
Discovering Microbes  
with a Taste for PCBs  

Microbial ecologists and microbklogists are finding new 
o~pnisvns in the environment with anexpected abilities to 
degrade toxic chemicals 

ICROBIAI, ecologists and microbi- 
ologists are beginning to ~ulearth 
a startling array of microorgan- 

isms with unexpccted abilities to biodegrade 
some of the toughest and most rccalcitrant 
enviro~lmcntal chemicals. In the past few 
years they havc found cntirely ncwtypcs of 
bactcria that can carry out reactions previ- 
ously thought to be impossible. Efforts arc 
now undcr wav to harness those natural 
abilitics and usc them in cleaning up toxic 
chemicals, first by enhancing thc pcrfor--
mancc of nonengineered microorganisms 
and later by endowing them with ncw capa- 
bilities through genetic engineering. 

Although many questions remain about 
how to turn these findings into practical, 
cost-effective systems for pollution control, 
work is rapidly moving from the laboratory 
to the ficld. For instance, this summer Gen- 
cral Electric scientists bcgan the first ficld 
test of a biological approach to degradation 
of polychlorinated biphenyls (PCBs), at a 
drag strip some 35 milcs from the corporate 
rescarch laboratory in Schenectady, Ncw 
York. 

Proiects such as this one, and the basic 
research behind thcm, were discussed at a 
recent meeting in Seattlc on biotcchnology 
and pollution control.* Talks ranged from 
descriptions of bcnch-scale tcsts and field 
tcsts to actual use of noncngineercd mi-
crobes to clcan up Superfund sites. 

Exploitation of natural biodcgradative 
processes is not ncw; indeed, biological 
approaches havc becn used for years to trcat 
industrial and municipal wastcwaters. But 
most of thesc applications have occurred 
abovc ground, where the processes can be 
fairly easily controllcd. Now the goal is to 
modify those tcchniqucs to work in soil and 
ground water, often on exceedingly recalci-
trant chemicals that are biodegradcd only 
slowly, if at all. 

But before thesc ncwlv found microor- 
ganisms can be harnessed, researchcrs must 

*The meeting, "Reducing 1Qsks fi-orn Environmental 
Chemicals Through Uiotechnology," was held 19 to 22 
July at the University of Washington, Seattle. 
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first figure out how to makc them work in 
thc right placc, and at sufficiellt spced, on 
the appropriate chemicals. And that, in 
turns, depends on understanding the "mes- 
merizing complexity" of microbial ecosys- 
tems, says Rita Colwell of thc University of 
Maryland, as well as the genetics and bio- 
chemistry of particular organisms. Funda- 
mental knowledge is lacking, she says, be- 
cause microbial ecology rescarch has becn so 
poorly fundcd. "We've had a couple of 
decades of intense molecular biology, but 
ecology and systematics have been left be- 
hind." 

"We wi l l f ind  lots of 
swpYises when we stavt 
pv>n8 into the corners 
of soil and water  
ecosystems." 

That changcd with the advcnt of gcnetlc 
eng~neering.The possibility of manipulating 
gcncs to create a "superbug" with new bio- 
degradative abilities illumillatcd how little is 
known about what microorganisms already 
exist, how thcy function, and what effect 
modifying them might have on natural eco- 
systems. In rcsponse, the National Scicncc 
Fo~u~dation,which ~ultil a fcw years ago did 
not evcn have a separate program in micro-

bial ecology, has dramatically incrcased ~ t s  
funding. Although genctic engineering ap-
plications remain years away, the upsurge in 
basic rescarch has led to thc discovery of 
these fascinating new microbcs, which may 
not nccd any engineering at all. 

Jamcs Tiedje, for instance, has isolatcd an 
cntirely new anaerobic bactcr~um. It  is able 
to do what was considered impossible only a 
few ycars ago: to remove chlorine from 
aromatic compo~u~ds, a key step in brcaking 
down thcse compounds, which lncludc such 
major pollutants as PCBs, dioxins, chlori- 
nated phenols, and chlorinated bcnzcnes. 

Not only arc chlorinated aromatics toxic, 
they arc also very refractory, in part because 
of the aromatic ring structure but mostly 
because of thc chlorination. If the chlorine 
can be removed, the rcmaining compound is 
often less toxic and more easily degraded, 
says Ticdje, who is a microbiologist at Mich- 
igan State University. However, although it 
was known that some compounds can be 
dechlorinated by microorganisms, until re- 
cently it was bclieved that aromatic com-
pounds could not. That changed in 1982, 
when Tiedje observed dechlorination occur- 
ring in scwagc sludge and realized the rcac- 
tion was being carried out by indigenous 
microorganisms. 

Two ycars later hc isolated this microor- 
ganism, which he has dubbcd DCB1, that 
can dechlorinatc aromatic compounds-in 
this casc, chlorobermate. "Our present 
knowledge suggests that this microorganism 
has no known closc relatives that have bccn 
previously studied," says Ticdjc. It has a dis- 
tinctive collar around every cell that scems to 
be involved in cell division. "This is a very 
unusual morphological structure, not previ- 
ously known in microbiology. That points 
out the unknown naturc of this organism." 

Since thcn Ticdje has found that this new 
organism works in concert with two others, 
which act in continuous sequence to com- 
plctcly degradc chlorobenzoate. (Chloro-
benzoate is not an important pollutant, but 
it provides a model system for detailed, basic 
studies.) DCBl pcrforms only one step: it 
rcmoves the chlorine from chlorobenzoatc 
to produce benmatc. Then a sccond organ- 
ism, a bcnzoate oxidizer, takes ovcr and 
transforms benzoatc to acetate, hydrogen, 
and carbon dioxidc. Finally a methanogcn, a 
bactcriurn that produces methane, finishes 
off the proccss by converting hydrogen and 
carbon dioxide to methane. 

Tiedje is now probing the details of the 
interactions of thc microbial consortium, 
and specifically, how the kcy dechlorination 
step works at both the gcnetic and enzymat- 
ic levels. Anothcr critical question is, where 
does DCBl get its energy? In this way, too, 
DCBl appcars to be unique. Tiedje bclieves 
that the energy source may involve the 
dechlorination process itself. "There arc 
only a limited numbcr of ways an organism 
can makc energy," Tiedje says, "and this 
represents a new onc." 

Tiedjc's cvcntual goal is to use DCB 1 and 
othcr dcchlorinating microorganisms, once 
they are isolated, in a practical system to 
clean up hazardous waste. But first hc nccds 
to determinc which pollutants thcsc organ- 
isms will transform and how the reactions 
can be enhanced. 

To Cmlwcll, Tiedje's work hints at what lies 
ahead. "We will find lots of surprises when we 
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smrt prying into the comers of soil and water all halogenated aliphatics, this is not the 
ecosystems. As we smrt dung these cornmu- case. Instead, the microorganism requires a 
nities apart and loolung at the components, second compound as its energy source and, 
we will find the kinds of organisms that Jim in the process of metabolizing that energy 
dibsaange creatures that have a mix of source, degrades the "target" compound m a 
&amcm&cs that are quite unexpected." fortuitous reaction. This biochemical piggy- 

Peny Md=arty, a avil engineer at Stantbrd backing is known as cometabolism. 
University, has detected two microorganisms 'That is the pmess we are trying to 
that can also do the un-in this case, capture," McCarty says, "but we know very 
biodegrade trichloroethylene (TCE) and little about it and how to optimize it." 
mchloroethane (TCA), which are major Methanogens must have either methanol or 
ground water contaminants. TCE and TCA acetate to grow and to degrade TCE. Meth- 
belong to the broader dass of halogenated anotrophs require methane. Finding the 
aliphatics, which were thought to be com- right balance can be tricky, as McCarty has 
pletely refkctory to biodegradation until discovered. Although methanotrophs can- 
McCarcy fbund out otherwise a few years ago. not degrade TCE without methane, too 

But, as McCarty's work reveals, adapting much inhibits the degradation. 
either of these microorganisms for practical Researchers at the Environmental Protec- 
use (or for that matter, Tiedje's DCBl or tion Agency's Gulf Breeze laboratory in 
the slew of other microorganisms yet to be Florida are also encountering problems with 
detected) will be tricky. 'We need to learn cometabolism. Michael Nelson and his col- 
how to create the right environment for leagues recently isolated another new bacte- 
these organisms to cany out the transforma- rium, which they call strain G4, that also 
tion," McCarty says. 'We need to under- degrades TCE. The catch is that its energy 
stand the organisms and their growth needs, source is phenol, a highly toxic aromatic 
then we need to learn how to optimize the compound. "You don't want to dump it in 
system-to get nutrients to them and make the ground water," says Nelson. 
the reaction run faster." What cometabolism means in a practical 

McCarty wants to use these microbes to sense, McCarty says, is that huge quantities 
treat contaminated ground water in situ, but of the energy source must be made available 
little is known about microbial processes in to the microorganisms. On the basis of 
ground water and simply gaining access to preliminary studies, McCarty says, it looks 
deep aquifers is a major obstacle. Another as if the primary energy source must be 
problem is toxic intermediates. In some present in quantities 100 to 1000 times 
microbial reactions the hazardous chemical greater than the hazardous chemical if it is to 
is not completely degraded, or mineralized, be transfbrmed. In other words, in order to 
but is transformed to intermediates. For 
some chemicals, transformation is sufticient - - - 
to deto* them. But for others, it makes - 
the problem worse. For example, methano- 
gens, the anaerobic bacteria McCarty has 
detected in ground water, transform TCE to 
organic intermediates, one of which-vinyl 
chloride-is more h d to human health 

n 
than is TCE. The mck, says McCarty, is to 
figure out how to prod the reaction along to 
complete minerahation. 

The other TCE degraders McCarty and 
his colleagues have found, aerobic soil bacte- 
ria known as methanotrophs, do mineralize 
TCE to harmless, inorganic components, 
which holds great promise for in situ treat- 
ment of contaminated soils. But if McCarty 
is to use methanotrophs in ground water, 
oxygen would have to be injected into the 
aquifer along with all the other substances $ 
necessary for bacterial growth. 3 c 

But the biggest obstacle, at least for the 4 
compounds McCarty is working with, is a 
poorly understood process known as come- g 
tabolism. Biodegradation occurs fairly readi- 2 
ly, even in ground water, if the microorgan- James ~ i e a e  bar kolatd a - 
ism can use the hazardous chemical as its bmmrn~m that do what war pr&b 
primary energy source. But for many if not th@t to be i m w k .  

transform 1 kilogram of TCE you would 
need to add 100 to 1000 kilograms of the 
energy source. 'This horrendous ratio 
means that large quantities of chemicals 
would need to be injected into an aquifer 
system for even a relatively small contamina- 
tion." In addition, the carbon, nitrogen, and 
phosphorus needed for cellular growth all 
must be present and in proper balance for 
the reaction to proceed. "If it weren't for the 
high cost of the alternatives, it wouldn't be 
worth considering this at all," McCarty says. 
"It is very expensive." 

As these basic studies proceed, other re- 
searchers are moving toward application in 
the field. 'We are finding, eureka, what we 
are seeing in the lab clots work in the field," 
Colwell says. "But what we are also finding, 
not unexpectedly, is that the precise extrapo- 
lation does not work. Parameters like tem- 
perature and nument concentration in a 
given system are important and not always 
entirely controllable." 

General Electric's current assault on PCBs 
is a good example. The company has much 
at stake in this research, as it was a major 
user of PCBs for some 50 years and now is 
faced with a hefly dean-up task. At the drag 
strip, where PCBs were sprayed to hold 
down dust, the soil is contaminated with 
roughly 525 parts per million of Aroclor 
1242, one type of PCB. PCBs are a "tough 
nut," says Ronald Unterman, the chief sci- 
entist on the project. There are more than 
200 different forms. and what works on one 
will not necessarily work on another. Unter- 
man and his colleagues are testing a strain of 
Ps-putrda, LB400, one of two dozen 
bacterial strains they have isolated that can 
grow on biphenyls and d o r m  PCBs. 

In the laboratory, LB400 works superbly, 
Unterman says. &what he calls a "shake i d  
baken procedure, they inoculated soil fiom 
the site with LB400, mixed it, and put it 
into an incubator. Within 3 days, 51% of 
the PCBs were transformed. But when they 
med it under simulated field conditions- 
they inoculated a few kilograms of soil with 
LB400 and lefi it at ambient temperatures in 
the laboratory without shaking-nothing 
happened. Thirty days brought a "hint" of 
activity, Unterman says, and by 100 days 
they had achieved 50% degradation. 

They are now testing LB400 on a test plot 
at the drag smp. "It's very low tech, we just 
spray them on," says Unterman. He expects 
transformation to occur even more slowly in 
the field. where the bacterial concentrauon 
is more dilute and temperature and moisture 
content cannot be precisely controlled. At 
the time of the meeting, 23 days into the 
test, there was, not unexpectedly, no sign of 
activity. 

In other work, Ronald Crawford of the 
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University of Idaho and Thomas Fcick of Juan Ratnos, Timmis is trying to accelerate vide enzymes to construct it." 
the ~ni&rsity of Minnesota have developed 
a microbial consortium to degrade penta- 
chlorophenol, a wood preservative and in- 
creasingly common ground and surface wa- 
ter contaminant. In a demonstration project, 
BioTrol Corporation of Minnesota is using 
that consortium in bioreactors to clean 
penta- and creosote-contaminated ground 
water at Superfund sites. And Ecova Corpo- 
ration of Washington State has used biodeg- 
radation in combination with physical pro- 
cesses to clean up contaminated soils at an 
abandoned refinery on the Gulf Coast. 

evolution in the laboratory. %ey are using 
two experimental strategies to construct 
new degradative pathways: restructuring an 
existing pathway and assembling an entirely 
new one. 

The idea behind the first approach is to 
modify an existing catabolic pathway so that 
it will accept a compound that it previously 
would not, in this case, a model aromatic 
compound. P. put&, for example, degrades 
methylbenzoate and 3-ethylbenzoate but 
not 4-ethylbenzoate. Timmis and his col- 
leagues set out to broaden this pathway by 

"I'm very impressed with the translation identifying the roadblocks to degradation of 
of basic microbiology into field work," said -- 
Alan Bull of the University of Kent, En- 
gland, at the end of these talks. "Europe and 
the U.K. are a good deal behind." But as 
Bull pointed out, these early applications -I. --. 

' . * 
y. ' -5 were picked precisely .because they stood a '--eg . . &i good chance of success. "We're not hearing - .  = ,  

about aromatic compounds or heavy met- 
als." he said. 

Similarly, while several of the speakers 
predicted that these processes will be cost- 
competitive, and eventually cheaper than the _ 
alternatives, that potential has yet to be 
realized. "The only thing that makes a lot of 2. 
these technologies possible is the Superfund f 
requirement that sites have to be cleaned 2 
up," McCarty said. "Otherwise, we couldn't 
afford it." 

There are other obstacles as well, points 
out Martin Alexander of Cornell University. 
Some discharges and Superfund Toxic waste dumps like thrj m y  be 
sites are SO toxic that they would " p i e  the &med @ by m i n e e r e d  m m a n - .  
organism before it had a chance to degrade 
them. In addition, he said, bacteria have to 4ethylbenzoate and then engineering them. 
be able to work on the chemical as it appears The first obstacle they found is that the 
in nature-which usuallv means in a mix- orotein that stimulates svnthesis of the cata- 
ture-rather than in isolition in the labora- 
tory. And if the microbe or microbial con- 
sortium does not completely degrade a com- 
pound but leaves intermediates, how will 
those be removed? 

Only one talk at the Seattle meeting fo- 
cused on genetic engineering. Kenneth Tim- 
mis of the University of Geneva described 
his laboratory's efforts to draw on the di- 
verse catabolic abilities scattered amone soil 

bolic enzymes in P. put& does not recog- 
nize 4ethylbenzoate. But once they engi- 
neered that protein to recognize 4ethylben- 
mate, the organism still did not degrade it. 
The next roadblock tumed out to be an 
intermediate step in the normal catabolic 
pathway, in which P. pduiz produces an 
enzyme that cleaves the aromatic ring. Tim- 
mis found that the enzyme is indeed pro- 
duced and functions when 4-ethvlbenzoate " 

and water microorganisms. Microorganisms is present, but it is killed during the reaction. 
have extraordinary capabilities to evolve (The intermediate of 4ethylbenzoate is a 
pathways to degrade new industrial chemi- "suicide substrate" that kills the enzyme.) 
cals, he said. But evolution can be slow, They selected a mutant enzyme that does 
especially when it requires multiple genetic work, cloned its gene, and inserted it into P. 
events for which selection pressures are low. put&, which now degrades 4ethylben- 
(This is especially true fdr catabolic path- -mate in the laboratory. - 
ways, which usually require 10 to 15 differ- The second approach comes into play 
ent enzymes.) Moreover, some chemicals when there is no obvious pathway related to 
appear to be inherently resistant to biologi- what you want to degrade, T i s  says. 
cal attack. For those, genetic engineering The answer, he says, is to "design a new 
may be the only approach. pathway on paper and then go looking in 

With co-workers Fernando Rojo and the environment for bacteria that will pro- 

As their model wstem. Timmis and his 
co-workers decided'to create a single path- 
way to degrade two types of aromatic com- 
pounds, chloroaromatics and methylaroma- 
tics. In nature these are handled by two 
distinct pathways (an wtho and a meta path- 
way). Although soil microorganisms often 
possess both pathways, only one is usually 
activated, depending on which substrate is 
present. When both compounds are present, 
however, both pathways can be switched 
on, which results in quite a muddle; inter- 
mediates are channeled down the wrong 
route, and, in the end, neither compound is 
degraded. Through a series of steps, the 
Geneva researchers recruited enzymes and 
assembled a pathway in P. pcrtida that ac- 
commodates both. "It works," Timmis says. 
"It can simultaneously degrade mixnues of 
both types of compounds in the lab." And 
that, hksays, holdspromise for dealing with 
mixtures of toxic chemicals in the environ- 
ment. The next step is to try both of these 
approaches on such major pollutants as 
PCBs and dioxin. 

Such applications for major pollutants are 
thought to be several years away, however, 
for both scientific and regulatory reasons. 
Concern about releasing altered organisms 
into the environment is certainly one obsta- 
cle. But as Tiedje pointed out, no U.S. 
mearcher has yet applied for pennit to use a 
genetically altered microbe for pollution 
control. "There are no well-developed 
GEMS [genetically modified microorgan- 
isms] that people are waiting to test. We 
aren't there yet." And, as several speakers 
mentioned, Ananda Chakrabartfs oil-de- 
grading microbe, the first genetically modi- 
fied microbe to be patented, has not been 
used in the field, not for regulatory reasons 
but simply because it doesn't work very well. 

For genetic engineering, says Colwell, "a 
key question is expression at the ecological 
level. You may get the gene expressed in the 
organism but not in the field. Factors such 
as temperature, the amount of nutrients, and 
the presence of heavy metals may affect the 
hc t ion  of the organism you have so care- 
m y  engineered." And if the organism does 
work in the field, she asks, "how do you 
prime it and keep it primed so it will contin- 
ually function?" 

The difiiculty is compounded, Tiedje says, 
by how little is known about these newly 
discovered microbes. "Comparatively, get- 
ting E. coli to produce insulin was far simpler 
because the biochemistry was well known." 
Md=arty concurs. "The real need now is to 
understand the diverse abilities of natural 
organisms if we are to have any hope of 
improving them through recombinant 
DNA." LESLIE ROBERTS 
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