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Ereshwates mussels {(Anodonta anating 1..) were exposed to [“Clpentachiorophenal {PCP} and
[4C]3,4,5-trickloroguaiacel (CG-3) under laboratory conditions. Uptake and body distribution
in mussels as well as total water-soluble metabolites of chlorophenolics in hemolymph and digestive
gland were measured, The time course of chlerophenolic accumulation in the mussel soft tissue
was followed by analyzing the decrease in the radicactivity in exposure water. The bicconcentration
factors (BCHs, activity in animal per activity in wates} were measured at steady state for the soft
tissuie homogenate and separale organs. Both chlorinated phenolics reached a steady-state con-
centration during the first 24 hr. BCFs in soft sissne ranged from 145 to 342 for PCP and 34 to
135 for CG-3. Accumulations by the digestive gland (hepatopancreas) and kidneys were 2 and
1.3 times greater, respectively, than the average accumulation by the whole soft tissue. The water-
soluble fraction of PCP (1-8%) and CG-3 (0.4-2.9%) in separate organs implied only a minor
metabolism of chlorophenolics in this animal.  © 1990 Academic Press, fnc.

INTRODUCTION

Bivalve mollusecs are efficient filter-feeders and they accumutate pollutants, often
without any obvious distress, to levels far in excess of those in the hyvdrosphere. Because
of their potential to accumulate environmental pollutants, mussels have been used as
indicator organisms for various chemicals {Davis and Pirie, 1980; Goldberg et al,
1983 Risebrough ef al,, 1983). The mussel watch concept has been employed primarily
in marine areas, but in recent years interest in developing a method suitable for fresh-
water areas has increased in Finland.

The duck mussel (Anodonta anatina L.) is widely distribuied over much of Scan-
dinavia in a variety of freshwater habitats. The depth tolerance, population density,
and biomass of this species are the highest of local freshwater raussels (Haukioja and
Hakala, 1974). The duck mussel is large in size, abundant, and therefore casily available.
All of these features plus its easy handling are the reasons for choosing Anodonta as
a bicindicator organism.

A, gnating is a member of the family Unionidae. The specthic name gnating has
been guestioned, and some authors have used the name piscinalis Nilsson. According
to Ellis (1962) the name anating should, however, retain in its familiar and Hime-
honored usage.

Phenolics have been shown to be toxic to aguatic life at mg/liier levels. Furthermore
they have the ability to impart taste and odor to drinking water supplies and edible
aquatic life at pg/liter levels (Buikema e al., 1979). About 200,000 tons of chloro-
phenolics are manufactured anmually for use as bactericides, insecticides, fungicides,
herbicides, and wood preservatives. In addition, chlorophenolic compounds are found
in pulpmill efffuents and thereby have the potential 1o contaminate aguatic ecosysiems
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(Paasivirta, [978). In Finland, pulp and paper indusiries are located primarily on
inland waters; thus, a biomonitoring program for freshwater arcas is needed.

However, there is no information available about the kinetics and metabolic fate
of chlorophenolics in Anodonta species. In this study we measured the uptake and
bioaccumulation of pentachlorephenol {(PCP) and trichioroguaiacol {CG-3) by the
duck mussel (4. anating). In addition, the ability of the mussel to metabolize these
two chlorophenolics was investigated.

MATERIAL AN METHODS
Animals

Duck mussels were collected by scuba diving from Lake Hoytidinen in Eastern
Finland (62°51'N, 29°47'E) at the end of October 1986. Water depth on the collection
area was 2--3 m, and the water quality parameters were as follows: temperatare 4°C,
pH 7.17, color 25 mg Pt/liter, oxygen 12 mg/liter, and electric conductivity 44 ms/
m. Mussels were kept in well-oxvgenated (O, > 6 mg/liter) water while being trans-
ported to the laboratory.

In the laboratory, the apimals were maintained in black plastic basins (153 X 33
X 5% cm), without substratum, in aerated Joensuu city tap water {unchlorinated, pH
7.2, water depth 10 cm) at 6°C under a 12:12-hr photoperiod with dim light. Mussels
were fed twice a week with an algae-protozoa culture in which the dominant species
were Scenedesmus obligus and Monoraphidium contortum, During the mainfenance
period, the mortality of mussels was negligible.

The animals used in experiments had an average shell length of 55 mm (3D & 10),
soft-tissue wet weight of 5.2 g (SD & 1.5), and age of 6--8 years. Both sexes were used.

The mussels for body compartment determinations were dissected immediately
after collection: animals for PCP exposure were maintained for 4 weeks and those for
CG-3 exposure for 3 months.

Body Compartrments and Tissue Indexes

The shell weight, mantle cavity water, and whole soft tissue of six mussels (total
weight 10-90 g, length 3-10 cm) were measured. The difference in weights of a mussel
with unopened and opened shell valves was considered the mantle cavity water. Par-
ticular attention was paid so that no hemolymph was drained out with the mantle
cavity water,

In determinations of the organ and tissue percentages {indexes) of the soft tissue,
the hemolymph was first absorbed into a tared tissue paper. Separate f1ssues and
organs were then dissected and weighed to the nearest milligram. The mantie, gills,
palps, kidney, adductor muscles, and foot were weighed separately. The digestive gland
and the stomach, as well as the gonads and the intestine, were handled as one unit.
The rest of the animal was weighed together and termed the reraainder.

The percentages of body compartments were calculated on the animal total wet
weight and the tissue indexes were calculated on the total soft tissue wet weight. The
mean values of the tissue indexes were used to estimate the percentages of the chlo-
rophenolic lead in separate organs.

Chemicals

Radioactive pentachlorophenol (PCP; sp act, 37 mCi/mmol, radiochemical purity
98%) was obtained from CFA, France. 4,5,6-Trichloroguaiacol (CG-3; sp act, 2.2
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mCi/mmol, radiochemical purity over 98%) was from the Walienberg laboratory,
Stockholm, Sweden {Professor G. Wachtmeister, Esther-project). Each toxicant was
dissoived in 0.1 Af NaOH and diluted with deionized water. The stock solutions con-
tained either 3.6 mg PCP/liter or 4.4 mg CG-3/liter.

All chemicals used in analyses were of reagent grade quality.

Exposures and Sampling

Mussels were acclimated to the experimental temperature (13°C) for 1 week and
they were not fed during the last 3 days of the acchimation period. One day before the
start of an experiment their shells were scrubbed to remove attached debris and they
were transferred to clean water. .

Three experiments were conducted with PCP. In the first experiment the exposure
concentration was 14 pg/liter and in the two following experiments it was 7 ug/liter.
Mussels were also exposed to CG-3 in three tests. The CG-3 concentration in the first
exposure was 48 pg/liter and in the two others 23 pg/liter, The chlorophenolic solution
was added 30 min before the beginning of an exposure. Water pH was kept at 6.5, an
average inland water pH in Eastern Finland, and it was readjusted with 0.1 A7 HCI,
if required. The water temperature at all exposures was 13°C and the oxygen concen-
tration was maintained over § mg/liter.

The mussels were exposed in glass aquaria equipped with a plastic net placed close
to the bottom. Three to six animals were transferred to tie test water (2000-4000 mi)
so that the water/soft tissue ratio was over 100 ml/g. The water was gently circulated
by magnetic mixer 10 maintain a homogenecus concentration.

Because radioactive chlorophenolics were used, the experiments were conducted in
a static system with a relatively high biomass load (5.3-9.2 g sofi tissue/liter). The
time needed to atiain steady state was monitored from water instead of directly mea-
suring the soft tissue concentration. Water samples {1 ml) were collected in a geo-
metrical progression of time (0.25, 0.5, 1, 2, 4, &, 16, 20, 24 hr, and in addition for
CG-3, 48 hr) until no net changes in water " activity were observed. The intersection
of the decrease in radioactivity of the water with a constant level of radioactivity in
the water was considered the minimurn time needed 1o reach a steady state. The
hydrophilic proportion of C activity in the exposure water was determined at the
beginning of an exposure and after 24 (PCP) and 48 hr (CG-3).

At the end of an exposure animals were weighed individually, the shell adductor
muscles were dissected, and the mantle cavity water was drained away. The total soft
tissue was homogenized in the two first PCP and CG-3 exposures, and samples from
each organ and tissue were collected for radicactivity determinations in the third PCP
and CG-3 exposure.

Arnalvtical Technigques

One-milliliter water samples were analyzed to determinate the "C activity in the
exposure water. Metabolites of the chlorinated phenolics in the exposure water were
analyzed in acidified (pH 2) water sampies (i mi) by extraction three times with 2 ml
r-hexane (PCP) or diethyl ether (CG-3). The organic extraction phase {reduced 1o I
mi} and the extracted water were analyzed. All samples were counted with a lguid
scintiflation counter (L8C, LKB-Wallac, Rackbeta) for *C activity. An external stan-

dard correction ft
form a stabile gel

Mussel soft tiss
=20°C hefore an
scintillation vial,
each sample was
was bleached by H
Samples were cou

Metabolized PC
hemolymph, dige
ml) and acidified
ihree times with #
three times with
followed by a cen
3 min, The coml
nitrogen (99,.9%)
was counted by 1
tabolites was also

Extraction recc
The soft tissue h
first extractions y
accounted for 4%
when assessing th

The concentrat
per gram of tssu
according to the f
on the basis of th
the free chloroph

Body and Tissue

The body of A.
32%, and mantle

Fii. 1. Wet weight
well as tissues and ory




snberg laboratory,
Fach toxicant was
ock solutions con-

Y for T week and
One day before the
zd debris and they

ment the exposure
15 it was 7 ug/hter,
atration in the first
‘ophenolic solution
was kept at 6.5, an
d with 0.1 M HCH,
he oxygen concen-

tic net placed close
wer (2000-4000 ml)
as gently circulated

were conducted in
f tissue/liter). The
-ad of directly mea-
collected in a geo-
and in addition for
:d, The intersection
of radicactivity in
i steady state. The
. determined at the

the shell adductor
rway. The total soft
. and samples from
ms in the third PCP

: MC aetivity in the
xposure water were
ree times with 2 mli
shase (reduced to |
unted with a liquid
y. An external stan-

EFFECTS OF CPs ON MUSSELS 357

dard correction for gquenching was used, and Lurna Gel (8 m], Lumac) was used to
form a stabile gel for counting.

aussel soft tissues were homogenized {Ultra Turrax homogenizer) and frozen at
—20°C before analysis. The thawed homogenate (200 mg) was sransferred 1o a giass
scintillation vial, 1 ml tissue solubilizer (Luma Solve, Packard Inc.) was added, and
each sample was incubated for 24 hr at 50°C. The digested soft tissue homogenate
was bleached by H,Cy, (300 ul), and isopropanol (300 pl} was added 1o prevent foaming.
Samples were counted (L5C) after aging for 24 hr.

Metabolized PCP and CG-3 were analyzed in selected ussues {soft tissuc homogenate,
hemolymph, digestive gland). Fach sample (0.5 g) was diluted with 0.45% MNaCl (4.5
ml) and acidified to pH 3 with H,50,, and samples containing PCP were extracted
three times with n-hexane (2 mi each), whereas samples containing OG-3 were extracted
three times with diethyl ether (2 mib). Samples were shaken vigorously for 2 min,
followed by a centrifugation (4000 rpm) for 3 min and they were allowed to seitle for
% min. The combined extracior solvent was evaporated to 1 ml under a stream of
nitrogen (99.9%) and the 14C activity representing the unmetabolized PCP or CG-3
was counted by LSC. A proportion of the residue liquid containing hydrophilic me-
tabotites was also counted 1o obtain the total activity in a sample.

Extraction recaveries were determined with samples spiked with e Jabeled PCP.
The soft fissue homogenate was extracted five times as described above. The three
first extractions yielded 95% of the total PCP. The fourth and the fifth steps together
accounted for 4% of the total PCP activity. The recoveries were taken into consideration
when assessing the actual level of hydrophilic metabolites in selected tissues.

The concentrations of chlorinated phenolics in the tissues are given as MiCrograms
per gram of tissue wet weight, The biaconeentration factors (BCFs) were calculated
according to the formular BCEF = 140 in animal/"*C in water. The BCFs are given only
on the basis of the total activity in water, while the difference between the total and
the free chlorophenofic concentration in water was small.

RESULTS AND DISCUSSION
Body and Tissue Indexes

The body of A. anating consisted of three nearty equal parts: shell 30%, soft tissues
32%, and mantle cavity water 18% of the total weight (Fig. 1). The hemolymph made
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well as tissees and organs indexes in Anodonta anating (n = 6).
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up 40% of the soft tissue. The gills and the mantle were the largest organs, and they
were about 10% of the soft tissue weight each (Fig. 1).

In general, the difference in the percentage of body compartments of the Unionidae
bivalves seemed to be rather small (Dictz, 1974; Hammen, 1979; Kluviman et al,
1983). According to Haukioja and Hakala (1674) the mantel cavity water in Anodonia
piscinalis (anatina) living in southwest Finland was 28.7%, about 10% less than that
in our animals. However, it is difficult to explain the difference, because Haukioja
and Hakala (1974) did not describe how they measured the mantle cavity water.

The soft tissue of blue mussels (Mytilus edulis) was divided among the different
organs as follows: gills 3~-4%, adductor muscles 4-7%, mantel 13-25%. and the re-
mainder 60-75% (Zandee er af., 1980). Our data on A. anatina were very similar to
those of the blue mussel; however, the relative size of the gills was three times greater
in Anodonta.

Chlorophenolics in Exposure Water

In the first experiment at 14 pg/liter PCP the behavior of mussels changed; i.c.,
their foot was distended and it was not retracted normally afler the animal was touched.
At a lower concentration (7 ug PCP/liter) no behavioral toxicity was observed. An
equilibrium level of PCP in water (1.8 £ 0.1 ug/liter, SD) in two separate experinents
was reached in 4 and 16 hr,

In an experiment where the initial exposure concentration of CG-3 was 48 ug/liter,
a steady-state concentration (31 ug/lter) in water was achieved in 16 hr. However,
this exposure concentration was noted to be similarly toxic to 4. anatina as was 14
pg PCP/liter; therefore the two other CG-3 exposures were carried out at about half
of this concentration. The initial concentration of CG-3 in the two other experiments
was 23 ug/liter; the equilibrium level in water (15 + 2.8} ug/liter was reached in 22—
25 hr.

in conclusion, the pentachlorophenol and trichiorognaiacol accumulated rapidly
into the mussels, reaching sicady state in 24 hr. This is in accordance with the ohser
vations of McLeese er al. (1984), who showed that the steady state for PCP in Mytilus
edulis was achieved in 24 hr,

'Fhe water samples exiracted at the end of an exposure gave a hydrophilic fraction
of 13-16% for PCP and 2-10% for CG-3. While the hvdrophilic fraction of the chlo-
rinated phenolics at the beginning of the exposures was negligible (<0.2%), these el-
evaied values must represent either chlorophenolics which were metabolized and ex-
creted by the mussel or those biotransformed by microbes in the water.

Bioaccumulation of Chiorophenolics

The bioconcentration factor of pentachlorophenol in the soft tissue varied from
145 1o 342, The values ror separate organs and tissues differed clearly (Fig. 2A). The
BCE values were highest in the digesiive gland (447637, and somewhat lower in the
kidneys (300-326). The high lipid content of the digestive gland, as described by
Stickle (1975) for the snail Thais lamellosa, may largely explain the high chiorophenolic
accumulation of this organ. All other fissues and organs, excluding the hemolymph,
accumulated PCP fairly similarly (BCF = 117227 The PCP concentrabon in the
hemolymph was very low (BCF = 2.6-21). The digestive gland accounted for 31% of
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Fi. 2 (A. and BY. Bicaccamulation of “C-labeled pentachiorephenal (PCP, A) and 3,4,6-trichioroguaiacol
(CG-3, B) by mussel (4nodonta anating) soft tissue and organs (» = 6}. BCF, concn in tissue (wet wt)/concn
in water afier 24 and 48 br of exposure to PCP and CG-3, respectively.

the PCP body burden, while the gills accounted for 21% and foot and mantle for 13%
each (Table 1).

The BCF for trichloroguaiacol was 34125 in the total soft tissue. Sirnilarly to PCP,
the BCE values for CG-3 were highest in the digestive gland {BCF = 275-324) and
kidneys (BCF = 189-211). The accumulation into the hemolymph was very low (BCF
= 3.5-15). The bioconcentration factors for the other organs and tissues varied between

TABLE |

PERCENTAGES OF THE TOTAL BODY BURDEN OF
CHLORGPHENOLICS IN SEPARATE ORGANS AND TISSUES
N AL anating AFTER 24 hr OF EXPOSURE
TO PENTACHLORGPHENOL AND 48 hr OF EXPOSURE TO
3,4,6-TRICHLOROGUAIACOL

Tissue Percentage of body burden

PCP CG-3
Digestive gland 31 48 25 x£54
Gills 21 +£46 2 £ 3.6
Foot 13 +1.3 18 +3.5
Mantel 13 33 13 £5.7
Add. muscles B&+19 %4+ 332
Kidneys 26102 2502

Palps 24402 N.AL
Hemolymph 1.8 + 0.3 4.2 + 4.2

Note. Steady state concentrations in water were L8 and 15 pg/
liter, respectively. Mean + SD (n=06)
N.A., not analyzed.
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70 and 183 (Fig. 2B). The body burden of CG-3 in mussels was divided much more
alike than that of PCP; the digestive gland accounted for the most {25%}, followed by
the gills (21%) and foot (18%, Table 1.

The experimental system used i the present study can be criticized due to the
potential accumulation of physiological metabolites and other excretory products in
water, which may have some negative effect on the animals. However, excluding the
experiments at the highest PCP and CG-3 concentrations (PCP 14 pg/liter, CG-3 48
ug/liter), the behavior of the mussel seemed to be normal during the 24-48-hr exper-
imental pericd.

The bicaccumulation of 4,5 6-trichloroguaiacol was somewhat lower than that of
pentachlorophenol, which agrees with their lipophilic properties (log Pore: CG-3 = 4,10
and PCP = 5.85; Xie, 1984). The bioconcentration factors determined for PCP and
CG-3 in 4. anatina in this work were of the same magnitude as those in the few
previous works done with this species (Korhonen and Oikari, 1986; Cikari ef gl
1987), as well as those done with fish and other bivalves (Saarikoski and Viluksela,
1982; Hawker and Connell, 1986).

Metabolites of Chlorinated Phenolics in Tissues

The hydrophilic fraction of the total radioactivity measured in the mussel soft tissue
was 8% or less for PCP and about 2 to 3% for CG-3 {Table 2). The vatues for hemolymph
were somewhat lower, 2 and 1% for PCP and CG-3, respectively, Almost all of these
values were, however, below the 5% error caused by incomplete recovery in extraction
of tissues (see Materals and Methods).

In our experiments, 4. gnafina seemed 16 have only very lirnited capacity for bio-
transformation of chiorinated phenolics, However, the clam (Tapes philippinarum)
has been shown to be able 1o transform PCP ¢ a bound form, which was hydrolyzed
back 1o PCP (Kobayashi, 1977). It was also found that even when there was water-
soluble PCP in the exposure water, the PCP in the tissues of the clam was not con-
jugated. Engelhardt ef al. (1985) expected that chiorophenol biotransformation mught
be noticeable in the digestive gland, where benzola]pyrene monoosygenation in vitro

has been observed in several species of molluscs (Anderson and Angel 1986: Stege-
man 1985).

TABLE 2

THE HYDROPHILIC FRACTION (%) OF PENTACHLOROPHENGL (PCP) IN 24 hr OF EXPOSURE
AND 3,4,6-TRICHLOROGUAIACOL {(CG-3) IN 48 hr OF EXPOSURE IN A. anating
S0FT TISSUE HOMOGENATE AND SEPARATE ORGANS

Toxicant 7 Soft tissue Hemolymph Digestive gland
PCP 3 20203 e84 M.A.
PCP 3 33+ 10 10+ 02 10402
PCP 3 30+30 22408 10+ 0.1
CG-3 3 2912 0.4 05 MN.A.
CG-3 3 26 +0.1 6.0 N.A.
CG-3 6 N.AL 28 x 4.1 17204

Note. Mean = 5D, N.A., not analyzed.
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According to the present data, however, the metabolism of chicrophenolics in A.
anating was probably similar to the metabolism of PCP in T, philippinarurs, while
the amount of metabolites in animals was low and some metabolites were present n
the exposure water. Our results also suggest, according (0 the negligible fraction of the
hydrophilic chlorophenalics in the digestive gland, that the bigtransformation activity
in this organ is very low.

CONCLUSIONS

We have demonstrated the utility of .4nodonia anating as a bioindicator OTgAanism
for chiorinated phenolics in this study. The accumulation of the ch lorinated phenolics
in this species is comparable to that in other molluscs and fish. Similarly, the time
needed 1o reach a steady state is short (<24 hr) and roughly equal to that of fish.
Diffusion of the parent compound, probably through the gills, appears t¢ play a major
role in the elimination of chiorophenolics. The similarities in chlorophenolic biocon-
centration between mussel and fish make A. gnating a bioindicator organism preferable
to fish, because mussels are much easier to collect, handle, transport, and incubate
than fish.
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