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The relationship between hemic neoplasia, a blood
ell disorder in bivalve molluscs, and chemical contami-
ants was evaluated in the common mussel (Mytilus
dulis complex). Hemic neoplasia (HN) is endemic to
ussel populations in Puget Sound. The prevalence of
emic neoplasia ranged from 0 to 30% in mussels from
ine sites in Puget Sound, Washington. Organic chemi-
al contamination in sediment from these sites range
rom 0.1 to 64.0 ppm of polycyclic aromatic hydrocar-
ons (PAHs) and 0.07 to 0.50 ppm chlorinated hydrocar-
ons. No relationship between the body burden of
nvironmental contaminants and the prevalence of
N in mussels was identified. To evaluate the short-

erm ability of chemical contaminants to induce HN in
ussels, mussels, from a site where mussels were

reviously determined to be HN free, were fed microen-
apsulated PAHs (composed of a mixture of phenan-
hrene, flouranthene, and benzo[a]pyrene) or PCBs
Aroclor 1254) and the prevalence of HN was assessed
fter 30 days of exposure. Although an apparent in-
rease in HN prevalence (20 to 30%) was observed in all
reatments groups except the untreated controls, no
ignificant difference in the prevalence of HN was
bserved between the control group of mussels fed
orn oil (vehicle) and mussels fed either PAHs or PCBs
n corn oil. A long-term (180-day) exposure study was
onducted to evaluate the influence of PAHs or PCBs
n modulating the prevalence of HN in a mussel popula-
ion already exhibiting a moderate HN prevalence.
ussels, from a site where mussels were previously

etermined to exhibit a background prevalence of HN,
ed microencapsulated PAHs, PCBs, and corn oil (ve-
icle) over a long time period (180 days), revealed an
pparent increased prevalence of HN (30 to 40%) above
he low levels (20%) initially present. However, no
ignificant difference in the prevalence of HN was
bserved between the control group of mussels fed

orn oil (vehicle) and mussels fed either PAHs or PCBs a

135
n corn oil. Although chemical contaminants have been
roposed as a modulating factor in the development
nd promotion of HN in bivalve molluscs from environ-
entally stressed and degraded habitats, we find no

vidence that chemical contaminants induce or pro-
ote the development of HN in the mussel M. edulis

omplex. r 1999 Academic Press

Key Words: Mytilus edulis; hemic neoplasia; microen-
apsulated contaminants; PAHs; Aroclor 1254; PCBs.

INTRODUCTION

The major neoplasm reported in bivalves and pre-
umed to be of blood cell origin has variously been
esignated sarcoma, hematopoietic neoplasm, dissemi-
ated neoplasia, hemic neoplasia, leukemia, or blood
ell proliferative disorder. Neoplastic conditions have
een reported worldwide in 15 species of bivalves,
ncluding 4 species of oysters, 6 species of clams, and 5
pecies of mussels (see review by Elston et al., 1992).
he disease is characterized by proliferation of en-

arged circulating hemocytes with a large lobate nucleus,
ne or more nucleoli, a high frequency of mitotic
gures, and a high nucleus to cytoplasm ratio (Farley,
969; Mix, 1983). The etiology of molluscan neoplasia
emains uncertain, and several researchers have sug-
ested possible causes ranging from carcinogenic chemi-
als (Lowe and Moore, 1978; Farley et al., 1991), to
nvolvement of a c-type retrovirus (Oprandy et al.,
981; Elston et al., 1988), to genetic disposition of
ndividuals (Couch and Harshbarger, 1985).

A chemical etiology has been suggested as a principle
actor in the development of this neoplastic disorder.
or example, Lowe and Moore (1978), while investigat-

ng hemic neoplasia (HN) in the common mussel,
ytilus edulis, demonstrated the presence of domestic
nd industrial pollution, including hydrocarbons, at a

0022-2011/99 $30.00
Copyright r 1999 by Academic Press
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136 KRISHNAKUMAR ET AL.
ite in England where the mussels exhibited a high
revalence of this type of disease. Environmental con-
aminants, such as hydrocarbons, were suspected to be
he causative factor for HN in clams collected from oil
pill sites in Searsport, Maine (Barry and Yevich, 1975),
nd Freeport, Maine (Yevich and Barcszcz, 1977). Simi-
arly, Balouet et al. (1986) noticed an increased inci-
ence of HN in oysters from areas affected by the
moco Cadiz oil spill in France. In addition, White et al.

1993) documented the high continued prevalence of
N in the softshell clam, Mya arenaria, associated with
n industrially contaminated site at New Bedford
arbor, Massachusetts.
Attempts to define the linkages between exposure to

hemical contaminants and development of HN have
roduced mixed results. A recent study by Farley et al.
1991) in the softshell clam M. arenaria from Chesa-
eake Bay reported a linear correlation between preva-
ence of the disease and tissue concentration of chlor-
ane. In contrast, detailed investigations by Mix and
chaffer (1983) on HN in M. edulis from Yaquina Bay,
regon, could not reveal a direct causal relationship
etween polynuclear aromatic hydrocarbon (PAH) expo-
ure and the incidence of neoplasia. Evidence from
aboratory studies lends some support to chemical
auses for certain experimentally induced molluscan
eoplasms (Khudoley and Syrenko, 1978). Winstead
nd Couch (1988) noted suspicious lesions induced in
ysters exposed to both PAHs and diethylnitrosamine.
n contrast, Rasmussen et al. (1983a,b, 1985) were
nsuccessful in inducing neoplasia in M. edulis by
epeated experimental injection with various organic
ontaminants.
In our field study using wild populations of mussels

rom Puget Sound, Washington significant correlations
ere observed between body burdens of organic contami-
ants and significant biological effects, including im-
aired lysosomal functions and induction of detoxifying
nd antioxidant enzymes (Krishnakumar et al., 1994,
995). Mussels from Puget Sound, Washington, report-
dly have a high prevalence of HN (Elston et al., 1988;
oore et al., 1991). However, very few studies have

eported the relationship, if any, between the preva-
ence of hemic neoplasia in field populations of bivalves
nd the body burdens of environmental contaminants.
ccordingly, in the present study we have addressed

his relationship by (1) evaluating the prevalence of HN
n M. edulis collected from various sites in Puget Sound
nd body burdens of environmental contaminants and
2) determining under laboratory exposure whether
elected PAHs or PCBs induce or modulate the expres-
ion of HN in M. edulis. These studies were designed to
larify the relationship between chemical contami-
ants and the induction and/or proliferation of HN in

ivalve populations.
MATERIAL AND METHODS

ield Survey

Mussels (M. edulis complex), 45–55 mm, were col-
ected from their natural beds at nine sites in Puget
ound, Washington, during low tide (Fig. 1). Digestive
land tissue samples for histological analysis of HN
ere from mussels used previously in a companion

tudy from nine sites in Puget Sound sampled during
eptember 21–24, 1992 (see Krishnakumar et al., 1994).
n January 9–February 7, 1993, mussels were again

ampled to conduct a hemocytological assessment of
N in the natural populations and to confirm findings
erived from the previous histological assessment.
Sites included the nonurban areas of Oak Bay, Coupe-

ille, and Double Bluff in central and northern Puget
ound and Saltwater State Park in southern Puget
ound. Urban sites sampled included Eagle Harbor,
eacrest, and Four Mile Rock in Elliott Bay, City
aterway in Commencement Bay, and Sinclair Inlet,

ocated near Bremerton (Fig. 1). Mussels from urban
reas were known to be chronically exposed to a variety
f anthropogenic chemical contaminants including
AHs, PCBs, and toxic metals (Krishnakumar et al.,
994).
Mussels used for the study were transported in
FIG. 1. Map of collection sites in Puget Sound, Washington.
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137LEUKEMIA IN M. edulis IN PUGET SOUND
mbient seawater-filled ice chests to the National Ma-
ine Fisheries Service field laboratory at Mukilteo,
ashington, immediately placed in circular seawater

anks, and acclimated for a period of 24 h to allow the
uts to be cleared before they were randomly sub-
ampled for chemical and histological analysis. Mus-
els for hemocytological analysis were maintained in
nfiltered, running seawater during the 5–6 days re-
uired for the examination.

icroencapsulation of Contaminants

Selected PAHs or PCBs were microencapsulated in a
elatin/acacia gum mixture as described by Stromgren
t al. (1986). Known amounts of PAHs or PCBs (as
roclor 1254) were dissolved in 20 mL corn oil, heated
o 40°C, and sonicated for 20 min. This mixture was
omogenized with 5 g of acacia gum and 5 g of gelatin in
blender for 2 min at 40°C and brought to a final

olume of 1 L with 40°C deionized water. The emulsion
as cooled for 1 h on ice to form hardened microencap-

ulated vessels and stored in a refrigerator in sealed
ontainers. The vehicle control, 20 mL of corn oil, was
lso microencapsulated as described above. This proce-
ure reportedly gives microcapsules with a diameter of
–10 µm, with most of the capsules around 5 µm, and
table with respect to particle dispersion and size
Stromgren et al., 1986).

hort-Term Exposure (30 Days)

Mussels (50–60 mm) were collected from a neoplasia-
ree and apparently healthy population from the mini-
ally contaminated, nonurban site at Double Bluff

based on the results of the field survey) during low
ide. The weight of PAHs used to make contaminant-
adened vesicles included 85.5 mg of phenanthrene,
8.4 mg of fluoranthene, and 17.1 mg of benzo[a]pyrene
ratio 5:4:1, w:w:w) dissolved in 20 mL of corn oil and
icroencapsulated as described above. Similarly, 171
g of PCBs (as Aroclor 1254) was dissolved in 20 mL of

orn oil and microencapsulated as described above. The
-L emulsion contained 171 mg of PAHs or PCBs.
roportionate amounts of microencapsulated PAHs,
CBs, or corn oil were added daily to the respective
anks to achieve an equivalent final concentration of
50 µg contaminant L21 seawater. Hemocytological and
istological examinations were made following short-
erm exposure (all treatments).

ong-Term Exposure (180 Days)

For this study, mussel populations already exhibiting
moderate prevalence of HN were collected from a
inimally contaminated nonurban site at Coupeville.
he weight of PAHs used to make contaminant-laden

esicles for this portion of the study included 19 mg b
henanthrene, 15.2 mg fluoranthene, and 3.8 mg ben-
o[a]pyrene (ratio 5:4:1, w:w:w) dissolved in 20 mL of
orn oil and microencapsulated. Similarly, 38 mg of
CBs (as Aroclor 1254) was dissolved in 20 ml of corn
il and microencapsulated. The 1-L emulsion contained
8 mg of PAHs or PCBs. The microencapsulated PAHs,
CBs, or corn oil were added to the respective tanks on
lternate days to achieve an equivalent final concentra-
ion of 10 µg contaminant L21 seawater. Hemocytologi-
al examinations were made following long-term expo-
ures (all treatments).

xposure Setup

Mussels were cleaned and acclimated for 1 week
rior to the study in unfiltered running seawater
ontaining natural phytoplankton with an ambient
emperature of 9°C and a salinity of 30 ppt. Forty
ussels were then transferred to each of eight 38-L

anks with filtered, running seawater. Mussels in two
uplicate tanks served as the untreated controls receiv-
ng only supplemental algal food; mussels in another
wo tanks served as vehicle controls receiving algal food
nd microencapsulated corn oil. Mussels in the remain-
ng tanks served as experimental treatments receiving
lgal food and either microencapsulated PAHs or PCBs.
uplicates for the experimental treatments were run

imultaneously. The seawater flow in all tanks was
aintained at 800–1000 mL min21 (temperature

.0 6 0.5°C; salinity 30.0 6 0.5 ppt, and dissolved oxy-
en .90% saturation). Mussels were fed daily with a
ommercially available concentrated and preserved
lgal diet consisting of Thalassiosira pseudonana (Coast
yster Co., Quilcene, WA). The feeding rate in all tanks
as adjusted to approximately 4 3 103 cells mL21.
Just before adding the microencapsulated contami-

ants, seawater flow was shut off in all the tanks.
eawater flow was restarted after 2 h. Our observa-
ions revealed that mussels filtered all the encapsu-
ated particles within 1–2 h. Constant and gentle
eration was maintained in all the tanks to keep the
icroencapsulated contaminants and algae in suspen-

ion. After 30 days, mussels from each treatment of the
hort-term exposure were randomly sampled from each
uplicate tank for hemocytological (n 5 20) and histo-
ogical (n 5 10) examination. Mussels undergoing long-
erm exposures were randomly sampled from each
uplicate tank after 0 (n 5 25), 90 (n 5 30), and 180
ays (n 5 43–48) from each of the treatments for
emocytological examination. Samples consisting of
5–20 mussels from the short-term exposure study at
he 30-day period and from the long-term exposure
tudy at 0, 90, and 180 days for each treatment group
ere also taken for chemical analysis, as described

elow.
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138 KRISHNAKUMAR ET AL.
issue Chemistry

The analysis of body burden of tissue contaminants
f mussels sampled from nonurban and urban sites of
uget Sound has already been described (Krishnaku-
ar et al., 1994). For these analyses, whole mussel

issue samples (n 5 30/site) were dissected out, pooled,
nd kept at 220°C until analysis. For the laboratory
xposures, whole mussel tissue samples (n 5 15–20)
ere dissected, pooled, and kept at 220°C until analy-

is. Samples were analyzed for organic chemical con-
aminants as described by Krahn et al. (1988) and
loan et al. (1993). Concentrations of organic chemicals

n the samples from long-term exposure were analyzed
sing a validated screening technique utilizing high-
ressure liquid chromotography (HPLC) (Krahn et al.,
993, 1994). Toxic and essential elements in tissues
rom the field studies were determined as described in
obisch and Clark (1993). Concentrations of organic
ontaminants and toxic metals were expressed in ng
21 and mg g21 dry tissue weight, respectively.

istology

Mussels were randomly selected and the digestive
land excised, cut transversely into two pieces, and
xed in Baker’s formol-calcium. Tissue blocks were
rocessed by a routine paraffin histology method. Sec-
ions (5 µm) were stained with hematoxylin and eosin
H&E) and examined microscopically for histological
vidence of the disease, as described earlier (Mix,
983).

emocytology

A 22-gauge needle containing 0.5 mL of Tris–EDTA
uffer was inserted between the valves and into the
osterior adductor muscle to withdraw 0.2–0.5 mL of
emolymph. This hemolymph sample was placed on a
oly-L-lysine-coated slide and incubated for 30 min in a
oist chamber. After incubation, the slides were fixed

n methanol and stained using the Schiff–Feulgen
icromethyl blue procedure (Farley, 1969). Slides were
hen microscopically examined for the presence or the
bsence of HN, as described by Elston et al. (1988).

tatistical Analysis

Linear regression analysis was used to evaluate the
elationship between the prevalence of HN and body
urden of chemical contaminants in field sampled
ussels. Contingency tables coupled with x2 analysis
as used to evaluate the development of HN in mussels
fter either a short-term (30-day) or long-term (180-
ay) exposure to PAHs and PCBs. Findings were consid-

red significant at a 5 0.05. a
RESULTS

ield Studies

The concentrations of selected organic contaminants
s well as toxic and essential elements in the whole
issue of mussel from the nine sites in Puget Sound are
hown in Table 1. A more detailed description of the
oncentrations of organic and metal contaminants in
ussel tissues from these sites is presented in Krishna-

umar et al. (1994). Tissue concentrations of total PAHs
e.g., fluoranthene, phenanthrene, benzo[a]pyrene),
CBs, DDTs, other pesticides, and selected metals

mercury and lead) were higher in mussels from the
rban sites of Eagle Harbor, City Waterway, Seacrest,
our Mile Rock, and Sinclair Inlet than in those from
onurban sites (Oak Bay, Saltwater Park, Coupeville,
nd Double Bluff).
The percentage of prevalence of HN in natural popu-

ations of mussels from the nonurban and urban sites is
ummarized in Table 2. Both histological and hemocyto-
ogical examinations revealed that the mussel popula-
ion from Double Bluff was disease free. A disease
revalence ranging from 0 to 30% in mussels from the
onurban sites and from 10 to 28% in mussels from the
rban sites was observed. There was no significant
elationship between tissue burden for any of the
hemical contaminants measured and HN in mussels
rom natural populations from nonurban and urban
ites in Puget Sound, WA (Table 3, Fig. 2).

Short-term experimental exposure. In a study to
alidate the links between exposure to PAHs and PCBs
nd cytological damage identified in mussel popula-
ions from urban sites in Puget Sound (see Krishnaku-
ar et al., 1994, 1995), HN-free mussels were exposed

or 30 days to microencapsulated PAHs or PCBs
Krishnakumar et al., 1997). The relationship between
N and chemical contaminants was not the initial
urpose of the study described in Krishnakumar et al.
1997). However, at the end of the exposure period, a
arge proportion of mussels exhibited HN as well as
ytological damage. The relationship between chemical
ontaminant exposure and the prevalence of HN is
hat is currently being presented.
The tissue burdens of PAHs and PCBs in mussels

fter 30 days of exposure to microencapsulated contami-
ants are shown in Table 4. After 30 days of exposure to
AHs, tissue concentrations of phenanthrene, fluoran-
hene, and benzo[a]pyrene increased by 400, 360, and
40 times, respectively, compared to vehicle control
ussels. Similarly, after 30 days of exposure, tissue

oncentrations of Aroclor 1254 increased by 16 times
ompared with vehicle control mussels. Tissue burdens
f the above contaminants in vehicle control mussels
ere comparable to tissue burdens in mussels fed only

n algal diet (Table 4).
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139LEUKEMIA IN M. edulis IN PUGET SOUND
TAB
Concentration of Organic (ng g21) and Metal (mg g21) Co

Collected from Puget Sound, Washi

Contaminants
Eagle

Harbor
Commencement

Bay Seacrest

F
M
R

olycyclic aro-
matic
hydrocar-
bons

Phenan-
threne 9,000 330 110 1

Fluoranthene 15,000 2000 510 3
Benzo[a]py-

rene 640 50 16
Total HMW

PAHsa 64,000 5800 1600 11
hlorinated

hydrocar-
bons

Polychlori-
nated
biphenylsb 400 490 500 2

Total DDTsc 21 29 28
Other pesti-

cidesd 16 33 22
etals
Arsenic 3.0 3.6 3.3
Cadmium 3.5 4.3 5.3
Mercury 0.64 0.23 0.66
Lead 0.94 12.0 1.4

a S Molecular weight PAHs includes the summed concentrations
cenapthene, fluorene, phenanthrene, anthracene, and 2-methylnaph
nthenes, benzo[a]pyrene, indeno[1,2,3,-c,d]pyrene, dibenzo[a,h]anth

b Poychlorinated biphenyls measured as Aroclor 1254.
c Total DDTs include the summed concentrations of the following co
d Pesticides include the summed concentrations of the following com

TABLE 2
The Prevalence of Hemic Neoplasia in Natural Populations

of M. edulis Complex from Sites in Puget Sound, Washington

Site

Histology Hemocytology

n
%

Prevalence n
%

Prevalence

onurban
Oak Bay 10 30 25 28
Saltwater Park 10 20 30 16
Coupeville 10 10 30 30
Double Bluff 10 0 30 0
rban
Eagle Harbor 10 30 25 28
Commencement Bay 10 30 30 10
Seacrest 10 10 28 18
Four Mile Rock 10 20 30 20
Sinclair Inlet 10 0 30 13
 o
The prevalence of HN in mussels exposed for 30 days
o 150 µg L21day21 of PAHs or PCBs, respectively,
etermined through histological and hemocytological
xamination is shown in Fig. 3. Histological examina-
ion revealed disease prevalences of 20 and 30% in the
ussels exposed to model mixtures of PAHs and Aro-

lor 1254, respectively, whereas mussels fed an algal
iet (untreated controls) were found to be still disease
ree after 30 days. However, a disease prevalence of
0% was also observed in vehicle control mussels (Fig.
). There was no significant difference in the prevalence
f mussels exhibiting HN that were exposed to either
AHs or PCBs when compared to mussels treated with
orn oil (vehicle control) or to mussels fed an algal diet
nly. Hemocytological examination showed the disease
resent only in mussels exposed to Aroclor 1254 (20%);
owever, this prevalence was not significantly different
han the prevalence observed in mussels treated with
orn oil (vehicle control) or to mussels fed an algal diet

1
minants in Whole Tissue (Dry Weight) of Mytilus edulis
on, during September 21–24, 1992

Sites

r
e
k

Sinclair
Inlet

Oak
Bay

Saltwater
Park Coupeville

Double
Bluff

24 14 17 20 15
49 17 37 20 23

3 1 1 1 1

220 110 170 130 120

180 60 140 50 50
15 11 9 11 11

11 10 17 12 11

7 2.7 5.4 3.1 3.2 3.2
6 2.8 5.2 3.8 3.5 2.6
13 0.20 0.19 0.39 0.05 0.37
5 0.95 0.55 0.55 0.86 0.41

r the following organic compounds: naphthalene, acenaphthylene,
lene, fluoranthene, pyrene, benz[a]anthracene, chrysene, benzofluor-
ene, and benzo[g,h,i,]perylene.

ounds: DDT, DDE, and DDD.
unds: aldrin, chlordane, dieldrin, heptachlor, and lindane.
LE
nta
ngt

ou
il

oc

50
60

11

40

90
19

17

3.
4.
0.
1.

fo
tha
rac

mp
nly. In addition, no mortality of mussels was observed
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140 KRISHNAKUMAR ET AL.
n any of the treatment groups throughout the experi-
ental period.

Long-term experimental exposure. Based on the re-
ults of short-term exposure to PAHs and PCBs, a
ong-term (180-day) exposure study was conducted to
valuate the influence of PAHs or PCBs in modulating

TABLE 3
Relationship between Body Burden of Selected Chemical

ontaminants and the Prevalence of Hemic Neoplasia in
atural Populations of M. edulis Complex from Nine Sites in
uget Sound, Washington

Chemical
ontaminant

Hemic neoplasia
(histology)

Hemic neoplasia
(hemocytology)

Correlation
coefficient

Significance
level

Correlation
coefficient

Significance
level

PAHsa .446 0.229 .357 0.346
CBsb .362 0.338 .032 0.936
DTsc .287 0.454 .084 0.829
ther pesti-
cidesd .429 0.250 .227 0.557

rsenic .534 0.139 .330 0.386
admium .555 0.121 .415 0.267
ercury .077 0.843 .085 0.828
ead .409 0.275 .286 0.456

Note. Reported values include the correlation coefficient and the
ignificance level using linear regression analysis.

a S Molecular weight PAHs includes the summed concentrations
or the following organic compounds: naphthalene, acenaphthylene,
cenapthene, fluorene, phenanthrene, anthracene, and 2-methylnaph-
halene, fluoranthene, pyrene, benz[a]anthracene, chrysene, benzoflu-
ranthenes, benzo[a]pyrene, indeno[1,2,3,-c,d]pyrene, dibenzo[a,h]an-
hracene, and benzo[g,h,i,]perylene.

b Poychlorinated biphenyls measured as Aroclor 1254.
c Total DDTs include the summed concentrations of the following

ompounds: DDT, DDE, and DDD.
d Pesticides include the summed concentrations of the following

ompounds: aldrin, chlordane, dieldrin, heptachlor, and lindane.

FIG. 2. The relationship between the prevalence of hemic neopla-
ia (leukemia) and tissue burden of PAHs in Mytilus edulis complex

rom Puget Sound. (
he prevalence of HN in a mussel population already
xhibiting a moderate HN prevalence. Tissue burdens
f PAHs and PCBs in mussels after 90 and 180 days of
xposure, respectively, to microencapsulated contami-
ants are shown in Table 5. Tissue concentrations of
AHs and PCBs in vehicle control and mussels fed only
lgae after 90 and 180 days were comparable to tissue
oncentrations of PAHs and PCBs in mussels at the
tart of the experiment. After 90 days of exposure to
AHs, tissue concentrations of phenanthrene and ben-
o[a]pyrene equivalent compounds increased by 8 and
0 times, respectively, compared with vehicle control
ussels. Similarly, after 180 days exposure to PAHs,

issue concentrations of phenanthrene and benzo[a]py-
ene equivalent compounds increased by 28 and 50
imes, respectively, compared with vehicle control mus-
els. Tissue concentrations of Aroclor 1254 after 90 and
80 days exposure increased by 500 and 175 times,
espectively, compared with vehicle control mussels.
The prevalence of HN in mussels exposed for 90 and

80 days to 10 µg L21day21 of PAHs or PCBs, deter-
ined through hemocytological examination, is summa-

ized in Fig. 4. The initial disease prevalence in the
eld population of mussels used for long-term exposure

TABLE 4
Concentration of Selected PAHs and PCBs in Whole Tissue

f M. edulis Complex (ng g21 Dry Tissue Weight) after 30
ays of Exposure to Microencapsulated PAHs and PCBs

Arochlor 1254) at a Concentration of 150 µg L21 Seawater

Treatment

Chemical contaminant

Phenanthrene Fluoranthene Benzo[a]pyrene PCB

lgae only 58 150 6 400
orn oil (vehicle
control) 59 160 7 540

AHs 24000 58000 6600 —
CBs — — — 8700

FIG. 3. The prevalence of hemic neoplasia (leukemia) in M.
dulis complex after a 30-day exposure to microencapsulated PAHs
fluoranthene, phenanthrene, and benzo[a]pyrene in a 5:4:1 ratio,
espectively) and PCBs (Aroclor 1254) in the laboratory (150 µg L21

ay21). Determined using histological (n 5 10) and hemocytological

n 5 20) techniques.
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141LEUKEMIA IN M. edulis IN PUGET SOUND
0 time) was 20%. After 90 days, disease prevalence
ncreased to 33 and 43% in mussels exposed to PAHs
nd PCBs, respectively. The disease prevalence in
ussels fed only an algal diet was 20%, comparable to

he disease prevalence of mussels at the start of the
xposure, whereas in vehicle control mussels, the preva-
ence of HN increased to 31%. There was, however, no
ignificant difference in the prevalence of HN among

TABLE 5
Concentration of Selected PAHs (as ng Phenanthrene or

enzo[a]pyrene Equivalents/g Dry Tissue Weight) and PCBs
as Sum of Planar and Coplanar PCB Congeners, ng g21 Dry
issue Weight) in Whole Tissue of M. edulis Complex after 90
nd 180 Days of Exposure to Microencapsulated PAHs and
CBs (Arochlor 1254) at Concentrations Equivalent to 10 µg
21 Seawater

Treatment

Chemical contaminant

PAHs (ng
phenanthrene

eq/g)

PAHs (ng
benzo[a]pyrene

eq/g)
S PCB

congeners

ay 0
Algae only

(untreated
control) 53 4 10

ay 90
Algae only

(untreated
control) 74 5 14

Corn oil (vehicle
control) 79 5 15

PAHs 610 200 —
PCBs — — 7600
ay 180
Algae only

(untreated
control) 37 5 19

Corn oil (vehicle
control) 20 4 31

PAHs 570 200 —
PCBs — — 5400

FIG. 4. The prevalence of hemic neoplasia (leukemia) in M.
dulis complex determined by hemocytological techniques after 0
ays (n 5 25), 90 days (n 5 30) and 180 days (n 5 43–48) exposure to
icroencapsulated PAHs (fluoranthene, phenanthrene, and benzo[a-

pyrene in a 5:4:1 ratio, respectively) and PCBs (Aroclor 1254) in the
21 21
 Saboratory (10 µg L day ).
he treatments at this time period. After 180 days,
ncreased disease prevalences of 34, 28, and 33% were
bserved in vehicle control mussels and in mussels
xposed to PAHs and PCBs, respectively, compared to
n HN prevalence of 15% in mussels fed only an algal
iet. There was no significant difference in the preva-
ence of mussels exhibiting HN that were exposed to
ither PAHs or PCBs when compared to mussels treated
ith corn oil (vehicle control); however, the prevelence
f HN in mussels treated with corn oil, PAHs, or PCBs
as significantly higher than its prevalence in mussels

ed an algal diet only. This is attributable, in part, to the
arger sample size per treatment used at the end of the
xperimental period (n 5 55 to 63 mussels) compared
o the sample size used at the midpoint of the experimen-
al period (n 5 36 to 43 mussels). Mortality of mussels
as evident in the various treatment groups and

anged from 8 to 16% at the end of the experimental
eriod, but was not significantly different among the
reatment groups.

Morphology of neoplastic cells. Light microscopic
xamination of hemocytes from normal mussels re-
ealed that they were well attached and spread on glass
lides with relatively small uniform nuclei (Figs. 5a
nd 5b). Frequently, cell clumps consisting of more
han 25–35 hemocytes were observed. In contrast,
eoplastic hemocytes routinely did not clump but re-
ained rounded, with extremely limited spreading

Figs. 5c and 5d). Hemocytes of mussels from both the
ild population and laboratory-exposed mussels showed

he presence of two types of neoplastic cells, as reported
y earlier researchers (Lowe and Moore, 1978; Green
nd Alderman, 1983). The most common abnormal
emocytes were larger in size and contained a greatly
nlarged spherical or lobed nucleus (Fig. 5d). The
econd type of abnormal hemocyte was relatively
maller in size and had a more or less spherical nucleus
ith multiple nucleoli (Fig. 5d). Mitotic figures were
bserved frequently in neoplastic hemocytes (Figs. 5c
nd 5d).
Histological examination of mussels with HN showed

eoplastic hemocytes in the connective tissues between
he digestive tubules of both the wild populations and
aboratory-exposed mussels (Figs. 5f–5h). The progres-
ion of the disease was characterized by an increase in
he number of neoplastic cells which, in advanced
tages, completely filled the vascular connective tissue
nd vascular spaces throughout the digestive gland
Figs. 5g and 5h).

DISCUSSION

This study develops information about the possible
elationship between the prevalence of HN in wild
opulations of M. edulis collected from sites in Puget

ound, Washington, and body burden of environmental
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142 KRISHNAKUMAR ET AL.
ontaminants. Our field study showed no relationship
etween the prevalence of HN with body burdens of
oth organic and inorganic contaminants. For example,
he tissue concentrations of carcinogenic and other
rganic and toxic metal contaminants were found to be
igher in mussels sampled from five urban sites. How-

FIG. 5. (a) Hemocytological comparison of hemocytes (shown wit
ften seen (shown with large arrowhead) (3400); (b) magnified view
pread with relatively small uniform nuclei (31000); (c) neoplastic
rrowheads), sampled from a mussel in the advanced stage of the d
uclear to cytoplasmic ratio and distinct nucleolus. The most common
nd contained a greatly enlarged spherical or lobed nucleus. The se
maller in size and had a more or less sperical nucleus. Mitotic fi
emocytes (31000); (e) histological section of digestive gland of 3
rrowheads) in the open circulatory system (3100); (f) neoplastic hem
ays (3100); (g) aggregation of neoplastic hemocytes (shown with arro
3100); (h) hemocytes in the advanced stage of neoplastic progression
ontrol mussel (3200).
ver, the prevalence of HN in mussels from the urban fi
ites (13–28%) was found to be in the same range as in
ussels from the nonurban sites (0–30%). Incidentally,
ussels having the highest and lowest tissue concentra-

ions of benzo[a]pyrene, a known carcinogen, from
agle Harbor and Oak Bay, respectively, showed the
ame levels of HN, 28–30%. This is in contrast to

all arrowheads) from a healthy mussel (M. edulis). Cell clumps are
normal hemocytes (shown with arrowheads) seen well attached and

ocytes, round and with extremely limited spreading (shown with
ase (3400); (d) magnified view of neoplastic hemocytes with higher
plastic hemocytes (shown with large arrowheads) were larger in size
d type of hemocyte (shown with small arrowhead) were relatively

es (shown by outline arrow) are frequently observed in neoplastic
ay algal control mussel showing normal hemocytes (shown with
ytes (shown with arrowheads) from mussels exposed to PCBs for 30
eads) in the open circulatory system of 30-day vehicle control mussel
own with arrowhead) in the open circulatory system of 30-day vehicle
h sm
of
hem
ise
neo
con

gur
0-d
oc

wh
(sh
ndings reported by Mix et al. (1979), who showed a
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143LEUKEMIA IN M. edulis IN PUGET SOUND
ositive relationship between benzo[a]pyrene body bur-
en and the prevalence of HN in a M. edulis population
rom Oregon.

Several authors have suggested that HN in bivalve
olluscs is induced or promoted by anthropogenic or
atural carcinogenic chemicals (Lowe and Moore, 1978;
cLaughin et al., 1992). Correlations were reported

etween the prevalence of HN in M. edulis and My.
renaria and tissue burdens of organic contaminants
Mix et al., 1979; Farley et al., 1991). In the present
tudy, the body burden of PAHs ranged from less than
.1 to 64 ppm and PCBs ranged from 0.07 to 0.5 ppm.
he range in body burden for toxic metals was not as
reat as it was for the organic contaminants, although
ead concentrations in mussels from Commencment

FIG. 5—
ay were approximately an order of magnitude higher t
han those for other sites. Despite the wide range in
oncentration of organic and inorganic contaminants,
o relationship between chemical contaminants and
N prevalence in natural populations was identified.
his finding is supported in field investigations by
everal other researchers who failed to show evidence
or a clear cause-and-effect relationship between envi-
onmental contaminants and the disease prevalence of
N in bivalves (Brown et al., 1979; Appeldoorn et al.,
984).
Although the field studies revealed no need to further

nvestigate the relationship between HN and chemical
ontaminants, a laboratory study designed to evaluate
he causal relationship between environmental contami-
ants and cytological structural damage in the diges-

ontinued
C
ive gland of mussels revealed development of HN in a
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144 KRISHNAKUMAR ET AL.
opulation of mussels previously identified to be HN
ree. Few studies have examined the ability of known
arcinogenic compounds to induce HN in marine bi-
alves under laboratory conditions (Rasmussen et al.,
983a,b, 1985). However, the existence of various detoxi-
ying enzymes and their ability to metabolize certain
lasses of chemicals to carcinogens in bivalve molluscs
see review by Livingstone, 1991) has been documented,
upporting the possibility that carcinogenic compounds
ould induce the development of neoplasia in bivalves.
n the present study, when healthy mussels were
xposed for 30 days to PAHs and PCBs, the prevalence
f HN increased 20 to 30%. However, the same increase
n HN prevalence was also observed in mussels exposed
o corn oil (vehicle) alone; therefore, it appeared un-
ikely that the development of HN was related to
xposure to chemical contaminants.
There appeared to be a difference in the prevalence of
N, depending on the method of diagnosis (see Fig. 3).
everal researchers have reported that the histological
nd hemocytological assessments of HN in bivalves
ere comparable, even though the histological diagno-

is represents the recommended standard method. In
he short-term exposure portion of the study using
ealthy mussels, we primarily observed early stages of
isease progression where many if not all disseminated
eoplasms are characterized by foci of neoplastic cells
nd/or rare single cells in variable locations throughout
he open circulatory system. In such cases, hemocyto-
ogic examinations may fail to accurately diagnose the
revalence of HN, whereas histologic examination can
rovide qualitative detection of such cells. In our
hort-term study, HN was identified histologically in
ussels receiving corn oil, PAHs, or PCBs, whereas HN
as only identified hemocytologically in mussels receiv-

ng PCBs only. The discrepancy may in part be a result
f the lack of sensitivity of the hemocytological ap-
roach in identifying HN in our samples for the reasons
escribed above. For large-scale population surveys,
owever, the practice of applying the histologic tech-
ique employing paraffin sectioning and staining repre-
ents a laborious and time-consuming practice in com-
arison with hemocytological techniques in identifying
N in bivalves. Therefore, when high sensitivity is
esired, both hemocytologic and histologic techniques
hould be used (Elston et al., 1992) to assess HN and
he results viewed in total. In our study, we employed
he histologic techniques in a very limited way; to
onfirm our findings. We also improved the accuracy of
he hemocytologic technique by increasing the sample
umber (40–50 per exposure), which was the primary
ssessment tool used in the long-term exposure study.
Because of the unexpected development of HN in the

nitial laboratory exposure, a second longer term expo-
ure to PAHs and PCBs was conducted using a popula-

ion of mussels which already harbored HN in the e
opulation. The expectation was that in this group,
ncreased HN induced by chemical contaminants might
e potentiated by corn oil. A key element of this disease
s the widely demonstrated capacity for horizontal
ransmission in every species studied (including M.
dulis complex from Puget Sound); neoplasm-free bi-
alves readily acquire the disease by cohabitation with
ffected conspecifics or injection with intact neoplastic
ells (Elston et al., 1992). However, even under the
ondition of long-term exposure for 180 days to PAHs
nd PCBs, an increase in the prevalence of HN was
bserved in all groups receiving corn oil. The additional
emporal exposure to PAHs or PCBs did not increase
he development of HN in bivalves above the level
bserved in mussels receiving corn oil alone.
It is reported that other stressors can increase the

revalence and quite probably the rate of progression of
N if the disease is already present in bivalve popula-

ions (Elston et al., 1992). For example, in M. edulis and
y. arenaria increased prevalence of disease was re-

orted during cooler months of the year (Elston et al.,
992). Chemical contaminants have also been reported
o influence the development of HN as well. For ex-
mple, Khudoley and Syrenko (1978) reported the
xperimental induction of neoplasia in freshwater bi-
alves exposed to the aromatic amines. In contrast,
asmussen et al. (1983a,b) reported failure to induce
N in M. edulis receiving repeated experimental injec-

ions of aromatic amines, such as dimethylnitrosamine
nd N-methyl-N-nitronitrosoguanidine. Based on our
esults, there appears to be a discrepancy in the
nfluence of stress in mitigating the development of HN
n bivalves, a discrepancy that may be stress specific.
ertain biotic and/or abiotic factors can possibly favor
N in bivalves, acting as additional stresses that
eaken the host defense. For example, after 30 days, a
isease prevalence of 20% was observed in healthy
ussels exposed to corn oil (vehicle). In fact, histologi-

al examination revealed advanced stages of HN in
ussels exposed to corn oil. Similarly, after long-term

xposure to corn oil the prevalence of HN also in-
reased. No study has previously reported on the
arcinogenicity of corn oil to mussels or other bivalves.
n a related study, using tissue samples from short-term-
xposed mussels, severe pathological changes were
bserved at cellular and subcellular levels in the diges-
ive cells of mussels exposed for 6 and 30 days to corn oil
Krishnakumar et al., 1997). Although chemical con-
aminants of concern did not influence the development
f HN in the blue mussel, the ability of other outside
gents to affect the development of HN and the mecha-
isms which potentiate these actions should be further
xplored.
In conclusion, we failed to find any relationship

etween the prevalence of HN and body burden of

nvironmental contaminants in M. edulis complex col-
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145LEUKEMIA IN M. edulis IN PUGET SOUND
ected from nine sites in Puget Sound. Moreover, expo-
ure to microencapsulated PAHs or Aroclor 1254 for 30
o 180 days did not alter the prevalence of HN in
ussels. Overall, chemical contaminants do not appear

o be directly involved in altering the prevalence of HN
n the mussel (M. edulis complex). Feeding microencap-
ulated corn oil to mussels, however, appears to alter
increase) the prevalence of HN, although the mecha-
ism remains unclear. Although chemical contami-
ants, under the current conditions, did not appear to
e involved in altering HN prevalence, further long-
erm experimental studies, in the presence and the
bsence of various cocarcinogens and promoters, could
e conducted to evaluate possible interactive causal
elationships between selected environmental contami-
ants and the prevalence of HN in bivalve molluscs.
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