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Heavy metals are regulated through water quality criteria which do not recognize important interac-
tions between the fatz and effect of neavy meials, For example: (1) mercury methyladon by sedimene
bacteria increases iis lipophiliciey and acoumulation by fish: {2} safe levels of waterborne selenium can
be conceniraied by benthic invertebrates and become tezhal 1o benthic-fesding fish: (3) meaial-binding
proteing induced by metal exposure can increase the tolerance of fish to heavy metals and change the
normal metabolism of nutrients such as zine,

Management of metal comtamination requires more undersiznding of meral uprake and metabolism
in fish and the esiablishment of criteria for leadings as well as concentration.
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INTRODUCTION

Merallic elernents are importans causes of environmental poilution, They are ubi-
quitous, readily dissolved in and transported by water, readily taken up by aquatic
organisms, and strongly bound by sulfhydryi groups of proteins, Suifhydryl binding
¢ changes the structure and enzymatic activities of proteins and causes toxic effecrs
evident at the whole organism level,

The metals most often associated with poilution problems are those that are toxic
and that are mined and used in high volumes. These include aluminum, arseéﬁc,
beryilium, cadmium, chromium, copper, iron, nickel mercury, lead, siiver,
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selenium, tn, and zinc, They are usually released in liquid wastes, or leach from
solid waste disposed on land. Metals associated with fossil fusls, either as con-
taminants in coal and o0il or as fuel additives {z.g. lead compounds), enter aguatic
ecosystems via rain or dusefail, Therefors, metal contamination is usually associated
with mines and metal smelters, urban and indusorial development, atmaspheric
deposition near major highways, cities, and industries, and with regions of Norh
America receiving acid deposition, In tgese areas, metals may be leached by acid
from soll or bedrock. f

Onee in water, metals may remain in sclution as free iong or as soluble complexes
of organic and ifhorganic anions, Inscluble complexes with organic particulates or
inorganic anions, such as carbonates, precipitate to the sediments. Therefore, ex.
posure of aguatic biota is most often via direct uptake of free ions from water,
usually across respiratory surfaces, or directly across cell membranes of plants and
bacteria. Some metals move through the food chain 25 the organic form {e.g. mer-
cury), and others are taken up by benthos with ingested sediments {e.g. selenium).

Many of the metals are not only toxic when in sufficient amounts, but, at low
levels in the diet or water, are considered micronutrients, Signs of deficiencies in fish
can be induced by inadequate intake of caleium, iron, magnssium, selenfum and
zing {Hilion and Slinger, 1981) while chromium, nickel, vanadium, arsenie and
silicon are nutrients in other organisms (Coombs, 1980). QOther metals have no nuiri-
tional role {2.2. cadmiurm, lead, mercury} or their role is still 2 matter of CODIrover-
sy. MNutrient metals are usually key elements in metalloenzymes or cofaciors in
enzymatic reactions,

The toxic effects of metals on aquatic ecosystems rangs from a complete {oss of
biota 1o subtle effects on rates of population reproduction, growth and moriality.
Gross effects are typical of poilution from oider mines and milling plants that used
waste disposal practices unacceptable today. Cood exampies inciude the lead-zine
mines of Wales (Jones, 1940} and Missouri’s old lead belt (Schmitt et al., 19843,
Lead and zine were discharged to streams with mine water and with eroding tailings.
The acidification of streams caused by the exposure and oxidation of sulfur-
containing rock and the smothering of benthos by finsly zround particulates
enhanced metal effects and all life was eliminated from large stretches of streams,
These impacts first occurred in the 1800s and persisied into the 1900s, often long
after the mines had ceased 1o operate. Despite some recovery, their affects are still
evident in changes in species composition of benthos downstream of old mines or
tailings deposits {Gale et al., 1982}, and in contamination of fish by lead {Gale ex
al., 1982; Schmirt et al., 15843,

More subtle offects of metals have been observed with betier managed tailings
dumps and pollution contral measures; a chronic releass of law Jevels of metals cap
still have significan: impacis. A good example was the effect of copper and zine in
rivers of Mew Brunswick, Canada, downstream from active mines, While levels were
below thosz associated with lethality, they were sufficiently high that migrating

adult Atlantic salmon (.
periods of high metal ley
;zregm that would norms
{Sprague et al., 1965},
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h from Ldule Atlantic salmon (Salmo salary aveided the contaminated water. During o
1§ con- periods of high metal levels, spawning runs were reversed and largs sections of §
agquatic siream that would normally be highly productive of juvenile salmon were unused i
ociated {Sprague ¢t al., 1965}, (
spheric :
" North LANAGEMENT - THE WATER QUALITY APPRO4CH

by acid ;

The traditional approach to managing m{;sé nollution problems, including those f ;

nplexes of toxic metals, has been to establish water quality eriteria. Criteria seek o protect o
ates or beneficial uses of water by limiting the concentrations of metals in water according i
e, ex- 1o observed correlations of cause and effect. A criterion for a metal level in water :
walar, 1o protect aguatic biotw would be an estimate of the ‘safe’ concentration, L.e. the .
ais and concentration permitting long term survival, growth, and repreduction. ;
g. mer There are numercus criticisms of this approach, among them that criteria are

sniuml. based on single species responses in highly controlied experiments isolated from any

at low modifying factors (Hodson, 1986). Mevertheless, some crizeria recognize the modi-

iin fish fying effects of water quality. For example, Alabaster and Lioyd (1980} recom-

m and mended higher ‘safe’ levels of copper as hardness or alkalinity increased (Tabie [},

e and “This accounted for the role of inorganic complexation in reducing solubility,

3 nutri- availability and toxicity of copper. Since criteria ‘predict’ effecs at a given level of

rover- metal, the recognition of complexation Is an attempt 10 explain variability betwesn

1078 in predicted and observed toxicity.

Despite modified criteria, we cannol consistently predict effects in the field from

loss of laboratory testing. One reason i3 that aguatic biota, both conceptually and ex-

rtaiity, serimentally, are generally viewed as animats ‘hlack boxes’. Exposures in toxicity
at used tests are well characterized and understood fo estabiish ‘eause’, but ‘effects’ are

ad-zing estimated from the responses of an organism that 18 pooriy understood, assumed o

19843, be ‘standard’ in its physiology, health and sensitivity to toxic chemicals, and rarely
described beyond species, age, and size. Population growth, reproduction and mor-

ailings.

sulfur- tality rares form the basis for establishing 2ffzcts, but the mechanisms by which

iculates metals zct and interact with metabolism, health, and life stage are rarely studied or

treams. undersrood. The ecological consequences of toxicity are equally misunderstood or

en long |
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unstudied (Levin, 1982}, Hence predicied responses rarely equal those observed {e.z.
Reash and Berrg, 1586} and management of metals and their ecological impacts g
impaired.

The water quality approach has been accepted by environmentas managers and
Wasle treatment engineers because it SUpPOTS 3 quick engineering *fix’ 1o the prob-
lem. Resource Managers accept it because they manage the productivity of popula-
tions of organisms; unlike human beings, the death of an individual fish is of fittle
consequence. Similarly, ecoiogists concefn themselves with S¥ystem properties and
individual organisms are lost from sight: Nevertheless, meraj toxicity must begin
with an effect on an individuaj organism, usually as a moiecular interaction between
the metal and some biological substrats, The effect on the individual, and hence the
subsequent responses of populations and ccosystems, will ultimarely depend upon
factors that modify this initial molecular interaction {Hodson, 1288). Therefore, 1o
manage metals in aguatic sCosystems, a foxicological view is required. The ap-
propriate mode! should consider nat only environmental factors thar affect the sx.
posure of organisms {e.g. water guality), but also thoge factors affecting uptake of
metals, their distribution within the organism, and their molecular interactions.

The literature that supports this thesis is rather broad. Hence, this paper will be
restricied to a brief review of three examples of metabolic iransformations of meials
that affect uptake, distribution and effects in fish, More examples, pertaining to
marine organisms, are given in an excellent review by Coombs {19803,

MERCURY METHYLATION

The mercury crisis was a vivid demonstration of the impertance of metabolic
transformations of a metal. In Canada, the discharge of mercury from chior-alkali
plants, the largest single source (NRCC, 1979), was regarded with littie concern. In-
Organic mercury has = very low water solubility, is readily complexed or adsorbed
Lo particulates, and precipitates 1o sediments (NRCC, 1979 Thersfore, It was
assumed 1o move quickly from sources 1o sediment sinks. The difficulty of detecting
MLTCUrY in water and the observed enrichment of mercury in sediments near sources
confirmed that view. Howsaver, widespread contamination of aguatic biota, in par-
ticular fish, and the poiscning of native consumers of fish changed that view,
Research revealed thas MErcury was nos contaminating aguatic food chains as in-
OTganic mercury via uptake of ionic or elementai mercury. Rather, METCUrY e~
curred primarilv as the organic form, methyl mercury, and was biomagnified in
food chaing, Furthermore, methyl mercury was generated in particulates, surface
sediments and even fish intestines by the action of aguatic bacteria {Rudd et al.,
19833,

The methyiation of Mercury by bacteria is highly significant from & number of
standpoints. Firsz, methylation drastically alters the properties of mercury. It loses
polarity and ceases i behave as 3 typical metallic ion: it becomnes much less water
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soluble and much more fat soluble {Craig, 1986a}. This affects environmental fate:
sediments become a source instead of a sink. Instead of ionic bonding of inorganic
mercury (o particulates, methyl mercury becomes mobile, entering any substrare
coniaining fat, particularly aguatic organisms. Id {ish, methyl mercury may com-
prise 30% or more of total mercury and it occurs:primarily in muscle as a Cysisine
compiex {Craig, 1986b; Coombs, 19803. Since methyl mercury is conserved while
energy is lost with gach trophic transfer, methy!l mercury is biomagnified in aguatic
food chains.

Toxicelogically, increased far solubility means not only rapid uptake and reten-
tion of mercury, but more rapid penetration of sensitive tissues, particularly the
lipid membranes of neurons {Craig, 1986a). The high affinity of methyl mercury for
sulthydryl groups causes significant neurotoxic-effects by complexing with cysieine.
containing proteins. With biomagnification, toxic effects occur at the first trophic
level acquiring a neurotoxic dose - in this case man.

This situztion had encrmous implications for water quality management, The
assumption that sediments were a sink for ail metals had o he abandoned, and also
the aotien of & tolerable or “safs’ concentration. Sediments became 3 source of mer-

cury, and 2 highly mobile one at that. In the Great Lakes, mercury discharged 10

the 5t. Clair River was traced far downsiream in the sediments of Lake 8. Clair
and Lake Erie (Allan, 1988). As the sedimenis were moved by currents, they con-
triveted to mercury contamination of fish and an imporant walleve fishery was
ultimately closed. A similar situation on the English-Wabigoon River system in
Northwestern Ontario led to mercury poisoning of native consumers of fish {NRCC,
19793,

The effects of mercury can only be managed by limiting the loading of mercury
to aquatic ecosystems and not its concentration in water. The important facror link-
ing loading to contaminarion is the rate of mercury methylation by sediment
bacieria balanced against the rate of its degradation (Wood, 1974; Craig, 1988b).
The rate of methylation is a function of mercury concentration, microbial activity
{i.e. nuirient fevels; and dissolved oxygen levels (Rudd et al., 1983}. In Canada, the
mercury problem has been reduced by virtually eliminating the use of mercury in
chloralkal planis and reducing loads of mercury from this source by more than 99%;
INRCC, 1975},

This situation is not unique. Metals that can be methylated by bacteria includs
tin, palladium, platinum, gold and thallium as well as the metalioids selenium,
arsenic, tellurium and suffur {Wood, 1874). The biclogical methyiation of lead has
also been demonstrated and methyl-lead compounds measured in environmental

samples. However, the major problems to date have been associated with the [n-
dustrial production of alkyl-lead compounds for gasoline additives, Similarly tin
may be methylated but occurs as an environmental contaminant primarily as
crganotin biocides used in agriculture, wood preservatives and boar antifpuling
compounds {Blunden and Chapman, 1986), Mevertheless, the result is generzlly the
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same, a very marked increase in bicaccumularion and toxicity of alkyl metaje
relative (o their inorganic iops {Craig, 1986a; Tabie i,

SELENIIIM ACCUMULATION

.. , . 7 . .
The toxicity of selenium to fish is aleo amended by metabolism, but the evidence
is much less direct than is the case with mercury. Selenium can be enriched in aguatic

ccosystems during its Tecovery as a byproduct of copper mining or its use in the _
manufacture of glass and electronic components, and in photocopying, plgments E
and animal feed additives {Chau and Wong, 1986). It aleo occurs in fossi] fusls and 3
the fly-ash from some coal-fired power planis (Andren er al., 1975} and flooding -

of selenifercus soils by reservoirs may mobilize ze

Where selenium levels in water are elevated, there have been declines in fish
vopuiations duye 1o reproductive failure apd oczasional acure fish kills, This hias beap
a fairly common cceurrence in lakes in the southern and western United States. In

all cases, however, the levels of waterborpe seleniy
associated with selenium poisoning of fish in labora

the symptoms of dving fish are those of selenosis,

selenjum levels, particularly in ovarjes, Centrarchids

species, accumulating up to 10 times the levels of fish from control fakes (Baumana

and Gillespie, 1986).
Dietary seleniym {as sodium selenite} iz relagivel

Selenium in the same form (Table IID). Relative 1o background levels of waterborne

selenium, toxig concentrations are > 600 times high

Cenilrations of dietary selenium gre <37 times higher than the average level of

selenium in natura) or artificial fish diets.
Field studies by Cumbie and Yan Horn ( 19781 a

hypothesis that environmental impacts of selenium are due in diezaxy intake, In

Belews Lake,

o e
i, o

LrE

g
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The effect of methylation on mercury and lead aceumulation and roxicity 1o fish,
Bioconceniration Toxicity
Factor {ngfl}
e e
Metal Inorganic Organie Inorganiz Organie Author
mercury i 32000 20 -1 LIC 1973,
{sublethaly MacLeod and
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fead <1006 10000 000-6500 30230 " Hodson et al,
{LC3 1984k,
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Hodson and Hilton {1933} proposed different models for metabolism of water.
borne and dietary selenium; for the latter, excretion Was governed by a rate-limiring
mechanism. When this mechanism was overloaded, selenium accumulation rages 7.
creased and toxiciry cocurred. The rate-limiting mechanism appeared 1o reside in the
liver, based on high levels of liver selenium during intoxication, and the pattern of
blood flow associated with dietary intake. The liver of fish receives its blood supply

from an intestinal porial system in COnirast 1o other tissyes which are 5

the gills, According

aken

Surmiated fro

i ; . Sugges
of seleniurm 6 an organic form may enhance toxicity. Selenium transformations in
sedimen:s by bacteria or benthic invertebrates alse cannot be riled our ip en-
vironmental FApOsures, since microbial activity in freshwater sediments cansed the
methylation of selenite, selenate, - selenccystine, selenourea, and - seleno-po-
methionine (Chay et al., 1978).

b’nfemmazeiy; there are few data on the forms of sélenium in figh muscle other
than a study by Cappon and Smith (1981). in freshwater and marine fish products,
they found thar 15-35% of toqal selenium was selenate {SeV1); the remainder was
selenite (SelV) and selenide (Sefl) bug the proportions couid not be discriminatad,
When the tissue was divided into three major fractions, solid residue {celt
fragments), TCA precipitate (large proteins) and agueous SXTracts {small proteins,
peptides, amino acids and ionic or nenira} seleniumy}, 55 1o 809, of total seleniym
Wwas in the aqueous sxtract and selenate was more extractable than selenite or
selenide. While thesz dara Tepresent 3 starving point in studies of selenium
metabolism, it does por say much about transformations within fish.

Selenium in aguatic environments may also reduce the toxicity of accumulated
mercury. Hecause of g higher affinity for seienium than for suifur, MEercury com-
bounds can be complexed preferentially by seleniumm to preven: complexation wirh
suifurﬂcsmaiﬁﬁng proteins {Craig, 1986b). Relenium in fish feod organisms also
reduces the uptake of mercury by predatory fish {(Rudd eraj., 1983}, Therefore, the
addition of selenium o Eew‘sééeniam, mercury-contaminated areas has been pro-
bosed as one method to reduce hoth the contamination of figh and the risks 1o fish
consumers of mercury poisoning (Rudd et al., 1983, Clearly, however, the ex-
perience in seiméamf-eomamiﬁaasé feservoirs indicates thar g ¥ery good under-
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standing of selenium merat
gcosystems i3 needed hefore
the desired end, not the =i

This example again iHus
praach 1o the control of ¢
populations, knowledge is r

i selenium metabolism in figh

icity tests 1s clearly inadequ
knowsn, other related meral
1986).

METALLOTHIONEIN

Metallothionein (MT) is a
in aromatic aming acidg, th.
A high cysteine conren: give
groups are available for met:
1983 MT is hear stable, so.
and trichloroaceric acid {Ear
in mammals, MT is found
to metals, The highest levels
conirast, low levels occur in
after exposure 1o cadmium, oc
to cadmium, the coneentratic
1981). The relative potency ©
1581). The appearance of MT
tions which confirms that new
MT may play a role in the
levels in livers of fernales incr
al., 1986). As viteilogenin syn:
Port oogenesis, there are para!
plicated in mammals as an £55:
the requirements for zine incre
of scavenging and storing zin
Elevated levels of mT have
field. Roch et al, {1982} samp’
taminated with copper, cadm
hepatic metallothionein was e
levels by 15 and 4 times respec
but was enriched by zbour 2
authors speculated thar thig zin
have besn observed for perch (.




it

Water. standing of selenium metabolism by aquatic biota and selenium cycling in aguatic
miting ecosystems 15 needed before such an addition: the elimipation of mercury in fish is
125 in- the desired end, not the elimination of fish from mercury-laden ecosystems!

irithe This example again llustrates weaknesses in the traditional warer quality ap-
n af proach 1o the control of toxic metals. To limit the effects of selenium on fish
upply éopaiations, knowledge is required of seienium gyciing in the environment and of
plied selenium metabolism in fish. Basing water quality criteria on standard aqueosus 10%-

30rne iclty tests is clearly inadequate. While the picture for selenium is becoming better

ssues known, other related metals couid behave in a similar manner (Chau and Wong,

nium 1985},

into

‘ouid METALLOTHIONEIN

sues, :

um Metallothionein (MT) is 2 low molecular weight protein, rich in cysteine and POOT
in aromatic amine acids, that occurs in virtuaily all organisms {Ley et al., 1983).

and A high cysteine content gives MT a very high binding capacity for metals; all §H

rig) groups ars available for metal binding and thers is no disulfide bonding (Ley et ai.,

lsm [983). MT is heat stabie, soluble in acid and resistant 1o precipitation by alechol

S in and trichloroacetic acid (Faton and Teal, 1582),

en- In mammals, MT is found in most tissues and its synthesis is induced by exposure

the tc metals. The highest levels of MT and lowest inducibility are in the intestine. in

contrast, low levels occur in lver and kidney, but considerabla induction occurs
after exposure to cadmium, copper, zing, and mercury. Within 20 hours of exposure

her to cadmium, the concentration of MT increases and reaches 2 plateau (Dlafson,
:ts, 1981). The relative potency of induction in mice liver is Cd >Cu >7n {Olafson,
vas 1981). The appearance of MT is usuaily associated with increased RNA CORCEnLra-
. tions which confirms that new protein is, indeed, synthesized,
eil MT may play a role in the normal metabolism of metals, In rainbow trout, MT
1s, levels in livers of females increase with the onset of sexual maturation {Olsson et
im al., 1986}, Ag vitellogenin synthesis increases in the fate fall and early winter 1o sup-
or BOTL oogenesis, there are paralle] increases in hepatic zinc and MT. Since zine is im-
m piicated in mammais as an essential element in DNA/RNA synthesis, it is likely that
the requirements for zinc increase with vitellogenesis and that MT provides a2 means
ad of scavenging and storing zinc (Olsson et ai., 15843,
1- Elevated levels of MT have also been observed [n fish exposed to metals in the
B field. Roch et al. (1982} sampled rainbow trou: from British Columbiz lakes con-

laminated with copper, cadmium and zinc. Relative to fish from control lakes,
kepatic merallothionein was enriched by about 5 times and Coppér and cadrmium
- levels by 15 and 4 times respectively. Zinc was not elevated on a whotle Hver basis,
4 but was enriched by about Z times in high molecular weight cell fractions. The
. authors speculated that this zine was displaced from MT by copper. Similar resulis
. have been observed for perch (Perca fluviatilisy sampled from a cadmium-poliuted

4]
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river in Sweden. In this case, only cadminm wag elevated in waier, liver and iow
molecular weight proteing corresponding to MT (OGisson and Hauzx, 1986},

While these studies Suggest a strong role for MT in the metabolism of metalg,
there is, as YeL, no proven function. The Most common theory is thas MT acts 1y
detoxify heavy metals through competitive binding and transport for excretion, The
detoxification of metals in aquatic OTganisms was expressed by Brown and Parsons
{1978) as a ‘spillover’ hypothesis, They gnd others have demonsirated that exposure
of aguatic OTganisms 1o cadmium or mercury leads 1o increasing concenirations of
MT and bound metal in liver, At-high metal Sxposure levels, MT reaches a platean,
and further exposure 1o metals resules in acute toxicity to if_g_e_:le_}égéss:d__'srg__aﬁis_ms,
The “spillover’ hyporhesis states that MT acts as'a MOp’ for fres metals in the
cytosel A iﬁéi?ﬁ..?&po&g:e:iggzz_‘eas,_es, increasing amounts of MT maintain low Jevels
of free mei"aémzhecygesgi However, when the rate of synthesis of MT reaches a

| maximun, excess free metal is no longer mopped up and is availabie for binding

to.other proteins to cause enzyme inhibition and toxiciry. .

This hypothesis may be incorrect, however, Roch and McCarter (15843} found
enhanced levels of metals in the high molecular weight cel fractions of trour 8Xpos-
ed to cadmium, copper and zine but nog showing symptoms of toxicity

-.'.Mci}'ﬁzm}_ds-{ i98§}-dem€>a&imﬁ_ed s}_;@%acqge ;fcﬁﬂp.e:?_igx;i_c_z‘;-_._-i;-_; oyt
* toeffects on gills through disruption of sodiumregulation. Induction of
~ing -p-r_:jzeiz;s_‘;g_as__;e_bss‘:{??d inthe liver but oobin _E-he._gﬂi‘s,__sz;gggs_aing that MY induc-

tion rmay only be coincidenta] t0 metal exposure {Lauren, 1988, .

In aguaric organisms, the induction of MT after exposure 1o sublethal levels of
“opper, cadmium or zine is associared with an increased tolerance to subseguen: sx.
bosure (Table IV; also see Teview by Kéaverkamp ef al., 1984), In controlled
laboratory experiments, Pre-exposure of rainbow trout 1o copper and zipe ¢nhances
tolerance by 2-2.5 times relative 1o fon pre-exposed control fish, Bradley e al.
{1985 demonstrated thar this tolerance was accompanied by increased levels of
hepatic proteing corresponding to MT. When trout were transferred back 1o uncon-
taminated waier, both rolerance and lavels of MT-like proteing declined o conirol
levels. Duncan and Klaverkamp {1983} and Thomas et al. (1925) have alo shown
that tolerance to one metal {e.g. Cd) can be induced by ¢XDOsure to another {e.z.
Zn), usually with a corresponding increase in hepatic metaliothionein,

in fieid studies, white suckers from z [ake tontaminared with cadmium showed -

elevated protein binding of merajs in liver and a greater toierance of lethal cadmium
“Xposures than fish from controd lakes {Klaverkamp et al., 1984), In 3 recent review
of metai acelimation, Chaprnan ( 1985) found thar the degree of acclimation deoreas.
ed in the following order- in> Cu> Cd> Cr. This is in reverse order of binding
affinities: in virro binding studies indicated that the affinity of MT for metals wag
it the order of Ag> Hg> Cd> Cus Zn (Eaton, 1985, Howaver, Chapman ¢ 1985y
concluded that changes in acute toxcity die o accliznation were withinr the range
af variability caused by other factors and may ke anim;@ﬁa&f‘ssaiagﬁcaﬁy,

e i
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TABLE 1V
Meial tolerance of fish afier pre-
Species Toxic iz
Metal Te
A
Lo
Rainbow trour  zinc .3
Rainbow rout  copper 1.7

Whitesucker cadmium )

{lab}
White sucker *©  cadmium 2.3
{fieid} :
Coho salmon copper 2
Rainbow 1rowr  cadmium, £z
{lab study) copper,

zine
Raimbow mwout  cadmium, 1.

{figid study} copper,
zine

Rainbow trout  sluminium 1.8

Since MT always exists in
detoxify metals only through
{Brown and Parsons, 1978,
binding proteins. For exam:
weight cell fractions was assy
et al. (1986) have demonstra:
ding proteins, Using exhausi
dogenous MT in livers of rai
to cadmium induced the synth
ty and that differed from MT
thers was 2 pre. or CO-SXpOsuL
by the zinc exposure, would

Further svidence for uniag,
Olafson (1981) that metat bir
break down quickly. They per
tion, in contrast to Copper or




TABLE iv

Meal

islerance of fish afrer ore-exposyure

te sublsthal

wonCEnrations.,

Species Toxie
Metal

Indueed
Tolerance
Acclimatad L

Mczajémh;‘cﬂem

Author
induction

Control LC 59

Rambow trou;

zZing 2.3-2.7 Bradiey a2 al., 1983,
of .
au, Rainbow trous copper .72 ¥es Dizon and Spragus, i%8ia,n
s,
*he Whitesucker cadmium 2.3 ? Duncan zng Kiaverécam;;!
- {lab} 1983,
els
| White sucker cadmium 2.3 yes Klaverkamp @t al., 1984,
1z {fietd}
d Coho salmon Sonper 2 a3 MeCarter and Roch, 1983,
- Rainbow troy; cadmium, i3 ves Rech ang MeCarter, 1984a,
fab studys copper,
zZing
Rainbow 1oy cadmivm, 1.8 ¥es Roch ang MeCarzm 1984h,
{field studyy copper,
zing

Rainbow trow 2

Since MT always

detoxify metals only through de nOVO
{Brown ang Parsons, i973). &
binding Broteins,

£xisis in a metal-saturared form, it is assumed thar MT o

S$ynthesis or if one metal can displace anoiher
third alternarive is the synthesis of differen: metal
For SXxample, hepatie cadmium associated with [ow molecylar
weight el fractions Was assumed to be complexed by MT but receny studies by Kay
stal ¢ 1986) have demeﬁstrazed sy¥ynthesis of other iow~mo§ecniar Weight meta] bin-
ding proteins. Using exhaustive ation technigues, they showsd that en-

dogenous MT in live ed 10 bind cadmium, Exposurs of fish

pbrotein separ,
75 of rainbow trout fail

o cadmiym induced the synthesisof a smalle

Iy and that differeg

alcium’ xclugive.
from MT (Table vy, Cadmigm could only be boundio MT when
there wag z 98- or co-exposure 1o Zinc; in this case
by the zine £Aposure

» Bewly synthesized MT, induced
» Would bind cad

nGe for unique cadm;
) that mery bindi

Olafson {1981

was the observation by

Y cadmium dig nog

¥s z’“’oﬁng‘ng asingle injec.
nc binding Droteins thae disappeared within 4060

luminium 1.8 7 Oy ep al., 1988,
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TABLE v

Characteristics of protein syathesized in fainbow trour fiver following SXposure 1o copper, ripe and cad,
mium (Kay, e al., 19836; Clsson and Haux, 19833,
’ Cadmium Copper, Zine
M "MM
Peaks 1

Moleoudar weight
Meral contens

{g atom/maols) Z i 2.3 4.5
Isoelertric poins 4&)3 .4 4.9 4.7
Amine goids {r&sidues/m0¥e}

Cystzine 3 3 20 i7

Phenviatanine 2 5 3 g

Cystelne/meral {trcke/mole) i3 2,23
Metals bound Cd Cd CuZn Cu.Zn

' {noz Cy, Za,
Ca, M, Fe)

hours of induction, Stope and Cvernell (1985} reviewed the fiterature and repored
a variety of cadmium binding proteing in differen: organisms, but none COrrespond-
ed to metaliothionsin. There is also a considerable species effect on tissye distribu-
tion, structure, induction and turnover rates ¢f MT, The physiclogical apg
toxicological significance of these differences is essentially unknown although pas-
ferns of cadminm accumulation and MT synihesis in rainbow irout, loach and stone
loach “orrespond 1o species differences in metal sensitiviry {Kay et aj., 1583).

1

Other indications of the complexity of meral and MT metabolism were the studies

mium and zine induced both elevated hepatic MT levels and tolferance 1o fethal mesqi
SXposure. However, 5 similar exposure of fish caged in a haturally-contaminated
lake caused MT induction but no changes in tolerance. Aluminum tolerance cam be
induced in fish {(Orr ez al., 1988} bus aluminum eXposure does not induce synthesis
of meta} binding proteins.

While Chapman ( 1985) conciuded that the degree of acure metal tolerance by fish
associated with MT induction was insignificans relative 1o other modifying factors,
there are en0ough unanswered questions that the roje of MT in chronic metal toxicity
and regniation CRnnot yer be dismissed, Small changes in metal metabolism may
have significant effects on fish Population survival in situations of marginal merg]
contamination,

Orne of the masz importane conciusions 1o be drawn from these srudies ig thai the
rols of MT will oot be completely understood until the identity and rofe of other
metal binding proteins is also understood. MT should be studied in conjunction with
other mera) binding proteins during both normal and pathological SXposures o
metals,

R

TNy gy

sathifoiiiin

prironmenialy imporrant metals

eals having widespread
sironmentsi effects

Huminium
spenic
ferylium
Cdmium
{romium
{opper

fam -
Hickat
Meroury
Lad

Siver
Selenivrm
Thatlium
Tin
Yanadiym
Zinc

Metabolism refers to inesrporation o
of proteing that sequester merais by r

CONCLUSIONS

Metal metabolism by aguatic
distribution in tissues, and toxs
eifect of mercury and selenium
pact of the metabolized forms
evident for a large proportion

¥Ib. It is obvious, therefore,

models of waterborne, ionic

distribution in aquatic £COSY:
thoroughly understood 1o desic
quire new and imnovative r
biochemistry, pharmacokinet
rates 1o aquatic scosystemns m
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Gver following eXposure (G COPReT, zing and cad-

m Copper, Zint
d 1 2

N 5989 39353
1 2.5 4.5
1.4 4.8 4.1
3 20 17
4 G &

2.35 2.38

cd CuZn Cu,Zn

£ Cu, I,

- M, Fel
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TABLE VI

Environmentally impornant metals metabolized” by aguatic bow.

Merals having widespread weabolism by aguatic or marine organisms

£,

environmental effects

co-valent boading complexation {(e.g. MT}

Aluminium e —
Arsenic X -
Beryliium - -
Cadmium - x
Chromium X -
Conper X X
iron - X *
MNicksi - ?

Mercury X X
Lead - 7

Silver - ‘?

Selenium X w»
Thallium 7 ?

Tin X ~—
Yanadium ? e
Zinc X x

*Metaboll fers 10 in i £ { i 3 i
. bc}‘nsm refers 1o incorporation of metals into organic compounds by covaient bonding or synthesis
of proeins that sequester metals by polar oF lonic bonding {see Craig, 198682

COMCLUSIONS

_M?iaﬁ metzbolism by aguatic biota has significant effects on metal zocumaulation
dssltrabution in tissues, and toxic effects on fish. The environmental hehaviour am;
effect {ff mercury and selenium are strongly influenced by metaboiism, and the im-
pa.cx of the metabolized forms far outweigh that of the simple ions. Metabolism is
e?fadez_n for a large proportion of metals having environmental significance {Tabie
\’E}-.- it is obvious, therefore, that metal regulation must expand beyond simpie
zrfaafe(is ?f waterborne, jonic metals. The effects of biotic metabolism on metal
d‘zszrmutzon in aguatic ecosystems, uptake by biota and toxic effects must be
m{?roughiy understood to design the most appropriate control schemes. This will re-
f;ﬂ_-nr_e ne;w and innovative research in toxicity testing, metal speciation and
biochemistry, pharmacokinetics and mathematical modelling. Limits on loading
raies 1o aquatic eccsysiem;js must replace or supplement limits on concentration.
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