

A. INSECTICIDES 

Many of the modern insecticides are very insoluble in water and, partly on 
this account, are strikingly resistant to microbial attack. There is some evi-
dence that a few of these substances are affected by soil micro-organisms. For 
example, Jones (1956), who studied the behaviour of DDT, chlordane, 
benzene hexachloride, dieldrin, aldrin, endrin and methoxychlor and some 
other compounds in 3 types of soil, found that after 3 years about half of the 
DDT and benzene hexachloride and 10% of the chlordane had disappeared. 
He concluded that DDT and benzene hexachloride can be broken down very 
slowly by microbial action. Lichtenstein and Schulz (1960) obtained evidence 
that micro-organisms might cause the oxidation of aldrin to dieldrin (i.e. the 
epoxide of aldrin) in soils, but they concluded that these insecticides were 
removed from the soil mainly by volatilization (see Harris and Lichtenstein, 
1961). On the other hand, Jönsson and Fâhraeus (1960) isolated some bac-
terial strains from soil which grew fairly well in liquid medium in which aldrin 
was the only carbon source, indicating that these bacteria were able to decom-
pose aldrin to some extent although the chlorinated ring was not attacked. 
Thus, a slow and incomplete biological decomposition of aldrin seems pos-
sible. 

B. FUMIGANTS AND FUNGICIDES 

Little work has been done on the biological decomposition of fungicides 
and fumigants but there are suggestions that some may be susceptible to slow 
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microbial breakdown. Richardson (1954) obtained evidence of the micro-
biological decomposition of the fungicide, thiram (ow-(dimethylthiocarba-
moyl)-disulphide) and Spanis et al (1962) showed that "Semesan" (2-
chloro-4-(hydroxymercuri)-phenol) was inactivated by Aspergillus and 
Pénicillium species. 

Fumigants like carbon disulphide, formaldehyde, chloropicrin or methyl 
bromide can partially sterilize soil ; they reduce numbers of micro-organisms 
temporarily and the new population of micro-organisms sometimes differs 
from the original although a normal one is eventually restored. The study of 
interactions between micro-organisms and these substances is, therefore, 
more complicated. Fungi are more susceptible than bacteria to substances 
like methyl bromide, although there are resistant species of both fungi and 
bacteria. 

Hansen and Nex (1953) found a very slow decomposition of ethylene 
dibromide took place in soil stored at 16-17°; 91% of the amount added 
was decomposed in 172 days in a neutral loam containing 6-4% organic 
matter. Decomposition was very much slower in more acid soils. 

Wensley (1953) made a detailed study of the bactericidal and fungicidal 
effects of methyl bromide, ethylene dibromide and a mixture containing 50% 
of dichloropropene. Methyl bromide was the most toxic to fungi, bacteria 
and actinomyces, ethylene dibromide the least toxic, although it was superior 
to methyl bromide as a nematicide. Adsorption on soil reduced the fungicidal 
and bactericidal activity of ethylene dibromide. 

IV. C O N C L U S I O N 

The above incomplete survey of the available information (up to 1964) on 
the effects of micro-organisms in detoxifying plant protection chemicals 
illustrates the relevance of microbiological studies to this problem. Under-
standing of these effects is still fragmentary; only a few bacterial species have 
been studied and even fewer fungi. Interactions in soil are complex and meta-
bolic pathways often differ in different micro-organisms. At present little if 
anything is known of the possible role of other small organisms such as algae, 
protozoa, the host of other microbial species, microscopic soil fauna, etc., in 
the disposal of chemicals added to soil. Compounds that are very persistent 
or insoluble in water may also be affected by slow chemical reaction with soil 
constituents and by irradiation by visible and ultra-violet light. These effects 
complicate micro-biological studies and much more work is clearly desirable. 
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