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Waste productsresulting from human life have
always been aserious problem. Today these waste
productsrangefrom raw sewageto nuclear waste. In
thepast disposd of thesewastesmeant diggingahole,
dumping thewastematerid in, thenfillingital in. Out
of sght, out of mind. But latdy thismethod hasbecome
insufficient. Thetoxic materialsfromthese* digand
dump” sites have begun to leak into water sources
and into areasthat sustain human life. Thisproblem
has led to modern-day bioremediation.
Bioremediationisthetransformation or degradation
of contaminantsinto non-hazardousor lesshazardous
chemicals®. Bacteria are generally used for
bioremediation, but fungi, lgae and plantshave aso
been used. Bioremediation isnot anew technology.
There hasbeen evidence that compost pilesexisted
asfar back as6000 BC, andin 1891 thefirst biologicd
sewage treatment plant was created in Sussex, UK.
However, theword “ bioremediation” did not appear
in peer-reviewed scientific literature until 1987+

Therearethree classificationsof bioremediation:

Biotransfor mation - thealteration of
contaminant moleculesinto lessor non-
hazardousmolecules*

Biodegradation - the breakdown of
organic substancesin smaller organicor
inorganic moleculest

Miner alization - isthe complete
biodegradation of organic materialsinto
inorganic constituentssuch as CO, or
H,O*

Thesethree classifications of bioremediation can
occur either insitu (at the site of contamination) or
ex situ (contaminant taken out of the site of
contamination and treated € sewhere).

There are advantages and disadvantagesto both
insituand ex situ strategies. Ex situ strategies (aka
“pump and treat”) removes the contaminants and

places them in a contained environment?. This
contained environment allowsfor easier monitoring
and maintaining of conditionsand progress, thusmaking
the actual bioremediation processfaster. However,
theremoval of the contaminant from the contaminated
site is time consuming, costly and potentially
dangerous. By bringing the contaminants to the
surface, the workers and the general public have
increased exposureto thetoxic material. Thereare
several extraction strategies to facilitate ex situ
bioremediation. The soil can actually bedug up and
transported to abioreactor. Soil washing?isanother
method that can be used, where water is flushed
through the contaminated region and then transferred
to abioreactor for treatment*. Similarly, soil venting?
can be used, where air is flushed through the
contaminated region and the air containing the
contaminant is transferred to a bioreactor for
treatment. The method of contaminant extraction
dependson the nature of the contaminant in question
(whether itisgas, liquid or solid phase, itschemical
properties, anditstoxicity).

In contrast, thein situ strategy does not require
remova of thecontaminant from the contaminated Ste.
Instead either biostimulation or bioaugmentation
isgpplied™. Biostimulationistheaddition of nutrients,
oxygen or other electron donorsand acceptorsto the
coordinated sitein order to increase the popul ation
or activity of naturally occurring microorganisms
availablefor bioremediation. Bioaugmentationisthe
addition of microorganismsthat can biotransform or
bi odegrade contaminants. The microorganismsadded
can beacompletely new species or more members
of a species that already exists at the site. The
advantage of in Situ bioremediationisthat thereisno
need to extract the contaminants, so there is less
exposure to workers, and it is also less costly.
However, thereared so disadvantagesto thisstrategy.
Thedgteof bioremediationisnot contained, therefore,
itisharder to control conditionsand monitor progress.
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Examples of In-Situ Bioremediation
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Figure 1. In-situ Bioremediation.

One exampl e of thisisthe attempt to biostimulate
microbesat an oil spill site. Nutrients added to the
siteend up diffusing through thewater, and theresult
is a solute concentration the same as before the
supplementary nutrientswere never added®. Another
disadvantageof in Stubioremediationisthat if the soil
(or other media that contains contamination) is
heterogeneous, therewill beunevenflow of liquid or
gascontaining thenutrientsor microbes, so different
areaswill undergo different rates of remediation®.
Despitethe complicationswith bioremediation, itis
till being used or studied for useintheremediation of
crudeoil spills, sewageeffluents, chlorinated solvents,
pesticides, agricultural chemicals, gasoline
contaminants, contaminantsfrom wood processing,
radioactivemetalsand toxic metal .

For thelast 50 years, the United Stateshave used
nuclear energy for many purposes. However, the
research, development and production of nuclear
material hasleft the United Stateswith alot of nuclear
waste to deal with!. Normally this waste is just
contained and buried. Thishasresulted in morethan
120 sites in 36 states and territories that contain
hazardousand radioactivewastes, including 475 billion
galonsof contaminated groundwater, 75 millioncubic
metresof contaminated sediment, and 3 million cubic
metresof leaking waste buried inlandfills, trenches
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and spill areas'. Intheearly 1990'sthethreat of the
Cold War ended and the US Department of Energy
(DOE) shifted their focustowards cleaning up these
Stes. Thefirst few yearsconssted mainly of cataoging
and preliminary characterization, which cost morethan
$23hillion (the next ten yearsare budgeted to exceed
$60 billion'). Such alarge and costly project must
have priorities and the focus of the DOE centres
around radionuclides and toxic metalsfound inthe
nuclear wastestes. Someradionuclidesfound at DOE
facilitiesareuranium (U), strontium (Sr), plutonium
(Pu), cesium (Cs) and technetium (Te). Sometoxic
metal s present at DOE facilitiesinclude lead (Pb),
chromium (Cr) and mercury (Hg).

Currently, thereisno effectiveway to deactivate
radioactive materials, except to alow themto decay
inagtethat isfar away fromhumanlife. Unfortunately,
many of radionuclideshavevery long half-lives:

Radionuclide Half-life
Sr-90 28years
Cs-137 30years
Pu-239 24,100 years
Tc-97 2.6millionyears
U-238 45billionyears
U-235 7.13millionyears



Exposureto thisradiation can causeradiaion burns
and cancer. In addition, strontium (Sr) can replace
calciumin bones and become concentrated enough
to causeradiation injury fromwithin the body. The
problem with containment sites of theseradioactive
materiasisthat they canleak. Most of theleakingis
caused by solublization of themetasintowater. This
alowstheradioactivemetalsto travel with thewater,
which may flow through or around the site. One
solution against this problem isto makethe metals
insoluble. Thisessentially makesthe radionuclides
immobileand prevents|eaking from the contaminated
sites. One way of doing thisisto introduce metal-
reducing bacteriato the containment siteand alowing
the bacteria to precipitate the metalst out of the
solution. The bacteria can directly reduce the
radioactivemeta sfroman oxidized, solubleformtoa
reduced, insolubleform. Thebacterium doesthisby
taking el ectronsfrom organic compounds, and using
theradioactivemeta asthefinal electronacceptorin
the process of energy productiont. For example, a
bacterium canreduce U (V1), Cr (VI) and Tc (VII)
toU (1V), Cr (I11) and Tc (1V).

The bacteria can also indirectly reduce the
radioactive metal sby using anintermediate €l ectron
donor?. For example, the bacterium can use either
Fe** or SO,* as a final electron acceptor. Fe**
becomes Fe&** and SO, becomes H,S. Fe** and
H.,S can then reduce the radioactive metalsto an
insolublegtate. Theresult of theseredox reactionscan
be seen asthe preci pitant within the metal-reducing
bacteria. Radioactive metals are not the only
contaminants on which thisredox bioremediation
technique can be used. It can also be used to
immobilizetoxic metasor changethemintolesstoxic
forms. The negative effects of afew toxic metals
indude:

Cr(IV)-  Throat and lung cancer, shortened
lifespan, reproductive problems
andlower fertility

Pb - plumbism (lead poisoning),

anaemig, effectsontheintestines
and central nervoussystem. Also
inchildren (generdly havingaless
well-devel oped blood brain
barrier than adults): behavioura

changes, decreased intelligence;
brain damage and even death
have been observed.

CH,Hg-  neurotoxicity.

Althoughusing bioremediationisagresat idea, quite
often the contaminants or the contents of the
contaminated Stearealsotoxicto theactivemicrobe
involved inthe bioremediation process. Thisproblem
can make it very difficult to keep the rate of
bioremediation high. A solution to thisproblemis
genetically engineered microbes (GEM) that are
res stant to theextreme conditionsof the contaminated
site and also have bioremediary properties. For
example, radiation isdamaging to most lifeforms
including most bacteria. However, thereisonespecies
of bacterium, Deinococcus radiodurans', that is
resistant to radiation damage (it can withstand up to
1.5 millionradsof radiation. If the genesfor metal
reduction canbetrandferredintothisradiation-resistant
species, or theradiation-resistant genestransferred
into themeta-reducing bacteria, aGEM could bemade
that would be moreefficient at bioremediation of Sites
leaking radioactive metals. Thisisonly oneexample
of bacterial speciesbeing studied for their ability to
resist extreme conditions. Othersinclude bacillus
infernos', which can resist high temperatures, and
Methanococcus jannaschii?, which can resist high
pressures (up to 230 atm) in addition to high
temperatures.

Dehalococcoides have the natural ability to
dechlorinatetri-, tetra- and penta-chloro dioxins®. The
genesresponsi blefor thisdechlorination have been
identified and modified to becomeoverexpressed. This
alowsthedechlorination abilitiesof Dehal ococcoides
to beaugmented. Further studiesinto placing these
overexpressed genesinto more robust organismsfor
bioremediation purposesare being done. Thevalue
of aGEM withtheability to bioremediate siteswith
dioxinsisobviouswhen considering thetoxicity of
dioxins. Acutedioxin toxicity causessymptomssuch
asdisturbance of hair arrangement, atrophy of the
thymusgland, and hypertrophy of theliver (according
to animal tests) and askin disease named chloracne
in humans’. Chronic poisoning includes
carcinogenicity, liver disorders, teratogenicity, and
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heterotopic endometriosis’. Dioxinsarea so suspected
of causing endocrinedisruption. Intakeof dioxinsover
thetolerabledaily limit can result in degradation of
immunity, malignant tumours and morphological
deformations of reproductive organs’. Sources of
dioxinsincluded waste incinerators, impuritiesin
agricultura chemicasand productscontaining PCBs.
Dioxinscanbefoundinair, water, soil, food and even
breast milk’.

Microbes are not the only species that can be
enhanced by genetic modificationfor bioremediatory
purposes. Plants have al so been studied and used.
Bioremediation by plantsiscalled phytoremediation.
Arsenicisonetarget of phytoremediation®. Thehedlth
effectsof arsenicincludeliver, lung, kidney and bladder
cancers. One plant, Arabidopsisthaliana has been
genetically modified to overexpress two bacterial
genes, arsC and g-ECS'. The gene arsC codesfor
arsenatereductase, which allowsthe plant to modify
arsenate into aresenite, and g-ECS codes for g-
glutamyl cysteine synthase, which makesathiol that
can detoxify aresenite by forming arsenic-protein
thiatesthat are then stored in vacuoles'. Essentially
thisgenetically modified plant can take up arsenate,
detoxify it and storeit. Phytoremediation can also be
used to destroy high-energy compoundssuchasTNT,
GTN, RDX, TETRY L and HM X®. Tobacco plants
have been genetically modified to express bacterid
pentaerythritol tetanite (PETN) reductase allowing
these plantsto take up high-energy compoundsand
reduce them to non-expl osive substances’. Another
genetically modified plant possesses a bacteria
mercuric reductasegene dlowingittotakeup mercury
(Hg) out of the soil and storeit safely™°.

Although genetically modified plantsand GEMs
have great applicationsin bioremediation, creating
them has seriousethica implications. For thisreason,
the DOE has formed a group called BASIC
(Bioremediation And its Societal Implication and
Concerns) Program!. This group consists of
community leaders, engineers, representatives,
scientigsand lawyers. Together they discusstheethicd
and societal implicationsof bioremediation, foster
respect and collaboration between scientist and
stockhol ders, and enhance research communication
and develop educationa materids'. Oneof thelargest
concernswith GEMsisthat they are not naturally

occurring and therefore they could potential ly upset
thenatura environment. Thisconcern can beextended
to bioremediation that does not even use GEMs: in
bi caugmentation, the addition of moremicrobestoa
naturally occurring populaioninthecontaminated site
canupsetitsnatural balance. Furthermore theaddition
of anew speciesof microbetothesite can a so upset
theba ance of co-existing microbe popul ationspresent.
In biostimul ation, the preexisting microbe population
responsible for bioremediation is being expanded
beyond its normal size and this could result in a
disturbanceto the balance of surrounding microbe
populations. Also, the nutrients added for
bi ostimulation coul d stimul ate microbe species other
than that intended for bioremediation. The
consequencesof thisareunknown. Although ideally
the microbesadded for biocaugmentation or expanded
by biostimul ation would die off when the addition of
nutrients ceased, there isthe possibility that these
expanded populations would continue to thrive,
resulting in severe consequencesto the environment.
Especialy with in situ bioremediation, where the
contamination Steisnot remediated withinacontained
bioreactor, these environmental balanceissuesmust
be considered and addressed. The bal ance between
the damage to the environment caused by toxic
meaterid sandthepotentid damagethat may be caused
by bioremediating microbes must be determined.
Bioethics concerning GEMs and ecological
damage control are not the only factors outside of
sciencethat need to be considered in bioremediation.
Cogtisaso aimportant factor. How muchisit worth
indollarsto clean up acontaminated site? 1t hasbeen
predicted that by 2010, the global environmental
technology industry could beworth morethan $1.5
trillion, of which biotechnological processes could
account for 15-20%°. Thislarge quantity of money
has not been overlooked by businesses. Many
bioremediation and rel ated technol ogies companies
have formed: Battelle Environmental Systems &
Technology, Bioremediation Service, Inc.,
BioSolutionsInternationd, Inc., Chemica Specidities
International, I nternationa Biochemicals(InterBio),
Micro-Bac International, Inc., Oppenheimer
Biotechnology, Inc. (OBI), Phytotech, Inc., Regenesis
Bioremediation Products, Inct. Even though
bioremediation reducesthe cost of decontaminating
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sitessignificantly, it till costsmoney and time. But
ultimately, thequestionisnot whether decontamination
is worth the effort and expense. The question is
whether or not we can afford to neglect these
environmenta problemsthat have accumulated over
time.
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