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l 7HE USE or AZOTOBACTER STRAINS 

COMPOUNDS~ 

GIULIETTI, A.M. 

FOR Tr1E SIODEGRADATION OF RECALCITRANT 

Biotecnologia y Microbiologia Industrial. Facultad de farmacia v Bio~uimica 
UBA. Jun1n 956. 1113 Buenos Aires. Argentina. 

Generdl aspects of biodegradation of recalcitrant conmounds. 

One of the factors which affects the ecosystem is the existence of non

blodegradable compounds called persistent£ or recalcitrants. Although these 

terms are used in some cases as synonims, Sull (1980) makes a clear distinction 

between them. Recalcitrants are those comoounds which resist whatever kind 

of biodegradation, whereas the parsistent compounds can be de~aded under 

certain circunstances: Biodegradation rreans the hiological transformation of 

an organic compound to another form but it is commonly used to de•1ote 

mineralization of organic matter. Recalcitrant compounds ca.-i be natural or 

xenobiotic. The latter expression is applied to a novel compound to which 

microorganisms have not been exposed in their evolution. 

9eforE: the industrial developrrent the conc2ntration of organic corr.pom1ds 
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in r.ature remained more or less constant through the .activity of living organis~6. 

The environmental balance is being disturbed by those activities which ar-e 

the r€sul t of the industrial development. Thus, recalcitrants compounds-natural 

or xenobiotic-enter the en·tironment and usu3lly are accumulated. It is importa'.'lt 

to point out that in eithe::- case the corrpounds would appear to be recalcitrants 

simply because it is con':entrated (Leisinger, 1983). 

The appearence of recal·:::itrant compounds in the environment is produced :hv 

different ways as is shown in Table 1. 



Table 1: Entry of pollutantsinto the environment. 

1.- Industrial Effluents 

2.- Domestic Effluents 

3. - Biocides 

4.· Fertilizers 

5.- Accidents (Seveso, Bopal, etc) 

Table 2 shows a selection of priority po:i.lutants evaluated in U.S. 

Environmental Protection Agency (EPA) (Callahan et al., 1979). 

Table 2: Pollutants groups according to U.S. E~vironmental Protection Agency 
(EPA) (EPA Selection). 

1.- Metals and inorganics 

2.- Pesticides 

3.- Polychlorinated biphenils (PCB5 ) and 
related compounds 

4.- Halogenated aliphatic hydrocarbons 

5 .- Halogenated ethers 

6.- Monocyclic aromatics 

7 .- Phtalate esthers 

8.- Policyclic aromatic hydrocarbons 

9.- Nitrosamines 

The behaviour of recalr.itrant compollTld~ in the environment depends on 

coexisting inorganic and organic compounds and on a variety of chemical 

processes (such a:. hydrolysis, photolvsis, oxidation and reductic.1) or on 

biologicel precesses (Alexander, 1981). The biological processes are, in 

general, a conseque1ce of the ll'a.Cro and micro flora activity which may cause 

mineralization, cometabolism or accumulation of the recalcitrant compounds. 

Through min~ralization, carbon and energy sources are generated for 

microbial growth and this leads to the disappearance of compounds. The term 

cometabolism has been usej in a number of wavs (Alexander, 1973; Horvath, 
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1 '172) but has been recently defined as "the trans formation of a non-growth 

substrate in the obligate presence cf a growth substrate or another 

transformable compcunds (Dalton et al., 1982). Cometabolisrn may lead to 

the accumulation of trans formed products whicr i"la'/ contain an increased or 

decreased toxicity in relation to "the original compounds (Alexander, 1981). 

Through accumulation, microorganisms can uptake recalcitrant comoounds. 

This phenomenon ~ay lead to b~oconcentration of h~zardous compounds and to 

their entry into the food chain (Baughman et al., 1981; Lal et al., 1982). 

Since complete biodegradat~0n of organic che .. ~cals in nature is primarily 

due to microorganisms (Alexander, 1981) a major factor determining their 

susceptibility to microbial attack is the iengh of time it has been on earth. 

In the case of chemical compounds wich have been present for millions 

of years there are organisms somewhere in the nature (biosphere) which can 

initiate their mineralization. ~any of the recalcitrant compounds which have 

been produced by the modern industry are structuraly closely related to 

natural compound.s. For this reason its biodegradation is possible because 

the same enzymatic systems ere involved. 

On the other hand, many other xenobiotic corrpounds have only recentlv 

introduced into the environment. In this case the microorganisms are tmable 

to dtryrade these compounds. The challenge to the evolutionary potential of 

microorganisms produced by xenobiotic compounds has stimulated basic rese~rch 
on experimental enzyme evolution (Clarke, 1980; Mortlock, 1982; Wu, 1975). 
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Ac~ording to Leisly Grady ( 1985) a fortuitous or gra\;ui tous metabolism 

(Slater, 1982; Knackmus, 1981) is the major mechanism involved when a 

bacteria attack xenobiotic compounds. \he successof gratuitous metabolism 

depend on a number of factors, not the least of which is the ability of 

xenobiotic compounds to ind•.ice the synthesis of the requisite enzyme. This 

will depend to a large degree on the similarity in structure between xenobiotic 

compounds and the natural substr~~e. Appart from the observation that 

biodegradability decreases as the nu~ber of substitutions increases, it is 
" 



difficult to generalize about the effect of the type or positions of the 

xenobiotic moiety because they are both influenced by the nature of the 

parent s~cture (Alexander, 1973). 

It is apparent, however, that if the xenobiotic compound is unable to 

cause induction of the requisite enzyme, its biodegradation will only occur 

in the presence of a natural inducer. This could severely limit the usefullness 

of the enzymatic capability. Another impor~ant factor is the nature of the 

resulting product from the enzymatically catalized reaction. Sometimes the 

reaction product could be more toxic than the original compound or it could 

be less susceptible to further microbial attack, thereby maki11g it more 

likely to persist or it could be more susceptible to be bioaccumalated, 

causing it to be more of a hazard to the higher organisms in th~ food chain 

(Alexander, 1980). 

Luckly there are many examples in which the product of the f or~ito~s 

reaction was able to serve as a substrate for another enzymatically catalyzed 

step (Slater et al., 1982). 

Enzymes are often induced coordinately i.e. one inducer ma~· cause the 

synthesis of several enzymes. 

When a single micronial species carried out gratuitous metabolism on 

a xenobiot:~ substrate as sole carbon and energy source they must ultimately 

be able to extract energy and reducing power from the reaction. If npt, 

they w~ll be unable to mantain their cellular integrity against the natural 

·forces leading toward disorder and the culture will eventually die. In this 

case biodegradation of "t.;ie xenobiotic compound will takes place through 

the use of additional carbon and energy sources supplied from the environment 

or from the ~ction of other organisms in a mixed microbial community. 

If a xer.obiotic comprur.d has been exposed to a pure culture of microorganisms 

two possibilities may occur: a) The xenobiotic has been transfonnec by 

gratuitOU$ metabolism. If the tranfonnation product is m·.,re toxic than the· 

original substrate it is accumulated. If the transfonnation product is benign 
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it will be futher transformed and the process may continue until has been 

converted into a biodegradable compound. b) A xen::>~iotic compound has been 

cometabolized. In this case the transformation products will always accumulate. 

The production of a more toxic product than the original one by gratuitous 

metabolism or by cometabolic attack of a xenobio~ic compound may will not 

result in their accumulation in the environment if the organism performing 

this transformation is growing in a mixed microbial community (Bull, 1980). 

Microbial communities are able to use carbon sources that cannot be degraded 

by any single organism alone (Slater, 1982; Harder, 1981; Jones, 1972). 

Bi~degradative capacity of a community is much greater (both quantitatively 

and qualitatively) particularly where xenobiotic compounds are involved. 

(Harder, 1981; Slater, 1981; H~e~s, 1973). 

Several works have shown that adaptation of microorganisms may play a 

major role in determining biodegradation (Felset et al., 1981; Fournier 

et al., 1981; Senior et al., 1976; Kilbane et al., 1982; Stanlake et al., 

1982; Briton et al., 1981; Kellogg etal., 1981; Chatterfee, 1981; Kulla, 

1981; Spain et al., 1983). 

Adapted microorganisms for degrading non-degradable compounds can be 

selected by using continuous cultures techniques but these adaptations require 

extended periods of cultivation. Two types of adaptation are involved. Firstly, 

the adaptati::>n of existing catabolic systems to the degradation of novel 

compounds and secondly the attaintment of novel metabolic pathways throu~h 

selection/mutation or by a.chromosomal or plasmid encoded catabolic patbway 

(Chaterjee et a~., 1981; Knacknuss, 1981; Slater et al., 1979). In 

Pseudomonas putida naphtalene degradation is encoded by a plasmid (Cane 

et al., 1982°; Yen et al., 1982; Haas, 1983), but In Pseudomonas PMD~l. the 

biodegration of naphtalene depend onc~romosomal genes (Zuniga et al., 1981). 

Some examples of plasmid-encoded pathways include a diverse group of 

aliphatic compunds - octane (Fennewald, 1979); aromatic an polynuclear aromatic 

hydrocarbons:-xylene, ~aphtalene (Yen, 1982), phenanthrene (Kiyohara et 

al.,1980), toluene (Franklin, 1981); chlorinated hydrocarbons such as 2,4-

diclhorophenoxyacetate (2,4-D) (Don et al., 1981), chlorobiphenil (:Urukawa 



et c.l., 1982), 3-chlorobenzoate (Chatterjee, 1983; Reineke, 1982), 

chiorotoluene (Pierce, 1982). 

Don and Pemberton (1981) reported the isolation of six plasmids that 

encode for degradation of 2,4-D and monochlorophenoxy acetic ac:d and which 

could be transfer from Alcaligenes into Escherichia coli, Pseudomonas putida, 

Ps. fluorescens, Rhizobium Sp., Rhodopseudomonas sphaeroides and Acinetobacter 

calcoaceticus. Plasmid transfer is an important component of the evolution 

of degradative pathway in nature and in waste water treatment system (Leslie 

Grady, 1985; Simon-Sylvestre et al., 1979; Spain et al., 1980). 

The knowledge of the degradation mechanisms which is another basic aspect 

of the subject is important for improving effluent treatment. Examples of 

mechanisms involved in the degradation of some recalcitrant compounds are 

cited below. 

F\lrukawa et al. (1978) have studied the degradation of various isomers 

of PCB by Alcaligenes and Acinetobacter strains. The degradative pathway 

is shown in Fig. 1. 

The bacterial degradation of herbicide 2,4-D has been studied with 

Flavobacterium and Arthrobacter strains. The degradative pathway is shown 

in the Fig. 2 (Motosugi et ai., 1983). 

Enzymological aspect of chloroaromatics compounds have been perfonned by 

Dorn et al. (1978). They worked with Pseudomonas Sp. B13 and found two forms 

of catechol dioxygenase:Pyrocatechase I and Pirocatechase II. An enzyme 

which catalyzes the chlorine eliminating cycloisomerization of 2- and 3-

chloro-cis and cis-muconic acid has been isolated from cells of Pseudomonas 

sp B13 and was ~~signated muconate cycloisomerase II (Schmidt et al., 1980). 

Mo:lomethy.l sulfate (MS) which is frequently found in effluents produced 

by agrochemical and dyestuff industries is formed as a by-product ··in 

stechiometric quantities when methylations in organic syntheses art carried 

out with dimethyls•Jlf ate. 

Fig. 3 shows the pathway proposed for t~e bi?degradation and utilization 
of MS by Hyphomict'obiu.m MS strains. (Ghisalba et al., 1983). 
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Fig. 1: D~_gradative pathwav of PCB5 (From Motosugi et al., 1983) 
1. PCBs (n = 1-4) 
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Fig. 2: Degradative pathway of 2,4-D (from ~otosugi et al., 1983) 
1. 2,4-D 
2. 2,4 dichlorophenol 
3. 3.5 dichlorocatechol 
4. cis-cis 2.4 dichloromuconic acid 
5. ?··chloro- 4-carboxymethylen but-2-enolide 
6. chloromaleyacetic acid 
7. succinic acid 
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Fig. 3: Pathway for the biodegradation and utilization of MS {from Ghisalba 
et al., 1983). 
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Microbial treatment of ir.dustrial effluents containing recalcitrant compounds 
by Azotobacter strains 

The production of industrial substances such as dyestuffs, vinyl chloride, 

drugs, agrochemicals etc is generally associated with the formation of large 

amount of toxic compounds which are finally disposed in the waste waters 

(Stuki et al., 1983; Ghisalba, 1983; Ghisalba et al., 1983). 

According with the 80's EPA statistics based on more than 3100 samples 

fran a total of 35 industrial categories, those pollutants observed with 

highestfrecuency are:chloroform (37\), methylene chloride (36\), benzene 
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(26%), toluene (28\), phenol (24\), ethylbenzene (15\), naph~halene (10\), 

phenanthrene/anthracene (10%) and t1ichloromethane (11\) (Patterson et al. 1981). 

The use of conventional biological treatments is inadequate for treating 

industrial effluents containing recalcitrant compounds, and the effic~~ncy 

of its removal depend on the kind of mixed community and also on the complexity 

of the present organisms. 

In aerobic and anaerobic biological waste treatment processes, the most 

importants pollutants can give different types.of response {Ghisalba, 1983): 

1) inhibition and deterioration of the treatment efficiency, 2) formation 

of non-biodegable compounds 3) passing unchanged through the system 4) bio~hemica 

conversion with formation of different compounds nor necessarily simples 

ones 5) biodegradation (mineralization) with formation of co2, H2o, NOj, 

SO= and biomass 6) acclimatization of the population and degradation of 

the recalcitrant compounds by means of popul~tion shifts and microbia! 

adaptation 7) absorption into soil particles and into primary slugde and 

8) volatilization of the recalcitrant compounds. 

In some cases, some compounds tested were concentrated on sludge by factors 

ranging between 5 to 170 (Tabak et al., 1983·;. Leisinger, 1983). 

In spite of the abundance of biochemical information on catabolism, little 

data is available for the design and operation of waste treatment facilities 

containing recalcitraijt compounds. It is important to have kinetic data 

on growth and degradation rates as well as. on other parameters of growth 



like the saturation constant (Finn, 1983; Cook et al., 1981). 

Finn (1983) point out the neccesity of using starter culture~: and treating 

pills for improving the effluents treatment. Sometimes this is achieved 

by using active cultures obtained from ar. efficient plant. In other cases 

is convenient to inoculate pure or mixed cultures (Senior, 1976), but it 

-is important that the microorganism which is seeded succee~to be dominant 

{Stanlake et ul., 1982; Edgehill et al., 1982). In the Azotopure process, 

Finn (1973) recommends the use of Azotobacter sp. for treating nitrogen 

deficient effluents. 
In addition of containing recalcitrant compounds, many effluents from 
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chemical and petrochemical industries are deficient in nitrogen and phosphorous 

sources which are essencial for microbial growth (Rozich, 1984). 

When waste waters are deficient in nitrogen compounds three alternative 

process could be applied: a) assimilation treatment, 2) enzymatic mathod 

3) azotopure process (Finn, 1973). 

The microbial uptake of organic compounds ~ia oxidative assimilation and 

the conversion of these compounds into non-nitrogenous cellular components 

takes place when c~ll replication is not possible. 
A lack or an insufficient amount of nitrogen will result in non-proliferating 

conditions and the microbes will be prompted to remove organics via an oxidative 

assimilation mechanism. The advantage of the oxidative assimilation proces~ 
over a conventional activated slugde process, which is usually employed 

for treating nitrogen-deficient wastes, is that a substantial saving in 

chemica_• costs (ammonia). 

The enzyrr.::itic method has been mentioned for the removal of phenol (Atlow 

et al., 1901~) PCB
5 

(Klivanor, 1983) and pesticides (Johnson et al, 1983) 

from industrial effluents. 

In the Azotopure process Finn recommends the use of Azotobacter ~· for 

treating nitrogen-deficient effluents. In pilot plants (3m
3

/day) tests with 

Azotobacter,a water stream containing mostly ethanol (2000 mg/l COD) was 

treated in 5 hours detention time at 30°C to remove 80\ of organic matter 



even without cell separation (Finn, 1983). 

The use of Azotobacter strains is an alternative microbial process that 

may be applied for the t!'eatment of nitrogen deficient wastes which contain 

recalcitrant compounds. In the literature very little information is available 

on the degradation of recalcitrantsby Azotobacter strains (Barabarz, 1982; 

Ghisalba, 1983). 
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The main biochemical characteristics of the members of the genus Azotobacter 

is the non-symbiotic nitrogen fixation. The nitrogen fixation is accomplished 

by the 0~0ration of the nitrogenase·system, a very specialized enzymatic 

system which is composed of two metaloproteins highly sensitive to oxygen. 

The culture conditions, nutritional requL'l'ements and biochemical properties 

of Azotobacter have been described by Burton (1973). 

The importance of using Azotobacter cultures system~ is mainly due to 

the wide range of possible applications of this microorganisms such as 

~lginate production (Horan et al., 1981), vegetables growth promoting substances 

like auxines and gibberellines,solubilization of potasium from minerals 

(Giulietti et ~l., 1982); inoculants for non-symbiotic N2 fixation (Burton, 

1973); treatment of wastes with low nitrogen content (Finn et al., 1973; 

Waehner et al., 1985) and production of ammonia by fermentation (Narula 

et al. , 1981 ). 

Tte most important advantages of the use of the Azotobacter genus in 

connexion with effluent tre2tment are as follows: 1) non-symbiotic nitrogen 

fixation, 2) AzotoLacter cultures are able to be m3ntained as the dominant 

population in a quasi-pure culture in a nitrogen deficient madium, 3) Azo

tobacter strains are able to grow using different organic canpounds such 

as alcohols, acids, sugars, aromatic compounds like benzoate, s~licilate, 

phenol, etc as a sole carbon source. 4) considerable chemical oxygen demand 

(COD) reduction is attained 5) limited sludge produced, 6) Low yield of 

biomas~, the organic matter being mainly converted into carbon dioxide and 

w~ter, 7) production of polimers (alginate) which may 3nhance the removal 

or hydrocarbon and oils from waste waster (Henkel, 1982). 

"'he main disadvantage of Azotobacter st: ains is the inability to hydrolize 

esthers, but is has been recently mentioned the possibility of introducing 



this property by genetic manipulation. 

In our labct•ntory we have been working on the use of Azotobacter strains 

for treating recalcitrant compounds (Molina et al., 1985). The strains used 

were as follows: Azotobacter SL, Azotobacter BA! and Azotobacter BA2 all 

isolated from Argentina soils. We studied the influence of temperature and 

i>H on growth rate u~ing a mineral base medium with glucose as sole carbon 

~ource by using Azotobacter SL strain. The activation energy (E) for growth 

from Arrhenius plot obtained was 10.929 cal. mol-l between 15-30°C and 18.970 
-1 cal.mol between 30-35°C. The optimum pH was 6.5-7.0. 
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We tested first the c:.bility of the strain for reduction of COD of media 

CO"~aining gluccse maltose, starch, sucrose and lactic acid as sole carbon 

source. The highest specific growth rate (p = 0.20 h- 1) and highest COD 

removed~85%,were obtained with lactic acid as sole carbon source. This behaviour 

is in agreement with Munoz et al. (1981). 

The strains were also used.for treatment efflu~nt from a phanna~eutical 

industry containing different organic compounds. Removal of 40-50\ of COD 

were obtained. 

The th~ee strains were also used for treatment rec~lcitrant compounds 

such as: aromatic gas oil, hydrogenated gas oil, celulose. acetate,DDT; m

nitrotoluene; 2,4-D and benzene as sole carbon s~urce, which were added 

to a mineral base medium. DDT was used insolubilizeq or previously dissolved 

in acetone. 

Azotobacter SL, Azotobacter BAl and Azotob?.cter BA2 grew in DDT and also 

were able to grow on aromatic and hydrogenated gas oil ~~~ benzene. However, . 
all of them were unable to use cellulose and 2,4-D as carbon sources. 7wo 

(Azotobacter SL and Azotobacter BA2) strains were able to grow on ;·n

nitrotoluene. 

'fable 3 shows the parameters of growth of the Azotobacter strains grown 

on mineral base medium supplemented with insolubilized DDT. 



Table 3: Parameters of growth of the Azotobacter strains grown on mineral 
base medium supplemented with insolubilized DDT. 

.Azotobacter 
strains 

SL 

BA 1 

BA 2 

DDT 
(mg/l) 

6v 
80 

100 

60 
80 

100 

60 
80 

100 

L: Lag period;~: specific growth rate. 

L(h -l) \J(h-1) 

22 0.02 
28 0.02 
34 0.02 

68 o.os 
57 o.os 
72 o.os 

34 0.09 
32 0.08 
32 O.OB 

These results clearly show that the strain Azotobacter BA2 is particularly 

suitable for using DDT as a sole carbon source. The specific growth rate 

Cu) is remarkable. 

Although phenol is easily degraded and for this reason not considered 

as a recalcitrant compound (Ghisaba, 1983; Yang et al., 1975), it is 

troublesome contaminant in surface waters owing to the fact that when phenol 

containing water is chlorinated, toxic polychlorinated phenols may result. 

For this reason it was also decided to test the strains for degrading phenol 

Table 4.s~ows the results of growth experiments carried out with the 

Azotobacter strains using mineral base medium supplemented with phenol. 
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Table 4: --
Parameters of growth and pt>hnol consumption of Azotobacter strains 
grown on mineral base medium supplemented with phenol. 

% Phenol 
Azotobacter Phenol# L (h-l) lJ (h-1) 

(mg/l) 
consumption 

strains 

60 19 0~01 95 

SL 80 19 0.07 96 

100· 20 0.08 95 

60 11 0.02 93 

BA 1 80 13 0.02 93 

100 12 0.02 92 

60 13 0.2 95 

BA 2 80 13 0.3 95 

100 13 0.2 95 

# Concentrations higher than 1 g/l inhibited the growth of all the strains. 

It is interesting to point out the ability of all the strains to degrade 

phenol in high percentage, and particularly that of Azotobacter BA 2, which 

specific growth rate is very high compared with the others strains. 
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It can be concluded that the recalcitrant compounds tested (with the 

exception of cellulose acetate and 2,4-D) were used as carbon source by 

Azotobacter strains in nitrogen deficient medium. 
The treatment of recalcitrant compounds, by Azotobacter strains represents 

an interesting alternative which deserves further investigation, because 

conventional biological tre:Anents are inadequate for the removal of these 

products rrom industrial effluents and other waste waters. 



Bibliography 

1- Alexander, M. Nonbiodegradable and other recalcitrant molecules. Biotech. 
Bioeng. 16: 611-647 (1973}. 

2- Alexander, M. Biodegradation chemical of environmental concern. Science 
211: 132-138 (1981}. 

.1.5 

3- Atlow, S.C.; Bonadonna Aparo, L.; Klihanov, A. Dephenolization of industrial 
waste waters catalyzed by polyphenol oxidase. Biotech. Bioeng. 26: 599-
603 (1984). 

4- Barabarz, W. Effect of selected pesticides and mycotoxins on the development 
of phages of soil bacteria of the genera Arthrobacter, Azotohacter and 
Bacillus. Acta Agrari Silvestria 21: 139-151 (1982). 

S- Baughamn, G.L. and Paris, D.F. Microbial bioconcentration of organic 
pollutants ·from aquatic system - a critical review. CRC Crit. Rev. Microbiol. 
8: 205-228 (1981). 

6- Brilon, C.; Becl<lnann, W.; Hellwing, M. and Knackmuss, H.J. Enrichment 
and isolation of naphthalenesulfonic acid- 'ltilizing pseudomonads. Appl. 
Environ. Hicrobiol. 42: 39-43 (1981). 

7- Bull, A.T. Biodegradation: Some attitudes and strategies of microorganisms 
and microbiologists. In: Contemporany microbial ecology pp. 107-136. 
Eds. D.C. Elwood, J.N. Hedger, H.J. Lathman, J.M. Lynch and J.H. Slater. 
Academic Press. London (1980). 

8- Burton, J.C. The Azotobacter genus in Economic Microbiology V 4 pp.76-84. 
Ed. A.H. Rose. Academic Press. Lendor (1973). 

9- Bushell, M.E. and Slater, J.H. Mixed culture fermentations. Academic 
Press. London(1981). 

10- Callahan, H.; Slimak, M.; Gabel, N.; Hay, I.; Fowler, C.; Freed, R.; Jennings, 
P.; Durfee, R.; Whitmore, F.; Maestri, B.; Haby, W.; Holt, B. and Gould, 
C. Water related envircnmental fate of 129 prio~ity pollutans. EPA report 
N°440/4-79-029 a and b, 2 Vols, NTIS (1979). 

11- Cane, P.A. 0 Williams, P.A. The plasmid-coded metabolism of naphthalene 
and 2-methylnaphthalene in Pseudomonas strains: phyenotypic changes correlated 
with struc·.·1ral modification of the plasmid pww 60-1 J. Gen. Microbiol. 
128: 2281-2290 (1982). 

12- Clarke, P.H. Experiments in microbial evolution: new enzymes, new metabolic 
activities. Proc. R. Soc. London B 207: 385-404 (1980). 

13- Cook, A.M.; HUtter, R. Degradation of S-triazines a critical view of 
biodegradation in microbial degradation of xenobiotic and recalcitrant 
compo~ds pp. 237-248. Eds. Leisenger T.; Cook, A.M.; HUtter, R.; NUesch, 
J. Academic Press. London (1981). 



16 

14- Chatterjee,D.K. and Chakraharty, A.M. Plasmids in the biodegradation of 
PCBs and chlorobenzoates in: Microbial degradation of xenobiotic and 
recalcitrant compounds pp. 213-219. Eds. Leisinger, T.; Cook, A.H., HUtter, 
R. and NUesch, J. Academic Press. London. (1981). 

15- Chatterjee, D.E. and Chakrabarty, A.H. Gen~tic homology between independently 
isolated chlorobenzoate- degradative plasmids. J. Bact. 153: 532-534 (1983). 

16- Dalton, H. a1.~ Stirling, D.I. Cometabolism.Phil. Trans. Roy. Soc. London 
B. 297: 481-496 (1982). 

17- Don, R.H. and Pemberton, J.M. Properties of six pesticide degradation 
plasmids isolated from Alcaligenes paradoxus and Al~aligenes eurotrophus. 
J. Bact., 145: 681-686 (1981). 

18- Dorn, E. and Knaclanuss, H.J. Chemical structure and biodegradability 
of halogenated aromatics r.ompounds: Two catechlol 1,2-dyoxygenases from 
a 3-chlorobenzoate - grown pseudomonad. Biochem. J. 174: 73-84 (1978). 

19- Edgehill, R.V., Finn, R.K. Isolation, characterization and growth kinetics 
of bacteria metabolizing pentachlorophenol. Eur. J. Appl. Microbial. Biotech. 
16: 179-184 (1982). 

20- EPA. Environmental Protection Agency Priority pollutant frequency listing 
tabulations and d~scriptive statistics. Internal EPA-EGO memurandum, 
Juanary 2, (1980). 

21- Felset, A.; ~addox, J.V.; Bruce, W. Enhanced microbial degradation of 
carbofuran in soils with histories of Furadan use. Bull. Environm. Contain. 
Toxicol. 26: 781-788 (1981). 

22- Fennewald, M.; Beoson, S.; Oppici, M. and Shapiro, J. Insertion element 
analysis and mapping of the Pseudomonas plasmid alk regulon. J. Bact. 
139: 940-952 (1979). 

23- Finn, R.K. and Tannahill, A. The Azotopure process for treating nitrogen
deficient aqueous wastes. Biotechnol. Bioeng. 15: 413-418 {1973). 

24- Finn, R.K. Use of specialized microbial strains in the treatment of industrial 
waste <¥1d soil decontamination. Experientia 39: 1231-1236 (1983)'. 

25- Fournier, J.C.; Codaccioni, P.; Soulas, G. Soil adaptation to•2,4-D degradatic 
in relation to the application rates and the metabolic behaviour of the 
degrading.microflora. Chemosphere 10: 977-84 (1981). 

26- Franklin, F.C.H.;Bagdasarian M. and Timmis, K.N. ~anipulation of degradative 
genes of soil bacteria in: Microbial degradation of xenobiotics and 
recalcitrant compounds pp. 109-30. Ed.Leinsinger,T.; Cook, A.M.; HUtter, 
R. and NUesch, J. Academic Press. London {1981). 

27- Furukawa, K.; Tonomura, K. and Kamibayashi, A. Effect of chlorine substitutior 
on the biodegradability of polychlorinated biphenils. Appl. environ. 
Microbial. 35: 223-27 (1978). 



28- Furukawa, K. and Chakrabarty, A.M. Involvement of plasmids in total 
degradation of chlorinated biphenils. Appl. environ. Microbial. 44: 619-
626 (1982). 

17 

29- Ghis2~a, 0. ~itrobial degradation of chemical waste~an alternativt to 
physical methods of waste disposal. Chemical waste and their biodegradation. 
An overview Experientia 39: 1247-56 (1983). 

30- Ghisaba, O. and KUenzi, M. Biodegradation and utilization of monomethyl 
sulfate. Experientia 1256-1271 (1983). 

31- Giulietti, A.M.; Silva, J.H.; Segovia, R. and Ertola, R. Aprovechamiento 
del potasio de un feldespato par una bacteria aislada del s~elo. Rev. 
Lat-amer. Microbial. 24: 93-97 (1982) •. 

32- Haas, D. Genetic aspects of biodegradation by pseudomonads. Experientia 
39: 1199-1213 (1983). 

33- Harder, W. Enrichment and characterization of degrading organics. In 
Microbial degradation of xenobiotics and recalcitrant compounds.pp. 76-
96. Eds. T. Leisinger, Cook, A.M.; Hiltter, R. and NUesch, J. Academic 
Press (1981). 

34- Henkel, (P). Exocellular biopolymer preparation by aerobically cultivating 
bacteria,yeast,fungi 1 o~ algae in water in oil emulsion e.g. Azotobacter 
vinelandii Arthrobacter viscosus Al~aligenes faecalis. De 3224-547: 
01.07.82-DE-224547 (0.5.01.84) 01.07.82 as 224547. 84-012136/03. 

35- Horan, J.J.; Jarman, T.R. and Dawes, E. Effects of carbon source and 
inorganic phosphate concentration on the production of alginic acid by 
a mutant of Azotobacter vinelandii and on the enzymes involved in its 
biosynthesis. J. r,en. Microbial. 127: 185-191 (1981). 

36- Horvath, R.S. Microbial co-metabolism and the degradation of organic 
compounds in nature. Bact. Rev. 36: 146-155 (1972). 

37~ Johnson, L.M. and Talbot, H.W. Detoxification of pesticides by microbial 
enzymes. Experientia. 39: 1236-1246 (1983). 

38- Kellog~, S.T.; Chatterjee, D.K. and Chakrabarty, A.M. Plasmid-assisted 
molecular breeding new technioue for enhanced biodegradation of persist 
toxic chemicals. Science, 214: 1133-1135 (1981). 

39- Kilbane, J.J.; Chatterjee, O.K.; Karns, J.S.; Kellogg, S.T. and Chakrabarty, 
A.H. Biodegradation of 2,4,5 trichloro acetic acid by pure culture of 
Pseudomonas cepacia, Appl. Environ. Microbiol., 44: 72-78 (1982) .. , 

40- Kiyohara, H.; Nagao, K. and Yano, K. Plasmid involvement in bacterial 
degradation. Advances in Biotechnology Vol. 1 pp. 161-166. Eds. Moo Young, 
H.; R~binson c.w. and Venzina, c. Pergamon Press (1980). 

41- Klibavov, A.M.; Tu, T.M. and Scott, K.P. Peroxidase catalysed. Removal 
of phenols from coals conversion Waste waters Science. 221: 259 (1983). 

42- Knackmuss, H.J. Degradation of halogenated and sulphonated hydrocarbons 
in microbial degradation of xenobiotic and recalcitrant copounds pp. 187-
212. Eds. Leinsinger, T.; Cook, A.M.; HUtter, R. and NUesch J. Academic 
Press. London (1981). 



18 

43- Kulla, H. Aerobic bacterial of azo-dyes in: Microbial degradation of 
xenobiotic and recalcitrant compounds pp. 387-399. Eds. Leisinger, T.; 
Cook, A.H.; HUtter, R. and NUesch, J. Academic Press. London (1981). 

44- Lal, R. and Saxena, D.M. Accumulation metabolism and effects of organochlorinE 
insecticides on microorganisms. Microbial Rev. 46: 95-127 (1982). 

45- Leisinger, T.; HUtter, R.; Cook, A.M. and NUesch, J. Ed. Microbial 
degradation of xeT'Jbiotic and recalcitrant compo'..lnds FEMS Symp. N°12 
415, Academic Press. London (1981). 

46- Leisinger, T. Microorganis~s and xenobiotic .ompounds. Exparientia. 3~: 
1183-91 (1983). . 

47- Leslie Grady (Jr) c.P. Biodegradation: Its measu.-ement and microbiological 
basis. Biotechnol. Bioeng. 27: 660-674 (1985). 

48- Meers, J.L. Growth of Bacteria in mixed cultures. CRC crit. Rev. Microbial. 
2: 231-242 (1973). 

49- Molina, G.; Nigra, H.; Waehner, R.; Giulietti, A. The use of Azotobacter 
strains for biodegradation of recalcitrant compounds. Submited. (1985). 

50- Mortlock, R.P. Metabolic acouisitions through laboratory selection. A. 
Rev. Microbial. 36: 259-84 (1982). 

51- Motosugi,K. and Soda, R. Microbial degradation of synthetic orga11ochlorine 
compounds. Experientia 39; 1214-20 (1983). 

52- Munoz Gonzalez D. and Viniegra Gonzales. Fijacion de nitrogeno atmosferico 
por cultivo mixto de una bacteria lactica y Azotobacter chroococcun •• Rev. 
Lat-amer. Microbiol. 23: 213-217 (1981). 

53- Narula, N.; Laksminayana, K. and Tauro P. Ammonia excretion by Azotobacter 
Chroococcum. Biotech. Bioeng. 23, 467-70 (1981). 

54- Patterson, J.W. and Kodukala, P.S. Emission and effluent control: Biodegradat 
of hazardous organic pollulants CEP 48-55 (1981) 

55- Pierce, G.E.; J.B. Robinson, J.R. Colaruotolo. Substrate Diversity of 
Pseudomonas spp. containing chlorotoluene degradative plasmids. Dev. 
Ind. M~crobiol. 24: 499-507 (1982). 

56- Reineke, W.; Jeenes, D.J.; Williams, PA. and Knaclanuss H.J. Tol plasmid 
pw wo in constructed halobenzoate degrading Pseudomonas strains: Prevention 
of meta pathway. J. Bact. 150: 195-201 (1982). 

57- Rozich, A.F. and Lowe, W.L.Oxidative assimilation treatment of ·.a nitrogen
deficient toxic waste. Biotechnol. Bioeng. 26: 613-19 (1984). 

58- Sc~1midt E. and Knocknuss, H.J. Chemical structure and biodegradability 
of ha.logenated aromatic compounds conversion of chlorinated muconic acids 
into maleoylacetic acid. Biochem. J. 192: 339-47 (1~80). 

59- Senior, E.; Bull, A.T.; Slater, J.H. Enzyme evolution in a microbial 
community growing on herbicide Dalapon. Nature 263, 476-479 (1976). 



60- Simon Sylvestre, G.; Fournier, J.C. Effects of pesticides on the soil 
microflora. Adv. Agron. 31: 1-81 (1979). 

61- Slater, J.H. and Somerviale, H.J. Microbial aspects of waste treat~ent 
·with particular attention to the degradation of organic com~ounds in 
Microbial Technology 29th Symp. Soc. Gen. Microbial. Eds. A.T. Bull; 
D.C. Elwood and C. Ratledge. Cambridge University Press. Cambridge (1979). 

62- Slater, J.H. Mixed cultures and microbial communities in mixed c~ltures 
fermentations. 1-20 Eds. M.E. Bushell and J.H. Slater. Academic Press. 
London ( 1981). 

63- Slater, J.H. and Bull, H.T. Environmental microbiology biodegradation. 
Phil. Trans. Roy. Soc. Lond. B, 297: 575 (1982). 

19 

64- Spain, J.C.; Pitchard, P.H. and Bourquin, A.W. Effects of adaptation 
on biodegradation rates in sediment water cores from estuarine and freshwater 
environments. Appl Environ. Microbial., 40: 726-73'~ (1980). 

65- Spain, J.C. and Van Veld, P.A. Adaptation of natural communities to 
degradation of xenobiotic compounds: Effects of concentration, exposure, 
time, inoculum and chemical structure. Appl. Environ. Microbial., 45: -
428-43 5 ( 1983). 

66- Stanlake, G.J. and Finn, R.K. Isolation und characterization of a 
penthachlorophenol degrading bacterium. Appl. Environ. Microbial. 44: 
1421-1427 (1982). 

67- Stuki, G.; Krebser, U. and Leisinger, T. Bacterial growth on 1,2-
dichloroethane. Experientia, 39: 1271-1273 (1983). 

68- Tabak, H.; Quave, S.A.; Mashui, C.I.; Barth, E.F. Biodegradability studies 
with organic priority pollutant compounds. J. Water Pollut. Control Fed. 
53: 1503-1519 (1983). 

69- Waehner, R.S.; Aprea, P.; Molina, M.G. and Giulietti, A.M. Effluent 
treatment by an Azotobacter sp. Biotech. Letters, 7: 535 (1985)(In Press). 

70- Wu, T.T. Experimental evolution in bacteria. CRC Crit. Rev. Microbiol. 
6: 33-~1 (1978). 

71- Yang, R.D. and Humphrey, A.E. Dynamic and steady state studiei of phenol 
biodegradation impure and mixed culture. Biotech. Bioeng. 17: 1211-1235 
(1975). . 

72- Yen, K.M. and Gunsalus, I.C. Plasmid gene organization: naphtalene/ 
salicylate oxidation. Proc. Natl. Acad. Sci. U.S.A., 79: 874-878 .. ·(1982). 

73- Yones, G.L. and Carrington E.G. Growth of pure and mixed cultures of 
microorganisms concerned in the treatment of carbonization waste liquor. 
J. Appl. Bact. 35: 395-404 (1972). 

74- Zuniga, M.C.; Durhan, D.R. and Welch, R.A. Plasmid and ~hromosome
mediated dissirnilation of naphtalene and salicylate in Pseudomonas putida 
PHD-1.J. Bacteriol., 147: 836-843 (1981). 




