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ABSTRACT

Micrabial mercury resistance and potential mercury methylation
rates were examined in water, sediment-floc, and sediment cores from
the Upper Wisconsin River. Mercury {11} resistance was quantified
using aerobic and anaerchic heterotrophic medis containing 0-75 na/mi
Hgtz, Methylation activity was determined by measuring CH,*"’Hg™ formation
from “®Hg{NOy),. Sediment incubations were carried out under strict
anaerobic conditions. Aerobic and anaercobic heterotrophic bacteria were
highly resistant to 14 pg/ml Hg*2. Anaerchic heterotrophic bacteria
were more resistant to higher concentrations of Hg'? than aerobic hetero-
trophic bacteria. Mercury methylation activity was near background in the
water, highest in surface sediments, and decreased with increasing sediment
depth. More than S8% ¢f the added *%%Hg was bound to sediments within
4 hrs of inoculation, while more than 3% was methylated during & 10-~day
incubstion. As much as 7% of the added “%3*Hg was methylated in other
experiments. This suggests that bound Hg™? was available for methylation.
Organically enriched sediments exhibited higher methylation activity than
tess eutrophic sediments. The addition of peptone to sediments caused
highly significant {p < 0.01) increases in methylation activity, while
yitamin By, and sewage sludge caused significant {p < 0.05} increases.
The presence of oxygen in sediments inhibited methylation activity. This
indicates that mercury methylation in the Upper Wisconsin River is
primarily an anaercobic process. The optimum temperature for methyiation
was 35°C, although the maximum in situ temperaturs was 24°C. A seasonal

ummer peak in methylation activity was observed in water, floc, and
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sediments. These data suggest that the lUpper Wisconsin River sediments

have the potential to release large ampunts of toxic methylmercury 1o

the overlying water,
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INTRODUCTION

This study examined the effects of wercury on microbial populations
in the Wisconsin River, the degree of mercury methylation in water
and sediments, and the effects of varying environmental parameters
on methylation. This research was initiated due to the general lack
of knowledge concerning mercury methylation as it occurs in situ and
the effects of various environmental parameters on this process.

The Wisconsin River received heavy inputs of mercury from numerous
pulp and paper mills until the late 1950s. The presence of severasl
impoundments in the Wausau area {(Lake Hausau, Mosinee Flowage, and
Lake DuBay) served as sinks for mercury {25). During 1970-71, elevated
levels of mercury were reported in fish and sediments in the Wisconsin
River {53, 56}. In 1978, Sheffy {88} reported that mercury was present
in Wisconsin River crayfish, indicating that mercury was still biclogically
avaitable many years atter the major reductions in industrial releases.

Most of the mercury discharged into this waterway by pulp and
paper mills was the less toxic phenyimercuric acetate. This organic
form of mercury is rapidly degraded to inorganic mercury, which <an
be converted by bacteria to the highly toxic methylmercury {4, 36,

60, 27, 105, 110},

Characteristics of the impoundments on the Wisconsin River are
favorable for the methylation of mercury {78} and high rates of methyla-
tion have been reported in its sediments {43}. The majority of mercury
in aquatic environments is sorbed onto particulate and organic matier

which readily settles out of solution. Up to 87% of the mercury formed
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in aguatic systems is asscciated with bed sediments {48}, and it can

remain biolngically available for a long period of time {65, 83).

Methylmercury 15 not readily retained by sediments, but it is
comnonly released into overlying waters where it can be taken up by
aquatic organisms. It sccumulates in body fat tissues and biomagnifica~
tion occurs as larger animals consume mercury-laden prey. Consequently,
concentrations of methylmercury in Tish tissues are often thousands
of times greater than in the water {20).

Sediments are largely anaercbic, except for a narrow, oxidized
microzone at the sediment-water interface {80, 81). Because most of
the mercury in an aguatic system is present in the sediments, the highest
concentrations of mercury occur in anaercbic environments. However,
few studies of anaerobic mercury methylation have been attempted.

Most mercury research has been performed in the laboratory with
pure cultures of specific mercury-resistant {15, 28, 38, 39, 64, 74,

75, 95, 108, 108) or mercury methylating bacteria {36, 54, 69, 72,
105, 116). Few studies have attempted to determine mercury resistance
and methylation activity of natural bacterial populations in aerobic
and anaerobic aquatic ecosystems. Information gained from studies

of native pepulations s needed, because results obtained from pure
culture studies may not reflect processes pocurring under natural
conditions.

The specific objectives of this study were to:

1. determine the resistance of aercbic and anaerobic hetero-

traphic bacteria to different concentrations of mercury
in water and sediment cores at each sampling sife;

2. determine seasonal variations of bacterial resistance to

mercuric jon and to compare these variations to physical
and chemical changes occurring in the river;
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. measuyre seasonal variations in methylation activity at
one site on the river;

4. determine the effects of temperature, oxygen, and different
organic compounds on methylation activity; and

5. examine the influence of mercury binding io sediments on
methylation activity.

Accomplishment of the above objectives will provide needed information
on the effects of mercury contamination and the potential availability
of methylmercury in the Wisconsin River. Bacteria play & vital role
in aguatic ecosystems by degrading allochthonous and autochthonous
organic matter in water bodies. This is aspeciéi}y important in anaerochic
sediments where anaercbic decomposition of organic matter invelves
several trophic levels of microorganisms, which consist largely of
bacteria {10%8). Therefore, an examination of the effects of mercury
on these microorganisms is an important, yet often overlooked, aspect
of mercury pellution. Finally, a knowledge of the effects of varying
environmental conditions on methylation activity may aid in controlling

the production of methylmercury in mercury contaminated systems.



LITERATURE REVIEW
Historical Background

Mercury compounds have long been known to be toxic, although the
hazards of wercury in aguatic environments have only been recently
recognized. Several episodes focused worldwide attention on the hazards
of pollution with mercury compounds. Between 1853 and 1960, 116 people
were poisoned and 43 died from consuming methylmercury contaminated
fish in Japan {20}. The source of contamination was traced to a vinyl
chioride factory located in Minamata Bay. A similar episode took place
in Niigata {20}. One hundred twenty people were poisoned, and five
deaths occurred during that incident. In Sweden, a drastic decrease
in bird populations was caused by the use of methylimercury dicyandiamide,
a fungicide {20}.

Perhaps the largest epidemic of mercury poisoning occurred in
Irag in 1971 and early 1972 {20). This incident was caused by human
consumption of alkylmercury-treated seed grain. The Iragi Ministry
of Health officially recognized 50 cases of poisoning in Janugry 1972,
and hospital admissions reached 400 per day. Unofficial estimates
indicated that up to 60,000 peasants could have eaten enough alkylmercury-
treated grain to cause adverse effects {18). The government officially
acknowledged that 6530 victims were hospitalized and 459 died (20}.

The Canadians also reported problems of mercury contamination
in waterways. Chlorine and caustic soda plants discharged high concen-
trations of mercury into the Wabigoon River, and fish in the Wabigoon-
English River system contained the highest levels of mercury reporied

in the Western Hemisphere. Healthy-looking northern pike, waileyed
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pike, and burbot contained up to 28, 20, and 10 ug/mt of mercury,

respectively {(24). Fish containing 24 ug/ml of methylmercury have

been taken from Lake Wabigoon in the Saskatchewan River System. Con-

sumption of only a few fish polluted at this Jevel could be fatal (98).

Huckabee et 3l1. {40) reported that aimost all freshwater fish tested

had detectable levels of mercury in their tissues, and the majority

{usually greater than B0%) of this mercury is in the methylated form.
Worldwide mercury contamination of waterways i35 a major environmental

problem that has resulted in numerous isolated deaths and cases of

acute toxicity {20}. In 1870, elevated levels of mercury were found

in waterways in 33 states, and many of these have been closed indefinitely

to fishing {111).

Toxicity of Mercury

Inorganic Mercury Compounds

The toxicity of heavy metals is a result of their binding to active

ites of important enzyme systems in the cells and their binding to

(523

Tigands in the cell membrane, thereby resulting in a variely of toxic
effects (76}, Early symptoms of inorganic mercury poisoning are so
general that they are diff%cu¥f to detect. Inprganic mercury compounds
concentrate in the kidney, liver, and spleen. They are readily excreted,
however | and 4o no damage unless the thrashold tolerance level of the
organ is exceeded {20). Prolonged exposure to inprganic mercury compounds
is reqguired for toxic symptoms to develop.

The symptoms of inorganic mercury poisoning develop gradually.
The first clear physical symptoms are numbness of the fingers and toes
and then of the lips and tongue {20}. UWeakness, fatigue, anorexia,

toss of weight, and disturbances of gastrointestinal functions are



associated with fully developed clinical forms of chronic poisoning

{26}. Late phases are characterized by mercurial tremor, psychic distur-
bances, and changes in personality {26;. Prolonged exposure to high
concentrations of inorganic mercury can result in death.

Organic Mercury Compounds

Mercury is covalently Tinked to a carbon atom in organic mercury
compounds {71}, Most organic mercury compounds are rapidly excreted
and therefore, pose no serious health problems {45). However, the
shori-chain alkyimercury compounds, such as methylmercury, are formed
in aguatic environments via methylation of inorganic mercury. Methyl-
mercury is among the most toxic of all mercury compounds {12, 20}.

The mercury-carbon bond in methylmercury is extremely stable,
and the attachment of the alkyl radical increases lipid solubility.
This facilitates penetration of the blood-brain barrier and cell
membranes {23). HNervous tissue tends to accumulate the greatest concen~
trations of methylmercury {13}. Methylmercury rapidly diffuses through
the cell membrane and enters the cell, where it is rapidily bound by
sulfhydryl groups. Inside the cell, methylmercury inhibits protein
and RNA syntheses {45).

Methylmercury concentrates in the body during a latent period
during which no symptoms are observed. After threshold levels are
exceeded, severe effects on the central nervous system may occur {Z20}.
Symptoms of methylmercury poisoning include fatigue, headache, numbness
of the extremities, blurred vision that can progress te biindness,
and poor muscular coordination {45). Severe methylmercury poisoning
ysually results in death due to the toxic effects on the brain and
body. Three to eleven cases of death from mercury poeisoning have occurred

in the United States annually from 1857 to 197¢ {111},
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The effects of prolonged exposure to low levels of mercury before

permanent damage occurs are not known. The United 5tates Food and
Drug Administration, however, considers Tish unacceptable for human
consumption it they contain concentrations of mercury greater than
1.0 ug/ml wet weight. Canadian health agencies consider fish with

> 0.5 ug/ml of mercury to be unacceptable for human consumption.

Sources pf Mercury

Natural Scurces

Natural inputs of mercury inio the enviromment are not well gquantified
because of the difficulties and uncertainties with aaa?ytital measura-
ments., On e worldwide scale, natural emissions are estimated to be
more than double the man-related discharges {Table 1). However, anthro-
pogenic discharges exceed natural discharges in the United States
{Table 1).

Land. In localized areas, cinnabar (HgS) and metacinnabar
(HgS~{HoS)ae{HoSe) 24} can contribute significant quantities of mercury
to the atmesphere and water. Most ¢of this is discharged into the air
from the combustion of fossil fuels, or the element leaches out of
the ground into the waterways. This has become problematic in areass
of Canada, where high levels of mercury have been leached into new
reservoirs from recently coversd soils containing naturally-occurring
concentrations of cinnabar {J.W.M. Rudd, personal communication).

On a worldwide scale, natural sources of mercury from land are
ow. Normal mercury content in igneous vock and minerals has been
estimated at 50 ng/g and in many cases less than 10 ng/g {3}. Natural
source discharges from land are included under air and water data in

Table 1.



1875 1985 2000 2025

Horld
Anthropogenic

air 2374.2(31.6) #822.1{30.5) 2970.4(29. 4008.0

water 293.3( 3.9 299.5( 3.2} 380.6{ 3. 372.2

tand 4850.5(84.5) 6138.8(66.3) 6608.6{686, 89149,

total 7518.0{(32.3) 89260.4{37.0} 9959.6{38. 13529.2
Natural

air 14450.2( 14460.2(91.8} 14460.2(91.8) 1446G.2(91.8;

water 1330.0{ 8. 1300.0{ 8.2} 1300.0( 8.2} 1300.0{ 8.2}

total 158760.2{67.7] 15760.2{683.0) 15760.2(61.3} 18760.: 8}
USA
Anthropogenic

atr 473.4(28. 506.2{27.7) 461.3{28.4) 614. L7}

water 58.&8{ 3. 52.7{ 2.9} 5G.7{ 3.1} 49, .5}

Tand 1091.5{(87. 1270.8(65.5} 1111, 1{88.5) 1335, 8}

total 1624.7(57. 1828.8{60.0} 1623.2{57.1) 1849, 1)
Natural

air 1018.7{ 1018.7{83. 1018.7(83.6) 1G18.

water 200.0¢( 200.0{16.4) 200.0{18.4) 200.

total 1218.7¢ 1218.7{40. 1218.7{42.9} 1218,

humbers in parentheses are percentages.
are of total discharges.
indicated higher level category.

For anthropogenic and natural estimates, the percentages
they are percentages of the

Y

For atr, water, and land es
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Atmosphere. The total mercury content of the air over nonmineralized

tand appears to be in the range of 2-3 ng/m® {61). Volcanic gases
and smissions from geothermal areas contain mercury vapor. Horldwide
emissions to the atmosphere from volcances has been estimated at
2 x 107 g/hr (103}, Mercury emissions to the atmosphere from the United
States have been estimated at 1.78 x 10*? g/yr {103}. Table 1 estimates
that worldwide, greater than 20% of the total natural discharge of
mercury occurs from the atmosphere. The atmosphere contributes more
than BDZ of the total natural discharge of mercury in the United States.
Mater. On a global basis, approximately 8% of the total natural
input of mercury accumulates in water {Table 1}, This figure is greater
than 16% in the United States. Thirteen hundred metric tons are discharged
annually into the world's waterways from natural sources (1Q7). About
200 metric tons enter United States waters {102). Most of the mercury
entering water bodies comes from land and air sources.

Anthropogenic Spurces

Due to the natural inputs of mercury, release by human activities
are vresponsible for only a small part of the environmental mercury
problem. In localized areas, however, pollution by man is the major
source of mercury contamination. This poilution has been responsible
for a1l of the mercury~contamination disasters,

tand. Land receives the largest percentage of anthropogenic dis-
charges of mercury to the envivonment. Discharges to land in the United
States are expected to increase from 1082 metiric tons in 1875 to 1336
metric tons in 202% {Table 1). Most mercury discharges to ltand ococur
when materials containing mercury are placed in landfills. This includes
instruments such as thermometers, electrical tubes, switchss, relays,

and primery bhatteries.
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One of the largest industrial sources of mercury discharges to
land originate from mercury-cell chlorine plants. Most of the mercury
discharged from these plants is present in sludge generated by the
brine and caustic purifiers. The sludge is concentrated in settling
ponds and deposited in local industrial landfills.
Anthropogenic sources of mercury in cultivated soils include the
fertilizers, lime, and fungicides used in modern agriculture. The
13 types of Hime for agriculiural purposes showed mercury contents
ranging from less than § to 20 ng/g (3). The quantity of mercury annually
introduced into cultivated soils from normal fertilization may veach
1.0 g/ha, but is more commonly in the range of 0.05 to 0.3 g/ha (3}.
Organic fertilizers of municipal origin, such as sewage sludge
and composts from solid wastes, may contain more mercury than agricul-
turally fertilized soils. This results in a considerably greater mercury
concentration. A single application of sewage sludge may double or
tripie the normal mercury content in the soil {3}.
Since 1800, mercury compounds have been utilized in agriculture
as fungicides and sead disinfectants. Because of this, an average
of 1-2 g/ha annually has been distributed in cereal-producing soils {3}.
Atmosphere. The majority {(86%) of mercury introduced into the
atmosphere i3 from anthropogenic sources. Approximately 30% of the
total anthropogenic discharges in the United >tates are emitled into
the ajr {Table 1}. A summary of anthropogenic atmospheric emissions
in the United States is given in Table 2. Approximately 60% of the
total atmospheric release are due to the final consumption of manufactured
goods containing mercury. These include paints, batteries, pesticides,

and dental materials.
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Table 2. Anthropogenic emissions of mercury to the atmosphere
in the USA (81).

Emissions Percent
Source {x 10~2 kg/yr} of total
Mercury mining and processing 7.8 1.7
Jther mining 53.7 10.8
Fuel burning {except utilities) 53.8 22.2
il 19.2
coal 17.1
gas 15.%
Utitities {oil, coal and gas) 52.7 -
Manufacturing 26.0 -
Final consumption of 282.2 58.8

manufactured goods

Total 471.3 130.0
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The second Targest anthropogenic source is fossil fuel burning.
Fossit fuels contain varying amounts of mercury that are emitted fo
the atmosphere upon burning. Sewage treatment plants are also a major
point-source of atmospheric mercury. Raw sewage containg an average
of 2 ng/ml of mercury (102). Much of this is emitted in an alkyi-
percury form and in some cases, can be detected several kilometers
from the plant {&1}.

Water. A large part of airborne mercury eventually reaches surface
waters. Similarily, initial discharges to land can reach water unless
landfills are carefully designed and managed. UOnly about 3% of the
total anthropogenic emissions are directly deposited in water {Table 1}.
A large percentage of mercury discharges to water are from pharmaceuticals
contained in human wastes and from mercury lost in the preparation
of dental amalgams (107). Anthropogenic point sources can be of local
significance. Chlor-atkali plants are sources of mercury contamination.
& portion of the total mercury lost from these plants enters receiving
waters,

Additional point sources include plants that menufacture vinyl
chiorides and urethane plastics. Until 1970, pulp and paper mills
used mercury compounds on pulp to prevent the growth of bacteria and
fungi. This process introduced these mercury compounds into the adjacent

waters.

Mercury Contamination ¢f the MWisconsin River
Until the late 195%0s, pulp and paper mills on the Wisconsin River
used phenylmercuric acetate as a slimicide on manufactured pulp, result-

ing in discharges of mercury compounds to the river. DBuring 1870-71,
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elevated levels of mercury were reported in both fish and sediments

{53, 56). At that time, average mercury concentrations in the axial
musculature of fish in the Wisconsin River below Rhinelander, Wisconsin,
were above the (.5 ug/ml {wet weight) guideline established for human
consumption by the United States Food and Drug Administration (53).
Konrad {56) reported the highest concentrations of mercury in sediments
downstream of pulp and paper mills and & chlorine-caustic soda plant.

In 1978, Sheffy (88) demonstratad thet mercury was present in

Wisconsin River crayfish and biologically available many years after

the reduction of the industrial releases of mercury.

Impoundments on the Wisconsin River have several characteristics
favorable for the methylation of mercury {78). These include: {1} high
rates of primery production, {2) periods of high flow that mohilize
methylmercury from sediments, and {3} sufficient mixing to prevent
thermal stratification and maintain mildly oxidized bottom waters.

Jacobs and Keeney {43} found that in situ formation of methylmercury

wits rapid in Wisconsin River sediments experimentally treated with
phanyimercuric acetate. They hypothesized that the rapid methylation
rate was dus to the organic nature of phenylmercuric acetate and high
organic content of Wisconsin River sediments.

Findley et al. (25} recently reported large amounts {10-750X greater
than background} of mercury in bed sediments at certain sites in the
Upper Wisconsin River. According to the United States Environmental
Frotection Agency’s criteria for harbor sediments, surficial sediments
from the Upper Wisconsin River are moderately to heavily polluted with
mercury (25). Metal content of surface sediments was strongly related

to texture and organic content. Generally, the greatest concentrations
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of mercury occurred in the fine~grained fraction of sediments. The
largest concentration of Hg was 7.6 ug/g {dry weight) and occcurred

in the Brokaw area.

Effects of Mercury Contamination on Microorganisms

Effects on Micreobial Bctivities

Few studies have been atlempted to determineg the effect of mercury

contamination on other microbial activities. Pedersen and Sayler {77}
found that Hgll, had no significant effects on methanogenesis. Research

by Winfrey {unpublished} confirmed these results. The sediment environment
may protect the methanogenic population from the toxic effects of mercury
{77}. Effects of mercury on other microbial activities have apparently

not been investigated.

Ecology of Mercury-Resistant Bacteria

Many bacteria possess a variety of resistance mechanisms to the
toxic effects of mercury. Resistance depends on the strain. species,
and genus of bacteria. Nelson and Colwell {70} reported that the majority
of mercury-resistant bacteria in Chesapeake Bay water and sediments
belonged to the genus Pseudomonas. They also showed that H,S production
is not an exclusive property of mercury-resistant bacteria. Phenyl-
mercuric acetate was found to be considerably mere toxic fto bacteria
than HgCl, in Cheasapeake Bay samples {70). Chesapeake Bay bacteria
alse exhibited & peak in mercury-resistant populations during spring.
The highest percentages of resistant bacteria were observed from the
study site with the highest mercury contamination. Percentages of
mercury-resistant bacteria at this site were 22.8 and 28.% in sediment

and water, respectively.
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Mercury Resistance Mechanisms

Bacterial resistance to heavy metals can occur by @ variety of
mechanisms, due to nultiple interactions that can occur among microbial
cells, heavy metal ions, and other environmental constituents. Resis-
tance mechanisms o many metals have been implicated, but only mercury
and cadmium have been extensively studied.

Hydrogen sulfide production. Hydrogen sulfide production by micro-

organisms can significantly decrease mercury toxicity because insoluble
mercuric sulfide is formed in the presence of mercuric ion and hydrogen
suifide. Consequently, H,S-producing organisms can exhibit tolerance

to mercury. This mechanism i35 plasmic linked in Clostridium cochlearium

because mercury tolerance and the ability to produce H,S are lost when
In some cases, suifide producing organisms can protect sensitive

grganisms Trom the toxic effects of mercury. Staphviccoccus aursus

was more folerant of mercury in the presence of Escherichia coli. The

positive effect of E. colil was partly due fo H,S production {101}.

Production of organic compounds. Yeast produce organic compounds

that reduce the toxicity of mercury to the organism. For example,

Saccharomyces cerevisiae requires methionine to produce a substance

that acts as a detoxifying agent {(90).

Uptake and accumulation of mercury by microorganisms. Some micro-

organisms accumulate mercury from their envirvonment. This may reduce
the toxic effects of mercury to other microbes within the community.

Saccharomyces cerevisiae binds mercury to cell walls (68). Zoogloeal

bacteria, which are common in aguatic habitats, adsorb and precipitate
g

heavy metals within their cellular matrix {27). Removal of mercury
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from the environment in this manner may allow more sensitive organisms
to survive, but may also present a hazard if they are consumed by other
Drgani sms.

Mercury reduction. The most common mechanism of mercury resistance

is reduction of mercuric jon. Mercury vesistance by this method has

been ohserved in Escherichia coli {54, 55, 95, §7), Staphylococcus

aureus (97}, and several species of Pseudomonas (29, 30, 31, 97}. Mercury
resistance depends on the ability of the organisms to detoxify mercury

by reducing it from the divalent inorganic {Hg*?2} or organomercurial

form to metallic mercury (Hg®) (54, 86, 96)}. This results in volatili-

zation of mercury from the medium. This reaction is carried ocut by

the enzyme mercuric reductase which is coded for by the mer gene. This

{15}, and Staphylococcus aureus {108).

Most studies on plasmid-mediated resistance have been done with
clinical isolates of microorganisms. Thus, the importance of the survival
mechanism under environmental conditions is unclear. HNevertheless,
plasmid-mediated mercury vreduction may be ecglogically important because
resistance could be rapidly transferred from resistant to sensitive
bacteriz., This would enablie microorganisms in natural habitats to

adapt te mercury toxicity faster than by mutation or natural selection (33}

Transformations of Mercury

Chemistry of Mercury in the Aguatic Environment

Inorganic mercury forms. Mercury can exist as a wide varietly

of chemical species, complicating detailed studies of the physicochemical

states of mercury in aquatic systems. Mercury can be present with




valences of O {Hg®, elemental), 1% (Hgg+l, mercurous), and 27 {Hg*2,
mercuric).

Most of our knowledge concerning soluble forms of mercury in natural
waters was achieved by eguilibrium calculations based on chemical
equilibrium constants and standard redox potentials.

Benes and Havlik (5} concluded from predominance diagrams that
Hg{OH}, or HgCl, molecules will predominate in most fresh waters. Under
reducing conditions in the sediment, the presence of sulfide ion will
immoebilize mercury by forming inscoluble mercuric sulfide. Morel et al.
{67} concluded that mercury should be present almost exclusively as
HgCl, in well-oxygenated water, while soluble Hg®, Hg{SH),, and Hg5,~*?

should predominate under reduced conditions.

Mercury complexes with organic ligands. Ionic mercury can form
stable complexes with organic Vigands. These associations depend on
the concentration and nature of the eorganic species present and on
the pH and composition of the water. Divalent mercury has a great
affinity for a large number of organic substances, especialiy proteina-
ceous materials containing sulfhydryl (R-SH} groups {84). When organic
particles and divalent mercury ions are present, mercury is adsorbed
on particulates and may eventually settle to sediments (84}. Determina-
tion of the actual nature of organic forms of mercury in natural waters
is difficult. Consequently, much work remaing to be done before the
nature and abundance of organic complexes of mercury will be understood.

Organomercurial compounds. Organomercurial compounds are the

most toxic forms of mercury and can be divided into twd categories:
those in which the mercury atom is bonded to one organic radical and

those in which it is bonded to two organic radicals. The first type



dissociates in water to yield the R-Hg' cation and the X7 anien, making
it soluble in water. Methylmercury is an example of this type of organc-
mercurial. Dimethylmercury is an example of the second type of organo-
mercuriat. The presence of organomercurial compounds in water way

result from natural processes or human activities. Natural processes

of methylmercury formation are discussed in detail in the following
sections.

The Mercury Cycle

Several mercury cycles depicting mercury transformations in aguatic
environments have been pubiished‘(§§, 34, 58). Mercury is rapidly
adsorbed onto sediments, which can serve as a source of mercury for
years {58, 6%, 65, 83). For this reason, most of the mercury available
for cycling in freshwaters is present in bed sediments. Figure 1
illustrates the fate of ionic mercury {Hg¥?} after it enters an aguatic

system.

-4

In the presence of hydrogen su?fidéliﬁzs), mercuric ions {Hgt?
spontansously precipitate as mercuric sulifide {HgS}. Under anaerobic
conditions, the formation of mercuric sulfide effectively reduced avail-
abitity of mercuric jon for biological conversions. In the presence
of oxygen, mercuric sulfide {HgS} may be converted to methylimercury
by bacteria; however, this occurs at & rate 100-1000 times slower than
mercuric ion methylation {21). Therefore, the presence of sulfide,
commonly formed by sulfate-reducing bacteria, prevents methylmercury
formation. Methylmercury (CH.Hg") will chemically form dimethylmercury
({CH,),Hg) and mercuric sulfide in the presence of hydrogen sulfide.

Mercuric ion may also be reduced to the volatile elemental mercury

by resistant bacteria. This reaction resuylts in the release of mercury
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from aquatic systems {17}. Mercury volatilization might be expected
1o ocour movre veadily than methylation due to the large numbers of
bacteria capable of carrying cut this reaction in aguatic sediments
{17} and the kinetics of volatilization in bacterial cultures compared
to methylation {Anne Summers, personal communication}.

Methyimercury can be formed from mercuric ion by a variety of
microorganisms, including anaercbes, facultative anaerobes, and aerocbes.
Thus, the potential for microbial methylation exists under both asrchic
and anaerebic conditions. The product is primarily monomethylnmercury
{CH Hg") under neutral and acidic conditions, while formation of dimethyl-
mercury {{CH;),Hg) dominates under basic conditions {4). Monomethylmercury
is water-sgluble and is released into the water column. Dimethylmercury
is volatile and is released into the atmosphere, where it is degraded
into organic compounds (CH, or C.He) and elemental mercury {(Hg®) in

the presence of UV light.

Fish are unable to methylate mercury; however, microorganisms

{Pseudomonas sp.) living on their external stime and in their intestines

can synthesize methylmercury from inorganic mercury {85). This could
account for the accumulation of methylmercury by fish, because methyl-
mercury should pass through the gill and gut membranes due to its high
Hipid solubility.

Methylmercuric methylsulfide (CH,S-HgCH,) may alsc be fermed from
methylmercury. Shellfish can metabolize methylmercury and store it
as methylmercuric methylsulfide crystals {20}. This was the major
methylmercuric compound isclated from toxic Minimata Bay shellfish

{20}.
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Methylmercury is not readily decomposed and is persistant to all
but specific biochemical processes {4}. Microbial degradation of methyl-
mercury, reported by several investigators (&, 85, %1}, results from
hydrolysis and reduction of methylmercury to metallic mercury {Hg®)
and methane {CHy}. Biological decomposition of methylmercury occurs

in mercury-polluted sediments from lakes and rivers {8, 81), however,

tittle is known about the rates of this process. Therefore, methylation
is reported as a net rate, because individual rates of methylation
and demethylation are not quantified.

Chemical methylation also cccurs in aguatic environments in the
presence of suitable methyl donors. Jewett and Brinkman (4%} demonstrated
transalkylation reactions among several metals in aqueous solutions.

Wood {113} suggested that methylation could occur via transmethylation

between mercury and lead and tin gasoline additives.

Methylation of Mercury

Rates of Methylation

Culture studies. Many culture studies have been performed in

the laboratory with mercury-methylating microorganisms. Anaerchic

cultures of Clostridium cochlearium produced §.12, 0.06, 0.045, and

G.008 ug/ml of methylmercury from 10, 20, 30, and 40 pg/ml of added
inorganic mercury in a five-day perind {118}, Vonk and Sijpecteijn

{105) demonstrated that several pure cultures of bacteria could aercbically
methylate HoCl,. Asrchic, mercury-methylating bacteria included Bacillus

megaterium, Escherichia coli, and Pseudomonas fluorescens. Wood et ai

{110} reported that extracts of a methanogenic bacterium could enzyma-
tically and non-enzymatically methylate mercury via methylcobalamine.

Results from pure culture laboratury experiments cannot be extrapolated
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to include actual environmental reactions; conseguently, it is therefore

conditions.

Natural studies. Several attempts have been made to determine

the kinetics of mercury methylation and decomposition under natural
conditions {6, 9, 21, 32, 43, 44, 57, 92, 1158). However, results to
date camnot be generalized to a wide range of environmental conditions.

In 1969, Jdensen and Jernelyv {44} published the first study on
methylation rates. These studies involved batch studies on bottom
sediment and showed that methyimercury formation increased in proportion
to the amount of inorganic mercury added fo the sediment. Jerneldy
{46} demonstrated that surface sediments exhibit greater methylation
rates than deeper sediment layers.

Factors Affecting Methylation

The effects of varicus environmental factors on methylation have
been extensively studied. Accumulation of mercury by fish placed in
the microcosms above mercury-contaminated sediments indicated that
methylation rates in river sediment were dependent on total mercury
concentration, microbial activity, ovganic matter concentration, and

pH in the sediment (60).

Organic lToading. Supplementation of sediments with organic autlrients
pp

can increase the net methylmercury production. Bishop and Kirsch {9)
npted an increase in anaerobic methylmercury production after suppliemen-
tation with nutrients. Olson and Cooper (73) found that sediments

with high organic content produced the highest methylation rates in

both aerobic and anaergbic environments. Jacobs and Keeney {43} observed

greater methylation in the more organic Wisconsin River sediments than
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the less organic Fox River sediments. Others have observed increased
methylation rates in sediment after the addition of tryptic soy broth

32, 115).

o~

Temperature. Bishop and Kirsch {9} reported that anaerchbic mercury
methylation increased with increasing temperature. Wright and Hamilton
{115} reported that methylmercury production was greater at 20°C than
at 4°C.

Oxygen. Studies on the effects of oxygen on mercury methylation
rates have yielded conflicting results. Hethylation rates in aerobic
and anagrobic San Francisco Bay sediments showed that methylation was
much greater in anaerobic sediments than in aevchbic sediments {(73}.
{ther investigators, however, have reported that when sediments containing
mercury were exposed to air, the rate of biological methylation of
mercury was greater {10°%-10* times “normal® methylation rates in the
aguatic envirvonment) {21}, Vonk and Sijpesteijn {105} found that

Escherichia coli methylated mercury slower anaerpbically than asrobically.

Anasrobic methyliation may not be ecologically significant in high
suifate sediment due to the simultanecus presence of hydrogen sulfide.
Under these conditions, mercuric sulfide forms, which effectively prevents
mercury from being methylated. This may account for the lack of methyl-
mevcury formation that has been found in some anasrvobic sediments (48).
Blum and Bartha {10} reported an inverse relationship between salinity
and methylation in saltwater. The large sulfate concentrations in
saliwater would lead to increassed hydrogen sulfide production in the
presence of mercuric ion. This would effectivéiy make mercuric ion
unavailable for methylation. For this rveason, methylmercury may not

be as great of a potential problem in saliwater environments.




pH. The pH of a system can affect the form of methylmercury released
from sediments. Fagerstrim and Jerneldv {22} reported that overall
methylation was minimally affected by pH variations between 5 and 9.
At higher pH values, however, dimethylmercury is the dominant species
formed, while monomethylmercury is the primery product at low pH values.

Methylation Mechanisms

The mechanisms of methylation have been the subject of many studies
and are stiil not fully understeood. Methylmercury formation requires
a molecule capable of donating a methyl group. In an aquatic system,
most of these molecules are biclogically synthesized.

Mercury methylation studies have been performed in two areas:
nonenzymatic methylation and enzymatic methylation. HNonenzymatic
methylation requires the products of active metabolism as methyl donors,
whereas enzymatic methylation requires actively metabolizing organisms.

Nonenzymatic methylation. HNonenzymatic methylation via methyl-

cobalamine {Vitamin B,,) is well documented {7, 42}, although questions
concerning the reaction mechanisms remain {53, 112). Methylation via
vitamin By, is probably a major route for methylation and mobilization
of mercury from bottom sediments in polluted waters. BRacteria living
in bottom sediment and sludge can carry out mercury methylation by
excreting vitamin B,,., which serves as an in vitro methyl donor.
Photochemically induced methylation occurs in aqueous solutions
in the presence of acetate ifon or acetic acid {1}. However, this reaction
is not likely to be signiTicant in natural environments.

Enzymatic methylation. A number of mechanisms of enzymatic methyla~

tion have been proposed ('&?3)° in biclogical systems, three major

coenzymes are known to be involved in methyl transfer: S-adenosyl



methionine, N5-methyltetrahydrofolate derivatives, and methylcobalamine
{vitamin By,} derivatives.

A transfer of carbanion methyl groups is required for the wmethylation
of the mercuric ion. The vitamin 8,, derivatives are the only known
agents capable of doing this dirvectly. Therefore, they are belisved
to be the active agents in most microbial methylation of mercury (82).
Enzymatic methylation via vitamin By, occurs inside the cell, whereas
nonenzymatic methvlation via vitamin By occurs by a chemical reaction
putside of the cell.

Another potential mechanism invelves Ni-methylitetrahydrofolate-
homocysteine transmethylase (methionine synthetase). Microorganisms
that use this enzyme to synthesize methionine from homocysteine can
also preoduce methylmercury in the presence of mercuric ion.

Landner {59} proposed a third enzymatic mechanism of methylation
involving S-adenosyl methionine by an isclated fungal species of

Neurpspora crassa, which appears to lack vitamin By, enzymes. Landner

suggested that the methylation might result from "incorrect® synthesis
of methionine, which is normally formed through methylation of homocysteine.

Mercury methylation by methancgenic bacteria may also be an important
envivonmental process. Methanogens have a methylating mechanism and
they are abundant in the sediments where mercury accumuiates. Research
needs to be performed in this area.

In summary, mercury undergoes a variety of compiex physical, bio-
togical, and chemical transformations in the environment. Qur understand-
ing of the fate and effects of mercury in the environment has increased
substantially since the numerous disasters involving mercury contamination

in recent decades. Much remains to be learned, however, about the
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specific rates of various mercury transformations, the organisms respon-

sible, and the effects of environmental conditions on these processes.
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DESCRIPTION OF STUDY AREA

The Upper WisconsinRiver study area is located in the Northern
Highlands Geographical Province of Wisconsin {63) and extends from
Lake DuBay to above Brokaw (Fig. 2}. This stretch of the river contains
numerous tributaries that form a dendritic drainage system. The drainage
system is overlain by Pleistocene glacial drift that mantles an eroded
Precambrian surface of granitic rock {100].

During 1977, land in the entire Wisconsin River basin includad
42% in forest, 29% in cropland, 12% in grassland, 4% in urban development,
6% in other uses, and 6% in water and Federal land {99). Well-drained
sandy upland soils are predominant in the northern portion of the Upper
Wisconsin River Basin. Heavier loamy upland soils predominate in the
central part of the basin (99).

The Wisconsin River is soft and weakly buffered water. The mean
annual alkalinity near Wausau is asbout 28 mg/1 {as £aC0,}. Hardness
and pH are about 40 my/d {as»CaﬁGS} and 6.8, respectively. The HWisconsin
River has had intermittent violations of water guality standards, most
notably low dissolved oxygen {14, 16). Water guality problems generally
gecurred within one or two miles of major poinit scurces, freguently
pulp or paper mills {(100).

The Upper Wisconsin River contains iérge concentrations of nitrogen
and phosphorus {66, 94}, These support algal blooms, especially in

the slower moving waters of the reservoirs. Melosira, Aphanizomenon,

on the river {94},
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Four dams {DuBay, Mosinee, Rothschild, and Wausau) form a series
of reservoirs in the study area (Fig. 2}. Lake DuBay {Fig. 3} is the
largest raservoir in the study area. It drains 2 watershed with an
area of about 12,700 km? (98). The surface area is 2B.5 km® and the
volume is 1.04 x 10%m®. The mean depth i5 3.7 m. Turnover time is
9.8 days, and the average annual frapping efficiency is approximately
28%. A sewage treatment plant {RM 248.8} and a pulp and paper mil}
(RM 248.9} discharge waters into Lake DuBay. Highly eutrophic waters
from the Big Eau Fleine Reservoir also affects its water quality (11,

50, &1, B7, 101}, Massive blooms of Aphanizomenon are common during

the summer {86, 94}, Silty sands and sandy silts are the primary sediment
types in Lake DuBay {25}.

Lake DuBay samples were collected from a site {D-8} located in
a large bay on the west side of the lake {Fig. 3}. Samples were taken
from a stump field approximately 50 vards from shore with a water depth
of approximately 2 m.  Sediments were mostly sand and contained wood
chips and fibers.

The Mosinee flowage {Fig. 4) is formed by the Mosinee dam {RM 248.9).
It has a surface area of 5.57 km?, a volume of 1.04 x 10%m%, and a
mean depth of 2.1 m. The turnover time is 1.4 days. Two pulp and
paper mills {KM 258.2 and RM 256.4) and one sewage treatment plant
{RM 257.8) are located on this segment of the river. Sediments from
Mosinee Tlowage are composed of silty sands, clayey silts, and silty
clays {25},

Lake Mosinee samples were collected from a site {M-3}) located
at the confluence of Half Moon Lake and the river channel {Fig. 4).

The water depth was approximately 1.5 m. Another sampling site {M-4)
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was located in a stump field on the extreme north shore of Lake Mosinee
{Fig. 4}. The water depth was approximately 1 m. HWood chips and fibers
were present in sediments in both study areas.

Lake Wausau (Fig. 5} is formed by the Rothschild dam. It has
a surface area of 7.76 km#, a volume of 1.72 x 10%m3, and a mean depth
of 2.2 m. The turhover time is 2 days and trapping efficiency is 18%.
The drainage basin for this reservoir covers 14,360 km2. One sewage
treatment plant {RM 263.8) is located along this stretch of river.
Lake Wausau sediments vary from silty sands to silty clays. (lay con-
centrations generally increase with distance downsiream in the reservoir

{25

S

Lake Wausau samples were collected from a site {W~4) Yocated approxi-
mately 300 yards north of the Rothschild dam in a dike area (Fig. 5}.

The water depth was approximately 4 m. Processed wood chips and fibers
were present in the sediments.

Between Wausau and Brokaw (Fig. 6}, the Wisconsin River is free-
flowing and is not impeded by dams. Sediments are mainly clay-filled
sands and silty clays {25). A municipal sewage treatment plant {RM 270.4)
and & pulp and paper mill (BM 271.0) are located on this stretch of
the priver.

Brokaw samples were collected from a site (B-1) located in a small,
backwatler area approximately 1/2 mile south of the sewage treatment
plant {Fig. 6}. The water depth was approximately 0.5 m and the surface
of the water was oily from upstream discharges.

Findley et al. {25} provided data on sediment analyses and mercury
contents present in the sampling areas of the Upper Wisconsin River.

Table 3 shows the sediment composition of the mercury content of the
Y




Figure 5. Lake Wausau study area.
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Table 2. Sediment texture, organic content, and mervcury concentrations of bottom sediments collected
from the Upper Wisconsin River during Bugust, 1981 {25},

Textyred comp{%)

Organic Mercury
Location Site Depth{cm) Llay Silt Sand content{%) content{ug/g)
Lake DuBay éx 0-7 5.7 15.8 8.4 1.9 0.02
7-14 7.0 21.9 71.2 1.9 0.02
Lake Mosines 3 -7 43.3 43.3 7.3 17.1 0.53
7-14 45.8 48.5 4.7 17.0 .57
L 0-7 13.8 32.5% 53.8 8.2 0.36
7-14 14.5 32.0 53.% 8.3 .32
fake Wausay 4 0-7 40.4 51.2 8.4 16.6 0.3%
7-14 37.0 54.6 8.4 20.4 .40
Brokaw ; (-6 38.3 43.8 11.9 20.4 1.78
6-11 45.4 46.5 8.2 18.7 2.0%
*

Rampling site 4 was located near site 0-8 but is not data from D-6. Site D-H6 was not examined
by Findley et al. (25},
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sediment at the Upper Wisconsin River study sites. In general, mercury
content of the sediments increased with increasing organic content,
Sampling site B~1 had the highest concentration of mercury in its sedi-
mants. Site D-4 had the lowest concentration. Sampling site D-4 was
relatively low in organic material and consisted mainly of sand. In
this study, site D-6& was used for all comparison studies. Site D-6

was tocated near site D-4 and the sediment was similar. A1l other

sampling sites had high percentages of c¢lay and silt in the sediments.
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METHODS AND MATERIALS
Cotlection and Processing of Samples

Sediment Sampling

Sediment and sediment~floc samples were collected with an Ekman
dredge. The Ekman dredge collected approximately a 4-liter sample
from the top 10~12 centimetlers of sediment. To collect sediment-floc
samples, the Lkmean grab was rocked until the floc was suspended in
the overlying water. This suspension was then collected in & 50-ml
screw cap test tube.
Sediment cores were collected from the center of an Ekmen grab
with a 50-m} plastic syringe with the top removed {Fig. 7}. The plunger
of the syringe was held fixed at the surface of the sediment while
the 50 cm? tube was pushed down into the sediments. This resulted
in the collgction of an intact core in the syringe. After collection,
syringes were sealed with rubber stoppers to prevent loss of sediment.
To collect bulk sediments, an Ekman grab of sediment was placsed
into a plastic dish pan, homogenized, and transferred into an amber
gilass Jar. The jars were completely filled and sealed with butyl rubber
stoppers fo minimize further oxygen contamination.

Water Sampling

Water samples were obtained from approximately 0.% m above the
sediment~water interface. Three different methods were used for collect-
ing water. Where possible, a 1-L plastic bottle was lowered and filled
by hand from the desired depth. In deep water, a horizontal Van Dorn

water sampler was used, but close intervals could not be sampled. After



Method for collecting sediment cores.

Figure 7.
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October 1982, water samples were routinely collected using a peristaitic

pump (Horizon Ecology Company). The pump was connected to a thick

walted 3/16 inch tygen® tubing that was weighted on one gnd. The weighted
end was lowered to & depth of 0.5 m above the sediments and water was
pumped directly intoe a 1-L plastic bottle. Al samplies wers stored

on ice and transported as quickly as possible to the laboratery for
processing. Transportation time was 2-4 h.

Physical Measurements

Temperature and dissolved oxygen measurements were recorded at
all sampling sites using a dissolved oxygen meter {Yellow Springs Instru-
ment~-Model 54). Readings were taken at 0.5 m intervals from the water
surface to the bed sediments. AL sampling sites used for seasonal
studies {B-1 and D-6}, secchi disc readings were taken.

In the laboratory, water samples from B-1 {Brokaw) and 0-6 {DuBay)
were coliected monthly from April - October to determine seasonal varia-
tions in turbidity. Turbidity readings were obtained using 3 Ratio”
Turbidimeter {Hach Chemical Co.}.

Sample Processing

A11 samples were processed immediately after returning from sampling.
Sediment cores were sectioned by removing subcores from various intervals.
The plunger of the 50~cm® coring syringe was used to push the desired

sediment interval to the end so that a subcore could be extracted.

X

-ml plastic syringe with the tip removed was used to remove T-ml
subcores from the center of the sediment cores at variocus depth intervals
{Fig. 8}. This technigue insured collection of completely anaerobic
sediment subsamples. Oxygen readiiy diffuses through plastic and it

was assumed that the outer sediments became exposed 1o oxygen during



Figure 8. Method for collecting sediment subcores.
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transport. Subcores were transferred to dilution blanks Tor enumeration
experiments or to incubation boittles for methylation assays. One mi
subcores were used for enumerations, and 1 ml or 3 ml subcores were

used Tor methylation experiments. Methylation experiments wers performed
in duplicate on subcores from the same sampling site.

Anaerobic sediment slurries of B-1 and D6 sedimenis were prepared
by mixing sediments {vol/vol} with sterile, anoxic river water {(2:1).
Slurries were placed in amber glass bottles, gassed with N,, sealed
with rubber stoppers, and refrigerated. Slurries were then used as
needed Tor methylation experiments. Water samples {15 ml) were taken
as needed from 1-L plastic bottles and placed into test tubes or BOD

bottles for methylation experiments.

Laboratory Analyses

Enumerations of Mercury-Resistant Heterotrophic Racteria

ferobic heterotrophic bacteria. Enumerations of mercury-resistant

aercbic heterotlrophic bacteria were determined using standard pour

plates {2}. Varying concentrations {7, 15, 37, 75 vg/ml} of mercuric

jon {as Hgll,) were added to test tubes containing 12 mi of Standard

Plate Count 8gar {2). Mercuric ion was added to the agar from a 5000 ug/ml

stock {HgCl,}. Agar was kept molten in a 45-50°C water bath until

Sterile petri dishes were inoculated with 0.1 ml of serial tenfold
ditutions, and agar was poured onto plates, mixed, and allowed to solidify.
Samples from three dilutions of each sample were inoculated to insure
countable plates. Plates were incubated at 20°C for 48 hours. After

incubation, plates were counted to determine microbial resistance fo
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mercuric fon. The pour plate method was used due to initial problems
encountered with spread plates. Inoculated spread plates were guickly

pyerpopulated with colonies of Bacillus cereus var. mycoides and accurate

colony counting was impossible. QOvergrowth by Bacillus was nol encountered
with standard pour plate technigue.

Anaerobic heterpirophic bacteria. All anaerobic culture media

was prepared on the day before sampling using a variation of the anaerobic
roll tube technigue described by Hungate {41). Anaerchbic growth media
was Standard Plate Count Agar with added agar to give a final concen~
tration of 2%. This prevented agar from slipping down the side of
the roll tube. Varying concentrations of mercuric ion (7, 15, 37,
75 pog/ml} were added to the agar. A1l anaercbic tubes and vessels
were continuously gassed with N, by inserting a bent gas cannulae made
from a Z2-in 12 gauge steel needle that was connected to a gas source.
The gas was passed over heat copper filings to remove any trace of
eiygen.

Resazurin {1 ug/ml from a 100 ug/ml stock solution} was added
to all anaerobic media as a redox indicator. The media was boiled
‘and cooled under a stream of 0,-free N, to remove all oxygen. Afler
cooting, 0.01% {final concentration) cystein-HCl was added as & reducing
agent. The pR of the media was then adjusted to 7 with IK NaDH.

Molten anaerchic growth media (6 ml} was transferred to IB x 142 mm
anaergbic roll tubes (Bellco Glass, Inc.}, gassed with N,. and sealed
with a no. 2 butyl rubber stopper. The stopper was moistened in distilled
water before inserting it in the tube to form a better seal. This

aided in maintaining anaerchic conditions cver long incubation times.
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Anaerobic roll fubes were kept molten until inoculation by storing
in a water bhath at 45-50°C.

Nine ml anaerchic dilution blanks (H,0} were prepared using strict
gnaerohic fechnigues as described above. Initial dilutions were prepared
by anaerchically transferring a 1 ml subegre to an anaerobically prepared
¢ mi dilution blank. Subsequent fen~fold dilution series were preparsed
by anaevobically transferring 1.0 ml of inoculated dilution blanks
o successive blanks,

Sterile H,-purged plastic syringes {1.0 ¢m3} were used to inoculate
roli tubes with 0.1 ml of the appropriate dilutions. Three dilutions
were used to obtain countable tubes {30-300 colony forming units).
Inoculated roll tubes were gently mixed and spun on a roll tube spinner
{Rellco Blass, Inc.) under ice water to harden the agar. Roll tubes
were incubated at 20°C for 56 h. Coplony Torming units were then counted
to determine mercuric ion resistance,

Binding of mercuric ion to aerobic and anaerocbic culiure media,

Percentages of added mercuric ion being bound to serobic and anaerobic
culture media were determined to insure that differences in mercuyric

ion resistance were not due to differential binding of mercury in one

of the culture media. Anaercbic and asrobic culture media samples

{10 ml} were prepared. Broth was used instead of agar for the culture
media due to difficulties sncountered with centrifuging the agar. Samples
with and without 75 ug/ml mercuric ion were inoculated with 0.1 ml

of 10-?2 dilution of sediments to obtain bhacterial growth. Radiclabeiled
mercuric fon {(®3Hg(NO,},, 1 x 10° DPM) was added to all samples and
samples were incubated at 20°C for 48 h. After incubation, samples

were transferred to centrifuge tubes and centrifuged in a high speed
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centrifuge {Beckman, Model J-21) at 17,800 x g for 10 min. Subsamples
were then pipetted from the supernatant, transferred into scintillation
vials containing PSC cocktail {Amersham Chemical €o.}, and counted

to determine the percentage of labelled mercury remaining unbound in

the cylture broth.

Mercury Methylation Activity Experiments

Most incubations were started immediately upon return from sampling.
Some preliminary methylation experiments were performed on older sediment,
howsver, unless otherwise stated, reported results were obtained from
fresh sediments.

Radiolabelled mercuric ion was introduced into samples via a micro-
titer syringe or bppendorf micropipet. For all samples, 1-4.5 uli
of *UIHg(NG,}, was added to samples (Table 4}. Each batch of 2P3Hg{NQ,),
was diluted to a stock of 400 yli/mi. To aveid adding varying amounts
of mercury to each experiment, the same molar amount was added for
each batch and the amount of radicactivity varied with decay.

Sample preparation. Seasonal methylation actlivity sxperiments

were performed on sediments, sediment~floc, and waler. Samples were
transferred into 30-m] screw cap test tubes, “°3Hg%? was added, mixed,
and sampies were incubated atv 20°C.

Homogenized sediments (5 mi-wet weight) for seasonal sediment
methylation activity were transferred via a & cm?® plastic syringe into
test tubes. Sterile river water {10 ml) was then added to test tubes.
Anzerobic techniques were not employed with seasonal studies; however,
control experiments showed that methylation activity in these sediments
was the same as that cobserved in identical samples incubated in BGB

bottles using strict anaerobic technigues {Table 8). These results




Table 4. Amount of 2®%Hg{N0,}, added to mercury methylation experiments.

Assay date Specific Activity vy added/
of batch {uli/ug) L added 10ul
728781 0.96 1.3 - 4.0 8.34
7716481 0.9 1.2 - 4.5 4.65

16716781 1.46 1.1 ~ 4.0 2.74

Table 5. Mercury methylation activity in aerobically and anaerobically

prepared sediment samples.

Samplie Preparation

Percent %ethyiationa

Aerpbic {test tube}

fnaerobic {BOD bottle)

2.58 ¢+ 8.02
2.60 x 0.06

£
N
192
Lol
o
=3

i
3
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suggest that sediments for seasonal studies rapidly became anaevrobic,
Flov and water samples were prepaved in test tubes using 10 and 15 mi,
respectively.

A1l other methylation activity experiments were performed using
strict anacrobic techmigues. Previously prepared sediment slurry
{10 ar 20 m1) and *Y*Hg*? were added to 60-ml BOD bottles {Wheaton
Company} under a steady stream of Q,-free N, gas. All additions were
made from sterile, anoxic stock solutions stored in gassed, seals
serum bottles. After inoculation, BOD boitles were gassed for 30 s
and sealed with glass stoppers. The glass stoppers wére moistened
before sealing to make a better seal and help insure anaergobic conditions.
BOD bottles were shaken with a vortex apparatus to insure compliete
mixing. The rims of sealed BOD bottles were covered with water to
maintain an air tight seal and then sealed with parafilm {o prevent
gvaporation.

In experiments where asrobic conditions in sediments were desired,
300~-m1 BOD bottles were inoculated, sealed with cotton plugs, and incubated
on a8 rotary shaker. Aesrobic water samples were incubated in 60~ml
ROD bottles and stoppered with loosely fitting glass stoppers. Whenever
possible, sampies were prepared in duplicate or triplicate and incubated
with "killed” control cultures. Control cultures were killed and incu-
bation terminated by the addition of 6N HCY {1 ml}. After acidification,
samples could be stored for up to five days without loss of aotivity
{32}, A1l samples were incubated for four days at 20°C unless otherwise
stated.

Methylmercury assay procedurs. All mercury methylation activity

assays were performed using techniques developed by Uthe et al. (104}




as modified to water and sediment samples by Furutani and Rudd {32},
This procedure involved extracting the methylmercury inte toluene
as methylmercuric bromide, partitioning the bromide salt into 20%
ethanol as a thiosulfate complex, and re-extracting into benzene

as methylmercuric d{odide. To accomplish this, the following steps
were used {(Fig. 9):

1) After "killing”, 2.0 ml of 0.5MCuSO, and 5.0 ml of
3 M NaBr in 11% H,80, were added to samples to convert
methylmercury into methylmercuric bromide. Samples
were shaken by hand for 1 min to ensure complete
conversion to methylmercuric bromide.

23 After shaking, sediment samples were quantitatively
transferred inte 30-ml glass centrifuge tubes and
centrifuged for 5 min.

3) After centrifuging, all of the supernatant, which
contained soluble methylmercury as methylmercuric
bromide, was transferred into a 125~ or 2%0-ml glass
separatory funnel containing 2% ml of glass-distilled
toluene (Fisher Scientific Co.) or scintanalized
toluene (Fisher Scientific Cu.). Water samples were
added directly to separatory funnels.

4} A1l separatory funnels were shaken by hand for 3 min
and the resulting layers were allowed to separate.
After complete separation of the layers, the methyl-
mercuric bromide was present in the toluene layer.
The aqueous layer (bottom) was removed and discarded.

5} Approximately 1 g of anhydrous sodium sulfate was
added to the toluens layer as & drying agent, and the
samples were shaken for 1 min to remove water.

£) The toluene phase was then transferred inito an acid-
washed 50-ml glass beaker containing approximately
U g of anhydrous sodium sulfate. Samples were swirled
in beakers to insure complete removal of water.

7} The dried toluene {15 m1) containing the methylmercuric
bromide was pipetted inte & second acid-washed 125-ml
glass separatory funnel containing 5.0 ml of 0.0025 N
sogdium thiosulfate in 20% ethanol. Samples were shaken
by hand for 1 min to partition the methylmercuric
bromide into the agueous ethanol as & thiosulfate
complex.




Figure 9. Methylmercury assay procedure.
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Sample
2.0 mi QusG,
K 5.0 m1 3 ¥ HaBr in 11%¢ H.350,
shake by hand for 1 win
{water samples) {sediment samples)

\\ 2} transfer to centrifuge tubes

centrifuge at 400 X g for 5 min

193]
[

3} transfer supernatant into separatory funnels

\&‘&f//w,w” containing 25 ml toluene

shake by hand for 3 wmin

L3

4} remove aqueous layer and discard
&
toluene layer

%} add anhydrous Na,50,

R
shake for 1 min

6} transfer into 50 ml beaker containing
1 g anhydrous Na S0,

v

swirl sample
7} pipet 15 ml into separatory funnel containing
5 ml Na,$,0.1in 20% ethanol

.
shake by hand for 1 min

8} transfer ethanol Yayer into 10 ml glass beaker
g} pipet 3 ml of ethanel layer into glass-stoppered
fest tube containing
~ 1wl 3 MK
- 1 m1 benzene
W
shake by hand for 1 min

10} transfer 300 ul subsample of benzene phase
into 8 ml PSCY cocktait

W
count on scintillation counter




8) After the separation of layers, the lower ethanol
layer was transferred into an acid-washed 1Q-ml
glass beaker.

9} The agueous ethanol phase (3.0 ml) was then pipetted
into a 15-ml screw-cap or glass-stoppered test tube
that contained 1.0 ml of 3 M potassium icdide and
1.0 mt of glass-distilled benzene {Fisher Scientific
Co.}. The test tubes were shaken by hand for 1 min
to transfer the methylmercuric iodide into-the
benzene layer.

10} Subsamples (300 ul) of the benzene laver {containing
the extracted monomethyl mercuric jodide) was trans-
ferred via a 100-uyl pipet {Eppendorf) into a plastic
scintillation vial containing 8.0 ml PSC cocktail
{Amersham}. Samples were mixed and counted on &
scintillation counter {Beckman, Model LS 7500).
This procedure did not account for methylmercury remaining in
the interstitial water. To correct for this, sediment pellets remaining
in centrifuge tubes were weighed tv the nearest 0.01 g and then dried
at 1058°C to & constant weight. The difference yislded the amount
of water remaining in the sediments. Results were corrected to account
for the percentage of methylmercury present in the water remaining

in .the sediment peilet.

Isotope counting procedures. *°%*Hg is a beta-gamma-emitiing

isgtope. For this reason, samples could be counted on a beta or
gamid scintillation counter. AlY radicglabelled methylmercury formed
during methylation experiments was counted using a programmable betia
seintitlation counter {Beckman, Model LS 7800). Sawples were counted
for 20 min or until counts were within a 2 sigma percent ervor.
Counting efficiency was monitored using a previously prepared
quench curve. Prepared standards of “®Hg were not available for
this research. Instead, guench curves of isctope standards having

gnergies s1ightly above and below “°%Hg were used. Commercially
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prepared standards of carbon-14 {@-=0.158 MeV) were used to construct
the lower energy curve, while technetium-859 {§=0.29 MeY} standards
were prepared in the laboratory to construct the higher energy curve.
Technetium-99 quenched standards were prepared by adding varying
concentrations of acetone (0.1 ~ 1.0 wl) %o scintitlation vials contain-
ing 15,000 DPM*®Tc.
The counting efficiency of quenched samples was compared using

the channels ratio method and the automatic external standardization
{H-number}. Discriminations for channel 1 were set at 400 and B0O

1o monitor the upper end of the energy spectrum. Discriminations
for channel 2 were set at 0 and 800 to include most of the pulse
height distribution of “%Hy. A ratic of the counts in the two channels
was then obtained. The window inchannel 1 was set too wide, Therefore,
channel ratios varied Tittle with decreased efficiency. For this
reason, the automatic external standardization {H-number} was used
to construct the guench curve {Fig. 10). The quench curve for “U3Hy

{g=0.21 Me¥} was extrapolated to fit between *3Tc {g-=0.29 MeV)

and **C {8-=0.159 MeV).

Calculations. The percentage of added radiolabelied mercuric

jon methylated was determined by the following equation:

[DPM counted x df] + X[DPM countad x df] Tan

Y

percent
methylation

wheyve DPM counted = DPM from scintillation counting

e oo {rsmy s om wm“
= dilytion factor = (35m¥} ( a‘&“}) ( )

¥ = DPM's *"3Hg added to sample

X = percentage of H,0 remaining in sediment peilet
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Mercury-203 quench curve.

Figure 10.
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The half-1ife of “%3Hg is 46 days. To monitor this, the decay

rate of the “%¥Hg was determinsd as follows:

-(.683¢t

% radioisotope left = 100e *

it

where e = natural log base

t

i

elapsed time expressed in the same units as

the half-1ife

#t

x = haif-1ife of “¥%Hg = 46 days
The amount (pg) of methylwercury formed was determined by the
following equation: -
ng methylimercury = {x}{y)
where x = ug Hg'? added to the sample*
y = percentage of added *°3Hg methylated
*the amount {ug) of Hg'® added was calculated as follows:

£/ ‘
KU T rsay (uCi/ug)

whers S& = specific activity of the Hg'?

Binding of *®3Hg*2 to Sediment

The percentage of added *®3Hg bound to sediment was determined
by adding 293Hg to 10 ml of sediment slurry in a test tube, mixing
with & vortex apparatus, and incubating samples Yor varying ltengths
of time. After incubation, sedimenis were quantitatively transferred
with 10 ml of H,0 dnte plastic 30-ml centrifuge tubes. Samples were
centrifuged at 17,600Xg for 10 win. An aliguot of supernatant {0.5 mi)
was then transferred inte a plastic gamma~-counting tube and counted

as described above,



Separate samples were dried at 105°C to constant weight, and

the amount of H,0 present was calculated. To determine the amount

of “%3Hg remaining unbound in the water, the following eguation was

used:
. Y
percentage unbound 2%%Hg = { Eili{f‘ 100
standard b
where x = DPM in 0.5 ml H,0

b

mi H,0 in sample¥
.5 ml

dilution factor =

&g
i

s

5]

standard = DPM 2°%Hg added to sample

*

]

supernatant + water in sediment

Quality Control

Methyimercury Extraction Efficiency

To determine the extraction efficiency, each extraction step
in the assay procedure was extracted a second time and the rest of
the analysis was carried to completion. This provided a determination

of the ampunt of methylmercury not extracted at each extraction.

£31

2

Figure 11 shows where second extractions were performed in the assay
procedure,.  Radicactive methylmercury in the original and second
extractions were counted after completion to determine the percentage
of vecovered methylmercury. The DPM of CH,*%Hg' recovered with

the first extraction is compared to the DPM of CH;° HgY recovered
with the second extractions in Table 6. Approximately 99% of the

radiclabelled methyimercury was recovered with the first extraction.

Methylation Kineties

Mercury~-203 is only commercially available at fairly low specific

activities. This resylted in the addition of large molar amountis of



Figure 11. Double extraction procedure for methylmercury assay.
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extraction w/ toluene
e
Agueous fraction

*cocpnd extraction w/ tolusne

to completion

toluyeng
ssecond extraction w/f
N335203 + 62H50H

|

to completion

toluene fraction
dry w/ Na, 50,

extraction w/ Ka,$.0

/ S
e

sxtraction w/ benzene + Kl

benzene fraction

aqueous fraction

|

*gacond extraction w/
N&zSgag + Kl

!

to completion

seintillation



Table 6. Efficiency of methylmercury extraction procedure.

Extraction counted

DPM 29 CH.HyY/ sample

compiete extraction of sample
2nd toluene extraction

Z2nd sodium thicsulfate extraction
2nd benzene extraction

Total DPM recovered

49639
Not detectable
Not detectable

0

3
&3

o
fon
=
(A%

534

Percent efficiency of first extraction =

49933

50535

x 100 = 48


http:�..�........��

Hgt? in isotope experiments. For this reason, an experiment was

performed to evaluate the kinetics of the methylmercury formation
when varying amounts of unlabelled mercuric ion were present in the
sediments.

At a1l concentrations of unlabelled Hg™? in the sediments, essentially
the same amount {pg) of the added Hg'? was methylated {Fig. 12). This
Vinear response indicated that the amount of Hg added in isotope
experiments saturated the reaction. This means that we did not affect
the net methylation rate by adding varying amounts {ug) of Hgbe.

Therefore, the sxperimenial methylation percentage is an accurate
representation of methylation activity taking place even though varying

apounts of mercuric don was added with different batches.

Statistical Analysis of Data
All experiments were performed using 2 winimum of duplicate
samples, aithoﬁgh tripniicate or gquadriplicate samples were run when
nossible.  Variations between sets were evaluated using standard
deviations and pooled t-tests and resulis were reported as significant

{p < 0.05) or highly significant {p < 0.01).



Figure 12. Kinetics of methylmercury formation in B-} sediments.
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RESULTS

Enumerations of Mercury-Resistant Heterotrophic Bacteria

ferobic Heterotrophic Resistance

Total aerobic heterotrophs and mercury-resisiant heterotrophs
were enumerated in water, sediment-floc, and surface sediments {0-1 om).
Table 7 shows an estimate of the numbers of asrcbic heterotrophs
present in samples collected on June 16. Resistance of bacteria
o 7 ug/ml Hg*? ranged from 0.3-100%, while resistance to 74 pyg/mi
ranged from 0-0.5% from the June 16 sampling trip {Table 8}). In
general, the highest aerobic resistances were exhibited in the water
samples. A1l samples had bacteriz resistant to 7 ug/ml Hg*?., Minimel
resistance was observed at concentrations greater than 7 pg/ml Hg*2,
Similar results were obtained when this experiment was repeated.

The seasonal variation in anaercbic heterotrophs and mercuric
ion resistant heterotrophic bacteria at site B-1 was determined {Table 8}.
The seasonal variation in mercury resistance of aercobic heterotrophic
bacteria at site B-1 was also determined {Table 10}. Large fluctuations
in resistance to 7 pg/ml of Hg'? were observed throughout the sampling
season; however, resistance to higher concentrations (>15 pyg/ml)}
remainad Jow. Tho samplos collected during July 28 and October 1
were 100% resistant to 7 ug/ml Hg'2 and resistance to higher concentrations
of Hgt2 were generally greatest in these samples. Lower resistance
was observed in all samples from the dune 16 sampling trip. Throughout
the sampling season, the highest percentage of mercury~-resistant

aerobic heterotrophic bacteria were observed in water samples.



Table 7. Density of aerobic heterotrophic
Wisconsin River {18 June 1882}.

bacteria in the Upper

g ey o Density
Sampling site Sample (CFUa/ml x 10-3)
B-1 H,0 1.3
Flac 15.0
8-1 ¢m 88.0
b4 H,0 0.3
Floc 14.0
8-1 om 300.8
M-2 H,0 0.5
Floo 28.0
0-1 cm 280.0
M-4 HL0 2.3
Floc 1.9
-1 cm 120.0
-6 H.O 3.0
Floc 8.7
0-1 em 150.0
By

Cotony forming units



Table B. Percentage of aerobic heterotrophic bacteria displaying
resistance to mercuric fon in the Upper Wisconsin River
{16 June 1982%,

Hov® concentration {ug/mi}

Sampling Sample
Site Type 7 15 37 75
B-1 H,0 24 .6 13.1 .0 0.0
Floc 6.0 0.1 g.1 0.1
3-1 cm 0.3 8.1 g.1 0.1
W4 H.0 52.8 1.2 0.0 g.0
Floc 30.7 3.7 0.4 0.5
g-1 ¢m 30.7 0.8 g.1 g.1
M-3 H,0 B83.4 7.8 5. .1
Floc 8.2 .5 g. 0.1
0-1 em 23.1 0.1 0.1 0.1
M4 H,0 100.¢ 4.1 g.1 0.0
Floc 14.7 3.2 0.5 0.5
g-1 cm 25.0 0.1 0. g.1
-6 H,0 10.0 g.5 3.0 B.0
Floc 15.2 0.3 g.1 g.1

G-1 em 6.6 2.7 0.1 0.1




Table &, Seasonal variation in densities of standing crops of
aercbic heterotrophic bacteria at site B-1, Upper
Wisconsin River.

Sampling date Bensity
{1982} Sample (CFug/mt x 10-3}
April 30 H,0 .36
Floc 16.0
0-1 om 170.0
June § H,0 .51
Floo 4.2
g-1 om 130.90
June 16 H,0 1.3
Finc 15.0
o-1 om £88.0
July 2% H.0 .28
Floc 8.¢
g~1 cm 83.0
September 2 H,.0 .87
Floo 13.0
0-1 ¢cm 25.0
Jctober 1 H,0 ¢. 3
Flioc 3.8
0-~1 om 87.0

dﬁo?any forming units



Table 10. Seasonal variation in the percentage of aerobic hetero-
trophs that are resistant to mercuric ion at site B-1,
Upper Wisconsin River.

Hgt? concentration {ug/ml)

Sampling Sample
date {1982} type 7 15 37 75
April 30 H,0 £9.4 11.1 8.3 2.8
Flec 28.8 5.3 2.3 0.3
-1 ¢m 43,7 0.6 0.3 g.d
June § H.0 45.0 21.6 4.0 0.0
Floc 28.6 4.5 2.6 1.5
g-1 cm 5.% 3.2 g.1 8.2
dung 16 H,0 24.8 13.1 0.0 0.0
Floc 6.0 g.1 g.1 g.1
0-1 ¢om G.3 0.1 0.1 4.1
July 25 H,0 100.90 96 .4 0.0 0.0
Floc 160.0 65.0 5.6 0.1
0-1 cm 160.0 104.0 3.8 4.4
September 2 H,0 40.3 0.6 8.0 0.0
Flog 10.8 0.1 0.1 g.1
-1 om 0.4 0.4 g. 0.4
Duitober 1 H,0 100.0 71.0 18.7 28.4
Floc 106.0 4.1 $5.3 0.3
0-1 om 100.0 1.1 1.1 1.1




Anaerobic Heterotrophic Resistance

Many of the bacteria in the Wisconsin River exist under anaerogbic
conditions. Therefore, it was necessary to determine the percentages
of mercury-resistant anaerchic heterotrophic hacteria. The numbers
of anaercbic heterotrophic bacteria persent at different depths in
sampies collected on July 11 {Table 11} were used to determine the
percentages of these bacteria exhibiting resistance to varying concentra-

tions {7, 15, 37, 75 w/ml) of mercuric ion {Table 12}. Resistance

(&}

to 7 wg/ml of Hg'® ranged from 7.6 to 100%, while resistance to 75 pg/mi
ranged from 4.1 to 100%. Greater than 25% resistance to 75 uo/m
of Hg*? was obtained in most samples. Anaerobic heterotrophic bacteria
were more resistant to higher concentrations of Hgt? than aerchic
hetercotrophic bacteria at all sites. Similar results were observed
Tor both replicates.

Table 13 shows anaervobic heterotrophic bacteria obtained from
site 8-1 sediments during the sampiing seasen. High concentration
of mercury-resistant anaegrobic heterotrophic bacteria were recgovered
throughout the sampling season {Table 14). No seasonal variation
in anaergbic heterotrophic resistance were observed. High resistance
was observed during all sampling frips.

Angerobic heterotrophic bacteria were more resistant fo 75 ug/ml
of Hg™? than aerobic heterotrophic bacteria were to 37 ug/ml of Hg'e
in the water column and surface sediments {Fig. 13}. It should be
noted that aercbic and anaercbic heterotrophic resistance in water
and sediment-floc were determined from the same samples. Therefore,

these differences in resistance cannot be attributed to siie variation.



Table 11.

Densities of anaercobic heterotrophic bacteria in the
Upper Wisconsin River (171 July 1882}.

Sampiing Sample Density
site type {CFU/ml x 10-3)
Bl Floc 1.7

0-1 28.0
1-3 22.0
3-5 4z2.0
8~10 18.0
W4 Floc 1.8
0-1 21.0
1-3 8.3
3-5 18.0
8-10 17.0
M-3 Floc 0.91
0-1 28.0
1-3 31.0
3-5 28.0
8-10 17.0
M4 ioc 0.71
0-1 18.0
1-3 14.0
3-5 27.0
8-10 33.0
0-6 Floc 8.9
0-1 6.8
13 11.0
3-5 22.0
B-10 18.0
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Table 12. Percentages of anaerobic heterotrophic bacteria dis-
playing resistance to mercuric ion in the Upper
Wisconsin River {11 July 1582}.

Hg*? concentration {ug/ml}

Sampling Sample

site type 7 15 37 75

B-1 Floc 56.5 180.0 100.0 55.3
01 60.7 1006.0 64.3 2.9
1-3 54.5 100.0 100.8 100.0
3-5 42.% 100.0 100.0 £1.5
8-10 7.6 32.8 31.¢ 7.1

W4 Floc 94.4 83.3 43.8 33.38
g-1 66.7 100.0 hZ.4 106.0
1-3 97 .6 100.0 100.0 48.2
3-5 84,4 100.0 100.0 33.3
8-10 100.0 106.0 100.0 35.9

M3 Floc 73.6 100.0 106.0 100.0
0~1 60.7 53.6 2.1 32.9
13 5.2 45.2 13.5 8.5
3-5 75.9 30.3 27.9 4.1
8-10 94 .1 100.¢ 24 .1 5.6

M-4 Floc 10G.0 100.0 100.0 10C.0
0-~1 75.0 100.0 100.0 36.3
1-3 78.8 100.0 100.0 4%.6
3~5 70.4 106.0 100.0 51.8
B~10 42 .4 106.0 100.0 78.8

I Floc 100.0 160.0 71.9 £0.4
(-1 100.0 160.0 100.0 86.8
-3 85.5 100.0 69.1 55.5
3-5 40,59 5¢.9 83.6 21.4
g-10 33.% 100.0 40.6 8.3
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Table 13. Seasonal vardation in anaerobic heterotrephic bacteria
at site B-1, Upper Wisconsin River.

Sampling Sampie Density
date (1982} type {cFu/ml x 10-3)
May 2 Flog 1.1

0-1 72.60
1-3 21.0
3-5 45.0
8~10 44,0
Suiy 11 Flec 1.7
(-1 28.0
1-3 22.0
3-5 42.0
g-10 210.0
July 25 Floc 13.0
Q-1 39.0
1.3 28.0
3-5 48.0
8-10 54 .0
September 2 Fioc 3.2
0-1 31.0
1-3 41.0
3-5 54.0
8-10 49.0
Qctober 1 Floc 4.0
0-1 61.0
1-3 890.0
-5 §7.0

8-10 120.0
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Table 14. Percentages of anaerobic heterotrophic bacteria dis-
playing resistance to mercuric ifon at site B-1, Upper
Wisconsin River, during sach sampling date.
Sampling Sample Hg*? concentration {ug/ml)
date {1382} type 7 15 37 75
May 2 Floc 18.2 72.7 27.3 36.
-1 9.3 84.7 43.1 100.0
1-3 44.8 100.0 100.0 100.0
3-5 37.8 100.0 g97.8 100.0
8-10 86.4 100.0 106.0 10G.0
July 11 Floc 56.5 100.0 108.0 55.3
3~1 6.7 100.0 64,3 42.98
1-3 54.5 00.0 106.0 100.0
3-5 42.9 100.0 100.0 £1.%
810 7.6 32.% 31.8 17.1
July 26 Floc 26.9 Z2.5 32.3 20.8
0-1 5.0 56.4 14.6 i8.7
1-3 22.13 67.9 12.9 &.1
3-5 95.0 72.5 17.5 16.3
3~10 £66.7 844 75.6 13.5
September 3 Floc 62.5 80.¢ 100.0 56.3
0~1 80.3 100.0 100.0 67.7
1-3 75.6 48.8 58.5 51.2
3-5 72.2 57 .4 83.3 2G.4
3-~10 891.8 95.9 100.0 46.58
October } Floc 55.0 72.5 62.5 57.5
g~1 45.9 B5.2 47.5 29.5
1-3 38.9 70.0 97.8 32.2
3-5 70.1 89.7 33.0 52.6
B-10 70.0 100.0 34.2 40.8

e
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Figure 13. Depth distribution of mercury resistance at site B-1,
Upper Wisconsin River {bars represent depth intervals
of sediment core)}.
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This means that anaerchic helerotrophs were more resistant to Hgt?

than aerobic heterotrophs. Similar results were obtained at all sampling
sites.

Binding of Mercury to Aerobic and Anaergbic Culture Media

The greater mercury resistance exhibited by anaersbic heterotirophs
was nol due to differential availability of mercury between the aerobic
and anaerpbic culture medias. This conclusion was based on an experiment
performed to determine and compare the amount of added mercuric ion
available in aerobic and anaercbic media. Binding of %°%Hg in sediment-
inoculated aercbic and anasrobic broth media, media containing 75 ug/ml
Hg*?, and distilled H,0 controls was determined.

283

The percentage of soluble Hg in the aerobic water controls
was low {Table 15)}. This may have been dus to greater binding of *°’Hg
to the plastic petri dishes than to the glass roll-tubes. For this

reason, percentages of soluble *°°

Hg in all samples were calculated
using the initial amount {DPM)} of *®’Hg added to each sample as the
standard.

it should be noted that this experiment compared the amount of
spluble mercuric ion in the media. The soluble mercuric ion may have
aiso been bound io organic substances in the media. 1 did not attempt
to determine the type of mercury binding.

o
s

In a1l instances, recovery of “**Hg was lower from samples contain-
ing 75 vg/ml of Hot® than from samples not containing mercuric ion.

This was contrary to expectations, becauss it was anticipated that

the previous addition of 75 vg/ml of Hg*? would decrease the number

gf avaiiable hinding sites. This should then lead to & greater recovery

of soluble “%3Hg.



Table 15. Percentages of soluble 293Hg vrecovered from asvobic and
anaerchic culture media.

Soluble %%Hg recovered (%)2

Environmental
conditions Aerobic Anagerobic
b e 4*~
H,0 45,0+ 4.4 81.6 £ 27.4
8 ug/ml Hgt? 88.0 £ 30.8 106.2 + 28.8
{not innculated)
. N . * %
G pg/ml Hgte 115.9 = 24.0 31.4 = 3.6
{inoculated)®
*
75 ug/ml Hgt? 22.8 £ £.8 £5.6 = 24.8
{not inoculated)
75 ug/mi Hgte 30.4 = 7.2 36.0 + 15.8
{inoculated)
4y 250, n = 3, experimental means compared io each other using a
t-test,
bn = 2

Lsamgies inpculated with B~1 sediments to get bacterial growth.
*
p o< (.05

&
p o< 0.01
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fFach media condition yielded significant concentrations of scluble

2% 3, indicating that bacterial cultures were exposed to mercuric

ion. It would not be expected that 100% of the soluble mercuric ion
would be bound to organic substances in the media. The recovery per-
centages in matching aerebic and anaerobic samples suggests that the
heterotrophic bacteria were exposed to significant concentrations of

uyrihound mercury.

Measurements of Mercury Methylation Activity
Mercury methylation activity was examined under a va%iety of condi~

tions to evaluate polentials for mercury methylation in the Upper Wisconsin

iver. The majority of methylation experiments were performed on B-1
sediments because of the high methylation activity and the high mercury
concentrations {25} observed in these sediments. These experiments
were designed fo determine where methylation activity was greatest
in the core profile and the effect of changing environmental parameters
on these activities., The mercury methylation percentages measured
in these experiments indicates potential methylation activity, not
actual rates ccourring in the Upper Wisconsin River. This 1s because

significant concentrations of Hg'? were added to all samples because

>

f the jowspecific activity of the mercury isotope. Methylation activity

b

-

wits not observed in any of the killed controls, which cuggests that
measured methylation potentials were due to biological activity and
not abiotic processes.

Depth Distribution of Mercury Methylation

Throughout the sampling season, high methylation activity was

observed in the sediments, whereas minima! fo  undetectable activitfies



were measured in the water column., Methylalion assays were done on

H,0, sediment-floc, and varicus sections in sediment cores from site
B~-1 to determine the location of methylation in the sediments. In
all sediment cores, methylation was highest in the surface sediments
{0~1 cm); activity consistently decreased with depth {Table 16}. Deeper
sediment layers {9-10 cm) exhibited 1ittle methylation activity.
Figure 14 illustrates methylation activity with depth in core #1
from September 16, showing the peak of methylation activity in the
surficial sediments. No methylation was detected in the water column.
In the floc, 0.22% of the added “%’Hg was methylated. As previously
stated, methylation activity was greatest in the surficial sediments
and decreased with sediment depth.

Effect of Environmental VYariables on Methylation Activity

Temperature. Methylation activity in Upper Wisconsin River sediments
was lowest at 4°C, increassed to maximum at 3570, and decreased at tempera-
tures above 35°C {Fig. 15}. This optimum was considerably higher than
the maximum in sity temperature of 24°C. Significant mercury methylation
activity occurred at temperatures as high as 50°C.

Dissolved oxygen concentration. Significant mercury methyliation

activity occurred in all anaerobicaliy-incubated sediment samples.
Radiclabelled methyimercury was essentially undetectable in the same
sediments incubated aerobically. This indicates that anaerobic conditions
favor the formation of methylmercury in the Upper Wisconsin River.

Organic loading. Higher methylation potential was observed with

B-1 sediments than D-6 sediments on most sampling dates {Table 17)}.
Sediments at site B-1 were more organic enriched than D-6 sediments

{Table 3}. This led to the hypothesis that increased organic content



Table 16, Vertical distribution of mercury methylation at site B-1,
Upper Wisconsin River.®

PERCENT METHYLATION

Sample ? June 1982b 16 Sept. 1982€
depth core 1 core 2 core 1 core 2
H,0 0.00 0.00 5.00 0.00
Floc 0.00 5.00 0.22 p.22
0-1 o 1.18 1.13 2,53 1.62
1-3 o 0.63 0.36 2.20 .. B
3-5 cm 0.17 5.12 7.09 1,14
6-7 cm - — 0.64 8.20
9-10 cm 0.23 0.21 0.13 0.10

B v , .
Alt samples incubated anaercbically in BOD bottles.
b . ¢ o IS o . .
Sediment slurry {1g sediment + 1 ml anoxic river water),
Co o sa - . . .
Sediment slurry {39 sediment + 3 ml anoxic river water).

dﬁot determined.
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Figure 14. Depth distribution of mercury methylation at site B-1,
Upper Wisconsin River {bars represent depth intervals
in sediment core}.
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igure 15, Effect of temperature on mercury methylation activity
{error bars represent values obtained from duplicate
samples).
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Table 17,

Mercury methylation at sites B~1 and D-&, Uppe
River,

r Wisconsin

Percent methylationd

Sampling

date {1982) B B-6

May 5 0.58 = 0.20 0.48 * 0.00
June 6 0.30 £ 0.00 0.64 + 0,08
July 31 2.78 = 0.50° 0.86 + 0.56
September 7 3.75 + 2,06 0.50 = 0.00
October § 0.47 £ 0.16 0.38 % 0.20

= 2, experimental means compared to each other

3 20°C

using


http:�......�..�.�.._..�..�

77

in sediments could stimulate methylation activity. To text this hypothe~
sis, varying concentrations of variocus organic compounds {starch, sludge,
glucose, and vitamin Bi,) were added to B~1 sediments. The additions
of starch, sludge, and glucese did not significantly {p > 0.05} increase
methylation activity (Table 18). The addition of 0.1% sludge did in-
crease methylation activity; however, this was not repeatable in sub-
sequent experiments. In a separate experiment, the addition of vitamin
Biz to B~1 sediments did not stimulate methylation activity {Table 1%},
Separate organic addition sxperiments were performed on D-b sediments
because of the lack of stimulation of methylation activity in B-l
sediments, It was anticipated that organic loading would increase
mathylation activity in 0-6 sediments, which contained a lower organic
content than those at site 8-1. The addition of peptone, 2.0% sludge,
and 2 and 10 ug/mt vitamin B., significantly increased methylation
sctivity in 0-6 sediments {Table 20). The addition of peptone to
D6 sediments increased methylation activity by as much as three-fold
and the amount of stimulation was proportional to the amount of peptone
added.

P ~

Seasonal Variation in Mercury Methylation

Mercury methylation sctivities in water, sediment-floc, and
sediment from sites B~ and D-6 from April-Dotober 1982 were analyzed
as a function of various physical and chemical parameters {bacterial
numbers, turbidity, secchi depth, dissolved oxygen, and water temperature).
The highest methylation activity was observed in B-1 sediments
throughout the study {(Fig. 16). During May and June, methylation
activity was Yow. The maximal methylation activity in B-1 sediments

occyrred during September. Methylation activity decreased sharply



Table 18. Effects of organic additions on mercury wmethylation in
site B~1 sediments, Upper Wisconsin River {21 October

1982},
Addition Percent , Methylation as a
type methylated percent of control
none {control} $.13 = g.12
0.5 m¥ starch 0.07 = 0.04 54
2.0 oM starch .08 « Q.12 &9
1G.0 mM starch g.15 = ¢.14 115
0.1% sludge .36 + 0.20* 277
0.4% sludge 0.18 = .26 139
2.0% sludge .06 = 0.06 46
3.5 w¥ glucose 0.12 = 0.10 g2
2.0 mM glucose 0.11 = §.06 8%
10.0 m¥ glucose 0.14 = 0,20 108

&

* -
p < 0.05.

* 250, n = 3, experimental means compared to control using a t-test.

Table 19, Effect of vitamin By, on mercury methylation in B-~1
sediment, Upper Wisconsin River {16 November 1982).

Addition Percent Methylation as a
type methyiatedd percent of control
wone {control) 1.03 & ¢.0pb
.05 Jg/m} 612 g.97 & 0.12 94
(.50 ug/ml By, 1.01 & 0.22 98
2.00 ug/fml By, 0.78 + .34 76
5.00 ug/ml By, 0.9%9 & 0.52 36

8 25D, n = 3.
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Takie 20,

Effects of grganic edditions on mercury methylation in

D-6 sediment, Upper Wisconsin River (10 December 1982}.

Addition
type

Methylation as
a percent
of control

Percent
methylated®

none {control)
0.10% sludge
B0% sludge

0% studge

&

N3

8.5 ug/ml Yitamin By,
2.0 pg/ml Vitamin B,,
10.¢ ug/ml Vitamin By,

10 ug/ml Peptone
50 ug/ml Peptone
200 ug/mt Peptone

1.24 + (.28

1.37 = 0.16b 11
1.48 = (.32 119
1.77 = 0.16° 143
1.79 = 1.10 144
2.12 + 0.08%F 172
1,88 * 0.52% 152
2.13 & 0.48% 172
2.35 + 0,34%* 150
3.60 = 1.08%b 290

a
bn - 2.
.k -
p < Q.05
*

£ 250, n = 3, experimenial means compared to conirgl using

8 t~test.
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Figure 18.

Seasonal variation in mercury methylation activity in
water, floc, and sediments of sites B-1 and D-8, Upper
Wisconsin River {error bars represent the high and Tow
values from duplicate samples).
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during October, November, and December. HMethylation activities in

sediment~Tloc and water samples exhibited the same temporal frends
but were much lower than that in B-1 sediment. An exception to this
trend was noted with D-6 sediments. Peaks in methylation activity
were not due to seasomal fluctuations in temperature, because all
samples were incubéted at 20°C. By estimating methylation gotivity
increases and decreases from seasonal in situ temperatures {from
Fig. 15}, the seasonal methylation activity peak in B-~1 sediments
shows 1ittle change {Fig. 17).

Bacterial numbers fluctuated throughout the season, but generally
showed less than an order of magnitude change {Fig. 18). The greatest
increase in densities occurred with anaerebic bacteria in the sediment-
floc. This would be expected because sediments became more anagrobic
during the summer months. Similar trends were observed in all other
samples {B-1 water samples and site D-6 samples). Consequently,
it is difficult to associate changes in methylation activity with
changes in bacterial numbers.

Seasonal variations in temperature, dissolved oxygen, secchi
disc depth, and turbidily at sites B-1 and D-6 are shown in Figure 15.
Rises in water temperature coincided closely with decreases in dissolved
oxygen concentration. Peaks in methylation activity were observed
during the periods with Jowest dissolved oxygen peripds. The sharp
increase in turbidity at site B-1 during July coincided with the
maximal methylation activity observed in B-1 sediment, floc. and

water samples. The cause of the rise in turbidity was not known.



Figure 17. Seasonal variation of mercury methylation activity in
sediments corrected for in situ temperature at site
B-1, Upper Wisconsin River {error bars represent the
high and low values from duplicate samples).
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Figure 18, Seasonal variation in aerobic and anaercobic hetero-
trophic bacteria in floc and surface sediments at
site B-1, Upper Wisconsin River.
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Figure 19. Seasonal variations in water temperature, disscolved
oxygen, secchi depth, and turbidity at sites B~1
and D~6, Upper Wisconsin River.
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Effect of Binding of Mercury to Sediments on Methylation Activity

As much as 7% of the added 2%3Hg was methylated in some prelimi-
nary experiments {Table 21). This indicated thai mercuric ion bound
to sediments remained biclogically available for methylation by bacteris.
To examine this phenomenon, sediment siurry samples prepared anaercbically
in BOD bottles were assayed for methylmercury formation at various
incubation times and compared to the amount of 293Hg in the sediment
porewaier. Sediment samples for this experiment were collected during
December 18872 and showed Yittle methylation activity dus to the ¢old
temperature of the time of year {see Fig. 18}. To overcome this Tow
activity, 1000 ug/ml of peptone was added to all sediment samples
to stimulate methylation (see Table 21).

After a 1 hour incubation, less than 2.5% of the added radio-
Tabelled mercuric jon was available in the porewater {Fig. 20). However,
the percentage of mercuric ion methylated exceeded the percentage
of unbound radivactive mercury as incubation time increased. For
example, after 120 hours of incubation, less than 2% of the added
radioactivity was unbound, but almost 3% of the added mercuric jon
had been methylated. 1t should be noted that radicactive mercury
irn the porewater would consist of “%%Hg as well as soluble radio-
tabelled methylmercury formed during the incubation. Therefore,
the amount of unbound “°Hg was less than the amount of unbound radio-
tabelled mercury indicated in Figure 20. These data suggest that

anagrobic sediment bacteria are capable of methylating bound mercury.



Table 21%.

Time course of mercury methylation at site B-1 sediments,
Upper Wisconsin River {21 July 1982).

Incubation time {hr) Percent methylation
20 0.05
24 (.44
53.5 1.43
101.5 3.57
173.5% 7.33




Figure 20. Relationship between mercury binding and methylation
activity at site B-1, Upper Wisconsin River {error
bars represent the high and Jow values from tripli-
cate samples).
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DISCUSSION

This research guantified bacterial mercury resistance and methiyla-
tion activity under near in situ conditions. To accomplish this, radio-
active marcury was used in shori incubation experiments to evaluatle
short-term fluctuations in methylaticon activity. In addition, the study
focused on methylation activities in anaerobic sediments by use of
strict anaerchic techniques. Anaersbic sediments are the primary
site of microbial activities, and contain high concentrations of
mercury in the Wisconsin River. It is important to note that the
mercury activity in the Upper Wisconsin River because radiclabelled
mercury was added in all experiments in gquantities sufficient to
alter the in situ pool of mercury.

Aercbic heterotrophic bacteria exhibited significant resistance
to mercuric ion. The highest percentages of aerobic, mercury-vresistant
heterotrophic bacteria were recovered from water. This was expected,
because most sediment bacteria exist under anaerchic conditions.

As many as 100% of the aerchbic heteroirophic bacteria exhibited resis-
tance to 7 pg/mi of Hg*?., 1t would, however, be unlikely that natural
communities would be exposed to Concentrations that high. However,

+
L}

these data demonstrate the potential ability of these bacteria
survive sudden increases in mercury concentrations. The most common
mechanism of mercury resistance is reduction of mercuric ion to elemental
mercury {29, 30, 31, 54, 55, 85, 87}, which is volatile and subse-

guently tost from the medium (58, 85, 96). Therefore, these results



indicate a potential for volatilization of mercuric don entering

the Upper Wisconsin River.

The use of phenyimercuric acetate by pulp and paper mills on
the Upper Wisconsin River was discontinued in the late 1950s; however,
& significant mercury-resistant community of aergbic heterstrophic
bacteria exists. There are other potential sources of mercury contamina-~
tion to the envivonment, such as domestic sewage, which probably
centributes mercury to the Upper Wisconsin River. A mercury-~resistant
popultation of bacteria would evolve in the presence of high concentra-
tions of mercury. It should be noted that aerpbic heterotrophs showed
essentially no resistance to concentrations of Hg*? greater than
7 uafmi.

High anaercobic heterotrophic resistance occurrved in all sediment
samples including sediments with low concentrations of mercury. Lake
DuBay (D-6) sediments contained less than 0.1 ug/g of mercury, wheress

2

Brokaw {B-1} sediments contained greater than 2 ug/g of mercury (25).
The presence of mercury-resistant aergbic heterotrophic bacteria
appears to be widespread throughout the aguatic environment and not
only in areas containing high mercury concentrations. Nelson et al.
{69} isolated approximately 800 strains of mercury-resistant bacteria
from the Chesapeake Bay; the dominant genus was Pseudomonas. No
data is available on densities of mercury~resistant anaerobic hetero~
trophic bacteria in aguatic environments: however, my resultis suggest
that anaesrobic helerotrophs are more resistant than aercbic hetero-

trophic bacteria to mercury. This implies even grester poiential

for volatilization of Hg*? from sediments.
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Binding experiments indicated that the amount of soluble mercuric
ion was essentially the same in both serobic and anaerobic culture
media. However, it is not known if the soluble mercuric jon was
being bound to soluble organic compounds. The presence of cystein
in the anaercbic media had no effect on mercury vesistance {M. R.
Winfrey, pers. comm.). Ramamoorthy and Kushner {79} have reported
differential binding of mercury in culture media; however, it is
Tikely that the observed increased resistance of anaevobic heterctrophs
was valid and not due to differential binding.

Seasonal variations in the densities of mercury-resistant asrobic
and anaergbic heterotrophs were not cobserved. This suggests that
bacterial communities in the Upper Wisconsin River have reached a
steady state with respect to mevcury resistance. These results differ
from those of Nelson and Colwell {70}, who reported & spring peak
in the densities of mercury-resistant aerobic heterotrophic bacteris
in the (hesapeake Bay. They also reported that mercury resistance
correlated positively with water transparency {Secchi disc), dissolived
oxygen, and total mercury concentration in the sediment. My results
showed no correlations with these environmental factors. More work
needs to be done in this area due Lo the differing results obtained
between separate aquatic ecosystems.

Hot surprisingliy, the greatest methylation activity was observed
in the sediments, because the highest bacterial densities occurred
there. This was probably due to greater availability of organic
materials in the sediment. Mercury methylation was maximai in the

surface layer {0-1 cm) of sediment. Surface sediments exhibit greater



overall microbial activity due to the constant introduction of fresh

organic compounds {108). Deeper sediments contain little labile
matter, and general microbial activity decreases with sediment depth
{109}, Therefore, mercury methylation activity in Upper Wisconsin
River sediment correlated with typical profiles of microbial activity
in sediments.

Surface sediments probably have the greatest potential to release
methylmercury into the water column. Jerneltv {46} reported that
when macroorganisms are absent, the release of methylmercury occurs
almost entirely from the uppermost centimeter of the sediment. Methyl-
mercury produced deeper in the sediments may undergo demethylation
before release into the water column. The presence of demethylating
microorganisms in methyimercury-producing sediments has been documented
{8, 91, 82). Spangler et al. {92} showed that the level of methyimercury
in batch-flask sediment cultures dropped drastically after an initial
increase in methylmercury levels over a 1.%-month period. They concluded
that this wes due to demethylating organisms. Rillen et al. (&)
hypothesized that an eguilibrium between methylation and mineralization
might eventually be reached. This may have occurred in lUpper Wisconsin
River sediments: however, the introduction of mercury from natural
or anthropogenic sources would alter this balance and significant
methylimercury production could be the result.

The effects of variocus physical and chemical factors clarify
the causes of the observed summer peak in methylation. This peak
was not due to increases in temperature because all samples were
incubated at the same temperature. However, temperature effect experi-

ments showed that increasss in incubation temperature increased methylation
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activity. The optimum temperature for methylation activity was 35°C,

of 24°C measured during this study. However, an in sity temperature

of 33°C was measured at site B-1 in July 1983 (M. R. Winfrey, pers.
comn. ). This high temperature indicates that significant increases

in mercury methylation could occur with increased envirommental tempera-
tures. This may be significaent in areas receiving heated thermai
effiuents from power plants.

Significant methylation activity oocurrved at temperatures as
low as 4°C and as high as 50°C. Methylation activity at 4°C indicates
that psychrophilic bacteria present in sediments can methylate mercuwry,
whereas methylation at 50°C suggests that thermophilic bacteria can
methylate mercury.

Methylation of mercury has been shown to occur under both aerobic
and anaerobic conditions {73, 105, 118}, although the effect of dissclved
oxygen is not completely understood. Olson and Cooper {73) reported
greater anaercobic methylation rates than aercbic rates in San Francisco
Bay sediments, whereas Vonk and Sijpsteijn {10%) reported greater
aergbic rates than anaercbic rates in several pure cultures of bacteria.
The results of the present study clearly indicate that anasrobic
conditions increase the potential for methylmercury production in
the Upper Wisconsin River. However, thase experiments did not account
for demethylation or dimethylmercury production. The formation of
valatile dimethylimercury or increased demethylation could account
for the observed decrease in methylmercury formetion.

Olson and Cooper {73} hypothesized that the presence of oxygen

could significantly increase methyimercury decay rate, which would



cause the nel methyimercury production to be greater under anaerobic

than aerchic conditions. However, in essentially all aerobic samples
assayed during the present study, the net amount of methylimercury
produced was near zero. Even with increased decay rates, 100% methyl-
mercury decay would not be expected during the short incubation perinds.
Therefore, the potential for anaerobic formation of methyimercury

in the Upper Wisconsin River is greater than the potential for serobic
formation.

Increases in temperature and decreases in dissolved oxygen during
the summer months in the Upper Wisconsin River would lead {o anaercbic
conditions in surface sediments, which would increase methylmercury
production. Therefore, the summer peak in methylation activity was
probably influenced by an  increase in anaerobic conditions,

Greater methylation was cbserved in B-1 sediments than in D-6
sediments. This was probably due to the greater amount of organic
materials at site B~1. Several investigalors have shown that methyl-
mercury production is enhanced by increasing nutrient levels {9,

22, 73}. The organic effects experiments demonstrated that enrichment
with sewagse sludge, vitamin By, and peptone lead to increased methyl-
ation activity in D-6 sediments. Increases in methylation activity
were more apparent in D-6 sediments than B-1 sediments. This was
probably because B-1 sediments were already highly organic and subse-
quent additions did not affect overall microbial activity.

Stimulation of methylation activity with sewage was variable.
This is difficult to interpret because the types and guentities of

the organic matler preseni were not known. Some of the organic matter



present was wood Tibers and chips. Therefore, it was not possible

to evaluate which compounds were stimulatory to methylmercury produc-
tion.

The addition of vitamin B,, increased methylation activity in
O~ sediments; however, increases were less than would have been
expected due to the importance of vitamin B,, as a precursor for
a methylation mechanism. Ridley et al. (82) reporied a mechanism
for the vitamin B,, dependent methyl transfer fo mercuric ion. This
evidence suggests that methylation via vitamin B,, may be utilized
by sediment bacteria in the Upper Wisconsin River, but, the major

v

i ity mechanism is unknown.

1%2]

The greatest stimulation of methylation activity in both B-1
and D6 sediments occurred with the addition of peptone. Peptone
contains aming acids and peptides that are sasily utilized by a wide
variety of bacteria., Other investigators {32, 115) have reported
increases in methylation activity after enrichment with tryptic soy
broth, which contains peptone. Another potential mechanism for wethyl-
mercury formation could involve the utilization of amince acids as
wmethyl donors.

Surprisingly, additions of glucose and starch did not stimulate
methylation activity. These compounds stimulated other microbial
activities such as methane production (M. R. Winfrey, pers. comm. ).
Therefore, sugar and carbohydrate compounds do not stimulate methylation
activity in Upper Wisconsin River sediments.
remain unkaown. Results of this study suggest that more than one

mechanism is utilized. Further work should determine the role of



amino acids on mercury methylation, because peptong caused such 3

significant increase in methylation activity.

The densities of aerobic and anaerobic heterotrophic bacteria
showed random fluctuations during the period of this study. Seasonal
methylation experiments, however, showed a peak in methylation activity
in water, floc, and sediments from site B-1 during sampling trips
in July and August. Similar peaks occurred in water and floc samples
from site D6, but a peak was not observed in D8 sediments. Furutani
and Rudd (32) observed similar seasonal methylation peaks in water
and sediment~floc samples from the Wabigoon-English River System.
Therefore, increases and decreases in methylation activity were not
due to changes in bacterial densities.

The physical and chemical effect experiments partly explained
the observed seasonal peaks in methylation activity. Higher temperatures
increased the potential for significant methylation activity; however,
the potential for methylation existed sven to temperature extremes
{4% and 50°C}. An increase in anaerobic conditions, which occurred
during the summer months, favored methylmercury production. Oxygen
inhibited net methylation activity. In general, increases in microbiai
activity appear to have lead to an increase in methylation activity.
Factors that increase nutrient availebility, such as increased primary
production during the summer and input from sewage treatment plants,
would increase microbial activity and aiso increase methylation activity.
Increased microbial activity would also decrease oxygen concentration.

Kudo et al. (53) showed that up to 97% of the mercury in aguatic
enyironments s sorbed onto particultate matier and becomes associated

with the bed sediments. Mercury binding experiments in the present
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study showed that greater than 3% of the added mercury was methylated,
while less than 2% remained soluble in the porewater, indicating
that bacteria can remove and methylate sediment-bound mercury. This
is of considerable ecolegical significance because of the high mercury
concentrations in the Upper Wisconsin River sediments {2%). Thus,
methylation rates in these mercury contaminated sediments may be
greater than was previously considered possible. Increases in turbidity
may also lead to increases in methylation activity due to increased
bacterial exposure to high concentrations of bound mercury.
The potential for significant methyimercury formation in the
Wisconsin River has been demonstrated. This is especially important
due to the possibility of further additions of mercury to the system,
the continuing availability of mercury already present in the sedimentis,
the potential for redistribution of mercury in Upper Wisconsin River
sediments, and the ability of bacteria to methylate bound mercury.
The potential for methylation is greatest during the summer months
due to increased temperature, increased microbial activity, enhancement
of anaercbiec conditions, and increased availability of organic material.
Further work is necessary to measure actual in situ methylation
rates in the Upper Wisconsin River; however, the experiments in this

study were designed to simulate in situ conditions as closely as

possible. Questions alsg exist concerning the amount of mercury
available for methylation., High concentrations of the added mercury
were not methylated. The form and fate of this unmethylated mercury
is unknown. Adsorption, precipitation, volatilization as dimethyl-

mevcury or elemental mercury, and demethylation mechanisms are probably



important transformations occurring in the Upper Wisconsin River.

The relative importance of these phenomena are nof known. The results
of this thesis and further experiments designed to answer questions
that have arisen from this research should clarify the role of microbial

mercury methylation in agquatic ecosystems.



CONCLUSIONS

The fellowing conclusions cen be derived from the results of

5 study:

1} A significant community of mercury-resistant aerobic
and anaerobic heterotrophic bacteria exists in the
Upper Wisconsin River.

2
LR

Anaerobic heterotrophic bacteria are more resistant to
mercury than aercbic heterctrophic bacteria in the
Upper Wisconsin River.

3} The densities of mercury-resistant heterotrophic
bacteria in the Upper Wisconsin River do not fluctuste
seasonally.

4} Mercury methylation in the Upper Wisconsin River is
primarily an anaerobic process.

5} Surface sediments have the greatest potential for producing
and releasing methylmercury into the water column.

6} Factors that raise water temperatures or increase
nutrient availability increase mercury methylating
petential.

4
L—

The greatest stimulation of methylation activity occurs
after the addition of amino acids.

&) Bacteria can methylate bound mercury in Upper Wisconsin
River sediments.
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