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Abstract 

As there are at least three types of bacteria involved in the aerobic mineralization of polychlorinated biphenyls 
(PCBs), this study was undertaken to determine what catabolic features are lacking in biphenyl-degraders and to 
determine if chlorobenzoate- and chloroacetate-utilizing bacteria are as indigenous to soil as biphenyl-degraders. 
Bacteria were tested for their ability to utilize chlorinated acids and to cometabolize Aroclor 1254 and dibenzo- 
p-dioxane (dioxin). The broad and variable substrate specificity of the biphenyl dioxygenase among strains was 
noted by the range of < 1 to 53% cometabolism of total PCB congeners and by the oxidation of dioxin, which was 
not a growth substrate. Growth on chloroalkanoic acids was more frequent with 2-chloropropionate (87% of all 
strains), 3-chloropropionate (72%), 4-chlorobutyrate (66%), and less frequent (28%) with trans-3-chlorocrotonate. 
However, only one strain, Pseudomonasfluorescens K3, could utilize chloroacetate. No biphenyl-utilizers grew on 
2- or 4-chlorobenzoate, and only five strains grew on 3-chlorobenzoate. Acetate and benzoate-utilizers were found 
in all three soils tested at levels near 106/g, whereas chloroacetate- or chlorobenzoate-utilizers were not detected. 
The inability of biphenyl-degraders to dehalogenate the products of PCB cometabolism is clearly unrelated to 
metabolism of saturated chloroaliphatic acids, with the notable exception of chtoroacetate, since most strains grew 
on them. Thus, the inability to utilize chloroacetate, a central intermediate in the meta fission pathway, may be 
relevant to the incomplete catabolism of PCBs by biphenyl-utilizers. 

Introduction 

Polychlorinated biphenyls (PCBs) are among the most 
recalcitrant contaminants found in the environment. 
There are currently no effective bioremediation proce- 
dures for cleaning contaminated sites because there 
are no single organisms that are known to utilize 
PCBs as growth substrates. Aerobic mineralization of 
PCBs involves the participation of two characterized 
groups of bacteria, namely those that utilize biphenyl 
and cometabolize PCB congeners to chlorobenzoates, 
and those which utilize chlorobenzoates. Thus, the 
catabolic gene pool for the degradation of PCBs exists 
in nature, but it is not present in a single organism. 
Furukawa & Chakrabarty (1982) suggested that the 
genes from biphenyl-degraders and chlorobenzoate- 

degraders might be incorporated into a single organism 
which would mineralize PCBs. Hybrid strains capa- 
ble of mineralizing 3-chlorobiphenyl (Mokross et al. 
1990; Havel & Reineke 1991; Adams et al. 1992) and 
2,5-dichlorobiphenyl (Hickey et al. 1992) have recent- 
ly been constructed from matings between these two 
types of bacteria. Other investigators have demonstrat- 
ed that the action of defined consortia of biphenyl- 
degraders and chlorobenzoate-degraders could lead 
to the mineralization of chlorobiphenyl (Furukawa & 
Chakrabarty 1982; Adriaens et al. 1989; Pettigrew et 
al. 1990) and PCB congeners (Adriaens et al. 1991). 

Biphenyl-utilizing bacteria are ubiquitous in the 
environment and show considerable catabolic diversi- 
ty. Focht & Brunner (1985) reported indigenous levels 
between 104 and 105/g soil, and showed that addition 
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of biphenyl to soil greatly enhanced mineralization of 
PCBs. Walia et al. (1990) found that there was con- 
siderable genetic diversity among biphenyl-degrading 
bacteria from both chemically-contaminated soil and 
garden soil by comparison to viable plate count data 
and DNA hybridization to the bph C gene, which codes 
for 3-phenylcatechol dioxygenase. Bedard et al. (1986) 
compared 25 isolates of biphenyl-degraders for their 
ability to cometabolize PCBs and found considerable 
differences with respect to efficacy and congener speci- 
ficity. Kuhm et al. (1991) found that Pseudomonas 
paucimobiIis Q1, which was isolated on biphenyl, also 
utilized naphthalene as a growth substrate by inducing 
for the same 3-phenylcatechol dioxygenase. 

The molecular biology and metabolism of 
chlorobenzoate degradation has been well-characterized 
with respect to the 3-chloro- and 3,5-dichlorocatechol 
pathways (Timmis et al. 1985), but very little is known 
about the ecology of chlorobenzoate-degraders in the 
environment. Independent studies in soil (Pertsova 
et al. 1984; Focht & Shelton 1987) and in aquatic 
microcosms (Fulthorpe & Wyndham 1991) have shown 
that 3-chlorobenzoate is recalcitrant except when inoc- 
ulated with a 3-chlorobenzoate-degrader. Hickey et 
al. (1993) recently demonstrated that the addition 
of a 2,5-dichlorobenzoate-degrader to a soil lacking 
these organisms greatly enhanced the mineralization 
of PCBs. 

There is a third uncharacterized group of microor- 
ganisms involved in the mineralization of PCBs, name- 
ly those that dehalogenate the 5-carbon aliphatic acids 
that are produced with chlorobenzoates upon hydroly- 
sis of the ring-fission products. These compounds do 
not appear to be metabolized by biphenyl-degraders 
or chlorobenzoate-degraders. Adriaens et al. (1989) 
found that co-cultures of a biphenyl-utilizer and a 4- 
chlorobenzoate-utilizer released less than 50% as chlo- 
ride, which corresponded to an unaccountable mass 
balance that was presumably tied up in a chlorinated 
aliphatic acid. Moreover, none of the hybrid strains 
which can mineralize 2-chlorobiphenyls are able to 
mineralize 3,3 t-dichlorobiphenyl (Mokross et al. 1990; 
Havel & Reineke 1991; Adams et al. 1992). Thus, the 
inability to construct PCB-mineralizing bacteria from 
biphenyl- and chlorobenzoate-utilizing parental strains 
may be due to the absence of a third parental strain, 
namely chloroaliphatic acid degraders., 

This study was undertaken to determine what 
catabolic features, relevant to the PCB degrada- 
tion pathway, are lacking in biphenyl-degraders, and 
to determine if the other members of the PCB- 

metabolizing consortia, namely chlorobenzoate- and 
chloroacetate-degrading bacteria, are as indigenous to 
soil as biphenyl-degraders. 

Materials and methods 

Bacterial cultures 

The strains utilized in this study were isolated by 
enrichment culture on biphenyl (2.5 mM) as the sole 
carbon source. Their origin was from a sewage indus- 
trial waste canal in Panama City (strain designation 
P), the La Brea Tar Pits in Los Angeles (strain des- 
ignation T), DDT-contaminated soil in Patterson, CA 
(strain 5CS), and PCB-contaminated soil in Fontana, 
CA (strain designation J or K). All other strains have 
been isolated by others: Actinobacter sp. P6 (Furukawa 
et al. 1978), Alealigenes eutrophus H850 (Bedard et 
al. 1987), Arthrobacter sp. B1B (Kohler et al. 1988), 
and Pseudomonas sp. LB400 (Bopp 1986). 

Chemicals 

Biphenyl, 3-, and 4-chlorobenzoic acids were obtained 
from Sigma Chemical Co., St. Louis, MO. 2- and 3- 
Chloropropionic acids, 2- and 4-chlorobutyric acids, 
chloroacetic, 2-chlorobenzoic, benzoic, acetic, and 
3-chlorocrotonic acids were obtained from Aldrich 
Chemical Co., Inc., Milwaukee, WI. Dibenzo-p- 
dioxane was obtained from Accustandard, New Haven, 
NH. Noble agar was obtained from Difco Laboratories, 
Detroit, MI. 

Media 

The cultures were grown in a defined mineral salts 
medium containing the following stock solutions in 1 
liter of distilled water: 10 ml of KH2PO4 (1 M), 3 ml 
of NaH2PO4 (1 M), 10 ml of NH4SO4 (1 M), 0.1 ml 
of CaSO4 (1 M); 0.01 ml of FeSO4-7HaO (1 M), and 
10 ml trace mineral solution to give a final concentra- 
tion in the media of the following: MnSO4.H20, 1 mM; 
CuSO4, 1 mM; ZnSO4.H20, 1 raM; COSO47.H20, 
0.1 mM; NaMoO4.H20, 0.1 mM; H3BO3, 0.1 mM. 
The carbon source (2 mM) was added, and the pH was 
adjusted to 7.2 before autoclaving. Solid medium was 
made by the addition of Difco Agar (2%). 



Strain identification 

Taxonomic identification of the isolates was performed 
by conventional techniques (Starr et al. 1981) and con- 
firmed by the Biolog microplate method (Biolog Inc., 
Hayward, CA). 

Growth studies 

Growth rates were determined in 250 ml Erlenmeyer 
sidearm flasks (in triplicate), which contained 30 ml 
of the defined medium previously described and 2 mM 
biphenyl. Optical density readings were determined 
periodically with a Bausch & Lomb spectrophotome- 
ter at 525 nm. Ability to utilize other substrates was 
determined in a similar manner. Substrate utilization 
was considered negative, if turbidity was not observed 
within seven days. 

Cometabolism of PCBs 

Cometabolism of Aroclor 1254 was screened with 
growing cells of biphenyl-utilizing isolates and deter- 
mined by gas chromatography (GC) as described in an 
earlier study (Kohler et al. 1988). 

Oxygen uptake determinations 

Cells (500 ml) were harvested from the late exponential 
growth phase by centrifugation (15 min at 12,000 x 
g), washed twice with 50 mM potassium phosphate 
buffer (pH 7.5), and resuspended in fresh buffer to 
an optical density of 2.0. Oxygen uptake rates were 
measured with an oxygen electrode (Yellow Springs 
Instrument Co., Yellow Springs, Ohio), which was 
mounted to a reaction vessel held at a constant temper- 
ature (300 C). The assay mixture contained 1 ml of the 
cell suspension, 1 ml of potassium phosphate buffer 
(50 mM, pH 7.5) in a total volume of 2.0 ml. 20 #L 
of a methanolic solution of biphenyl (50 mg.m1-1) 
or dibenzo-p-dioxin (10 mg.m1-1) were added to the 
reaction chamber. Specific oxygen consumption rates 
were corrected for endogenous uptake in the presence 
of methanol, which was not metabolized. 

Determination of chlorobenzoate and chloroacetate 
utilizers in soil 

Three soils (Enceptisols from Panama) were dilut- 
ed serially and 0.1 ml was plated out on Miner- 
al Salts-Noble agar (2%) containing 2-, 3-, and 4- 
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chlorobenzoate, benzoate, chloroacetate, or acetate 
(2.5 mM). The plates were incubated 5 days at 260 C, 
and colonies were counted from plates containing no 
more than 100 colonies. Background counts of soil bac- 
teria able to grow on MS-Noble agar plates containing 
no exogenous carbon source were less than 103/g. 

Results 

Taxonomic characteristics of biphenyl-utilizing 
isolates 

Forty-two bacterial strains, representing nine gen- 
era, were isolated from the enrichment culture on 
biphenyl (Table 1). Four additional strains that have 
been described previously were also included in the 
survey. To our knowledge, this is the first report of a 
methylotroph able to grow on biphenyl. Methylobac- 
terium sp. J390A was characterized as a Gram variable, 
branched pleomorphic rod containing volutin inclu- 
sions. It was catalase and oxidase positive and pro- 
duced pink colonies on nutrient agar. Xanthobacter sp. 
P133, a diazotroph, grew in N-free mineral salts media 
(without ammonium sulfate) containing biphenyl as 
the sole carbon source. The dominant genus was Pseu- 
domonas, which consisted of the following species: P. 
mendocina, P. caryophylli, P. putida, P. alcaligenes, P. 
limoignei, P. testosteroni, P. stutzeri, P. picketti, P. flu- 
orescens and 17. cepacia. Doubling times on biphenyl 
ranged between 2.6 and 32.6 hr. 

Utilization of chloro-acids 

Growth of biphenyl-degraders was most frequent 
with 2-chloropropionate (87% of all strains), 3- 
chloropropionate (72%), 4-chlorobutyrate (66%), and 
less frequent with trans-3-chlorocrotonate (Table 1). 
However, only one strain, P fluorescens K3, could 
utilize chloroacetate. P aeruginosa JB2 (Hickey & 
Focht 1990) and P. putida P l l l  (Hernandez et al. 
1991), both of which utilize several chlorobenzoates, 
including 2,3,5-trichlorobenzoate were not able to uti- 
lize chloroacetate. No biphenyl-utilizers grew on 2- 
or 4-chlorobenzoate, and only the following grew on 
3-chlorobenzoate: J115, K3, T110, T150, LB400. 

Cometabolism of PCBs 

Cometabolism of Aroclor 1254 was tested among half 
of the isolates and found to be considerably differ- 
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Table 1. Growth of  biphenyl-utilizing strains on chlorinated aliphatic acids.l 

St~in 3CP CA 2CP TCA 2CB 4CB 

Pseudomonas mendocina P100 + + + 

Pseudomonasputida P106 + + + + 

Gluconobactersp. P107 + + 

Corynebacterium sp. P109 + 

Alcaligenes sp. P113 

Alcaligenes sp. P118 + 

Alcaligenes sp. P127 + 

Arthrobacter sp. P128 + + 

Xanthobactersp. P129 + + 

Pseudomonas lemoignei P130 + 

Pseudomonas testosteroni P 132 + + + + 

Xanthobactersp. P133 + + 

Gluconobacter sp. P142 + + 

Alcaligenes sp. P157 

Pseudomonas cepacia P159 + + + + 

Pseudomonascepacia P161 + + + + 

Pseudomonas cepacia P162 + + + + 

Pseudomonas cepacia P163 + + + + 

Pseudomonas cepacia P 164 + + + + 

Pseudomonas cepacia P165 + + + + 

Pseudomonas cepacia P166 + + + + 

Acinobacter sp. J 115 + + 

Pseudomonaspicketti J215 + + 

Pseudomonas cepacia J 170 + + 

Pseudomonas sp. J 171 + + 

Pseudomonas cepacia J 180 + + 

Pseudomonas stutzeri J190 + + 

Kurthia sp. J210 

Alcaligenes sp. J240 + + 

Alcaligenes latus J260 

Pseudomonas cepacia J330 + + + + 

Pseudomonas sp. J390 + + 

MethyIobacterium sp. J390A + 

Alcaligenes sp. J391 + + 

Pseudomonas stutzeri J410 + + 

Aleatigenesfaecalis J420 + + 

Pseudomonas cepacia J592A + + 

Pseudomonasfluorescens K3 + + + 

Pseudomonas sp. T 110 + 

Alcaligenes denitrificans T150 + + 

Alcaligenes sp. T151 + 

Kurthia sp. 5CS 

Pseudomonas sp. LB400 + + + 

Arthrobacter sp. B1B + + 

Alcaligenes eutrophus H850 + + + + 

Acinobacter sp. P6 

I 3CP = 3-Chloropropionate; CA = Chloroacetate; 2CP = 2-Chloropropionate; TCA = trans-3-Chlorocrotonate; 
2CB = 2-Chlombutyrate;  4CB = 4-Chlorobutyrate. 



ent (Table 2). Some strains 0115, J180, J140, P159, 
T150) showed little, if any activity towards any of 
the PCB congeners, while one (P100) had activity 
that was comparable to the best characterized PCB- 
cometabolizing strains namely P6 (Furukawa et al. 
1978), H850 (Bedard et al. 1987), B1B (Kohler et 
al. 1988), and LB400 (Bopp 1986). 

Cometabolism of dibenzo-p-dioxane (dioxin) 

The oxidation of dioxin by washed cells of biphenyt- 
grown strains was about 42% the rate of biphenyl oxi- 
dation (Fig. 1). Strains with low oxygen uptake rates 
on biphenyl, that were not included in Fig. 1, also had 
the same proportionally low rates of oxidation on diox- 
in, and were those isolates with slow growth rates. UV 
spectra taken before and after the experiment were dif- 
ferent, showing a general appearance of an absorption 
peak near 280 nm. However, none of the isolates grew 
on dioxin as a sole carbon source. Two strains with 
the highest uptake rates, B1B and P129, were stud- 
ied further to determine if dioxin (2 mM) could serve 
as a co-substrate in the presence of biphenyl (2 raM). 
Neither strain grew under these conditions. 

Enumeration of chlorobenzoate and 
chloroacetate-utilizing bacteria from soil 

Acetate and benzoate-utilizing bacteria were found in 
all three soils tested and ranged between one-half to a 
million colony forming units (CFU) per gram (Table 3). 
In contrast, chloroacetate- or chlorobenzoate-utilizers 
were not detected from any of the soils at the detection 
limits of this method (< 103/g). 

Discuss ion  

Biphenyl-utilizing bacteria are readily isolated from 
the environment and show considerable difference 
among strains in the oxidation of PCB congeners, as 
originally noted by Bedard et al. (1986). As the oxida- 
tion rate of dioxin was about 44% of that for biphenyl 
on the average (Fig. 1), it might seem unusual that 
none of the strains utilized dioxin for growth. When 
the two strains having the highest oxidation rates were 
incubated in the presence of both biphenyl and dioxin, 
both failed to grow. Since the change in UV spectra 
indicated that dioxin was metabolized by resting cells 
grown on biphenyl, it would appear that the products 
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Fig. 1, Comparativeoxidationrates(nmolO2.min-l.mg -1 protein) 
ofbiphenyl andp-dibenzodioxane by washed cells of different strains 
grown on biphenyl. 

of dioxin metabolism (e.g. catechols or dihydrodiols) 
are toxic. 

The inability of biphenyl-degraders to dehalo- 
genate the products of PCB cometabolism is clearly 
unrelated to metabolism of saturated chloroaliphat- 
ic acids, with the notable exception of chloroac- 
etate, since most of these strains grew on them. 
Rather, the bottleneck in the catabolic pathway may 
be with chloroacetate, which is a central metabo- 
lite of the meta-fission pathway according to the 
scheme proposed by Brenner et al. (1994). More- 
over, genetic transfer between parental strains of 
a chloroacetate-degrader and a PCB-cometabolizing 
recombinant resulted in the unique ability of the recom- 
binant to utilize 3,4~-dichlorobiphenyl, which was 
mineralized through chloroacetate (McCullar et al. 
1994). Thus, the inability to hydrolytically dehalo- 
genate chloroacetate to glycolate (Goldman et al. 1968; 
McCullar et al. 1994) might lead to its conversion to 
chloroacetyl CoA, which would interfer with the TCA 
cycle (e.g. cis-aconitase). Not surprisingly, the first 
documented case of a productive meta fission pathway 
for a chlorocatechot occurred with an organism able 
to utilize chloroacetate for growth (Higson & Focht 
t992). 

Dehalogenation of chloroacetate was reported over 
30 years ago by Jensen (1963), and the enzymes 
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Table 2. Cometabolism of Aroclor 1254 congeners by biphenyl-degrading isolates (see Table I for taxonomic designation). Positive values 
represent > 50% reduction of original congener. % Metabolized, however, includes the total reduction of the integrated GC trace regardless 
of the extent of congener disappearance. Congener number refers to the GC elution sequence (Kohler et al. 1989). 

Strain Congener % Meta- 

bolized 
1 2 3 4 5 6 7 8 9 l 0  11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34  35  

Jl15 + + + < 1 
J180 1 

J210 + +  + + + + + + +  + + + + 25 

J240 + + + 8 

J260 + + + + + + + + + + + 28 

J390 + + + + + 13 

J410 + < 1 
K3 + + + + + + + 20 

T150 + + 3 

5CS + + + + + + + + + 24 

PI00 + +  + + + + +  + + + + + + + + + + + 41 

PI06 + + + + + + + + + 34 

P109 + + + + + + + + 25 

P157 + + + + + + + + 18 
P159 < t 

P161 + + + + + + + 28 

P162 + + + + + + + 28 

P164 + + + + + 28 

P165 + + + + + + + + + +  + + 28 

H850 + + + + + +  + + +  + + + + + + + + + + + + + + 46 

P6 + + + + + + + + + +  + + + + + + + + + + + + + 53 

BIB + + + + + + +  + + + + + + + + + + + 43 

have  b e e n  cha rac t e r i zed  in Moraxella (Kawasak i  et  al. 

1981; Kawasak i  et  al. 1981)  and  Pseudomonas (Hard-  

m a n  & Sla ter  1981).  However ,  repor t s  o f  d i rec t  isola-  

t ion  on  ch lo roace t a t e  degraders  are re la t ively  u n c o m -  

mon .  I-Iardman & Sla ter  (1981)  were  u n a b l e  to  i so la te  

ch lo roace t a t e  deg rade r s  f r o m  soi l  by  d i rec t  p l a t ing  on  

se lec t ive  media ,  a l t h o u g h  they were  able  to o b t a i n  e igh t  

i sola tes  w h i c h  grew on  ch lo roace ta t e  af ter  several  seri-  

al t ransfe rs  t h r o u g h  e n r i c h m e n t  cul ture .  S tucki  et  al. 

(1981)  o b t a i n e d  an  i so la te  tha t  u t i l i zed  2 - c h l o r o e t h a n o l  

v ia  o x i d a t i o n  to ch lo roace ta te .  However ,  p o o r  g r o w t h  

was n o t e d  in l iqu id  m e d i a  b y  a l inear  increase  in cel l  

dens i ty  and  on  so l id  m e d i a  by  the  appea rance  o f  punc -  

t i f o r m  co lonies .  A s p o n t a n e o u s  m u t a n t  was  even tua l ly  

i so la t ed  tha t  g rew rap id ly  and  exponen t i a l l y  in  l iq-  

u id  cu l tu re  and  f o r m e d  large co lon ie s  on  agar  p la tes  

w i th  2 - c h l o r o e t h a n o l  or  ch loroace ta te .  T h e  inab i l i ty  o f  

c h l o r o a l k a n o i c  acid degraders  to  u t i l i ze  ch lo roace ta t e  

may  also b e  due  to subs t ra t e  tox ic i ty  (or  in the  case  o f  

P C B  ca tabo l i sm,  p r o d u c t  toxic i ty) .  Fo r  example ,  Hard-  

m a n  and  Sla ter  (1981)  o b s e r v e d  that  Pseudomonas sp. 

s t ra in  E4  grew rap id ly  in  c o n t i n u o u s  cu l tu re  (#max = 

0.21 h - 1 )  yet  cou ld  no t  g row in ba tch  cu l tu re  at  con-  

cen t r a t ions  as low as 50  m g . L  -1 ,  w h i c h  is a b o u t  h a l f  

the  c o n c e n t r a t i o n  tha t  w e  used.  C h l o r o a c e t a t e  is cer-  

ta in ly  not  a r eca lc i t r an t  c o m p o u n d ,  yet  i t  is c lea r  (Table  

3) tha t  bac te r i a  w h i c h  u t i l i ze  i t  are u n c o m m o n  in t he se  

soils. 

I t  is  a lso appa ren t  tha t  c h l o r o b e n z o a t e - d e g r a d i n g  

bac te r i a  were  u n c o m m o n  to these  th ree  so i l s  (Tab le  

3), w h i c h  conf i rms  an  o b s e r v a t i o n  b y  K n a c k m u s s  

(1984)  tha t  the  f r equency  o f  c h l o r o b e n z o a t e  u t i l izers  to 

benzoa te -u t i l i ze r s  was  a b o u t  o n e  pe r  mi l l ion .  A l t h o u g h  

c h l o r o b e n z o a t e - d e g r a d i n g  bac te r i a  have  b e e n  wel l -  

charac te r ized ,  i t  is i n t e r e s t i ng  to no t e  tha t  t h e  3- 

c h l o r o b e n z o a t e  deg rade r  i so la ted  b y  D o r n  et  al. ( 1 9 7 4 )  

requ i red  several  m o n t h s  o f  adap ta t i on  to the  subs t ra te ,  

af ter  h a v i n g  been  first g r o w n  on  benzoa te .  A s imi la r  



7"able 3. Viable plate counts (colony-forming units/g dry soil) on 
mineral salts agar containing 2-, 3-, or 4-chlorobenzoate, ben- 
zoate, chloroacetate or acetate from three soils. 

Substrate Soil 1 Soil2 Soil3 

Acetate 1,5 × 106 5.8 × 105 1.1 × 106 

Chloroacetate ND a ND ND 

Benzoate 7.6 x 105 4.6 x 105 1.0 X 106 

2-Chlorobenzoate ND ND ND 

3 -Chlorobenzoate ND ND ND 

4-Chlorobenzoate ND ND ND 

a ND = Not detected above lowest detection levels (< 103/g). 

adaptive period of 4 months was noted in the isolation 
of 4-chlorobenzoate-degrader by Marks et al. (1984). 
Moreover, the biodegradation of 3-chlorobenzoate in 
soil has been shown in two independent studies (Pertso- 
va et al. 1984; Focht & Shelton 1987) to occur only 
in the presence of an inoculant able to utilize the com- 
pound for growth. 

The common dogma regarding biodegradation of 
PCBs is that the initial oxidation is the most difficult 
step. Although certain highly chlorinated congeners 
are indeed quite resistant to oxidation, as our results 
(Table 2) show, the ultimate fate of PCB congeners 
which are oxidized is unclear aside from the produc- 
tion of chlorobenzoates. Yet, the mechanism by which 
dehalogenation of the resulting ring fission products 
occurs and the likely relationship of chloroacetate uti- 
lization may be very relevant in devising strategies for 
the complete mineralization of PCBs. 

Acknowledgements 

This work was supported in part by grants from Occi- 
dental Chemical Corporation, the US Asmay for Inter- 
national Development and the Fulbright Council for 
International Exchange of Scholars. 

References 

Adams RH, Huang CM, Higson FK, Brenner V & Focht DD (1992) 
Construction of a 3-chlorobiphenyl-utilizing recombinant from 
an intergeneric mating. Appl. Environ. Microbiol. 58:647-654 

Adriaens E Huang C-M & Focht DD (1991) Biodegradation of 
PCBs by aerobic microorganisms. In: Baker RA (Ed) Organic 
substances and sediments in water (pp 311-326). Lewis Publish- 
ers, Chelsea, MI 

81 

Adriaens P, Kohler HE Kohler-Staub D & Focht DD (1989) Bacterial 
dehalogenation of chlorobenzoates and coculture biodegradation 
of 4,4~-dichlorobiphenyl.Appl. Environ. Microbiol. 55:887-892 

Bedart DL, Unterman R, Bopp LH, Brennan MJ, Haberl ML & 
Johnson C (1986) Rapid assay for screening and characteriz- 
ing microorganisms for the ability to degrade polychlorinated 
biphenyls. Appl. Environ. Microbiol. 51: 761-768 

Bedard DL, Wagner RE, Brennan MJ, Haberl ML & Brown Jr JF 
(1987) Extensive degradation of Aroclors and environmentally 
transformed polychlorinated biphenyls by Alcaligenes eutrophus 
H850. Appl. Environ. Microbiol. 53:1094-1102 

Brenner V, Arensdorf JJ & Focht DD (1994) Genetic construction 
of PCB degraders. Biodegradation (in press) 

Bopp LH (1986) Degradation of highly chlorinated PCBs by Pseu- 
domonas strain LB400. J. Ind. Microbiol. 1 : 23-29 

Dora E, Hellwig M, Reineke W & Knackmuss H-J (1974) Isolation 
and characterization of a 3-chlorobezoate degrading pseudomon- 
ad. Arch. Microbiol. 99:61-70 

Focht DD & Brtlnner W (1985) Kinetics of biphenyl and polychlori- 
nated biphenyl metabolism in soil. Appl. Environ. Microbiol. 50: 
1058-1063 

Foeht DD & Shelton D (1987) Growth kinetics of Pseudomonas 
alcaligenes C-O relative to inoculation and 3-chlorobenzoate 
metabolism in soil. Appl. Environ. Microbiol. 53:1846-1849 

Fulthorpe RR & Wyndham RC (1991) Transfer and expression of 
the catabolic plasmid pBRC60 in wild bacterial recipients in a 
feshwater ecosystem. Appl. Environ. Microbiol. 57:1546-1553 

Furukawa K & Chakrabarty AM (1982) Involvement of plasmids in 
total degradation of chlorinated biphenyls. Appl. Environ. Micro- 
biol. 44:619-626 

Furukawa K, Matsumura F & Tonomura K (1978) Alcaligenes 
and Acinobacter strains capable of degrading polychlorinated 
biphenyls. Agric. Biol. Chem. 42:543-548 

Goldman P, Milne GWA & Keister DB (1968) Carbon-halogenbond 
cleavage. III. Studies of bacterial halidohydrolases. J. Biol. Chem. 
243:428-434 

Hardman DJ & Slater JH (1981) The dehalogenase complement 
of a soil pseudomonad grown in closed and open cultures on 
haloalkanoie acids. J. Gen. Microbiol. 127:399-405 

- (1981) Dehalogenases in soil bacteria. J. Gen. Microbiol. 123: 
117-128 

Havel J & Reineke W (1991) Total degradation of various chloro- 
biphenyls by cocultures and in vivo constructed hybrid pseu- 
domonads. FEMS Microbiol. Lett. 78:163-170 

Hernandez BS, Higson FK, Kondrat R & Focht DD (1991) 
Metabolism of and inhibition by chlorobenzoates in Pseu- 
domonasputida Pl 11. Appl. Environ. Microbiol. 57:3361-3366 

Hickey WJ, Brenner V & Focht DD (1992) Mineralization of 2- 
chloro- and 2,5-dichlorobiphenyl by Pseudomonas sp. strain 
UCR2. FEMS Microbiol. Lett. 98:175-180 

Hickey WJ & Focht DD (1990) Degradation of mono-, di-, and 
trihalogenated benzoic acids by Pseudomonas aeruginosa JB2. 
Appl. Environ. Microbiol. 56:3842-3850 

Hickey WJ, Searles DB & Focht DD (1993) Enhanced miner- 
alization of polychlorinated biphenyls in soil inoculated with 
chlorobenzoate-degrading bacteria. Appl. Environ. Microbiol. 
59:1194-1200 

Higson FK & Focht DD (1992) Utilization of 3-chloro 2- 
methylbenzoic acid by Pseudomonas cepacia MB2 through the 
meta fission pathway. Appl. Environ. Microbiol. 58:2501-2504 

Jensen HL (1963) Carbon nutrition of some microorganisms decom- 
posing halogen-substituted aliphatic acids. Acta Agricultura 
Scandinavica 13: 404-412 



82 

Kawasaki H, Tone N & Tonomura K (1981) Plasmid-determined 
dehalogenation of haloacetates in Moraxella species. Agric. Biol. 
Chem. 45:29-34 

- (1981) Purification and properties of haloacetate halidohydrolase 
specified by plasmid from Moraxella sp. strain B. Agric. Biol. 
Chem. 45:35-42 

Knackmuss H-J (1984) Biochemistry and practical implications of 
organohalide degradation. In: Klug MJ & Reddy CA (Eds) Cur- 
rent perspectives in microbial ecology (pp 687-693). American 
Society for Microbiology, Washington, DC 

Kohler H-PE, Kohler-Staub D & Focht DD (1988) Cometabolism 
of PCBs: enhanced transformation of Arocolor 1254 by growing 
bacterial cells. Appl. Environ. Microbiol. 54:1940-1945 

Kuhm AE, Stolz A & Knackmuss H-J (1991) Metabolism of 
naphthalene by the biphenyl-degrading bacterium Pseudomonas 
paucimobilis Q1. Biodegradation 2:115-120 

Marks TS, Smith ARW & Quirk AV (1984) Degradation of 4- 
chlorobenzoic acid by Arthrobacter sp. Appl. Environ. Microbiol. 
48:1020-1025 

McCullar MV, Brenner V, Adams RH & Focht DD (1994) Construc- 
tion of a novel PCB-degrading bacterium: utilization of 3,4 t- 
dichlorobiphenyl by Pseudomonas acidovorans. Appl. Environ. 
Microbiol. (in press) Mokross H, Schmidt E & Reineke W (1990) 
Degradation of 3-chlorobiphenyl by in vivo constructed hybrid 
pseudomonads. FEMS Microbiol. Lett. 71: 179-185 

Pertsova RN, Kunc F & Golovleva LA (1984) Degradation of 3- 
chlorobenzoate in soil by pseudomonads carrying biodegradative 
plasmids. Folia Microbiol. 29:242-247 

Pettigrew CA, Breen A, Corcoran C & Sayler GS (1990) Chlorinated 
biphenyl mineralization by individual populations and consortia 
of freshwater bacteria. Appl. Environ. Microbiol. 56:2036-2045 

Start MP, Stolp H, Trfiper HG, Balows A & Schlegel HG (1981) The 
prokaryotes. Springer-Verlag, New York 

Stucki G, Brunner W, Staub D & Leisinger T (1981) Microbial 
degradation of chlorinated C 1 and C2 hydrocarbons. In: Leisinger 
T, Cook AM, Hiitter R & Niiesch J (Eds) Microbial degradation of 
xenobiotic and recalcitrant compounds (pp 131-137). Academic 
Press, New York 

Timmis KN, Lehrbach PR, HarayamaS, Don RH, Mermod N, Bas S, 
Leppik R, Weightman AJ, Reineke W & Knackmuss H-J (1985) 
Analysis and manipulation of plasmid-coded pathways of the 
catabolism of aromatic compounds by soil bacteria. In: Helinski 
DR, Cohen SN, Clewell DB, Jackson DA & Hollaender A (Eds) 
Plasmids in bacteria (pp 719-739). Plenum Publishing, New York 

Walia S, Khan A & Rosenthal N (1990) Construction and applica- 
tions of DNA probes for detection of polychlorinated biphenyl- 
degrading genotypes in toxic organic-contaminated soil environ- 
ments. Appl. Environ. Microbiol. 56:254-259 


