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ABSTRACT 

~1icrobial mercury resist.ance and potential met"'cury methylation 

rates we~~e examined in \<Jater, sediment-floc, and sediment cOt~es h~om 

the Upper Wisconsin Rive~'. t~ercury (II) resistance was quantified 

using aerobic and anaerobic hetet"otrophic media conta ining 0-75 vg/ml 

Hg+z, Methylation activHy was deterrrl'ined by measul~ing CH/ O:3Hg+ formation 

from 20 :3Hg(N0 3 ) Z' Sed'iment 'incubat'i ons were cM'r-ied out under s tl~'i ct 

anaerobic conditions. Aerobic and anaerobic heterotrophic bacteria were 

highly resistant to 14 ~g/ml Hg+z. Anaerobic heterotrophic bacteria 

were more resistant to higher concentrat'j ons of Hg+2 than aerob'jr; hetero­

tr'oph'ic bacteria. Mercury methylation activity was neat~ backgt~ound in the 

water, highest in surface sediments, and decreased with increasing sediment 

depth. fl'1ore than 98% of the added 20 3Hg was bound to sediments withi n 

4 hrs of inoculation, while more than 3% was methylated during a 10-day 

incubation, As much as 7% of the added 20:3l1g was methylated in other 

expt':l"irr.-ents. This suggests that bound Hg+z was available fo~' methy'Jation. 

Or'gan'ical1y enriched sediments exhibHed tyjgher methylation activHy than 

less eutrophic sediments, The addition of peptone to sediments caused 

h"ighly s'ignif'icant (p < 0.01) 'increases 'in rnethylat'ion act'ivity, while 

vitamin B12 and sewage sludge caused significant (p < 0.05) increases. 

The presence of oxygen in sediments inhibited methylation activH.y. This 

indicates that mercury methylation in the Upper Wisconsin River is 

pi"imad'Jy an anael~obic process. The opt"irnum temperature faY' methylation 

was 35"C, although the rnaximum j"~~, ,~":LtY., temperature V-las 24 tiC. A seasona 1 

summer peak in methj:lation activity \'Ias observed in wa,ter, f1oc~ and 
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sediments. These data suggest that the Upper Wisconsin River sediments 

have the potential to release large amounts of tox'ic methylmercury to 

the overlying water. 
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INTRODUCTION 

This study examined the effects of mercU)lI on microbial populations 

in the Wisconsin Rive)~, the degree of mercury methylation in ~<{ater 

and sedi ments ~ and the effects of va.ryi ng envi ronmenta1 parameters 

on methylation. This \"esearch was initiated due to the general lack 

of knowledge concet'ning mercury methylation as it occurs "in .?J!y.. and 

the effects of various environmental paramet€i~S on this process. 

The vii scons'in Ri ver recei ved heavy inputs of mercury from numerous 

pulp and paper mills until the late 1950s, The presence of several 

impoundments in the Wausau area (Lake Wausau, Mosinee Flowage, and 

Lake DuBay) served as sinks for mercury (25). During 1970-71, elevated 

levels of l'nercury were repot~ted in fish and sediments in the Wisconsin 

River (53, 56). In 1978. Shefty (88) reported that mercury was present 

in Wisconsin River crayfish~ indicating that merclwy ';>las still biologically 

avai"lable many years aftet~ the major reductions in "industrial releases. 

Most of the merCut'Y di scharged into thi s waterway by Pll1 P and 

paper mills was the less toxic phenylmercuric acetate. This organic 

fann of mercut'Y is rapidly deg~~aded to 'inm"ganic mercury, wtdch can 

be convet~ted by bacteria to the highly tox"ic methylmercury (4, 36, 

50~ 97.105, llO}. 

ChiH'acteristics of the 'impoundments on the Wisconsin River are 

favN"'ab'le for the methylat"ion of mercur}' (78) and high rates of methyla­

tion ha.ve been reported in its sediments (43). The majority of mer"cury 

in aquatic environments is sCi"bed onto particulate and organic matter 

which t'eadily settles out of solution. Up to 97% of the me~~cury fOt'med 
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in aquatic systems is associated with bed sediments (48), and "it can 

remain biologically available for a long period of tin~ (65. 83). 

t-1ethylmercury is not i~eadHy retained by sediments. but it is 

corrnnonly released into overlying waters where it can be taken up by 

aquati c organi sms. It accumu"1 ates in body fat tissues and bi omagn ifica­

tion occurs as larger animals consume mercury-"!aden pi~ey. Consequently~ 

concentrations of methylmercury in fish tissues are often thousands 

of times greater' than in the watei~ (20). 

SedioEnts are largely anaerobic. except for a narrow. oxidized 

micrOlone at the sediment-water interface (80. 81). Because most of 

the mercUi'Y in an aquaUc system is present in the sediments. the highest 

concentrations of mercury occur in anaerobic environments. However. 

few studies of anaerobic mercury methylaUon have been attempted. 

Most mercury research has been performed in the laboratory with 

pure cultures of specific mercUi~y-res"istant (IS. 28. 38, 39, 64. 74. 

75. 95. 106. 108) or mercury methylating bacteria (36. 54, 69. 72. 

105, 116). Few stud"ies have attempted to deternrine l'nercury resistance 

and methylation activity of natural bacterial populations in aerobic 

and anaei~obic aquatic ecosystems. Inform.."tion gained fi~om studies 

of native populations is needed. because results obtained from pure 

culture studies may not reflect processes occurring under' natural 

conditions. 

The	 specific objectives of this study were to: 

1.	 determine the resistance of aerobic and anaerobic hetero­
trophic bacteria to different conCfmtrations of mercury 
in water and sediment cores at each sampling site; 

2.	 determine seasonal variations of bacterial resistance to 
mer'cur"ic ion and to compare these variations to physical 
and chemical changes occurring in the river; 
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3.	 measure seasonal variations in lt~ethYlation 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 to sediments on 
methylation activity. 

Accomplishment of the above objectives win provide needed infonnation 

on the effects of mercury contam'ination and the potential availabil ity 

of methylmercury in the Wisconsin River. Bacteria playa vital role 

in aquatic ecosystems by degrading a'j lochthonous and autochthonous 

organic matter in water bodies. This is especially important in anaerobic 

sediments where ana,erobic decomposit"ion of organic matter 'involves 

several trophic levels of microorganisms, which consist largely of 

bacteria (109). Therefore~ an examination of the effects of mercury 

on these microorganisms is an important, yet often overlooked, aspect 

of rr~rcu~y pollution. Finally, a knowledge of the effects of varying 

env'h~onmental conditions on methylation activity may a'ici in controlling 

the production of methylme~~cur'Y in mercury contaminated systems. 
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LITERATURE REVIEW 

Historical Background 

Mercury compounds have long been known to be toxk~ although the 

hazards of met~cury in aquatic environments have only been recently 

recognized. Several episodes focused worldwide attention on the hazards 

of pollution 'fIlth mercur.y compounds. Between 1953 and 1960, 116 people 

were poisoned and 43 died ft~om consuming methylmercury contaminated 

fish in Japan (20). The source of contamination was traced to a vinyl 

chloride factory located in Minamata Bay. A similar episode took place 

in Niigata (20). One hundt~ed twenty people were poisoned} and hve 

deaths occurred during that incident. In Sweden, a drastic decrease 

in bird populations was caused by the use of methylmercutJ dicyandiamide, 

a fungicide (20). 

Perhaps the largest epidemic of mercury po'jsoning occurred in 

It~aq in 1971 and early 1972 (20). This incident was caused by human 

consumption of alkylmercury-treated seed grain. The Iraqi Ministry 

of Hea'lth officially recognized 50 cases of poisoning in January 1972, 

and hospital admissions reached 400 per day. Unofficial estimates 

indicated that up to 60,000 peasants could have eaten enough alkilmercury­

trea.ted grain to cause adverse effects ClB). The government officially 

ackno1tJledged that 6530 victims were hospitalized and 459 died (20). 

The Canadians also t"'eported problems of met"cury contamination 

in waterways. Chlorine and caustic soda plants discharged h"igh concen­

t~"at"ions of mercury into the Wabigoon Rive~~) and fish in the Wabigoon­

Engl ish River system contained the highest levels of mercu~~y reported 

in the ~Jestern Hemisphere. Healthy-looking northern pike, walle.yed 
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pike~ and burbot contained up to 28~ 20. and 10 yg!ml of mercury. 

respectively (24). Fish containing 24 P9jml of methylmercury have 

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

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

Huckabee et al. (40) reported that a"Jmost all freshwater fish tested 

had detectable levels of mercury in their tissues. and the majorHy 

(usually greater than 80%) of this n~rcury is in the methylated form. 

Worldwide mercury contaminat'ion of waterways "is a major environmental 

prob"!em that has resul ted in numerous isolated deaths and cases of 

acute toxicity (20). In 1970. elevated levels of mercury were found 

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

to fishing (Ill). 

Toxicity of Mercury 

..LI}Q-tganif_..l1~r.~ uroY Comp..9.y.!!fi?. 

The toxieity of heavy rr:.etals is a result of their binding to active 

sites of important enzyme systems in the cells and their b"inding to 

1igands in the cen membrane. thereby resulting in a vadety of toxic 

effects (76). Early symptoms of inorganic mercury poi soning are 50 

general that they a.re difficu1t to detect. Inorganic mercury compounds 

concentrate in the kidney~ liver~ and spleen. They are readily eXCi"'eted. 

however. and do no damage unless the threshold tolerance level of the 

organ is exceeded (20). Prolonged exposure to inorganic mercury compounds 

is required for toxic symptoms to develop. 

The symptoms of inorganic mercUt"y poisoning develop gradua"Jly. 

The first clear physical symptoms are numbness of the fingers and toes 

and then of the lips and tongue (20). Weakness, fatigue. anorexia~ 

105S of weight. and disturbances of gastrointestinal functions are 
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associated with fully developed clinical forms of chronic poisoning 

(26). late phases d.re characterized by me}~cur'ial tremor, psychic distur­

bances, and changes in personality (26). Prolonged exposure to high 

concentrations of inorganic m~ercury can result in death. 

Organic Mercury Compounds 

Mercury is covalently linked to a carbon atom in organ-ic mercury 

compounds (71). Most organic mercury compounds are rapidly exCt~eted 

and therefore, pose no serious health problems (45). However~ the 

short-cna in a'j kylmercury compounds> such as methyl mercw'y, at~e fot~med 

in aquatic envi ronments via methyl ati on of inorganic mercury. t"lethyl­

met'cury 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 aHyl radica'! increases lipid solubility. 

This facilitates penetration of the blood-brain barrier and cell 

membranes (23). Nervous tissue tends to accumulate the greatest concen­

trations of methylmercury (13). Methylrr~rcury rapidly diffuses through 

the ce 11 membrane and enters the ce11 ~ where it 'i s r'api dly bound by 

sulfhydry"1 groups. Inside the cell, methylmercw~y inhibits py.·otein 

and RNA syntheses (45). 

f'1ethylmenury concentrates in the body during a latent period 

during which no symptoms are observed, After threshold leve'ls are 

exceeded, severe effects on the central nervous system may occur (20), 

Symptoms of methylmercury poison'ing "include fatigue, headache, numbness 

of the extremities, blurred vision that can progress to blindness, 

and poor muscular coordination (45). Severe methylmercury poisoning 

usually results in death due to the toxic effects on the brain and 

body. Three to eleven cases of death from mercury poisoning have occun~ed 

in the United States annually from 1957 to 1970 (111). 
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The effects of prolonged exposun~ to low levels of mercury before 

permanent damage occurs are not known. The UnHed States Food and 

Drug Administri.~tiont however, considers fish unacceptable for human 

consumption if they conta"in concentrat"ions of mercury greate}~ than 

1.0 ~g/ml wet weight. Canadian health agencies consider fish with 

:> 0.5 ]Jgiml of mercw~y to be unacceptable for human consumption. 

Sources of Mercury 

Natural Sources 

Natura"l "inputs of mercury into the environment are not well quantif"ied 

because of the difficulties and uncertainties with ana'lytical measure­

ments. On a VJor"ldwide scale. natura"l 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 

(Ti.~ble 1). 

Land. In localized areas~ cinnabar (HgS) and rnetacinnaba}" 

(HgS-{HgS)ao(HgSe)20) can contribute significant quantities of mercury 

to the atmosphere and water. Most of this is discharged into the air 

from the combustion of fossil fuels l or the element leaches out of 

the ground "into the waterways. This has become p}~oblematicin areas 

of Canada t where high levels of mercury have been leached into new 

reservoirs from recently covered soils containing naturally-occurrinq 

concentrations of cinnabar (J.W.M. Rudd~ personal comrnwrication). 

On a worldwide scale. natural sources of mercury from land are 

low. Normal mercut~y content in igneous rock 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 

Tab'le 1. 



Table L ~1F:J"cury dischar'ges (metric tons) in the USA and the world by envh'onmental mediaa (107). 
--._............... _ _. ._._ _--------_.
 

1975 1985 2000 2025 
.~----_ _. . _ _----- ­

World 

Anthropogenic 
air 2374.2{31.6) 2822.1(30.5) 2970.4(29.8) 4008.0(29.6) 
water 293.3( 3.9} 299.5( 3.2) 390.6( 3.9) 372.2( 2.8) 
land 4850.5(64.5) 6138.8{66.3) 6608.6{66.3} 9149.0(67.6) 
total 7518.0{32.3) 9260.4(37.0) 9969.6{38.7} 13529.2(46.2) 

Natural 
air 14460.2(91.8) 14460.2{91.8) 14460.2(91.8) 14460. 2(91 .8) 
water 1330.0( 8.2) 1300.0( 8.2) l300.0( 8.2) 1300.0{ 8.2) 
total 15760.2(6'7.7) 15760.2(63.0) 15760.2(61.3) 15760.2(53.8) 

USA 

Anthropogenic 
air 473.4(29.1) 506.2(27.7) 461.3(28.4) 614.7(30.7) 
water 59.8( 3. n 52.7{ 2.9) 50.7 ( 3.1) 49.1( 2.5) 
land 1091 . 5(67. 2) 1270.8(69.5) 11 'J 1. 1(68.5) 1335.9(66.8) 
total 16?4 7 f r::., 1) 1829.8(60.0) 1623.2(57.1) 1999.6{62.l}'-. .. I \...., I :II 

Natural 
air 1018.7(83.6) 1018.7(83.6) 1018.7(83.6) 1018.7{83.6) 
water 200.0(16.4} 200.0(16.4) 200.0 (16.4) 200.0 CJ 6.4) 
tota 1 1218.7(42.9) 1218.7{40.0) 'J218.7(42.9) 1218.7(37.9) 

_~........._n •••
 

dNl.lmbers in pat~entheses are percentages. For anthropogenic and natural estimates, the percentages 
are of total d·ischarges. For aii~3 \Ilater~ and land estimates. they are percentages of the 
indicated higher 'Jevel category. 

(P 
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Atm2~E.here. The total mercury content of the air over nonminera1ized 

land appears to be in the range of 2-9 ng/m3 (61). Volcanic gases 

and emissions from geothermal ar'eas conta'in lnercury vapor'. Worldwide 

emissions to the atmosphere from volcanoes has been estimated at 

2 x 10 7 g/hr (103). t4ercury emissions to the atmosphere from the United 

States have been estirnated at 1.78 x 10 10 glyr (103). Ta.ble·\ est'jmates 

that worldwide, greater than 90% of the total natural discharge of 

men:w'y occurs from the atmosphere. The atmospher'e contri butes more 

than 80% of the total natural discharge of mercury in the United States. 

Water. 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 world1s waterways from natural sources (107). About 

200 rr~tric tons enter United States waters (102). Most of the mercury 

entering water bodies comes from land and air sources. 

8!!.!hropogen i t;....?Q.I:.lrces 

Due to the natural inputs of mercury, release by hu~~n activities 

are responsible fOl~ only a small part of the environmental me~~cur'..'r' 

p)~oblem. In localized areas, however, pollution by man is the majo~" 

source of mercury contamination. This pollution hdS been responsible 

for dll of the mercuy'y-contiJrnination di sasters. 

Land. land receives the largest percentage of anthropogenic dis­

charges of mercury to the environment. Discharges to land in the United 

States are expected to increase from 1092 metric tons in 1975 to 1336 

ffi'2tric tons in 2025 (Table 1). Most merClWY discharges to land occur 

whfm materials containing mercury are placed in landfills. This includes 

instl"Uments such as thermomete)"s, electrical tubes, switches, relays, 

and priw,0ry batteries. 

•••• a ••••~~~~~_~·~··_··~'........ • ••••••••••
 



";v " 

One of the 1argest industri a1 soUt~ces of mercury di scha~~ges to
 

land odg"inate fr'om mercury-cell chlorine plants. Most of the mercury
 

discharged from these plants -is present in sludge generated b.y the
 

brine and caustic purifi~rs. The sludge is concentrated in settling
 

ponds and deposited in local industrial landfills.
 

Anthropogenic sources of merCut"y in cultivated soils include the
 

ferti1"izers, lirne, and fungicides used in modern agriculture. The
 

_ 13 types of 1ime for agricul tun~1 purposes showed mercury contents 

ranging from less than 5 to 20 nglg (3). The quantity of mer'cury annually 

introduced into cultivated soils from norn~'l fertilization may reach 

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 f~~om solid wastes. may contain more mercury than agricul­

turally fet~tiliz.ed soils. This results in a considerably greater mercury 

concentration. A single app'jication of sewage sludge may double or 

tr'jple the nonnal mercw~y content in the soil (3). 

Since 1900. met'cury compounds h~we been ut'iliz?d in agriculture 

as fungicides and seed disinfectants. Because of this, an average 

of 1-2 g/ha annually has been distributed in cereal-producing soils (3). 

Atmosphere. The majori ty (86~n of mercury introduced into the 

atmosphere is from anthropogenic sources. ApprOXimately 30% of the 

total anthropogenic discharges in the United States are emitted into 

the air (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 contain"irlg rnercury. These include paints, batteries, pest"icides, 

and dental materials. 
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Table 2.	 Anthropogenic emissions of mercury to the atmosphere 
in the USA (61). 

._----~ _-
Emi s5'ions Percent 

Sour'ce (x 10- 3 kg/yr) of tota'J 
-----_..__._ _-------_. _••••.•............--..._-..._-----_. 
Mercury mining and processing 7.8 '1.7 

Other mining 50.7 10.8 

Fuel burning (except utilities) 53.8 22.2 

oil 19.2 

eoa 1 17.1 

gas 15.5 

Utilities (oil, coal and gas) 52.7 

Manufacturing 26.0 

Final consumption of 282.2 59.8 
manufactured goods 

Total	 471.3 100.0 
-------_•...•.•.•....•..•..•.._------­

http:�...�.�.�....�..�..�
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The second largest anthropogenic source is fossil fuel burning. 

Fossi1 fuels contain varying amounts of mercury that are emitted to 

the atmosphere upon burning. Sewage treatment plants at~e also a major 

po"int-source of atmospheric met'cury. Raw sewage contains an average 

of 2 ng/ml of lTsercury (l 02). Much of thL:; 'i s emitted in an a1kyl­

r.~rcury form and in sOlne cases, can be detected several kilometers 

from the plant (61). 

Water. A large part of airborne rr~rcury eventually reaches surface 

waters. Similarily, initial discharges to land can reach water unless 

landfills are carefully designed and managed. Only about 3~4 of the 

total anthropogenic emissions an~ dir'ectly deposited in \'iatet~ (Table 1). 

A large pet'centage of mercury di scharges to water an~ from phat~maceutica1s 

contained in human vlastes and from mercury lost in the preparation 

of dental amalgams (107). Anthropogenic point sources can be of local 

significance. ehlor-alkali plants are sources of lnerCUt'Y conta,mination. 

A portion of the total mercury lost from these plants enters receiving 

waters. 

Additional point sources 'include p'lants that manufactur'e vinyl 

chlorides and urethane plastics. Until 1970. pulp and paper mills 

used mercury compounds on pu"'p to prevent the growth of bacteria and 

fungi. This process introduced these mercury compounds into the adjacent 

wa tet's. 

Mercury Conta,mination of the vJ-isconsin River 

Until the late 1950s, pulp and paper mills on the Wisconsin River 

used phenylmercur"ic acetate as a slimicide on manufactlwed pulp, result­

ing in discharges of mercury compounds to the river. Out'ing 1970-71. 
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elevated levels of mercury were reported in both fish and sedin~nts 

(53, 56). At that tirne, average mercury concentrations 'in the axial 

musculatm~e of fish in the Wisconsin R"iver below' RhinEdander~ Wisconsin~ 

were above the 0.5 ~.g/ml (wet weight) guideline established for human 

consumption by the United States Food and Drug Administration (53), 

Kom~ad (56) reported the h'ighest concentrat'ions of mercury in sediments 

downstream of pulp and paper mills and a chlorine-caustic soda plant. 

In 1978, Sheffy (B8) demonstt"ated that mercUt'y was present in 

Wisconsin River crayfish and biologically available many years after 

the reduction of the industrial releases of w~rcury. 

Impoundments on the Wi sconsin Ri ver have several character'! sties 

{1'\favorable for the w~thylat'jon of mercury (78). These include: \ ' J high 

rates of primary production, (2) periods of high flow that mobilize 

methylmer'cui~y from sed·jments. and (3) sufficient mixing to prevent 

thennal stratification and maintain mildly oX'idized bottom waters, 

Jacobs and Keeney (43) found that in situ formation of methy'lrnet'cury 

was rapid in Wisconsin River sediments experimentally treated with 

phenylmercudc acetate, They hypothesized that the rapid methylat'ion 

rat(=~ was due to thl:; organic natw~e of phenylmercuric acetate and high 

organic content of Wisconsin River sediments, 

Findley et al. (25) recently reported large amounts (lO-750X greater 

than backgt"ound) of menury in bed sediments at certain sites in the 

IJppei" \<J"iscons'in River. According to the United States Environmental 

Protection Agency's crHer'ia for harbor' sediments~ surfkial sediments 

from the Upper Wisconsin River are moderately to heavily polluted with 

fiBrcury (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 f"ine-gru'ined fraction of sediments. The 

'largest concentration of Hg was 7.6 llg/g (dry weight) and occurred 

in the Brokaw area. 

Effects of Mercury Contam"ination on Mici'oorganisms 

Effects on Mkrob"ial Activities ..-- _-------_ -- _----_ -- -... 

Few studies have been attempted to determine the effect of mercUi~y 

contamination on other microbial activities. Pedersen and Sayler (71) 

found that HgC1 2 had no significant effects on methanogenesis. Research 

by Winh'ey (unpublished) conf-inned theseresu1ts. The sediment environment 

may protect the methanogenic population from the toxic effects of mercury 

(77). Effects of mercw~y on othf!r microbial activH'ies have appai~ently 

not been investigated. 

Eco logy of Merc~.ry:::R.??..i.~_tant Bacteria 

Many bacteda possess a variety of i~esistance mechanisms to the 

toxic effects of mercury. Resistance depends on the .stra"in~ spf:cies. 

and genus of bacteria. Nelson and Colwe"ll (70) reported that the majority 

of merclH'y-resi stant bacteri a in Chesapeake Bay water and sediments 

belonged to the genus Pse.~_qQDlgD"~.~. They also showed that H2S production 

is not an exc'lusive property of mercury-resistant bacteda. Phenyl­

mercuric acetate was found to be cons"jderably more toxic to bacteria 

than HgCl z in Cheasapeake Bay samples (lO). Chesapeake Bay bacteria 

also exhibited a peak in mercury-resistant populations during spring. 

The highest percentages of resistant bacteria were observed from the 

study site with the highest w~rcury contamination. Percentages of 

mercUi'y-resistant ba.cter'ia at this site l.'1ere 22.8 and 28.5 in sediment 

and water, respectively. 
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J1?_r.~Y.EL_B~_~_i.~.:t~.D.~?....t1~s_~~_t:!.t.§m S 

Bacterial resistance to heavy metals can occur by a variety of 

mechanisms~ due to multiple interactions that can occur among microbial 

cells) heavy metal ions t and other environmental constituents. Res'is­

tance mechanisms to 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 decr'ease mercury tox"icity because insolub'!e 

mercuric syJfide is formed in the presence of mel~curk ion and hydrogen 

sulfide. ConsequentlYt HzS-producing organisms can exhibit tolerance 

to mercury. This mechanism is p'!asmic linked in .~J9..?.t.r.:JQ.Ly.!.l:! .~.Qf..h.I.~.~.tt.~.~!} 

because rr~rcury tolerance and the ability to produce HzS are lost when 

C. 5.9.f.~}~_~~Jum is cured of its plasmid (37). 

In	 some cases t sulfide producing organisms can protect sensitive 

Staohvlococcus aureusorganisms from the toxic effects of mercury. 
~ .A~.._..~ . 

was more tOlerant of mercury in the presence of Escherichia col i. The 

positive effect of I. coli was partly due to H2S production (101). 

E.r.!?_9.~.~_t1.9.n....9.f__ o~.gan"ic ~.Q.mp..9_~J..f)!:!~. Yeast produce organic compounds 

that reduce the toxicity of mercury to the orga,nism. Fm~ example, 

SaccharomYces cerevisiae requires methionine to produce a substance 

that acts as a detoxifying agent (90). 

Uptake and accumulation of mercury ~x..Jr:.i.cr·oo!:'.9.~_l}.1..?.m~.. Some micro­

organisms accumulate mercllry from their envh~onment. This may reduce 

the toxic effects of mercury to other mict'obes within the community. 

_~_~fE.h9.E.Q!!~ces cerevisiae binds mercury to cell walls (68). Zoogloeal 

bacteria. which are common in aquatic habitats) adsorb and precipHate 

heavy meta'is within their cel1ular matrix (27). Remova.l of mercury 
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ft~om the environment in this manner may allow mm~e sensitive organisms 

to survive, but may a1so presi?~nt a hazard if they are consumed by other 

ot~ganj sms. 

Mercury_...!..?-duct"iol}.. The most comrnon mechani sm of mercury res i stance 

is reduction of mercuric ion. Mercury resistance by this method has 

been observed in E~S.h~richi.~. EO1i (54, 55 ~ 95, 97 L Sl~'p"hi1 oCQfcUS 

alJE!?.~"§. (97), and several species of Pseug.9.monas (29~ 30. 31, 97). tlJercuY'y 

resistance depends on the ability of the organisms to detoxify mercury 

by t'educing it from the divalent inorganic (Hg+2) or organomercurial 

form to metallic mercury (HgO) (54~ 86, 96). This results in volatili­

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

the enzyme mercuric reductase which is coded for' bv the mer gene. Ttli s 
~ .-..­

gene is located on plasmids in I§chedc.bJa col ~ (95), .P'.~.~udomqn.~.§.. sp. 

(15), and St.aphY19cOCCUS .~ureus (108). 

Most studies on plasrrl"id-mediated resistance have been done \'lith 

clinical isolates of microorganisms. Thus, the importance of the survival 

mechanism under environmental conditions is unclear. Nevertheless~ 

plasmid-mediated mercury reduction may be ecologically important because 

resistance could be rapidly transferred from resistant to sensitive 

bacteria. Hris would enable microorgan'isms in natUt~al habitats to 

adapt to mercury toxic ity faster than by mutation Ot' natural selection (33). 

Tr'ansformati ons of Mercury 

Ch~~.t?tr,y 0t...r"ercl.-!t.Y in !:~e Aqu~.~.1c Eny..i ronm~!!..t 

~.9X'ganic ... mercux'y- fon!~.~. Mercury can exist as a wide variety 

of chemical species, complicating detailed studies of the physicochemical 

states of mercu~~y in aquatic systems. t"ercury can be present with 

---_·· •••~_~~4...·~·_'_... '_............'_'_~~•••••••
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valences of 0 (Hg<;, e"lemental). 1+ (Hg..,+l. met"curousL al1d 2+ (Hg+2,.. 
mercuric) . 

Most of our knowledge concerning soluble forms of mercury in natural 

waters was achieved by equilibrium calculations based all chemical 

equilibrium constants and standard redox potentials. 

Benes and Havlik (5) concluded from predominance diagrams that 

Hg(OH)z or HgC1 2 molecldes will predorrrinate "in most fr'esh waters. Undel" 

reducing conditions in the sediment. the presence of sulfide 'ion will 

immobil-ize mercUl7 by forming insolub"!e mercuric sulfide. Morel et al. 

(67) concluded that mercury should be present almost exclusively as 

HgCl 2 in well-oxygenated water. while soluble Hgo. Hg(SH}2' and HgS 2 -Z 

should predominate under reduced conditions. 

f-1ercury complexes with gX:9.9!lJ.S_J..1.£1~"Q.95' Ionic mercury can form 

stable complexes with organic ligands. These associations depend on 

the concentration and nature of the organic species present and on 

the pH al1d composition of 'the water. D'ivalent mercury has a great 

affinity for a large number of organic substances. especially proteina­

ceollS mater-ials contidning sulfhydryl (R-SH) groups (84). ~Jhen organic 

particles and divalent men;ury ions are present. mercury "is adsorbed 

on particulates and may eventually settle to sediments (84). Determina­

tion of the actual natul"e of organic forms of mercury in natural waters 

is difficult. Consequently, much work t"emains to be done before the 

nature and abundance of organic complexes of merclwy w"ill be understood . 

.Qr.£1.~.~.9.m~Es:urial. comeounds. Organomercuria"! compounds aTe the 

most toxic forms of mercury and can be divided into two categories: 

those in which the mer'cury at.om is bonded to one Ol"'ganic radica'j and 

those in which it is bonded to two Ol"'ganic radicals. The first type 
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dissociates in water to yield the H-Hg+ cat'ion and the X- anion. making 

it soluble in water. MethylnJeI~cur'y is an example of this type of organo­

mercurial. Oimethylmercury is an example of the second type of organo­

mercurial. The presence of organomercurial compounds "in water may 

result from natural processes or human activities. Natural processes 

of methylmercury formation are d"iscussed in detail -in the fo"I"Jowing 

sect"ions. 

The Mercm~y Cycle 

Severa"] mercury cycles depkting mercury transformati ons in aquatic 

environments have been published (19~ 34. 58). Mercury is l~apidly 

adsorbed onto sediments. which can serve as a source of mercury for 

years (58. 62", 65, 83). FOi~ this reason, most of the mercury available 

for cycling in freshwaters is present "in bed sedilfll2nts. Figure 1 

illustl"ates the fate of ionic mercury (Hg+Z) after it enters an aquat"ic 

system. 

In the presence of hydrogen sulfidi (HzS). mercuric ions (Hg+2) 

spontaneously precipitate as mercudc sulfide (HgS). Undet~ anaei"'obic 

conditions, the fonnat"ion of mercuric sulfide effective"Jy reduced avail­

abi"l ity of mercuric ion for b"iological conversions. In the presence 

of oxygen, mercui'ic sulfide (HgS) ll'oay be converted to methylme!~cury 

by bacteria; hOYJever. this occurs at a rate 100-1000 times SlOWel" than 

rr;·ercuric ion methyl ation (21). Therefore, the presence of sulfide, 

commonly forrned by sulfate-reducing bacteria. prevents methylmercury 

fm~mation. tY1ethylmercury (CH 3 Hg+) will chemically form dimethylmercur}' 

((CH 3 )zHg) and mercudc 5ulf"ide in the presence of hydrogen sulfide. 

Mercuric 'ion may also be reduced to the volatile elemental mercury 

by resistant bacteria. This reaction results in the release of mercury 



Figure 1. Transformations of mercur.y in aquatic ecosystems. 
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from aquatic systems (17). Mercury volatilization might be expected 

to occur more readily than methylation due to the large numbers of 

bacteria capable of carrying out this reaction in aquatic sediments 

(17) and the kinetics of volatilization in bacterial cultures compared 

to methylation (Anne Summers, personal communication). 

Methylmercury can be forw~d from nrercuric ion by a variety of 

microorganisms~ including anaerobes~ facultative anaerobes, and aerobes. 

Thus, the potential for microbial methylation exists under both aei"obic 

and anaerobic conditions. The product is prirr~rily monomethylrr~rcury 

(CH 3 Hg+) undei" neutral and acidic conditions, while format"i on of dimethyl­

mercury ({CH 3 )zHg) dominates under basic conditions (4). Monow~thylmercury 

is water-solub"le and is released into the water column. Dirr.-ethylmercury 

15 volatile and is released into the atmosphere~ whei~e it "is degi~aded 

into organic compounds (CHI+ or C2 Hd and elemental mercury (HgO) in 

the presence of UV light. 

Fish are unable to methylate mercury; however, microorganisms 

{Pseudomonas sp.) 1iVing on their externa"j 51 ime and in theii' intestines 

can synthesize methylmercury from inorganic mercury (85). This could 

account for the accumulation of methylmercury by f"ish, because methyl­

n~iTury should pass through the gill and gut membranes due to its high 

lipid solubn"ity. 

Methyhnercuric methyl sulfi de (CH 3 S-HgCl-l 3 ) may a"l so be formed from 

methylmercury. Shell fi sh can metabo1i ze methylmE!rcury and store it 

a.s methy"!mercuric methylsulf"jde crysta"ls (20). Th"is was the ma,jOi" 

methylmercur-ic compound isolated from toxic ~1inimata Bay shel1fish 

(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} t"eported by sevet"a1 investi gators (8, 86, 91)} resul ts from 

hydrolysis and reduction of methylmercury to metallic mercury (Hg'"') 

and methane (CHit). Biological decomposition of methylmercw"y occurs 

in lnercury-polluted sediments from lakes and rivers (8, 91), however~ 

little is kno'tm about the }~ates of Uris process. Therefor'e, methylation 

is reported as a net rate} because individual rates of methylat"ion 

and demethylation are not quantified. 

Cherrrical methylation also occurs in aquat"ic environments in thf: 

presence of suitable methyl donors. Jewett and Brinkman (49) demonstt·'ated 

transalkylation reactions among several metals in aqueous solutions. 

Wood (113) suggested that rr~thylation could occur via transmethylation 

between mercury and lead and tin gasoline additives. 

Methylat"ion of Mercury 

Bates of Meth.):'lation 

f.~LL!.gt.~....~.t..~.9i~. Many cul ture studies have been performed in 

the laboratory with mercury-methylating microorganisms. Anaerobic 

cultures of Clostridium cochleo.rium produced 0.12, 0.06, 0.045, and 

0.008 pg/ml of methylmercury fr'om 10, 20, 30. and 40 l-t9/ml of added 

inorganic mercury in a f-ive-day period ("116). Vonk and Sijpp<,:tf>ijn 

(105) demonstrated that several pure cultures of bacteria could aerobically 

methylate HgC1 Z " Aerobic) mercury-methylating bacter'ia included J}£.~J..U.Y_?. 

meaaterium,__._._... Escherichia coli. and Pseudomonas 
, - _._.._......... ..:.....:....::;.;::...:....::.::::.::...:::.:..:..:;..fluorescens. Wood et 0.1.
 _ -"' .............•....................... •......•.......
 

(110) reported that extracts of a methanogenic bacterium could enzyma·· 

t ica ny and non-enzymat-icany methyl ate me}~cury via methyl coba1amine. 

Results from pw"e culture laboratory exper·iments cannot be extrapolated 

http:�......�
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to include actual environmental reactions; consequently~ it is therefore 

not possible to compare the conditions in the laboratory to .1.!!. _~.U.~. 

conditions. 

NatuT'al studies. Several attempts have been made to determine 

the kinet'ics of mercury methylation and decomposition under natural 

conditions (6~ 9, 21, 32~ 43, 44,. 57,92,115). However, results to 

date cannot be generalized to a wide range of environmental conditions. 

In 1969, Jensen and ,Jernelov (44) pUblished the first study on 

methylation rates. These studies involved batch studies on bottom 

sediment and showed that methylmercury formation increased in pr'oportion 

to the amount of inm~ganic mercury added to the sediment. Jernelov 

(46) demonstrated that surface sediments exhibit greater ~~thylation 

t~ates than deeper sediment 1ayers. 

factors Affecting Methylation 

The effects of various environmental factors on methylation have 

been extens'ively stud'jed. Accumulation of mercury by fish placed in 

the mict~ocosms above mercury-contaminated sediments indicated that 

methYlation rates in river sediment were dependent on total mercury 

concentration, microbial activity, organic matter concentration, and 

pH in the sediment (60). 

Organic lOdcJinji. Supplementation of sediments with m"ganic nutrients 

can increase the net methylmercury production. Bishop and Kirsch (9) 

noted an inc rease in anaerobi c methy 1mercury product i on aftet~ supp1emen­

tation with nutdents. Olson and Cooper (73) found that sediments 

with high o'rganic content produced the h'jghest methylation rates in 

both aerobk and anaerobic environments. Jacobs and Keeney (43) observed 

greater methylation in the more organic Wisconsin R'lver sediments than 
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the less organic Fox River sediments. Others have observed increased 

methylation rates in sediment after the addition of t~~yptic soy broth 

(32~ 115). 

TemDe}~ature. Bishop and Ki rsch (9) reported that anaerobic mercury 

methylation increased with increasing temperature. Wright and Hamilton 

(l15) reported that methylmercury production was greater at 20°C than 

at 4 c C. 

Q~Y..9.£~.. Studies on the effects of oxygen on mercury methyl ation 

rates have yielded conflicting results. Methylat-ion rates in aerobic 

and anaerobic San Franci seo Bay sediments showed that methyl ati on was 

much greater in anaerobic sediments than in aerobic sediments (73). 

Other investigators. however. have reported that when sediments containing 

mercury were exposed to air. the }~ate,of biological methylation of 

mercut'y was greatet' (103-10~ times Ilnormal!l methylation t~ates in the 

aquatic environment) (21). Vonk and Sijpesteijn (105) found that 

Escherichia coli methylated mercury slower anae~~ob"ically than aerobicany, 

Anaerobic methylation may not be ecologically significant in high 

su'j fate sediment due to the simuHaneous presence of hydrogen sul fi de. 

Under these conditions, mercur'"jc sulf'ide forms. which effectively prevents 

mercury from b~ing methylated. This may account for the lack of methyl­

mercury formation that has been found in some anaerobic sediments (48). 

Blum and Bar'tha (10) reported an inverse re'lationship between salinity 

and rnethylation in saltwater. The lar'ge sulfate concentrations in 

saltwater would lead to increased hydrogen sulfide production in the 

presence of mercut"ic ion. This wou"ld effectively make men.:ur'ic ion 

uniwa'i1able for methylation. For Uris reason~ rnethylmercury may not 

be as great of a potential problem in saltwater' en'rironments. 
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2li. The pH of a system can affect the form of methylmercw~y released 

from sediments. Fagerstrom and Jernelov (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 pr-imary product at low pH values. 

Methylation Mechanisms 

The mechard SOlS of methyla t"ion have been the subject of many studies 

and are sti 11 not fully understood. Meth,y"imercllry formati on requi res 

a molecule capable of donating a methyl group. In an aquatic ~ystem, 

rr:'Ost of these molecules are biologically synthesized. 

Mercury methylation studies have been performed in two areas: 

nonenzymatic methylation and enzymatic methylation. Nonenzyrnatic 

methylation requires the products of active metabolism as methyl donors, 

whereas enzymatic methylation t~equires actively metabolizing m-ganisms. 

Nonenzxw~tic methtlation. Nonenzymatic methylation via methyl­

cobalamine (Vitamin B12 ) is well docUffi~nted (7. 42), although questions 

concerning the reaction mechanisms remain (59. 112). Methylation v'ia 

vitamin 812 is probably a major route for methylation and mobilization 

of mercury from bottom sediments in polluted waters. Bacteria living 

in bottom sediment and sludge can ca~~ry out mercury methylation by 

excreting vitamin B12 • which serves as an J.!l vitro methyl donor. 

Photochemically induced methylation occurs in aqueous solutions 

in the presence of acetate ion or acetic acid (l). However, this reaction 

is not 1ikely to be sign'ificant in natural envh'onments. 

;~"~!";?.Y.Jpatic-!~~t.h.>:J~t:L9il.' A number of mechanisms of enzymatic methyla­
, 

tion hd.ve been proposed (113). In biological systems~ tht~ee major 

coenzymes are known to be invo"1 ved in methyl transfer: S-adenosy'J 
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methionine, r..P-methyltetrahydrofolate derivatives~ and methylcobalamine 

(vitamin B12 ) derivatives. 

A transfer of carbanion methyl groups is ~~equired for the methylation 

of the mercuric ion. The vitamin B12 derivatives are the only known 

agents capable of doing this d"ir'ectlY. Therefore~ they are believed 

to be the active agents in most microbial methylation of mercln~y (82). 

Enzymatic methylation v'ia vital'rrin B12 occurs 'inside the cell, \>/hereas 

nonenzymatic methylation via vitamin 8 12 occurs by a chemical react'ion 

outside of the cell. 

Another potential mechanism involves N5-me thyltetrahydrofolate­

homocysteine b~ansmethYIase (meth-ion'ine synthetase). Mkroorgani sms 

that use this enzyme to synthesize methionine from homocyste'ine can 

also produce methylmercury in the presence of mercuric ion. 

Landner (59) proposed a third enzymatic mechar1'ism of methylation 

involving S-adenosyl methionine by an isolated fungal species of 

.~('~urosf?ora fi'assa, which appears to lack vitamin 8 lL enzymes. Landner 

suggested that the methylation rrright result from Hinco~·rectil synthesis 

of meth-ionine, which i s no~~ma 11y formed through methyl at -j on of homocysteine. 

Mercury methyl a ti on by methanogeni c bacteri a may a1so be an impm"tant 

environmental process. Methanogens have a methylating mechanism and 

they are a.bundant 'in the sed'iments where mercury accumu'lates. Res€a.rch 

needs to be performed in this area. 

In summary, mercury undergoes a variety of complex physical, bio­

logica"l, and chemical transformations in the environment. OUr' understand­

ing of the fate and effects of mercury in the env"ir'onment has increased 

substantially s-ince the nymerous disast('~rs involving mercury conta.lrdnation 

in recent decades. Nuch rema'ins 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 UpperWisconsinRiver study area is located in the Northem 

Highlands Geographical Province of Wisconsin (63) and extends from 

Lake DuBay to above BY'okaw (fig. 2). Th'is stretch of the river contains 

numerous tributaries that form a dendritic drainage system. The drainage 

system is ovet~la'in by Pleistocene glacial drift that mantles an eroded 

Precambrian surface of granitic rock (100). 

During 1977, land in the entire Wisconsin River basin included 

42% in forest, 29% in cropland, 12%. in gt~assland. 4% in urban development. 

6% in other uses. and 6% in water and Federal land (99), Well-drained 

sandy upland soils are predorrrinant ii"l the northern portion of the Upper 

Wisconsin R'iver Basin. Heavier loalT1Y 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 about 28 mgl1 (as CaC0 3 ). Hardness 

and pH are about 40 mg/l (as CaCO s ) and 6.8. respectively. The Wisconsin 

River has had intermittent violat'ions of \'4ater quality standa'f'ds} most 

notably low diSSOlved oxygen (14. 16). Water quality problems generally 

occurred within one or two miles of major point sources, ft~equently 

pUlp or paper mills (100). 

The Upper Wisconsin River contains large concentrations of nitrogen 

and phosphorus (66. 94). These support algal blooms~ especially in 

the slower moving waters of the reservoit's. MelosJn~_. AphaflizOlnen~!2. 

and Ly.~J.'?J~..1..J.Q. are the dominant taxa of phytoplankton \>lithin impoundments 

on the river (94). 



Figure 2. The Upper Wisconsin River study area. 
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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 reservoir "in the study area. It drains a watershed with an 

area of about 12,700 km 2 (99). The surface area is 28.5 km 2 and the 

volume is 1.04 x 10 8 ms. The mean depth is 3.7 m. Turnover tilTi'€ is 

9.8 days, and the average annual trapping efficiency is approximately 

2B?~. A sewage treatment plant {RJv1 248.8} and a pulp and paper rrrill 

(RM 248.9) discharge waters into Lake OuBay. Highly eutrophic waters 

from the Big Eau Pleine Reservoir also affects its water quality ell ~ 

50, 51 ~ 87, 1m). fviassive blooms of Aphant;gE~~~9E_ are common during 

the summe~~ (56. 94). Slay sands and sandy silts are the primary sediment 

types in Lake DuBay (25). 

Lake DuBay samples were collected frorn a site (D-6) located in 

a large bay on the west side of the lake (Fig. 3). Samples were taken 

fi"om a stump field appnlx"imately 50 yards from shore with a water depth 

of approximately 2 m. Sediments ltJe~~e mosfly sand and contained v·/Ood 

chips and fibers. 

The fv10s i nee f1 mvage (fi g. 4) i s fm~med by the Mosinee dam (R~1 248.9). 

It has a surface area of 5.57 km2~ a volume of 1.04 x 10em3~ and a 

mean depth of 2.1 m. The turnover time is "1.4 days. Two pulp and 

paper mills (RM 258.2 and RM 256.4) and one sewage treatment plant 

(Rf-4 257.8) at"e located on this segment of the river. Sediments from 

Mosinee flowage are composed of silty sands, clayey silts~ and silty 

c1aj' S ( 25) . 

Lake fvlosinee 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 sampl ing site (~1-4) 



Figure 3. Lake DuBay study area. 
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Figure 4. Mosinee Flowage study area. 
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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. Wood chips and fibers 

wet~e present "in sediments in both study areas. 

Lake Wausau (Fig. 5) is formed by the Rothschild dam. It has 

a surface a rea of 7.76 km 2 ) a volume of 1. 72 x W 7m3, and a meim depth 

of 2.2 m. The turnover time is 2 days and trapping efficiency is 18%. 

The drainage basin for this reservoir covers 10.360 km 2 • One sewage 

treatment plant (RM 263.8) is located along this str'etch of riveL 

Lake Wausau sediments vary from snty sands to silty clays. Clay con­

centrati ons generally increase wi th di stance downstream in the reservoi r 

{?51.\ .... ~ 

Lake Wausau samples were collected from a site (W-4) located 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 sedirnents. 

Between Wausau and Brokav-J (Fig. 6), the Wisconsin River is free-

t"lowing and is not impeded by dams. Sediments are mainly clay-fi"lled 

sands and silty clays (25). A muwicipa"l sewage treatment plant (RM 270.4) 

and a pulp and paper mill (RM 271.0) are located on this stretch of 

the ri ver. 

Brokaw samples were collected from a site (B-1) located in a smalls 

backwater area apPt~oxilflC.tely 1/2 mile south of the sewage tt~eatment 

P1 ," rl t ( ... ,: 9
It 

6 \ : ; d. r :. J 11 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 sefJ"irnent composition of the mercury content of the 



Figure 5. Lake Wausau study area. 
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Figure 6. Brokaw to Wausau study area. 
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Table 3.	 Sediment tExture, organic content 3 and mercury concentrations of bottom sediments collected 
from the Upper Wisconsin River during August, 1981 (25). 

........-.--_._................_- ...................	 ---_...-...................................
~--_._-_ 

Location Site Depth(cm) Clay 
Textured camp pq. 

Sil t Sand 
~..........................._....._. ~_ ...._................~ .... ._............................_...__........ 

Lake DuBay .1* 0-7 
7-14 

5.7 
7.0 

15,9 
21,9 

78,4 
71.2 

Lake Mosinee 3 0-7 
7-14 

49.3 
45.8 

43,3 
49.5 

7.3 
4.7 

I;. 0 7-, 
7-14 

13.3 
'14.5 

32.5 
32.0 

53.8 
53.5 

Lake ~4ausau 4 0-7 
7-14 

40.4 
37.0 

51.2 
54.6 

8.4 
8.4 

Brokaw 0-6 
6-11 

38.3 
45.4 

49.8 
46.5 

11.9 
8.2 

_.........................._. ..........._._...........................-­ ................._--..-.... 

Organic 
content(%} 

~1ercury 

content(pg/g) 

1.9 
1.9 

0.02 
0.02 

17. 1 
17,0 

0.53 
0.57 

8.2 
8.3 

0.36 
0.32 

16.6 
20.4 

0.39 
0.40 

20~4 

19.7 
'J .76 
2,09 

*Sampling site 4 was located near site D-6 but is not data from 0-6. Site D-6 was not examined 
by Findley et a1. (25). 

fA> 
<J1 
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sediment at the Upper Wisconsin River study sites. In general ~ met'cury 

content of the sediments increased with increasing organic content. 

Sampling site B-1 had the highest concentration of mercury in its sedi­

n~nts. Site 0-4 had the lowest concentration. Sampling site 0-4 was 

relatively low in organic mater"lal and consisted mainly of sand. In 

this study) site 0-6 was used for all comparison studies. Site 0-6 

was located near site D-4 and the sediment was similar. All other 

sampling sites had high percentages of clay and silt in the sed"iments. 
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METHODS AND W~TERIALS 

Collection and Processing of Samples 

Sedilr.-ent __~~!npl 'ing 

Sediment and sediment-floc samples were col1ected with an Ekman 

dredge. The Ekman dredge collected approximately a 4-liter sample 

from the top 10-12 cent'imeters of sediment. To collect sediment-floc 

samples, the Ekman grab was rocked unt'i1 the floc \'las suspended in 

the overlying water. This suspension was then collected in a 50-ml 

screw cap test tube. 

Sediment cores were collected from the center of an Ekma.n grab 

with a 50-ml plastic syringe with the top removed (Fig. 7). The plunger 

of the syr'inge was held f'ixed at the surface of the sediment wtrile 

the 50 cm;;! tube was pushed down into the sediments. This resulted 

in the collect'ion of an intact core in the syt'inge. Afte~~ collection, 

syringes were sealed with rubber stoppers to prevent 1055 of sed'iment. 

To collect bulk sedirr:€nts~ an Ekman grab of sediment was placed 

into a plastic dish pan, homogenized~ and transferred into an amber 

glass jar. The jars ~</ere completely fined and sealed with but.yl rubber 

stoppers to minimize further oxygen contamination . 

.~.0.!/"r S-ampl ing. 

Water samples were obtained from approximately 0.5 m above the 

sedimer.t-wate~~ interface. Three diffet'ent methods were used for collect­

ing water. Where possible, a l-L plastic bottle was lowered and filled 

by hand from the desired depth. In deep water, a hor'izontal Van Dorn 

\<"ater sampler was used, but closf! inte~~vals could not be sampled. After 



Figure 7. Method for col1ectinc, sediment cores. 
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Octobet~ 1982, water samples were Y'ouUnely collected using a peristaltic 

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

waned 3/16 inch tygon@ tubing that was weighted on one end. The weighted 

end was lowered to a depth of 0.5 m above the sedirr~nt$ and water was 

pumped directly into a l-L plastic bottle. All samples were stored 

on "ice and transported as quickly as possible to the laboratory for 

processing. Transportation time was 2-4 h. 

Physical Measurements.- -~ ~.._---.._- __.__.__ __ __..-.--- . 

Temperature and dissolved oxygen measur~~ents were recorded at 

all sampling sites using a dissolved oxygen meter (Yellow Spt'ings Instru­

ment--Model 54). Readings wen? taken at 0.5 IT! 'intervals from the water 

surface to the bed sediments. At sampling sites used for seasonal 

studies (B-1 and 0-6), secchi disc readings were taken. 

In the laboratory, water samples from B-1 (Brokaw) and 0-6 (DuBay) 

were collected monthly from April - October to determine seasonal varia­
,T

tions in tllrbidity. Turbidity readings \'lere obtained using a Rat'io'~)
 

Turblf..hmeter (Hach Chemical Co.).
 

Sample Processing
 

All samples were processed immediately after return"ing from sampl"ing, 

Sediment cores were sectioned by removing subcores from vo.rious intervals. 

The plunger of the 50-cm3 coring syringe was used to push the desired 

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

A 5-ml plastic syringe with the tip removed was used to remove 1-ml 

subcores from the center of the sediment cores at various depth intervals 

(Fig. 8). This technique insured collection of completely anaerobic 

sediment subsamples. Oxygen readily diffuses through plastic and it 

was assumed that the outer sed'iments became exposed to oxygen during 



figure 8. Method for collecting sediment subcores. 
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transport. Subcores wei~e transferred to dilution blanks for enumenltion 

experiments or to incubation bottles for methylation assays. One ml 

subcOi~es \>Jere used for enumerations, and,l ml Dr 3 m1 subcores were 

used fOi~ methylation experiments. Methylation experiments were performed 

in duplicate on subcores from the same sampling site. 

Anaerobic sediment slur'ries of B-1 and D-6 sediments were prepared 

by mixing sediments (vol/vol) with sterile. anoxic river water (2:1). 

Slurries were placed in amber glass bottles. gassed with N2 • sealed 

with t~ubber stoppers, and refr'i gera ted. 51 urri es were then used as 

needed for methylat'ion experiments. Water samples ('15 ml) were taken 

as needed from l-L plastic bottles and placed into test tubes or BOD 

bottles for rr~thylat;on experiments. 

Laboratory Analyses 

En.lA!E:~E~.~ions of tY'er<:_y.t.¥:.:Ji~~sistant H~.~~~.!:,otrophic ~2.~tei"ia 

A~.r.:9.~tt?__ heterotroph i~....~acteri a. Enumerati ons of mercury-res i stant 

aerobic heter'otrophic bacteria were determined using standard pour 

pl ates (2). Vat'ying concentrations (7 ~ 15, 37. 75 jJ9/mJ) of mercuY'ic 

ion (as HgCl z) were added to test tubes containing 12 ml of Standard 

Phtte Count Agar (2). Mercudc ion was added to the agar from a 5000 fj9imJ 

stock (HgC1 2 ). Agar was kept molten in a 45-50 DC water bath until 

used. 

Sterile petri dishes were inoculated with 0.1 ml of serial tenfold 

dilutions, 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 DC for 48 hours. After 

incubat'ion, plates were counted to deter'mine microb'ia"' resistance to 
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mercuric ion. The pour plate method was used due to initia"1 problems 

encountered with spread plates. Inoculated spread plates were qUickly 

overpopulated with colonies of Bacillus cereus var. E~f~}g2~ and accurate 

colony counting was impossible. Overgrowth by Bacillus was not encountered 

with standard pour plate technique. 

"A!.!9.~X:9pj£.J~_~_:t:.~X:.t2.t_r.9.P.t!jc bacteria. All anaerobic culture media 

was prepared on the day before sampling using a variation of the a.naerobic 

roll tUbe technique described by Hungate (41). Anaer'obic grm"lth media 

was Standar-d 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. Val~ying concentrat"ions of mercuric ion (7, 15) 37. 

75 pg/ml) were added to the agar. All anaerobic tubes and vessels 

were continuously gassed with Nz by inserting a bent gas ca.nnulae made 

from a 2-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 

oxygen. 

Resazurin (1 pg/ml from a 100 ~g/m1 stock solution) was added 

to an anaer'obic media as a redox "indicator. The media was boiled 

and coo"led under a stream of 02-free N2 to remove an oxygen. After 

cooling, 0.01% (final concentration) cystein-HCl was added as a reducing 

agent. The pH of the media was then adjusted to 7 with iN NaOH. 

Molten anaerobic growth media (6 ml) was transferred to 18 x 142 mm 

anaerobic f'oll tUbes (Be11co Gla"ss, Inc.), gassed with N2 > and sealed 

with a no. 2 buty"! rubber stopper. The stopper was moistened in d-istil"led 

water before insel~ting it in the tube to fann a bette~~ sea 1. Thi s 

aided in mainta"ining anaerobic conditions over long incubation times. 

I
 

II
 
~I
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Anaerobic roll tubes were kept mol ten unt"i1 inoculation by storing 

in a water bath at 45-50°C. 

Nine m'l anaerobic dilut'jon blanks (H 20) wen:' prepat'ed using strict 

anaerobic techniques as described above. Initial dilutions were prepared 

by anaerobically transferring a 1 ml subcore to an anaerobically prepared 

9 ml dilution blank. Subsequent ten-fold tHlution set'ies wet~e prepa.red 

by anaer'ohically transferring 1.0 ml of inoculated dilution blanks 

to successive blanks. 

Sterile N2 -purged plastic syringes (1.0 cmS ) were used to inoculate 

roll 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 

(Bellco Glass l Inc.) under ice water to harden the agar. Roll tUbes 

were incubated at 20°C for 56 h. Colony forming units ',-Jere then counted 

(··:::::::::::1::~1	 to determine mercuric ion resistance. 
·••••·(:t:::l~: 

II
 Bindino of mercuric ion to aerobic and anaerobic culture media .
 
~~• .. w ...... ._....._•••••••••••••••••••••••_..•••••••••••	 __.~.._••_. ._•••••••__•••••••••__ 

Percentages of added mercurk ion being bound to aerobic and anaerobic 

cul ture media were determined to -insure that diffet'ences in met~cur-ic 

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

of the culture media. Anaerobic and aet~obic culture media samples 

(10 ml) wer'e prepared. Broth was used instead of agar for the cuHlJi"'e 

media due to difficulties encountet~ed wHh centdfuging the agar. Samples 

••••••.Iiliiiiiilllllilit	 with and without 75 ~J9/ml mercuric ion wet~e inoculated with 0.1 ml 

of 10- 2 dilution of sedinEnts to obtain bacterial growth. RadiolabelledI'll 
mercuric ion ( 2G3 Hg(N0 3 )z' 1 x 106 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 

I
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centrifuge (Beckman~ Model J-21) at 17,600 x 9 for '10 min. SUbsamples 

were then p'jpetted from the supernatant, transfen'ed into scintillation 

vials contain'jng PSC cocktail (Amersham Chemical Co.L and counted 

to determine the percentage of labelled mercury remaining unbound in 

the culture broth.
 

Mercury Methyl ati onJ~~.1.ty'.g'y' Experiments
 

Most incubaUons were started immediately upon return from samp'l ing. 

Some preliminary methylation experiments were performed on older sediment, 

however~ unless other'W'jse stated, reported results were obtained from 

fresh sediments. 

Radiolabelled mercuric ion was intt~oduced into samples v'ia a m'icro­

liter syringe or Eppendorf micropipet. For all samples, 1-4.5 ~Ci 

of 203Hg(N0 3 )z was added to samples (Table 4). Each batch of 203Hg(N0 3 )z 

was diluted to a stock of 400 llC'i!ml. To avo'jd adding varying amounts 

of mercury to each experiment. the same mol ar amount was added for 

each batch and the amount of radioactivity varied with decay. 

~.~.!!!fL1.~...E.r~p.~x.~_t.:.:L9-E' Seasonal meth'ylat'ion activity experiments 

were performed on sediments, sediment-fl oc. and water. Sampl es were 

transferred into 30-ml screw cap test tubes, 203Hg+z was added, mixed, 

and samples were incubated at 20°C. 

HO!Tt0gerdzed sediments (5 ml-wet weight) for seasonal sediment 

metl1ylat"ion act"ivHy wel~e transfen~ed via a 5 cm3 plastic syringe into 

test tubes. Sterile river water (10 ml) was then added to test tubes. 

Anaerobic techniques were not employed with seasonal studies; however, 

conti"ol expet'iments showed that methylat'jon activity in these sediments 

was the same as that observed in identical samples incubated in BOD 

bottles using strict anaerobic techniques (Table 5). These results 
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Table 4. Amount of 203Hg(N0;3}Z added to mercury methylation experiments. 

Assay date Specific Activity Vg added! 
of batch (llCi/1Jg) jJCi added lap! 

..._._._._...._.._------­
9/28/81 0.96 1.3 - 4.0 8.34 

7/16/81 0.96 '1.2 - 4.5 4.65 

1O/16/8"j 1.46 1.1-4.0 2.74 
............_...._---------------------------------- ­

Table 5.	 ~1ercury methylat"ion act"iv'ity 'in aerobically and anaerobically 
prepared sediment samples. 

-------------------------------_ __•.........•..•..•._ .
 

Sample Preparation	 Percent Methy1ationa 

--------------------------------- _--~ 

Aerobic (test tube) 2.58 ± 0.02 

Anaer'obic (BOD bottle) 2.60 ± 0.06 

a~~ t'SD~ , n	 = 2 

p .:s. 0.05 

http:�.........�..�..�
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suggest that sediments for seasonal stud<ies rap<idly became anaerobic. 

Floc and water samples were prepared in test tubes using 10 and 15 ml, 

respecti ve<ly. 

All other methylation activity experiments were performed wdng 

strict anaerobic techniques. Previously prepared sedirr~nt slurry 

(10 or 20 ml) and lO'lHg+2 were added to 60-ml BOD bottles (Wheaton 

Company) under a steady stream of 02-fi~ee Nz gas. An additions were 

n~de from sterile, anoxic stock solutions stored in gassed, sealed 

serum bottles. After inoculation, BOD bottles were gassed for 30 s 

and sealed with glass stoppers. The glass stoppers were moistened 

before sealing to make a better seal and help insur'e anaerobic conditions. 

BOD bottles were shaken with a vortex apparatus to insure complete 

mixing. The rims of sealed BOD bottles were covered with water to 

maintain an air tight seal and then sealed with parafilm to prevent 

f;vapora t ion" 

In experirr~nts where aerobic conditions in sediments wer"e desired, 

300-ml BOD bottles were inoculated, sealed with cotton plugs, and incubated 

on a rotary shaket~. Aerobic watet~ samples wei~e incubated in 60-ml 

BOD bottles and stoppered with loosely fitting glass stoppers. Whenever 

possible, samples were prepar'ed in dupolicate or triplicate and incubated 

with "killed ll control cultures. Control cultures wet~e killed and incu­

bation terminated by the addition of 6N Hel (1 ml). After acidification, 

samples could be stored for up to five days without <loss of activity 

(32). All saomples wer'e incubated for four days at 20°C unless othen-iise 

stated. 

!.1~!.hy.Jm~t~.ury assay grocedure. An mei~cury methylation activity 

assays wet~e pel"formed using techniques developed by Uthe etaol. (W4) 
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as modified to water and sediment samp"Jes by Furutani and Rudd (32). 

This procedure involved extracting the methylmercu~y into toluene 

as methylmercuric bromide, partitiordng thf~ bromide salt into 20% 

ethanol as a thiosulfate complex. and re-extracting into benzene 

as lTi-ethylmercuric iodide. To accomplish this, the following steps 

were used (Fig. 9): 

1)	 After' l:ki1ling U , 2.0 ml of 0.5 MCuS0
lt 

and 5.0 ml of 
3 MNaBr in 11% H2 S0 lt were added to samples to convert 
methylmercury into methylmercur-ic bi~omide. Samples 
wet'e shaken by hand for "J min to ensure complete 
conversion to methy1lrl€rcuric bromide. 

2)	 After shaking, sedimt'mt samples were quantHatively 
transferred into 30-ml glass centrifuge tubes and 
centrifuged for 5 min. 

3)	 After centrifuging, all of the supernatant, which 
contained soluble methylmercury as methy1merctwic 
bromide) was transferred into a 125- or 250-ml glass 
sepai~atorJ funnel containing 25 ml of glass-distilled
toluene (Fisher Scientific Co.) or scintanalized 
toluene (Fisher Scientific Co.). Water samples were 
added direct"ly to separatory funnels. 

4)	 An separatOi"'Y funne"Js wet~e shaken by hand for 3 min 
and the ~'esu'1ting layers wen:' allowed to separate. 
After complete separation of the layers. the methyl­
mercur-ic bromide was present in the to"Jw:me layer. 
The aqueous layer (bottom) was removed and discarded. 

5)	 Approximately 1 g of anhydrous sodium sulfate was 
added to the toluene layer as a drying agent, and the 
samples were shaken for 1 min to relr~ve water. 

6)	 The toluene phase was then transferred into an acid­
¥wshed SO""ml gluss bcakct, containing approximately 
1 g of anhydrous sodium sulfate. Samples were swirled 
in beakers to insure comp"lete rt=!n1oval of water. 

7)	 The dr'ied toluene (15 !Til) contain'ing the methylmercut'lc 
bromide was pipetted into a second acid-washed 125-ml 
glass separ'atory funnel containing 5.0 ml of 0.0025 N 
sodium thiosulfate in 20% ethanol. Samples were shaken 
by hand for 1 min to partHian the methylmercudc 
bromide into the aqueous ethanol as a thiosulfate 
complex. 



Figure 9. Methylmercury assay procedure. 
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Sample 

~ 2.0 ml CuSO"
 

I) ~5.0 ml 3 MNaBr in 111 H.SO,
 

shake by hand for 1 min
 

(water samples) (sediment samples)

\ 12) transfer to centrifuge tubes 

centrifuge at 400 X 9 for 5 min 
3) ~ 

transfer supernatant into separatory funnels \/) containing 25 ml toluene
 

shake by hand for 3 min


1 4) remove aqueous layer and discard 

toluene layer15) add anhydrous Na,SO.
 

shake for 1 mi n
 

I
 6) transfer into 50 ml beaker containing
 
1 9 ant~droU5 Na2S04 

~ 
sW'j Y'l sample 

1
7} pipet 15 m.l ~nt~ ~eparatory funnel conta'irl'ing 

5 ml NaiS20s1n ~Oro ethanol 

shake by hand for 1 min 
!I 8) transfer ethanol layer into 10 ml glass beaker 
I 

9) pipet 3 ml of ethanol layer into glass-stoppered 
te~t tube containing 

1 ml 3 M KI
 
-1 ml benzene
 

shake by hand for 1 min 

1 
!, 10) transfer 300 V1 5ubsample of benz.ene phase 

into 8 ml PSC'~' cocktail 
, 

count on scintillation counter 
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8)	 After the separation of layers~ the lower ethanol
 
layer was transfen~ed into an acid-washed '1O-ml
 
glass beaker.
 

9)	 The aqueous ethanol phase (3.0 ml) was then pipetted
 
into a l5-ml screw-cap or glass-stoppered test tube
 
that contained 1.0 ml of 3 M potassium iodide and
 
1.0 ml 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)	 $ubsamp"ies (300 lin of the benzene layer (containing
 
the extracted monomethyl mercut'ic iodide) was trans­

ferred via a 100-pl pipet (Eppendorf) into a plastic
 
scintillation vial containing 8.0 ml PSC cocktail
 
(Amersham). Samples were mixed and counted on a
 
scintillation counter (Beckman, t~ode'i LS 7500).
 

This procedUt'e did not account fot' methylmercury remaining in 

the interstitial water. To correct for this, sediment pellets remaining 

in centdfuge tubes were weighed tn the nearest 0.01 9 and then dried 

at 105°C to a constant wei ght. The difference yiel ded the amount 

of water remaining in the sediments. Results were cOtTected to account 

for the percentage of methylmercuT'Y present in the watet' rema'ining 

in .the sediment pellet. 

Isotope counUt29....p.E.QEedlires. 20SHg is a beta-gamma-emitting 

isotope. For this reason, samples could be counted on a beta or 

garrlHia scint'illation counter. All radiolabelled methylmercury fonned 

during methylation experiments was counted using a programmable beta 

:')c-lrrt-ll1ation counter' (Beckman, Korle1 lS 7500). Sampie£. w~re counted. 

for	 20 min or until counts \'Iere within a 2 sigma percent error. 

CounUng efficiency was monHoT'ed using a pr'eviously prepared 

quench cw~ve. Prepared standards of ":()3Hg were not available for 

this research. Instead, quench curves of isotope standards having 

enet~gies slightly above and below 2V 3 Hg were used. Cornmercially 
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prepared standards of carbon-14 (B-=O.159 MeV) were used to construct 

the lower energy curve, while technetium-99 (8-~O.29 MeV) standards 

wet~e pt'epared in the 1abm~a tory to con s truc t tht-: hi ghet' energy curve. 

Technetium-99 quenched standards were prepared by add'ing varying 

concentrations of acetone (0.1 - 1.0 rr~) to scintillation vials contain­

ing 15,000 DPM 99Tc. 

The counting efficiency of quenched samples was compa~~ed using 

the channels ratio method and the automat'le exter'nal standat~dizat'lon 

(H-number). Discriminations for channell were set at 400 and 800 

to monitor the upper end of the energy spectt~um. Discriminations 

for channel 2 were set at 0 and 800 to include most of the pulse 

height distribution of 2.03Hg. A raUo of the counts in the two channels 

was then obtained. The window in channell was set too wide. Therefot~e, 

channel ratios varied little with decreased efficiency. For this 

reason, the automatic extet~nal standa~~dization (l-1-l1umber) \',~~s used 

to construct the quench curve (Fig. 10). The quench curve for Z03Hg 

(6-=O.21 MeV) was extrapolated to fit between 99Tc (S-=O.29 fvleV) 

and l~C (8-=0.159 MeV). 

Calculations. The percentage of added radiolabe11ed mercuric 

ion mett~lated was determined by the following equation: 

percent ([~~~•••~.~~~.~.=~_~_.~f! ~ X[DPM counted~ ....~.~].) 1no 
methylation 

Q.	 

y'. 

where	 DPM coun ted :::: DPt-, from scintillation counting 

af ~ dilution factor :::: ( 2SIT.ll \J (' 5. QX~l.) (1. am1) :::: 9.29 
, '15m1} 3•Om1 \ O. 3m1I 

Y :::: OPMls 203Hg added to sample 

x ::: percentage of H~O remaining in sedin~nt pellet
~ 



Figure 10. Mercury-20J quench curve. 
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The half-life of 203Hg is 46 days. To monitor this. the decay 

rate of the 203H9 was determined as follows: 

-O.693t._-_ -~.~ _ --­

% radioisotope 'left ~: lOOe x 

where e '" natural log base 

t = elapsed time expressed in the same units as 

the half-life 

x '" half-life of 2ij~Hg = 46 days 

The amount (]Jg) of methylmercut'Y formed was determined by the 

following equation: 

]1g methylmercury'" (x) (y) 

• 

where x '" ]19 Hg+2 added to the sample* 

y :;; percentage of added 203Hg methylated 

*the amount (]1g) of Hg+2 added was calculated as follows: 

llCi/1:J1 ') , / ;1 :: ( I 

~g. ~ ,(SA) \~Ci/ug), 

where SA '" specific activity of the Hg+2 -
Binding of 1OSHg+2 t.9....?~_Q.:L~_ent 

The percentage of added 203Hg bound to sediment was determined 

by adding 203Hg to 10 ml of sediment slurry in a test tube, mixing 

with a vortex apparatus,und incubating samples for varying lengths 

of time. After incubation~ sediments were quantitatively transferred 

with 10 ml of H20 into plastic 30-ml centrifuge tUbes. Samples were 

centrifuged at 17,600Xg for 10 min. An aliquot of supernatant (0.5 m1) 

was then transferred into a plastic gamma-counting tube and counted 

as described above . 
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Separate samples were dried at 105 DC to constant weight, and 

the amount of H2 0 present was ca "leu1ated. To detet'mine the amount 

of ,~03Hg remaining unbound in the water) the fo1iow'ing equat'ion was 

used: 

pet'centage unbound 20 3Hg::: ( ~~L~.:.?.) 'lO0
 
standard
 

where x = OPM in 0.5 ml H2 0 

y ::: dilution factot' ::: (~~....~.:.~~....~.~_. sample* ') 
0.5 ml 

, 
standard::: aPM 209Hg added to sample 

* ::: supernatant + water in sediment 

Quality Control 

Methy1mercur.z Extractl.9n..J~ifi ~j e!J.~»y. 

To deterrrl'ine 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 amount of rnethylrnercury not extracted at each extraction. 

Fi gure 11 shm',ls where second extracti ons were performed in the assay 

procedUt~e. Radioactive methylmercury in the original and second 

extractions were counted after completion to determine the percentage 

of recovered m~ethylmercury. The DPM of CH"203Ha+ recovered with 
~ ~ 

the first extraction is compared to the DPM of CH3~D~Hg+ recovered 

with the second extractions in Table 6. Approxirrmtely 99% of the 

radiolabelled methylmercury was recovered with the fii~st extraction. 

t<1(';thv1 at ion Ki neti cs..__~ x__.. ._..w._ __. .._ . 

MerctH'y-203 is only commercia,lly availab'!e at faii~ly low specific 

activities. This resulted in the addition of large molar amounts of 



Figure n. Double extraction procedure for methy"Jmercury assay_ 
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Sample 

~sa Hz 

extraction w! toluene 

/'~ 

I
-,. ' 1 f' ,Aqueous tracuon to uene TiictlOn 

'second eXIraction wi toluene dry wi Na,SO, 

to completion extraction 'III Na2.S20~+ C)JsOH 

'~/ '~ 
toluene aqueous 

1 
*second extraction wi 

Na2S203 + C2 H50H 

1 1 
to completion extraction wi benzene + KI 

/~ 
aqueous fraction benzene fraction 

'second ext~ction wi \ 
Na,S,O, + KI 1 

to completion scintillation 
counting 



r: l;
:.J~ 

Table 6. Efficiency of mett~lmercur~ extraction procedure. 
-----_._ -.'-----_. ----_ _-_._••... 

Extraction counted DP~1 2 {>" CH 3 Hg+/ sarnp 1e 
-----_.•..•........••.-.'---_. 

complete extraction of sample 49939 

2nd toluene extraction Not detectable 

2nd sodium thiosulfate extraction Not detectable 

2nd benzene extraction 600 

Total DPM recovered 50539 
---_._._ _----_.
 

Pen:ent efficiency of fit~st extn'JctiOll = ~90~~9~' x 100 =. 99 
::I yy 

http:�..�........��
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Hg+2 in isotope experiments. for this reason, an experiment was 

performed to evahJate the kinetics of the methy'lmercury formation 

when varying amounts of unlabelled mercuric ion were present in the 

sediments. 

At 0.11 concentrations of unlabelled Hg+2 "in the sediments, essentially 

the same amount (~g) of the added Hg+ 2 was methylated (F"ig. "J2). This 

linear response indicated that the amount of Hg added in isotope 

expedments saturated the reaction. This means that we did not affect 

the net methylation rate by adding varying amounts (pg) of Hg+2.. 

Therefore, the experimental methylation pe~~centage is an accurate 

repl'esentation of methylation activity taking place even though varying 

amounts of mercuric ion was added with different batches. 

Statistical Analysis of Data 

All experir~nts were perforffi~d using a minimum of duplicate 

samples. although triplicate or quadriplicate samples were run when 

possible. Variations between sets were evaluated using standard 

deviations and pooled t-tests and results were reported as significant 

(p ~ 0.05) or highly significant (13 < 0.01). 



Figure 12, Kinetics of methylmercury formation in B-1 sediments. 



0.£ 09 os 0& o 

II
 

SO·O 

LS
 



58 

RESULTS 

Enumerat'ions of Mercut'y-Resistant Heterotrophic Bacteria 

.~.~.tg.~.tS.....~~.t.~.t9..!!.'ophic Resi stance 

Total aerobic heterotrophs and mercury-resistant heterott~ophs 

\'Jere enumerated in water, sediment-noc, and sw~fiJ,ce sediments (0-1 em). 

Table 7 shows an estimate of the numbers of aerobic heter'otrophs 

present in sarnples col1ected on June 16. Resistance of bacteria 

to 7 11-:j/ml Hg+2 ranged from O.3-100?.4 3 whi"le resistance to 74 1J9/ml 

r'anged from O-O.5~t from the ,June 16 sampl"ing trip (Table 8). In 

general, the h'ighest aer'obic resistances were exhibited in the \'Jater 

samples. All samples had bacteria resistant to 7 pg/ml Hg+';. t-1inirr:-al 

resistance \'Jas observed at concentrations greater than 7 1Jg/ml Hg+2. 

Similar results were obtained \'4hen this expedment was repeated. 

The seasonal var'iaUon in anaerobic heterotrophs and mercuric 

ion resistant heterotrophic bacteria at site B-1 was determined (Table 9). 

The seasonal variation in mercury resistance of aerobic heterotropiYic 

bacteria at site B-1 was also determined (Table 10). Large fluctuations 

in resistance to 7 ~g/ml of Hg+2 were observed throughout the sampling 

season; however, resistance to higher concentrations (>15 ~g/ml) 

remQ1ned 1ow. The samplc~ collected during July 25 and October 1 

were 100% resistant to 7 ~g!ml Hg+2 and resistance to higher concentrations 

of Hg+2 were generally greatest in these samples. lower resistance 

was observed in all samples from the June 16 sampling trip. Throughout 

tht:; samp·l i ng season, the hoi ghest percentage of mercury-resi stant 

aerobic heterotrophic bacteria were observed in water samples. 
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Table 7. Density of aerobic heterotrophic bacteria in the Upper 
Wisconsin River (16 June 1982). 

---_ _-_.••..._---
Sampl ing sHe Sample 

B-1 H~O 

Floc 
0-1 em 

W-4 H20 

Floc 
0-1 cm 

N-3 H20
 

Floc
 

0-1 em
 

~1-4 H20 

Floc 

0-1 em 

0-6 H20
 

Floc
 
0-'1 em
 

---~ _­

ilCO1ony formi ng unHs 

._--_....---_.....•.._­
Density
 

(CFUil/ml x "10- 3 )
 

1.3 

15.0 

88.0 

0.3 

14.0 

300.0 

0.5 

28.0 

290.0 

2.3 

1.9 

120.0 

3.0 

9 ~~: 

150.0 
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TabJe 8.	 Percentage of aerobic heterotrophic bacteria displaying 
resistance to rrlel~curic ion in the Uppel"' Wisconsin River' 
(l6 June 1982). 

--~~........-..............................-..........",. 

____~.9.:.:: ....~9nceotrati 00 (llg/m]J.......
Sampling Sample 
Site Type 7 15 37 75 

_.,.,. ..........-....._--_. _.......-.....-..... .,.......__.-. ..-.......-.._--~~ 

8-1	 H2O 24.6 13. 1 0.0 0.0 

Floc 6.0 0.1 O. 1 O. 1 
" -,0-1 em 1I ••1 O. 1 0.1 0(1 

W-4	 H2O 52.9 1.2 0.0 o.wf)

F"loe 30.7 3.7 0.4 0.5 

0-1 em 30.7 0.8 0.1 O. 1 

M-3	 H2O 80.4 7.8 5.0 o~ 1 

Floc 8.2 0.5 0.4 o.1, 

0-1 em 23. 1 0.1 0.1 O. 1 

M-4	 H2O 100.0 4.1 0.1 0.0 
Floc 14.7 3.2 0.5 0.5 
0-1 ern 25.0 O. 1 O. 'J O. 1 

D-6	 H2O 10.0 0.5 0.0 0.0 

Floc 15.2 0.3 0.1 O. 1 

0-1 em 6.6 2.7 0.1 O. 1 
.._.................,..............__.--.--	 ..__.......__.-...
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Table 9.	 Seasonal variation in densities of standing crops of 
aerobic heterotrophic bacteria at site B-1, Upper 
Wisconsin River. 

------------ ­ __------_. ._-----_ _­
$arnp Ii n9 date 

CJ 982)-_ _. . 
Sample

_------. 
Density 

(CFUa!ml x "10- 3 ) 

Ap~"i1 30 H20 0.36 

Floc 16.0 
r; "l 
v- I ern 170.0 

June 5	 H20 0.5'1 

noc 4.2 

0-1 em 130.0 

.~June 16	 H20 1.v 

Floc	 15.0 

0-1 em	 88.0 

,July 25	 H20 0.28 

Floc 8.0 

0-1 em 80.0 

September 2	 H20 0.67 

Floc B.O 
0-1 em 25.0 

October' 'J	 H20 0.31 

Floc 3.9 
0-1 em 87.0 

...................- _. ...........•.•._ _------- ­
(,lColony forming units 
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Table 10.	 Seasonal variation in the percentage of aerobic hetero­
trophs that are resistant to mercuric ion at site 8-1. 
Upper Wisconsin River. 

-_ _..__	 _--._._.... . _-------_. 
Hg+2 con~.~r.Lt.r..~ t i on {~j9/m 1}Sampling Sample 

date (1982) type 7 15 37 75 
._-----------_._.................... ._............••........._----_. 

April 30 H20 69.4 11.1 8.3 2.8 

Floc 28.8 5.3 2.3 0.3 

4/! 7 nL. -.I0-1 em 't •• 0.6 0.1 

June 5	 H20 49.0 21.6 0.0 0.0 
Floc 28.6 4.5 2.6 1.5 
0-1 em 5.5 3.2 0.1 0.2 

June 16	 H20 24~6 13.1 0.0 0.0 

Floc 6.0 0.1 0.1 O. 1 

0-1 em 0.3 O. 1 O. 1 0.1 

,Ju 1y 25	 H20 100.0 96.4 O.w() 0.0 
floe 100.0 65.0 5.6 0.1 

0-1 em 100.0 100.0 3.9 0.4 

September 2	 H20 40.3 0.6 0.0 0.0 
Floc 10.8 o. 'j 0. 1 O. '1 

0-1 em 0,4. 0.4 004 0.4 

October 'j	 H20 100.0 71.0 19.7 28.4 
Floc 100.0 11. 1 0.3 0.3 

0-1 em 100.0 1.1 1.1 1.1 

_ _ _.._._----_. . _--------. 
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A!1aerobic Heterot}~ophic Res.:L~.1:~.lJ.~.~ 

Many of the bacteria in the Wisconsin River exist under anaerobic 

condit ions. Therefore, "it was necessary to detennine the percentages 

of mercury-resistant anaerob'lc heterotrophi c bacter'i a. The numbers 

of anaerobic heterotrophic bacteria persent at different depths in 

samples collected on July 11 (Table 11) were used to determine the 

percentages of these bacteria exhibit'ing Y'esistance to varying concentra­

tions (7,15,37,75 jJg/rrd) of mercuric ion (Table 12). Resistance 

to 7 ';Jg!ml of Hg+2 ranged from 7.6 to 100%, while resistance to 75 )Jg/ml 

ranged frcim 4.1 to 100%. Greater than 25% resistance to 75 ~g/ml 

of Hg+2 was obtained in most samples. Anaerobic heterotrophic bacteria 

were more resistant to higher concentrations of Hg+2 than aerobic 

heterotrophic bacteria at all sites. Similar results were observed 

for both replicates. 

Table 13 shows anaerobic heterotrophic bacteria obtained from 

site 8-1 sediments duro'jng the sampling season. High concentration 

of mercury-resistant anaerobic heterotrophic bacteria were recovered 

throughout the sampling season (Table 14). No seasonal variation 

in a.naetobic heter'otrophic resistance wer'e observed. High t~esistance 

was observed during all sampling trips. 

Anaerobic heterotrophic bacteria were more resistant to 75 wg/ml 

of Hg+2 than aerobic heterotrophic bacteria were to 37 pg/rnl of Hg+2 

in the water column and sUl~face sediments (Fig. 13). It should be 

noted that aerobic and anaerobic heterotrophic resistance in water 

and sediment-floc were deterrrrined from the same samples. Therefore. 

these differences in resistance cannot be attributed to site variation. 
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Table 11. Densities of anaerobic heterotrophic bacteria in the 
Upper Wisconsin River (11 July 1982). 

--------------_._ _•.•..•.•............._-------­
Sampling Sample Density

s'ite type (CFU/ml x 10- 3 ) 

-------------_..................•.....•.....•_--------~. 

B- !	 Floc 1.7
 
0-1 28.0
 

1-3 22~O
 

3-5 42.0
 

8-10 18.0
 

14-4	 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 29.0
 

8-10 17.0
 

N-4	 Fioc 0.71
 

0-1 16.0
 

1-3 14..0
 

3-5 27.0
 
8-10 33.0
 

0-6 noe 0.96 

0-1 6.8 

1-3 11 .0 

3-5 22..0 

8-10 18.0 _ ..•..••.....•..•..••.•_...•..•...._--------- ._._..•......._._._._...•................_•..._-------­

http:�..��.....�..�..��.�_...�..�...._---------._._..�......._._._._...�................_�
http:�.�..�.�


65 

Table '12. Percentages of anaerobic heterotrophic bacteria di s­
playing resistance to mercuric ion in the Upper 
Wisconsin River (11 

~""""""................................................­
Sampling Sample .......-..-

s'ite type 7 
........................­ .............. 

July 1982). 
..._..........................-

Hg+? concentration (~g/ml) 
--­...................... ............---­

15 37 7 r' ,0 
...........u ................. 

8-1 Floc 

0-1 

1-3 
3~5 

8-10 

56.5 

60.7 

54.5 

42.9 

7.6 

100.0 

100 .0 

100.0 

100.0 

32.9 

100.0 
M,.3 

100.0 

100.0 

31.9 

55.3 
4~) Q
<;..~ 

100.0 

61.9 

17. 1 

~J-4 floc 

0-1 

1-3 

3-5 

8-'iO 

94.4 

66.7 

97.6 

94.4 

100.0 

83.3 

100.0 

100.0 

100.0 

100.0 

43.9 

52.4 

100.0 

100.0 

100.0 

33.9 

100.0 

48.2 

33.3 

35.9 

M-3 Floc 

0-1 

1-3 

3-5 

8-10 

73.6 

60.7 

25.2 

75.9 

94.1 

'100.0 

53.6 

45.2 

30.3 

100.0 

100.0 
82. 1 

13.5 

27 .9 

24.1 

100.0 

32.9 

6.5 

4. 1 

10.6 

M-4 Floc 

0-1 

1-3 

3-5 
8-10 

100.0 

75.0 

78.6 

70.4 
42.4 

100.0 

100.0 

100.0 

100.0 
100.0 

100.0 

100.0 

100.0 

100.0 
100.0 

100.0 

36.3 

48.6 
5'1.9 
7808 

D-6 Floc 

0-1 

1-3 

3-5 

8-10 

100.0 

100.0 

85.5 

40.9 

33.9 

100.0 

100.0 

100.0 

90.9 

100.0 

71.9 

100.0 

69.1 

63.6 

40.6 

60.4 

86.8 

55.5 

21.4 

B.3 
_ ...................._- ........................................--_..................--_.... ..__.._·u.~· ......·..·........_· 
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Table 13. Seasonal va.riation in anaerobic heterotrophic bacteria 
at site B-1, Upper Wisconsin River. 

-------_ _._._._........................................... ...•.......•.._._­
Sampling Sample Density

date (1982) type (CFU/m1 x 10- 3 ) 
.~-_ .._.•..•..•...•.__.-----------_. 

fJ;ay 2 Floc 1.1 

0-1	 72 .0 

1-3	 2'1.0 

3-5	 45.0 

8-10	 44.0 

July n	 Floc 1 ~ 7 

0-1 28.0 

1-3 22.0 

3-5 42.0 

8-10 210.0 

July 25	 Floc 13.0 

0-1 39.0 
'1-3 28.0 

3-5 40.0 
8-10 54.0 

September 2	 Floc 3.2 

0-1 31.0 
1-3 41.0 

3-5 54.0 

8-10 49.0 

October 1	 F"loc 4.0 

0-1 61.0 

'1-3 90.0 

3-5 97.0 
8-'10 120.0 

_._--~---~.._--..- ----	 -----~---- --._ __ .._ - _- -..-.-. 

http:�..�..�...�
http:�.......�
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Table 14. Percentages of anaerobic heterotrophic bacteria dis­
playing res"istance to merclwic "ion at site B-1, Upper' 
Wisconsin River, during each sampling date. 

................... --•..•...•....-..•..•..•__ _--- ­
Hg+2 concentration (ug/ml) Sampling Sample
 

date (1982) type 7 15 37 75
 
---_•........•.....- ....__._..•...............•..•.•
 

~1ay 2
 

Ju 1Y '11 

,July 26
 

September 3 

October 1 

Floc
 

0-1
 

1-3
 

3-5
 
8-10
 

Floc
 

0-1
 

1-3
 

3-5
 
8-10
 

Floc
 

0-1
 

1-3
 

3-5
 
8-10
 

Floc
 

0-1
 

1-3
 

3-5
 
8-10
 

noc
 

0-1
 
1-3
 

3-5
 
8-10
 

18.2 

9.3 

44.8 
37.8 

86.4 

56.5 

60.7 

54.5 

42.9 
7.6 

26.9 

59.0 

22.1 

95.0 

66.7 

62~5 

90.3 

75.6 

72.2 

91.8 

55.0 

45.9 
38.9 

70.1 

70.0 

72.7 

84.7 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

32.9 

2.5 

56.4 

67.9 

72 .5
 

94.4 

90.6 

100.0 

48.8 

57.4 

95.9 

72.5 

85.2 

70.0 

89.7 

100.0 

27.3 

43.1 

100.0 

97.8 

100.0 

100.0 

64.3 

100.0 

100.0 

31. 9
 

32.3 

14.6 

12.9 

17.5 

79.6 

100.0 

100.0 

58.5 

83.3 
100.0 

62.5 

47.5 

97.8 

33.0 

34.2 

36.4 

100.0 

100.0 

100.0 

100.0 

55.3 

42.9 

100.0 

61.9 
~1,',

/ . ; 

20~8 

18.7 
o' 1

tl • ! 

16.3 

13.5 

56.3 

67.7 
51.2 

20.4 
46.9 

57.5 

29.5 

32.2 

52.6 

40.8 

http:�........�.....-....__._..�...............�..�
http:�..�...�....-..�..�


Figure 13.	 Depth distribution of me~~cury resistance at site B-1 > 

Upper Wisconsin River (bars represent depth intervals 
of sediment core), 
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Thi s means that anaerobic heterotrophs were more t~es i stant to Hg+2 

than aerobic heterotrophs. Similar results were obtained at all sampling 

sites. 

Binding of Mei~cut:'.•LJ:.g-.he~:2p..J..~ ....?!~9_~.Q.?..~r.9.p',ic Cul tUt~e ~1edia 

The greater mercury resi stance exhi bHed by anaerobic hetei"otrophs 

was not due to differential availability of mercury bet1tleen the aerobic 

and anaerobic culture medias. This conelus'jon was based on an exper'iment 

performed to determine and compare the amount of added mercut'lc ion 

available in aerobic and anaet'obic media. Binding of 2.113Hg in sediment­

inoculated aerobic and anaerobic broth media, media containing 75 ~9/ml 

Hg+2~ and distilled H20 controls was determined. 

The percentage of soluble 203Hg in the aerobic water controls 

was lot" (Table 15). This may have been due to greater bind-ing of 203l-lg 

to the plastic petri dishes than to the glass roll-tubes. For this 

n~ason, per'centages of soluble 203Hg in all samples were cakulated 

using the initial amount (DPM) of 203Hg added to each sample as the 

standard. 

It shou"1 d be noted that th"j s experiment compared the amount of 

solub"le ln€r'cUl~ic ion in the media. The soluble mercuric ion may have 

also been hound to organic substances in the med"ia. I d'id not atti:';mpt 

to determine the type of mercury binding. 

In an instances, recovery of H 
l 

3 Hg was lower from samples contain­

ing 75 JJg!ml of Hg+2 than from samples not containing mercuric ion. 

This was contrary to expectations, because it was anticipated that 

the previous addition of 75 1-,g/ml of Hg+2 would deo'ease the number 

of available binding sites. This should then lead to a gr'eater recov8i'Y 

of soluble 2U3Hg. 
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Table 15. Percentages of soluble 203Hg recovered from aerobic and 
anaerobic culture media. 

----_.•.._•..••••...........•.••.._.•...•.-._..•.••..-._------------------------­
Soluble 203Hg recovered (%)aEnvi ronmenta 1 

conditi ons Aerobic Anaerob'ic 
----------_ _._~ __._._.._ _--_•.._._.-_ _._._. 
It,D

<. 
45.0 ± 4.4b '*' 81.6 ± 27.4 

o 1Jg/m1 Hg+2 88.0 ± 30.6 106.2 ± 29.8 
(not inoculated) 

o f,.i9/ml Hg+2 115.9 ± 24.0 31.4 ± **3.6 
(inocu1 ated)C 

75 ]Jg/rnl Hg+2 22.8 ± 8.6 '*65.6 ± 24.8 
(not inoculated) 

75 :dg/ml Hg'+2 30.4 ± 7.2 36.0 ± 15.6 
(inoculated) 

......................................__ _._ _ _._._ -.._----­

a± 250, n ::; 3, experimenta'j means compared to each other using a 

t-test. 

bn -- 2'. 

(samples inoculated with B-1 sediments to get bacterial growth. 

*p ~ 0.05 

**p < 0.01 

http:�.._�..����...........�.��.._.�...�.-._..�.��
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Each fr.-edia candi tion y"iel ded significant conc~mtrations of sol ubi e 

2°;\Hg, indicating that bacterial cul tures were exposed to mercuric 

ion. It would not be expected that 100% of the soluble mercudc 'ion 

would be bound to organic substances in the media. The recovery per­

centages in matching aet'obic and anaerobic samples suggests that the 

heterotrophic ba.cteria were exposed to significant concentrations of 

unbound mercury. 

Neasun::ments of Nercury ~1ethyl ati on Acti vHy 

~1ercury methylation activity was examined unde~~ a vadety of condi­

tions to evaluate potentials for mercury methylation in the Upper Wisconsin 

River. The majority of methy"lation experiments wer'e pet'formed on B-1 

sediments because of the high methyl ati on acti vity and the hoi gh mercu)"'y 

concentrations (25) obset~ved in these sediments. These experiments 

were designed to determine where methylat"ion act"ivity was greatest 

in the core profi 1e and the effect of chang'ing env'i n)nmenta1 parameters 

on these activities. The mercury methylation percentages measured 

in these experiments indicates potential methylation activity, not 

actual rates occurring in the Upper Wisconsin River. This is because 

significant concentrations of Hg+2 were added to all samples because 

of the 1m'! specif-ic act"ivity of the mercur'y isotope. Methylation activH.Y 

was nat observed in any of the killed controls, which ~u99csts that 

measured methylation potentials were due to biological activity and 

not abiotic processes. 

DeRth DistributiOl!.....2.f.J1ercury ~1eth.Ylation 

Throughout the sampling season, h"igh methylation activity was 

observed in the sediments, whereas minimal to undetectable activities 

....••••••••I.II.·i:[I::: •• 
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were n~asured in the water column. Methylation assays were done on
 

H20~ sediment-floc, and var'ious sections in sediment cores from sitE~
 

B-1 to detennine the location of methylation in the sediments. In
 

all sediment cores~ methylation was highest in the surface sediments
 

(0-'] em); activity consistently decreased with depth (Table 16). Oeepel­


sediment layers (9-10 em) exhibHed litt'le methylation activity.
 

Figure 14 illustrates methylation activity with depth in COI"e #1 

from Septemb(=~r ']6~ sho'fling the peak of methylation activity in the 

surficial sediffif.:nts. No methylation was detected 'in the water column. 

In the floc~ 0.22% of the added ~03Hg was rr~t~ylated. As previously 

stated~ methylation activity was greatest 'in the surficial sediments 

and decreased with sediment depth. 

Effect of rnv; rOni!f€nta 1 V~!.J9..~.L~.~....Q~m~~thyl ati on Activity 

Tem2erature. ~lethylation activity 'in Upper Wisconsin River sed'iments 

was lowest at 4DC, increased to maximum at 35ac~ and decreased at tempera­

tures above 35°C (Fig. 15). This optimum was considerably higher than 

the maximum in sHu temperature of 24 a C. Significant mercury methylation 

activity occun"ed at temperatures as high as 50 a C• 

.P..t?..~Q.!..~.~~ oxygen concentl"<ltion. S'ignif"icant !'r~rcury methylation 

activity occurred in all anaerobically-incubated sediment samples. 

Radlolabe1led methy1mei"Cury was essentiaJly undetectable in the same 

sediments incuba,ted aerobically. Th'is indicates that anaerobic conditions 

favor the formation of methylmercury 'in the Upper ~lisconsin River. 

Organic.J.2.9.2J.~.9,. Higher methylation potential was observed vlith 

B-1 sediments than 0-6 sediments on most sampling dates (Table 17). 

Sediments at site B-1 were more organ'jc enr'iched than 0-6 sed'jinents 

(Table 3). Th'is 'jed to the hypothesis that increa,sed organic content 
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Table 16. Vet~tical distribution of mercury methylation at site B-1 ~ 
Upper Wisconsin River. d 

----------------------_._...•........•.. 

PERCENT METHYLATION 

2 June 1982b 16 Sept. 1982c
Sample _._.__._....._._..•..•..__...._.._...._..•..............,--- ... 
depth core core 2 core 1 core 2 

---------------_......••._..-_._.............•....•..............•..•.•.- _ .
 

H2 0 0.00 0.00 0.00 0.00 

Floc 0.00 0.00 0.22 0.22 

0-1 em 1.18 1.13 2.53 1.62 

1-3 em 0.63 0.36 2.20 d 

3-5 em 0.17 0.12 2.09 1.14 
,­

6-7 cm 0.64 0.20 

9-10 em 0.23 O....?1, 0.13 0.10 

aAl1 samples incubated anaerobically in BOD bottles. 

bSediment slurry (lg sediment + 1 ml anoxic river water). 

cSe<.hment slurry (39 sediment + 3 ml anoxic rivet' water). 

dNot determined. 

http:��._..-_._.............�....�..............�..�.�
http:�..�..__...._.._...._..�


Figure 14.	 Depth distdbution of mercury methylation at site B-1, 
Upper Wisconsin River (bars represent depth intervals 
in sediment core). 
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Figul"'e 15.	 Effect of temperatlJre 011 met~cury methylation activity 
(error bat's represent values obtained from duplicate 
samples). 
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Table 17. ~1e~~cury methylation at sites B-1 and 0-6. Upper Wiscons'irl 
River. 

............................................_•._--------_. ._._.............. _.....•.••.....•_-----­

Sampling Percent methylationd 

date (1982) B-1 0-6 _ -.... ._.._.......................•...•.._------~. 

Md.y 5b 0.58 ± 0.20 0.48 ± 0.00 

June 6 0.30 :t 0.00 
.*,* 

0.64 ± 0.08 

July 31 **2.78 ± 0.50 0.86 ± 0.56 
'it. 

September 7 3.75 ± 2.06 0.50 ~ 0.00 

OctDbet~ 5 0.47 ± *0.16 0.18 ± 0.20 
............_._-- ..•......•..•.•.._..•..•.._-----------_. 

a± 25D, n :: 2, exper"imenta1 means compared to each other using 

at-test. 

b2 days @ 20('C 

*p.::,0.10. 
*-;'; 

PS. 0.05. 

http:�......�..�.�.._..�..�
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in sediJr,ents could stimulate methylation activity. To test th"is hypothe­

sis, varying concent~~ations of various ot"ganic compounds (starch, sludge~ 

glucose, and vitamin 8 12 ) were added to 8-1 sediments. The additions 

of starch, sludge. and glucose did not significantly (p > 0.05) increase 

methylation activity (Table 18). The addition of 0.1% sludge did in­

crease methy"lation activity; howeve~~, this was not repeatable in sub­

sequent experiments. In a separate experiment, the addition of vitamin 

B12 to B-"j sediments did not stimulate methylilt"ion activity (Table 19). 

Separate organic addition experiments were performed on D-6 sediments 

because of the lack of st.imulation of methylation actoivity in B-1 

sediments. It was anticipated that fJi"ganic "'oading would increase 

methylation activity in D-6 sediments, which contained a lower organic 

content than those at site B-1. The addition of peptone, 2.0% sludge, 

and 2 and 10 ~Jg/ml vitamin B:~2 significantly increased methyldtion 

activity in D-6 sediments (Table 20). The addition of peptone to 

0-6 sed"irnents increased methylation activity by as much as three-fold 

and the amount of st"irnulation was proportional to the amount of peptone 

added. 

_~§:~.?.9.~.9.L_.Y.~.r.i at i on i n tv1e rcut"y Me t h,Y I at -j QT.!. 

Mercury methylation activities in water, sediment-floc, and 

sediment from sites B-1 and 0-6 from April-October OJ 982 were analyzed 

as a funct"ion of vadous physical and chemical parameters (bacterial 

numbers, tur.bidity, secchi depth~ dissolved oxygen, and W<lter temperature). 

The rrighest methylation activity \>JdS obset~ved in B-1 sediments 

throughout the study (Fig. 16). During t~ay and June, methylation 

activi~y was low. The maximal methylation activity in B-1 sediments 

occurred during September. Methylation activity decreased sharply 
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Table 18.	 Effects of m~ganic additions on mercury methylation in 
sHe B-1 sed-iments. Uppe~" Wisconsin River (21 October 
"1982) • 

--------------------------_....._....._.._.•..•..••..•.....•................... 

Addition 
type 

...~~.~~ ......-_..-----................_..----­

Pet'cent a 
methylated 

Methylation as a 
pel~cent of control 

none (control} 0.13::': 0.12 

0.5 111M starch 0.07 ± 0.04 54 

2•0 mt>1 sta rc h 0.09 ::': 0.12 69 

10.0 mM starch 0.15±0.l4 115 

0.1% sludge	 0.36 1: 0.20* 217 

0.4% slUdge	 0.18 ± 0.26 139 

2.0% slUdge	 0.06 :': 0.06 46 

0.5 rrN glucose 0.12 ± 0.10	 92 
2.0 111M glucose 0.11 ::: 0.06	 85 

10.0 mN glucose 0.14 ± 0.20	 108-_...•.......•..•.••..•............•..•.••.._.....•..•...............•.....•................•...........•........................••.••.•••.•..••.-._.,---------­

a± 25D, n ::; 3, experimental means compa~~ed to control using a t-t.:!st. 
*p < 0.05. 

Table 19. Effect of vitamin B12 on mercw~y methYlation in B-1 
sed'imen't, Upper Wisconsin River (16 November 1982). 

Addition Percent Methylation as a 
type methy'! atedJ percent of control 

_._.....•.....•..•._._ _,----------------_.------------ ­
none (control) 1.03 ± 0.02b 

0.05 i-lg!ml B12 0.971:0.12 94 

0.50 pg!m'! B12 l.m :t: 0.22 98 

2.00 ·;.tg!m1 B1:~ 0.78 ± 0.34 76 
5.00 pg/ml B1:( 0.99 ± 0.52 96 
..................................................•..-._._.................•........•............•................_.......•........_.­ _-------- ­
aJ 2SD, n - 3- . 

bn::: 2" • 

http:�.....�..�
http:�.......�..�.��..�............�..�.��.._.....�..�...............�.....�................�...........�........................��.��.���.�..��
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Table 20. Effects of organic additions on mercury methylation in 
D-6 sediment~ Upper Wisconsin River (10 December 1982). 

----~~..-~~ _................................ .. - - _­
r"ethy 1at i on as 

Addition Percent a percent 
type methylatedCl of cont~~o1---_..•..•................-_. .........•.......•...• _.••..•............ 

none (control) 1.24 ± 0.26 

0.10% sludge 1.37 :t O. '16b 111
 

0.50% sludgt; 1.48 ± 0.32 119
 

2.00J,; sludge L77±0.16* 143
 

0.5 Ug/ml Vitamin B12 1.79 ± 1.10 144 

2.0 ug!ml Vitamin 8 12 2.12 ± 0.08** 172 

10.0 u9/m1 Vitamin B12 ·1.88±0.52* 152 

10 u9/m1 Peptone 2. 13 ± 0.44** 172
 

50 ug/m1 Peptone 2.35 ± 0.34H .. 190
 

200 ug/ml Peptone 3.60 ± 1.OS*b 290
 
._---------_•••.•...........•.._.............. ................•_--­

a± 2SD, n :::: 3, experimental means compal~ed to control using a. t-test. 

bn ::: 2 . 

.* 
p < 0.05. 

** p .:: 0.01. 

http:���.�...........�


figure 16.	 Seasonal variat"ion in mercury methylation activity in 
water, floc, and sediments of sites B-1 and U-6, Upper 
Wisconsin River (error bars represent the high and low 
values from duplicate samples), 
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during October. November~ and December. ~1ethylation activHies in 

sediment-floc and water samples exhibited the same temporal t~~ends 

but Wt'H'e much lower than that in 3-1 sediment. An exception to ttds 

tt~end was noted with D-6 sediments. Peaks in methyl ati on acti vity 

were not due to seasonal fluctuations in temper'ature. because a'il 

samples were incubated at 20 C)C. By estimating methylation act'iv1ty 

increases and dec~"eases from seasonal .1!l ~H.~. temperatures (from 

fig. l5)~ the seasonal methylation activity peak 'in B-1 sediments 

shows little change (Fig. 17). 

Bacterial numbers fluctuated throughout the season. but generally 

shm.;ed less than an order of magnitude change (Fig. 18). The greatest 

increase in densities occurred with anaerobic bacteria in the sediment-

floc. This would be expected because sediments became more anaerobic 

dur'ing the summer months. Similar trends we~·e obser'ved in an other 

samples (B-1 water samples and site D-6 samples). Consequently, 

it is difficult to associate changes in methylation act'ivHy with 

changes in bacterial numbers. 

Seasonal var'iations in temperature. dissolved oxygen, secchi 

disc depth. and turbidity at sites B-1 and 0-6 are shm\ln in Figure 19. 

Rises in water temperature coincided closely with decreases in dissolved 

oxygen concentt~at ion. Peaks in methyl ation act'i vity wet~e observed 

during the pet"iods with lowest dissolved oxygen periods. 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. 
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Figure 17.	 Seasonal variation of mercury w~thylation activity in 
sediments corrected fo~~ in sHu temperature at site 
B-1, Upper Wisconsin River (error ba.rs represent the 
high and low values from duplicate samples). 
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Figure 18.	 Seasonal variation in aerobic and anaerobic 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~ dissolved 
oxygen~ secchi depth, and turbidity at sites B-1 
and D-6, Upper Wisconsin River. 



84 

9/29 

.~. 
0 

0 

8/31 

SAMPLING DATE 

6/3 6/29 7/9 7/23 

2-14.. 
~Cl___ 

~ :::----;-111-­ ~ __ III 
~ 

0-6 

a 

o 

·I·""~ ::::.:-....
D_6~·~O " • 

~~o ", 
B-1 e 

.~-6 • • 
~ III lIII----­

a~.~ "lIII/ 0­ .-0 

B-1"""" 0 0-0------­
-........... o/' 

B-1 
0_ '0 0 

---0-0 0----.•III • 11- II'~><:::::: /'
0-6~ • 

4/29 

() 

i 
~ .:;. 8 
0 
£:) 

4 

0 

.-., 
p-.g.. 

~ 

~ 
oc 
~ 
<;t 

tV 

5 

~40 
-
~ 
Q
m 
~ 
F .... 

0 

-S 
~ 
fu a 

5 
0 
SA.! 
U) 



85
 

Effi=_~t of Bindi n9 of J~'t~~~ur,r to Sediments on MeJ!!YJ_~.!J.9.!~~ ...~~ti vity 

As much as 7% of the added 2lHHg was methylated in some prelirrri ­

nary experiments (Table 21). This indicated that mercuric 'iofl bound 

to sedil"nents remained biologically available for methylation by bacteria. 

To exam'ioe thh; phenomenon~ sediment slun'Y samples prepared anaerobically 

in BOD bottles were assayed for n~thylmercury fon~ation at various 

incubat"ion times and compared to the amount of 20 SHg in the sediment 

porewater. Sed'iment samples for thh experiment were collected during 

December 1982 and showed little methylation activity due to the cold 

temperature of the time of year (see Fig. 16). To overcome this 10\'1 

activity, 1000 ~Jg/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

labelled mercuric 'ion was available in the porewlter (Fig. 20). Hm'leve~~, 

the percentage of mercuric ion methylated exceeded the percentage 

of unbound radioactive mercury as 'incubation t'ime increased. For 

example, after 120 hours of incubation. less than 2% of the added 

t"adioactivity was unbound, but almost 3%. of the added mercuric ion 

had been methylated. It should be noted that radioactive mercury 

'in the pore\<later would consist of 2°"Hg as wen as soluble t~ad'io­

labelled IT;€thylmercury formed during the incubation. Therefot~e, 

the arnount of unbound 203Hg was 'Iess than the amount of unbound radio­

label"led mercury indicated in Figure 20. These data suggest that 

anaerobic sediment bacteri a at'e capable of methyl ating bound me~·'cur'y. 
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Table 21. T"ime course of mercury methylation at site B-1 sediments, 
Upper Wisconsin River (21 July 1982). 

.. _..---..---_ .~ 

Incubation time (hr) Percent methylation 
-------------------_.-----_.._-_._---_....._...._••...•... 

20 0.05 

24 0.44 

53~5 "J .43
 

101 ,5 3.57
 

173.5 7.33 



f'igure 20.	 Relationship between merclwy binding and methylation 
activity at site B-1 3 Upper Wisconsin River (en'or 
bars represent the high and low values from tripli ­
cate samples). 
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DISCUSSION 

This research qllantified bacterial met~cury resistance and methlyla­

tion act-iv1ty under near ii!. situ condHions. To accomplish this s rad"irJ­

active mercUt~y was used in short incubation experiments to evaluate 

short-term fluctuations in methyl ati en acti vity. In addUi on, the study 

focused on methylat'jon activities in anaerob-ic sediments by use of 

strict anaerobic techniques. Anaerobic sediments dre the primary 

site of microbial activities, and contain high concentrations of 

met~cury in the W-isconsin River. It isimpor-tant to note that the 

results presented in this thesis reflect P2Jential (not actual) methyl­

mercury activHy in the Upper Wisconsin River because radiolabel1ed 

mercury was added in all experiments in quantities sufficient to 

alter the in situ pool of mercury.
,.._.. _­

Aerobic heterotrophic bacteria exhibited significant resistance 

to mercudc ion. The hi ghest percentages of aet~obic, mercury-t~esi stcHlt 

heterotrophic bacteria were recovered from water. This was expected s 

because most sediment bacteda ex'j st under anaerobic condHions. 

As many as 100% of the aerobit heterotrophic bacteria exhibited resis­

tance to 7 ~g/ml of Hg+ 2 
• It would, however, be unlikely that natural 

communities would be exposed to i-;oncer.tt~ations that high. Hm-Jever, 

these data demonstrate the potenti a1 abi1 i ty of these bacter"j a to 

survive sudden increases in mercury concentrations. The most common 

mechanism of mercUt~y resistance is reduction of mercuric ion to elemental 

mercury (29) 30, 31> 54 s 55, 95, 97), which 'is volatile and 5ubse­

quently lost from the medium (54. 86 s 96). Therefore, these results 
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indicate a potential for volatilization of mercuric ion entering 

the Upper Wisconsin River. 

The use of pheny"Jmercuric acetate by pul p and paper mill s on 

the Upper Wisconsin River was discontinued in the late 19505; however, 

a significant mercury-resistant community of aerobic heterotrophic 

bacteria exi sts. Ther'e are other potential sources of mercury contarrl"i na­

tior. to the environment, such as domestic sewage~ which probably 

contributes mercury to the Upper Wisconsin River. A mercury-resistant 

population of bacteria would evolve in the presence of high concentra­

tions of mercury. It shoul d be noted that aerobic heterotrophs showed 

essentially no resistance to concentrations of Hg+2 greater than 

7 119/ml. 

H"igh anaerobic heterotrophic resistance occurred in all sediment 

samples including sediments with low concentrations of mercury. Lake 

DuBay (D-6) sediments contained less than 0.1 119/9 of mercury~ whe~~eas 

Brokaw (B-1) sediments contained greater than 2 119/9 of mercury (25). 

The presence of mercury-resistant aerobic heterotrophic bacteria 

appears to be widespread throughout the aquat'ic environment and not 
........:.:::
 

only in areas containing high mercury concentrations. Nelson et al. 

(69) isolated apj:woximately 900 strains of mercury-resistant bacteria 

from the Chesapeake Bay; the dominant qenus was Pseudomonas. No
..... ..............-..-........ ,. ..~.._,.,...a;u
 

data is available on densities of mercury-resistant anaerobic hetero­

t~~oph"ic ba.cter'ia. in aquatic environments; however, my resul ts suggest 

that anaerobic heterotrophs are more resistant than aerobic hetero­

trophic bacteria to mercury. This implies even greater potential 

for volatilization of Hg+2 from sediments. 

""""7W'" 
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Binding experiments indicated that the amount of soluble mercuric 

ion was essentially the sarrll7! in both aerobic and a.naerobic culture 

media. However~ it is not known if the soluble mercuric ion was 

being bound to soluble organic compounds. The presence of cystein 

'in the anaerobic media had no effect on mercury resi stance (M. R. 

~Ji nfrey, pers. corrrn.). Ramamoorthy and Kushner' (79) have reported 

dHferential binding of mercury in cu1tw~e media; however, it is 

likely that the observed increased resistance of anaerobic heterotrophs 

was valid and not due to differential binding. 

Seasonal vadations in the densH'ies of mercury-resistant aerobic 

and anaerobic heterotrophs were not observed. This suggests that 

bacterial communities in the Upper Wisconsin River have reached a 

steady state with respect to mercury resistance. These results differ 

from those of Nelson and Colwell (70), who reported a spring peak 

in the densHies of mercut'y-resistant aerobic hetet~otrophic bacteria 

in the Chesapeake Bay. They also reported that mercury resistance 

cotTelated positively with water transparency (Secchi disc), dissolved 

oxygen, and total rnercury concentration in the sedirnent. My results 

showed no correlations with these environmental factors. ~1ore wot'k 

needs to be done in this area due to the differing results obtained 

bet\<,feen separate aquatic ecosystems. 

Not surprisingly~ the greatest methylation activHy was observed 

in the sediments, because the highest bacterial densities occurred 

there. This was probably due to greater availability of organic 

rr.0,teria'ls in the sediment. Mercm~y methylation was maximal in the 

sut"face la.yer (0-1 cm) of sediment. Surface sediments exhibit greater 
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overa 11 microbia 1 activity due to the constantintroduct'ion of fresh 

or'ganic compounds (l09). Deeper sediments contain little labile 

matter, and general microbial activity decreases with sediment depth 

(109). Therefore, mercury methylation activity in Upper Wisconsin 

Hiver sediment corTelated with typical profHes of microbial activity 

in sediments. 

Surface sedi~~nts probably have the greatest potential to release 

methylmercury into the water column. Jerneli5v (46) repO}~ted that 

when macroorgani sms at"e absent. the release of methylmercury occurs 

almost ent'irely 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 methylmercury-producing sediments has been documented 

(8. 91, 92). Spangler et al. (92) showed that the level of methylmer'cury 

in batch-flask sediment cultures dropped drastically after an initial 

'increase in methylmercur'y levels over a lo5-month period. They concluded 

Hwt this was due to demethylating m~gan'isms. Billen et al. (8) 

hypothesized that an equilibrium between methyla,tion and mineralization 

might eventually be n:~ached. This may have occurred 'in Upper Wisconsin 
":::::::::i;:;;::::;: 

R'j vel" sed-iments; however, the i ntr'oducUon of mercury from natura 1 

or anthropogenic sources would alter this balance and significant 

rr~thylmercury production could be the result. 

The effects of var'ious physical and chemical factors clarHy 

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 temperatur'e. However. temperature effect exper"j­

ments showed that 'increases 'in incubation temperature increased methylation 
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activity. The optimum temperature for methylat<ion activity was 35':)C~ 

which was substantially higher than the max"imum J.n. situ temperature 

of 24':JC measured during this study. However, an in ~jJY.< temperature 

of 33<>C was measured at site B-1 in ..July 1983 (M. R. t~infrey~ per-so 

camm.). This high temperature indicates that sign"ificant increases 

in mercut'y methylation could occur with incr£~ased environmental tempera­

tures. This ma.y be significant in areas l~ecei\""ing heated thermal 

effluents from power plants. 

Significant methylation activity occurred at temperatures as 

low as 4<>C and as high as 50°C. Methylat'ion activity at 4°C indicates 

that psychrophil ic bacteria present in sediments can meth,y'! ate mercury, 

whereas methylation at sooe suggests that thet~ophilic bacteria can 

methylate mercUt'Y. 

Methyl at jon of mercury has been shown to occur under both aerobic 

and anaerobic conditions (73, 105~ 116), although the effect of dissolved 

oxygen is not completely understood. Olson and Cooper (73) reported 

grea ter anaerobic methyl ati on l~ates than aerobic rates in San F)'anci sco 

Baj' sediments. whereas Vonl< and Sijpsteijn (l05) )'eported greater 

aerobic rates than anaerobic rates in several pure cultures of bacteria. 

The results of the present study clearly indicate that anaerobic 

conditions increase the potentia.l for methylmercury production in 

the Upper Wisconsin River. However~ these expedments did not account 

for demethy'Jation or dimethylme)'cury production. The fOl~maUon of 

volatile dimethylmercury or increased demethylation could account 

for the obsel~ved decrease in methylmercw~y formation. 

Olson and Cooper (73) hypothesized that the presence of oxygen 

could signif"icantly increase methylme}~cury decay rate, which wOldd 
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cause the net methylmercury pl~oduct'lon to be greater under' anaerobic 

than aerobic conditions. However~ in essentially all aerobic samples 

assayed during the present study, the net amount of methylmf:rcury 

produced was near zero. Even with increased decay rates. 100% methyl­

mercury decay WOUld not be expected during the short incubation periods. 

Therefore, the potential for anaerobic fonnation of methylmercury 

in the Upper Wisconsin River is greater than the potential for aerobic 

formation. 

Increases in temperature and decreases in dissolved oxygen during 

the summer months in the Upper Wisconsin River would lead to anae~~obic 

conditions in surface sediments. which would increase methylmercury 

j:woduct'ion. Therefore~ the summer peak in methylation activ"ity was 

probably influenced by an increase in anaerobic condHions. 

Greater methylation was observed in B-1 sediments than in 0-6 

setUrnel1ts. This was probably due to the greater amount of organic 

lnaterials at site 8-1. Several investigators have shO\'l11 that methyl­

!Tlf;rcury production is enhanced by increasing nutdent leveh (9, 

?? I • The organic effects experiments demonstrated that enrichment~t-~ .... 3.) 

with sewage sludge. vHamin B12~ and peptone lead to increased methyl­

ation activity in 0-6 sed'lments. Increases in methylation activity 

were more apparent in D-6 sediments than B-J sediments. This was 

pt~obably because 8-"1 sediments \'Jere already h'lghly organic and subse­

quent additions did not affect overall microbial activity. 

Stimulation of methylat'lon activity with se\'Jage was variable. 

This is difficult to interpret because the types and quantHies of 

the organic matter present were not known. SOlne of the orgafl"ic matter 
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present was wood fibers and chips. Therefore. it was not possible 

to evaluate which compounds were stimulatory to methylmercury produc­

tion. 

The a.ddHion of vitamin B12 increa.sed methylation activity in 

D-6 sediments; however. increases were less than would have been 

expected due to the importance of vitamin B12 as a precursor for 

a methylation mechanism. Ridley et al. (82) reported a mechanism 

for the vitamin B12 dependent methyl transfer to menuric ion. This 

evhience suggests that methylation via vitamin BIZ may be utflized 

by sed"iment bacter"ia in the Upper Wiscons"irl River. but, the major 

in situ mechanism is unknown. 

The greatest stimulation of methylation activity in both B-1 

and D-6 sediments occurred with the addition of peptone. Peptone 

contains amino acids and peptides that are easily utilized by a wide 

variety of bacteria. Other investigators (32, 1"l5) have reported 

increases in methylation activity after endchment wHh tryptic soy 

broth, which contains peptone. Another potential mechan"i Sin foY' methyl­

mercury formation could involve the utilization of amino acids as 

methyl donoy's. 

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. COmITl.). 

Therefore, sugar and cat~bohydt~ate compounds do not stimulate methylation 

activity in Upper W"isconsin Rivet~ sed"iments. 

The actual methylation mechanisms "involved under jJl ~J..!'~' conditions 

rernain unknown. Results of this study suggest that more than one 

mechar)"jsm 'is uti'lized. Fuy·ther work should determine the role of 



95 

amino acids on mercury methylation, because peptone caused such a 

significant increase in methylation activity. 

The dens1t'ies of aerobic and anaerobic heterotrophic bacteria 

showed random fluctuations during the pedod of this study. Seasonal 

methylation experiments, however) showed a peak in methylation activity 

in waters floc, and sediments from site B-1 during sampling trips 

in JUlY and August. Similar peaks occurred in water and floc samples 

from sHe D-6. but a peak was not obset'ved in D-6 sediments. Furutani 

and Rudd (32) observed sirrrilar seasonal methylation peaks in water 

and sediment-floc sd.mples 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 W!i~tly exp'!ained 

the observed seasonal peaks in n~t~ylation activity. Higher temperatures 

incr'eased the potent'ial for significant I'nethy'lation activity; however. 

the potential for methylation existed even to temperature extremes 

(4 D and 50 0 e). An increase in anaerobic conditions. which occurred 

duri ng the sumn~y' months t fa vared methy'l mercUt'y production. Oxygen 

'inh'ibited net methylat'ion activity. In gener'al, increases in microbial 

activity appear to have lead to an increase in methylation activity. 

Factot"s that increase nutrient availability. such as increased pi"irnary 

production during the summer and input from sewage treatment plants t 

would increa.se microbial activity and also 'increase methylation activity. 

Increased microbial activity would also decrease oxygen concentration. 

Kudo et 0.1. (58) showed that up to 97% of the mercury in aquatic 

environn~nts is sorbed onto particu'late matter and becomes associated 

with the bed sed·iments. t'lercw"y b'inding experiments in the present 
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study showed that greater than 3% of the added w-€rcury was methylated, 

wi)'i 1e 1ess than 2% rema ined sol ub1e in the pOt~e\'latet~) i ndi cat i ng 

that bactet~ia can remove and methyl ate sediment-bound mercury. Thi s 

is of considerable eco'!ogical signif"icance because of the high mercury 

concentt~ations in the Upper t~isconsin River sediments (25). Thus, 

methylation rates in these mercury contaminated sediments may be 

greater them was previously considet"ed possible. Increases in turbidity 

may also lead to increases in m~ethylation activity due to increased 

bactel"ia'J exposure to high concentrat'ions of bound met~cury. 

The potential for significant methylmercury 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 me~"cury already pt~esent in the sediments. 

the potential for Y'edistribution of mercury in Upper Wisconsin River 

sediments. and the ability of bacteria to methylate bound mercury. 

The potential for methylation is greatest during the summey' months 

due to i ncrea sed temperature, inct~ea,sed microbi a1 acti vity. enhancement 

of anaerobi,.G conditions, and increased availability of organic material. 

Further work is necessary to measUt~e actual 
.••• <n.... .........._
 

in situ methylation
.~.. " 

~~ates in the Upper t~isconsin River; however, the experiments in this 

study wei'e desiGned to simulate in situ conditions as closely as- --- . 
possible. Quest"ions also ex'ist concerning the amount of mercUt~y 

availab"le for methylation. High concentrations of the added mercury 

wet~e not methy"l ated. The form and fate of thi s unrnethyl ated mercury 

is unknown. Adsorption, precipitation i vo'Jatilization as d'imethyl­

rnercury or elemental rne~~cury, and demethylation mechanisms are probably 
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impo~~tant transformations occurring in the Uppe~~ Wisconsin River, 

The rel ati ve importance of these phenomena are not knovm. The resul ts 

of this thesis and further experiments designed to answer questions 

that have arisen from this research should clarify the role of microbia! 

IT~rcury methylation in aquatic ecosystems. 

"-::::;:;::::;;:;:: 
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CONCLUSIONS 

The following conclusions can be derived from the results of 

this study; 

1)	 A signHicant community of met'cury-~~esistant aerobic 
and anaerobic heterotrophic bacteria exists in the 
Upper Wisconsin River. 

2)	 Anae~~obic heterott'ophic bacteria are more resistant to 
met~cury than aerobic heterotrophic bacte~~ia 'in the 
Upper Wisconsin River. 

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

4)	 Mercury methylation in the Upper Wisconsin River is 
primari 1y an anaerobk process. 

1:;\	 SUl~face sediments have the grea,test potentia'] for producing v} 

and	 releasing methylmercury into the water column. 

6)	 Factors that raise water temperatures or increase 
nutrient availability incr'ease mercury methylating 
potential. 

7)	 The greatest stimulation of methylation activity occur's 
after the addition of amino acids. 

8)	 Bacteria, can methylate bound mercury in Upper Wisconsin 
Ri ve~~ sediments. 
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