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Abstract 

Soil column experiments were performed to obtain insight in the different biological and physico-chemical 
processes affecting biodegradation of halogenated compounds under natural conditions in a water infil- 
tration site. Lower chlorinated aromatic compounds could be degraded under aerobic conditions, whereas 
highly chlorinated compounds and chlorinated aliphatic compounds were mainly transformed under anaero- 
bic conditions. Microorganisms which derive energy from reductive dechlorination were enriched and 
characterized. It was found that microbes could adapt to using chlorinated benzenes by evolution of new 
enzyme specificities and by exchange of genetic material. For halogenated pollutants, which are generally 
hydrophobic, sorption processes control the concentration available for biodegradation. The effects of very 
low concentrations of halogenated compounds on their biodegradability are described. The use of isolated 
bacterial strains to enhance biodegradation was evaluated with respect to their temperature-related activity 
and to their adhesion properties. 

Abbreviations: 3-CB - 3-chlorobenzoate, DCB - dichlorobenzene, HCH - hexachlorocyclohexane, IS - 
insertion sequence, PER - tetrachloroethylene, Sm~n - minimal substrate concentration for growth, TCB - 
trichlorobenzene, TRI - trichloroethylene, ~. - filtration coefficient 

Introduction 

The widespread use of halogenated organic com- 
pounds for more than fifty years, has raised consid- 
erable concern about their persistence in the envi- 
ronment (Alexander 1985). These compounds are 
applied as solvents, pesticides, intermediates, or 
preservatives in industry, agriculture, or house- 
holds (Pearson 1982). As a result, halogenated 
compounds can be found almost in any natural 
habitat. For instance, tetrachloroethylene, trichlo- 

roethylene, methylenechloride, or 1,2-dichloro- 
benzene, are used as solvents in dry cleaning and 
degreasing of electronic or metal parts, and enter 
the natural environment through spills, evapora- 
tion, or via wastewater discharges. Pesticides are 
usually directly introduced into the environment of 
their purpose, and in the case of lindane or DDT 
can end up in higher organisms via food webs. An 
important route via which halogenated compounds 
find their way to the groundwater is leaching from 
waste disposal sites. Higher chlorinated com- 
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pounds can be formed during the incineration of 
domestic waste and be spread via the atmosphere 
(Pearson 1982). 

Halogenated compounds are generally consid- 
ered as being xenobiotic, i.e. foreign to existing life 
forms. This terminology refers to their uncommon 
chemical structures, or presence of uncommon side 
groups or atoms (such as halogens) on the mole- 
cules, which renders them more difficult for en- 
zymatic attack. Xenobiotic compounds or their 
metabolites are often toxic to the biological world 
and may therefore persist in the environment for 
long times. Not all halogenated compounds, how- 
ever, are to be considered 'xenobiotics', since more 
than 200 halogenated compounds are known to be 
produced by bacteria, algae and sponges (Faulkner 
1980). 

The fate of xenobiotic substances in the envi- 
ronment is governed by degradation processes 
among which biodegradation and by their distribu- 
tion in the different environmental compartments, 
soil, water and air. The distribution is determined 
by physico-chemical properties such as hydrophob- 
icity, solubility, or volatility. The distribution par- 
ameters influence largely the concentration of the 
compounds in the water phase and thus their mo- 
bility and transport, either solubilized or particle- 
bound, and their accessibility for biodegradation. 
Microorganisms can play an important role in the 
degradation of halogenated organic compounds. 
However, the persistence and accumulation of ha- 
logenated compounds in certain environmental 
compartments indicate their recalcitrance to bio- 
degradation. The possibilities for biodegradation 
are dependent on the metabolic potential of the 
microorganisms and on physico-chemical factors 
which determine microbial activity in the environ- 
ment, such as physical (temperature, water poten- 
tial, accessibility of the substrate), chemical (pH, 
redox state, concentration of the compounds, pres- 
ence of additional secondary substrates, salinity), 
and biological conditions (presence of predators, 
adsorption of microbes to surfaces) (Goldstein et 
al. 1985; Klein & Alexander 1986; Swindoll et al. 
1988). Together all these factors determine wheth- 
er or not a halogenated compound will disappear 
readily from the environment, or will persist and 
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inflict long-term damage on the quality of our envi- 
ronment. 

Aim of this research 

Groundwater is an important source for drinking 
water in The Netherlands. In heavily populated 
areas the amount of groundwater is not sufficient to 
cover all needs, and surface waters are used as 
source for drinking water, either directly, or after 
infiltration into the soil. The quality of both 
groundwater and of surface water, such as river 
water, is increasingly threathened by the presence 
of organic micropollutants. Pesticide residues, sol- 
vent spills, or wastewater discharges account for 
the pollution of ground- and surface water, and 
cause the quality decline of this important re- 
source. Increasing efforts are needed to purify the 
water before it can be used as drinking water. 

To investigate the fate of organic compounds 
during infiltration of river water into the soil, col- 
laborate projects were started between our lab- 
oratory and the Amsterdam Water Works in 1984. 
Soil column experiments were set up to mimic the 
infiltration conditions of water into the soil, and to 
study transport, distribution, and biodegradability 
of a defined set of mainly halogenated compounds 
(Fig. 1). These served as model compounds for the 
great variety of micropollutants in river water 
(Bosma et al. 1991; Bosma et al., in preparation). 
In this article an overview is given of a number of 
our studies which address various aspects of bio- 
degradation in a soil-water system. The topics in- 
clude, (i) the possibilities for biodegradation of 
organohalogen compounds under different redox 
conditions, (ii) biodegradation at very low sub- 
strate concentrations and the effect of adsorption 
and desorption on the biodegradability, (iii) the 
metabolic potential of the microorganisms present 
in the natural environment and the capacity to 
adapt to xenobiotic substrates, and (iv) the use of 
purified or enriched strains to enhance biodegrada- 
tion in soil-type reactors. In this last part special 
emphasis is given to the temperature-related activ- 
ity of microorganisms and the adhesion properties. 
The adhesion properties are important because they 



267 

A~r/ 
N2+CO, 

Medsum 

Xenobioti, 

t, @ I 
mixing chamber 

Syringe pump 

Soil : "-. '. . . . . . .  
co lumn "' i::0:;' '~' ] 

. :3 , , . .  ,., , |  

Fig. 1. The soil column system used in the different studies. A mineral medium, which can be aerated or purged with N2/CO2 during 
anaerobic studies, is pumped through a water-saturated soil column. Xenobiotic compounds are added to the mineral medium via a 
syringe pump, which allows accurate dosing. Stainless steel tubes at various positions pointing into the middle of the column are used to 
sample the liquid phase. 

determine whether introduced microorganisms are 
retained or transported through the porous medium. 

Biodegradation of organohalogen compounds 
under different redox conditions 

Perhaps most information exists on the possibilities 
for degradation of halogenated compounds under 
different redox conditions. Many halogenated aro- 
matic compounds can be degraded under aerobic 
conditions by microorganisms which either use 
these compounds as growth and energy source or 
co-metabolize them. The different pathways and 
reactions that microorganisms use to attack and 
metabolize halogenated compounds have been re- 
viewed extensively (Chaudry & Chapalamadugu 
1991; Commandeur & Parsons 1990; Haggblom 
1990; Neilson 1990; Reineke & Knackmuss 1988). 
Of the halogenated aromatic compounds, the low- 
er chlorinated aromatics are degraded generally 
more readily than higher chlorinated ones. Aero- 
bic microorganisms can also degrade halogenated 
aliphatic compounds, such as haloalkanes and ha- 
loacids. Higher chlorinated aliphatic compounds 
(e.g. tetrachloroethylene) still remain problemat- 
ic. The main mechanisms by which aerobic mi- 
croorganisms remove halogen atoms include sub- 
stitution (e.g. by the hydroxyl ion OH-, a reaction 

catalyzed by hydroxylases), oxidation (the incorpo- 
ration of oxygen, catalyzed by mono- and dioxyge- 
nases), or fortuitously (e.g. during lactonization of 
chloromuconic acid) (Chaudry & Chapalamadugu 
1991; Commandeur & Parsons 1990; Haggblom 
1990; Neilson 1990; Reineke & Knackmuss 1988). 
Less is known about the conversion reactions that 
can take place with halogenated compounds under 
anaerobic conditions (i.e. denitrifying, sulfate-re- 
ducing, or methanogenic), and the specific mi- 
croorganisms which are involved in these reac- 
tions. The main mechanism which has been de- 
scribed is the reductive dehalogenation (Suflita et 
al. 1982), which includes processes like hydro- 
genolysis, hydrolytic reduction, or dihalo-elimina- 
tion (Holliger 1992). 

We used soil columns filled with sediment of the 
river Rhine or of the Dune infiltration area near 
Amsterdam in The Netherlands to study the possi- 
bilities for biodegradation of halogenated com- 
pounds under different redox conditions (Bosma et 
al., in preparation). The columns were percolated 
under water-saturated conditions with a mineral 
medium to which very low concentrations of differ- 
ent chlorinated compounds could be added (Fig. 
1). Parallel experiments were performed in the 
laboratory of the Amsterdam Water Works, which 
made use of larger soil columns and a wider range 
of different organic micropollutants. The com- 
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Fig. 2. Conversion of trichlorobenzenes in an anaerobic soil column after 300 days of continuous operation. Profile measurements of 
chlorobenzene concentrations along the length of the column show the disappearance of trichlorobenzene isomers and the formation of 
dichlorobenzene isomers. Figure redrawn from Bosma et al. (1988c). 

pounds  which were  tes ted in these  systems included 

chlor inated benzenes ,  non-ch lor ina ted  aromat ics  

(benzene ,  to luene ,  naph tha lene ,  di- and t r imethyl-  

Table 1. Observed degradation of halogenated compounds in 
Rhine and Dune sediments under different redox conditions. 

Compound Degradation 

Aerobic Sulfate reducing 

Benzene + + - 
Monochlorobenzene + + - 
1,2-dichlorobenzene + + 
1,3-dichlorobenzene + / -  + 
1,4-dichlorobenzene + + 
1,2,3-trichlorobenzene - + + 
1,2,4-trichlorobenzene + + + 
1,3,5-trichlorobenzene - + 
1,2,3,4-tetrachlorobenzene - ++ 
1,2,4,5-tetrachlorobenzene + + 
Pentachlorobenzene - + + 
Hexachlorobenzene - + + 
Tetrachloroethylene - + + 
Trichloroethylene - + + 
Chloroform - + + 

- :  no removal observed. 
+ / - :  removal less than 25%. 
+: removal between 25% and 90%, 
++: removal more than 90%. 

benzenes) ,  volati le chlor inated aliphatic com-  

pounds  (ch loroform,  t r ichloroethylene,  te t rachlo-  

roe thy lene ,  hexach loro- l ,3 -bu tad iene) ,  and a 

n u m b e r  of  pest icides (atrazine,  ben tazon) .  O u r  re- 

sults (Table  1) showed that  under  aerobic  condi-  

t ions mainly  t rans format ions  of  lower  chlor ina ted  

a romat ic  c o m p o u n d s  are observed ,  such as dichlo- 

robenzenes ,  1 ,2 ,4- t r ichlorobenzene,  or  2-chloroto-  

luene  (not  shown).  All  non-chlor ina ted  a romat i c  

c o m p o u n d s  d i sappeared  rapidly f rom the soil co- 

lumns to unde tec tab le  levels. U n d e r  anaerob ic  

(sulfate-reducing)  condit ions most  of  the higher  
chlor inated benzenes  (Bosma  et al. 1991; B o s m a  et 

al. ,  in p repara t ion ;  B o s m a  et  al. 1988c) and mos t  of  

the ha logena ted  al iphatic  c o m p o u n d s  were  trans-  

fo rmed .  In  the  dune  infi l tration areas  and  in mos t  

soils, bo th  aerob ic /anaerobic  condit ions m a y  exist, 

thus p romot ing  sequent ia l  t r ans fo rmat ion  reac- 

t ions which could favour  a comple te  t r ans fo rma-  
t ion of  the higher  chlor inated compounds .  Two  
t r ans fo rmat ion  processes  were  s tudied in g rea te r  
detail  and will be  discussed fur ther  in this sect ion,  

(i) anaerob ic  convers ions  of  higher  ch lor ina ted  
benzenes ,  and (ii) anaerob ic  convers ions  of  te t ra-  
chloroethylene .  

B iodegrada t ion  of t r i ch lorobenzene  (TCB)  
isomers  (1 ,2 ,4-TCB, 1,2,3-TCB, and 1 ,3 ,5-TCB) 

[144] 



269 

CI 
C d 

' Cl Cl CI Cl Cl 

' D ' > 

Cl CI H Cl H TeCB Cl 
HCB PeCB 

H CI H Cl 

H CI " " ~  H CI 
1,2,3-TCB 1,3,5-TCB 

H 

H C[ ~- 

H 

H Cl , 
1,3-DCB " ' ,  

H Cl H CI :~ H H 

. . . . .  ~ . . . .  

Ct H Cl H H H 
1,2,4-TCB 1,4-DCB MCB 

H Cl - ' ~  

CF 

H H 

1,2-DCB 

H 

Fig. 3. Reductive dechlorination of highly chlorinated benzenes to monochlorobenzene, as observed in anaerobic soil columns (dotted 
arrows), and by a mixed culture which was enriched for reductive dechlorination of 1,2,3-TCB to 1,3-DCB (open arrows). Abbrevia- 
tions: HCB, hexachlorobenzene; PeCB, pentachlorobenzene; TeCB, 1,2,3,5-tetrachlorobenzene; TCB, trichlorobenzene; DCB, 
dichlorobenzene; MCB, monochlorobenzene. Figure redrawn from Bosma et al. (1988c) and Holliger et al. (1992). 

was studied in an anaerobic soil column for more 
than 450 days of continuous operation (Bosma et 
al. 1988c). During this period we detected trans- 
formations of all TCB-isomers in the column and a 
concomitant appearance of dichlorobenzenes 
(DCB) (Fig. 2). Applying one of each TCB-isomer 
at the time to this column revealed that the TCBs 
were transformed to a corresponding DCB by step- 
wise removal of one chlorine atom, suggesting a 

process of reductive dechlorination (Fig. 3). The 
DCB-isomers on their turn were transformed to 
monochlorobenzene, which was not further de- 
chlorinated in the column. Subsequently, enrich- 
ments were started with material from this soil 
column to isolate microorganisms responsible for 
these conversion reactions. This resulted in an an- 
aerobic mixed culture which could reductively de- 
chlorinate 1,2,3-TCB to 1,3-DCB (Holliger et al. 
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Fig. 4. Transformation reactions of tetrachloroethylene (PER) in an anaerobic soil column, indicating successive steps of dechlorination 
to trichloroethylene (TRI), cis-dichloroethylene (c/s-DCE), vinylchloride (VC), ethylene and ethane. 

1992). This mixed culture was also able to stepwise 
dechlorinate hexachlorobenzene, pentachloroben- 
zene and 1,2,3,5-tetrachlorobenzene to 1,3,5-TCB 
(Fig. 3). The dechlorinating activity in the mixed 
culture was most likely not caused by sulfate-reduc- 
ing or methanogenic organisms, but appeared to be 
a specific reaction of bacteria which used 1,2,3- 
TCB as terminal electron acceptor and H2 as elec- 
tron donor. Interestingly, the mixed culture was 
not able to dechlorinate 1,3,5-TCB or 1,2,4-TCB 
which were being transformed in the original soil 
column (Bosma et al. 1988c; Holliger 1992). This 
indicated that in the original soil column other 
microorganisms must have been present with other 
specific dechlorinating activities. 

In similar soil columns operated under sulfate- 
reducing conditions we detected transformation of 
tetrachloroethylene (PER) and trichloroethylene 
(TRI), resulting in a stoichiometric formation of 
cis-l,2-dichloroethylene (Bosma et al. 1988a). Sub- 
sequent studies in a packed-bed column which was 
filled with anaerobic granular sludge and sediment 
of the river Rhine near Wageningen, NL, clearly 
showed complete step-wise reductive dechlorina- 
tion of PER to TRI, cis-dichloroethylene, vinyl- 
chloride, ethylene, and finally even to ethane 
(Figs. 4 and 5) (de Bruin et al. 1992). A coculture 
was enriched from this soil-slurry column by 

using a two-liquid-phase system which could de- 
chlorinate PER and TRI (Holliger 1992). This en- 
richment was able to derive energy from the de- 
chlorination of PER or TRI, used as electron ac- 
ceptor, and H 2 or formate as electron donor. The 
reduction of PER to cis-l,2-dichloroethylene yields 
377 kJ, which is by far more energy than can be 
obtained from sulfate reduction or methanogenesis 
(Holliger 1992). This raises the intriguing hypothe- 
sis that microorganisms in this enrichment found a 
new ecological niche by exploiting the energy con- 
tent of a very specific xenobiotic compound. 

Biodegradation at very low substrate 
concentrations 

The actual concentrations of halogenated pollu- 
tants in the natural environment are mostly in the 
range of nM to/zM. Although the compounds may 
be present in much higher amounts in the bulk, the 
concentration in the water phase is often rather 
low. These extremely low concentrations are due 
to the poor water solubility of most halogenated 
compounds, and/or their sorption to a solid phase, 
either to colloid particles (as in surface waters), or 
to the soil matrix or soil organic phase. The sorp- 
tion behaviour of halogenated compounds to the 
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organic phase in soils and sediments can be de- 
scribed by using empirical equations which are 
based on the 0ctanol-water partition coefficients of 
the compounds (Schwarzenbach & Westall 1981). 
Lowering of the dissolved concentration as a result 
of sorption to a solid matrix can be beneficial in the 
case of toxic compounds, or it can prevent or limit 
biodegradation because of too low concentrations 
in the water phase (Rijnaarts et al. 1990). Sorption 
to the solid matrix initially acts as an effective sink 
for many hydrophobic compounds. However, the 
sorbed material may be released very slowly and 
can steadily pollute the environment for very long 
periods of time. 

The effects of desorption rates on biodegrada- 
tion were shown in studies performed in our lab- 
oratory with a-hexachlorocyclohexane (HCH). 
Biodegradation of a -HCH under aerobic condi- 
tions can proceed rapidly (Bachmann et al. 1988; 
Huntjens et al. 1988). However, soil samples con- 
taminated with HCH-isomers taken from a waste- 
disposal site in The Netherlands, which were in- 
cubated as soil-slurries in end-over-end mixing sys- 
tems, showed a much lower biodegradation rate 
(Rijnaarts et al. 1990). This could be attributed to 
the desorption kinetics of HCH from the soil ma- 
trix, which in this case was rate-limiting for biocon- 
version. Breakage of the soil aggregates by vigor- 
ous stirring, resulting in smaller average size of the 
soil particles, increased drastically the observed 
biodegradation rates, since more adsorbed HCH 
was exposed to the bulk liquid phase. 

To determine whether very low concentrations 
of halogenated compounds can still be degraded by 
microorganisms or whether certain threshold levels 
exist for biodegradation (Alexander 1985), experi- 
ments were initiated to investigate the kinetics of 
substrate removal at very low concentrations in the 
nM to k~M range. Inoculation into soil columns of a 
pure culture of Pseudornonas sp. strain P51, an 
organism able to use DCBs and 1,2,4-TCB as the 
sole carbon and energy sources (see below), exhib- 
ited a residual concentration for 1,2-DCB of ap- 
proximately 67 nM, and for 1,2,4-TCB of 108 nM 
(van der Meer et al. 1987). At the flow rates oper- 
ated in these columns (10.6 ml/h; concentrations of 
1,2-DCB in the range of 134 nM to 6.7 ~M), this 
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Fig. 5. Reductive dechlorination steps of tetrachloroethylene to 
ethane (see legends to Fig. 4). The transformation of PER to 
TRI and c/~-I,2-DCE is carried out by the coculture described in 
the main text, which can derive energy from PER or TRI as sole 
electron acceptor and H2 or formate as electron donor. 

residual concentration could not be lowered. In- 
cubation of the column effluent containing simi- 
larly low 1,2-DCB concentrations with Pseudomo-  

nas sp. strain P51 in batch experiments, resulted in 
a disappearance of 1,2-DCB to a value below the 
detection limit of 0.6 nM (van der Meer et al. 1987). 
Further experiments to study the nature of thresh- 
old levels were performed with Pseudomonas  sp. 
strain B13 (Tros, unpublished). Hereto resting cell 
suspensions were prepared by growing the cells on 
3-chlorobenzoate (3CB), washing them several 
times in buffered media without 3CB, and then 
starving them for substrate for about 20 h. Addi- 
tion of [14C]-labeled acetate or [14C]-3CB to these 
cell suspensions caused uptake of the compounds 
resulting in a residual concentration which was be- 

[1471 



272 

low the detection limits, independent of the 
amount of substrate added (in a range of 10 nM to 
1500 nM for 3CB, and 80 nm to 8000 nM for ace- 
tate). This indicated that no measurable threshold 
levels exist in batch incubations (Fig. 6A). In con- 
trast, when strain B13 was cultivated in a recycling 
fermentor, residual concentrations were detected 
again (Fig. 6B). The use of a recycling fermentor 
enables the study of microbial growth at very low 
substrate concentrations (Pirt 1975). The biomass 
is completely retained in the fermentor (Fig. 6B), 
and a constant supply of fresh substrate in the 
medium results in growth of the biomass to a cer- 
tain limit. Several phases can be observed from the 
start of a fermentation cycle (Fig. 6B), an exponen- 
tial growth phase (I), two linear phases (II and III), 
in which the substrate addition becomes growth 
rate-limiting and the growth of biomass (dX/dt) 
becomes constant (Chesbro et al. 1979), and finally 
a phase (IV) where the substrate flow can only 
compensate the maintenance energy of the existing 
biomass, and growth becomes zero. In this phase a 
minimal substrate concentration (Smm) can be de- 
termined, which depends on the growth param- 
eters of the specific strain on that particular sub- 
strate (~tm~x, Ks, and maintenance rate (b)) (Ches- 
bro et al. 1979). Using growth kinetic parameters 
which were independently derived for strain B13 
on 3CB (Tros, unpublished) we could calculate an 
Smi n of 8/zM at 20 °C, and 11/zM at 30 °C (see the 
equation of Fig. 6) (Pirt 1975). This value was in 
good agreement with the residual concentration of 
10/xM observed in the recycling fermentor in phase 
IV (Fig. 6), suggesting that this residual concentra- 
tion indicates a minimal substrate concentration 
for growth ofPseudomonas sp. strain B13 on 3-CB. 
These results showed that in a static system, such as 
a batch culture, a complete degradation of sub- 
strates is possible to unmeasurable low concentra- 
tions (<0.5 nM for 3-CB). However, in dynamic 
systems, such as a fermentor, a soil column, reac- 
tor, or perhaps the soil/water interphase, a residual 
concentration may occur, reflecting a minimal sub- 
strate concentration which depends on the growth 
kinetic parameters of bacterial strains with that 
specific metabolic substrate. Interestingly, we 
found no threshold levels for 1,2-DCB in naturally 
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adapted soil columns (van der Meer et al. 1987), 
indicating that indigenous microorganisms may be 
present in the soil with different growth kinetic 
parameters, and perhaps specialized in low sub- 
strate level conversions. 

Adaptation of microorganisms to xenobiotic 
compounds 

Microorganisms are important for the breakdown 
of many halogenated compounds in the environ- 
ment. However, since many of the chlorinated 
compounds have uncommon structures, the major- 
ity of the microorganisms present in the natural 
environment may not be able to deal effectively 
with these compounds, even if the environmental 
conditions are favourable (see above). The strong 
efforts of microbiologists in the last decades have 
resulted in the isolation of many new bacterial spe- 
cies, which are able to use a large variety of previ- 
ously considered recalcitrant compounds as growth 
and energy substrates, such as chlorinated ben- 
zenes (Sander et al. 1991; Schraa et al. 1986; Spain 
& Nishino 1987; van der Meer et al. 1987; van der 
Meet et al. 1991b), chlorinated biphenyls (Furuka- 
wa et al. 1978; Mondello 1989), halogen-containing 
pesticides (Don & Pemberton 1981; Karns et al. 
1983), or chloroanilines (Zeyer et al. 1985), sug- 
gesting that microbes adapted to xenobiotic com- 
pounds. However, this does not tell us what the 
catabolic potential of the indigenous microbes is, 
and if adaptation can occur under environmental 
conditions to compounds which were not previous- 
ly recognized as metabolizable substrates. Adapta- 
tion may result from an induction of existing en- 
zyme systems in microorganisms upon addition of a 
substrate, which may then be followed by growth 
of this sub-population of microorganisms owing to 
their activity on this substrate (Barkay & Pritchard 
1988). Such an adaptation has been observed for 
growth on p-nitrophenol (Aelion et al. 1987). In 
the case of less easily degradable substrates such as 
chlorinated benzenes, adaptation may require ge- 
netic changes in the microorganisms or exchange of 
genetic material between different microorganisms 
before the suitable metabolic pathways arise (van 
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Fig. 6. Experimental set-up to detect the presence of threshold levels for microbial growth and activity. A). Batch experiments with 
resting cells of Pseudomonas sp. strain B13 to which [14C]-3-chlorobenzoate (3CB) was added. Time measurements of the uptake of 3CB 
and the remaining concentration indicated that no threshold level can be detected (lower panel). B). The recycling fermentor which was 
used to study growth of strain B13 at very low substrate concentrations. A bacterial filter prevents outflow of the biomass. The biomass 
concentration in the fermentor as a function of time behaves schematically as drawn in the lower panel. For an explanation of the 
different phases, see the main text. In phase IV, the net growth of the biomass is zero, and in this phase the minimal substrate 
concentration (Smi,) can be measured. Smi, can be calculated as a function of growth kinetic parameters (Ks and ~ m a x ) ,  and of the 
maintenance rate, b (Chesbro et al. 1979; Pirt 1975). 

der Meer et al. 1991c). Several genetic mechanisms 
may play a role in genetic adaptation, such as muta- 
tion, slippage-repair, recombination and transposi- 
tion, or gene transfer (van der Meer et al. 1992). 
Here we will describe the adaptation to chlorinated 
benzenes in soil columns and the possible genetic 
changes which may have taken place upon adapta- 
tion to chlorinated benzenes in Pseudomonas sp. 
strain P51. 

Only fairly recently microorganisms were isolat- 
ed which were able to degrade chlorinated ben- 
zenes. The first such strain which could metabolize 
monochlorobenzene was obtained by Reineke & 
Knackmuss by using a chemostat for enrichment 
(Reineke & Knackmuss 1984). Several other 
strains were since then isolated, and the metabolic 

pathway for chlorobenzene degradation was large- 
ly unraveled (Sander et al. 1991; Schraa et al. 1986; 
Spain & Nishino 1987; van der Meet et al. 1991b). 
Aerobic metabolism of chlorinated benzenes pro- 
ceeds similarly as that of other aromatic com- 
pounds, such as toluene, benzene, benzoate, or 
naphthalene. The initial attack of the aromatic ring 
is performed by an aromatic ring dioxygenase, a 
multi-enzyme complex which incorporates oxygen 
into the ring (Fig. 7). This intermediate is sub- 
sequently converted to a (chlorosubstituted) cate- 
chol, which is of a class of dihydroxylated com- 
pounds that are central intermediates in most aero- 
bic aromatic pathways. Further ring-cleavage of 
the catecholic intermediates in bacteria is catalyzed 
by a class of enzymes, performing either intradiol 
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Fig. Z Metabolic pathway of 1,2,4-trichlorobenzene in aerobic microorganisms proceeds via an aromatic ring dioxygenase, dehydroge- 
nase, and a modified ortho cleavage pathway (Sander et al. 1991; van der Meer et al. 1991b). Two chloride atoms are released 
fortuitously during the conversion steps. The last part of the pathway shows the hypothetical function of the TcbF protein, the action of 
maleylacetate reductase (MAR) and finally the steps to succinate and chloroacetate. Hypothetical steps are indicated by open or dotted 
arrows; characterized enzymatic catalyzations are indicated by dosed arrows. 

(ortho-) cleavage (e.g. catechol 1,2-dioxygenase), 
or extradiol (meta-) cleavage (e.g. catechol 2,3- 
dioxygenase) (Harayama & Rekik 1989). Chloro- 
substituted catechols, which arise as intermediates 
in chlorobenzene degradation, are generally only 
successfully metabolized by the action of a series of 
enzymes, collectively referred to as the modified 
ortho cleavage pathway enzymes (Pieper et al. 

1991; Reineke & Knackmuss 1988; Schlrmann et 
al. 1990; Schmidt & Knackmuss 1980; Schmidt et 
al. 1980). This pathway leads probably to succinate 
and chloroacetate which are taken up in the central 
metabolic routes in aerobic microorganisms (Sand- 
er et al. 1991). 

The metabolic details of the chlorobenzene path- 
way and that of other aromatic pathways suggested 
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Ftg. 8. Organization of chlorobenzene genes on plasmid pP51 of Pseudomonas sp. strain P51. The genes are located on the regions of the 
plasmid indicated by I and II, encoding the respective conversions shown in the figure. The directions of transcription are indicated by 
the arrows below the physical map. For gene assignments, see main text (van der Meer et al. 1991a-d). 

the steps which would be necessary for a microor- 
ganism to achieve full chlorobenzene metabolism. 
Firstly, microorganisms would need to express the 
enzymes of the modified ortho cleavage pathway. 
However, strains such as Pseudomonas sp. strain 
B13 which degrades 3-chlorobenzoate by modified 
ortho cleavage, lack an appropriate aromatic ring 
dioxygenase to oxygenate chlorinated benzenes ef- 
fectively to chlorinated catechols (Oltmanns et al. 
1988). Therefore, the desired strain needs an effec- 
tive aromatic ring dioxygenase and a cis-benze- 
neglycol dehydrogenase. Microorganisms which 
grow on toluene, such as P. putida F1, express a 
toluene dioxygenase which has a wide substrate 
range and is able to oxidize halogen-substituted 
benzenes (Gibson et al. 1990). However, in P. 
putida F1 catechol intermediates are cleaved by a 
catechol 2,3-dioxygenase and further degraded by 
the meta cleavage pathway enzymes. For most 
chlorosubstituted catechols this is an unproductive 
route and can lead to the formation of toxic inter- 
mediates (Bartels et al. 1984). Thus, a combination 
of a wide-substrate aromatic ring dioxygenase and 

benzeneglycol dehydrogenase in conjunction with 
a modified ortho cleavage pathway could be a suc- 
cessful way for microorganisms to metabolize 
chlorinated benzenes. Such a combination was 
achieved in the laboratory by mating two strains, 
one degrading toluene and the other degrading 
3-chlorobenzoate (Kr6ckel & Focht 1987; Olt- 
manns et al. 1988), and it was shown that in these 
cases the transfer of a plasmid containing the genet- 
ic information for one of the determinants (toluene 
degradation or 3-chlorobenzoate degradation) had 
occurred (Carney et al. 1989). 

We decided that metabolism of chlorinated ben- 
zenes would be a good case to study genetic adapta- 
tion of microorganisms in the natural environment. 
In soil columns which were percolated with mix- 
tures of DCBs and TCBs (see above) we found that 
adaptation to 1,2-DCB could occur, after an initial 
period of up to 100 days without measurable degra- 
dation (van tier Meer et al. 1987). From enrich- 
ments on 1,2-DCB, 1,4-DCB, and 1,2,4-TCB dif- 
ferent microorganisms could be isolated which 
could use these compounds as the sole carbon and 
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energy source (Schraa et al. 1986; van der Meer et 
al. 1991b). One of these strains, Pseudomonas sp. 
strain P51, was used for further characterization. 
We found that this strain induced modified ortho 
cleavage pathway enzymes when cultivated on 
1,2,4-TCB or 1,2-DCB (van der Meer et al. 1991b). 
Bacteria which had been grown on chlorinated 
benzenes contained a large plasmid designated 
pP51, with a size of 110 kb (Fig. 8). This plasmid 
carried the genetic determinants for chlorobenzene 
degradation in strain P51. A genetic characteriza- 
tion of pP51 revealed two responsible regions: one 
for a modified ortho cleavage pathway and the 
other containing the genes for a chlorobenzene 
dioxygenase and a cis-benzeneglycol dehydroge- 
nase (van der Meer et al. 1991b). Subcloning ex- 
periments and expression studies in E. coli identi- 
fied most of the genes for the modified ortho path- 
way enzymes. Further DNA sequence analysis re- 
vealed that this region contains five contiguous 
open reading frames of which three could be as- 
signed to an enzymatic function: tcbC, encoding 
chlorocatechol 1,2-dioxygenase, tcbD, encoding 
chloromuconate cycloisomerase, and tcbE, encod- 
ing dienelactone hydrolase (van der Meer et al. 
1991a). Another open reading frame (tcbF) could 
be expressed in E. coli, but no enzymatic activity 
could be attributed to it. The primary sequence of 
the encoded TcbF polypeptide showed 30% identi- 
ty with iron-containing alcohol dehydrogenases 
(van der Meer, unpublished), which suggests a pos- 
sible function for TcbF (Fig. 7). A fifth open read- 
ing frame was found between the tcbD and tcbE 
gene, but this was not transcribed in E. coli. The 
DNA sequences of the tcbCDEF genes were be- 
tween 50% and 75% identical to gene clusters for 
other modified ortho pathways (van der Meer et al. 
1991a), such as clcABD of P. putida (pAC27) 
(Frantz &Chakrabarty 1987) and tfdCDEF of A. 
eutrophus JMP134 (pJP4) (Perkins et al. 1990). 
Furthermore, the genes of the modified ortho 
cleavage pathway were distantly related to those of 
the normal ortho cleavage pathway, which is found 
in many organisms growing on benzoate or hydrox- 
ybenzoate, suggesting an evolutionary relation and 
divergence of the two gene clusters from a common 
ancestor (van der Meer et al. 1991a). The enzymes 
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of the modified ortho cleavage pathway catalyze 
conversion reactions that are analogous to those of 
the normal ortho cleavage pathway (Ornston et al. 
1990; Reineke & Knackmuss 1988). However, in 
the modified ortho cleavage route enzymes occur 
which are not found in the normal ortho cleavage 
route and vice versa, such as dienelactone hydro- 
lase (Fig. 7), whereas others, such as chloroca- 
techol 1,2-dioxygenase and chloromuconate cycloi- 
somerase have relatives in the normal ortho cleav- 
age pathway. The enzymes of the modified ortho 
cleavage pathway were in all cases described so far, 
less substrate-specific than their counterparts in the 
normal ortho cleavage pathway and could accomo- 
date the chlorinated intermediates better than the 
non-chlorinated ones (Broderick & O'Halloran 
1991; Kuhm et al. 1990; Ngai &Ornston 1988; Piep- 
er et al. 1991). Analysis of catalytic activities of 
chlorocatechol 1,2-dioxygenases and of chloro- 
muconate cycloisomerase activities indicated that 
there was a further subtle specialization of these 
enzymes to specific substrates (Kuhm et al. 1990; 
van der Meer et al. 1991a). For instance, chloroca- 
techol 1,2-dioxygenase of Pseudornonas sp. strain 
P51 showed a higher relative activity towards the 
substrate 3,4-dichlorocatechol than to the other 
dichlorinated catechols, whereas the chlorocate- 
chol 1,2-dioxygenase of A. eutrophus JMP134 ex- 
hibited a higher relative activity to 3,5-dichloroca- 
techol. These data suggest that the chlorocatechol 
1,2-dioxygenases of the different strains became 
evolutionary optimized for specific substrates, e.g. 
the intermediate 3,4-dichlorocatechol in 1,2-DCB 
degradation, and 3,5-dichlorocatechol in the deg- 
radation of 2,4-dichlorophenoxyacetic acid. Anal- 
ysis of DNA sequence information suggests that 
the intradiol dioxygenases may have diverged via a 
mechanism of slippage-repair rather than via addi- 
tive single-site mutations (Hartnett et al. 1990; Nei- 
die et al. 1988; Ornston et al. 1990). 

Genetic analysis of the genes encoding the chlo- 
robenzene dioxygenase and the chlorobenzenegly- 
col dehydrogenase (tentatively named tcbA and 
tcbB) of Pseudomonas sp. strain P51 revealed an- 
other interesting aspect (van der Meer et al. 1991c). 
Southern hybridizations and subsequent DNA se- 
quence information showed that a duplicated and 
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respectively. The experiment shown here started after the naturally adapted column to 1,2-DCB had been operated for 200 days 
continuously, and then for a period of 28 days had received no 1,2-DCB. After the addition of 1,2-DCB at a concentration of 25/zg/1 to 
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was inoculated with Alcaligenes sp. strain A175 (Schraa et al. 1986). At the time points indicated, the columns were changed from an 
operating temperature of 20 °C to 10 °C. Concentration measurements of dichlorobenzenes were done in the effluent of the columns, 
and are represented in the figure as the relative concentration measured in the effluent compared to the influent concentrations (C/C0). 
Redrawn after (Bosma et al., in preparation). 

inverted discrete D N A  fragment  was flanking the 
tcbAB gene loci. This f ragment  had a size of 1.1-kb 
and both copies were identical except for one base- 
pair. The sequence showed one open reading 
f rame encoding a putat ive polypeptide with homol-  
ogy to polypeptides encoded by insertion elements 

(van der Meer  et al. 1991c). Therefore ,  we desig- 
nated these elements  IS1066 and IS1067. This sug- 

gested that the D N A  fragment  containing tcbAB 
plus the putat ive IS elements were a composite  
bacterial transposon. We were able to demonstra te  
that this t ransposable element,  Tn5280, was func- 
tional and transposed at r andom and in single copy 
to the genome of P. putida (van der Meer  et al. 
1991c). These results suggested that perhaps the 
genes encoding the chlorobenzene dioxygenase 
and chlorobenzeneglycol dehydrogenase were 
recruited through the mediat ion of IS-elements by 
an ancestor plasmid of pP51, which already con- 
tained the genes encoding a modified ortho path- 
way. At  present,  we have not analyzed the origin of 

the IS elements IS1066 and IS1067 or the dioxygen- 
ase gene fragment  in other bacterial species. How- 
ever, preliminary studies which applied the tech- 
nique of D N A - D N A  colony hybridization (Sayler 
et al. 1985) with genetic markers  f rom chloroben- 
zene degradation genes indicated the presence of 
other microorganisms in the original soils used for 
the column experiments,  which carried genetic ma- 

terial homologous to the tcb genes. 

The use of pure cultures or enrichment cultures to 
enhance biodegradation 

Many attempts are made to evaluate the possibil- 
ities of applying pure cultures or enriched bacterial 
strains to enhance biodegradation of recalcitrant 
compounds in the environment.  On the level of the 
bacterial strains, such efforts are directed to either 
isolate by enrichment techniques specific strains 
that will per form the desired metabolic conver- 
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sions, or to construct strains by genetic means that 
will allow degradation of a previously considered 
unmetabolizable substrate (Latorre et al. 1984; 
Lehrbach et al. 1984; Rojo et al. 1987). However, 
as we have seen above, the success (or failure) to 
enhance biodegradation of specific compounds in 
the environment, does not depend solely on the 
catabolic potential of the microorganisms used. 
This section will deal with the effects of temper- 
ature-related activity and adhesion properties of 
microorganisms on the use and application of pure 
cultures in biodegradation. 

We evaluated the use of two different pure 
cultures capable of metabolizing chlorinated ben- 
zenes, Pseudomonas sp. strain P51 and Alcaligenes 
sp. strain A175, to decontaminate low concentra- 
tions of DCBs and TCBs from percolated water in 
a soil column. Strain Pseudomonas sp. P51 was 
pregrown on 1,2,4-TCB and introduced into the 
soil column and was able to degrade different con- 
centrations of DCBs and 1,2,4-TCB to a low, albeit 
detectable, level (see above). This microorganism 
remained active in degrading chlorinated benzenes 
as long as these compounds were present. How- 
ever, a 28-day period without addition of fresh 
substrates resulted in a loss of the degradative ca- 
pacity of the strain in the column. The activity of 
strain P51 in the column gave further evidence for 
chemotactic migration of the strain towards the 
substrates added in the influent (Bosma et al. 
1988b). A soil column in which degradation of 
1,2-DCB occurred after adaptation of the natural 
population, was able to restore the 1,2-DCB degra- 
dation activity after a period without substrate add- 
ed (Fig. 9). In a new soil column which was in- 
oculated with another chlorobenzene degrading 
strain, Alcaligenes sp. strain A175, we also found 
that the cells were able to retain their activity in the 
soil column and could degrade 1,4-DCB almost 
completely (Fig. 9). The effect of temperature on 
the biodegradation of 1,2-DCB and 1,4-DCB in the 
naturally adapted and this inoculated column was 
then examined by changing the operating temper- 
ature of the columns from 20 °C to 10 °C (Bosma et 
al., in preparation). The column which was in- 
oculated with Alcaligenes sp. strain A175 was im- 
mediately disturbed in the degradation of 1,4- 
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DCB, and after a 10-day period a new equilibrium 
was reached (Fig. 9). However, the total removal 
of 1,4-DCB after this change was only about 40% 
of the influent concentration applied to the co- 
lumn. The response of the naturally adapted co- 
lumn was initially similar to the inoculated column. 
A rapid decrease in 1,2-DCB removal was observ- 
ed, and after a 10-day period the previous steady 
state concentration of 1,2-DCB was restored in the 
effluent of the column (Fig. 9). This demonstrated 
that the bacteria in this column were better suited 
to be active at lower temperatures. Changing the 
temperature of this column to an even lower value 
of 4 °C did not alter the steady state concentrations 
measured for 1,2-DCB (not shown). 

A similar temperature response was found for 
soil columns which were inoculated with Rhodo- 
coccus sp. strain C125, a strain which can use tolu- 
ene and 1,3-dimethylbenzene as the sole carbon 
and energy substrates (Schraa et al. 1987). Chang- 
ing the operating temperature from 20 °C to 10 °C 
again resulted in disturbance of the degradation of 
toluene and 1,3-dimethylbenzene in the column. 
Whereas at 20 °C more than 90% of the influent 
concentrations of these compounds could be de- 
graded (around 500/zg/1), only 20 to 30% removal 
was observed at 10 °C (Fig. 10). Enrichment 
cultures were started at a temperature of 10 °C, 
using contaminated soil from a petrol station as 
source for microorganisms (de Bruin, unpublish- 
ed). Within three weeks, growth of the enrich- 
ments on toluene, 1,3- and 1,2-dimethylbenzene 
was observed, and the mixed cultures were added 
to the soil columns. Toluene and 1,3-dimethylben- 
zene were then easily degraded in these columns at 
a temperature of 10 °C to levels as low as those at 
20 °C (Fig. 10). Temperatures of 10 °C are more 
often encountered in ground water than temper- 
atures of 20 °C, and our results demonstrate that use 
of pure cultures which have been isolated on the basis 
of their faster growth rate at higher temperatures, 
can thus be limited in on-site applications. 

Application of microorganisms in bioreactors or 
in groundwater systems will also require informa- 
tion about the adhesion of bacteria to solid parti- 
cles and deposition in porous media. If, for in- 
stance, the introduced microorganisms do not ad- 
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here to the solid phase, they are not retained in a 
reactor or are transported in the soil with the water 
flow, and this may diminish the necessary desired 
biodegradation. Fundamental information about 
adhesion of microorganisms, which are regarded in 
this respect as colloidal particles, can be derived 
from batch and column experiments. The adhesion 
properties of microorganisms to well-defined sur- 
faces such as glass, polystyrene, or teflon in batch 
systems was studied previously and shown to be 
controlled by repulsive electrostatic and attractive 
van der Waals forces, as described by the DLVO 
theory for colloidal particles (van Loosdrecht et al. 
1989). The physico-chemical properties of the mi- 
croorganisms can be experimentally studied by 
measuring their electrophoretic mobility (which 
characterizes the surface charge of the microorgan- 
ism, van Loosdrecht et al. 1987a), and the contact 
angle of a drop of water on dried bacterial lawns 
(which provides information on the hydrophobicity 
of the organism, van Loosdrecht et al. 1987b). In 
dynamic systems, such as columns, adhesion of 
microorganisms is not only affected by surface 

characteristics but also by the hydrodynamic fac- 
tors controlling transport of the particle from the 
bulk liquid phase to the solid surface (Rijnaarts et 
al., in preparation). 

The adhesion of a number of bacterial strains 
was studied in more detail in column experiments, 
which contained the surface materials glass (a hy- 
drophilic material), and teflon (PFA-teflon, an ex- 
tremely hydrophobic material). Both surfaces are 
negatively charged and possess an electrokinetic 
potential of -42  + 2 mV at an ionic strength of 
0.01 M (Rijnaarts, unpublished). Three bacterial 
strains were tested, Pseudornonas sp. strain B13, 
P. putida mt-2 and Sphingomonas sp. strain 
HH19K (which degrades dibenzofuran) (Fortnagel 
et al. 1990), each having different cell surface char- 
acteristics. The contact angles of water observed 
for the three species varied from 32 ° for strain B13, 
40 ° for strain mt-2, to 60 ° for Sphingomonas, in- 
dicating that this last strain was the most hydro- 
phobic of the three. The electrophoretic mobilities 
at an ionic strength of 0.01 M measured -2.1-10-% 
-1.1.10 -8, and -1.6.10 .8 m2-V-l.s -1, respectively. 

[155] 



GIG 
1.2 

10~ 

O8 

0.6 

0.4 

0.2 

0.0 
0 

280 

Psaudomo~as putida 
PFA-teflon 0,10 M 27 cm/hr 

C/C o = exp (-\ L) 

i r l  i _ _  r 

2 4 T 8 110 112 14 
L (cm) 

Fig. 11. Determination of the retention of P. putida in a PFA- 
teflon bead column. The decrease of cell numbers present in the 
liquid phase is indicated as a decrease in cell numbers per ml at a 
certain point in the column (C) compared to the numbers per ml 
in the influent (Co). This decrease can be described using the 
exponential decay equation indicated, whereby L is the length 
of the column, and k the filtration coefficient. Ionic strength of 
the liquid phase was 0.1 M, and flow rate imposed on the face of 
the column 27 cm/h. 

This indicated that strain B13 beared the highest 
surface charge. The columns were packed with 
spherical collectors of teflon and glass with an aver- 
age radius of 0.2 mm. Bacterial suspensions of 108 
cells per ml were fed to these columns and the cell 
numbers in the influent and the effluent of the 
columns were measured. After a number of pore 
volumes a steady state was reached resulting in a 
constant aqueous cell concentration at a specific 
location in the column. This normalized 'concen- 
tration' of cells (which is the ratio of the effluent 
concentration over the influent concentration, 
C/C0) decreases exponentially with the length of 
the column (Fig. 11), with a decay constant termed 
the filtration coefficient k ( m - l ) .  The obtained fil- 
tration coefficients for the three strains at different 
ionic strengths and with two different surfaces, 
glass and teflon, showed interesting differences 
and have important implications for the behaviour 
of these strains (Fig. 12). Pseudornonas sp. strain 
B13 appeared to be a very poor adhering microor- 
ganism. Due to its hydrophilic nature and higher 
surface charge, the organism adheres better on 
hydrophilic surfaces (such as glass) than on hydro- 
phobic ones (such as PFA-teflon). Changing the 
ionic strength of the liquid phase does not dramat- 
ically alter this adherence (Fig. 12). The organism 
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Fig. 12. Filtration coefficients determined from column ad- 
hesion experiments for three different macroorganisms, P. puti- 
da rot-2, Sphmgomonas sp. strain HH19K, and Pseudomonas 
sp. strain B13 under different ionic strengths and on two differ- 
ent surfaces, PFA-teflon (circles) and glass (triangles). The 
figure shows further cell surface characteristics of the microor- 
ganisms: the contact angle (ca, expressed in degrees), and the 
electrophoretic mobility (epm, *10 -s mZ.g-a.s-1). 

can hardly be retained in columns such as described 
in these adhesion experiments. Similar observa- 
tions were made when this strain was applied in soil 
columns. Wash-out of the strain from the column 
resulted in a very poor degradation of 3CB. In 
contrast, P. putida mt-2 which is a moderately hy- 
drophilic, low-charged bacterium, behaved as a 
very good adhering organism both to hydrophilic 
and hydrophobic column material (Fig. 12). Re- 
suits with Sphingomonas sp. strain HH19K demon- 
strated that ionic strength can determine the adher- 
ence of a strain to the solid matrix. This organism 
adhered poorly at low ionic strengths, but retained 
better at higher ionic strength (0.1 M). 

Concluding remarks 

Our studies have demonstrated the usefulness of 
soil column experiments to evaluate various as- 
pects of biodegradation of halogenated compounds 
in an infiltration site. The system can be operated 
easily under variable conditions found in the envi- 
ronment (temperature, redox state, concentration 
of the compounds, etc.), and once biodegradation 
is initiated, the column can be used to enrich for 
microorganisms with the desired characteristics. 
Many interesting aspects were discovered and in- 



vestigated further, such as (i) the isolation of anaer- 
obic microorganisms which derive energy from re- 
ductive dechlorination of tetrachloroethylene or 
1,2,3-trichlorobenzene, (ii) the occurrence and na- 
ture of residual concentrations and their effect on 
biodegradability, (iii) genetic adaptation to chlor- 
inated benzenes, and (iv) the strong temperature 
effects on biodegradability of inoculated strains, 
and the effects of adherence properties of bacterial 
strains on their retainment. 

Considering the possibilities to use naturally 
adapted or genetically engineered strains to com- 
bat pollution, we have shown that the success (or 
failure) to enhance biodegradation of specific com- 
pounds depends on various biological and physico- 
chemical factors. In natural systems the environ- 
mental conditions will determine to a large extent 
the activities that microorganisms can display. Suit- 
able microorganisms must be present to carry out 
the complete degradation, but different redox con- 
ditions (anaerobic, aerobic) will influence what 
type of biodegradation prevails, and this may fa- 
vour particular transformation reactions (e.g. re- 
ductive dechlorination of polychlorinated ben- 
zenes and biphenyls in sediments), whereas others 
are repressed (e.g. aerobic conversion of lower 
chlorinated benzenes or biphenyls). We have 
shown that microorganisms in the natural envi- 
ronment can adapt to novel substrates, such as 
chlorinated benzenes. Therefore, to stimulate bio- 
degradation in the natural environment it may be a 
good strategy to create optimal conditions for the 
activity of indigenous microorganisms. This may 
also enhance adaptation of suitable microorgan- 
isms, however, it is not thoroughly investigated 
what the full catabolic potential of microorganisms 
in the environment is (van der Meer 1992). 

Under specific circumstances, such as in treat- 
ment systems, it may be more effective to apply 
specifically engineered or enriched strains. How- 
ever, several aspects must be evaluated to obtain 
successful biodegradation. In on-site applications 
the desorption rates of the pollutants from the solid 
matrix may be rate-determining for biodegrada- 
tion. Furthermore, biodegradation may be ham- 
pered in specific treatment systems due to growth 
kinetic parameters of the bacterial strains used. 
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When the available concentration of the substrates 
becomes too low to sustain growth, a residual con- 
centration of the pollutant may remain. The best 
strains to use in treatment systems are not necessar- 
ily those that have been isolated for their fastest 
growth rate at higher temperatures (20 °C to 
30 °C). Depending on the temperature that is need- 
ed for the application, it is often better to enrich for 
low-temperature adapted strains or populations 
from the environment. Finally, the adhesion prop- 
erties of the isolated microorganisms should be 
investigated to allow optimal retention of the mi- 
crobial strains in the system. 
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