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Abstract 

Bacterially mediated ionic mercury reduction to volatile Hg ° was shown to play an important role in the 
geochemical cycling of mercury in a contaminated freshwater pond. This process, and the degradation of 
methylmercury, could be stimulated to reduce the concentration of methylmercury that is available for 
accumulation by biota. A study testing the utility of this approach is described. 

Abbreviations: Hg R - inorganic mercury resistance; Org-Hg - organomercury; Org-Hg g -  organomercury 
resistance; SRB - sulfate reducing bacteria; Methyl-B12 - methylcobalamine 

Introduction 

I. Metals and metaloids - general 

i. Metal resistance 

Metals are crustal elements in whose presence liv- 
ing organisms have evolved. Many metals are es- 
sential for the metabolism of living organisms: as 
prosthetic groups in metalloproteins (e.g. coen- 
zymes), regulators of ionic environments, and in 
maintenance of membrane potentials. Yet, all met- 
als are toxic at elevated concentrations, and mech- 
anisms enabling life at high metal concentrations 
exist in all organisms. Eukaryotes and prokaryotes 
have inducible metallothioniens. These are small 
proteins with a high cysteine content that sequester 
metals and thus control metal toxicity and homeo- 
stasis (Hamer 1988; Olafson 1984). Phytochelatins 
are small peptides (5 to 17 residues) consisting of 

repetitive ~-glutamylcysteine residues with a car- 
boxyl-terminal glycine that are produced by plants 
in addition to metallothioniens, and serve an analo- 
gous function (Rauser 1990). 

A variety of mechanisms to combat toxic metals 
exist in bacteria (Table 1, Silver 1991). For a de- 
tailed description of metal resistance mechanisms 
see the recent review by Silver & Walderhaug 
(1992). Most, but not all mechanisms, are plasmid 
encoded, and the majority involve transport phe- 
nomena. Transport-related metal resistance mech- 
anisms include effiux, the export of metal ions, 
following their 'erroneous' uptake by essential ion 
transport systems (e.g. Cd 2+ in Staphylococcus au- 
reus by the Mn + transport system; Cd 2+, Zn 2+, 
Co 2+, Ni 2+ and Mn 2+ in Alcaligenes eutrophus by a 
transport system that has a broad specificity range; 
AsO43- (arsenate); AsOf (arsenite), Sb 3+, and 
TeO~- (Turner et al. 1992) via a PO 4 transport 
system in both gram positive and negative bacte- 
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ria). In contrast, sequestration and periplasmic ac- 
cumulation of Cu 2+ was found to be the resistance 
mechanism in plant-pathogenic Pseudomonas syr- 
ingae. Chemical transformation and detoxification 
of metals as the basis for resistance are well charac- 
terized for Hg 2+ and organomercury compounds 
(see below). In addition, AsO]- resistance involves 
reduction prior to its effiux as AsO2. Microbes 
mediate numerous metal biotransformation reac- 
tions that are unrelated to metal tolerance. They 
reduce Cr 6+ to Cr 3+ (Bopp & Ehrlich 1988), me- 
thylate inorganic- (Hallas et al. 1982) and organo- 
(Guard et al. 1981) tin, and reduce (Steinberg & 
Ormland 1990) and methylate (Karlson & Fran- 
kenberger 1989) inorganic selenium. 

ii. Metal pollution and remediation 

The unique physical-chemical and toxic properties 
of metals have promoted their wide use in industri- 
al processes and as biocides. As a result, higher 
concentrations than those naturally present in the 
biosphere have accumulated in the environment, 
causing public health hazards and ecological per- 
turbations. The removal of metals is, therefore, a 
challenge to environmental management. Com- 
mon methods of metal removal are based on con- 
centration of metals mostly by ion exchange and 
sorption to a variety of resins, and precipitation as 
metal sulfides. Recovery and recycling are some- 
times possible (Patterson & Passino 1987). 

Biodegradation, the microbial-mediated trans- 
formation of hazardous material, is not applicable 
to metals, because, unlike organic pollutants, met- 
als as elements cannot be mineralized to ubiquitous 
nontoxic compounds, such as H20 and CO2. How- 
ever, biomobilization is a valid concept in the man- 
agement of metal pollution. Biomobilization con- 
tributes to metal remediation by: 
- transforming metals to less toxic chemical forms 
- compartmentalizing metals in those parts of the 

environment where they are of less public health 
concern, and 

- concentrating metals to facilitate disposal and/ 
or recycling. 

The reduction of uranium by the activity of anaero- 
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bic bacteria that use U 6+ as an electron acceptor 
(Lovley & Phillips 1992) is an example of metal 
concentration, because the resulting U 4+ precip- 
itates and can be easily removed from polluted 
waters. This process is currently being tested for its 
efficacy in remediating contaminated groundwater 
(Lovley et al. 1992). Detoxification and compart- 
mentilization of toxic selenium has been achieved 
(Frankenburger Jr. 1992) by stimulating soil fungi 
that methylate Se 4+ to volatile and less toxic di- 
methylselenide (Karlson & Frankenberger Jr. 
1989). Methylation was stimulated by amendments 
with nutrients and maintenance of oxic and mois- 
ture conditions (Frankenburger Jr. 1992). Micro- 
bial transformations of mercurial compounds to 
volatile Hg ° are well understood (Silver & Walder- 
haug 1992). These transformations and their poten- 
tial for the remediation of mercury contaminated 
environments are the topic of this publication. 

I I .  M e r c u r y  

i. Mercury as an environmental contaminant 

The sources of mercury in the environment are 
both natural and anthropogenic. Natural sources 
result from the geochemical cycle of mercury (Fig. 
1). Anthropogenic sources contribute up to two- 
thirds of the current input of mercury into the 
environment. Due to its unique chemical and phys- 

Table 2. Physical-chemical properties of mercury and their ex- 
ploitation in industrial products? 

Property Industrial use 

Liquid at ordinary temperature, Measuring devices 
uniform volume expansion and high 
surface tension 

Low electrical resistance 

Ability to form amalgams with other 
metals 

Toxicity to biological systems 

Brilliant colors 

Conductors 

Recovery of metals, 
dentistry 

Biocides 

Paints 

Prepared after Nriagu 1979. 
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Fig. 1. The mercury cycle in the biosphere. Bold arrows- microbially mediated processes; fullline arrows- transformations; broken line 
arrows - transport processes; a very bold arrow depicts the magnitude of the precipitation reaction between HS- and Hg 2+. 
(Reproduced with permission from Barkay 1992.) 

ical properties, mercury has been an attractive re- 
source for several industries (Table 2). Historical- 
ly, mercury was used as a pigment in paint produc- 
tion and in medicine (a use that is curiously being 
continued to this day, mostly as dental amalgams). 
Applications in metal recovery and felt production 
were introduced around the turn of the century. 
Mercury is currently used as an electrode in the 
chloralkali process, it is an important resource in 
electrical industries (in fluorescence lights, light 
switches, thermostats and batteries) (Nriagu 1979). 
Today, since regulatory restrictions on the disposal 
of mercury have been enacted, the burning of fossil 
fuels, the use of mercury in gold mining (mostly in 
third world countries), and possibly the inciner- 
ation of solid wastes, remain the major anthropo- 
genic sources of mercury to the environment. 

The most common route for mercury toxicosis is 
by the consumption of tainted food stuff, partic- 
ularly fish and shellfish (D'Itri & D'Itri 1978). Mer- 
cury is a neurotoxin interfering with the normal 
development and functioning of nerve and muscle 
systems. Toxicity is manifested as various neuro- 
muscular malfunctions ranging from loss of sensa- 

tion in mild cases to blindness, paralysis and death 
in severe cases (Nriagu 1979). 

In recent years hazardous mercury concentra- 
tions have been discovered in freshwater fish from 
a broad range of geographic areas. Essentially all 
tissue-associated mercury in fish is CH3Hg +, and 
the high concentrations observed are the result of 
biomagnification through trophic level interactions 
(Watras & Bloom, in press). The amount of 
CH3Hg ÷ that is available for accumulation by aq- 
uatic biota is directly dependent on the various 
reactions that constitute the geochemical cycle of 
mercury in aquatic environments. 

ii. The role of microorganisms in the geochemical 
cycling of mercury 

a. Degradation of  organomercury and reduction 
o f H g  2+ 
Bioremediation can be viewed as the recruitment 
of pollutants by geochemical cycles. Thus, mercury 
biomobilization makes use of the principles that 
govern its geochemistry (Fig. 1). Microorganisms 
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Reduction of Hg(ll) 

Hg(ll) ~ Hg ° 
mercuric reductase 

II. Demethylation of CH 3Hg + 

CH3Hg  + ~ Hg(ll) + CH 4 
organomercurial 

lyase 

III. Methylation of Hg(ll) 
+ 

Hg(ll) ~ CH 3Hg 
? 

SRB 

Fig. 2. Microbml transformations of mercury. 

Hg°~  
mercuric 

reductase 

carry out reactions that transform mercury be- 
tween its three major chemical forms, Hg >,  Hg °, 
and organomercury (Fig. 2). They reduce Hg 2+ to 
Hg °, they degrade organomercury (Org-Hg), and 
they methylate Hg 2+. These biological transforma- 
tions, together with chemical reactions, constitute 
the mercury cycle in the biosphere (Fig. 1; for a 
detailed discussion see Barkay 1992). The relative 
contribution of biological vs chemical transforma- 
tions of mercurial compounds is unknown and 
probably depends on the concentration of mercury 
and specific environmental conditions. 

The reduction of Hg 2+ and degradation of Org- 
Hg are detoxification mechanisms allowing bacte- 
rial growth in the presence of Hg 2+ and Org-Hg, 
respectively. Bacteria resistant to Hg 2+ produce 
mercuric reductase (MR), a flavin-containing dis- 
ulfide oxidoreductase that catalyzes the reaction: 

Hg(SR)2 + NADPH + H+ ---~ 
Hg ° + NADP + + 2RSH 

The resulting Hg ° is subsequently volatilized due to 
its low aqueous solubility (6 x 10 -6 g/100 ml water 
at 25 °C) and high vapor pressure [Henry's constant 
(H) = 0.3], leaving the immediate environment of 
the organism, which can then resume growth. A 
small proportion of Hg2+-resistant (Hg R) bacteria 
are also resistant to Org-Hg due to the activity of an 
additional enzyme, the organomercurial lyase 
(OL). The OL cleaves the C-Hg bond by a proto- 
nolytic attack, as follows: 

151 

Hg (,) 

mer P mer  A rner D 

regulatory 1 regulatory 
function function 
15 9 kDa 12.7 kDa 

organornercurial 
mercuric lyase 

perlplasmic reductase 22,4 kDa 
inner space subunlt 
membrane scavenging 59 kDa 
transport 9.5 kDa 
12.5 kDa 

Fig. 3. The mer operon. Horizontal arrows - direction of tran- 
scription; vertical arrows - polypeptides translated from the 
corresponding genes, merTPAD are from Tn501; merD is from 
the broad spectrum mercury resistance plasmid R381. (Repro- 
duced with permission from Baraky 1992.) 

R'HgSR Excess R~H Hg (SR)2 + R'H 

The product of this reaction, Hg(SR)2, is then re- 
duced by the MR to Hg ° (Walsh et al. 1988). Thus, 
resistance to organomercury is mediated by the 
sequential activity of OL and MR, and all org-Hg ~ 
bacteria are therefore resistant to Hg 2+ (broad- 
spectrum mercury resistance). On the other hand, 
the majority of Hg R bacteria do not produce OL 
and are therefore sensitive to org-Hg (narrow- 
spectrum mercury resistance). 

The genes specifying the various functions need- 
ed for reduction of Hg 2+ and degradation of org-Hg 
are organized in the mercury resistance (mer) ope- 
ron (Fig. 3). The rner operons from several orga- 
nisms have now been analyzed (Silver & Walder- 
haug 1992), and were all found to specify functions 
that transport Hg 2+ through the cell wall (inerT, 
merP, and mere), the MR (merA), the OL (merB; 
in broad-spectrum resistance) and regulatory func- 
tions (merR and merD). Some mer operons have 
only one of the regulatory, or two of the transport, 
genes. Expression of the mer operon is negatively 
regulated (in the absence of Hg2+), and positively 
regulated (in presence of Hg 2+ and some orga- 
nomercury compounds) by the interaction between 
a dimmer of MerR (the gene product of merR), the 
DNA at the operator/promoter region, and Hg >.  
In vitro studies employing DNA fingerprinting and 
restriction site protection analysis have shown that 
MerR and RNA polymerase are bound to the 
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DNA in the absence and the presence of Hg 2+ 
(Summers 1992). In the absence of Hg 2+, this inter- 
action forms a complex that prevents transcription. 
A conformational change that occurs upon binding 
of Hg z+ (through a tri-coordinate bond with three 
cysteine residues of the MerR dimmer; O'Halloran 
et al. 1989), allows subsequent transcription of the 
merTPA(B)D operon. In addition, MerR is a nega- 
tive regulator of merR transcription both in the 
absence or the presence of Hg 2+ (Summers 1992). 

When considering the contribution of mer-en- 
coded reactions to the geochemical cycling of mer- 
cury, it should be noted that chemical reactions are 
known to reduce Hg 2+ to Hg ° in the absence of 
biological activities (but they may be indirectly me- 
diated by living organisms). In contrast, the purely 
chemical degradation of org-Hg proceeds so slowly 
that it is considered negligible (Walsh et al. 1988). 
Chemical reactions resulting in Hg ° volatilization, 
include reduction of Hg 2+ to 2Hg + followed by 
disproportionation to Hg ° and Hg 2+ (Baltisburger 
et al. 1979), and reduction by the interaction of 
Hg 2+ with free radical electrons of humic acids 
(Alberts et al. 1974). Observations indicating evo- 
lution of Hg ° by algae grown in pure cultures (Ben- 
Bassat & Mayer 1978), and possibly by marine 
phytoplankton (Kim & Fitzgerald 1986), may be 
explained as an indirect reduction of Hg 2+ to 2Hg + 
by organic acids that are produced during photo- 
synthesis. 

b. Methylation of  rig 2+ 
The first report demonstrating that microbes in 
anaerobic freshwater sediments methylated Hg > 
was published in 1969 (Jensen & Jerenel6v 1969). It 
has since been shown to occur in marine and estua- 
rine sediments (Blum & Bartha 1980), in aerobic 
and anaerobic waters, and in the fish intestine (see 
review by Winfrey & Rudd 1990). Whereas many 
microbes can methylate Hg > in laboratory 
cultures (Vonk & Sifpesteijn 1973), the organisms 
responsible for this activity in situ have not been 
clearly identified. Early suggestions that methano- 
gens could methylate Hg 2+ (Wood 1974) were re- 
jected when experiments were performed employ- 
ing specific inhibitors of methanogenesis and sul- 
fate reduction. The results of these experiments 
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Fig. 4. Elemental mercury gradients formed by the evasion of 
Hg ° from RL to the air. 

implicated sulfate reducing bacteria (SRB) as the 
principal Hg 2+ methylators in estuarine (Compeau 
& Bartha 1985) and possibly also in freshwater 
(Winfrey & Rudd 1990) sediments. 

A proposed mechanism of methylation involves 
the non-enzymatic transfer of a negatively charged 
methyl group, CH~, from methylcorrinoids, such 
as methylcobalamine (methyl-B12), to Hg 2+. Mi- 
crobial metabolism facilitates this reaction by the 
enzymatic transfer of CH3 from methyltetrahydro- 
folate to B12. This proposal is supported by the 
isolation of mutants that concomitantly lost the 
ability to synthesize methyl-B12 and CH3Hg + 
(Pan-Hou & Imura 1982). A novel methylcobala- 
mine-like corrinoid (Berman et al. 1990; Choi et al. 
1991) was isolated from a methylating SRB, Des- 
ulfovibrio desulfuricans. Although information re- 
garding the exact mechanism of bacterial Hg 2+ me- 
thylation is scarce, it is generally thought to involve 
methyl transfer reactions. 

Abiotic sources of methylmercury include Hg 2+ 
interactions with humic and fulvic substances (Na- 
gase 1984), and methyl transfer from dissolved or- 
ganic matter to Hg 2+ may be mediated photochem- 
ically in the presence of sulfur (Akagi et al. 1974). 
Volatile (CH3)EHg may be formed by a dispropor- 
tionation reaction between 2CH3Hg + and H2S 
(Deacon 1978). 
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Microbially mediated removal of mercury from 
a contaminated freshwater stream 
East Fork Poplar Creek is a freshwater stream in 
the vicinity of Oak Ridge, TN. It is a low-order 
stream-pond ecosystem, contaminated by inorga- 
nic mercury released from a nuclear weapons plant 
located at the headwaters of the stream. Drainage 
water from the plant is routed through a plastic- 
lined pond, Reality Lake (RL), with an 8-h reten- 
tion time prior to discharge into the creek. In re- 
cent years, we have been studying the role of mi- 
croorganisms in the cycling of mercury in RL 
(Turner et al. 1989; Barkay et al. 1991; Liebert et 
al. 1991). Control (uncontaminated) samples were 
collected at a high order river-reservoir system with 
no known mercury contamination. The results of 
these studies have encouraged us to propose biore- 
mediation for the management of mercury in aq- 
uatic systems. 

The role of microbial reactions in the evolution 
of Hg ° from RL 
Field observations, laboratory experiments with 
samples taken from RL, and analyses of the indige- 
nous microbial community, have shown that mi- 
crobes remove mercury, as Hg °, from RL. A gra- 
dient in Hg ° concentration was detected in air 
above the pond, surface (Fig. 4), suggesting eva- 
sion from the water to the atmosphere. Gradients 
were measured by pumping air through iodated 
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empty symbols indicate live and heat-killed samples, respec- 
tively. (Reproduced with permission from Barkay et al. 1991.) 

activated charcoal tubes (to strip Hg °) that were 
placed at variable heights above the pond, using a 
buoy to which a scaffold carrying five air sampling 
devices was attached. Aerial concentrations of Hg ° 
decreased rapidly with height above the water, 
probably by dilution. Air in close proximity to the 
surface of the pond contained at least twice as much 
Hg ° during summer months as compared to winter 
months, and as a result stronger gradients were 
obtained during the summer as compared with win- 
ter. The larger flux of Hg ° during the warmer part 
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Fig. 7. Tolerance to Hg 2+ of RL and river microbial communi- 
ties. Dose response curves are based on direct counts. Percent 
cells that utilize yeast extract in the presence of increasing 
concentrations of Hg 2+, of cells utilizing yeast extract in the 
absence of Hg 2+, were plotted against test Hg 2+ concentrations. 
(Reproduced with permission from Liebert et al. 1991.) 

of the year may be due to biological activities and to 
the effect of temperature on partition of Hg ° be- 
tween water and air. 

Comparisons of biotic with abiotic Hg ° reduc- 
tion/volatilization from RL water samples, mea- 
sured using a 2°3Hg2+, showed that biotic processes 
were relatively more significant during spring as 
compared to winter months (Fig. 5). Abiotic Hg ° 
evolution was measured in autoclaved samples. 
Less than 40% of Hg ° was generated by biotic 
processes in Nov. 88 and Feb. 89, and this propor- 
tion gradually increased to 70-80% through 
March-May 89. These results suggested that an 
active microbial community in the pond reduced 
Hg 2÷ to Hg °. This conclusion was further support- 
ed by studies that compared the microbial commu- 
nities of the pond with those of communities from 
the control river site. The pond community was 
more tolerant to Hg 2+ (Liebert et al. 1991), which 
correlated with an enrichment of DNA sequences 
with homology to mer  genes, and the biological 
reduction of Hg 2+ to Hg ° (Barkay et al. 1991). 

Different kinetics of Hg ° evolution by active 
pond and control samples were observed (Fig. 6). 
Elemental mercury was immediately evolved from 
pond samples after spiking with 2°3Hg2+. On the 
other hand, Hg ° from biologically active river sam- 
ples was evolved in two distinct phases. An initial 
burst of Hg °, also present in abiotic samples, was 

followed by a second increase in activity 12 to 30 h 
after spiking. In all cases, we did not observe fur- 
ther increase in Hg ° in autoclaved samples follow- 
ing initial Hg ° evolution. Thus, we hypothesized 
that initial activity in river samples was due to 
abiological processes that reduce Hg 2+, whereas 
reduction of Hg 2+ by biological activities began 
after a lag period of 12 to 24 h. A lag period prior to 
the initiation of Hg 2÷ reduction is considered an 
acclimation period, and is commonly observed in 
samples that have not been previously exposed to 
Hg 2÷ (Barkay 1987). According to this hypothesis, 
the instantaneous 2°3Hg° evolution observed in bi- 
ologically active pond samples strongly suggests 
that the microbial community of the pond was ac- 
climated to Hg 2+ and that a substantial proportion 
of the Hg ° formed in situ was due to microbial 
activities. 

Enrichment of active populations in response to 
the toxicity of Hg 2+ is the most likely mechanism of 
acclimation (Barkay 1987), although induction of 
enzymatic activities and gene transfer between 
populations (Spain et al. 1980) cannot be ruled out. 
Indeed, the pond community had a greater number 
of organisms resistant to Hg 2+ than the control 
river community (Fig. 7). Resistance was quanti- 
tated by a direct counting method (Liebert & Bar- 
kay 1988) that is based on a modification of meth- 
ods for enumeration of viable bacteria in aquatic 
samples (Kogure et al. 1979). Water samples were 
incubated with yeast extract as a growth substrate, 
nalidixic acid to inhibit cell division, and variable 
Hg 2+ concentrations. Under these conditions, only 
Hg2+-resistant cells can utilize the available sub- 
strate and form large elongated cells. The percent 
of large cells formed in the presence of Hg 2÷, of 
those formed in control samples without Hg 2+, is a 
function of the tolerance of viable bacteria to Hg 2÷. 
A dose response curve obtained when these per- 
cents are plotted against test Hg 2÷ concentrations 
(Fig. 7) is used to calculate IC50 (concentration that 
inhibits 50% of elongated cells). Thus, IC50 values 
for the pond and river communities were 3,582 + 
160 and 69.97 + 4.66 gg Hg2+/L, respectively (see 
Liebert et al. 1991 for a description of calculations 
and statistical analyses). The 50-fold difference in 
IC50 values indicates that Hg2+-tolerant popula- 
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Fig. 8. Abundance of mer genes in RL and river microbial communities. Autoradiogram of results obtained by hybridizing DNA that 
was extracted from pond (Pond) and river (CR) water sampIes, with mer probes. Intensity of hybridization signals is directly related to 
the abundance of mer in DNA extracts. (Reproduced with permission from Barkay et al. 1991.) 

tions are enriched in the microbial community of 
the contaminated pond. 

Enriched Hg R bacteria in the pond most likely 
carried mer genes because DNA-DNA hybridiza- 
tions with four mer probes (Barkay et al. 1989) 
showed a higher abundance of these genes in DNA 
extracted from pond, as compared to river, bio- 
mass (Fig. 8). Autoradiographic signals were quan- 
titated by densitometry using a calibration curve 
prepared with known amounts of the various mer 

operons. The abundance of all mer systems (per ~tg 
community DNA) was higher in the pond commu- 
nity as compared to the control river community. 
Increase in abundance was as high as 72-fold for 
DNA homologous to mer of transposons 501 
(Tn501) and 21 (Tn21) (18.121 _+ 4.059 and 0.251 
+ 0.023 ng target DNA/gg community DNA for 
pond and river communities, respectively). 

Compilation of the data from RL strongly sug- 
gests that mer-specified bacterial activities reduce 
Hg 2+ to Hg °, thereby contributing to the volatil- 
ization of Hg 2+ from a mercury-contaminated 
freshwater pond. This study therefore demon- 
strates the role of a specific bacterial reaction in the 
geochemical cycling of mercury in the environ- 
ment. Could this reaction be stimulated to further 
remove Hg 2+ from the pond? A decrease in Hg 2+ 
concentration would indirectly affect bioavailable 

CH3Hg + concentration by substrate limitation, ac- 
cording to the following equation: 

Hg ° < Hg2+< > CH3Hg + 

The feasibility of this approach to the remediation 
of mercury is currently being tested in our lab- 
oratory. 

A n  experimental approach to test the feasibility 

o f  mer-mediated reactions for  the remediation 
o f  contaminated sites 

The effect of manipulations on the rate of Hg ° 
volatilization and CH3Hg + degradation is tested 
using an experimental approach that progresses 
from a simple laboratory test system to one in- 
corporating more of the known elements involved 
in total ecosystem mercury cycling. Analysis is 
based on quantitation and speciation of mercury by 
the methods of Bloom & Fitzgerald (1988), and 
Bloom (1989) in the various compartments of each 
test system. 

At present we do not know whether mercury 
transformations in the pond are limited by the 
availability of nutrients for microbial activities, the 
size of the Hg 2+ reducing and CH3Hg + demethylat- 
ing populations, or the availability of substrates for 
transformation reactions. The following treat- 
ments will therefore, be attempted: 
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(i) stimulation of general microbial activities, 
among them mercury-specific reactions, by the ad- 
dition of limiting growth substrates, 
(ii) stimulating only Hg 2+ reduction and CH3Hg ÷ 
demethylation by the addition of bacterial strains 
capable of these activities, and 
(iii) increasing availability of the substrates, Hg 2+ 
and CH3Hg ÷. 

Rationale and procedures for treatments (i) and 
(ii) are described below. 

Addition of growth substrates to stimulate activ- 
ities of indigenous microorganisms has been dem- 
onstrated as a successful approach to remediation 
of contaminated sites (Thomas & Ward 1989). This 
treatment may stimulate general microbial activ- 
ities in RL because concentrations of essential nu- 
trients suggest that carbon and phosphorous may 
be limiting (Table 3). Typical concentrations of 
available carbon (as DOC), nitrogen (as NH4 + 
NO3), and phosphorous (as total PO4) in RL are 
3.67, 4.83, and 0.28 mg/L, respectively. Not only 
that DOC is low, approaching values found in oli- 
gotrophic waters (Morita 1982), but these values 
constitute an imbalanced C:N:P ratio of 13:17:1. 
The bacterial cell composition has C:N:P of 
17:5:1 (%) (Stanier et al. 1971), and natural plank- 
tonic bacterial assemblages have a C:N ratio of 4:1 
(on a weight/volume basis) (Nagata 1986). Assum- 
ing that approximately 50% of the carbon con- 
sumed by microbes is assimilated into cellular ma- 
terial, a C:N:P ratio of available nutrients that 
deviates from 34:5:1 indicates that bacterial growth 
and activities are limited. Thus, microbial activities 
in RL could be stimulated by the addition of carbon 

Table 3. Concentrations of essential microbial growth substrates 
in Reality Lake. 

Element Mg/L 

Range Mean + SD 

Carbon (DOC) 1 - 4 3.67 + 0.82 
Nitrogen 3 .5 -  6.0 4.83 + 1.25 
Phosphorous 0 .2 - 0 .4  0.278 _+ 0.067 

Values are typical to RL, measurements of organic and inorga- 
nic nutrient concentrations in RL are performed routinely with 
samples collected weekly. 
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(added as glutamate, glucose or as a mixture of 
amino acids) and/or phosphorous (added as PO4) .  

Increasing the population size of active microor- 
ganisms by application of genetically engineered or 
native microbes has been a much discussed pros- 
pect in environmental management (Halvorson et 
al. 1985). We have demonstrated Hg 2÷ reduction 
(see above) and CH3Hg + degradation (Temple et 
al. 1989) by biologically active water samples; and 
reducing and demethylating strains were isolated 
from the pond (Rochelle et al. 1991). The possibil- 
ity that the abundance of active populations limits 
mercury transformations will be investigated by 
introducing active bacterial strains to water sam- 
ples collected in RL and following their effect on 
rates of Hg 2+ reduction/volatilization and CH3Hg + 
demethylation. Strains with high levels of MR and 
OL will be selected for testing, from a collection of 
Hg R and org-Hg R bacteria, that was isolated by 
enrichment from RL water. In addition, genetical- 
ly engineered Pseudomonas putida strains harbor- 
ing a constitutively expressed broad-spectrum mer 
operon will be employed. The broad-spectrum 
pDU1358-derived mer operon (Griffin et al. 1987) 
deleted of regulatory elements (merR and merD) 
was transposed into P. putida using the Tn5-based 
delivery system of Herrero et al. (1990), and Hg 2÷ 
and phenylmercuric acetate (PMA) resistant deriv- 
atives were selected. Some of these strains, consti- 
tutively expressing mer functions from P. putida 
promoters, were subsequently shown to be highly 
tolerant to Hg z+ and PMA and to hyper-produce 
MR (Horn et al. submitted for publication). Fur- 
thermore, they effectively removed Hg 2÷ from 
wastewaters in an experimental, closed, treatment 
system (Horn, in preparation). Because of con- 
cerns regarding release of genetically engineered 
microorganisms, testing of these engineered P. pu- 
tida strains will be performed in contained systems, 
shake flasks, and microcosms; field applications 
(see below) will only employ native non-engi- 
neered organisms. 

Evaluation of the success of remedial treatments 
Our approach to test the effectiveness of remedial 
treatments is based on evaluating how the geo- 
chemical cycle of mercury is affected by accelerat- 
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Fig. 9. A microcosm system for the study of geochemical cycling of mercury in aquatic environments. Various species shown to play a 
role in the geochemical cycling of mercury, are monitored in inlet water, outlet water and air leaving the microcosm. In addition, 
mercury in sediment and microbiota is quantitated and speciated when microcosm experiments are terminated. 

ing specific mercury biotransformations. The ap- 
proach integrates analyses of mercury pools and 
fluxes into a mathematical model that describes the 
mass balance of mercury in aquatic ecosystems. 
This mercury cycling model (MCM) can be used to 
predict the pool size of different mercury species 
using known rates of transformations (Hudson et 
al. 1991). Thus, once the MCM is shown to describe 
the cycling of mercury in RL, it can predict the 
magnitude of increase in Hg 2+ reduction and 
CH3Hg ÷ degradation rates that is needed to effec- 
tively reduce the concentration of CH3Hg ÷ avail- 
able for accumulation by fish. 

Effect of remedial treatments on rates of Hg 2+ 

reduction and CH3Hg ÷ degradation will initially be 
measured in flasks (Turner et al. 1989) by following 
evolution of Hg °. Effective treatments (i.e. with a 
potential to significantly decrease concentration of 
CH3Hg ÷) will then be tested in microcosms. A 
mercury geochemical cycling microcosm has been 
constructed to allow speciation and quantitation of 
the major chemical species of mercury that are 
present in RL (Fig. 9). Inventories of the various 
species of mercury in air, and inlet and outlet wa- 
ters, enable determinations of pool size, fluxes be- 
tween pools, and rates of transformations. This 
microcosm system utilizes state-of-the-art methods 
for mercury analyses (Bloom 1989; Bloom & Fitz- 
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gera ld  1988), t h e r e f o r e  a l lowing eva lua t ion  of  

p romis ing  r e m e d i a l  t r e a t m e n t s  in t e rms  of  the i r  

effect  on  the  geochemica l  cycle of  m e r c u r y  in RL.  

In add i t ion ,  va r ious  aspects  of  the  geochemica l  

cycling of  m e r c u r y  in aqua t ic  env i ronmen t s  can be  

s tud ied  using this m i c r o c o s m  because  sensi t ivi ty  o f  

ana lyses  al lows for  accura te  m e a s u r e m e n t s  of  mer -  

cury at b a c k g r o u n d  concen t r a t ions  (10 - 1 ~  
10 -15 M).  

T r e a t m e n t s  shown to be  effect ive in mic rocosms  

will then  be  t e s ted  in enc losures  p l aced  in RL.  F ie ld  

enc losures  have  been  cons t ruc t ed  and the i r  ut i l i ty 

tes ted .  O u r  ob jec t ive  is to d e m o n s t r a t e  a decrease  

in CH3Hg ÷ concen t r a t i on  in the  w a t e r  and  in fish 

that are placed in these enclosures. 
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