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Abstract 

The pathway for the ~nicrobial degradation of simple polycyclic aromatic compounds vi:. naphthalene, anthra- 
cene, phenantlirene ancl substituted napl~tlialenes are described. Enipliasis has been given to the diversity of 
metabolic reactions for the degradation of ~iaplitlialene in bacterial, fungal, algal and ~nnmnialian system. A 
brief account of the genetics of  naphthalene catabolic plasmids with special reference to the plasmid NAH7 has 
been given. This is followed by a brief discussion of our present knowledge of the metabolism of phenan- 
threne, antliracene, methylnaphtl~alenes and naphrl~oic acids. 

Keywords: Polycyclic aromatic hydrocarbons, n~icroorgnnisins, biullcgratlatinn , oxygenases. 

Polycyclic aromatic hydrocarbons (PAWS) are compounds containing carbon and hydro- 
gen with fused benzene rings in linear, angular or cluster arrangements. These compounds 
have a large (negative) resonance energy. This results in thermodynamic stability which 
manifests itself in their chemical properties. PAHs may also contain alkyl and nitro 
substituent groups. The complexity in thesee molecules can be generated by substitution 
of an aromatic carbon with nitrogen, oxygen or sulfur, giving rise to heterocyclic mole- 
cules, 

PAWS are universal products of the conlbustion of organic matter like fossil fuels, satu- 
rated and unsaturated hydrocarbons, peptides and carbohydrates. PAHs and their alkyl 
homologs are widely distributed in soil and aquatic  environment^'+^. Occurrence of PAHs 
in the environment is due to both natural and anthropogenic processes'. Some major 
sources of PAHs are forest and prairie grass fires, volcanic ash, heat and power genera- 
tion, refuse burning, motor vehicle emission, industrial processes, petroleum leakage and 
spills, fallout from urban air pollution, coal liquification and gasification and cigarette 
smoke4. 

Several theories on PAH synthesis by pyrolysis have been proposed and extensive re- 
views on this subject are a ~ n i l a b l e ~ . ~ ~ ' .  The type of PAHs formed depends on the pyrolysis 
temperature. At high temperatures (2000?(3\, unsubstituted PAHs are the principal procl- 
ucts. At intermediate temperatures (400-800°C), synthesis of alkyl substituted and un- 
substituted compounds takes place. In contrast, petroleum, which is synthesised at low 
temperatures (80-150°C), contains PAHs with two or three alkyl substituents as the major 
components3. 
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The mutagenic and carcinogenic natures of several PAHs make studies of the various 
aspects of these compounds extremely i~n~ortant .  Historically, physician John Hill recog- 
nised the relalionship between PAHs and carcinugenesis and docu~nenkd the high rate of 
nasal cancer as a consequence of excessive use of tobacco snuff7. Similarly, Pott also 
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noted such a relationship in his report on the high rate of scrota1 skin cancer in chimney 
sweepersx. In 1932, Kennaway and Heiger showed that dibenz (a,h) anthracene caused 
cancer in mouse sking. Yarnagiwa and Ichikawa induced tumors on the ears of rabbits by 
repeated application of coal tar". Some of the PA s found in environmental samples and 
their biological activity as a carcinogen are suinmarised in Fig. I.  

s like, naphthalene and subsittuted naphthalenes, are among the most toxic 
components present in the water soluble fraction of  crude and fuel oils1'-'" During the 
last few decades, the enormous increase in human activity has resulted in an increase in 
the concentration of PAHs in the urban environ~nent'~. 

The role of microorganisms in maintaining steady state concentrations of environ- 
mental chemicals is well established. These activities ensure a smooth operation of the 
Earth's carbon cycle. It has been generally accepted that all biosynthetic co~npounds are 
degraded by microorganisms. However, manmade compounds which are structurally dif- 
ferent froin naturally occuring compounds and of recent origin, may not be metabolised 
by microorganisms, since sufficient time has not elapsed for the evolution of the requisite 
enzyme ~ ~ s t e r n s ' ~ ~ ' ~  Although most of the aromatic hydrocarbons in the environment do 
not have a biosynthetic origin, they do have a natural pyrolytic origin and must have been 
in contact with living organisms throughout evolution. Thus, it is understandable that mi- 
croorganisms can degrade a few PAHs. 

As many excellent reviews on the microbial degradation of PAHs are in 
this article, we will be discussing the microbial degradation of simple PAWS viz. naphtha- 
lene; anthracene, phenanthrene and substituted naphthalenes, which form part of complex 
and carcinogenic PAHs like benzo[a]pyrene, benzo[a]anthracene, 3-methyl-cholanthrene, 
7,12-dirnethylbenz[a] anthracene, etc. 

2.1. Bactesial oxidation of naphrlzaletze 

The ability of bacteria to utilise naphthalene as the sole source of carbon and energy was 
reported as early as 1927'27'" Later Strawinski and Stone isolated salicylic acid from cul- 
ture filtrates of P. uetxginosu grown on naphthalene24. Since that time, a number of in- 
vestigators have identified salicylate as an intermediate in naphthalene 
However, the metabolic sequence and the enzymatic reactions leading to the degration of 
naphthalene were first described by Davies and ~ v a n s ~ ' .  

The degradation of naphthalene in bacteria is inititated by double hydroxylation of one 
of the aromatic rings to form a dihydrodiol intermediate. Walker and Wiltshire reported 
that an unidentified gram negative organism oxidises naphthalene to D-rl.ar~s- 1,2- 
dihyroxy- 1 ,2-dihydronaphthalent-?. Subsequently, tr-ans-naphthalene dihydrodiol was 
also detected in three Pselrdornonas strains and a Noror-dia strain metabolizing naphtha- 
lene? Gibson and his coworkers isolated a mutant strain of Pseudonlonas putida, which 
converts naphthalene to dihydrodiol naphthalene. A detailed analysis of dihydrodiol by 
NMR spectroscopy provided conclusive proof that it is a cis-naphalene dihydrodiol. Re- 
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duction of this metabolite with hydrogen in the presence of  palladium gave (-)-2(S)- 
hy&-oxy-l,2,3,4-tetrahydronaphthalene, which established the structure of bacterial 
naphthalene3'. In addition, experiments with '"2 showed that both atoms of oxygen in 
cis-naphthalene dihydrodiol come from a single molecule of oxygenx. Similar results 
have been reported for Pseurior,romis sp. NCIB 9816". The enzyme involved in the con.. 
version of naphthalene to cis-napl~thalene dihydrodiol is a naphthalanc dioxygenase which 
has three protein components3J. 

The first component of naphthalene dixoygenase accepts electrons from NADH and is 
termed as NADH-ferredoxinNAp reductase. This reductase hiis been purified to homogene- 
ity and has an Mr of 36,300. It is an iron-sulfur f~avo~rotein".  The purified protein con- 
tains one mole of FAD per mole of enzyme protein, 1 .tS g l i tom of iron and 2.0 g atoms of 
acid-labile sulfur and shows absorption maxima at 278, 340, 420 and 460 nm with a broad 
shoulder at 540 nm. It also catalyses the reduction of cytochronle c. dichlorophenol indo- 
phenol, nitroblue tetrazoliurn and ferricyanide. It functions its an NAD(P)H oxido- 
reductase in the naphthalene dixoygenase system. 

The second component of naphthalene dixoygenase has been purified to homogene- 
ity". The protein contains 2.0 g atoms each of iron and acid-labile sulfur and its Mr is 
calculated to be 13,600. It is a ferredoxin type of psotein that functions :is an intermediate 
electron transfer component in naphthalene dioxygenase activity. 

The third and terminal component of naphthalene dioxygenase is an oxygenase com- 
ponent. It has been purified from P. pt idrr  NCIB 98 1 hj7. The pusified enzyme oxidises 
naphthalene only in the presence of NADH, oxygen and the othcr two con~ponents. The 
Mr of the negative enzyme is estimated to be 158,000. On SDS-PAGE i t  gave two bands 
with Mr of 55,000 and 20,000, suggesting a a:! /$ quaternary structuse for this component. 
It is an iron-sulfur protein with 6.0 g atoms of iron m d  4.0 g atoms of acid labile sulfur. 
The oxidized enzyme shows absorption maxima at 566, 462, and 3 4 h n .  The enzyme has 
also been found to bind to naphthalene. Thus, this oxygcnase component takes part in the 
terminal step af naphthalene oxidation. Thc overall scheuie of the seaction of naphthalene 
dioxygenase is shown in Fig. 2. 

The second step in the bacterial oxidation of naphthalene is the conversation of 
cis-l,2-dihydroxy- l,2-dihydronaphthalene to 1 ,",ctlhydrosynrzphtl~~iIc~~e. This reaction 
is catalysed by an NAD dependent naphthalene ris (+) dihyctsodiol cichydrogenase. 
This enzyme is a hornotetramer with a subunit Mr of 25,500. It can act on other cis- 
dihydrodiols, but is highly stereospecific to (+) isomer of cis- 1,2-dih!~d1.o\y- I .?- 

FIG. 2. Proposed electron transport scheme for naphthalene dioxygenase. 
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dihydronaphthalene and cannot act on trans- 1,2 dihydroxy- 1 ,2-dihydroi~aphthalene'x. 
Davies and Evans proposed that 1,2-dihydroxy naphthalene is enzy~natically cleaved by 
a dioxygenase to yield cis-2'-hydroxy-benzal pyruvic acid, which is then converted 
11ia a series of reactions to salicylate and pyruvate2! However, Bansley showed that Psrrr- 
donror~as sp. NCIB 9816 and other pseudomonads oxidise, which is enzymatically con- 
verted by an isomcricse to cis-2'-dihydroxybenzal pyruvate2" Eventually, Patel and 
Barnsley purified 1,2-dihydroxy naphthalene dioxygenase from P. puticlo. It has a native 
Mr of over 275,000 and a subunit Mr of 19,000. The enzyme requires Fe+' for activityJ". 
However, the enzyme purified from P. puticlu CSV86, in our laboratory, has a native Mr 
of 3 16,000 and a subunit Mr determined by SDS-PAGE of 32,000 and requires Fe" for 
activityJ1 

The generated [.is-or-tlto-hydroxybenzalpyruvic acid is further metabolised to salicy- 
late. In 1964, Davies and Evans showed that cell free extracts prepared from naphthalene 
grown cells contained an aldolase which converted both cis and tr-am- 
hydi-oxybenzalpyruvate into salicylaldehyde and a three carbon fragment identified as 
pyruvate. The same cell free extract contained an NAD-specific dehydroge~me that oxi- 
dises salicylaldehyde to salicylate. 

I11 most cases, the salicylate derived from naphthalene is oxidized to catechol, which is 
the substrate for ring fission by the meta or the ortllo payway giving rise to 2-hydroxy 
muconic semialdehyde or cis, ris-muconic acid, respectively. However, the formation of 
gentisic acid during naphthalene metabolism by P. f1rro1.cscei1.s and P ,  alc*aligens has been 
reportedx and the metabolism of salicylate via gentisate has also been The 
pathway for the catabolism of naphthalene is pseudon~onads in shown in Fig. 3. 

A wide variety of taxonomically and phylogenetically different fungi are known to me- 
tabolise naphthaleneJs-". Studies on the fungal metabolism of naphthalene have shown 
that the reactions involved are different from those reporled for the bacterial oxidation of 
naphthalene. 

Unlike bacteria, fungi incorporate only one atom of molecular oxygen into one of the 
naphthalene rings to give rise to naphthalene 1,2-oxide. This reaction is catalysed by a 
cytochrorne P-450 dependent monooxygenase. the arene oxide generated is highly unsta- 
ble, and it could be converted ta 1-naphtol (major) arid 2-napthol (minor) by rearrange- 
ment via the NIH shift mechanism. Another route for further oxidation of the arene oxide 
is by enzymatic hydration catalysed by epoxide hydrolase to fonn(+)t1-ans-(lS,2S)- 
dihydraxy-l,2-dihydranaphthalene. The formation of tr+uirs-dihydr-odio1naphtI1i.i1ene, 9:4 
ratio of 1-naphthol and 2-naphthol and occurrence of NIH shift strongly suggest the for- 
mation of naphthalene 1,2-oxide as the initial product in the oxidation of naphthalene in 
fUngi4R-SO. 

Although these reactions are similar to those reported fror inarnrnalian systems, their 
stereo specificity differ""4. The C. e le~ar ls  enzyme produces the (+)-(1S,2S) isomer o f  
ti-am-dihydrodiol naphthalene while the mammalian system (enzyme purified from rat, 
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FIG. 3. Pathway for the degradation of naphthalene by bacteria. 
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rabbit, mice and pig microsomes) produces the (-) (1R,2R) isomer 52. In addition to these 
compounds, C. elc,~ans produces 4-hydroxy-1-tetralone, 1-naphthol, 2-naphthol, ~ I - N I I S -  

hydrodiol naphthalene, 1,2-naphthoquinone and 1,4-naphtho-quinone. It is possible that 
the trans-dihydrodiol naphthalene may be converted to 1,2-dihydro-xynaphthalene and 1- 
naphthol to 4-hydroxy-1-tetralone \ i a  the formation of 1,4-dihy-droxynaphthalene. The 
naphthoquinones accumulate due to aerial oxidationof the corresponding dihyroxy naph- 
thalenes, Interestingly, bacteria and cyanobacteria also produce 4-hydroxy- 1 -tetralone 
when they are incubated with l-naphtholJY~.'i-5s. 

Fungi also possess the ability to form glucuronide and sulfate conjugates of phenolic 
aromatic hydrocarbons. Cerniglia and his co-workers isolated I-naphthyl glucuronic acid 
and I-napthyl sulfate as the major water soluble metabolites froin the spent medium9. In 
addition, the activity of UDP-glucuronosyl transferase has been demonstrated in the cell 
free extracts of C. c1egnn.s"'. This is probably to overcome the toxic effects of I-naphthol 
by glucuronide and sulfate conjugation making it more water soluble. This is then elimi- 
nated from the system through the detoxification process, in a manner similar to that 
found in mammalian systems. Thus, fungi could serve as a model system to study the 
mechanism of detoxification and chemical carcinogenesis in ma~nmals. The pathway(s) 
for the fungal oxidation of naphthalene is shown in Fig.4. 

The prokaryotic and eukaryotic algae possess the ability to oxidize naphthalene. Three 
strains of cyanobacteria, A,qr7tcrnelllrm (/~ad~.lil~lic-cr/rtr~~ PR-6, Coimchlosis e1l.rhe1t.s- 17A 
and 0st.illntoriu sp. JCM, when grown photoautotrophically in the presence of radiaactive 
naphthalene oxidized it to fonn I -naphthol, cis-dihydrodiol naphthalene and 4-hydroxy- 1 - 
t e t r a l o n e ~ x ' ~  . 18  O2 incorporation studies in Oscillatoriu sp. JCM showed 57% of this oxy- 

gen to be present on I-naphthol. These results suggest that the algae could oxiclize 
napthalene to fonn napllthalene 1,2-oxide as an intial product, which could isornerise to 
form 1 -napl~thol and subsequently to 4-hydroxy- 1 -tetralone. This pathway for generation 
of 1-napthol is similar to that described previously for fungi and ~nammals. An  NIH shift 
mechanism is also implicated for the forination of 1 -naphthol by cyanobacteria". The 
formation of cis-dihydrodiol naphthalene could be similar to a dioxygenase reaction de- 
scribed earlier for bacteria. The further fate of this coinpound could not be demonstrated. 
However, Ellis has demonstrated that fresh water algae can oxidize phenol and catechol to 
carbon dioxide"'. Thus, it appears that like bacteria, algae may have the potential to de- 
grade naphthalene to carbon dioxide and water. Apart from Cyanobacteria, five green al- 
gae, one red algae, one brown alga and two diatoms were found to oxidize naphthaleneh". 

3. Genetics of naphthalene catabolism in pseudomonads 

Pseudomonads are a diverse group of organisms which have the ability to utilise various 
carbon compounds as the sole source of carbon and energy. Many of these orgiznis~ns 
have been shown to carry plasmid beGring genes coding for the enzymes involved i n  
the metabolism of compounds such as salicylate, camphor, naphthalene, toluence, xylene 
and chlorinated aromatic hydrocarbonso? These plasmids are termed as degradative 
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plasmids. Some of the degradative plasmids characterised to fine detail are TOL, CAM. 
OCT and NIC"-~' for the degradation of toluence, camphor, octane and nicotine, respec- 
tively. The genes responsible for the degradation of naphthalene are also found to be as- 
sociated with plasmids. Naphthalene catabolic plasmids isolated from various pseudo- 
monads are listed in Table 1. All these plasmids are large in size, but are amenable to 
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Table 
Naphtllale~le catabolic plasmids in pseudomonads* 

NAH7 8 3 P9 nttJtu P. plrti(I(rG1 
(ATCC 17453) 

NAH2 1 16 nd" nwtu P .  ptrtidc 
NCIB 98 16-3 

NAH3 116 11 cl n l c t ~  P. prrtidu 
NCIB 9816-2 

pWW60 8 7 P9 nic fa P. p~titl<r PGBI 
(NCIB 98 16-3) 

pWW60- I 8 7 PC) 111ef(1 P. pirticlrr 
Paw701 .. 

pDTGl 8 I nd mcta P .  p t i c l ~  
(NCIB 98 16-4) 

pND 140 n d P9 nlctri n d 
pND 160 nd P9 nlctrr nd 
pDTG IS n d 1nrf0 P .  prrriclrr 

C84- I 
pBS3 n d P7 nwtcr P .  f7rroi.c.sc.c.nc~~ 

BS243 
pBS2 nd P7 11 d P. putitla 

BS238 
pBS4 173 P7 gentisate' P. j/rror.csc.ewr~ 

B S B  1 
NPL- I nd P9 upper pathwa\rl' P. vlrtitla 12A 

'!'Source: Reference 76 . a: c;ttecliol ring opening 
b: nd, not determined c: gentisate as an intermediate 
d: degradation of nnphthi~lene to sitlicyli\te 

physical isolation and biochetnical and genetic analysis. They belong to the incornpatabil- 
ity groups P7 or P9. The first and the best-studied naphthalene catabolic plasinid is 
NAH7. 

3.1 . The NA H 7  plusnlirl 

Dunn and Gunsalus, in 1973 showed for the first time the presel~ce of a naphthalene cata- 
bolic plasmid NAH in P. plitidcc strain G7 (ATCC 17485) which was of napl-~tl~alene 
(Nah') and salicylate (Sal') utilizing phenotype7'. This plasmid was subsequently analysed 
in detail in the derivatives of P. prttidcr strain G1 (PpG1) (ATCC 17453) and was renamed 
NAH7. The plasinid is large, 83 Kb in size. conjugative in nature and can be cured by 
treatment with mitomycin c". Suhscqucntly . the presence of NAH7 was confirnled by the 
isolation of plasmid DNA from a PpGl derivative, which when introduced into an 
isogenic strain lacking the plasmid, reestablished the Nah' sal* phenotype73. 

The genes on NAH7 coding the enzymes for the first 1 1  steps of the naphtl~alene dc- 
gradative pathway have been mapped (Fig.5). Their organisation and direction of tran- 
scription have been determined by generating a series of polar mutations on NAH7 using 
transposon ~ n 5 ' ~ .  The pattern of enzyme induction in these polar mutants revealed the 
presence of two rrah operons. The first operoil includes the genes nahABCDEF, coding 
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FIG. 5. Restriction map of NAH7 plnsmitl. Thc nnpl~t1iaic.n~ catabolic gencs ure mi~rhcil by cnpitnl letter!, nnd 
their directions of transcription tire mnrketl by arrows. The numbers denotc kilobnses. 

for the conversioii of naphthalene to salicylate (upper pathway), and the second operoll 
includes the genes nlxhCHlJK, coding for the oxidation of salicylate ~ * i t r  the critechol nlc3t(! 
cleavage pathway to acetylaldehyde and pyruvate (lower pathway). The poluity of each 
NAH7 rnutatian revealed that the transcription of the fisst operon is from nahA to r d l F  
and the second operon is transcribed from n u l G  to n ~ h K .  The same gene order has been 
demonstrated by electron microscope heteroduplex mapping of Tn5 insertions in each of 
the NAH7::TnS 11101ecules~~. 
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FIG. 6, Restriction and genetic maps of the region of NAH7 plasmid containing the naphthalene catabolic 
genes. The numbers denote kilobases. Naphthalene catabolic genes are marked by capital letters. 
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By restriction mapping of NAH7::TnS plasmids (Fig.6), all the ~ l u h  genes have been 
located within the 30 kb region of the NAH7 plas~nid74.7". The flnvoprotein gene iloh 
A,, is upstream from the ferredoxin gene, I INI IA~ , ,  which is followed by the two genes 110- 

h A ,  and nahAi, ellcoding two subunits of the terminal dioxygennse7'. The rrriliC, which 
codes for 1,2-dihydroxy naphthalene clioxygenase, has been cloned and sequenced re- 
c e n t ~ ~ ~ ~ .  The amino acid sequence, deduced from the nucleotide sequence of ~ m h C ,  does 
not show any significant homology with the amino acid sequence deduced from 11~ihH 
(which codes for cateclmll 2,3-dioxygenase) or other extradiol or intracliol dioxyge- 

78.79 nases . 
Ensley and his co-workers cloned a 10.5 kb EcoRI-HinIII DNA fragment of NAH7 

into E. cwli-HB 10 I .  The sesultant recombillant plasmid, termed as pE3 17, could transform 
naphthalene into salicylatexO. Thus, it shows that the 10.5 kb fragment contuins the genes 
coding for the upper pathway of naphthalene catabolism. I n  this recombinant E. c v l i  
HB 10 1, these genes are expressed contitutively. 

The ~ruh  operons on NAH7 are inducible. They are expressed only in the presence of 
an inducer and the product of a regulatory gene. Both the nnh operons, which contain 
all the genes essential for naphthalene oxidation can be induced by salicylate and 
2-aminobenzoic They are also induced when the cells are grown in the 
pi-esence of naphthalene. However, naphthalene is not an inducer of NAH7 encoded 
naphthalene oxidation pathway. Effective induction in the presence of naphthalene 
requires the expression of the mill ABCDEF operon from 1mhA to at least the 11a1lD 
gene. However, induction does not depend on the expression of the Iowes ~ u i h  operon. 
Also, TIIS insertion in I I N ~ A ,  IINIIB,  i1u11C and 11ohD res~~l ted in the complete blockage of 
naphthalene induced induction, and the same insestion in 1rcr11G and I I N I I I  regions did not 
show any effect7". These results show that, the substrate naphthalene and its initial oxida- 
tion products like, ris-naphthalene dihydrodiol, 1,2-dihydronaphthalene, and 2- 
I~ydroxychrot~~ene-2-casboxylic acid do not induce the r~crll operons on NAH7. I t  was 
eventually concluded that due to the low level constitutive expression of the first ilcill op- 
eron, ~~aphthalene gets converted to the inducer, namely salicylate. Thus, salicylate (or 
possibly salicylaidehyde acts as an inducer of both 11ci11 operons. The same conclusion 
was reached for the naphthalene catabolic pathway specified by P S C I I C ~ O I ~ I C ~ ~ ~ I I S  SF. ATCC 
17483". 

The role of a regulatory gene in the induction of ~ ~ i h  operons was predicted by the 
analysis of a third class of Tn5 insertion mutations which yielded a ~rcih- scil- phenotype7J. 
These mutations are mapped within a s111all region of NAHI upstream of the i ? ~ / l G  gene. 
The n~utation and deletion of this region resulted in the co~nplete loss of the ability of the 
bacteriunl to degrade naphthalene. This sesults in a mrh- sul- phenotype, which can be 
fully corsected in the presence of a wild type allele in a tr(ins positionx".xs. These muta- 
tions are pleiotropic, recessive and negative. This indicates that the product of the regula- 
tory gene ~ l u h R ,  is required to activate both nclh operons. Further studies showed that in a 
1whR::TnS mutant, the salicylate induced mRNA synthesis of 11crhA to mihG genes is 
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coinpletely blockedx'. This suggests a role for the nnltR gene product at the level of tran- 
scription. 

The potential binding site of the rtcrhR gene product has been investigated by detailed 
analysis of promoter regions of both llah operons. The map of Tn5 insertion mutations in 
11allA, nahR and 11crlzG regions revealed that the promoters of both the operails are in close 
proximity to each other7". ". For more accurate mapping of these promoters, the DNA 
regions containing promoters have been cloned and mapped by identifying the regions 
protected from S I nuclease digestion. The nucleotide sequence of these promoter regions 
has been determineds". The results of such studies revealed the presence of two start sites 
separated by a 10 bp stretch for each of the two /?ah operons. 

The approximate transcription initiation site and direction of transcription of the uahR 
have been determined by S I  nuclease mapping. The direction of transcription of the m h R  
gene is opposite to that of the iiu11G genex! As in the imh promoters, two apparatent start 
sites separated by a small A + T rich region were detected in the nmhR promoter region. 
Various restriction fragments from the nnhR region have been cloned and tested for their 
transacting activities in order to determine the size of the uahR gene productW7. The pres- 
ence of a 1.8kb HindIII-PstI region i~lclucling approximately 350 bases upstream froin the 
first base of the putative iwhR coding region and 1.4kb downstream fro111 the same site, 
activated the expression of the ilcrhA and 11ctllG genes. Thus, it appears that the size of the 
i ~ h R  gene may not be more tl~an 1.4kb. which can code for a polypeptide of 5 1kD. The 
product specified by the 1.8kb region in an  E. c d i  ~naxicell system, a polypeptide of 36kD 
was identified. As this polypeptide was not detected in the strains containing ~ I N I I R  dele- 
tions, it was concluded to be the I INIIR gene product. 

The binding of the m h R  gene product to the promoter region was shown by gel retar- 
dation assay. Extracts of E. coli or P. pzrtidcr containing the functional U N ~ R  gene showed 
a specific binding to the DNA fragment containing both the llcrll promotelx Partially pu- 
rified nahR protein protects both promoter sequences between -82 and -47. Analysis of 
mutants in this region showed that the nahR protein is involved in transcription activa- 
tion". 

The mRNA of the rltr11R is synthesised both in the absence or presence of salicylate, 
indicating that ilu1lR is probably synthesised constitutively. The nahR protein may exist in 
two farms, an inactive form (11ahRi) and an active form (nahRa), which are in equilibrium. 
In the absence of an inducer, nahRi is the predominant form, and presence of an inducer 
shifts the equilibrium towards the fori~~ation of nah~a'".'? Such, self regulationof iluhR is 
similar to other regulatory proteins like L-arabinose and lnaltose reguloi~s from E. c d i  and 
several other positively regulated systemsx''. 

4. Plasmids from strains of P,  pzctida NClB 9816 

Psc~dnmonas  sp. NC1 B 98 16 was first isolated by Davis and Evans and later identified as 
P. l~irtida'Y. Differences in the regulation of the naphthalene catabolic pathway by this 
strain used in different laboratories have been r e p ~ r t e d ~ ' ~ ~ ) " ~ ~ ' .  Based on studies on the 
regulation and induction of the enzymes of upper and lower pathways of napl~thalene deg- 
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sadation, the P. p~rticla NCIB 98 16 was subclassified into three strains NCIB98 16-2, NCIB 
98 16-3 and NCIB 98 1 6-4"-"" . In aft these strains the naphthalene catabolic genes were 
found to be 011 plasmids. 

4.1 . Plasntids jkom st~rriit NClB 981 6-3 

In this strain two plasmids have been detected, one large (termed as Nah2, 116kb) and 
another sinall cryptic plasmid"'. However, in the same strain, Cane and Williains 
reported the size of the large plasmid to be 87 kb and designated it as pWW 60-1 and 
a small csyptic plasmid"3. All the genes of the naphthalene degradation pathway are 
on the large plasmid. This plasmid contains all the genes responsible for the conversion of 
naphthalene to catechol. Furtl~er, ring cleavage of catechol occurs by the ortlw cleavage 
pathway and the necessary genes are on the chromosome. However, selection of growth 
on 2-111etl1yli1apl1tl1alei-le, whose effective degradation requires a nonspecific catechol 
tnetabolic pathway, has led to the isolation of mutants with a fully functional catechol 
nzeta cleavage pathway. Each of the mutants carried a plasmid identical to pWW 60-1 ex- 
cept for the presence of a s~nall deletion of 1.2 to 1.5kb between I I N I ~ G  and italtH gene. 
This shows that the pWW 60-1 harbours the genes for the lower meta pathway of naphtha- 
lene degradation, but is silent. The deletionof 1.2-1 Skb  fragment between rlcrhG and i~uhH 
seems to activate this lower pathway wherein catechol is cleaved by ntcta fission. 

Studies by transposon mutagenesis on pWW 60- I revealed the presence of two operons 
as in the case of NAH7. Most interestignly, the two 11al7 operons on pWW 60-1, contrary 
to their counterparts of NAH7 , are transcribed in opposite directions". 

4.2. Plasmids Jiwm the struiil NCIB 981 6-4 

This strain harbours a single, 81 kb, conjugative plasmid designated as pDTGI which is 
involved in the degradation of naPhtha!ene"'. The 15kb EcoRI fragment of pDTGl has 
been cloned in E. roli using the plasmid pKT230 as a vectorx0. The resultant recoinbinant 
plasmid was called as pDTGl13, The E. coli cells containing pDTG1 13, when grown in 
the presence of naphthalene accuinulate salicylate, suggesting that the 15kb EcoRI frag- 
ments harbor the genes of the upper pathway of naphthalene degradation". Within this 
15kb EcoRI fragment, an 8kb EcoRL-XhoI region harbours m h A B C ,  the first thsee genes 
of the upper pathway"4. 

Recently, Denome and his colleagues cloned and sequenced a 9.8kb DNA fragment 
which encodes dibenzothiophene-degrading enzymes from soil isolate Pseudnntorlcis 
strain ~ 1 8 ~ ~ .  The cloned DNA fragment was found to encode enzymes capable of me- 
tabolising dibenzotl~iophene, napl~thalene and phenanthrene. This DNA sequence w~ 
found to contain 9 OFRs and was designated as doxABCDEFGHIJ. At the nucleotide 
level doxABD is identical to the rrdoABC gene that encodes naphthalene dioxygenase. The 
doxG protein is 97% identical to NahC (1,2-dihyroxynaphthalene dioxygenase) of P. pu- 
tidu. The DoxE has 37% identity with cis-toluence dihyrodiol dehydrogenase. DoxF is 
similar to the aldehyde dehydrogenases of many organisms. The DOX proteins convert 
naphthalene to salicylate and phenanthrene to 1-hydroxy-2-naphthoic acid. Con~parisoil 
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Table II 
Various transposons involved in the aromatic hydrocarbon deg- 
radation. 

Tn 465 1 56 Xylene/Toluene 98 
Tn 4653 70 Xylene/Tol~~ent: 98 
Tn 4655 55 Naphthalene 99 
Tn 5280 17 Chlorobenzene 1 00 
Tn 527 1 17 Chlorobenzenc 1 0 1 
Tn 437 1 59 Biphenvl/4- I02  

, a  . .  . . 

of the DOX sequence with the restriction map of cloned nap11thaIene catabolic pathway 
genes (NAI-I) revealed marly conserved restriction sites. Also the gene arrangement is 
identical to that proposed for NAH"'. 

Transposable elements including both transposons and insertion sequences (IS) are corn- 
rnon in various Psclrclonwl~s species. These elements are responsible for antibiotic and 
heavy metal resistance. Earlier studies indicated that the genes encoding the degradation 
of hydrocarbons were tra~ls~osable'"-'". Recently, these elements were shown to be in- 
volved in the degradation of the aromatic hydrocarbons. Vrzriaus transposons involved in 
the degradation of aromatic hydrocarbons are listed in Table 11. ' 

In 1990, Tasuda and Iino reported that the genes present on NAH7 plasmid, responsi- 
bl,: for the naphthalene degradation are present on the defective transposons"~ The naph- 
thalene degrading genes on NAH7 plasmid were found to be transposable only in the 
presence of transposases encoded by Tn1721 subgroup of the class I1 tsunsposons. This 
new naphthalene transposon is designated as Tn46SS (Fig. 7). This transposon is trans- 
posed by a two step process involving formation of cointegsate followed by its sub- 
sequent resolution. In contrast to the defects in the transacting f'nctor for the first step, a 
functional system for the second step was encoded within a 2.4kb region"'). 

rene and anthracene 

A considerable amount of information exists on the microbial degradation of phenan- 
threne and anthracene, Anthracene and phenantl~rene and their lnetzzbolites are not actually 
toxic, carcinogenic, or mutagenic. However, presence of these structures in carcinogenic 
co~npauncts like benzo (a)pyrene, benz(a)anthracene, and 3-~i~etl~ylcl~olantli- 
rene, allowed the use of these coinpounds as model substrates. 

Pure culture of bacteria and microbial population isolated from fresh water and marine 
environ~nents have the ability to degrade these compounds as the sole source of carbon 
and energy lo'-' '". 

The initial reaction involved in  the degradation of phenanthrene is oxidation at the 3,4- 
position to form the dihydrodiol. Colla and his coworkers isolated 3,4-dihydroxy-3,4- 
dibydrophe~lanthrelle from the culture filtrates of ~ lo \~~h i , c . r c r . i t r , ' ~ " " .  Subsequent 
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n 
FIG. 7. Map of plasmicl NAH7 and Tn4055. Tho upper and lower pathway nperons con~priw thc gctlch for  
conversion of naphthalene to sitlicylate arid sulicylute to the ccntsitl mctnholitcs l ' i r r  cntcchol. 

studies by Evans and coworkers led to the suggestion that phenanthrene is oxidised to 
trans-3,4-dihydroxy-3,4-dihydrophenantne which undergoes enzymatic dehydrogena- 
tion to form 3,4-dihydroxy phenanthrene"'5. However, later Gibson and his colleagues 
isolated a mutant of P. putidu and Bcijerinckirr species that oxidised naphthalene and 
biphenyl to cis-naphthalene ~ l i h ~ d r o d i o l ~ ~ ,  and cis-biphenyl dihyrodiolH ', respectively. 
When these strains were grown on succinate in the presence of phenanthrene, two dilly- 
drodiol intermediates were dete~ted"'~. The major product (less than 90%) is readily de- 
hydrated to 3-phenanthrol, and analysis af its NMR spectrum clearly estiiblished its 
structure as (+)-cis-3,4-dihyroxy-3,4-dihydrophenanthe The minor product was iden- 
tified as cis- 1,2-dihyroxy-l,2- dihydrophenanthrene. The true intermediate in the phenan- 
threne degradation is 3,4-dihydrodiol. Support for its involvement in the degraclatia~~ 
pathway comes from the isolation of 1-hydroxy-2-naphthoic acid from the culture filtrates 
of Pseudomoiws sp. Further, sequential inpuction experiments suggested 3,4- 
dihydroxyphenanthrene, I-hydroxy-2-naphthoic acid, salicylate and catechoi as intenne- 
diates in phenanthrene rnetaboli~m'~~-"'~. 
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In an elegant series of experiments, Evans and his colleagues showed that the cell free 
extract prepared from phenanthrene grown Pseudomorzas sp. contained a ferrous iron de- 
pendent oxygenase that oxidised 3,4-dihydroxyphenanthrene to an orange 
coloured ring fission product, cis-4-(1 -hydroxynaphth-2-y 1 )-2-o~obut-3-enoic acid"''. 
Further, when crude extracts were supplemented with NAD, both 3,4-dihydroxyphenan 
threne and 1 -11ydroxynaphthaldel1yde were converted to 1 -hydroxy-2-naphthoic acid. The 
generated naphthoate was converted to 2-hydroxymuconic semialdehyde by intact cells. 
These results suggested that 1-hydroxy-2-naphthoic acid undergoes oxidative 
decarboxylation to 1,2-dihydroxynaphthalene before being metabolised to salicylate 
and catechol. The proposed pathway for the degradation of phenanthrene is given in 
Fig. 8. 

CIS - 1,2 - Dihydroxy- - 

. - 
8 9 

Phenanthrene 

OH 

I> 2-Ditydroxynapthalene 
c j  -3,4 -0ihydmxy-3,4- I 
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3,4- Di hyd roxy - 
phenanthrene 

o -  Phthalic acid - 

W O f V  

Protacalochuic acid 

COOW 

cis -2-Hydroxy- 
benzalpyruvic acid 

OH . 

CHO 
~alicyalde h yde 

1 - Hydroxy-2 - 
naphthoic acid 
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FIG. 8. Pathwnys for the degradation of pliet~nnthrenc by bacteria. 
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iyohara and his colleegues"' proposed n different ~ i ~ t h ~ a y  for the degradation of 
phenanthrene (Fig. 8). Pliet~antkrene grown cells of Ae~.omoiias sp., S35P1. oxidized phe- 
nanthrene to 1-hydroxy-2-naplitl~oic acid, 2-ca1~boxybenzalclc-hycfe, o-phthiilic acid, iind 
protocatechuic acid, However, cells failed to oxidise snlicylatc m d  ccntechol. The enzyme 
responsible for the conversion of I-hydroxy-2-naplithoic acid to phthulate has not been 
purified. Preliminary studies1 " suggest that an oxygenuse, similar to gent isnte ' ", ha- 
r n ~ ~ e n t i s a t e " ~  and 1.4-dihydroxynaphtlioate"" oxppenase. cleaves 1-hydroxp-7- 
naphthoate between C-1 and C-2. Subsequent reactions leading to 2-carboxybenzulclehyde 
would then involve a hydration and an aldol fission simitar to those proposed in the con- 
version of 1,2-dihyroxy11apht1iiile1ie to salicylate. 

The initial step involved in the metabol.ism of anthracene is the double hydroxylation 
of one of tlie rings giving rise to tr-oils- 1 -2-dihydroxy- 1 ,?-diliydro:intl~ra~e~iei055 ' 17. Sub- 
sequent studies by Gibson and his coworkers showed that P. putido strrain"" and a Beijer- 
iilckicr sp. strain B-836, both oxidized anthracene to (+)-(*is- l,2-dihydroxy- 1,2- 
dihydroanthracene'"'. In each case the dihydrodiol was shown to be the optically pure 
l(R),  2(S) eiiantiomer. Evans and coworkers further reported the nietabolism of anthra- 
cene by soil pseudomonads'('s. They also found that cell yield with anthmcene was ex- 
tremely low. However, they were able to confirm the sequential induction experiments of 
Rogoff and ~ e n d e r " ) '  which suggested that the 2-hydroxy-3-naphtl10iite, salicylate, and 
catechol were intermediates in the anthracene degradation pathway. I11 addition, antlira- 
cene grown cells were able to oxidise, 1,2-dihydroxy anthracene m d  2-hydroxy-3- 
naphthoate rapidly The cell free extract prepared from the cells converteci 1,2- 
dihydroxyantliracentr: to ~~is-4-(2-11ydroxynapt~-yl)2-oxo-but-3-enoic acid and 2- 
hydroxy-3-naphthaldehyde. When the ring fission product or 2-hydroxy-3-naphthaldeliyde 
was incubated with cell free extract and NAD, 2-hydroxy-3-napl~thoic acid was the only 
detectable product. This acid was first isolated from the culture filtrate of Ps~i~cln17zo1~~is 

103 . The further ~i~etabolism of this compound has not been established. The anthracene 

grown cells failed to oxidise salicylate and catechol. The further ~~ietabolisrn of 2- 
hydroxy-3-napkthoate and its role in the anthracene metabolism remain to be elucidated. 
The pathway proposed for anthracene lnetabolism by bacteria is shown in Fig. 9. 

Altl-~ough there have been numerous studies on the bacterial oxidation of these co~ii- 
pounds, very little is known about the metabolism of these dornpounds in the fungal sys- 
tems. Cerniglia and his colleagues, in 1982 showed that, C~r i l~~in ,q l i t r /~? l~I /c~  clc~gcr~rs oxidises 
anthracene to trui~s- 1,2-dihydroxy- l,2-dihydroanthracene and 1 -anthryl-sulfcite' '" The 
formation of n-rms configuration and "0 experiments suggested a  non no-oxygenase cata- 
Iysed reaction and indicated the prior formation of anthracene I -,2-oxide. These results use 
similar to those obtained in tlie studies on the ~namalian nietabolism of anthra- 
ce,le '0"' l I"' I"' 

Phenanthrene is nletabolised by rat hepatic microsomes itlid by highly purified cyto- 
chrome P-450 monooxygenase preparation to phenanthrene ti-rnls-1,2-, -3,4-, and -9, 10- 
dihydrodiols as well as phenolic However, phenalithrene trrrm-9, 10- 
dihydrodiol is the major product. The fungus C. clegor~s oxidised phenanthrene at the 
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FIG. 9. Proposed pathway for the degratlntion of  anthsiicenc by bacteria. 

1,2 and 3,4 positions to form phenanthrene nuns- 1 ,  2-and ti-ans-3, 4-dihYdrodiols'". The 
pathway for the metabolism of phenanthrene and anthracene in fungi and algae is shawn 
in Fig. 10 and Fig. 1 1. respectively. 

. 7. Metabolism of lnethy 

The presence of an alkyl substituent on the aromatic ring presents ~nicroorganisms with 
two alternatives in terms of oxidative degradation: 

1. Hydroxylation of the aromatic ring leads to the formation of alkyl substituted diols 
which are substrates for ring fission. 

2. Oxidation of the alkyl substituent results in the formation of an aromatic carbaxylic 
acid. 
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hrcne -9,IO- Oxide 1 ( Phmanthrene -1,2- Oxide ) ( P ~ ~ t h r @ n t ? f  - 3,4 -Oxide) 

Phena n thrcne - trans - Phcnanth rene - trans - Phenanthren E -trans - 
9,r)- Oihydrodiol I ,  2 -0ihydrodid 3,4 - Dihydrodid 

FIG. 10. Proposed reactions in  the oxidation ol' phcnanthrcnc hy I'ungi. 

The ~netabolism of alkyl substituted benzenes 11iz. xylene, toluene, ethylbeizzene, and 
high alkylbenzenes has been studied in great detail'7,'2s-'3i . However, there are only a few 
reports 011 the microbial metabolism of alkyl substituted naphtl~alenes. 

In  1959, Rogoff and Wender reported the 1.netabo1ism of methyl naphthalenes in pseu- 
dornonads"'. These pseudomonad strains N-1 a and P.- 1, utilised 1 -and 2-methylanaphthn- 
lene as the sole source of carbon and energy. Preliminary studies with washed cell sus- 
pensions suggested that, oxidation of methylnaphthalene takes place hy two pathwriys. In 
one of the pathways, the unsubstituted aromatic ring is oxidised and suhsecjuently mc- 
tabolised to methyl salicylates and methylcatechols. In  the alternate pathwtiy, the muthyl 
group is oxidised to form naphthoic acids"'. Treccilni and Fiecchi identified 1.2- 
dihydroxy- I ,2-dihyro- 7-methylnaphthalene as an intermediate in the oxidation of 2- 
methy lnaphthalene by Ps~~irtlon~nnus dc,s,~w!,vicrr nt I". 

Various pseudomonads isolated from oil-polluted estuarine waters h a w  the 
ability to grow on 1-  and 2-methyl naphthalene as the sole source of carbon and cncrgy, 
Resting cell suspensions oxidized 1-methylnapthalene to 3-methyl s:llicyl;itei"'. In P. pit- 

tidn NCIB 98 16, the catabolism of 2-methyl naphthalene is initiated by double hytfroxy- 
lation of the unsubstituted aromatic ring. The methy 1 rzaphthalcne ctihytirotliol fc'rlsn~cci 
is further 0xidised.b~ a route similar to that found in case of thc rzuphthulene catabolic 
pathway. The end product of the upper pathway is 4-metItylcatechoi which is further me- 
tabolised by the nlctcr pathway. The enzyme system responsible for the oxidlition of 
naphthalene may act on 2-methylnaphthalene nanspecificaliy. Interestingly, this organ- 
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t r a n s  - 1,2-Dihydroxy- - 
1,2 - dihydroanthrocene 

ism failed to grow on 1-methylnapthalene"". However, P. plrtidri strain NCIB 9816-3 had 
to be adapted to grow on 2methylnapthalene. During adaptation, a spontaneous mutation 
has been reported to occur by a small deletion of a 1.2kb DNA fragment between the 
l?ahG and nrrhfj genes on pWW60 plasmid. In this organis111, the upper pathway enzymes 
are common to both naphthalene and 2-n1eth~lna~thalene"~. 

The soil isolate Psruclantonns prtidcr CSV86, isolated in ous laboratory, has the ability 
to utilise naphthalene, 1-methylnaphthalene and 2-metbylnaphthale~le as the sole source of 
carbon and energy. The pathways for degradation of methylnaphthalenes in this organism 
were demonstrated by isolation and identification of metabolites fi-om the spent medium, 
oxygen uptake in presence of various metabolic intermediates by the whole cells, and 
demonstrating enzyme activities in the cell e~tract"."~. 

The degradative pathways for 1-methylnapl~thale~~e in P. putidu CSV86 are shown in 
Fig. 12. In one of the pathways, the unsubstituted aromatic ring of I-methylnaphthalene is 
double hydroxylated, resulting in the formation of 1,2-dihyro-l,2-dihydroxy-%methyl 
naphthalene. This dihydrodiol is further oxidised to 3-methylsalicylate and 3- 
inethylcatechol. The generated inethylcatechol is oxidised by mctu pathway. Thus, this 
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PIG. 12. Pathways for the metabolism of 1-methylnaphthalene by P. puridn CSB86. 
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path way serves as the sole source of carbon and energy. Isolation and identificat 
hydromethylnapt11ii1e11e, i -naphthaldehyde, and 1 -naphthoic acid from the spent 
of the 1-~~~ethylnaplitl~alene grown cultuse suggested the occursence of an a1 
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ion of 1 -  
medium 

ternative 
pathway for I -1iietliylnaphtha1ene degradation. The cells grown on naphthalene or 1 - 
n~ethylnaplithalene failed to respire on 1-n~ethylnaphthalene, I-naphthaldehyde and 1 -  
naphthoic acid. Further, no metabolites of I-naphthoic acid were detected in the spent 
medium. Also, the organism failed to grow on 1-naphthoic acid. These resutls suggest 
that, I -n~ethylnaphthalene is transformed by side chain hydroxylation to I -naphthoic acid 
and thrown out into the medium'". 

Alternative pathways were also observed for the degradation of 2-inethylnaphthalene 
in P. prrtida. In one of the pathways, the unsubstituted ring is oxidised giving rise to 
1, 2-dihydro- l,2-dihydroxy-7-1nethyl11apahtl~a1ene. This dihydrodiol is further metabo- 
lised to 4-methylsalicyliite and 4-methylcatechol. isalation of 2-hydroymethyl naphtha- 
lene, 2-naplrthaladehydr, and 2-naphthoic acid from the spent medium suggested 
the oxidation of the ~nethyl side chain of 2-methylnaphthalene. The cell suspension pre- 
pared from grown cells failed to respire on 2-naphthoic acid. Also, the organism failed to 
grow on 2-naphthoic acid. Interestingly, isolation and GC-MS identification of 7- 
hydroxy1~iethylr?aphthtoc~iiino11e~2-1iydr~~y-n1ethy;-chro1iie-2- carboxylate, and 4- 
hydsomethylsalicylaldehyde from the spent medium suggested that, the generated 2- 
l ~yd~~oxyme thy l~~aph t l~a l ene  is further oxidised by hydroxylation of the unsubstituted ring. 
The overall pathways for the degradation of 2-methylrraphthalene by P. plrticluCSV86are 
shown in Fig. 13". 

Inforlnation on the nletabolis~n of methylnnphthalenes by algae and fungi has come 
fmm the work done by Cerniglia and his c~workers'"~"'. Three cyanobacteria, A g n l c l ~ ~ I -  
l r r r n  ~jzrir~f~-rr/?Ii~~(at~ri~~ strain PR-6, Osrbillator.iu sp. strain JCM and Auuhaeua sp. strain C A  
grown photoauto trophically in the presence of either 1 - or 2-methyl naphthalene, oxidise 
both compounds at the methyl group to form I-hydroxymethylnaphthalene and 2- 
I~ydromethylnaphtl~alene, respectively. These compounds have been isolated from the 
spent medium and their structures were detennined by mass spectral analysisfix. The fun- 
gus Crru11ir1,qhunwllrn e1egiil1.s transforms 1 - and 2-methylnap1.ttlialene by side chain oxida- 
tion as well as by the oxidation of the aromatic ring. The major compounds isolated from 
the spent medium are I -  and 2-hydroxymetliyl~laphthalene. Other col~lpounds isolated and 
identified from the spent ~necliuln are I -  and 2-naphthoic acid, 5-hydroxy-lrnaphthaoic 
acid, 5-hydroxy-2-naphthoic acid, 6-hydroxy-2-naphthoic acid and phenolic desivatives of 
1 -and 2-1neth~lna~hthale1le'". 

Maimnals also oxidise methylnaphthalenes by oxidation of the methyl group as well as 
by ring hydroxylation. Kaubisch and his colleagues reported the in vitro ~netabolisin of 1-  
and 2- n~ethylnapl~thale~ie by guinea pig hepatic ~nicroson~es. oxidation occurs pritnarily 
at the methyl substituent to form 1 - and 2- naphthoic acid, respectiveiy . Dihydrodiols and 
inethylnaphthols are ininor products'40. In contrast, Breger and his coworkers showed that 
hepatic inicrosoines of rats and rainbow trout metabolise 2-methylnapl1thalei1e to three 
isomeric dihydrodiols. In addition, phenoic metabolites and their derivatives are also 
found'". 
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FIG. 13. Proposed pathways for the degradation of 2-methylnaphthalene by P .  purida CSVW6. 
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Dimethylnaphthalenes have also been reported to be susceptible to microbial degrada- 
tion. Flavobacteria and Alculigenes sp. strain D-59 have been shown to grow on 2,6-di 
methylnaphthalene as the sole source of carbon and In flavobacteria, catabo- 
lism of this compound is initiated by the sequential oxidation of one of the methyl groups 
to give rise to 6-methylnaphthalene2-carboxylic acid, At this stage, the aromatic ring is 
hydroxylated to form 1-hydroxy-4-methylnaphthalene-2-carboxyic acid which is con- 
verted to 1,2-dihyroxy-6-methylnaph-thalene. This compound is further metabolised by 
similar steps described for naphthalene, resulting in the formation of 4- 
methylnaphthalene. This compound is further metabolised by similar steps described for 
naphthalene, resulting in the forma-tion of 4-methylcatechol as the end product. Thus, in 
these fla-vobacteria, the first methyl group is sequentially oxidized to -COOH and then 
the aromatic ring is attacked in order to ~netabolise 2,6-dimethylnaphthalene com- 
pletely' ". 

In Alcaligencs sp. strain D-87, Miyachi and his coworkers reported oxidationof 6- 
methylnaphthalene-2-carboxylic acid by sequential oxidation of the methyl group, giving 
rise to 2,6-naphthalene dicarboxylic acid. This result was supported by the isolation and 
identification of 2,6-naphthalene dicarboxylic acid from the spent medium. However, 
strain D-87 showed no oxygen uptake on 2,6-naphthalene dicarboxylic acid suggesting 
that 2,4-naphthalene dicarboxylic acid is a dead end product 143. The pathway for the 
degradationof 2,6-dimethylnapthalene is shown in Fig. 14. Besides the degradation of 2,6- 
di methylnaphthalene, the organism was able to metabolize 1,2-; 1,4-; 2,6- and 2,7- dime- 
thy1 naphthalene to the corresponding methyl naphthalene carboxylic acids. Interestingly, 
the organism was also able to convert 2,3-dimethylnaphthalene to 2,3-naphthalene dicar- 
boxylic acid. 

Naphthoic acid, a carboxy substituted naphthalene, is excreted by various microorganisms 
as detoxification biotrasfor-mation product of methylnaphthalene. In algae and fungi, 
besides naphthoic acids, glucuronated and sulfated conjugates of naphthoic acids as well 
as various isomers of hydroxy substituted naphthoic acids were also detected""."? Simi- 
lar types of reactions were also reported in mammalian and hepatic rnicrosomes of rats 
and rainbow Transformation of methylnaphthalenes to naphthoic acids is also 
reported in various bacterial systems4".'3s~'i7 . In P. puticki CSV86, 1-and 2- 
methylnaphthalene were converted to 1- and 2-naphthoic acid and these were excreted 
into the medium as dead end products. The cell suspension prepared from methylnaphtha- 
lene grown cells failed to show any oxygen uptake in presence of naphthoic acids. Also 
the cells failed to utilise 1- and 2-naphthoic acid as the sole source of carbon and en- 
ergy'". 

In our laboratory, we have isolated a soil bacterium P. nwlta-philia CSV89, which 
utilises 1-naphthoic acid as the sole source of carbon and energy. In this bacterium, the 
naphthoic acid degradation pathway is initiated by the initial double hydroxylation of the 
unsubstituted ring of I -naphthoic acid, resulting in the forrnationof 1,2-dihydroxy-1,2- 
dihydro-8-carboxy naphthalene. This dihydrodiol is further metabolised to 3-formyl sali- 
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FIG. 14. The metabolic pathway for the degradation of 2,6-di1nclhylnaphtl13Iene by F!rrvoklctcricr sp (-) 
and Alcaligenes sp (-----), 1 .  2,6-Dimethylnaphthalene; 2. 2-Wydruxy~nethyl-6-n~t'ttyl naphthalene; 3. 6- 
Methylnaphthalene-2-aldehyde; 4. 6-Methylniiphthalene-2-carboxylnte; 5. I-Hydroxy-6-rxlcthyInnphthalcne- 
2-carboxylate; 6 .  1,2-Dihydroxy-6-methylnaphthalene; 7.  2-Casboxy -2-hydraxy - ~ - z I I c ~ ~ ~ ~ c ~ x c ~ I ~ c D ~ ;  8. 2'- 
Hydroxy-5'-methyl benzalpyruvate; 9. 5-Methylsali-cylddehyde; 1 0 .  6-Mcthylsaliey I n k ;  1 1. 4- 
Methylcatechol; 12. 2-Hydroxy-5-methyl muconic semialdehyde and 13. 2.6-Naphthalene dicnrboxylic acid. 
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FIG. 15. Proposed pathway for the metabolism of I-nnphthoic acid by P. maltophilia CSV89. 
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cylate by a series of enzyme catalyzed reactions similar to that involved in the naphtha- 
lenejmethylnaphthalene degradation. The generated 3-for111yl~ali~yl:rte is further oxidized 
to catecho1 lliu 2-hydroxyisophthalate and salicylate. The resultant catechol is further 
metabolised by ntcta pathway resulting in the formation of ?-hydmxy muconic sernialde- 
hy&'44*'4" The proposed pathway for the metabolism of 1 -naphthoic nc id is depicted in 
Fig. 15. 

Various hydroxy substituted naphthoic acids have also been reported as metabolic in- 
termediates in the degradation of anthracene and phenanthrene. In  bacterial systems, 2- 
hydroxy-3-naphthoic acid is generated as a result of oxid~ition of one of the aromatic ring 
of anthracene. The generated 2-hydroxy-3-naphthoic acid is oxidativcly cfecarboxylated to 
2,3-dihydroxynaplithalene. However, further pathway for its metabolism is not clear. 111 
phenanthrene metabolism, 1-hydroxy-2-naphthoic acid is seportecl us n metabolic inter- 
mediate. The generated hydroxynaphthoate. is oxidatively decarboxy,~tted to 1,2- 
dihydroxy naphthalene and subsequently oxidised to salicylrite itnd catechol.. In flavdbnc- 
teria, 6-methy-I-2-carboxynaphthalene is reported as a metabolic intermediate in the de- 
gradative pathway of 2,6-dimethylnapthalene. The generated 6-methyl-2-carboxy naphtha- 
lene is metabolized to methylsalicylate and methylcatechol. However, in Alwlegrnrs sp. 
there are two pathways for the degradation of 6-methyl-1, 2-cnrbnxynrzphthaietle. One of 
the pathways involves the oxidationof carboxy substituted rtromatic ring and its subse- 
quent oxidation to methylsalicylate and methylcatechol. Howeves, in the other pathway 6- 
methy 1-2-carboxynaphthalene is transformed to 2,6-naphthalene dicarbosy lic acid, a dead 
end product, by the oxidat] 'I of methyl group (Fig. 14). 

In conclusion, it may be pointed out that although extensive investigrttions have been 
carried out on the biochemical and genetic aspects of the bacterial degsrtciation of naphtha- 
lene, there is an urgent need for a detailed study of the chemical pathways for the catabo- 
lism of substituted naphthalenes, anthracene and phenanthrene and the chnmcttrization of 
the plasmids associated with these transforn~ations. The meuhanism of the enzymatic re- 
actions involved, the regulation of the activity and expression of the key enzymes are the 
other areas which are yet to be explored. 

2. HARRISON, R., PERKY, R. A N D  Wli/clr RPS. ,  1976, 9, 33 1 .  
WILLINGS, R. 

5 .  BADGER, G .  M., BUTTERY R. G . ,  , I .  Chcni. Soto., 1958, 2204. 
KIMBLER, R. W. L., LEWIS, G. E., 
AND MERITZ, A. G. 

6.  BADGER, 6. M., KIMBLER, R.W.L. 
A N D  NOVOTNY, J. 

7. REDMOND, D. E, Jr. 

8. POTT, P. 

Alrst.,I.  Chem., 1964, 17, 778. 

New. E n s / .  .I .  Mcd, 1970, 282, 18. 

Natl. Cancer Inst. Monogr, 1775, 10, 7, (Reprinred i n  1963). 



BIODEGRADATION OF POLYCYCLJC AROMATIC HYDROCARBONS 

9. KENNAWAY, E. L. A N D  HEIGER, I. Br. Med. J., 1990, 1, 1044. 

10. YAMAGIWA, K. A N D  ICHIKAWA, K. Mitt. Med. Fak. Tokyo, 19 15.15, 295. 

11 .  BOYLAN, D. B. A N D  TRIPP, B. V. V. Nature (London), 197 1 ,  230, 44. 

12. LEE, C. C., CAARAIG, W. K. Bull. Environ. Contam. Toxic01 and Smith, P.J., 1974, 12, 
2 12. 

13. WINTERS, K., O'DONNEL, R. Mar. Biol., 1979, 36, 269. 
BATTERTON, J .  C., A N D  VAN BALLEN, C. 

14. GHISALRA, O., Experientia, 1983, 39, 1247. 

15. DAGLEY, S.. In  : Degradation of synthetic organic molecules in the Bio- 
sphere, National Academy of Science, Washington DC, p.1.  
1972. 

In: Degradationof Synthetic arganic molecules in the Bio- 
sphere, National Academy of Science, Washington DC, p.58. 
1972. 

17. GIBSON, D. T. A N D  SUBRAMANIAN,  V. Degradation of aromatic Iiydrocarbons. Micwhiol Ucgrtrdrr- 
tiorr c$oi;qulric. c~)nlpor~nrls. (D. T. Gibson ed) Microbiology 
Series, 1984, 13, p. 18 1. 

20. HARIBABCI, B., KAMATH, A. V.  .I. / I I I / .  / I / s ~ .  S r i . .  6 5 ( ~ ) ,  69-107. 
A N D  VAIDYANATHAN, C. S. 

2 1. HARAYAMA. S .  A N D  TIMMIS,  K. M. Mcttrl. 1on.s Biol Sys, 1992, 28, 99, 

22. TATTERSFIELD, F. Anrr. AppI. Biol.. 1927, 15, 57. 

25. WALKER, N. A N D  WILTSHIRE, G. H. ,I. Gcn. Mic-rohiol., 1953, 8,  273.  

29. DAVIEW, J .  I .  AND EVANS, W. C. Bicd~cvn. .I., 1964, 91, 25 1 .  

30. TRECCANI, V., WALKER, N. A N D  , I .  Gcrr. Mii*r.ohiol., 1954, 11, 341 
WILTSHIRE, G. H. 

3 1.  JERINA,  D. M., DALY, J. W., Ar'd~. Biorvhcnl. Biopl l~s, ,  I97 1, 142, 394. 
JEFFEREY, A. M. A N D  GIBSON, D. T. 

32.  JEFFREY,A.M. ,YEH,M.J .C . ,  tliorhc~mistrp, 1975, 14, 575 
JERINA, D: M., PATEL, T. R., DAVEY, J. F. 
A N D  GIBSON, D. T. 

33. CATTERALL, F. A., MURRAY, K. A N D  Biodtitu. Biophps, A m ,  1 97 1 , 273, 36 1 , 
WILLIAMS, P.A. 

34. ENSLEY, B. D., GIBSON, D. T. A N D  .I. Bcrc.teriol., 1982, 149, 948. 
LABORDE, A. L. 



170 PRASHANT S. PHALE cit (11 

35. ELLIS, B. E. A N D  GIBSON, D. T. 

36. HAIGLER, B. E. A N D  GIBSON, D. T. 

37. ENSLEY, B. D. AND GIBSON, D. T. 

38. PATEL, T. R. A N D  GIBSON, D. T. 

39. BARNSLEY, E. A. 

40. PATEL, T. R. AND BARNSLEY, E. A. 

41. MAHAJAN, M. C. 

42. MONTICELLO, D. J., BAKKEK, D., 
SCHELL, M. A N D  FINNERTY, W.R 

43. BUSWELL, J. A., PATERSON, A. 
AND SULKINOJA-SALONEN, M. S. 

44. YANO, K. AND ARIMA,  K. 

45. FERRIS, J. P., FASCQ, M. J., 
STYLIANOPOULOCI, F. L., JERINA, D.M., 
DALY, J. W. A N D  JEFFREY, A. M. 

46. SMITH, R. A N D  ROSAZZA, 

47. CERNIGLIA, C. E. A N D  HERBERT, R. L. 

48. CERNIGLIA, C.E. A N D  Gibsan, D. T. 

49. CERNIGLIA, C. E. A N D  GIBSON, D. T. 

50. CERNIGLIA, C. E., ALTNAUS, J. A., 
EVANS, F. E., FREEMAN, J. P., 
MITCNUM, R. K. A N D  YANG, S. K. 

51. JERINA, D. M., DALY, J. W., WITKOP, B., 
ZALTZMAN-NIRENBERG, P. A N D  
UDENFRIEND, S. 

52. JERINA, D. M., DALY, J. W., 
ZALTZMAN-NIRENBEKG, P. A N D  

UDENFRIEND, S. 

53. OESCH, F., JERINA, D. M. A N D  

DALY, J.W. 

54. OESCH, F., JERINA., D. M. A N D  
DALY, J. W., Lu, A. Y .  H. ,  KLINTZMAN, R. 
AND CONNEY, A.J, 

FEMS Mic.r.ohi01. Lcltt., 1980, 8, 135. 

J. Gcn. AppI. M i c ~ w h i o l . ,  1958, 4, 21 1. 

Arch. Biochem. Biophys., 1'173, 156, 07. 

B i o t h ~ t .  Biopl~gs. R c s .  C'onlrrtrrn., 197 1, 46 ,  17 13. 

Arch. Biochem. Biophys. 1972, 153, 62, 

Conjugnrion reactions ~ I I  drug b i ~ t ~ i i l l ~ f ' o r ~ ~ ~ ~ ~ t i ~ ~ i ,  EI~swier,  
Amsterclam, 1978, p. 529. 

56. BOLLAG, J. M., CZAPLICI, E. J. A g r i c .  food. Chcw., 1975, 23, 85. 
A N D  MINARD, R. D. 

57. CERNIGLIA, C. E., GIBSON, D. T. AND ,I. Gen. Mic-rohiol., 1980, 116, 485. 
VAN BAALEN, C. 



BIODEGRADATION OF POLYCYCLIC AROMATIC HYDROCARBONS 

CERNIGLIA, C. E., VAN BAALEN, C. A N D  

GIBSON, D. T. 

CERNIGLIA, C. E., FREEMAN, J .  P. A N D  

MITCHCIM, R.K. 

WACKETT, L. P. A N D  GIBSON, D. T. 

CERNIGLIA,  C. E., GIBSON, D. T. 
A N D  VAN BAALEN, C. 

N A R R ~ ,  M., GIBSON, D. T. A N D  

C A N  BAALEN, C. 

ELLIS, B. E. 

CERNIGLIA,  C. E, GIBSON, D. T., A N D  
VAN BAALEN, C. 

ROTHMEL, R. K, CHAKRARAIITY, A. M, 
BERRY, A. A N D  DARZINS, A. 

WILLIAMS, P.A. A N D  MURRAY, K. 

PHEINWALD, J. G., CIIAKRADARTY, A. M. 
A N D  GUNSALLIS, I. C. 

CHAKRARARTY, A. M., C ~ I A L I ,  G. 
AND GUNSALLIS, 1, C. 

THACKEII, R., RORVIG, O., KAHLAN, P. 
A N D  GUNSACIS, I. C. 

ABRIL, M. A., MICHAN, C., 
TIMMIS, K.N. A N D  Rarms, J.  L. 

DLINN. N. AND GUNSALLIS,  I .  C. 

FAKREI-I., R. 

JOHNSTON, J. B. A N D  GCINSALUS, I. C. 

YEN, K. M. A N D  GUNSAI.CIS, I. C. 

YEN, K. M. SULLIVAN,  M. AND 

GLINSALIIS, I.C. 

YEN, K. M. AND SERDAII, C. M. 

KLIRKELA, S.. LEHUSLAIHO, H., 
PALVA, E. A N D  TEEIII, T. 

HARAYAMA, S. A N D  REKIK,  M. 

HARAYAMA, S., REICIK, M., 
WASSER FALLEN, A. A N D  BAIROCH, A. 

ENSELY, B. D., RATZKIN, B. S., 
OSSLLIND, T. D., SIMON, M. J., 
WACKETT, L. P. A N D  GIBSON, D. T. 

BARNSLEY, E. A. 

Bioc-h im.  J . ,  1982, 205, 1 17. 

Biochem. Biophys. Res. Commun., 1979,88,50. 

Ann. M P C ~ .  Am.  So(-. Microhio l . ,  1982, p. 156 (Abstr). 

Plar~t Scienr-(J Lcrr., 1977, 8, 213 

.I. G P ~ .  Micrnhic~l . ,  1982, 128, 987. 

Methods i n  Enzyn~ol., 1991, 204,485. 

.I. Bm-tc~r io l . ,  1974, 120, 4 16. 

Pro(* .  N ~ t l .  Acrrd. Sci USA ., 1973, 70, 885. 

Pro(.. Nrrtl. A(.mI, Sc i .  U S A . ,  1978, 70, 1 137. 

J. Bactesiol., 1978, 135, 289. 

CRC w i t i r w l  Rc11. M i c v d ) i o l . ,  1988, 15, 257 

Gnw,  1988, 73, 355. 

.I .  Biol. C h m . ,  1989, 264, 153328. 

Mol. Go!. G c n ~ t . ,  1987, 210, 241. 



PRASWANT S .  PHALE cr r r l .  

CONNORS, M. A. A N D  BARNSLEY, E. A. 

GRUND, A. a. A N D  GUNSALUS, I .  C. 

YEN, K. M, A N D  GUNSALLIS, I .  C. 

SCHELL, M. A .  

SCFIELL, M. A. A N D  WENDER, P. E. 

SCHELL, M. A. A N D  POSER, E. F. 

RAIBAND, 0. AND SCHWART'TX, M .  

WILLIAMS, P. A., CATERALL, F. A. 
AND MURRAY, K. 

SERDER, C. M. 

CONNORS, M. A, AND BARNSLEY, E. A. 

CANE, P. A. AND WILLIAMS, P. A. 

CANE, P. A. AND WILLIAMS, P. A. 

DENOME, S. A., STANLEY, D. C., 
OLSON, E. S. A N D  YOUNG, K. D. 

96. CHAKRABORTY, A. M., FRIELLO, D. A. 
A N D  BOPP, L. H. 

97. JACOBY, G. A,, ROGERS, J. E., 
JACOB, A. E. AND HEDGES, R. W. 

98. TSUDA, M., MINEGISHI, K. I. AND 

hNO, T. 

99. TSUDA, M. A N D  IINO, T 

100. VAN DER MEER, J. R., ZEHNDER, A. J. B. 
AND DE VOS, W. M. 

101, NAKATSU, C., JAMES, N. G., SINGN, R., 
STRAUS, N. AND WYNDMAM, C. 

102. SPRINGEL, D., KREPS, S.  AND 
MERGEAY, M. 

104. COLLA, C., FLECCHI, A. A N D  

TRECCANI, V. 

105. EVANS, W. C., FERNLEY, H. N. 
AND GRIFFITHS, E. 

106. AKI-ITAR, M. N., BOYD, D. R., 
THOMPSON, N. J., KOREEDA, M., 
GIBSON, D. T., MAFIADEVAN, V. 
AND JENNA, D. M. 

107. JEKINA, D. M., SEALANDER, H., 
YAGI, H., WELLS, M. C., DAVEY, D. F., 
MAHADEVAN, V. AND GIBSON, D. T. 

Proc. Nall ,  Acarl. Sci USA, 1978. 75, 3 1 W. 

M o l .  Gen. Celrcv., 1'390, 223, 33. 

J .  But-tcrial., 199 1 ,  173, 7077. 

Proc4. Ncrtl. Acwd. Sri. ,  U S A ,  1901, 88, fti? 12, 

Biorhem. J . ,  1965, 95, 8 19. 

.I. Ant. Cltem. Soc., 1976, 98, 5988. 



BIODEGRADATION OF POLYCYCLIC AROMATIC HYDROCARBONS 

HERBES, S .  E. AND SCHWALL, L. R. 

KOREEDA, M., AKHTAR, M. N., 
BOYD, D. R., NEILL, J. D., 
GIBSON, D. T. A N D  JERINA, D. M. 

SHERRILL, T. W. A N D  SAYLER, G. S. 

GIBSON, D. T., ROBERT, R. L, 
WELLS, M. C. AND K O ~ A L ,  V. M. 

KIYOHAKA, H., NAGAO, K. A N D  

NOMI, R. 

KIYOI-IARA. H. AND NAGAO, K. 

SUGIYAMA, S., YANA, K., TANAKA, H 
KOMAGATA, K. A N D  ARIMA,  K. 

KNOX, W. E. A N D  EDWARDS, W. S. 

HOIVEK, D. J., CHAPMAN, P. J. 
A N D  DAGLEY, S. 

COLLA. C., BIAGC~I,  C. M. A N D  

TRECC'ANI, V. 

BOYLAND, E. A N D  SIMS, P. 

BOYLAND, E. A N D  SIMS, P. 

CEltNl~~1.4, C. E. AND YANG, S .  K. 

GIBSON, D. T., HENSLEY, M., 
YOSUIKA, H. AND MAHRY, T. J. 

GIBSON, D, T., GSCHWENDT, B, 
YEH, W. K. A N D  KOBAL, V. M. 

JIAGAMI, Y., OMARI,  T. AND 

MINODA, Y. 

JAMISON, W, V., RAYMOPND, R, L. 
A N D  HUNDSON, J. 0. 

RAYMOND, R. L., JAMISON, W. V. 
A N D  HUDSON, J .  0 .  

OMARI,  T. A N D  YAMADA, K. 

NOZAKA, J. AND KUSYNOSE, M: 

DAVEY, J. F. A N D  GIBSON, D. T. 

Alq71. E n v i r m .  M i u o h i o l . ,  1980, 39, 172, 

3ioc.henr. Biophys. Res. Conlnurn., 1973, SO,  21 1. 

Agr .  Biol. Chcm. ,  1976, 40, 1075 

Agr .  Biol .  Chcni. ,  1977, 41, 705. 

.I. G e n .  Appl .  Microhiol . ,  1958, 4, 223.  

J .  Biol .  Chenr., 1955, 216, 489. 

Biockcnl. .I., 197 1 ,  122, 29. 

Linwi.  rcncl. Sr. Fis.  Mut. Nut. ,  1957, 23, 66. 

J .  G e u .  Mirrobiol . ,  1982, 128, 2055. 

BiocVrenr. P h u r n l u ~ o l . ,  1970, 19, 795. 

Biorheni. Phcirniucol., 1978, 27, 1865. 

Biodwni .  .I., 1962, 84, 57 I .  

Bioc~lrem. .I., 1962, 84, 583. 

Biorhcnr. J.. 1962,84, 558. 

Appl.  En\*ir.or~. Mitt-obiol., 1984, 47, 1 19. 

Bioc4entistr.y, 1970, 12, 1520. 

Biochemistry, 1973, 12, 1520. 

As1.i. Biol .  Clrcnt., 1975, 39, 178 1 . 

Appl .  Mic-r.ohiol., 1969, 17, 853. 

App1, Mi[w)bio l . ,  1 969, 15, 857. 

Agri.  Biol .  Clrenr., 1970, 34, 664. 

Agri.  B i d .  Chcnl., 1968,32, 1033. 

,I. B a c ~ c r i o l . ,  1974, 119, 23. 

133. SARIASLANI, F. S., HARPER, D. B. Bioc*krm. J . ,  1974, 140, 3 1. 
AND HIGGINS. I. J. 



174 PRASHANT S.  PMALE ct a / .  

135. TRECCANI, V. AND FIECCWI, A. A I I I I .  Microhiol . ,  1958, 8 ,  36. 
136. DEAN-RAYMOND, D. AND BARTHA, R. DPV. lnd. Mic~.ohio l . ,  1975, 16, 0 7 .  

137. MAHAJAN, M. C. ,  PHALE, P. S. AND Arch. 12'lirr~)hiol., 1994, 161, 425. 
VAIDYANATHAN, C. S. 

138. CERNIGLIA, C. E., FREEMAN, J .  P., Arch. Microhiol . ,  1983, 136, 177. 
ALTHUS, J. R. AND VAN BAALEN, C. 

139. CERNIGLIA, C. E., LAMBERT, K. J., 
MILLER, D. W. AND FREEMAN, J .  P. 

140. KAUBISCH, M. J.,,DALY, J. W. AND 
JERINA, D. M. 

141. BREGER, R.  K., FRANKLIN. R. B,, 
AND LECH, J. J. 

142. BARNSELY, E, A. 

143. M I Y A ~ H I ,  N., TANAKA, T., SUZUKI, T., 
HOTTA, Y. AND OMARI, T. 

144. PHALE, P. S. 

145. PHALE, P. S., MANAJAN, M. C. A N D  
VAIDYANATHAN. C. S .  

Arch. Mirrohiol., 1995, 163, 37. 


