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ABSTRACT = .-

-

Despite'a wezalth of litersature on mercury nethsla;ion. there

. : ‘ e
is still a3.lack of concensus on the environmental generation of

vii

methsl mercuryy: and on the role ‘that bacteria or other

T
nicroo?ganisns may play in this process.

This study uaérinteﬁﬁeq to look at the. alternative - methods
by which methyl mercury can be generaﬁed in the environment, and
to investigsate ‘further the role af ﬂicroorganisné in -nethgl
mMercury prcductioﬁ.‘ éns discussi;ﬁ of- the environmentsl
production of methsgl mercury must also be:‘concerned‘ with the
availaﬁilits and flux of mercury within the*environment. Hénce,

- mMercury iqterconversions _ become an important ancillisar
consideration. - The research reported here was carried out 3s 3
part of the Ottaws Rivgr Project. | —

Eacterisl) cultures from Ottawa River éedimeﬁt, uhich were
tolerant of 10 ppm mercury added to the arowth medium, failed ‘to

gererate detectable methyl mercury levels when grown irm Foote &

Tawlor m#edium, contaiming 10 ppm added mercuric chloride or mer-

=]

curic nitrate, for up to 11 days. Mixed bacterial qulfures ‘fron,

the slime lager on the exterior surfaces of fish produced similar
resuslts. Even iéoiates with the reported abidity to‘ generate
methyl wmercury, showed no such production when incubatéd with
mercurie chloride. Cultures which were incubated with wmercuric
acetate were shown to contsin some methsl .mercurg. However, it
was ‘later showrr that this methyl mercurs wss not present. as a
resuwlt of microbial activity. Attempts to sﬁou .Hebcu;s
methylation by fungal cultures also gave neaative results.

During the course of the methyglation experiments, both mixed



wvid

and pure cultures of bacteria from the Ottaua' River and its
resident f15h shoued some ability to volatlllse added inorganic

Mercury, 3nd hence the potential to affect or effeet mercury Tlux

.

¢uith1n the env;ronmen#.

The ability of microorganhisms to compete suceesSfulls with

sediment for mercury in the aqueous environment was also'.denon—
‘étrated. EBscteris could‘accumulateafrom water mercury that had
pfeviousls been boudd to the sediment. The additiom of a ‘chelat-
ing mixtlure to the water significantly imcreased the binding of
the mercury 4; the bacteria.

Methyl mercury production proved nuch‘easiér to demonstrate
in defined chemical, rather than biological sustems. Ultraviolet
or sunlight jrradiation of mercuric acetate, ﬂerduric oxide or
mercuric sulphide, the last two in the presence of acetic scid,
in either distilled or river water, gave substarrtial quantities
of methygl' mercury after‘a 6-day period. Houwever, experinenfs
where sinulated. Water columns, containing realisficalls low
1eveis of zdded mercurys, were irradiated showed no detectablé
levels of methyl mercurs with or without fish 2s bioaccumulaiors.

A hypothesis is proposed which examirnes alterfiste nechanlsns

for methyl mercury generation in the ernvirorment. 2

)
.

i
,
5
i
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RESUME

Bien <qu’il’ 4 ait une abondance d’inférﬁation. scientifique’
sur-{la methylation du mercure, il est difficile d’&tablir un
_conseﬁsﬁs surl lz production du “mercure § méthylique dans
l‘environnement, . ainsi que de definer le role que peyvent Jouer
les bacﬁéries'ou autres microorganisﬁes dans ce pfoceséus.

Cette recherche a pour but d’étudier les néfhodes diverses
éar lesquelles le mercure méthylique peut-etre produit dans
1l’environnement et &xaminer davantaqe lg part que jouwent les
microorganismes dans la production du mercure méthyglique. Toute
hupothdése relative 3 la production du merqure. méthulique -dsns
1 environnenent doit aussi prendfe en ' considération la
disponsibhilité et le fldg du mercure. Les~iﬁtercdnversions du
mercure sont deQenu urnn apport d’examen inp;rant'et le rdle des
microorganismes dans 1s mobilisation du mercure a3 aussi été
consideré. Cet%e recherche a3 eté conduite comme faisant ﬁéftie du
Prqjet de lz Riviere Ottawa. | . |

Les  cultures bacteriennes du sédiment de la Riviere Ottaws,
qui peuvvent cro?tre_ dans lés cultﬁres conternant 10 pem de
mercure, n‘ont pas réussi 3 produire des rivaux de mercure
méthylique .détectables lbrsque cultivé dans le medium Foote &
_Taulor conternant 10 ppm de nitrate de mercure ou de chlorure de
mercure, Jusaqu’a 11 jours. Lés cultures bacteriennés' mixtes,
provenarit ‘des couches vasewses qui entourent les %urfaees
exterievres des poissons, ont produit les resultat sembables.

Mémes les icolés aui ont été reporté d’8tre-capable de produire

du  mercure méthylique n’ont pas produit de tels effets lorsque



ils ont éﬁéiincubé avec ;eiehlorure.de mercure. Les cultures qui
ont &té incubé avec 1’acetate de mercure contensient du mercure
lkéthslique. mais il 3 étéupréuvé plus tard que ceci n‘était pas
pro@uit pér les cultures bacteriennes. Des essais”pour demontrer
la "méthulation du \percute par des moyens de culture de
champignons ont aussi donné des resultats negatifs.

Au cours de l‘émperimentation du pracédé de méthulation 3 1a
fois des cultures mixtes et pures de bactéries provenant de 1la
Riviere Ottawa et de ses poissans ont indiqué la capacité de
volatiliser le merctre ;norganique supplif et ainsi le potentiel
de modifier ou d‘affecter le flum. de Mercure dans
l’ernvironnement.

La capacité des micro;gaﬁismes de bien rivalisgr avec le

- . . ) " .
sediment pour l‘obterntion de mercure dans l’environrnement

’ . . ” ” ” [ ” . -
aquatique 3 zussi ete demontre. Les bacteries peuvent tirer de
g
. rd ’ . . I .
1’es3u le mercure qui a été suparavant 1ié .au sediment. Quand
”~ . ”
l1’ea était swupplemente avec un melange de -chelateurs, les

bactéries peuvent -liér urie plus arande quantité duw mercure.
Lz production du mercure méthylique est plus facile 3
démortrer dans les systeémes chimiques limites plustat que dans un

ssstéme ‘biologique. Les irradiatibns wltraviolettes ow  de

lumiere solaire de 1l acetste de mercure, de l‘oxide de mercure ow

de sulfide de mercure, ces deux derniers en préserice &‘acide
acétique soit dars 1’eau distillé .soit dans l‘eau de la riviere
ont dorné des quantities substantielles de mercure methylique
pendant urne periode de 6 jours. Cependant, l’expérimentation de
colornes d’eaw simulés contenant -des nivéaux moindres de mercure

B

X ’, ~ . ) . . . . ’ .
a3joute, apres irradiation, n‘ont  pas  indique des mlvaw




—

détectables. de mercure méthulique avec ou sSans poisgqns comme
bioaécunulateurs.

Une hypothese est proposé qui examine des autrés mechanismes
par lesquelles.-lé mercure méthylique geui—Stre prodﬁit dans

1‘environnements



THE ENVIRONMENTAL MERCURY PROELEM

Introduction

Mercury (Hg) has always been present as 3 minor constitﬁent
of the environment, .but only in the last two decades has it been
__considered as 3 m3ajor pollutant. World attention was first
élerted by poisoning epidemics in Japan (Fujiki, 1963; Tajims,
1970 Fujiki & Egjina, 1973), Iraq (Bakir et al., 1973), Fakistan
{Haq, 1943) and Guatemala (Ordonex EE_EE" 1966; Ewl, 1971) as
well a3s by widespread environnéntal contamination in Sweden (Borg
et 3l., 19469; Lofroth, 19693 Rissanén & Miettinen, 1971) and
North America (d’Itri,1972b; Ssha & MeKinlay, 19737 Galster,
1975; Hanlon, 1976).

Short-chain 3lkyl Ag compounds have long half-lives in
association . with bioclogical 'naterial (Lofroth, 19}0; Hagos,'
1978): cortinuous exposure often allows them to accumulate faster
than they can be excreted. This not only leads to toxic damage to
individuzls a3t amy particular trophic level, but 3lso to amplifi-
cation throughout the food chains with the most concentrated
effects on the terminsl predators (Sticgél, 1971; Larsson, 1970).
Despite this cumulative effect, Hg undergoes a cyclic movepent
through the environment (Golduatér, 1971).

Irn the past, there has been 3 widespread belief that methygl
mercury (MeHg), the most toxic form of ng is produced by bact-
eriz in aquatic sediment and released to the overlsing water fronm
where it is accumulated by fish, It seems likely, 3s will be
.discuséed later, +that +this may be an oversimplification of a
comples envirommental problem. The work described iﬁ the experi-—

mental section is concerne& with the possible role that micro-

P T Nt L o AP N
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organisms play in the environmental generation of MeHa.

The following literature review is divided iﬁ£o three
sections. The first discusses the SouTrces, distribution and
cscliné of Hg and MeHa in the enviranment. The second is cén“
cerned with the ;quatic chemistry of Hg, including its intercon=
versions, and the availability of Hg species o microorganisnms
and other potential methylating agents. The third deals with the
present state of kn&wledge on environmental Hg methuylatian.
SOURCES, DISTRIBUTION AND CYCLING OF MERCURY AND METHYL MERCURY

IN THE ENVIRONMENT

(i) The Natural Occurence and Distributibn of Mercury and

Methyl Mercury

Mercurs OCCUrs natufalls in sbout 25 different minersls,
bt itg;principal oré is einmabar, 3 mercuric sulphide {HQS) with
low séiub;liﬁs and relatively low veolatility., It is estimated
that +he earth’s crust contains approximately 109 tons of Ha
(Bishop, 1972) which 1is not UﬁifOPHlB.diStPibUted {Jonasson &
Boyle 1271).

gpart from ore deposits, Ha is found slmost ubiquitously
in trace amounts. In mon-polluted areas rocks and soils usuallsy
contain <1 ppm of Hg. Organic-rich shales M3y contain uvp to 10
ppm and soils rich in humus up to Z PPM. Water, fresh or s3alt,
contains only ppb levels of Ha andlair contains < 1 ppbh. In the
. vieimity of Hag deposits or other precious metal ores, Hg lewvels
in soil, water and air are elevated; this is wvsed currently as an

ewploration tool {MeCarthy et 31., 1970 Williston, 194680

Rairm acts like a ‘seorubber’ system, returning atmospheric

A AT BT AR e e



pollutants to earth. Even ﬁear ore deposits, it has been sgogn
thét -Hg in the. atno%phere is almost zefo after a rainSto;n’
(McCarthy 3&_3&.._1970); Stock and.Cucuel (1934) found an average

content of 0.2 ppb in rainwater, nearly an order of magnitude

greater than in seswater 00.03 ppbl. In Sweden, sSoil receives
about 1.2 g of Hg per hectare iﬁ the annual rainfall (Rissanen &

Hiet;t:i:.'ner?,'ll‘??l). ‘

- ﬁereurse%as a strong tendency to‘bioaccunulate, and, while

there is considerable vafiation, biota usualis contain Hg levefs
3t least an order of magnitude greater tham their surroundings
(Stock & Cucuel, 1934; Johnels et al., 1967; Hirota et ai.,
1979, ’

Detziled information on the abundance and distribution. of
Hg in the U.S.A. is presented in 3 compilation of papers by the
U.S. Geoloagical Survey (Mercury in the Environwment, 1978). fhe
available data for other parts.;f the world, while rarely soO
Qomprehensive, are inm general agreement (Harrem & Delavault,
1969: Stock & Cucuel, 19343 Andersson, 19677,

where Ha concentrations are high and geochenical. cond-
itions are suitable‘ﬁor effective leaching from the rock, local-
ised aresas mM3y belsubject to high levels of ‘matural’ Hg pollut-
L0, In general, however, the area; of high Hg pollution which
have been the subject of scientific investigation are due, 3t

- -
least in part, to anthropogenic sources. QQ
Sediment levels of MeHg are either undetectable (Spangler et

3l,, 19733) or very low, and represent only 3 small percentage of

—

the totzl Hg present; 0,01-0.075X (Andren & Harriss, 1973); 0.4%Z

(Longbottom & Dressman, 1973); 0.01-0.06%Z (Batti et al., 19785,

L A e L W b A e



0.2-0.4% (Bartlett & Craig, 1981). Even in the polluted sediments

of Minamata Bay, dJapan. +the highest measured concentrétion of

-

MeHa was 11 ppb (Fﬁuiki & Tajima, 1273),-or about 0.02%.
A positive correlation has beeﬁ ébserved between MeHg levels
and crgaqic carbon, silt and sulphide uplio S'Iiniting concen— 2
tration (Bartlett & Craias _1981); ‘ﬁouever in the presence of
hiéher inorganic sulphide the ﬁeHg level declines sharply (Craig
& Moreton, 1983). Levels of MeHa in sedineéts nave been observed
to fluctuate (Bartlett Ei_ﬁl" 1977 Olsen, 1978; Bartlett &
Craig, 1981) but this obse;vaticn nagﬁﬁe partly due to an arte-
fact of the sampling procedure (Eartlett & Crasig, 1981). These
authors speculate that the introduction of oxugen to anaeroﬁic
sedineﬁts on samplina decreases the anaerobic denethslatian pro-
cesses and a3llows methslation to predominste for 3 short period.
This givés '3 rise snd subsequent f3ll in the levels of MeHsg
) detected. _Bartlett and Craieq (19815 also predict that MeHg 1is
_omly likels to be found hetween +150mV and —-100m¥, since abowve
150 aserobic demethylation processes are likely to predoninate,
and below —100 the sulphide levels would cause MeHg to be conver-
ted to dimethyl mercury (diMeHa), ;hich ig 9olatile, and HaS.
Thie may be an artefact of the extraction procedure because
sulphide has been reported to convert MeHa to bigs—-sulphur di-
methyl mercury (HeHg—S~$-Hqu) which does not extract with aluta-
thione oOTr cysteine unless copper jons are added (Fujiki, 1970).
Also the awthors do not seen to have considered the fairly large
fraction of 'organic sulphur found in most soils and sediments.

Erinckman & . Iverson (1979) have fTound no simple correlation

e I T AT N TS GO AT AR N L
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hetween sulphur levels in sediments and immobilisation of Hé as
HaS: they detected substantisl organic extra;table Hg even in the
pregénce of high sulphur concentrations in the surface sediment.

In =2 study on the equilibrium concentrations of MeHg in
sediments Hudo et al. (1977) found the final equilibriun'concen~
tration to vary with the tuype of sediment, being greatest for
wood-chip sediment where the nethalétion process was assumed to
occur more rapidly and thé demethylation process more sloUlg. It
might, however, be pértinent to consider that lignin is known to
have largé numbers " of bioactive methyl groups (Fruton &
Simmonds, 1953), and so its degradation could mske availadble 3
continual supply of methyl groups to the methylating agent/s;

Although considerable information is available on the levels
of total and organic Hg in surface waters, very little is known
about levels of MeHg mostly because of the difficulties of meas—
urement. The few published reports (Chau & Szitoh, 1973} Kudo et
sl., i982) indicate levels from <1-10 ng/mbL (ppt), though this
may represent 2 considerable proportion (25-50%) of the total Hg
(Kudo et 2l., 1982). The low levels found in watet are, however,
rather misleading, becsuse microorganisms and other biotaz mag be
surrounded by microenvironments with much higher concentrations
of both Hg and HéHg: >802 of total Hg im water has been shown to
he sccociated with particulate matter (Aires & Jones, 1982).

Less than 1% of airborrme Ha exists as the dimethyl form
(Summers & Silver, -1978). However, it is of interest that sewagqe
facilities constitute a3 widespread souwrce of airborne organic ﬁg
emissions (Soldano et al., 1975%) which can be correlated with

population size. Atmospheric goncentrations of orqanic Hg were
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shouwn ‘to incfease for several niles from the éiie of the sewage
treatnént p;ant whereas volatilised elénentai Hg declined.
Biota may contain 20-90% of their He in the methuyl fornm
(Hiroba et al., 19795 Miller et al., 1979} Kudo et al., 1982)
‘thbugh this may rénge from about 10 ppb to seQeral ppme. The best
studied eﬁaﬁéle is fish, which tend fo éarrs 70-90X% of .the ﬁg
body bur&en as HeHg;' an extensive review is 3vailable for fish
‘“\&‘fF;H\ wedish lakes (Repor£ of an Expert Committee, .1971). Marine
fish a3t least, presumably due to the relativéfs constant levels
of Ha in the ocean, seem aluays io have‘contained Hg (Miller et
al., 1972). HMercury and MeHg can be said to_be ubiqﬁitous 1in
biota, thoueh certain organisms have dévelope& specialised means
of tolerating or detoxifying the Hg species with which they are
in.contact (Anelli et 3l1., 1973} Bouguegneau, 19753 Ishihara &

Suzuki, 19746; Summers & Silver, 1978} Fan Hou & Imursa, 1983).

(ii). Mercury angd Methyl Mercury Pollution as @ result of Humah

Activity

The énthropogenic sources of Hg pollution; which are
superimﬁosed orn the natural cycles, fall into two categories -
the result of Hg-bssed technoloay, 3and the use of other minersl
deppsits containing low lgvels of Ha.
a) Follution from nercurs—baséd technoloay

North America and Eurasia contribute the largest propor-
tion of Ha from industfi;l and agricultural sources: there are
about 3,000 distinet uses for Hag (Bailzs and Smith, 1964). Horld

consumption of Ha was more tham 9 % 18 Kag in 19468 (Hest, 19469,

and HWershaw (1970) estimates that 25% of this mnay have been
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leaked to the environnént.

. The most innediate impact of Hg loss on the aquati; en-—
vironment is phen wasfing occurs directly into 5 bods of water!
sediment Hg Eoncentratgons of several thousand ppé héve been
recordedlin areas of industrial pollution (d4/Itri, 1972bY. Mer-
cury lost t6 the air Eecones widely distributed and Hg lost to
the soil is usuallg leache& into the waier,sssten fairly slowly.
;Theiflargest_ direct loss of He te water has been. in the chlor-
alksli industry where losses are estinated.bs the Hg aquisition
needed to replace the loss; this amounted to about 100 .tons
annualls n Canads (Fimreite, '1970), and much larger quantities
in Suéden {Van den Berg; 1971) and the U.S. (D’ Itri, 1972b). 1In
spite of the reduction in Hg consumption which has occurred since
.the 1940’s in the chlcr—aikali and other industries (Flewelling,
19;4; De Jong & Rekers; 19743 Van den Berg, 1971), about 50X of
the anmual He purchase is lost to the environment (Flewelling,
1974). A recent report (Marshsll, 1983) detsils about 2.4 mil-
lion pounds of He unaccounted for from the site of tﬁe Osk Ridge
National Laboratories in Tenrnessee, ” and the highest levels of
environmentsl Ha contamination ever recorded in the T.S..

A major source of HeHg‘and other oraanic He compounds in
the énviroﬁnent has beern the agricultural use of ngrcurials as
fungicides. The types and properties of such mercuwrial furigicides
have beern extensively reviewed by Risannen and Miettinem (1971)
and estknates are available for the quantities used in Europe
(Granhall, 1965), North America and Japan (Egerly, 1971) and .

Canads (Fimreite, 1970). It is now well established that a2lhkyl

mercurials are among the most toxic and stable Hg compounds




knouﬁ, and mang countries have now outlawed or severely curtailed
théir use. However, some mercurial fungicides are still in use,
and for the most part their potentisal foiiconversion to MeHg 1is
unknown. ‘ .

Direct industrial MeHg contamination of. the enviroﬁnent is
not knpown to occur now, though it has been previously reported
(Fujiki & TaJiEa, 1973). However the vast range of chemic3al .-
- wastes' which are discharged into wsterways may produce this
compound more often than is realised without the intervention of

. . d ST~
microorganisms.
=) Follution from fossil fuels and ores

| A considerable amount of Hg is released by the consumption
of fossil fuels Bqd metsl ores. There are ccnpar?tivelg few data
available on the Ha content of fossil fuels, but coals have been
‘reported with betueenni ppb and 300 ppm Hg (Fleischer, .1970;
D’Itri, 1972b; Joensuu, 1971) and oils conmtain frbn.lppn to 500
ppm Hg (D’Ttri, 197233 Hhite et 3l., 19700, Klein (1571) has
estimated worldwide losses of Hg from fossil fuels to he approx-—
imately 3,000 tons annually,

Mercury, in small amounts, occurs commonily in other metsl-
sulphide ores (copper, lead, gold and zinc) and is wvapourised
when the ores are roasted. Klein (1971) estimates Hg released to
the atmosphere from smelting as between 3 and 30 thousand tons
snnvally.

Althouah Hé pollution from industrial and agricultural
sources has declined, the total consumption of fossil fuels and

the smelting of metal ores has not decreased.,
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3ii) Mercury and-Methgl Mercury Cscling in the Environment

The ultimate sgurce ang -sink for'Hg is the earth’s molten
core, but apart from active yoicanoes, the iqnediate reservoir of
Hq.released to the environment is igneous ;ock. Fig. 1 shows 3
deliberately complex schematic of natural.Hg flux in the environ-
neni. " 8pil,  and sediment f;rn the interfaces with the fluid
media air and water respectively; Hg from all four of these:
compartments can be concentrated in biological materisal, trans—
1ocateq from one conpartneanto andther or recycled within one
compartment. Eoth of the Tluid media are of vital importance in
Hg dissemination from point sgurces, but their relstive signif-
icancé m3y lie in the mode of Hg introduction intoc the environ=—
ment. Air is the-nore_inportant vehicle for widespresd dispersion
of Hg from smelters and fossil fuels, and for movement of Ha
evaporated. from the ezrths surface. ﬁgrcurs‘and MeHg have often
peers found in lakes and fish far from anyg known pollution sources
or areas of Hg mineralisation (Forstner, 1976: Thompson, 1971;
Philips & ﬁedvick; 1981, Ha}er is, however, the more important
nediﬁn for introdwcing relativelg‘high jevels of Hg to biological
material by wasting through underwater pipres, leaching of sur-
rounding rock and land run—off. The residence time for Ha inlans
compariment 1s governed bé a2 riumber of factors, but the chemical
rnature of the Hg and ite affinity for the material in that com—
partment are para;ount. Bowen (1975) estimates residence times
of heavy metals in the stmosphere and fresh water on the order of
daﬁs or weeks, while ne is unasble to estinmate their residence
times in soils, 1lake sediments or estuarine deposits. In biota,

~

residence times could be as high a3s seversl gears.




Fig.I:
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Pathways and Processes Involved in Environmental Mercury Cycling
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Whatever the source of:Hg in the environment, the comparac~

tive scarcity of the metsl leads to the concept that Ha 1is -3

localised problem, and does nRot pose a3 worldwide thresat

(Goldwater, 1971). .Peakall and Lovett (1972) have also suggeéted
that man’s use of Ha is unlikely to‘affect Hg concentrations 1in
the oceans. Neither ef these papers consider tﬁe increase in Ha
pollution of the atmosphere from fossil fuels and: - smelting, or
the increased leaching due to both land erosion andlthe increased
acidity of rainfsll. It has been estimated that the earth
ceceives 100,000 toms of Hg snnuslly in rainfall (Szha &

McKinleys., 19730 The total atmospheric Hg load and the

evaporation rate from the earth!s surfasce are unkriown . Houwever,

since it has been shown that Hg content of the atmosphere dec—

resses with =ltitwde and is close to zero after a3 rainstorn
(McCarthy et 3l., 1970), it could bhe aréuéd that 100,000 tons may
répresent the bulk of the atmospheric Hé load, If this assumption
is made, themn by using estimstes for the input of Hag froé'anfhro-
pogenic sources, it can be calculsted that man’‘s annual input to
He that is cycled and redistributed is sbout 20%Z. In Spiﬁe of the
vera. high affinity of sulphur compounds for Ha, natyral sulphur
cycles, and the anthropogenic contribution to them, are frequent-
1y igriored in comsiderimng Hg transformation and redistribution.

CHEMISTRY, DISTRIBUTION AND MOBILISATION OF MERCURY AND METHYL

MERCURY IN AQUATIC SYSTEﬁS

i} The Aqneous Chen1str5 of Mercury and- ﬁethsl Mercury

o
Mercury exists in three oxidation states] one uncharaed Hg ,
2+ 2+ 2+
and two ionic forms, He arnd Hg . HMercurows ions (Hg ) are
' 2 2

usually relatively unstable, form few compounds, angd readily




o 2+

Bndergh dismutation reactions to He and Hae . Mercuric ions-:

2+
(Hg ") are the most oxidised and stable under oxidising condit-

ions: -thes-forn néqs compounds. The interconversion of Hg bet-
ween these three oxidation states depends on the oxidation reduc-
tion poténtial (Eh), the hydrogen ion concentration (pH) zand the

+

chemical composition of the medium with respect. to complexing
ions or noleéules. -Figure 2 shows what is known 3b§ut Hg inter-
conversions in the aquatic environment and the factors affecting
them.

Under the mormal conditions of Eh (0 - S00mV) and pH (S5 - 9

prevailing in the aquatic environment, Hg will most likely be
o 2+ -

distributed between Hg and Hg forms (Hem, 1970) with the

sulphides predominsting in 3snaerobic sediments and thiols or
hsdroxide or chloride predominating in the more oxidising waters.
The concentnation.and variety of'available ligands will determine
what proportion o% the metal is coﬁpiexed and uhat remsins 3s
Hgo. The composition of dissolved MeHa species in solution is
3lso dependent on the type and concentration of complexing agents
present and on the pH. Cdmplexation of the MeHg group by reduced
sulphur species resultis inm mono- and di- methyl mercuric sulphide
whiich are in equilibrium. EBEaughman Ei_il‘ (1973) have calculated
that these Z species should accountlfor >93% of the MeHg found in
natural waters th%}.contain reduced sulphur species: 3t high
concentrations of reduced sulphur, and in more oxidising condit-

ioms i basic waters, MeHeS wowuld predominate, but (MeHq) S
‘ - 2

becomes the predominant complex for more oxidising conditions in

acid waters. In the absence of reduced sulphur, nearly a3ll the
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Figure 2

SOME ASPECTS OF MERCURY INTERCONVERSIONS IN AQUATIC SYSTEMS
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MeHa wowld be orqanic thiols, and, when no suitable sulphur

compounds are svailable, the hudroxide would dominate in basic,

-

and the chloride in scidiec, waters,

(ii) Mercury distribution in the aquatic environment.

When 3 pollutant such 3s He enters the aquatic ervironment,

it is distributed among the various components of that environ-

ment to an extent dependent on the follouingf

3) the chemical and physical nature of the pollutant

.b) the affinities of the components for the pollutant

c) @he relative masses of the components
and d) the degree of mixing of the system.

Mercury binds avidly to both sediment and biological mater-
izl, dwe mainly to its high a%finits for sulphur and thiols, and
ig found in its highest concentrations ir association with thesé

components. The cormncentration of Hg in the water column is usual-

1y very low, but the huge mass of water in many aquatic ssstens{

csn carry a significant proportion of the total Hg load. In the

Ottawz River the water contzins only 3% of the Hg load at any

particular time, but is responsible for the transport of a3bout
90% of the mobilised Hg: 1,300kg/gear compared with 290 ka/gear
for suspended solids, and only 3.4 ka/gear for the ped sediment
(Ottaws River Froject Growp, 1979). The biomass in aquatic sys-—
tems is however very varisble, and im a3 fast flowing river system
iike +the Dttawa River it is small, accounting for only 3 small
fraction of the total Hg load (Dttawa RiQer Progject Group; 1979).

The main sink for Hg is the sediment which can be considered

+to be composed of finely divided conpléx silicates with wvaryging
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degrees of organic content. Sediment He concentrations have been
studied extensively in the Ottawa River (Rust, 1977) aﬁd else-
whefe (Andren & Harriss, 1973; Bar;létt & Craig, 1981; Craig &
Horéth, 1983) and have been found to be higﬁest in sediments
with high organic content. The totsl holding capacity of sedi-
ments with respect to Hg is enormous; in situ sediment levels 3s
high as 9,300 ppm have been reported (D’Itri,, 1972h),- and desor-
ption is Extfenelg slow, even in the presence _;f chelators.
{Ramamoorthy & Rust, 1977). If additional sinks, such as bipta;
are present then sediment desorption may be accelerafed
(Ramamoorthy et al., 1977).

The rate of adsorption to, and the form of Ha in, sediments
is dependent to a large extent on the nature of the sediment, as
well as the Eh, pH Bnd ligand availsbilits in the swurrounding,
waters. Mercury binds very strongly to sulphur containing sedi-
ments (Reimers & Krenkel, 1972). At one time it was widely held
that in such sediments, wunder znaerobic conditions, Hg would be
inmdbilisgd as HgS. It Eés been shown that 3 fracfion of sediment
Ha can be regarded as organic extractable even in sediments with
3 high sulphur content! wup to 45% in the top 4 cm. (EBrinckman &
Iverson; 1975). FPresumably, the organic extractable Hg is bowund
to 1live organisms, 'decasing organic matter arnd complex soluble
sulphides, but the chemistry of complex sulphur compounds 1in
sediments is poorly understood.

Sediment interstitial waters have beern reported to be enriched
in Ha 10—30 times with rtespect to the surrounding waters
(Lindberg & Harriss, 1974, ' fs this is far in excess of what

would be predicted from solubility data on HeS, the avuthors
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suggest that this is due to the formation of oraanic and polysul-

phide complexes of Ha. Although very &mall quantities of HFHQ_

have been found in association with sediments (20-190 ppb) (Batti

et 3l., 1975; Andren & Harriss, 1973), it is obvious that this
can only account for a very em3all fraction of tﬁe oraganic extrac—
table Hg .reported by Erinckman and Iverson (1973).

iii) Mercurw and Methyl Mercury Mobilisation

Fhysical mobilisation

Physical processes can playg 3n important role in the mobil-
isation of Hg and MeHg'fron squatic systems. Fluvial systems M3y
show & higher rate of clearance thaﬁ statioﬁars bodies of water
(VUsm den Berg, 1971). Clearance of Hg from sediment in the Ottawa
River has beern estimated at more than 50% per wear (0Ottawa River
FroJeét Group, 1979). Flow through studies on the desorption
rate from sediments from the sane part of the river indicated 3
much slower removal (Kudo et al., 1975), but phusical disruption
of the sediment by the snnual spring flood and the action of
macrofauna during the uholé gear are melieved to contribute to
the accelerated clearance. The presence of Tubificid worms Was
suggested by Jernelov (1970) to be a means of making He 1im the
sub-surface lagers of the sediment available' for methslation.
Eoddington et al. (1979) nave postulated that the action of
Tubificid worms could be sufficient to zccount for Hg clearance
from the bed sediments of fluvial waters. The uncharged spgcies

(=]

Ha arnd (CH ) Hg are volatile and, wunder suitable conditions,
‘ 3 2
can readily be lost to the atmosphere. Eafed on actual experimen-—

tal data, Eaughman el al. (1973) have calculated half-lives of




’ - - 0
about 5.2 and 12 hours for Ha and diMeHg respectively 1in 3

moderately tﬁrbulent river.
Chemical Mobilisation

Ié- general, the chemical siate Af_HQ is the most important
factor in controlling its location and flux., Oxidation of ng to

2
th+ will be diven by the equation: .
E = 850 + 30 109‘H9h+/k

where 'E = minimum potential (mV) for conyersion to HgZ+ and k =
binding constant hetween inorganic Hgiand available complexing
aqents. Hence, the proportion and variety of chelators present
will affect the potential necessaryg for oxidation of Hgo and its
combination with available ligands. Values of k for interaction
of Hg with microbial growth media ahd Ottswa River water ‘haye
béen shown to be very high (Raﬁancorths & Kushné}, 197533 1975b5.

In many ffesh waters and interstitial sedihent"dé¥érs the
most influential chelators will probably be the soluble organics,
whether they are naturally occurring substances, such as humic
and fﬁlvip acids, or pollutapts. Studies o} Ottawa Riverruater
tzker from the OREL site show 3 metal holding capacity with
respect to Hg of 15 ma/L (Ramamoorthy & Kushner, 197532, Filt-
ration of the samples through ultrafilters with amn  exclusion
1imit down to 1400 MW shows little loss in binding capacity.
This bindina capacity was destroyed by ashing, indicating that
_the Hg was bound to low MW ligands which were organic in nature
(Rsmamoorthy & Kushrer, 1975a2). Inorganic chelators cannot be
disregarded; in another local waterway (the Rideau Canal) these
same authors showed a significant contribution from bicarbonate

; or carbonate binding. S y

o



i8

The nature of the organic nolecqlés biﬁding strongly to Hg
is unknown but Ramamoorths and Kushner (19753) suegest fx?vic
acid as 2 possible candidate. Other uork-(Feng et 3l., 1982) has
shown strong complexing of Ha by 5oth fulvic acid and humic acid,
but the.greatest conplé&ing was between Hg and the low MW fulvic
scid:  the ovérall complexing capsacity of the fulvic and hﬁﬁic
acids in water was qreater than in sediment.

Tt “is  probable that a wide rénge of low moleculsr weight

substances would be availablé.for this role in natural waters.

Hama & Hsnds (1980) studied the molecular weight distribution and

charscterisation of dissolved organic matter inm lakes and found
that carbohydrates occurred exclusively as polysaccharides, while
free and combhined amino aéids with '>1400, &400-1400, 200-500 and
£200 molecular weight accounted for asout 40, S, + 20 and 35% of

total proteins and amineo acids respectively. Organic acids, 3

large proportion of which was scetic acid, were found exclusively.

st <200 MW. These 3 fractions constituted only 20% of the organic
carbon; the remsinder was uncharacterised. Of these, the com-
pounds with the highest affinity for Ha are the sulphur contain-
ing amino acids. It is rather surprising that no one has tried
to linmk Hg to the‘rélativels high concentrations of ;inple,
biocgenic organic thiols and sulphides that are known to occur in
rnatural waters (Jenkins et al., 1947 Alexander, 1974) and are
now believed ‘to play 8 viial role in natural sulphur cycles
(Lovelock et 3l., 1972} Nguseﬁ et al., 1978 Andreze et al.,
1983). Further Qnderstanding of Hg translocation processes m3y be

possible if the nature of the most prevalent Hg-binding molecules
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in water could be determined.

Low pH wvalues increase the adso;ption of He to" sediment
(Matsumura et 3l., 1972y, and increase the uptake of Hg by fish
(Tsai et 3l., 1975): Miller & Akagi (1979) concluded that;at low
pH the distribution of MeHa beitween the sediment and the' over-—
lging uaier is sufficiéntls altered to account for all the im-
creased uptake observed in Tish.

In waters that are high ;n Cl- ions, such as estuarine or

sez water, the solubility of Hg may he greatly increased by the

formation of uvncharged HgCl and spluble anionic complexes such

Lr 2 2
. - e e
as HgCl and HqCl N Jewett et 3l.  (1%973) have shown that
3 4 Z-n "

larqe pH changes have little effect on the HgCl species pres-—
R n )
ent, whereas sma3ll changes in chloride conceniration produced

significant changes in the relative abundances of the chloromer-
cury species present.
Eiclogicsl Mobilisation

0
Alberts et 3l. (1974) deseribe the evolution of Hg from

humic acid without apparent nmicrobial involvement. Loss of Hag

gcecurred ét a3 slow but significant rate and the totsl amount, but

not the rate limiting step, wWas influenced by pH. Other workers

(Ramamoorthy et al, 1983) report that both livimg and dead bact-
o
eris transport Hag fron water inmte zir in equivalent amounts. Eut
o
. most reports on He reduction to Ha irvolve microbial detox-

ification mechanisms for Hg or MeHe or both, arnd there is abun-
o
dant evidernce that production of Ha by microorganisms correlates

well with their resistance to mercurisls. It is not known, how-

evér;“,uhat proportion of the Hg wvolatilised from the earth’s

surface is due to phuysical, chemical or biological action.




The present state of knowledge on transformation of inoraanic

and oraganic nercurialg to Hgo has begn, recently revieuéd
(Summers & Silver, 1978; Pan Hou & Imura, 1983), The wmechanism of
bacterial resistance' to Ha Has beén characterised to plasmid-
borne gqenes in all bacterialvspecies étudied_(Sqnners & Silver,
1978), though the spectrum of mercurisls reduced varies from
plssnid to plasmid, and resistance is‘-aluass inducible. Thé
frequent association of Hg resistance with nuliiple sntibiotic
resistance (Nskaharas et 3l., 1977 Summers & Silver, 1978) has
ied -to the proposal by Tanaks et al. (1983) that titransposons
ercoding multiple druag resistance might have arisern  from an
ancestral Hg transposon. Sessonal fluctuations in ihe percent of
Hg-resistant bacteris in sediments have been observed (Colwell et
3l., 19730, ‘

Perhaps the most inportani fimnding from the point of, view of
this situds is that bacterial degt?dation of HMeHg éduld occur in
1ske sediments (Spangler SE_EEZ’ 19733) ;nd river 'sedin%nts
(illen et al., 1974). Spanaler et al. (1973b) 3lsp reported that

<

of 207 isolstes from environmentsl samples, 30 were positive for

serobic demethyglation and most of those 3lso degraded MeHgq anser-

obicallyg: resistant isolates could 21l tolerate 0.Sppm  MeHa.

Sharist et 31.(1979) fou that most common laboratory strains
could demethylate 20~-80%Z of added MeHgCl. Further studies {Mason

et 3l., 1979) concluded that demethylating ability . would be

fairls rapid at the range of pH values likely to be encountered

in the environment.
‘ i . o
Mercury and MeHg resistant fungi 2lso volatilise Ha

e
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(Brunker-& Bott, 1974); but fhe genetic basis for ﬂg resistance
in fungi has not been elucidated, though it sppears to be related
+o MET metabolism in yeast. Singh & Sherman (1974), wusing MeHg
resistant yeasts, have opserved that about S50Z ofwthe mutants

obiained as MeHg resistant also demonstrate 3 reqﬂirenent for

methionine (met ). They suggest from the grouth'fespQggg:Pf these

met? and +15 strains on double gradient plates of MET and

either MeHgCl Br HeCl that, a3t 3 critical concentration, MeHg or

=2

e
Ha may, at least partislly, alleviate the MET requirement of
their mutsnts. However, they also obeserved an apparent contradic-
tiont these hetz and metlS mutanis were recovered at a3 much

»
higher frequency on neppionineless medis. The suthors offer s
"4 .

‘ possible explanation for their observations based on build-up of

a hypothetical compound which inhibits MET ﬁiosgnthesis: this
compound is then destroyed by MeHe which not only detoxifies
MeHa, but 3lso Telieves the MET requirement. Formation of ~this

detomifging compound, which the zuthors suagest niqht he 3 SH-

. containing compound, would thern pe inhibited by the presence of
! 4

MET in the arowth medium, possibly by 8 feedback process.
It can be seen from the aforegoing discussion that both Ha

ard MeHg resistant microorganisms are extrenelg‘“ﬁidespread, .can

carry out +the reduction of He under both serobic and anaer;bic

comditions and have the potential ito play 3 large role 1in Hg

nqbilisation and interconversion. Demethglating action DY bact-

eria may 3lso be resﬁonsible for the vers low levels of MeHa

found in Manyg environnental samples by preventing HeHg puild;up.
o

Though the production of He ije well krown, its subsequent

fate is much less certain. In areas of high Eh, and with high
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organic or inorganic content it is likely that a3t least some of

it will-sbe reoxidised to Ha y  and thus recycled within the a
aquatic environment. Houeveffﬁ much of it may be protecte& in
reduced form, possibly buy lip;ds or 3 microenvironment with a low
Eh, and.then lost to the sir.

In addition to the volatilisation of Hag,. microorganisms of
all tgées May plas‘é part in the mobilisaticn of Hg fpom aquatie
sediméﬁis by producing extracellular sequestering ggents ‘uhich
would bind the Hg. Such conpoundsKinclude organ;c thiolé and
sulphides, proteins andfanino scids, orgsnic acids, biogenic
.anines and nucopolssaccharidés. Most of these.sre known to be
found in measursble concentrations in natu;al wéters {Alexander,
19743 Hama & Hanaa, 19803 Andrese & Réendonck, 1983). Hpuever,
sirce Hg is fouqd mainly in association with compounds of iou (<
1400) © MW (Ramacorthy & Kushner, 1975s; Fenag et 3l., 19825 the
smino scids, oraganic acids and organic thiols anﬁ sulphides may
ne the most important of these. Ir addition, humic and fulvic
scids formed by deeradstion of o;ganic_natter are known to bind
Hg stfongls; it has been shown th;t the total humic ;nd fulvic
scids present in the uaterfcolunn may exceed those present in the
sediment (Perg et al., 1982).

Formation of MeHg may facilitate novénent of Hg into biota,
and is discussed Tully in the next section. However, the product-—

ion of the more volatile diMeHq species would, if shown to occur

im sitwu, play an inportgnt role in mercury mobilisatione. . //,

&

T TR T I O T AT




FORMATION OF METHYL MERCURY IN THE ENVIRONMENT

Thel literature on MeHe fornatxon is abundant, but rather
confﬁsed: sbout the only incontrovertible fact is that it is
produced. Ferhaps the pest way td examine this topic is to ask 3
number of questions?

1) Where is MeHg formed?

2y When is it formed?

1
1
3

2) Under what conditions is it formed?

3) Is it formed biologically, sbiologically or both?
S) what is the Hg source? R ;
&) What is the source of the methul groups?
7) How stable is the MeHa product? D s
8) How are the factors favouring its formation and breskdown
balanced? |

WHERE IS METHYL MERCURY FORMED?

Since the first report of MeHag forﬂ;ﬁion in aquaria sedi-
ments and rotting fish (Jensen & Jernelov, 194%9), environmental
Hg methglation hss been uideis assumed to he due to the activity
of bacteriz in ﬁg-containing sediments (Bishop, 1972} Alexander;
19743 Hamdy & Noses, ~1975). The MeHs was then supposed to be
released +to the overlying water from where it couwld be sccumul-—
ated by fish (Langles; 19737 Philips & HEE:}CK, 198{). The evid-
erice for this theory is incomplete and mostly circunstantial, Sut
j+ hnas persisted widely because of the  observation that fish

swimming 3bove sediments which contain inorganic Hg accumulate
MeHae im their tissues (Gillespie & Scott, 1971 Langley, 1973}
Kudo; 19767 Miller & Akagi, 1979).  In this type of system, how-

ever, methylation occurring in the sediment, in the water column

-
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or on and in Tish cannol be distinguished.

It can be ergued that the small quantities of HeHg found iR -
sediments mag not be readzls released because of the high concen—
~tration off sulphides and thiols which sre also present. This.
.would be supported by the higher concentrations of MeHg found in
sediments with a high organic contént (Bartlett & Craiag, 1981).
In addition, if the sediment were the principal source of MeHa in
.fish, "then bottom feeders would be expected to yontain the high-~
est levels of MeHs this is not the case (A, DeFreitas, personal
conmunicatiod).

_Since MeHe is fouwnd ubiquitously, it would not be unreason—
able to assune that Hqu fornation is also widespread. It hss
‘been sho;n to occur im fluvisl (Lamngley, 1973, Craig & Eartlett,
1981, lacustfine (Rissaren et 3al., 1970;. Furutani & Rudd, 1980),
estuarine (Olsen & Cooper: 1?74; Blum & Eartha, 1980) and marine
sediments (Rissanen et 3l., 1970; Berdicevsky et al., 1979), 3as
well zs terrestrisl soils (Rogers, 1973} 1977). In many respects
the surface 1lager of wster, and other surfaces and interfaces
within the wsater columd are analogous to sediment. Nutrient and
microoraanism accumulation a3t surfaces 3nd'inte;faces is . very
‘well recognised (Eitton & Marshall, 19803 Norkrans, 1980). Since
Hg binds very strongly to organic matter, it will also tend 1o
accumulate 3t surfeces arnd interfaces, and if the only source;of'
Hg so s water body is inm rainfall, then the surface and subsur-—
face 1lagers of water may plag 3 najor-role in HeHg production.

Methyl Hg production has recently been reported in both fresh

(Furutani & Rudd, 1980) and marine {Topping & Davies, 1981) water
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columns. Nothina is presently knouwn about aerial formation of

MeHg but it would seem less likely to occur, vnless it is'és =
result of concentrated iﬁdustriél emissions. However, Scldano et
3}. {1975) have reporied aﬁ increase in airborne organic Hg and a
~decreasé in Hgo within several miles of sewage treatment plants;
it is noﬁ known if this cérresponds to 3 %ornation of MeHg.

There is étiil controversy about the in vivo biosymthesis of | '
HeHg; it has been reported to ocecur in some cases but not in

others. In view of the high levels of MeHg in fish, some invest-—

igations have been conducted on endogenous nethslatioh using in !

vitro liver homogenates (Inhra et a3l., 1972; Matsumura et s3l.,

1975). Both groups have reported endegenous methslation ,(0:1—‘ ;
0.3% comversion) from imorganic Hg. The factor/s fespons;ble u;re
rnot destroved by autoclaving aﬁd or HC1 treatﬁent, could not be
separated by centrifugation %nd reacted very rapidly. In addit-~
ion, in vitro methslation was only slighfls inhibited by UV or
visible radiatién but was markedly inhibited by mersalyl.
Matsumura et _3l. (1975) slso found much reduced levels of MeHg
" when fresh livers were wused insteasad of frozen ones. The obser-
vation of endogernows methylatiom in vitro does not,. however,
auarantee that the same process will be operative in wvivo.
Recently, Rudd et 3l. (1980) reported Hag methyglatiorn, under
strictly anserobic conditions, by fish‘intestinal contents from &
species of fish and 3 number of differemt lakes, . both polluted
and ron-polluted, but with considerable fish to fish variation.
However, Pan Hou & Imura {(19813), Pernnachioni et 3l. (1976),

Huckabee et 3l. (1978) and ourselves (see below) have been unable

to observe this. This apparent conflict may be due to differences:
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in sample handliﬁg and conditions cf.ineubation as well as io the
predominance of demethulating act;vlts vnder aserobic conditions.

Methyl Ha formation by human feces has been reported under
strictly, anaerob1c cond1t10ns {Edwards & HcEr1de,. 1975) and Dby
isolates frem human and rat (Rowland gﬁ_ﬁi..i??S' 1977) 1ntest1n-
al flora under both'éerobic amd anserobic conditions 3s well as
igolates of human buqcél floras (Heintze Sijﬁw1983)' However, none
of 11 species of énaé::LeS‘isolated from strained rumen fluid was
sble to produce MeHg (Kozak & Forshera, 1979).

Conversion rates of Ha to MeHg have been reported'to be versd

high in sewage treatment plants (Jernelov, 1969). Although there

r .l'.

é%é'large bacterial populations in such settlngs,-it is not knouwn
if.:nethBIBtion occurs there by 3 hiological or abioclogical mech-
anism. Decasing matter in general appeaTs po’be s aood source of
MeHa formation 1in the environment, nowever, in most repo;ts, it
cannot be aséertained if there was direct nicfobial participation
im the methslation process. TSe best known exsmple of thislis the
‘o?iginal report of MeHg production in decaging fish (Jensen &
;Jernelov, © 1969). There -is sone indication that wood chip
sediments in the Ottaua River (Kudo, 1977) and elsewhere (Jackson
& Wosgchuk, . 1980} are partlcnlarla suited to MeHa productlon. It
is mnot . known if this could be due to liperation of the known
labile methyl groups from lzgnln during wood decomposition. Also,
the obsgrvat10ﬁ that .MeHg formation can occur ab101091c3113 with

fulvic and hQnic acids derived from leaf litter ( Nagase et 3l.,

1982) implies that decaying leaves nad provide another source of
f

MeHa in‘poth the aquatic and terrest(}al epnvironment.,
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HHEN DOES ENUIRONHENTét'HERCURY METHYLATION GCCURé

There is considerably- less information available on - this
topic, partly because of the difficulties of doing in situ stud-
ies., It would seem probable that some MeHg 'production occurs
continually, but seasonal ,fluctuations.have been reported in
fresh water and sediment (Furutani & Ruwdd, 1980) and in estuariﬁé
sediment (Olson }978). Furutani & Rudd (19809 showed peaks of
;ﬁeHg _prbduction in the sediment from a3 polluted Canadian lake to
ococur in M3y and to s lesser extent at.the end of June and
August. Pesks in.the water column were coincident with the June
peak and slightly preceded the peak in August. The awthors cor-
relate the methyglation with oversll community respiration. It
wouvld rnot be unreasonab;e, however, to speculate thast the May
peak in the sediment was due to incresased bacte;ial degradgtion
of detritus.uith other added nutrients resulting from spring run-
off. Water levels were not tested at this time. The other peaks
cowld possibly be related to high phytoplankion productivity and
later decayg during the summer months., Similar explanations could
be made for the work of Olson (1978), but here, because of the
clinate; it is possible that both peaks observed in the estuarine
sediment (Dec-Jan & Qpril-dulgj were associasted with 3slgal
bloohs,‘possibls of different spegies.
UNDER WHAT CONDITIONS DOES ENVIRONMENTAL METHYL MERCURY
PRODUCTION DOCCUR?
2) Aerobic or anaerobic?

Eoth aerobic and anaerobic methylation has been reported in
whole sediments’ (Rissanen et al., 1970; EBerdicevsky et 3l.,

1979), bacterial cultures from sediments (Hamdy & Noyges, 19735}

s ety
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Bisogni & Lawrence, 1973; Bishop, 1972) and feces (Rowland et
3}.. 1973; 19}7). Some workers claim that methylation takes place
only wuwnder oﬁe condition or the other, but it would seem to
debend on the tspé of oreanisns‘used,-anduit ;s now widely accep-—
ted that methylation can occur under either aerobic or anaerobic
conditions. Eh mag play an important role both in controlling the
ézailable Hg species (discussed earlier) and in the metabolic
state of the organisms present.

D) pH?

Likewise, pH is 3 very importani factor; though it is prob-
able that some organisﬁs can methylate a3t most of the pH values
usdallg found in natural uatq{gf__ﬁost workers .with microbisl
cultures have used buffered media and not examined the effect of
pH (Bisogni & Lawrence, 1973} Hamdg & Noges, 1975 Vonk &
Sijpesteijn, 1973). It has been reported for some systems that
methylation of Hg has ar optimum pH, .of 7 (Yamazda & Tonomursa,
19713) or 4 (Bertilsson & Neujahr, 1971; Rogers, 1977; Naqase,
1982), but this may vary depending on the mechanism of methglat-
ijon zrnd indeed the same mechanism could also be operative biolog-

icslly and abiologically, but 3t different pH levels: such may be

the case with methylcobslamin (Wood et 3l., 1968 Bertilsson &

Neujahr, 1971). Baker et al, (1981), measuring Hg methglation in
the acidic aquatic environmeﬁt, found that it could only take
place between pH 5.5-6.5, Miller & Akagi (1979) have found that
pH did not affect the total amount of MeHg produced, but did

affect its distribution between water and sediment,
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cy Cl 7 .

Because of ihé iarqe quantity of chloride ion in sea water
there has bheen some speculatién that this may affect the Haq
methylation process in estuarine and ses water. Jewetlti et al.
(1975) have shown that although pH has very little effect on the
He species in solution in salt water, 3 small change in concen-
tration f chloride iuhs can significantly change +the c¢hloro-
mercury speciés present. In the abiotic transnethslation of Hg

from trimethyl tinm, the maximum methslstion occurred with a3 C1l to

Hg ratic of 4. The effect of sea s3lt anions has been shouwn _to
reduce the availablity of Hg for methylation {Blum & EBEarthsa,

1980: Compeau & Bartha, 1983). A maximum methylstion rate was
ohserved 3t 3 salimity of 0.1%X (2.3% coqversion) compared with 2Z-

3% (0.052 converéion) (Blum %;é;rtha, .1980), The HCO . component
B 3

of ses saltgﬂ'uas also shcugﬁtd slow methslation (Compeau &

Eartha, 1983). In 3 stud;K:f Hg irn ome river system 3and its

estuary (Airég & Jores, 1982) it has been shown that both the

Hissolved Hg and the Hg load on suspended particulate matier is

aluays areater in fresh than in tidal waters. It might,therefore,

be implied that MeHa produection inm fresh water would be greater

thar in seawater, but tiis is not known to be the case.

g’ S-, SH- 7 .

The role of sulphur in Hg and MeHa chemistry has already
been discwssed above. Numerous invesiigators have shown 3 reduct-
ion irm MeHg formation in the presence of either high sulphide or
thiol concentrations (EBisogeni & Lawrence, 1973 Yamada &

Tormomura, 1972a; 1972b; 1972c) It is thought that the former ney

. reduce the availabilitg of Hg for methylation, whereas, in some



cases there is evidénee that thiols such as homocysteine and
‘csstéine m3y cauvse more methylation initially with a subsequent
decline (Yamada & Tonomura, 19723). The sield of MeHa, has 3also
been reported to increase in the presence of exceés homocysteine

or cysteine over Hg present (Landner, 1971). as this did not

happen in the presence of other thiols, the author 3ttributes

MeHg fornation to an incorrect ssnthesis of methionine (MET); his
explanstion is however unclear.‘ From his data, gn equally plaus—
ible altermative would be the methslation of Hg from the methsl
group of MET, where the functian_of homocysteine is not only to
provide a3 carbon skeleton for MET, but 2lso to bind and detoxify
the MeHg product. Landner (1971f’also reported an increase 1in
toxicity of Hg on the addition of HéT: this could be accounted
for if HMET was directls inmvolved in the qethslation reaction.

Severzl workers (Landner, 19%1; Hamdw & Npges, 1975; FPan Hou
& TImurs, 1982 ) have suggested that Hg nethgla;ion might be 3
detoxification mechanism. However, this is logistically unlikely
3s the tolerance for MeHa on 3 molar basis is 3lwals 1es; than
for inorganie Hg. It is more likely, since each of these groups
was working with Hg resistant straims, that in the presence of 3
high concéntration of Ha there isxgn accidental methylation of Hg
by a normal cellular methdlating system.

Even HaS can be made available for methylation, presumably
by oxidation (Fagerstrom & Jernelév,' 1971), and photochenical
production of MeHg from pure mercurie sulphide has been shown
(Akaqi et 3l., 1977: Okouchi & Sasski, 1983; and ouselves — see

pelow). It is believed that the HaS is dissociated by photolysis,

'
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with the oxidation of the 5 to S0 via a polythionic acid and the
reduction of Hgb+ to Hgo (Okouchiqg Sasaki; 1983). It is possible
that this could increase the MeHa production'in certain waters,
and mas be important in dredaging, but the enyironnental signifi=-

#ance of such a process is difficult to assess. However, Hg bound

to particulate matter suspended in surface waters mag be present

31

as an organic sulphide complex. Nothing is known about the phote-

chemical proﬁuction'of_MeHg from such materisl.
e) Other factors?
Increaséd heavg metzl pollution raises_ the possibility of

methyl group transfer from one metzal to another (Craig, 1981) ¢

.
.

this has been shown in the laboratory (Huey et al., 19735).

TS MERCURY METHYLATION EIOCLOGICAL OR ABRIOLOGICAL?

Ore of the major controversies of Hq methyglation has been

whether it occurs biocleogicslly or sbiclogically. It would now

seem that both modes are likely to occur.
Ever though the exact role of microorganisms in Mg methyglat-
ion remains +to be elucidated, their importanrce in the= overall

- b 4
process is widely accepted., Eiological irvolvemernt inn MeHg prod-

wetion can be of 2 types:

a#) active bioclogical methslation by an enzymatic pracess

or” Bb) chemical methylation in which the function of the organism
is to provide the methgl donor molecule amd or catalygst.

There is little firm evidence to support either mecharnilsm,

bt more circumstantial -evidence for the latter. In experiments.

with both pure and mixed cultures of microorganisms, it has

’ -

universally been observed that, as the auantity of added Ha is

increased, the total amount of MeHe found zlsop increased, bwl the
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percentage 9ield decreased? 1-0.001% for 1-1000 ppm (Jensen &
Jernelov, 19469); 5.9-0.1X. for 0.2—‘3 ppm (Bisdgni & Lawrence,

1973); 0,5-0.3% for 0.,1-1.% ppﬁ (Edwards-& McBride, 1973): 98—

0.024% for 0.1-10 pPm (Berdiéevsks et al., 1979); L&Z g. Uhx f0$>
10-40 pph '(Yanada'& Tononu%a, 1?7283, This coulﬁ imply that
either the methsl donor,concgntration was the limiting factor, or
that the most actively methglating orgaﬁisns are also amona the
most sensitive to MeHg and are preferentislly killed as the HeHe
concentration rises. The small quantity of MeHg produced even in
rich cultures and after a long time do not support an active
enzyme role, particularly since many enzygmes arTe known +oc be
inhibited by mercurials {(Clarkson, 1972 Thrasher, 1973).

Of the known biological methylating agents, only the methyl
corrinoids are capable of transferring methsl groups to Hg (as

CH ) (Wood, 19487 Wood, 1974). They showed MeHg production in
3
cell-free extracts of 3 methanogenic bacterium which was able to

~
use methuylcobalamin as the source of the methsl grouwp in  methane
formation. Mercuric ioms strongly inhibited this reaction and
nethgleted Ha products were identified. Transfer of a3lkyl groups
to—Hg was also shown to occur non- enzsnatzcalls. Slnce this fzrst
investigation, 3alkuylation of Hg by methsl cobalamin has been

widely studied (Bertilsson & Newgjahr, 1?71; Agries et al., 1971;

Tmura et 3l., 1971 De Simone et al., 1973). DeSimone et 3l.

(19Z§) chose mercuric acetate (HgAc) as the attackiﬁg aqent
hecause they thowght it mieht be one of the Hg compounds found in
matural conditions. This may be true, but HaAc itself has been

shown to produce MeHg a3t a significant rate under exposure to Uy

.
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or sunlight (Akagi & Takabatake, 1973} ourselves — see below).
Hethyl cobalamin can react chemicslly with inorganic Ha to

give-ﬁeHQ: 80% gield in 2 hours (Imura et al., 1971), which is

more than sny other environmenislly fessible mechanism get known.
Alghough this is widely sccepted as the mesns of producing MeHg
in:nosi bacterial cultures (Yamada & Toﬁogura, 1972 3 & b Hanmdy
& Nouyes, 1975; Fan Hou & Imura, 1982, the levels pf methylcobal-
amin in natursal ssstenélare unknown. Since it is 3 photolabile
compound, it is unlikely to accunuléte in 3 shallow water column,
but it can probably be reformed rapidly if 2 suitable methyl
donor  is available; It hés been reported in pelagic fish liver
(ﬂatsunura et al., 1975) and algal cultures (Neujahr & Fries,
1944). The initial report on the involvément of methyl cobalamin
in Ha methslation (Wood g}_ﬁ}., 196%) used an extract of a meth-
anogenic bacterium because methglcobalamin was thought to be an
important intermediate in methane piossnthesis. adlithough Hg meth-
ylation has been reported from methanogenic enrichment cultures
from pond sediment, but not autoclaved comtrols, (Bishop, 1972),
rno MeHa was found in semicontinuous methane fermentations (Yamada
& Tomomura, 1972¢), or in cultures of bagtgrial isclates from
rumen fluid (Kozak & Forsberag, 1979)5

There is eontrqverss over whether the natural product 1is
morio— or diMeHe. Imura et s3l. (1971),  Jensen & Jernelov (1969)

and Woond et 3l. (1948) a3ll argue that the dimethyl product is the

rnatural one and the moriomethyl Hg found is am artefact of the
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ewtraction procedure. However, most workers with laboratory bact-

erial cultures were uvnable to find diMeHg in reasonable quantit-

ies (Bisogrni & Lawrence, 1973; Bishop, 1972) and this was put



down to stripping from thé system, However it is possible that
the dimethyl produc£ is only produced if the methgl. groups arehin
excess. This nlght be the tasse in natural uaters. but in exper{-
ments 1in Hag nethglat1on the Hg concentrations tend to be ‘much
higher and the methyl groups may be limiting the formation of
both meno- and diMeHs. . ‘
One of the important poinfs:raised by Bertilsson & Neujahr
(;971) was that transfer of the -nethsl group from net‘hsl cobala-

min to He was markedlys inhibited by thiol grcupé and abolished

v

completely by cell extracts of E.coli 3t 3 erotéin concentration

of 1 mg/mL. This might lead to the'conqlusion,ihat the inside of

3 cell would be:an unlikely place for any non-enzymatic reaction.

However, since =SH groups have been implicated in. reactions

catalysed ﬁﬁ =] ﬂrdependent enzymes, including homocssteine thiol-
12 .

ate zniom inm methionine synthetsse (Frick et 3l., 19746), and

ethame thiol . sulphonic aciﬁgas an intermedizte methyl group
seceptor in methane biosgnthesiﬁ, the eﬁzséatic transfer of 3
methygl {group from nethglcobélanin to Hg showld be zble to occur
iﬁivivo. However, im spite of the .general acceptance of methyl-
cobalamin involvement im Hg nethslation, no conclusive proof of
enzyme involvement is available. HKinoshita et 3l. (1978) invest—
igated +the p0551b111t3 that oral administration of methglcobal-
amin might erhance b1ologlcal nethglatlon in vivo, but observed
no effect. | | |
A further complication is introduced imto this puzzle by the

observation that cultures of some bacteria which produce MeHg, do

so only after thew have been allowed to sit for prolonged periods

T TR s e e R AV, T "



AN
~—— -335

before analsszs (N. P. Iverson, pefsonal communiration); presum—

abls sone cellular decas is in process at that tzne. 8till other

workers (Rananoorthg et a3l., 1982) report product:on of MeHg by

killed bacterisal cultures, bpt not by living ones. These 1l3ast
™

results implicate Ttelease of 3 methglating fTactor during -{QE\\_—//

decay process, and would suggest abiological methglation of Hg in

" the natural environment. This is consistent with the original

observation by Jensen & dérneloy {1969) of MeHa production by
rotting fish. |

Some of the work on abiological methuslation has slready been
mentioned but is worth reststing. Methglatioq of Hg can occur
non—eﬁzgnaticalls at 3 pH of 4 (De Simone gi;gl., 19733,

Abiotic methuslation has been reportqd in so01il (Rogéré,
19753 197%) and from humic and fulvic acids exiracted from leaf
litter and sediment (Nagase et 3l., 1982). In the first case the
methylsting factor was! soluble in NaOH, heat stable (121°C)t uv
1ahile and sppeared to be low MW (12,0007 fulvic acid (FA). No
methwlation was observed with commercial samples of humic 3cid
(HAY. Nagase and coworkers (1982) pbserved that 311 humic and
fulvié acid"sanples methylated He unmder 1lab conditions in the
dark =and in the absence of bacteria. The production of MeHg was
imfluenced by temperature, Hg concentration, pH and concentration
of HA and FA. All FA methuglated at both 4OC and ZOQC, but HA onls
methulated at 20 C. Low FA (MW <200) wss by far the most active
methylating fr;ction, with 3 pH optimum of 4. Althowgh no charac-—
térisation of the actively methylating fraction was dome, it is

quite possib;e +hat oraganic sulphur compounds or orgqanic acids

are involved here. These studies not only sﬁggest that Hg methyl-
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ation may take place abiotically in the natural environment,

-

especially in acid waters, but also that lesf decomposition in
~

natural waters might be one factor which influences the .period-~
icity of ﬁe;;—production. A further implication might be that, in
many natural environments, it is the Hg uhich.is limiting the
methuylation process rather than the methyl group avéilabilits. In
this case, even subsequent demethylation of MeHa forﬁed would pot
_ensure Hg removal from the system because continual provision of
availsble methyl aroups would remethslate it in 3 cyclic fashion.
In addition to the asbove, photochemical studies using i:?eé"/f——ff
iation of defined chemical systems have shown MeHg prédﬁétion
from?: 3) pure mercuric sulphide in the presence of acetate ions
- (Akzai EE_EE" 19753 1977). Along with the methylation, uhich was
considerably areater under aerobic conditions than iﬁ a2 nitrogen
stmosphere, they report significant amounts of ‘“photo-sulphur™
which they believe acis 3s 3 photosensit%zer for the nethsygpion
reaction. b)Y mercuric chlofide arnd ene of the following ngtgsl
dorors, methanol, ethanol, acetic acid, propionic acid (Akaai &
Sakagami, 197Ba3; 1972b). These are all metabolic end products of
bacterisl metabolism and 1iée13 to be present, 3 east trans- -
iermtly, in the natural environment. The gield was highest wWith
scetic zcid-(0.1% inm 20 hrs.), Formation of the 3lkyl product was
slow over the fTirst 24 hours and then increased wp to 96 hours.
c) ;ercuric scetate alone (Akasai & Takabatske, 1973). This reac-

tion appeared to follow first order kinetics for 1468 hours and

give 23 ygield Bf about 10%. d) HgCl and ome of the following

2

. a3
2liphatic amino acids, qlycine, alanine, valine, leucine and

/o
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isoleucine (Hagashi et 3ley 19793, The.Hg product was 3lmost
exclusively MeHg for 3ll a;ino acids gxcept alycine, ‘uhich pPro-
duced no MeHg, >and leucine which preduced MeHa amd an additional
unidentified Hg'cqnpound. AN interesping difference was observed

hetween blacklig itradiation and the Hg vapour lamp; the first

showed ILEU > LEU > VAL > ALA, whereas the second was ALA > LEU >

VAL > TILEU. Since no MeHg was formed from glycine, the authors,

concluded that MeHg formation was due to the fraagmentstion of the

aliphstic side chains during photolysis.
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The significance of photdchenical methuylation is difficult

: . .
to a3ssess from these experiments, because they were 3ll done

L)

under chemically deffﬁe& conditions. The reaction itself is much
slower than that bétween neﬁhsl cobzlamin and Hg, producing 3
maximum yield of 10% after several aass (Akzsgi & Takabatiake,
1973 . ‘However, it is possible that the most natural or sensit-
ive Hg substrates or methsl donors have rot wet been tried, 3and
photochemical reactions could have considerable importance in
shallow uater; or the surface layers of deeper ones.

From the sbove, it would 'appear that Hg methglation inm  the
aquatic envirormment ‘could occur by 3 variety of different but
interrelated mechanisms. It may therefore be impossible to estim-
ate the relstive contributions of each to the eqvironhental Hg
load. N
HOW STAELE IS THE METHYL MERCURY FRODUCT?

The simple answer to tSis is that it is stéble éngugh to be
measured. There are:severa} stuaies that imdicate photolysis of

organomercurials. Egughman (1973) has studied MeHe thiols = and

sulphide and determined that the photochemical half-lives of

-
:
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these compounds 5?9'56—120 hrs;(thiols) and >0.43 hrs.(sulphide).
He also suaggests that photodecomposition of the MeHag halides,
particularlg the iodide. vsed for analysis could introduce sig-—
nificant errofs into analsticél..neasurenents. Organomercurials
.are 3lso subject to ozonolysis (Waters éi_g}., 1972) uhich may be
-an important method for their desiruction in the .3tmosphere.

In addition to their photochemical instabi1i£3 and’ their
reaction with ozone, MeHg compounds are readi}s denethalat%d by a
number of species of bacter:a (Spangler g&_gl., 1973b3 Biiien et
E}" 1974 Sharist EE;EE” 1979) and this process is llkels to be
fairly rapid 3t normal environmental pH values {Mason et al.,
79y, It is interestigg to note that although no He methglation
or volatilisatién of H9b+ by rumen bscterisz was obﬁerQEd (Kozak &
Forsberq, 197%) 3 sigqi%icant proportion of isolateé demethylated
MeHg, and the rate was proportional to added MeHg wup to 100 ppav
WHAT IS THE SOURCE OF MERCURY FOR METHYLATION?

It is clear from the ngdoritg of the wark on this topic that
inorgani% Hg added io 3 methylating system as 2 chlorlde, nit-
rate, acetate or even sulphide can form MeHa. DeS1none et al.
(1973) swagested HeAc cowld be analogous to the Hg conpoundér

found im sediments, and certainly, if Hg in natural waters occurs

primarily as Hg(OH) , then some HgAc nlght be expected. However,

2

the wniversal observation among workers im_ this field that neths—
iation is greatest in where the oreanic concentrat;on is greatest
may impls that an oraanice complex of He uould enhance methylation °

in some wayg. AlsSO, when mercuric 1ons are added to organ;c mater—

ial they are rapidly bound (Ramamoorthy & Hushrer, 1975a; 1975b).

~
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Tt therefore seems probable that the natural, though not necess-

. arily the best, substrate for nethglation would be 3 Hg thiol or

39

Hg organic sulphide. One other possiblity which is very attract—

ive, is that a3 Hg complex with the thiocether moiety of methion—

.Iine, or other thiocethers, would m3ke 3 suitable' substrate.

Birgersson et 3l. (1973) have shown that the methionine complex
uiﬁgfﬁgé acetate is stoichionetric (2:1) andlis-readils isqlated}
the Hg is locélised to the sulphur of methionine. This contrasts
with the polymeric ionic complex betueen.HgCiq and nethidnine.
The strong thioether;Hg hond-is aiéo supporteg by Cartg & Taylor
(1976). FPreviously, the Hg had been thought‘to interact with

methionime only through the amine or carboxylate sites. Since

hoth scetic zcid and methionine are present in messurable quanti-

ties in surface waters, this complex may exist in naturally.

o
The question aslso arises as to whether He is available for

methylation: here again there is appasrent conflict. Holm & Cox
(19733 Qsing 3 system where Ha could only reach.the' bacferial
culiure as Hgo, showed mo He methylationm, thouagh consideragle Ha
was bound to the cells. Im this system (glucose-minimal s3lts,
sterile) Hgo was stable for 48 hours. QErnelov (1?72) reported Hg
methylation at 3 rate cgnparable to HgClq. N? experimental
details are reported, but it is possible thaththe Hgo was oxidised
in this case. ITf Heo is o;;ﬁised in the presence of acetic scid
then it is likels that HgAc could be found im natural waters.
WHAT IS THE SOURCE OF THE METHYL GROUFS?

Some discussion of this has already been dorne above. It is

.clear that methylcobalamin tan act as -the methul donmor if present

in sufficent concentrations and under the right conditions. How-
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ever, even neths;cobglaﬁin must get'its nefhsl groups from somer,
where, and it would seenm more rikels that thi; sytem could oper-—
ate by transméthslation if a3 continuous suppls.of nethsl- Qroups
was available. The }es question is then, what.is tbe source of

the nethsl.groqpé?‘This question has not been addressed by any of
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the workers in the figtd. It would be particularly interesting to

-~

know what fasctors .are responsible for the abiological He wmethygl-
ation observed by Nagase‘et al. (1982). -
HOW ARE THE FACTORS FAVOURING THE FORMATION AND BREAKDOWN OF

METHYL MERCURY EBALANCED?

.
L

-
N

It woulds seem that MeHg can be ‘produced chemically fand

biolcgicalls_and i= also degraded biologically. In msny systeds

‘this T leads to cyclic fluctuations in the levels of methsl .He

which builds up untfl the denethglatiﬁé bacteris are inducgﬁ
(Jernelov,-l??S)..Sinilar fluctuations have been réported in pure
qut;re (Hamdg & Nouges, 1975y, but it is not. get clear if 3
single' organism will both form and deg;ade methyl Ha, Such a2
situation has houever feen repértqd for Clostridium cochleariun
(Fan Hou & Imura; 1981) where demethglation appears 1o depend on
the presence of a transferrable plasmid. Also, in 3 mixed culture
such 3s intesﬁinal flora of fish, one would expect to find both

methylation and demethslation. . Here, however, the rapid uptake

/

of HMeHa in the aut may ensure MeHa production for prolonged

perioas. Tmn the surface lasers of water the additional fornation

and destruction of organic Hg due to sunlight must be considered.,

.Little is known about the relative rates of formation and degrad-

ation of MeHa in nmatural systems.



INTéODUCTIDN T0 THé EXFPERIMENTAL SECTION

The experiﬁental work reported here was undertaken _in an
3ttempt to evaluate the role of microorganisms in the fbrnation
a{ MeHqg in the aquatic‘environnent. The studs_uaS'dividéd into 4
Ise;tions:
i) Estimation of the relstive numbers of bacteria in the fresh-
water environment which were ab{e to grow in the- absence an&
presence of HQ. .
ii) Competition studies between bacteris and sediment, or basct-
eriz and water for Hg in.a third compartment of s 3;conpaftnent
modél. )
iii) Experiments on the formation of HeHg\bs microbial cultures.

iv) Experiments on’ the photochenicai formation of MeHg.
N These sections were aimed a3t investigating thel fol}ouing
questions respectively:

iy If Hg methylation is effected by 3 wide variety of nafuralls
occouring organisms, hdb aoes the presence of Hg in culiure medis
affect the numbers of organisms capable of arowth?

ii) Can microrganisms have girect access to Hg in the n;tﬁrél
environment?

-

iii) Do cultures of microorganisms from the 0Ottawas River, or
4

elsewhere, methylate Hg?
iv) Is there an alternate abiologicsl route by which significént

quantities of MeHa can be formed im the environment?

-

-
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MATERIALS & METHODS

Microbial Cultures

Mived cultures of microrganisms were obtained from water,
cediment or fish taken from the Ottawa River in the section under
study by the Ottawa River Froject (Dtta;a River FProgject, 1977).
Pure cgltures of bacteria were isolated from the above and stored
at 40C on agar slanis.

Three bacterial strains with the reported ability to methsl-
ate Hg were obtained from Dr. HW. F. Iverson, National Bureau of
Standards, Washington, D.C.
a).S-CD, a facultative organism which produced CH Hg under an3er-
obic conditions (HW. F. Iversoﬁ, personal comnunicgtion).
by J-53-1, 3 plas%id-bearing subsirain of £E. coli K12 which pro=-
duced boih CH Hg and Hg0 (M. P. Iverson, personal communicatior).

3
c) Pseydomonas strain $744, =n isolate fTrom Chesapeake Bay which

was used in stuwdies on the methylation of tin and cadmiunm (Hueyg
et 3l., 19757,
Furmgsl cultures were obtazined from Dr. M. Hellman at the

University of Western Ontario (Scopulariopsis brevicaulis); Dr.

I. EB. Hesth a3t York Umiversits (Saproleaganis ferax); and the

National Research Council culture collectioﬁ (Aspergillus niger,

NRC  #401121; Neurospora  CT3s5s3; NRC#407002; Myrothecium

verrucaria, NRC#413005; and Penicillium notatunm, NRC#409010).

A labhoratory strain of Fseudomonas fluorescens was used for

experiments on the +transfer of Hg to bacteris.

Microbial Growth Medis

gttawa River bacterial isola;es and mixed bacterial cultures




used in methylation experiments were grown on Foote arid Taulor
(F & T) medium (Foote & Taglor, 1949 0.0S5X peptone, 0.02%
K HPO , 0.005% MgSO .7H 0, trace of FeCl & 1,5% agar for solid
2 4 4 2 3

media only), or the same medium supplemented with 0.05X% yeast
extract and 0.1X glucose (F & T+). The other microbial cultures

were aqrown in: 3-CD - Nelson’s medium {(Nelscn et 3l., .1972:

estuarine salts solution comprised of 1% NaCl, 0.23% MgCl .4H 0 &
2 L d

0.03%Z KC1 and contsining 0.2% glucose, 0.5% cassamino acids, 0.1%
gesst extract; pH adjusted to 7.3); J-53-1 - either glucose

mineral ssltis medium (0.5%glucose, O0.1%ZNH H PO ,* O0.1%KC1l, 0.1%
' 4 72 4
MaS0 .7H 0> or trypticase soy broth (BEL: 1.7% truypticase pep-
4 2 - -
tone, 0.3%Z phytone .peptore, 0.5% NaCl, 0.25% K HFO '“& . 0.25%

z 4

glucose; pH adjusted to 7.3); FPseudomonas strains - nutrient

broth (0.5% peptone & 0.3% beef extract) and fungasl cultures -
Sabouraud maltose or Sabourasud dexirose medium (1% Neopeptone, 4%
maltose or 4% dextrose).

Enumeration of Eacteria in Compartments of the Ottaws River

Sediment samples were collected from Oitaws River sediments
in mid-summer.by. the Geology Department, University of Ottsws and
were variously described sccording to their locztion as clay-type
(near south shored), sand-type (mid-stream) and wood-chip {rear
pulp mill on the north shbre). These samples reached our labor-
atoryg for testing 1-2Z days after collection. Additional sediment
samples were obtained from 2 shallow pollﬁted arm of the Ottawa
River, PBErewery Creek. Mid-siream water samples were freshlg col-
lected by dipping 38 sterile plastic container from = boat.

Fish samples were obtained from fresh specimens cawght in

late summer. Slime samples were obtained by scraping the living
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fish with sterile glass lides. Total'Qolune of slime collected
was ‘approxinatels 1-2 qL per fish for the skin surface and about
0.2 mbL per fish for the gill surface. Gut contents were removed
immediately after the fish were killed.

| Bacterial samples frgn the different.sedinent types ;nd the

-

intestinal and external flora of fish were suspended in sterile

diluting medium contsining 0.1% psréphoshate and 0.1% Tween B0 as -

an aid to dispersion of bscterial clumps. Actidione (cuclohex-

R—

'imide) was added to the enumerstion medium at 50 pa/ml. to sup-

press the growth of éukaryotic organisms. Sediment samples (10g)

-

were around witﬁ 180 mL. of diluting medium in a large mortar. ’

Fish samples were homogenised with 15 mL of diluting ne&ﬁun.
Serizl 10-fold dilutions wére made in the same medium. Pgrophos—
phate and Tween Sﬂ'uere_added”to the water sample 10 éive 0.17% of
each; subsequent diluti;ns were made 3s before. . ’

The ?oote and Taylor ma?iun was developed for the enumerat-
ion of bacteris in natural waters (Foote & Taylor, 1949) and is
desigried to 3llow sléu growing organisms to be enumerated . as well
3s the more rapidly growing sﬁecies_uhich are retarded by lack of

mutrients. Appropriate concentrations of Hall .or Hg(NO )' were

2 3 2

added to Foote amd Taglor zgar immediately before pouring plates
which were used the following daws. Replicate 0.1 nL'%liquois (at.
least 3 per dilution and set of experimentsal conditions) of the

bacterizl swuspensions were spread on the agar plates which were
o

then incubated a3t 20 C for B8 days under serobi¢ or anaerobic

cnnditions; anzerobic conditions were those‘pertaining.when the

culture was held under commercial n¥$trogen. _ No attempt was made
\

.
—-—
-
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to grow strict anaerobes as our uofk was mainly concerned with
ihose bacteria found in the more aerobic part of the river:
water, ubper lagyers of seéinent and fish surfacés.' In the Opﬁaua
Rive totzl wvertical mixing has been reported (A, deFreitas,
pers:kel communication) and strict ﬁnéefobes are unlikely to be

found in many places. Plates were examined and the nunber. o{
colony forming units was counted, These experiments were re-
peated a3t 1east twice with different samples of each sediment

type or fish surface.

Growth of Microbisl Cultures for Methslation Experiments

Mixed cultures of sediment bacteris were obtained from

’
either enrichment cultures of Ottaws River sediment in Foote and

Taslor medium containing 10 ppm HgCl or aquaris sediments a2t the

S
=

Nztionzl Research Cowncil, PFure cultures of sediment bactenia'

were obtzined either from plating ouwt the above enrichment cul-
tures or from the enumeration plstes (10 ppm Hg). Mixed cultures
of bacteris associated wiih fish were obtained as described
sbove: pure cultures of these organisms uwere 2lso isolated. All
isolates were checked for purity by replating twice on Foofe énd
Taylor agar tefore storaqe at 40C an 3gar slants.

Cultures were arown either with 1 or 10 ppm added Ha or with

rno Hg; Hg was alwags added last to mi?inise loss from the ssstem.
sDetails of ewperimentsl c;nditions and cultures wsed are‘given in
the results sectionty Controks were autoclave-killed irocula,
Eacterial growth was followed Bs meaéuring the increzse in copti-
cal demsity a3t 650 nm, Aerobic.cultures were ;haken slowly on.an

orbital or reciprocating shaker; anaeroblc cultures were either

gassed with commercial nitrogen or conpletels fllled with medium,

~
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sealed and left stationary. No attempt was made to culture strict
‘ . o
ansercbes. During arowth 2ll cultures were held at Z0-2Z C. When

the stationary phase was reached, the cultures and contrQ&§ were’

terminsted by the addition of concentrated HCl (1/4 vol) and NaCl

(10g/50 w~L) prior to extraction for organic Hg. A mass balance

. 203
was perf‘ornéd on 311 experiments where ‘f-lg was used.

Due to the nature of fungal growth in ‘liquid medium, growth
could not Dbe follo&ed readily by optical density measurenents.
Growfh was terminated when fTormation of the mycelisl mat seemed
complete; about 10 dass._'To.facilﬁtate,the extraction of funaal

cells, the cultureé were harvested by filtration and freeze-dried

4

T . .
priof to extraction for organic Hage

Dry HWeight Determination

-

Dry weights on bacteria, fungi or sediments were determined
o
by oven dryging (120 C) of triplicate samples to constant weight.

Intercompartmental Transfer.of Mercury

We used 3 simple model system to study the exchange belween
water, sediment and bacteris. In this, .3 dialyser containing
5.3 L of river water seryed as the body of water, and spatial
separation of the bacteris and sediment was achiéved by means of
dialysis tubina. Equal numbers of dialysis sacs contasining sedi-
ment svuspension (c3. UfS g dry weight in & mL distilled water)
snd bacterial suspension (c3. 0.15~0.25 q dry weight in & mnmL
distilled water) were held verticalls- in the dialygser (Fope
Sciertific Co., U.S.A.) by the addition of a alass marble tb each
szc. Control sacs containing distilled water only were 3lso

\included. Sediment and bacteria containing sacs were suspended

RS- T P i st MM - - 4
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alternately énd rotated mechanically iﬁ the river water which was
2lso nagnetical}s stirred. The dialyser, river Jaterland sediment
were autoclave sterilised, but it was thought that autoclaving
the bacterial compartment might totally change its binding @har—
acteristics. Chloramphenicol (100 pg/mL) was added to the ;iver
water t6 minimise bacterial growth., It was previously deter-
mined, éusing'a Hg-specific electrode, thst chloramphenicol did
not bind HQLT. Dialysis sacs and aliquots of river water were
removed 3t specific time intervals and analysed for total and
inorganic Hg by fTlameless atomic absorption spectréécops.
Results were related to dry weights of sediment and bacteria and
to weight of water. Background levels of the endogenocus Hg con-

ternt were obtained for all conﬁértnents and the diaslysis tubing.

Characterisation of compartiments:

River water - samples were collected from the 0Ottaws River {mid-

chanmel) st the flow-throuah aceess in the Ottawa River Ecologs
Laborators (OREL). The following neasurenents were obtained from
continuous monitors at the collection sitef Eh +345-+430 mV; pH
7.70-7.85; pCl 3.68;3.8; conductivity 21-22 p mhos; turbidity 8-
iﬂ FTU. Einding characteristics of the river water collected
from +this site with respect to Hag %ave been deiernined
(Ramamoorthy & Kushner, 197353).

Sediment - samples were 3 clay-type sediment from ‘the Ottaus
River which was shown by X-rag diffraction, scanning and . trans-—
mission electron microscopy, and differential thermal analssis to

be composed of poorly crystallised kaolinite and 1llite (Rama-—

moerthy et al., 1%977). Surface arez measurements by the method

2

of Erunauer, Emmett aﬁd Teller (1938) gave a value of 25.3 n /g

47
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dry ueight. Orqanic content was found to be 10.1X on 3@ dry ueight
basis by -dry ashing sanpfes_at.YUOOC fo? 16}hours: .mean grain
size was .35 mm. Cstion exchange capacits, using- the anno;iun
aqetate nethod(Cha}nan & Pratt, 1§61), was determined 3s 18.58 ;

equivalents /100 g dry weight .

Eascteriz - used were Fseudomonas Tluorescens which had been arown
- )

48

in rutrient broth at 30 C for 72 hours. This stationary phase

culture was harvested and washed thoroughly to remove growth

nediuq:. The 'pelleted waéhed cells were used in the éxperineﬁts
and &Separate dry weight deterninaiicns were perforned for each
batcﬁ of cells wsed. Pseudononéds were gﬁosen becausé they are
common river organisms and they have also been shown to prédonin—
3te 3mongst -the organisms capsble of growing in Hg—polluted
waters {(Nelson EE;gE.,i??ﬁ) and amongst those capable of volatil-
ising Hgo (Nelson et al., 1972; Nakshara et 3l., 19770
Miecroscopic ‘exaninatioﬁ of the cwltures 3t time of harves-
ting r%vealed some cells with aberrant growth 3nd quite 'a wide
range o} sizes was observed (2-12 pm in length). This complicat-
ed surface areas measurements, which were performed Dy counting
rumbers with a Coulter cownter and muliiplsing by the ave;age
surface area of one bacteriun.' For purposes of calculation the
bacteria were 3assumed to be cglindérs with hemispherical ends.

.

All estimates obtsined were houwever of the same order- of mag-
2

nitude (40420 m /g dry weight) which correspgnds to 1-3 times the

surface area of the same weight of the sedin?nt used.

Photochemical Production of Methyl Megcoury f

..‘
3) Specifie compounds : \\a///

\

-\.
A
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Although -<5% of the intensity of sunlight radiation is in
the UV region, there is still considerable acti;itg at the longer
vy wavelengths.  and >90% of this occurs in the UV spectral = band
commonly. refef}ed to as UU-A (3150 - 40005) (Caldwell, 1972).
‘Blacklight lamps, with & pesk intemsits at asbout 3500A, are
connonﬁa used to irradiste st this range of wavelengths (Aksgi &
Sskagami, 1972). Sunlight long-wave UV radistion was measured
wsing 3 UV Products EBl3k-Ray meter (Model #J221) on 3 sunny day
an ‘the roof of the lshoratory. Four blacklight UV lamps (13W)

were then zdjusted inm height above 3 surface to give the same

intensity of radistion, measured on the same meter, approx.-

2

. 20pH/emn . Disposable, polystsrene tissuve culture flasks (Cor-

ning) were thosen 35 closed parallel-sided vessels to wse for

-

exposure of reaction mixtures. No meassuresble decresse in inten— .

sity was observed when empty or water-filled flasks were irrad-
iated with either source, so the plastic was considered suitable
far irradiatigﬁ experiments with this range of wavelengihse. ‘
Both distilled waier and tiver water were filter sterilised
~through 0.22 pm Aenbrane filtersntNalgene). Acetic acid was made
from glacial acetic acid and sterile distilled water. ﬁercu;s
salt% -uere‘ueighed out under an orange phoiographic saTelight;
they pould rnot be sterilised but were present in such high con-—
centrations that any bacteriz they carried with them would Dbe
urilikely to grow. Ey careful preparation of constituents, the
- systems were assembled in toial darkness.

Sunlight-exposed -reaction mixtures were placed on the roof

of the laboratory and inverted daily to remove condensation from

the top surfasce of the flask. UV-exposed resction mixtues were

N e AL sl U Pl ol LT o W M T, LT
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continuously ’illuninafég\bsfblacklight in an otherwise darkened.

enclosure. All chemical sysiems were incubated for periods of 3

dsgys and & days prior to extraction for organic Hg (Stevens &

Robertson prcoedure .- see below) and analysis by GLC. Flasks

designed to measure initial (T )ayalﬁes were, in fact, necess~
arily exposed briefly tP norzal qoon_liéhting, for the period
required to 3dd the cheﬁicals for orgsnic Hg extraction. Affer
addition of these chemic3als tﬁé flasks were returned to the dark
to await extraction. " Ewxtraction was carried out in narmal room
1ighting using the Stevens & Robertson (1?7{) procedure.

b Water—Sediment Systems

‘Sterile clay sediment {autoclaved 1ﬂhour).was loaded with

HaCl to give 3 final concentration of "10 ppm. It was then '

Z

washed thoroughly to remove 3ny unbound Hg and 1009 wss transfér—
red to each of 2 sterile glass columns, one.of which was covered
with black plastic. To eéch column, either wunder placklight or in
the dark, was added 3.5 L of either sutoclaved deionised water or
avtoclaved river wéter containing 1 ppm scetic acid. Columns were
kept vnder the same conditions, snstirred, for 7 dags. The claQ
ués then centr{fuged off (1000 x g for 10 min.) aﬁd both cias and
water were analysed for CH3H9 (Qéstoo extraction and GLC).

Similar procedures were wuwsed for blacklight and dark

ewposure of sand sediment (250 a) containing 10-20 ppm HgCl but

<
e

using sterile dechlorinated tap water with fish as - potential

bioaccumulators of any CH Hg formed. Each column contained 4 fish

; £
(Brachydanio rerio or zebrs fish, weighing 1-350 mg each): 2 of

which were sacrificed at 3 days and 2 at 8 days.’ Fish and water

S0




were analysed by Westoo extraction and 6LC.

Chemicsal and-Chrbnatographic Supplies

He;éugs s3lts used thioughout this study. were analytical

: o . . 2+ + :

grade (Fisher Scientific). Radioactive Hg and CH Hg .s3alts
. S 3 T

were obtained from New England Nuclear Canads  Ltd. Festicide

qrade - solvents and high purity scids were necessary to minimise

-

Hg impurities introduced urwittingly; -~ with one exception,
_sclvents and acids were purchased from Fisher Scientific. High

purity, glass-distilled benzene was purchased from Caledon Lab-

oratories, Georgetown,’ Ontayio. This product has 3 very 1lou

chlorinéted hydrocarbon residue and is particulsrly suited to use

with an electron capiure detector. The concentrsted HCI useddin
extracts for GLC snalysis was preextracied twice witih the 913554

difilled berzene to remove three large interfering peshks caused
by benzene-soluble impurities.
-

Giass columns, septsa, Chromosord G, diethglene <alycol

-~

succinate . (DEGS) and other sccessories for ®he gas-liquid chrom-
atogbaph- were purchased from Ch;omatographi; ASpecialties,
Erockville, Ortario. | ' ' )
Handliné-of Mercury Compounds

Inorganic Hg compounds were handled with caution to avoid

-

inhslation. Mercuric nitraté is deliquescent and was stored in s

dessicator. The true weight wss extrapolated from 3 series of

weighings over several minutes. Methwsl Hg compowunds were stored

_and handled only in the fume hood. Radioactive Hg compounds were

stored in lead-shielded containers.

It was rot considered desirablelepjsafé to sutocelave steril-

-

ise Hg solutions. Concentratéd Ha sé?btions were Tilter steril-



A"

ised (0.22 pm pore s;ze nenbranes) ulth relat;vels little: losé.
Dilute Hg solut10n5 (1 ppm Or less) were 1rrad13ted with an
intense source of short wavelength radlatzon (Coéu) in order to
aQoid_Hg 1085 on passage through @ microporous filter.

To nininiée valztile Hg compounds in the lzboratory 3ir.

culture vessels were fitted with devicés containing finéls divid-

w v

o2

ed cocoanut charcoal (200-500 mesh) 10 adsarb any Hg vapours (A. .

deFreitas, personsl communication).

anzlytical HMethods

During the early part of this study, radiochemical analysis,
203

uging Hgq: was the only technique available for Hg determin-

stion ' in our laborastory. Extraciion of.sanples by one of the
standard methods (see below) aave estimates of 6rganic and J4dnor-
ganic Hg. No further speciation of Hg.was possible with this
_technique, although a3 th;n—lager chromatographic (TLC) method was
developed 3s a comnfirmatory test for MeHq. ‘

Subsequently, a aas-liquid chromatograph with an electron
capture detector was made available to'us from the National
Resarch Council of Canads. This was set up to measure MeHa aﬁd

used in‘fnrther experiments.

Extraction of Samples for Organic Mercurg

Eg}ractlon of samples for MeHe was performed either by the
method of~ Westoo (1968) or an analcgous procedure (Stevens &
'.Robertson, 1974)., Figure 3 shows 3 schematic sunmary 6f the two
methods which both rels on the e,tractlon of teHa 3s 3 hélide.
The chloride (Westoo, . 1968) is the most frequentls used in spfte

of the fagt that, even under optimum conditions, the partition
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" EXTRACTION OF

WESTOD (1948) ,
developed for foodstuffs
and hiologiesal nater;als_

. FIGURE 3

ORGANIC MERCURY COMPOUNDS

~

STEVENS & ROBERTSON (1974)
developed for water
analysis

. HOMOGENISE SAMFLE WITH

WATER IFTNECESSARY

Ly i -

scidify with HC1 (1/4 vgl?
in presence of high NaCl
(10 g/70mL2 . '

-

-

3acidify with HEr (1710 vol)
in presence of high KBr
(10 a/50 mbL)

EXTRACT 3 TIMES WITH EQUAL VOLUME OF BENZENE & FOOL EXTRACTS

discard aqueous hqmogénate,
dry benzene extract with
anhydrous sodium sulphate

discard aqueous honogenate,
dry benzene extract with
anhygdrous sodium sulphate

BACK-EXTRACT WITH 1% CYSTEINE ACETATE
.0 nL/S0 mlL benzere extrzsct)

discard first henzene
extract, scidify with HC1
(0.5 mL/2 mL of cysteine
acetate extract)

discard first bhenzene
extract, ascidify with HI
(0.1 mL/9 ML cysteine
acetate extract)

EXTRACT 3 TIMES WITH £QUAL VOLUME OF BENZENE & FOOL EXTRACTS

3

discard cysteine azcetate
and dry final benzene
extract with anhgdrous
sodium sulphsate

/_\

discard cysteine acetste
and dry final benzene
extract with anhygdrous
sodium sulphate
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coefficient of MeHaCl from water into penzene is not more than

70%. A more favourable parfitioﬁ coefficient for the extraction

of MeHaEr and gteHal (Stevens & Robertson, 1974} leads to 3 higher

. 2+
recovery. The presence of excess halide ensures that Hg present
’ . 2- 2- : -
is complexed as HeCl or HgBr which partition almost entire-

: 4 _ 4 :

1y to the asqueous phase.

-

The following points not mentioned in Figure 3 should be

] - ‘ ) <
stated about the extraction Procedure:

-~

-

3) Each extraction involved shaking vigourously for S minutes in

-

3 separéting funnel with pericdic release of pressure.

n) Eenzene extracts greater than 100 mL were coﬁcenprated vnder

p
reduced pressure in a3 rotary evgporator.

. .~
e) A Few draops of mineral cil was, added to the benzene gxtract
— ' .

to ninimiserloss of MeHg (A. deFreitas, persanal communication).
d) Cysteine acetate solution was made fresh weekly according to
Westoo (1948). ' : -

-~ . .
e) Fimal extrascis uwere stored at room temperature in the dark

\\
hefore anslysis.

Large Scale Extraction of Organic Hercury

»

Tnvestigations of MeHg production frequently require <the
extraction of large Qolﬁnes of,nicrobial cultures or other 14~
quids with orgéﬁic solvents. For ease and safety of handling
iérge volumes of benzene a3 continuwous liquid-liquid extractor was
set up which had a3 maximum capacity of 3.5-L (Fig. 4. Comtin-

"
uous extraction of microbial cultures for 48 hrs. aave the first

berzere extract which was evaporated to 10 wmL wunder reduced
pressuré before proceeding as above. an additional advantage of

this apparatus is that its use avoids the difficulties of phase
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- FIGURE 4

APPARATUS FOR THE CONTINUQUS EXTRACTION OF LARGE VOLUMES -
J OF AQUEOQUS SAMPLES BY SOLVENTS LIGHTER THAN WATER
. ’ | .;:
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separation duve to the accumulation of material at the Dbenzene
'uateyfinterface.

Radiochemical .Determination of Mercury

A nunbér of radioactive ,isotopes of Hg are availasble, but

L 203
Iy
the only one suited to bioclogidal experimentation is Hg with 3
e S ‘ ® Y203
half-life (T ) of 47 daus. For every disintegration Ha

1/2 : .
produces 1 electron and 1 g@amma ray with an eneray of 0.279 Hev.,

Radioactive decay Ww3s monitored on a Nuclear Chicago Ganhé Well
Counting System, Model # 4216, us;ng thqllidn—doped sodium iodide
3s an external fluor. Hhenever’possible, ‘1 mk ssmple wvolumes
were counted; a3 correction curve W3as: however, prepared fTor
couﬁting lérger volumes where the geonetrg, and therefore effic-

iemcy, of counting was changgd.

The following corrections were made to the counts obtained:

3) backaround subpracted

nd éorrection for :61ume of sample, if-necessars

c) cogrection for LUSHQ decag (T . = 47 days)

.Results for some experinénts werélg;taiggd on 3 similar instru-
ment 2t the Nationalq?ésearch Council. The counting efficiency

of both machines for Hg standards was approximately 404,

TLC Conmfirmatory Test for Methsl Mercury Compounds

*a I

» - "The small aquantity of MeHg wsually present in natural or

experimental systems makes direct colourimetric determination
203
impossible. This cam be overcome DY using Ha substrate and

lookinge for areas of hiah radioactivity on the TLC plate. Detec—- ’

tion of épgcific compoungs can be simplified 8a~using rnon-radio-
active compounds 35 carriers which can then be . ,detected colour-

!
imetrically wusing dithizane as 3 spray ngagenﬂLTHg dithizonates

.
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are\orange) and counted to determine associated radipactivity.
Trisls with many of the solvent suystenms ‘reported in thg
literature (Fishbein, 1971 & 1972Y aave either somewhat variabdble
esults, or left’ the inorgsni; Hg on the baseline. The Dbest

s4ystem found was one developed in this studs vsing silica gel H

plates (0.25 mm) and 902't01uene - 10% methanol as the developing
' LA

solvent. At rtoom tempersture and using 3 saturated developing

tank, this system gave R values of 0,90 for CH HgCl and 0.41 for
: f . 3

HaCl . _ , )
s . 3

Determinastion of Mercury by Flameless Atqpic”é Absorption

//

Totsl Hg analysis by this method was performed fo% us 3t 3

Spectroscopy

Natiomal Research Council laborstory also involved in the Ottaws
River Frogject. Detsils of the anslgticsl procedure are available
in the Final Report of the Cttzwa RlVET Frodect (Norstron, 1977).

Gas-Liquid Chromatography

Simce extracts of biological material frequently contain 3
bers Iarae rumber of compounds, UsSe of 2 selective detec%or is
ainsable. Ar electiron capture:detector was wsed which is part-
jenlarliye sensitive to Hg compounds emiracted as their halides.
Unfortunately there is no sinple;hethod to predict response with
this system and hence no quantitative relatiornship between peaks
of different compounds. Quantitatiorn is obtaimed by comparison
with known standards of different ccnce;%rations.

GLC 3snalysis was performed oﬁ a3 Hewlett Packard S7S0E  qas
chromatoaraph Tfitted with both 63Ni and 3H detectors. Figure S

shows a3 calibration for both detectors vsing MeHgCl standards.
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FIGURE 5

»
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CALIBRATION OF ELECTRON CAPTURE DETECTOR
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The H foil was foun& to have the areater sensitiviiy (minimum’

"detectable CH Hg approx 2 pa), but became easiis poisoned with He

: 3 . - o
(Fishbein,  1970) and was subject to small in-line presgure chan-
“o 63

ges whicﬁ éﬁve rise to false peaks. The Ni detector was considg-

e

: erab;sﬁnore stable, but less sensitive (minimum deteﬁtéble MeHg

approx. 58 pa). It was used in theiaulsed mode with a3 150 u sec

pulse interval, usin§.902 argori — 18% methane as the carrier 3% -

at a3 flow rate of approx, 30 mL/min. Detector temperature was
Q . .o Q ) R v

240 C, oven temperature 140 C and injection port temperature
o ' ~

180 Q,- The glass Qolunn was 3 & ft. = 2 mm, pacged with acid-
washed, DMCS tresated Chromosorb W as the solid support and coated
with SX diethylene glycol suecinate (DEGS) as . the stationary

hase.
P -,

+

Carrier ga3s flow v3te was decreased overnight and consequen-—

tly wvaried slightly from day to day after "readjustment. This

resulied im slightls‘varsing'retention times (spprox. 3.5 min.)

for MeHgCl which were monitored from standard solutions chrom-

¢

atographed immediately before or after unknown samples. To avoid

the possibility that MeHe compounds might be concealed by chang—

ing retention times inm complex mixtures, samples of the exiracts

were chromatographed at each .stage of- the extraction procedure.

In particular, after back-extraction by cysteinme acetate,. the
2
benzene 1lader was rechromatographed to check for possible disap-

pearence of peaks.,
One set of experimental results was obtained wsing a gas

chronétograph at the' Canada. Centre for Inland HWaters, EBurlington,
6 3 . .
Ortario. This machine wused a Ni detector of 2 more wmodern

'design with areater sensitivity, and was capable of deteéting 1-2

P o
e



pg of MeHgq halidé. The detector

with 150 p sec. pulse interval

_carrier gas with a flow rate of,

o ,

was 130 C, the injection pori
o \

230 C. The _ column material was

was operatéd in the pulsed mnode

and high purity nitrogen as the

70 mL/min. “The oven temperature
o

i50 C and the detector was ai.

scid~washed DMCS treated Chromo-—-

sorb W (precoasted with KBr) and 5X DEGS 3as the stationary phase.

-
The retention time for CH Hgkr untder these conditions was about

3

2.7 Mini

Sample and standard volumes injected onto the GLC  columns

were .mostly 5 plL or less, but never more than 25 pl.

CH Hg sclution was chromatographed between each experinentai'

3
s3Mple.

Glassware Freparation

All glasswareé used in this studs'uas-cleaned with NoChromix-—

H sO acid
2 4 o

(Godax Laborstories,

N.Y.) and rinsed with 1large

quantities of_glass—distiiled water before use.

Yor
o

A standard

T 40
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EXPERIMENTAL & RESULTS

i) Enumeration of Eacteria ir Various Compartiments of the

Ottawa River in the’ﬁEEEﬁEg\and Fresence of Mercury.

Table 1 shows -the results obtained for one set  of
experiments on 3 types of sediment and watér from the Dttéua
River. Viable bascteria were reduced slightly but somewhsat
vafiabls by 1 ppm Hg in the medium, with river water shouiﬁg the
greatest loss. However, when the Hg concentrationtas 10 ppm, <2X
of the bacteria were able to form colonies., There is no clear
indication of differences between aergbic anmd anserobic condit-
ions. Fiqure 6 shows compiled dats for .water and sediment
samples, and further illustrates the same points. Up 1o and
including 1° ppm a3dded HQ, a slight and varisble reduction 1is
observed of <«llog . At 2 ppM only 1-10Z of bacteria’ form
colonies snd. .3t 1gm;gm this decreases even further.

A summary of the results on hacteris associated with some
fish from the Ottsws River is given in Tsble 2. It can be seen
that in the absence of zdded Ha, large numbers of viable bacteria
were fournd. In the presence of He (lppm) the reduction in colony
ruimbers was Qaried, but always <1 log ¢ imterestingly there was
rno  reduction in the large numbers of igable bascteria in samples
from the perch gut. However, st 10 ppm He, in a3ll fresh samples,

lese than 1% of bacteris remained visble. For the perch samples

that were collected and then refrigerated for 3 days pefore

“
s

plating,u-the- total viable count in the absence of\éggfd Ha was

lower by about 1 loe , but 3 greater proportion of bacteria
ip

61

remaired viable in the presende of bqth 1 and 10 ppm Hg-tﬁan w3s,

the case ftor fresh samples.

|



TABLE 1

COMFPARISON OF THE VIABLE AEROBYC AND ANAEROBIC BACTERE&
IN WATER AND SEDIMENTS FROM THE OTTAWA RIVER
IN THE FRESENCE AND ABSENCE OF ADDED MERCURY

Source of Conditions Added Hg Eacterisa % Viable
Barterisa of growth (ppm) /g9 or /mlL Bacteria
5
. clay-type serobic 0 + (1.5%0.3).10 100.0°
. ' 5
sediment " 1 (1.2%0.4).10 80.0
.3, y
" " 10 (z.6%0.1).10 1.7
5
" anserobic 0 (1:7%0.2).10 100.0
‘ : 3
" " 1 (9.370.8).10 54.7
1 3
" " 10 (1.771.0).10 1,0
q
sand-type aerobic 0 (z.5t0.7).10 100.0
< _ o 4 -.
sediment " 1 (z.2+0.3).10 88.0
* <
" " 10 (z.3%0.5).10 0.9
» 4 ) 4
" anaerobic 13 (1.9-0.,6).10 100.0
: 3
" " 1 (9.3%0.6).10 48,9
g " 10 (9.3%1.2).10 0.05
: 5
woad chip serobic 0 (6.3%0.4).10 100.0
- :
. ~t
sediment " 1 ¢3.370.5).10 52.3
3
" " 10 2.431.3).10 0.3 -
5
" snaerobic 0 (S5.630.,4).10 100.0
: 5
" " 1 (3.8F1.3).10 &7 .8
. 3
" " 10 (306‘-002}-10 006
q
mid stream aerobic 0 (2.0%56.5).10 1006.0
- 3
water " 1 (3.4%0.9).10 17..0
2
" " .10 (1.050.1).10 0.5

Bacterial counts are given as bacteria/q dry weight for sediment

samples and

as bacteriz per ml for water.
Foote & Taulor medium at 20°C for 8 days.

Incubation
Results shown

and standard deviation for quintuplate samples.

W3s in
are mean
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LOG MERCURY CONCENTRATION (ppb)

Results are shown as the mean of at least triplicate samples for
Ottawa FRiver water (A) and for sediment samples from both the
Ottawa River ()((3 ®) 3nd Erewery Creek ([J]). Ottawa River sedi-
mernts were collected from the south shore (clay- tape; X ), mid-
stream (sard-type;(O ) and the rorth shore rnear a3 pulp mill (uood~
chip;® ),



TABLE 2

5

UIABLE COUNTS OF AEROBIC BACTERIA ASSOCIATED WITH FISH

IN THE ABSENCE AND PRESENCE OF ADDED MERCURY

Source of Bacteria’ Hg added . Bacterisa X Viasble
T (ppmy “per mnl Eacteris
FRESH - SANFLES §:_> ,
: : S .
Ferch Gill B} (1.8%0.4).10, 100
" 1 (435t0.8).10 2.5
O 10 0.0 0
. ' . b
Ferch Skin ) 1] (3.721.7).10 , . 100
" . 1 O (1.920.4).10 51
" 10 (1.2:0.7y.10% 0.3
. . . 6
Elack Crappie Gill - B (1.220.1).10 100
" 1 (Z.1%0.3).10 18
" . 10 \ 0.0 | 0
. e,
Elsck Crappie Skin 0 (2.220.8).10 5 100
" : 1 4,2:1.1Y.10 - 19
woo : 10 : (4.411.8).10° - 0.2
.. : ' g8
Ferch Cut 0 (2.52008).10, 100
LI 1 (2.620.5).10 _ - 104
" : 10 T (6.9%0.2).10 8.3

F

REFRIGERATED SAMFLES

(3 dags)
: _ 4
Ferch Gill 0 (1.820.7).10, 1090
" 1 ' (1.9%0.7).10 106
" ‘ i0 (0.720.3).10
. i 5 —/J
FPerch Skin 0 . (7.5*0.2).105 . 100
" _ 1 (8.411.9).107 112
" - 10 (1.810.3).10 24
- =
~J
Fumpkin Seed Skin 0 (2.220.8).10 5 100
b 1 (1.330.3).104_ S4
" 10 (3.670.8}).10 16
\\.." o ’
" Fish were obtained in late summer. HEylfures were grown on Foote

(=)
& Taylor meQiun urider zerobic conditiome a3t 20 € for B days.

Results are mean and standard deviation of quintuplates for fresh

samples and triplicates for refrigerated samples.

\



. i IntefconpartnentaI'Transfer of Mercury
Althouah biological material binds He Qérg st;ongls, jt waa;
net known if bacteris would be sble to compete successfully with

sediment for Ha added to the water FOIUnn, or.if they were cap-;\
able of accumulating, vis the .water qolunn,* Hae already bourd to°
~ the 'sedinent.° However,= if bécteria aré.to play 2 significaﬁt
role in Hg methsla{ion.in alpobluted aquatic énvironnent, one or
boty . of thesé should be true since the majority of the Ha is:
usuallﬁ bound to the sediment fraction. ‘
Uerg 1itEhe is krown about Hg exchanges_inﬁ multicompariment

systems, though the 2-c0npartﬁent sediment-water system has been

.
.

extensively studied (Ramamoorths & Rust, 1976; 1978). Hercury
levels wused in these experiments were much greater than those

(éfﬁa}ls found in the Otyaua River, but were not imconsistemt

with ievéls that have been foumd i highly polluted waters.
. . & R "
Competition for Mercury Eetween River Sediment and Eascteris

Figure 7 shows the results of Hg zocumulation by sediment

and bacteria’as s function of time, when river water, . containing

3ppTOX. 2 PRM Hg(NO ) is used as the source compartment. The
-, 3z “ .
bacteria accumulated rearly 20 times the amount of He sccumulated

' . T . . ¢ : .
by the sediment, on a8 dry weight basis, over 3 72 hour period, ﬁ;

Since the surface area of the bacteriz was found to be 1-3 times .

-

that of the sediment on 3 drs'ueight basis, bacweria alsc had 3

higher affinity for Hg per wnit surfécélarea'fhén'diﬁ sediment

particles. Table 3 shows the totisl of He bownd to both clay and

j A - o ¢ ' ",
bacteris iija percertage of the added Hg armd the ratio of the He
pourd ih‘the_Zlconpartﬁents. After 24 nhrs. a steady state'appéarﬁ'

N ~

[N Y ' * :
< : . . .t

N - . B . .
. . - I
. . - - « - &
- : . o7 .



FIGURE 7

MERCURY ACCUMULATED FROM WATER

18 J
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p ' ; .
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* MERCURY ACCUMULATED FROM WATER
TPIME RECOVERY OF Hg IN BACTERTAL Hg *(Ps. f£1.)
(hrs.) + CLAY COMPARTMENTS AS % s
) OF ADDED Hg Hg (Clay)
. C s -
0 0.04 0.08
1 0.37 1.10
S 0.52 3,20
12 0.58 3,50
24 s 0.79 5.80
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72 0.92 - 5.75
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to be reached'in thch'the bacierial‘conpartneﬁt binds about 5.8'

times the quantztsxb{ Hg that the sed1nent binds. Initially the

‘elay conpartnent bound more than the bacteria, but this was.

quickly ‘reversed. This could indicate that the sediment had 3

»

. small number of very'hiah affinity binding sites, - but that in
- Q\ '

.general binding sites‘cn'ihe hacteris ueﬁe of higher affinity

-

than those on.the clayg.

The total ;;ount of Hg in both claw and bacterla was versy
10\\\?ﬁount1ng to <1¥ of the added Hg even after 72 hour5: 0f the
3.4 mq (28%) recovered at 72 hours, &7% remained in thf water,
28X was a3ttached to the bacteris and'57 was bound to the sedi-
ment. The loss of ‘Heg, which is a3 well recognised‘phenonenon. Wwas
presumed due tn its vglatlllsatlon from the system. In other
'experinénts volaéile OBHQ trapped in charcq;l pluaes has been

ehown to sccount for the mercury loss. Theﬁg sediment used in

this study had the highest binding capacits'of a number that were

tested (Ramamoorthy et al., 1977). Inm spiie of this, the results

obtzined here show that, under the ex perimental conditions of Eh
(+216-+323) srd pH (7.4~7.5), Dbacteria can compete very success-—
fully with sedinen@ foﬁ He added to the water column.

Accunulation'of Hg,* from Hag Contéining Sediments, by River Water

and Eacteria in the Absence. and Fresence of 3 Chelation Mixture.

-]

Similar experiments in whlch clay  -was the Hg source conpart—

ment, showed that bacteria can accumuwlate Hg from the sediment |

. . e .
even when there 3re 2 dialysis membranes between them. The sedi-

ment ugi; prelnaded wlth Hg by stirring with an - HgCl solution

-
b

overnight, and washed extensively to remove ans unadsorbed Hg.

h ]
Figure B8 shows accumulation of Hg by Fseudomonas andgd water from

s 6T
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ACCUMULATION OF MERCURY ADDED T0 SEDIMENT BY BACTERIA

AND RIVER WATER
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sediments. containing approx. 500 ppm Ha in the absence of an

— -

added chelation mixture.

Initially H? in water rose rapidly to about 4.8.ppb, but by
10 hours it had-dropped‘baek to about 1.5 ppb. This naq'have been
due ‘to's sn;11 quantity of unbound He not washed from the sedi-
ment but rapidly relessed fron the interstitial suspending medium
to the water ;olunn and thence accu;ulated by the bacteria.
Changes in Hg levels im the bacteria followed changes in the
water column but both compariments accumulated ihcreasiné amounts
of Ha over 9§ nours. Although levels of Ha in the bacterial
éonpartmentl were 3 aorders of magnitude h;;Her than in the water
‘on a'ﬁeight nzsis, no comparison between Hg levels im bacteris
and water cant be mde since b;cterga acquire;their He only ;hrough
the uater, hns reduecing the Hg concentratlon it the water. The
firnal concentration of He En water was 98 ppb and in bacteris wis:®
7.3 pprm. The totai He recovered in the wster (491.5 wug) and
bacterial (17.2 ug) compartments at 96 hours uas 21.3% of the Hs
added tq the system. - |

Figure ¢ shows the results obtained when S0 wml. of the

following. chelatzon mixture was added to the water conpartnent at.

zero time. Chelation mixture! citric acid (S ppn), NTA (mitrilo
trizcetic scid - 1 ppm); fulvic acid (5 ppm); Cl (3 ppm  as
2= 2- - -
NaCly; PO (1 ppm a3s Na PO )} amd CO (S ppm 3 Na CO >. .
4 3 4 . 3 2 3

At 96 hours the levels of Hg in water are simidar to those

fournd previously even though there was a-ﬁigher corncertration of

Hg in the sediment (approx. 1400 ppm). Eacteria on the other

hard accumulated much more Hg in the bresénce of this \chelation

1

. ~
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" FIGURE 9 : | T
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ACCUMULATION OF MERCURY ADDED T0 SEDIMENT BY BACTERA & RIVER WATER
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mixture than they had done in river water alone. Table 4 shows a3

.camparison of results abstracted from dats obtained in these .

gxperiments, Over thi first 96 hours, Hg found in the water was
lower in-the presence otﬂchglatofs than in their absence. How-

Y

ever, .the bacteris accOnulates\uﬁ to 20 times .3s much Hg in the
presnce of the chelation mixture ;;fwith river water 2lone. Since
He can only reach the bacteria through the water, this implies
that Hg in the water column was being more rapidls removed by the
bacteris in the presence of 3 chelation mixture. |

THe results of these experiments‘clearls shew that, under
.the ekperimental conditions of Eh (+390-+430 mV) and pH (&.9-
7,6),'§ac£eria can accumulste Hg previously bound to thelSEdinent
.evern though there is mo direct contsct between the two compart-

ments. Increased levels of organic chelators in the water appear

to enhance the levels of Hg 3ssocisted with the bacteris.

4 »

———y



\ TABLE 4
- “\' /
ACCUMULATION

OF MERCURY, FROM MERCURY CONTAINING SEDIMENTS

THROUGH- RIVER WATER,

- ‘

BY BACTERIA IN THE ABSENCE AND PRtSENCE OF

AN ADDED CHELATION MIXTURE

WITHOUT CHELATORS

WITH CHELATORS -

Time Total Total Ha bound Total Total Hg bound
Ha in Hg in by bact. Hg in Hg inm by bact.
bact. water a3s % of hact. water. as. % of

total in total in

(T:;b (ug) (ug) water (ug) (ua) water

0 0.14 ?6 0.1 3.4 15 22.7

2 1.5 242 0.4 7.3 24 30.4

3 5.8 1467 3.3 10.5 29.9 35.6

. K [

10 9.9 84 11.8 37.8 7745 48,8

24 ‘_10.3 254 4.1 133.0 127.0 105.0

48) 13.9¢ -304 4.6 2490.6 135;0 178.2

& 17.2 492 3.5 352.5 427 .0 . 83.0

192 - - - 42301 95000 44.5
288 - - - 561.6 240.0

45.3°

"! !;J &
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iii)--Experinenfg on the Formation of Methul ﬁercuré by Microbhial

-

Cultures '; ) ) /
‘ Since.the resulté of these egperineéts depend o the ability
to:exﬁract MeHge for anaissié, it was éonsidered necessary to test
the egtraction procedures used with standard Hg and MeHa s3lis.
Test extractions (Hestoo) of killed bacterial cultures spiked
with 1, 2 and 18 ppb of MeHaCl qave recoveries of &4, 62 and 469X
respectively. The spiked samples were deliberately 1Eft over-
night to simulate 'in use conditions. Extraction of CH 503H9C1 (1
ppb) from distilled uwater (1 L) (Stevens & Rébertso:) gave &
recovery of 82% which is in good agreement with the values gi;en
.bg the authﬁrs {Stevens & Robertson, 1974). Using the continuousf
liquid-liquid exiractor (Fig 4 ) MeHgCl (10 ppb) was exttacted
“with 100% efficiency from 3.5 L ofta rich culture medium using

the Hesthdo procedure. !

203

When HaCl was extracted from water, culture media or

~
e

killed bacterial cultures, it was shown (Westioo extractiom) that

a small proportion (0.062-0.12%) of the inorganic Hg carried over
oy - »

into the orgartic phase. Irn distilled water (3.5 L) 0.05% of 20

ppq HgCl was detected in the Tinal benzene extract though GLC

2
e

arzlysic did riot indicate the presemnce of MeHa. Thus, appearance
of radioactivity '}n the fimal benzene extract does riot
Qecessarils show that MeHg was formed. If MeHg is suspected, then
it must be confirmed by alternéte methods of.. amalysis. Results
claiming MeHa production based solely on radiozctive couwnts in an
oreanic extract should be viewed with suspicion.

The experiments on bacterial methylation of Ha wsing

cultires from the Ottawa River (OR) are summarised in Table 5.
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TABLE 5

SUNHQRY OF EXPERIMENTS PERFORMED ON THE BACTERIAL METHYLATION OF

MERCURY USING MIXED OR PURE CULTURES OF BACTERIA FROM THE OTTANA

RIVER (OR) & NATIONAL RESEARCH COUNCIL:.(NRC} ARUARIUM SEDIMENT

Source & Nature ¥ Medium Vol ng Growth* Uolatgle Time
of culture _ {mL) (ppm) . He {hrs)
OR SEDIMENT - :
(mix, aerobic) 3 F&T 200 10 +4++ e+ 24 -
{mix, anserobicy) 3 F & T 500 10 - +++ C o+t 24 -
(mix, serobicd) 2 F & T 200 . 1 " +4+ 48
({mix, anzerobic) 2 F & T S60 | 1 +++ ++ 48
(mix, serobi¢® 2 F.&8 T+ 200 10 - 4 24
(mix, anaserocbic) 2 F & T + 200 10 ,++; +H+ 24
(mix, serobic) 2 F & T + 200 1. . et ++ 24
(mix, anaerobic) 2 F &-T + 200 1 bt Lo+t 24
(pure, aerobic) 2 F&T 200 i0 . ++ +++ 48
GPure, anaerob;c) 2 FRT S00 10 o ++/+ 48
(pure, aerobic) 2 F&T, 200 10 ++ +++ 234
(pure, anaerobic) 2 F & T 508 10 ° ++ ++ 264
OR FISH SKIN SLIME - - )
(mix, zerobic) 2 F & T 200 1 ++ +++ 116
Amix, aserobic) 1 F & T + 200 10 +t +ee 24
(mix, aserobic) 1 F&T+ 200 1 +++ ++ 24
(pure, serobic) 2 F & T 200 19 + o+ 264
OR FISH GILL SLIME - .
{(mix, =2erobic) 2 F&T 200 - 1 ++ . ++ 116
(mix, éerobic) 1 F&T+ 200 10 R +++ ' 24
(mix, aerobic) 1 F&T+ ‘200 1 | ¥+ bt 24
(pure, serobic) 1 F & T 200 10 R + 264

SRR STECART IR P 3 5 57 S PRt Lol S OB



TABLE 5 (continued) L

OR FISH INTESTINAL FLORA .
{mix, anaerobic) 2 F & T + 300 10 +++ +++ - 24

{mix, anaercbic) 2 F & T + 300 1 _ Ry o+ 24

NRC AQUARIUM SEDIMENT -

(mix, serpbic) 2- F&T 200 10, | +++ ++ 24
(mix, asnaerobic) 2 F & T S00 10 +++ +++ 24
203 N h
-x HgCl or Hg(NO ) with Hg tracer.
2 ' 32

-%¥ growth is indicated qualitativelsﬁ +++ reached stationary phase
within 48 hrs.; ++ reached stationary phase during loﬁger¥f
incdbation; + grew poorly, did not reach sﬁationars'phase.

-2 wvolatilisation is indicated qual;tatidbls: +++ in&icates that
>40 of Hg was lost throhgp volatilisation; ++ indicates thétlnore
Heg nuas lost by volatilisation than in the con}rol cultures;‘ +
indicates that Hg loss by volatilisatioé was less than or equal
+to control values., Velastilised Hg 'uas trapped on charcoal
contzinimg devices fitted inté the nechk o% the cultiure véssels.

;F & T is Foote & Taglor mediunm; F &T + is Foote & Taslor nédiun
supplénented with 0.05% gyeast extrsct and 0.1%Z glucose. :

—-mix = mixed culture, pure = pure culture’

~These euperiments uwere not given in detail because the results
were 211 negative. Controls for each experiment contained auto-
claveékiiled inocula, and were extracted and analésed in the same
was as the live cultures. No attempis were made to characterise
pure cultgreé} theg were selected from colonies able to arow on F
é T wmedium with 10 ppm added He and were 31l norphpiogicalls

distinct. Had any of these cultures produced MeHs, they would

then have been identified.

-
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At the' end of the incubation period cells were pelieted
(5,000 x ¢ for 1S min.) and both cells and culture liquor were
exfracted for MeHa (Westoo). Control cultureé contzining auto-

clave-killed inocula were treated similarls. In no ca3se wWas

76

theré' a significant difference in radiozctivity Tound in the

final benzene extracts of live cultures when éonpared uitﬁ eiﬁher
killed ontrols or sterile culture medium?: the rahée of organic
extractable Hg found was in the range of 0.05-8.12%. This implied
that either no MeHa was formed or that any formed Qas rgpidly
remo®ed in 31l arowing cultures.

’ -

. After consistent failure to'find increased or;anic Hg in
. microbial cultures, ﬁhe possibility arosé ﬂhat we were not giving
the correct Hg substrate. He thereforg chose nercé?iﬁfyacetate
(HgAc) as the substrate for the next_s%gerinent with 23 mixed
culture éf sediment bacteria from an aquarium ai the National
Research Council. Live cultures and autoelavé-killed controls
were incubated %or five intervals from & to 192 hours with 1 ppn
> . .
LDSHgAc. Other cyltures were grown for 240 hr. and one was auto-
clsve-killed before the addition of Hg to beth; they were then
reincubated for a2 further 24-hr. One set of flasks was included
ﬁgere 1jve cultures and killed controls were .incubated with
203 + .

‘CH Hg (<1 ppb) only, in order tb test the survival and recov—
1 '

ery of MeHg under the conditions of the experiment. Volatile Hg

was trapped in %ightly fitting charcoal pluas. The recovery and
partitioning off Ha in this experiment is shown in Table 6.
Surprisingly for 3 mixed culture ‘Dﬂ” sediment bacteris,

"arowth was hardly apparent durimg +the first 48 hoursf of
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TABLE 6 ' | .

-~ '
~, -

PARTITIONING OF MERCURY AFTER INCUBATION WITH SEDIMENT BACTERIA

L
X

~ -

Z recovery

" eculture charcoal orgénic_ totsl

g hr. live culture 98,08 0.52 1.15 . 99.75
& hr. killed control 98.00 0.76 0.99 99.85
24 hr. live culture 98.05 2.54 1.49 162,08
24 hr. killed control 88.58 1.86 1.3% : _9i.;g
48- hr. live culture 88.32 2.73 1.20 éz.zs_
48 hr. killed control 82.93 4,09 1.35 88117
?6 hr. live culture 59.21 3.59 - 1.33 64.13 .
96 tr. killed control 71.77 " 4,23 6.85 . 76.85
192 hr. live culture . 36.73 9.21 . 1.87 47.81
192 hr. killed control 58,37 8.95 0.59 67 .91
240 hr. without and 24 hr. with Hg (“

live culture 107.78 0.77 ‘ 0.39 108.21

killed control 95.73 0.78. 8.32 '96.83
216 hr. with CH Ha |

live cu?iure' 58.27 0.83 41.90 °° 101.0¢8

killed comtrol . 35.14 0.46 64 .40 100.00

: o
200 ML cultures were grown aerobically a3t 10 € in Foote & Taylor

medium supplemented with yeast extract (0.05%) and qlucose (0.1%)
cultyre = cells + culture medium 3 .

charcoal = plug fitted to culture flask to adsorb volatile'ﬂé

-
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incubation, thouah statzonars phase was reached bs 192 hrs. The
] 203 .

quantity of oraanic Hg. obta;ned aTter extractlon of both live
and killed cultures at all t:ne perzods W3s about 10 t:nes more

+

than had fgen obzzéned for prev:ous EkPEflhentSH «Because the
"increased organic  He occgr?ed eYép at‘shor% ti;B\(i;iogs, MeHa
was lnot_sdspected at first, and.it was assumed ihat 1igh radio—-
activity.resulted from increased carry over nfbthé HaAc into the
benzene exttacts. Since that time we have shown thét‘HgAc sclui-
ions can contain MeHg (see below): this is beliéved to be .the
case here. If approximately 1Z is the propcrt;on of MeHe in the
HaAc, then the culturas were exposed to 10 ppb MeHg.

ThE?E' Wwss : slou but steady 1oss of Hg from the .killed"
cultures (Table 6) whlch is reflected in the totals recoyered;_
Loss of Hg from the 11ve cultures was negllgable during ‘the
first 48'h6urs; but ihgﬁ increaséd’in parallel - with ghe arowth 6f'
the cultures. ?his is in contrast tO'ihe culiUfeé containing
ﬂeHg alongufTabie 6), which lost no Ha }ron e%ﬁhet iiVe culture
or killed coétrol during 9 days. When the cultures were grown for
10 days  before addition of Ha, no_siQAificant loss of Hg éas
observed during the subsequént 24 hours and, rather surprisingly,
less orqanic Hg was recovered in the flnal benzene extract (Table
6) ~than for cultures where Hg was added at zaro tzne. It is npt
known whether the .reduced MeHaq results from a) reductlve‘deneths—
latipn and reoxidation of Hg wﬁicb ef%ectivels converts . o;ganic
soluble Ha to watér sol@ble Ha, b) reduced formation of MHeHg, or
¢). binding of the He to theqancreased biomass in these cultures

which has inpairgd-the extraction proceés;

The culturég‘lssed to test the survival and extraction of

~

B . -
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o

MeHa were subjectéd to 3 lsggr concentration of MeHa than thpse‘

with - added HaAc. The recovery of &4% of the added MeHa in the
killed control is similar tb the recoveries obtained in test
'ex;ractiohs with the Westoo procedure. If demethulsatlon caused

the lower recovers of oraanic Hg in the live
- ' 2+

culture (Table &),

then the Hg must have been réoxidised to Hg because -of the’

exceilent total recpvery of Hag.

Culturgs with the Reported Ability 1} Hethsléte Mercury

- After failure to show MeHg production by any of the mixed or
pure cﬁltures obtsined from the DOttawa River, it uasﬁaécided to
look at some cultures which had alreadg.been reported to produce
ﬁe@g: 3 sﬁch cultures uere'obtainqd. .

The first-experinents ue}e rurn with isolate 3-CD. Live and
killed samples of 3-CD were inocculsted inmto 100 ml.szliquots of
Nelson’s medium and incubated under both serobic (24 hrs) and
3naerobic (48 -hrs) conditions in the absence or presence of
LOSHQQCo The stationary phase cultures were extracted for oraganic
Hg <(Westoo). Considerable radicactivity was found in the final
benzege extracts of 3ll cultures {both livg and killed) contain-—
ing AUBHQ {(Table 73). GLC 3nalysis éf these fina; benzene ex-—
tracts revealed the presence of 3 compound with the same retent-
ion time as MeHa. No similar pesk was observed in the absence of
Hahc.

A - subsequent time course of triplicate S50 ML anazerobic
cultures of 3-CD was'perforned in Nelson’s medium containing 1

ppm HaAce. Controls containing killed culture (here the cultures

were incubated fTor the set time, killed and reincubated with HgAc

- v
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TABLE 7 .

METHYL MERCURY PRUDUCTiON WITH S-CD AND MERCURIC ACETATE

3l X reeovgt;
liquor charcoal benzene total
live aerobic S7.5 . 31.2 S 0.8’ F89.1
" killed 'serobic 100.6 0.7 . . 0.2 - 181.5
live snaerobic 95.9 6.1 -~ 0.3 102.3
killed snaserobic 100.9 2.5 0.04 103.4
Q

100 mL culturés werd

. hirs. (3erobic) angd 48

incubated in Nelson‘s broth st 20 C for 24

hrs. (anaerobic)

b

sterile control
Mercury contrdl
killed culture

live cultures 1

]

(3 separate

experimerts) -3

30 mL cultures - were

anaerobic. conditiors

% MeHg detected in fimzl benzene extract

t Time (hrs.)

R 24 g __ 72 120
, ﬁ/};-‘h\\

205 3-1 102 '207 202
6.0 g.0 0.0 0.0 0.0

- 2.9 302 203 109
100 202 3-0 L.-é 208 ‘
3.4 3.7 2.1 1.3 -

e
3.6 3.0 3.3 2.4 2.7
o

grown im Nelson’s broth 3t 20 C under

e e e b g ns s 2T T
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for 48: hrs.) and controls coniaining no Hag were élép " included.
‘Culiures were ektracted bs the Hestoo procedure and 3nalssed by
GLC. The results for recovery of HeHg are shoun in Table 7b.

. Hethsl Ha was found in sterile controls and 31l cultures
where HgAc was present regardless of the 1ncubat10n\t1ne or the

presence or absence of bacterlal nass. No MeHg has been fTound in

81

the microbisl methylation exper1nents vsing HgCl or Hg(NO ) but.

5
when HgAc is used as the Hq‘subs}ratg< MeHa has-béen deteit;d in
11ve _culiures, kifled con?fols and even sterile cplture .nedia;
Photochem1cal production of MeHa from Hghc has beén sh?un to
occur under fluofescent lightiné-(qpuetf et al., 1975) and it is
possible that the 1nadvert3nt exposure of HgAc to 3 119ht source
resulted irn contaminating amounts of HeHg pefore the exper:nents.
Tt is a3lso possible that MeHa was formed by 3 reaction .betuween
Hgéc and the nicrobial arowth medium. Whatever the reason: Hghc

is not a suitable substrate for the laboratory investigation of

MeHaq production.

Wher it was realised that HgAc could not Dbe used,k attewfts
were made to produce MeHg from bacterisl strains 3-CD and J53-1
(unfOftunatels Pseudonbnas strain #2444 had died) in the presence
of HgClﬂ. J53-1 has been reported to produce more CH Hg wunder
'aerobié Lconditiops ?ﬁaé 3-CD does under anaerobic cond?tions (W
F. Iverson, persoﬁai communication). 3-CD was garown anaerobically
in 1 L of Nelson’s broth with and without 1 ppm HgClq. J53-1 was
grown aerobicélls“in 1 L mineral neﬁiun plus glucos; and in 1 L

of +trypticase soY broth, both of these with and without 1 pPPp#

HaCl . When the cultures reached st3ationary phase they were
2
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extracted for CH Hg using the Westoo procedure 3nd analysed bY
L} . - . 3 ) T

. GLC., There w3as no indication of any canpqund with theisane-reten—

tion time as 2 standard ﬁeHéCl solution in ang of the cultures.

As" this did not agree with the ?esults.obtained by Dr. Iverson,

the experiment w3as repeated in dyplicaie. One set of cultures w3s

extrapted and analysed whole, fcells from the secoﬁd set of cul-

tures lwére hgrvested by centrifugstion and aﬁalssed‘ separatéls

‘

from the supernatant liquor. Again.nmo CH Haq was detected. .
. 3 - .
Tt was subsequently learned (W. P. Iverson, personal commun—

icatibq) that MeHaq uaé only produced by these cultures if the

cultiures were kept sbout 10 days before extraction. This iﬁplies

" that the Tformation of MeHeg was not occuring during growth and

probably resulted- from breakdown of some bacterisl cells,
althoush the presence of a3 very slow arowing contaminant . which
produces CH Hg couwld not be ruled out entirely.

3
Fumgal Cultures

The rationale behind examining fungi as potentially active

o

nethslatdrs.°of- Hg is that the active methyglstors of arsenic,

selenium 2nd tellurium were 311 shown to be fungi not bacteris

(Challernger, 1945). "In addition other workers have reported the

ability of fungi *to methglate Hg (Landner, 1971; Vonk &

Sijpestiejn, 1973). The choice of funasl cultures was partly

reasoned zand partly random! S. brevicaulis was shown to be‘'pari-

icularly active in producing trimethyl arsine, S. ferax is wide-
spread in matursl waters and forms part of the normal qill flora

of'freshwatér'fish, N. crassa and A. niger have both been shown

by other workers to produce MeHg.

Cultures (1 L) of A. niger, N. crasszs and M. wverrvcaria

i m e L L b
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were grown with and without 0.1 ppm HgCl at 20 C on/% reciproca-
T 2

ting shaker 'in the fume hood. Similar cultures of S. brevicaulis,

83

S. ferax, and P. notatum were grown with and withput 1.0 ppn

chi'. With the exception of S. ferax in the culture containinag
2 I ~

Hg, 31l cultures grew well and growth (formation of the mycelial
mat) seehed;.ponplete ;n'io days. Culélres were harvested 59
filtration under spctiéﬁ énd the myceliszl naﬁ’wa;'freeze dried.
Separate extractions of the cells and culture liquor were carried
out by-the Hestoo procedure and extracts were analuysed for the
presence of MeHg by GLC. A sm3ll fraction of tﬁe harvested cul-
ture was used to déterniﬁe dry weight.

In a2ll1 cases, eutracts of both funaal 9;115 and culture
liquor produced very complex chromatograms. No clear evidence

was obtained of pesks corresponding to MeHgCl. A peak in the

first benzene extract of M. verrucaris culture broth which co-

chromatographed exactly with MeHgCl (Fig 103) _did not disaﬁpear
on hack;extraction with cysteine 3cetate and was absent in the
final benzene extract (Figq 10b) A It was therefore a3ssumed not to
be HeHag bﬁt wacs believed to be-an unknown compound that, by coin-
cidence, showed the same retention time in the chromatographic
. system wused, However, the possibility that it was bis—suiphur

‘diMeHg (MeHg-S-S-HaMe) remains: after completion of this study I

uaéﬁlnade aware of 3.paper, in Japanese with no Engelish abstract

(Fujiki, 1970) which indicates that MeHg-S-S-HgMe does not react

with cysteine acetate arid will only be extracted by the Hestoo

procedure as MeHgCl if equimolar CuCl is present. Thus, if MeHg-

S—-S-HgMe hé& been formed, it would not have been detected here.
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FIGURE 18

CHROMATOGRATHS FROM M. VERUCGARTA GULTUﬁE- 'BR(-J‘I'H

[

—. 1st benzene extract
-m-mfglﬂm@m

—— 1st benzene extract

- u *
L ,j
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after back-extraction with cysdteine acetate

w—-- final benzene extract
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Hercufs'Binding and Volatilisation by Microbial Cultures

It shouid be noted that 14-36% of the tgtél Hg recovered in
nmixed cultﬁres in ‘Foote & Taylor nediﬁn uaé céll associated.
Also, in all mixed culiures, and.some pure ones, Hg was lost to
varsiné degrees‘in a8 volatile farm. This ﬁas pe.partialls &Le to
specif&c inducible reduction gssténs found iﬁ some Ppacteria, .35
has been observed by others (Pan Hou & Imura, 1983) however,
there is also‘the possibility of physicochemical loss off Hgy, as
was discussed in the review. : - :

iv) Phatochemical Production of Methyl Hé%curﬁ

4

3) Specific CompoUnds -
Aftey findina MeHq in the microbial cultures to which HgAc had
been added, we decidéd to investigaté the possibility of ébiol%g-
ical formation of MeHg'in the environment from HgAc. . Some of the
work of Akagi and his coworkers (Akagi & Sskagami, 1972; Aksgi et
3l., 1972; Akagi & Takabatake,.1973) was repeated and extended to
include more natural conditions] sunlight and.rivér water. Three
different.chenical_ssstens which .included HeAc or acéiic acid and )
Hg were vused to test. for methyl mercury prdduction. These were!
UV EXPOSURE - |
0.1 n mole HeAc - 10 mL distilled water X \ ~—
0.1 n_poi; Hael + 0.2 6 mole CH COOH - 10 mL distilled water

3
0.1 m mole, HgS + 0.2 m mole CH CODOH - 10 mL distilled water

5 3
SUN‘EXPGSURE
35 3above, witih either distilled water or'river water.
The results a;e shown in Table 8, and typical chromatograms

in Figure 11. Although the rqdiation intensity was approximately

the same for UV and sun exposure, the length of exposure was very

T i i £ A e e BTt bl e, o e, 1
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TABLE 8

PHOTOCHEMICAL -PRODUCTION OF METHYL MERCURY

- TIME

- A

SYSTEM METHYL MERCURY PRODUCED (ppm)
(he)
DISTILLED HWATER RIVER WATER
uy SUN SUN
0 0,004 0.004 0.088
HeAc 72 27.6 0.075 0.412
144 159.0 95.6 0.572
0 '0.004 0,004 0.003
He0 + CH COOH 72 82.8 16.4 0.002
- 3
144 177.8 33.6 0.015
0 6.001 0.001 0.002
HgS + CH COOH 2 <0.001 <0.001 £0.,001
3 .
144 6,008 0.116 0.159

- -

J
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FIGURE 11

TYPICAL CHROMATOGRAMS FROM FHOTOCHEMICAL PRODUCTION OF CHng Y

-

a) 200 pg standard methyl mercuric chloridé solution
b)) 2ul Hg(CH3C00)2 ail. x 10"‘. 6 days in dist. é.q., uv

c} 2 pl HgS undiluted, 3 days in dist. aq., UV

d) 2 pl HgS undiluted, 6 days in dist. aq., UV

a) H b)

. . .-
K_’//'\—*"l\ ks
N g

el d)

e

.
BRI YSIP = RGL AN LRI TN DT L JOR TR PR S



different because of normal daylight wvariations: UV exposure

being proportionately longer. .

.

A small quantity afyHeHg w3s observed in all the T samples,
. 3 : 0
but the value for HgAc in riyer water w3as much higher than for

any other combination tested. This couvld hossibls be due to 3
7

substance in river water which rapidly attacks HgAc, probably not

photochemically, with the formation of CH Hg. However, by 144
3
hre. there was much less CH Hg in the river water sun-exposed
3 : ) .
sample than in the corresponding distilled. water sample. One

possible explsnation for this is that there is more ~than one

.mechanism for producing CH Hae, and if a3 free radical mechanism is
' .03 :
involved, then there would probably be large numbers of terminat-

oré in river water which wowld limit its.effectiveness in thst
setting. The difference in methsl mercury levels bétween sun and
UV . exposed HgAc solutions at 144 hours may be accounted for Dby
the differeﬁt lergths of exposure.

The HgqO and CH COOH system reacted somewhat similarly . to
3

HgAc 1in distilled uater{ but produced very littlé MeHa in river

water. The HaS and CH COOH éssten essentially produced no MeHg
3 .
over the first 72 hre. By 144 hrs. CH Hg was found to have
: ‘ 3
increased in all samples, but in UV-exposed samples ™the level was

21/10 that in surn—exposed samples. This suagests that the differ-
ent spectral composition (either higher or lower wavelengths) ef
sunlight. mag be important in the photochemiecal production of

CH Hg from HgS.
3
Nearly 211 the reaction mixtures contained precipitates,

H

although, initially, only the added insoluble HeS could be seen.

,

After 3 dags, the HgAc samples 311 contained white precipitates,

88

CR PR S,




but, in addition, :the Uy sample contained 3 black precitate,
.presumably HgS. The dark contro¥ for Hgﬁcﬂsanples also contained
3 slight white precipitate, butl in very énall .quéntits. Tﬁe
HeO/3cetic acid systienm containgd black precipitaies in distilied
. water, 3 ‘heavs uﬁite precipitate-in river-uateﬁ} ‘and a3 wvery
slight uhite. precipitate -in the dark control. All HgS systems
appeared as they had done initially, 3 cleér solution.over insol-
uble HgS, with the exception of the control, Qhere the solution
was an opalescent sellou;l and presumably contained free sulphur.
The nature of the white precipitate was not known, but a}l pre-
‘cipitétes were soluble in HCl and presumablslinorganic. It is not

r

" kpown if the pH difference between the distilled water (5.6) and

89

the river. water (7.1) would have an effect here. Akaai &

Takabatake (1973) observed gellow precipitates in solutions of

HeAc: differences here could reflect differences in water compos-—
ition, or purity of the chemicals used.

n " B
) Water Sediment Systems

Me ‘decided to loock 3t sterile water sediment systems to try
and evaluate whether UV stimulated production of MeHg was 1likely
to be 3 Tactor in the aqu;tic environment., The experimental
procedure used here'has 2lready been described. As there is some
question as to how far suhlight long wave UV can penetraté in
water, we "tested this with the 18" water e®lumns used in thesé
experiments. and the long wave UV meter. No apparent decrease in
intensity was observed for an 18" depth.

No methyl mercurd was detected in any of ;pe water or sedi-

ment samples analuysed. In one experiment fish were vsed as bio-

*
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accumulators of MeHqg, © 3nd were also analysed for MeHag lcontent.
Figure 14(a3-d) shows same of the chromatoarams obtained with fish
analysis. Peaks uere observed (a-c) with the‘appfoxinate retent-
ion time of ﬁeHng bzﬁ#were not exactlé_coinciaent (d). It is not
known if these'peaks represent HeHg; th if’ they do, they occur
in both dark and blacklight expoged'fiSS,'_ghich would seeﬁ' to
eliminate 3 stimulstive effect of UV radiation undgr these cir-
- cumstances, but does not distinguish betuéen‘ s chemical or
biological ne;hanisn for‘ﬁeHg production. Although the sediment
and water were originally sterile, the‘fish were not. In view of
repqrts of endogenous methylastion in fish or methylation bw their
intestinal Tflora (see review) ié\uould seem unwise to base con-
clusions asbout environmenisl methslstion in water and sédinents

on analysis of fish. . : .o

N
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FIGURE 12 71

LY

METHYI MERCURY ACCUMULATION IN FISH B

exposed fish at 8§ days

5 ul ist C6H6 extract a)

. -
from UV "exposed fish -
and dark exposed fish

at 3 days

!
!
I
)
}
!
1
H
|

= UV exposed fish

dark exposed fisgh

5 vl final C6H6 extract b) Co !

from UV exposed fish at
3 days and dark exposed
fish at 3 days

5 ul final Cglig extract '

from UVVand dark

t
H
}
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DISCUSSION | ' \ j

Estimation of‘ihe relaiive numbers of-bacteria in the freshwater

environment which were Shle to arow in the absence and presence

of inorgeanic Hg.

.

These experiments did not attenpt.to give 2 complete picture

e it o

of the numbers of bacteris present or of the tolerance of the

bhacterisl population for Ha. It wss hosif://gouever, to estinate

the deqgree by which bascterial populations in wvarious river

compartments miaht be reduced under conditions of Hg contaminat-,

ion and low mutriert (organic matter) levels such as are found in

RV .

mans squatic ecosss{ens, and, most importantly, to obtain some E
cultures fﬁom these samples which.might have the ability to

methylate Hag.

Hamdy snd Noses (1973, .uhen screening For isolsates highly
resistant to Hg, noted that much better arowth was obtained o’
their Hé containing plétes if they were left 48 hrs. before use,
This mag be because some loss of Hg occurs and 3 concentration
gradient 1is set ué in the plates whichAallous organisms 10 gqrow
on the lower Hg concentrations in the surface lavgers. Our plates
were not,stored longer thanm 18 hours before wse, but the prolong-—

ed incubation pericds may have had the same effect a3s some colo;-
ies appeared late im imcubstiorn and obviously grew poorly on the
VécoﬁE.& Tadlor medium containing Hg.

Colony ’‘cowrnts obtained on sediment samples taken from
shgllou waters kEreuers Creek, Ottsws River north and sowuth
shores) did rot differ by more than an order of magnitude, bat

later mid-stiream samples showed lower gounts of viable bacteria.

It is possible that this difference is related to the organic
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- content of the sedingnt and the scoﬁring of the sediment surface
in =2 fast flowing river. In'the-nid—strgan the sediment is coéén
prised laﬁgelg of sandy - '‘material. In spite of this, the propori-
ion of bacteria which tolerétgd the Hg le;els used wWwas quite
similar in 311 the sediqent samﬁles tested. Some site to site
varistion was, however, observed; as has been reported for sites

in the Chesapeske Baw area (Nelson et-al. 1972). It is 3also _

N
prohshle that the water quality and composition will affect the

bacte+ial populations a3t differemt locales. For example, the clay
and.sand sediments show sinilé%’??oportions of tolerant bacteris
under serobid and asnaerobic conditions; however, aerobic bacteria
from wood chip sedimert show sliwhtly increased sénsitivits to

e

Ha. It is nmot known if this could be related to the nature éf the/

\H-.—'/

sediment - and therefore 3 differencé in the composition of the °
hacterial population that was found.

Marmdling andqsporége of sediment samples prior tqf\baéterial
isolation could 3lso affect £he total count obtsined, as well as
the proportion of Hg tolerant-brganisns detected. We have observ-
ed this for Ferch skin ard gill slime (Table 2),; where the total
viable counts in the shsence of Hg were reduced by’ abobt 0%
after 3 days refrigeration. It seems loaical that the bacterisa
which do riot survive storage would be among‘the most sensitive to
3 charge in cornditions. Since these bacteris were from the highly
o%ggenated surfaces bf fish, it is poss;ble that a drop 1inm Eh on
stanrding of the sample would have caused their loss. Coincident-

ally, these same bacteria may be among those most sensitive to Hg

because +the stored samples showed an apparent increase in per-
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centage tolerance when compared with the fresh samples.

It is particﬁlarls interest;ng to note the maximal survival
of bacteriz from perch aut in the pfesence of low concentrations
: -
of added Ha (1 ppm), though it is not known whether this is 3
real phenomenon which mMay pogsibls have significance in vivo. It
may be due merely to the presence of an increased .amount of
organic material in the intestinal contents, which is binqing the
Hg and msking it unavailsble to the bacteris. a4t 10 ppm, the
sensitivity of the bscteris uas-agproxinatels the same as for the

pther fresh fish samples. Another point of imterest is that no

bacteris -were detected from fresh fish gill in the presence of 10

pPm  Ha, althouah the mumbers obtained at 1 ppm Hg were not much,

‘different from the skin sanplesa~ amd stored perch éill showed
quite, 3 few viable colonies. Ome possible explanation for this is
that, during the 3 days refrigeration, there had béen‘a change in
the bacteriazl population which allowed detection of some more
" tolerant bacteria{ These observations emphasise the need for
immediate anélssis of environmental samples if it is hoped tp
leock. 3t 3 realistic cross<sectiorn of the bacteria present in the
rnatural envirgnment.i - | |

Tt is clear from the results obtasined that, im Foote &
Taglor, medium, at abowt 200 ppb, Hg does have 3 profound effect

‘@ the numbers of visble bacteria, and 3t 2~10 ppm added Hg very

few of the totzl number of colonies Femain wviable (épprox. 2log
. 10

reduction). Thus it mayg be sssumed that, although'zll the Hg

added +to the Foote & Taglor medium is  "bouwndg” (Ramamoorthy &
i

Hushrer, 19275h) to the media comstituents, at least soné of it is

navailable” to the bacteria. If sediment is to be the main source

-

.




of MeHg for fish, 'and bacterial methulation is the main method by

whiceh it is prodyced: in the sedinént, théh, in pol@ﬁted waters,

the remaining bacteria in the sediment must be the ones which are

capable of produc;ng HeHg. On the other hand, 3 wlder spectrun of

bacteria may be able tao nethglate Hg in the water colunn, ‘hecause

even in moderately polluted waters there is usually a3 -lower "He

-

content than in “the sedinent. Tt is possible that most bacteria

produce small quantites of HeHg but that some are rapzdls killed:

- *

this gould mean that the largest conversion of zncrganxc Hg to
ﬁéHg .night' be evxpected in COﬁdlthﬁS of low Hg concentratxon
where the contributions of 31l methylating ‘species would be
. - + '
additive.
v AS faf a3s is kmown, Ro systematic studies of im  situ  He
tolerance hsve beer ~reported for fresh water. For estusrine

sediment, in the Chesapeaﬁé Ezy area, it has been shown (Nelson

et 51., 1972) that 0.1-46% of the bicteris are tolerant of & ppPn

added HeC! : the majority fell into the lower part of that range
¢ .

hrd
i

(<10% tolerant strains). This is consistent with the figures

which we have obtained-for similar Hg corcentrations and bsctier-

A

izl populations. Fujiki and Tajima (1973) suggest that bacteria

were rot responsible for the Hg methylation in the Mimnamata Eay
because theré ware very few isolated from the mud which cortained
6e;g. It showld also be mentioned that ué obtzined no bacterial
colenies on plates containing 100 ppm added Hg. Bisogrni &
Laurence (1973), using 3 mi%ed sewage sludae bacterial population
irn 2 continwous broth culture in rich medium found 100 ppm Ha to

be necessara'?efore there was a marked effect omn bacterial metab-
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olism. However, there are tuc possible reasons for this? the rich

culture medium they used which may have npde the Hg less avaiiT
abl%, and their system was SﬁfippEd of Hg fairly ;aﬁkdls (Bisogni
& Laurencé, 19737, Set-;agé'u sludge HaQ also be expected £o be
enriched for Hg resistant bacteria since seuaée is ‘known %o
contsin relatively high Hg levéls (Van Eoon,‘1973).

There 1is no published work‘gn the proportion'of He tolerant

ps :
bacteris associated with fish, but 3ll samplés tested "showed

.

appreciable numbers at 1 ppm 3dded Hg. This could be important

,
i
|
)
1
b
:
'
i
i

whern considering the route and form of Hg Which égq?nulates in
fisth from the surr?unding uaters; From the large propo;tion
tolerant tq 1 ppm in fish gui, and consi#ering the dilution
factor of the sample testea;' it mag be estimated that in siiﬁ
populations of bacteria im fish gut, which are viagble a3t 1 ppnm
Hg, may exceed 109 per mL of gut contents. Since this is several
orders of magnitude above the rwumbers of bacteris found per agran
of sedimernt 3t the same Hg concentration, bacteri; orn or it fish
are likely to be far more important im determining the quantity
and rnature of Hg accumulated by the fish tham are sediment bact-
eria. The demonstration of Hg methslatiorm by fish intestiﬁal
conternts (Rudd gg;gé., 19800 apééars to confirm this, but direct
bacterial involvemeht was not prqved in this case, anc the pfes—

ence of decaging matter in fish gut m3ay be equally important.

Competition Eetweer Eacteria and Sediment, or facteria and Water

for Hg in 3 third compariment of 3 3-com§artnent model.

Mercury transfer has been studied entensively in Z—Cquart—
mert systems (sediment-water) from the Ottaws River (Ramamoorthy

& . Rust, 1976:1978) and desorption was shown to be slow even in
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the presence of chelators. As far as is known, this is the only
attempt to étuds Hg interchanges in 3 sinulated 3-compartment
model- of 3 natural sgstén.Alﬁs was established in the review,
water bodies in nonﬂpqlluted areas would receive nearlyg all their
Hg as rain. The fesults obtained when water is used as the Ha
source compartment led us to helieve that bacteris can compete
very successfully with se&inent for Ha added to the water colunn.
Ir fsct, after 72 ﬁogrs, 67% of the remaining He was still in the
water compartment, being boundfto neither the bscteris nor. the
sediment, even thouah the system was stirred. Since the principal
hinding sites for Hg in Ottaswa River water tave been shown to be.
<1400 MK (Ranaﬁoorths & Hushner, 1975) it seems unlikely that the
Ai3lysis tubing (MW cut-off approi. 12,0000 woula restrict the
svailability of Hg Lo the enclosed compartments for'more than .a
very short period of time. The river water was autoclaved,.but it
is probable that some sdspended organic matter .renaiqed, which
could account for the Hg remaining in the waler compartmenrt. It
is vers important inm suéh experiments, and when consideriné the
natural situstion,; to taske into account the order inm which the
camponents are added., Therefore, it could be argped that amyg Hg
fzllirng into 3 body of water as rain would probably riot only be
bourmd by bacterizl or eother biomass before it reached éhé sedi~
mert, but also may remain in the water for some time if the
system is not too turbulent.

If wastinag throweh an underwater pipe is the main source of
Hq contamination, the sediment Hg conmcentrations might be éxpeC*

ted to be high. When the seQinent was used as the source compart-

-
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ment the bacteris were also able to accumulste He. This would

iend to indicate that Hg was infdeed available to bhacteriz  in
~ .

sediment interstitizl waters and at the sediment water interface.

"In 3 system with total vertical mixing, such as the Ottaws River,

it could a3lsc indicate tsat Hg from the sediment was available to
all parits of the aquatic system. Eecause the Sactenia are binding
the Hg, it is likely thst more will be released from the sediment
to maintain the equilibrium ;ntil 3 new equilibrium state involw-
ing the 3 compartments is established, or 31l the Hg is lost. The
addition of = éhelatiﬁn nggﬁure to the system grestly increased
the binding of Hg by the bacteria. This would imply ~ that, in

waters enriqhed with orgapnic matter, mot only would the sediment

P “ . )
H? be more available to biota, but the water Hg would 3lso.: It

is no£ kriowr which component(s) of the chelstion mixture used
were most responsible for the Mg binding to bactefia, but 1t
seensllikels éhat.it waould have been the fulvic scid (Ramamoorthy
& Kushner, 1975)., This is supporied by other work (Peng et al.,
1983) which indicates rnot only that He is bownd most stronaly to
the low MW components of fulvic acid (FA), but that the oversll
complexing ability in the. water carm be greater than in'the sedi-
ment. It is interestirg to rote here.that two principal public-
ations on the abiotic methylstiorn of Hg (Rogers, 1977;ékagase et
al., 1982) also implicate low MW comporernts of FA in Hg methsi—
ation. It is therefore possible that, either such components are

bacterial end products or praoducts of bacterizl degradatiorm of

organic matter, or that the binmdirne of He to bacteriz through

these aqgents gives the impression that bacteriz themselves carry -

- -

out methylation, when in fact it occurs abiplogicallyg.
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Many Qicrorganisns are known to secrete or _excreté large
quantities of oraanic matter, and it has been sugéestéd thét.one
of 'the functions of this material may be to chelate essential
metals from the environnment (Ittekkot,11981). The exact nature of
-the organic naierial is unknouwn in nhQE_/cases, ‘but ali;ﬁatic
organic bcids,. amino scids, low molecular weighf praanic sul-
phides and complex mucopolysaccharides are 3among the most promin-
ent components which have beeﬁ identifed. O0f these, the compounds
most likely to be iinrtant for He binding are ihe sulphuﬂ con—
tzining amino acids and the organic sulphides, which both shou_a
high affinity for Hg due to their sulphur content. It is alsa
rossible tha{ these are among the conpongnt; in the water body
which comprise the hinding sites for'Hg.bbserved by Ramamoorthy
amd Hushrner (197%), and in the low nolecuiar weight FA which has

" o4,
beern shdﬁb by Nsgsse et al. (1982) to methylate Ha.

Sirece the experimentzl system used to study thesé exchanaes '
could not readily EE ernclosed, some 1l0SsS of Ha occurred from the
ssstém. It is thowught that this loss nés have had 2 componentis.
Whern Hg was added to the water, approx 25% of it was lost innef—

2+
iately, . presumably due to the physicochemical reduction of Heg
to Hgo. ?he “level of Hg in ihe suystem then remained constant
until about 48 hrs. when it start®d to declire. This loss is
comsistent with volatilisation of Ha by the bacterisl compart-
ment, but whether this is an induced reductive volatilisation as
has been observed for manyg pseudomonads (Nelson et al.,1972), or

whether it is merelyg due to the presence of 1laraee numbers of dead

armd dyimg bacteris (Ramamoorthy et al., 1983) is urclear.
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A similar experimental set-up was used 85 Laube et al.
(1979 tg.studs cadmium and copper accumulation by 2algae over-
lsiﬁg metal-contaminated sedinent; They showed the movement of
these; metals from the sediment compartment to algse in the u;ter
compartment above. The addition of NTA td ﬁhei? cultures in some
1;3555 increased the.toxicits of these netalszfo} the alase (Laube

et al., 1980). Hercury was riot used tecause it was Tfound too

difficult to wark with (D. J. Kushner, personal communication).

The Formatiorn of Methyl Mercury by Microbial Cultures.

Failure to find any detectsble levels of MeHg production by
the microbigl cultures used was, o sés‘the leaét,-disappoiﬁting.
" This is contrars to the results observed by mang other workers
(see ré;ieu). There are 2 number of p9ssib1¢ explanations for
this?

1) Methyl Hg was rnot formed because the culitures used were not in
the right physiological stiste. There 1is an indication
{Ramamgorthy EE;EE" 1982; W, F. Iversom, unpublished) that
methyl Hg formation may only occur as 3 result of dead and decayg-
ing bacteria. If this is the case, then no methsl Hg would Dbe
likels to be fouwnd, becawse the cultures used in these experi-
- ments were ‘terminated’ by coqcentrated HC1 wher thes reached
stationary phase and were not alioued to sit meore than a few
hours. Most workers observing microbial nethﬁlation of Hg have
rnot reported viablg'counts orn their cwltures. In some C35es
(Bisogni & Lawrence, ‘19733 Vork & Sijpestiejn, 1973) theg have
wesed rich cuiture media and/or lone imcubations. Even when stat-
ionary phase is veached quite rapidly (< 1Z2brs.), some cultures

were anzlused only after 32 days.
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Yanada' & Tonomura (1972a3) show the production ef MeHe to
occcur only up to nidflog phase of garowth. Very little was found
in the first 24 hours during which ;iﬁe the Eh of the culture was
very low. Hhen the Eh of the culture rose,'so did the methyl Ha.
over a period of a few hours, It is difficult to confirm fros
their pﬁblication that this was a steady rise, s{nce only one
point is plotted in that period, so it is not inconsistent with 3
chemical production of MeHa which is Eh limited. They also nrot-
iced a correlai&pn petween MeHg production and sporulation in the.
Clostridium used irn their experiments (Yamads & Tononura, 1972b) ..
It is possible:therefore that, even in the case of tgat resistant
orgamism, it w3s the decay of_sone of the population'which gave
rise to tﬁe presence of MehHg.

2 Methwl Hg wss rnot f;;ned hecause the correct methyl dénors
were rot provided in the arowth medis, or made by the cultures
used. In an attempt to simulate the low levels of éutrients found
in most aquatic ecosystems we uwsed 3 medium low in oraanic nut-
rients (0.05% peptorned. It is possible that this medium did not
furrmish the required componerts necessaryg for MeHa production by
the microoraeasnisms. Influence of the culture medium has been
studied by Yamada & Tonomura (19723), who observed Hqu.product-
fon irm 3 medium containing meat extract and peptone, but rnot uhgn
casamino scids or tripticase were used. It is possible that these
more highly digested substrdtes may have substantially different
quantities of 'potential methyl donrors, such as methwlated amino:
acids. Rowlamd et al. (1977) report ihat the ability of: rat Eecal

cornternts to methsglate Hg decreases with storage, z2nd that the rat



cecal contents were nofe efficient at methylating He than the rat

intestinal contents. It is not known if this is duwe to different

L1

bacterial populations, or whether the presence of methgl ddnors

mag  have been- enhanced by better or longer digestion in. the
cecum. Other workers also have reported the increased ievels of
methsl Hg prdduction in the preence.of vitamin &€ . However, 3s
b

discussed earlier,- methyl transfer throuah neti;lcobalanin can
occur chemically, as well 3s enzymatically which intfoducesr an-
other complication, and it was not added in our study.

3) Methyl Hg wss fTormed but subsequently demeithylated and volat-
ilised. This would seem to be 3 more likely émplanation in mixed
cultures tham in pure ornes, bécause the same organisn would have
to both methylste and demethglate Hg! houwever, such a pheﬂomenqn

hae been described (Fam Hou & Imura, 1981b). Although cyclie

levels of wmethsl He have been observed in culture (Edwards &

McEride, 1975: Berdicevshky et 3l., 1979), and demethglation is,a‘

cqmmonls observed phenomenon, it would seem unlikely that I could
have missed 31l the peaks of methwl Hg production and onls samp-—
led in the troughs urless methyl Ha is only formed after bacter=-

ial death, a5 observed by Ramamoorthy et al. (1982).

Ariother possibility is that the Hg was 3ll lost from the

cultures, and there was nothirge left to methylate. This can be
discourted because although some losses were observed, there was
still 3 considerabkle a@ount of Hg remaining bournd to the cells in
gll the cultures used.

1) MeHa was formed and ;olatilised from the culture 3as diMeHq.
.This seems a hichly unlikely possibility for 2 rumber of redsons.

No other observers of Hg methglation have Tound significant

!
i
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quantities of diMeHa in ?heir cultures, though sﬁéll quantities
have been detected (Bisogni & Lawrence, 1973; Bishop, 19?21.
Also, since it is likely that the availability of the methsl
groups is thg_liniting factor in Hg methuylation in culture, the
dimethsl compound is much less likely to be formed; and the rate
constant has been reported to be much slower far addition of the
second methsl group; ) |

5 MeHg was in fact formed but was not well extracteé, or  Was
presert in too small 3 quantity to be detected by the aﬁalstical

methods used. This seems wnlikely, because the test extractions

indicated & good recovers of spiked HeHg and it is & standard

method used by manyg workers in the field. Also no problem uwas

103

encountered 'in extrascting and detecting MeHm from the cultures

where HgAc was the Ha source. The GLEC detection limit was sbout

S50 pe (10 ng i 2 1 mbL ssmple), which cprresponded to | about

0.005% conversion from 200 mL of 1 ppm Ha. Some decomposition of
iagrnic Hg campounds has beert reported (Baughmarn et al., 1973) and
the rate of decompositiom was inversely related to sample size,

“~

so it-is possible that there wss some loss by this route., Hamdy &

Noses {(1975) have reported lower values obtained for GLC analysis

tharn for TLC snalysis on the same samples.

Some, but not 3l1, of owr néthgla{ion experiments  were
conducted uith‘radiochemical analusis only, because the GLC was
rnat availahle at‘that_timé. It 1g just possible that the ‘observed
"earru-over” of inorganic Hg during the emtraction proceduré
fU.OS—U.lZZ) was inm fact due to MeHq, but bqfause o differernces

. were observed between the inocculated samples and controls anal-
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3sed'éithgr at the beginning or tge end of the incubation period,
we had not aﬁtributed this to methsl Hg production. It sens
unlikely that MeHg was produced because the radioactivé samples
'uhich were 3lso snalysed by TLC, did not ind#cate the presence of
MeHg. None of the other workeré have repo;led either wuwsing or
extract:qg control cultures for thexr experimenis., That is, they
did rot adequately :ontrol for abzologzcal MeHsg productznn. Vonk
& Si@pesteijn (1973) do report that no methsl Hg was found 1h the
medis consti%uents, but that was before they sdded Hg.

It 1is not knouwn exactly uhﬁ no MeHs pfoduction was ohserved

im our cultures, except when HgAc was used as the Ha substrate.

The most ‘probable explanations are, \pouever, that either the

-
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physiological state of the oraanisms was ot suitsble (i.e. the

macteriz were intact) or that we had rnot provided the riant
methyl dorors. Im spite of this, the possipility that MeHg was
_formed and then destroged carrot be discounted.

Fhotochemicasl Methulation

. The-results af our. experiments have confirmed those af Akagi -

& Takabatake (1973) for the photochemical production of MeHg from
HeAe im distilled water. The vield was spproximately 8% in 144
hrs. uhéfeas Ak.zqi & Takabatake (1973) found a3 10% comversion in
1468 hrs.; they do not report the intemsity of radiatiom used. The
most interesting ob§ervation uith.HgAc, however, 1is the 3moqnt of
‘MeHg detected at TO in river water. This may not be due to a

photochemical rreactiom,. buwt could implyg that a d;réct chemical

reaction was takinag place betuween the river water and the Hghc to

produce MeHa. One could speculate that 3 low MW component, simil-

ar to.  the méthslating agents in fulvic acid (Nagase et 3l.,

“

.
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1982), might be involved here. If this was the case, then it was

probably present in limited quantitigg, but may have qiven a3 good
yield of MeHg. The overall gield in river water was however

decreased when compared with distilled water under either UV - or

SUN irradiation,  and 44 is likely that this may be due to the

scavenaing of methyl radicals by compounds which are present in

X

natural waters.

| Frolonged irhadiat%dn of either Hgéé or HeO + acetié acid
resulted in quite -high concentrations of MeHg. " Differences bet-
ween UV and sun-exposed\QEEE?ES M3y, . to some extent, reflect
differences iﬁ total exposure times. It is ipteresting to note
that sunlight irradiatioﬁ of HaS irn the presence of acetic acid
. ga;e mare MeHa than did the UV exposure. This may reflect 3
different sbsorption optimum for HaS, Df some of its photochenm—
ica}ls induced products. R

It. must be emphasised that qugptities of MeHg detected were
a minimum, because of the probable photodecomposition of the MeHe
produbt (Eaughman EE_E}" 1973) . -

Orne interesting observation mag be made if ithe level of MeHg
irn the T samples here is compared with the levels of MeHg found
in the ngcrohial methslation experiments. If the MeHa was present
as dn impuritiy in.HgAc, -ther, becawse of the much higher HaAc
userd here, . it miaht be expected that more MeHg wowld be found.
This ié rot the case: 2 much nigher proportion of the HgAc was
fourmd a5 MeHe in the experiments with microbial growth media
(approx. 2%) than is found in either the distilled water (approx

-3 -3
1.25 « 10 %) or river water (approx. 2.8 x 10 %) a3t zero time
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in the photochemical experinénts. Therefore, it seems likely that
there was an interaction betwéen the nedis constituents and HgaAc
to produce HeHg i% that case. The same lot of HgAc was used for
alljthé experinents.

It is clear both from our results, and those of others, that
singlé molecules can act as methgl domors for Ha. Althouwah it is
not known in nstural systems how far sunlight will perneirate into
surface waters, it is possilble thst some suitable methyl donors
could be found in the top }asers of wstery where the mnmicrobisl
grouwth znd nutrient levels are highest. Thus, with the input of
He from rainfazll or from solubilisation or volatilisation from
deeper water, the surface 1asers.of a2 body Ef water may De paFth
icularls. suited to chemicsl or photochemical formation of MeHg.
Ornce formed, i1t is likely ta beée photolysed, unléss it is incorp-
orated inteo biological simks. The most guitqble methyl donons in
this process zre as wet unkrnown.

ALTERNATIVE MECHANISMS FOR ENVIRONMENTAL MERCURY METHYLATION

-It.uas corsidered a3 part of this study to look at whst might
be an environmentally feasible explanation for methgl mercury
production. :SiﬁCE coﬁ?ietion of this study, the auvthor has
thoughts a3 qood dezl, rot only azbowt her own results, but zglso
ahout the anomalies that have appeared in work 1in this 3areas. it
seems probable that the pieces of this puzzle would beairn to fall
into place 1if it Qas possible to determirne the Torm of the Hg
substrate inm nstwral waters, and the source of the methyl groups
for the methylation reaction.

A hupothesis is sugaested here which appears to offer some

alternative, .25 yet urtested, mechanisms for environéental MeHqg

; ) 106
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production. If'ans of thesé'nechaqisns are subsequentls shown ;o
be wvalid, then they may foetlexplanations for some of the re-
sults obtained here as'ueii as for those of other workers. It
" should however be stated that no single mechanism 1is likely to
account for 31l the Ho methulation observed in ﬁhe environment.
1)“ Formation of MeHag in the environment mag be closels iinked
with the biologidal or abiological breskdown of methionine or
methylated amino acids. |
23 Formation of MeHg inm the:environnent M3y also occur by bio-
logical, chemical or photochemicsal reéction of Hg with low molec—
ular weight 3lkwl thiols and/or.sulpﬁides such as ne£h51 Mmercap-

tzm  (CH SH), dimethyl sulphide ((CH )} $) or dimethysl disulphide

3 3 2
{((CH )Y & ).,
322 ' .
33 Formatiorn of MeHg may also occur in fresh surface waters by

the photochemical activation of acetic acid in.the presence of
mercurials, or HaAc, if present.

4) In most natural environnents, at the tines of peak” methylat-
iorn, it 1is the corcentration of available Hg which limits the

rate arnd extent of Hg methyglation.

The followirg backaround information is wseful in  considering
this proposal:

1) Hethioninel u;s ore of the first compounds implicated _in -Ha‘
methylation (Landner, 1971), but 1t was assuqed to be in the
biosgnthétic pathuway, with MeHg formed 2s an incorrect methio-
nine. |

2y ERoth Landmer (1971) and Singh & Sherman (1974) have reported

imereased towicity of He for their cultures in the presence of



'neth;dnine.' These asuthors explsin their results on the basis of
methionine biosynthesisy but, methionine breakdown, with

methionine acting as the methyl group donor in the synthesis of

i08

MeHq, would seem to be an equally plausible explanation. Thesg

~a
papers cannot be exsmined here in detail, but some information is

given in the reviéu géction.

33 Methionine is known to be important in  transmethylation
reactions and can be demethglated bs_z different pathwayst in one
the sulphur leaveé with the methwsl group, and in the other it
stasé with the 4-C skeletorn. It was suggested as early as 1940
(Toernries, 1940) that aslthough in vitro the methgl group tends to
leave methionine zlorne, i@ vivo probably both routés are poss-—
ible. This ha§ beers shown to occur? recycling of the methionine
sulphur  in duckweed ocurrs botﬁ Wwith the methyl group and wiih
the carbon skeleton (Giovanelli EE_EE'; 19811,

4% Methiomime may be able to function as 3 methgl donor both

nor~enzrsymaticslly, and enzgymatically through, s—3dencsyl methio—.

nime (SAMY. Imura et 21.(1971) and Jernelov (1972) both report

laclk of irnvolvement of SAM 1in Hg me?hslation with in vitro sys-—

tems. Gay (1975) Lvsed methiornine 25 2 potermtial methyl dogpor in

suyrithesis of MeHg by ewxtracts of 3 pea plant. No MeHg was formed.

Wwith 84aM zlone, or with SAM and 3 varieitw of cofactors. However,
wher ann ewtract of ground pea tissues was added to 2 solution

contairine methionire, HgQNO amnd ATF, MeHg formation wss obser-
3

ved., The results of this studs suggest, oot do net prove Lhe
- .

imvolvement of SAM im Hg methylatiom. It is, however, possible

that methionine may act 3s a3 methusl dormor directly, if the riaht

'
|
'
1
'
H
1
i
i
H
1
'
i
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attackina Hg species, is presentéd, or indirectly -throUgh . an
‘intermediate such as vitamin B . ‘ -.
o

If one considerd the nicr;;ial system, ' and the poSSibility -
that MeHg is fqrned_onls after death of the oréanisn, then the
following may be a'reésonaéle scenario. Inorganic He has limited
access to living cells and may be detoﬁiffed as fast as it can
permeate the cell wall. However, whern the cell dies, as may
happen in microbial cultures Qiﬁh high added He, inmorganic Hg né:
be able to entér more freely. Sreakdown of the internal structure
of the cell may allﬁu direct sccess of Hg to enzgmsiic or non-
ernzymatic methylating systems nqrnailg present in the cell. Such
methylating sysiems may have 3 limited period of acti&its pefore
‘thes are destroved. The possibility of methionine or SAM 3cting
as methsl aroup dorors for Hg methslation has not been adequately
investigated. ) |
3y Alkyl thiols znd sulphides are known to be.involved.in the
alkulation of some elements other than Hg (Challenger, 1945;
19%51). The breaskdowr of methionine to prqduce alkyl thiois and
sulphides has been described in blue-g?een zlgal hloonms and
bac@e;ial degradation of blue-green alazl blooms (Jerkins EE_EE"
1967), other Vbacteria ‘and furngi (Alexander, 1?74 and refs
‘therein), bacterial putrefaction of fish muscle (Miller et 3l.,
1973; 1976, man (Kaji et al., 1961 and refs. therein) and ind-
ustrial processes (Sheraton & Murrag, 1981). Dimethul sulphide
ard methygl mercaptan are uswal buproducts irm the pulping of wood,
presumably the methouxy growps of lignin, originally defived from

methionine, are the source of the methgl aroups nere. S5ome micro-

organisms are also capable of producing dimethwl sulphide from.
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inorganic sulphate (Challepger, 1951).
If Hg ié already attached to the thioether aroup of methionine,

ther what happens when methionine is demethylated? Could MeHa be

* -

produéed directls?I
&) Jernmelov (1969) has briefly mentioneq the high caﬁacits of

sewage treatment plants to gernerate MeHg. Sewage is a3lso known to
contsin large quantities~-of organic sulphur compounds.
4

7 It is knmown that a3lkyl thiol and zlkyl sulphide compounds’

react with Hg (Challenger, 1951; Hood et 3l., 1973). They have
also heen shown to be photolygsed to ﬁroduce highly reative spe-
cies (Sheraton & Murray, 1981). Of.interest, perhaps, in this
regard, whether photolysis or other biological or chemicsal mech-
anisms sre involved, is that hoth the Ha amd the methgl group are
simultaneously. present.

87 Low MW alkyl sulphides, and diMeS im particular, have Deen

° ‘

implicated &as the.major volatile sulphur products im the global
sulphiir cycle (Lovelochk EE_EE" 1972: Nausen g&_g}., }978). The
concentration of diMeS im seawater has been extensively studied
and found to correlaée with indicators of slgal activits (Andreae
& Raemdonck, 1983;  Andrese et al., 1983). Levels in surface
lagers of marine waters are agpprox Slna/L. Freshwater algae also

produce volatile organic sulphides (Eerchard, 1974), Emission of

dimethyl sulphide and dimethygldisulphide from land "has been

2 2

estimated at 4-8 maS/m /9r and 1-4 maS/m /yr, respectively (Adams
et al, 19800,
?) Furutarni & Rudd (1980) observed im situ peaks of MeHe produc-

¥ 4
tiom in the water column in Jurne and late Awagust, It is krnown

Py DRSS N Y )
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that blue-green algae produce extracellular peptides and amino
acids ié\the éarls stages of bloom fdrnation (Fogg, 196%); levels
of these have been measured (Ittekkot, 1981) and it h;s been
suggested that thése mag function as ligands to renove nmetsls
from the environment. The bacterial community could also degrade
nos£ of these‘coméounds; and bacteria are always found'associated
Wwith -blue-green algal blooms., If methionine, ;r other amino
scids, wWwere able to act 35 3 methyl domor for Hag neﬁhslatiqp,
thernn 3 rise in)HeHg levels might be empected at that time. In
addition blue-greern 2lgal blooms also produce large amounts of
low molecular weight oraanic sulphur compounds such 3s methyl
mercaptan and dimethyl sulphide (Jdenkins et 3l., 1967);' eiiherho
directly by the slga or indirectlg from the associsted bacteria.
These- coMpounds are almost certainmly able to bind inorgaﬁic Ha
arnd  if they cam also act 3s methsljdonors either biologically or
:aﬁiologicalls, passibly by transmethylstion via cobalamin, then 3
peak .in‘HeHg would result. It is interesting to note that 3l-
though methyl cobalamin is known to be photolabile, it has been1
fdund in wunicellulsr 3lgal cultures (Newjshr & Fries, 19662
Also, the Auwgust peak of.HeHg irm the water occurred prior to the
peak in the sediment. This peak may coincide with algal death and
degradatiorn, and may be associgted with bacterial decayg of 5lue—
areen a3lgse which 1s krnown to produce simple o%ganic sulphur
compounds (Jenkins et al., 1967; Andreae & Raemdonck, 1983). Sueh

»

& process would be likels to start irn the water column before the
algal bloom sinks to the sediment. It is also possible that
bécterial or furngszl dggradation of leaf litter would produce the

same louw molecular ueightqgrganic tihiols and sulphides.
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10) A similar explanation could account for the observations of

high levels of Hg in éish from lakes where there,ié no direct
source of Heg inpuf and sediment Hg levels are iow. Philips &
Medvick (1981) felt instinctively that‘ihe Tongue River Reserwvoir
;as particularly suited to methylation: they rnoted 3 high algal
productivity, high wster flow and thermal stratification. If the
main source of Hg to 2 water bods is in rain, then such Hg.uould
be dnlikely to be fournd in large concentrations in the sediment,
but would probably comtribute significanmtly to the norbiditgﬂand
mortality of the primary producers some at least of which are
known to be extremely sensiti;e to Hg (Hannan & Fstowillet, 19727
Harriss et &al., 19707 Jeffries & Butler, 19725 Springthorpe &
Kushrer, unpublished results). Tt is even possible %hap this
.abse;ved sensitivity is correlated with MeHg im rain or MeHg
praoduced frop inorganic sources reaching the water. Some alagse
have been shown to have a greaa fimation capacity with respect to
He (Ribegre et 3l.., 1981). It is =slso worth motimg.here that the
concertration of dissolved amino acids in natural waters has been
ochserved to increase with the degree of entrofication

(Feierabend, 1978) and exhibit diurnal and annual fluctuations.

11) Tt is interesting that Nagase et al. (1982) used leaf mould’

%or their studies, because methyl mercaptan and dimethsl sulphide
are krnown to{be'products of wood pulping relgased in waste eases
(Shenaton & Hurrag, i981) a2rd the proportion of methsl mercartan
increases with the proportion of leafy species ﬁsed

(Kharitomnovich et 31., 1983). Also, if MeHg is produced in or

from pulp,pill waste gases, thern it couwld help explain two other




observations: .
3) that fish in Sweden have higher levels of MeHa than those im
Japan (Kazantzis, 1971),
b) Levels of ﬁeHgif:fish in the English-Wabigqoon River System
have not declined as rapidly 3s those in the‘ Detroit River
(Hanlon, 1976).

A raper that I have only been able to obtain as an abstract
(Jacksom & Woschuk, 1980) reports that MeHg content in wood-chip
depositél helow the pulp-mill on the Habigoon River sistem can be

correlated with methionine biosynthesis in the wood-chips. Kudo

et al. (1977) slso report more MeHg produced in wood-chip sedi-

mernts im the Ottsws River than inm other igpes of sediment from
the same ares of the river.
Tt 1is paossible, therefore, thst the high levels of MeHg

which have been found in the vicinityg of pulp mills, are there,

rnot Jugt hecsuse of the Hg-comtazining wastes from the pulp—millé

. and ofter—-3ssociated chleralkali plants, but also becawse of the
production\of suitable methygl donors. Thus, it would be possible
to account for the contirfipg high levels of Hg and MeHg in the
Wabigoom River system 1f the continual suépls ;f fresh methwyl
dorors remethylated Hg im a2 cgelic fashiom. Such 3 phenomenon
would make pulp-producing couwntries such as Canada and Sweden
particularly vulrmerable to MeHg pollutior:.

12) If wvolatile orgah;c sulphur compounds can act as methgl
dorors in the formgtion of MeHa, then én additional- implication
wouwld be that Ha, and.pdssibls other metals, could be, methglated

irm the atmosphere.. The orgsnometalic sulphur compounds formed

may then coniribute to the deleteriows effects of acid rain.

o
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coal fly ash, Natusch et él.

centrations 1in

element. Also,

are known to contain Hg (see review).

the

opraanic

d

In a study of

(1975) estimated that sulphur con-

ashh surface were greatér than any other

S(IV) compounds have been shown to be

present in the paticulate matter from the plume of a cosl-fired

power plant

sulphur compounds have not been fully characterised,
suggest that they may be similar to known zlkylating agents

35 methyl sulphate amd dimethylsulphate, The

therefore, of MeHa

plarts.

ed, Johnson (1982}

{Eatough & Hansen,

Although MeHg and acid rain have rnot

1983). ®lthough these oraanic
the authors
suech
possibility exists,
formation in the vicinity of cosl-fired power
. been directly limk-

suggests that sccelersated Hg contamination of
-

fish is one effect of scid rain.
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waters ang waste waters is comsiderabled

fied orgamnic acid, .

& Handa, 1980), and

14)
arganic
the mMajority is in

807 of ghtal Hg was
(Neville & Eerlin,

' feedirg habits of
techniques'uéed for

beerr -reported

hes
Partly responsible

(methglthio)mercury

He found im fish.

The cgncentration of acetic acid im  both fresh surface

it is the major identi-
with spprox. S0-130 pa/L for lake water (Hama

6~37 e/l for waste water (Fainter, 1971).

There has been some auestion s to the exacti nature of the

Irn spite of reports from Sweden that

the methyl form, in Japanese waters only 10-

arnd it has been suggested

1974y that this msw be related to either the

in the methvsl form,

the fish, or differences'in the analgtical

detection of tihe oreanic Hg. Im addition, it

that the Ha compound in shellfish which was

for the Minamata poisoning cases was methygl-

(CH —~S~Hg-CH et al., 19261},

(Uchidsa
3 3 '
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Jernelov (1969} has mnade only passing reference to the poss—

ibility of other organic Hg compounds including both CH -S5-Hg—-CH
‘ B 3 3
and (CH -8) Hg, but nothing more is said, other than the fact
3 2 -
that sulphur compounds interfere with the determination of MeHa.

I Qﬁink this pbint deserves further investigation, particularly
hecause HWood et al. (1975)-inblicate methsl- mercaptan in the

formation of methul-(methsl thio)mercury.

115

There are manyg evperiments which could be done to test this’

hypothesis and I do not propose to go into areat detail here.
However, it would seem reasonsble to start by using 14C—nethio-
rine, which is specifically labelled in the CS methygl group, in
strictly chemical reactions uf%h Ha co;pounds which are likely to
be found in the natursl envirorment. Frotochemical production of
HéHg should also be studied using some of the compounds mentioned
above.(e.q. .31k31 thiols and sulphides, methulated anmino acids,
irneluding methyl methiomine)!: these should also be specifically

14
labelled with C. Dependimg on the results of the chemical and

photochemical studies, bacteria and alagae, or their ewxtracts,

~

would be introduced to assess their rale in-NeHg_ﬁroduction. It
would 3lsa be ideal to have 3 simulated lake system, with alaae
and Bbacteria, where Ha was supplied in low concentrations 3s
“pain”., It would be an essential requirement of such a studg to

nave excellemt amaluytical facilities availabie.

~



CONCLUSIONS

The presence of 1-10 ppm added inorganic mercury will

.

significantly 3alter the numbers of-bhacteria that can form

116

colonies, in populations recovered from the Ottzws River

water, sediment and fish slime and gqut,; often resuvliing in

a >2 log reduction in their numbers.
10-

Bsecteria bind mercury vérs straongly and are capsble of

competing successfully with.sediment binding sites bcth'

when mercury is sdded to the water and when it is already
bound” toc the sediment. Presence of a chelation mixture

greatly enhanced mercury binding to the bacteria.

No evidence was obtsined for the microbial “production of

nethyl mercury; the reasons for this are discussed.

Methyl mercury can be formed by UV stimulated reactions
from mercuric acetate, and from mercuric oxide, and mercuric

sulphide in the presence of acetic acid.’

A hupothesis has been suggeested for possible alternate

mechanisms of mercury methylation in the environment.
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