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INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAH) consti tute a series 
of compounds, some of which are potent carcinogens, which bave 
been detected in natural waters throughout the wDrld. Major 
sources are aqueous effluents from high-temperature industr ial  
pyrolysis processes, including coke production (ANDELMAN and 
SUESS 1970). Coal l iquefact ion, which may provide substantial 
quantit ies of synthetic rue] within 15 years, may also release 
PA~ in wastewater st~eams (GUE~I~ 1975). 

Because PAH have been demonstrated to concentrate to high 
levels in tissues of aquatic organisms (SHIMKIN et a l . ,  1951; 
SCACCINI-ClCATELLI 1966; STEGEMAN and TEAL 1973), a potential 
exists for biomagnification within food webs to levels hazard- 
ous both to f ish and to human consumers of aquatic organisms. 
CORNER (1975) has suggested that uptake by f i l te r - feed ing 
organisms may constitute a major mechanism of entrance of PAH 
to aquatic food chains. In this laboratory, we have demon- 
strated the ab i l i t y  of several invertebrates to concentrate 
anthracene, a three-ring PAH compound, from both dissolved and 
part iculate forms. In this paper we present further invest i -  
gations of the kinetics of excretion and metabolic a l terat ion 
of anthracene by a representative zooplankter (Daphnia pulex) 
to evaluate the effect of excretory processes on the potential 
for bioaccumulation of PAH com™ in aqu~tic organ~sms. 
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METHODS AND MATERIALS 

Stock cultures of Daphnia pulex were maintained at 23~ in 
7 .6 -1 i te r  laboratory aquaria in spring water; homogenized and 
f i l t e red  "Trout Chow" was added twice weekly (GEHRS 1972). 
Four- to s ix-day-old animals were isolated for experiments. 

A. Excretion and uptake experiments 

Several hundred D. pulex were incubated at 23~ in 4000 ml 
of membrane-filtered spring water to which approximately 50,000 
dpm of car r ie r - f ree 9-14C-anthracene (32 mCi/mmole; Amersham- 
Searle) in 20 ~I of acetone had previously been added. Two sets 
of incubation conditions were u t i l i zed :  one without food pre- 
sent, and one to which autoclaved Enterobacter cel ls (grown in 
one percent Difco Bacto-Peptone medium) were added to achieve an 
i n i t i a l  concentration of 106 cel ls/ml.  Af ter  16 hr the animals 
were removed by decanting through a nylon net and transferred to 
4000 ml of unlabelled spring water. At in tervals  200 ml of water 
and samples of 20 animals were removed, A c t i v i t y  in each organ- 
ism sample was determined by l i qu id  s c i n t i l l a t i o n  counting af ter  
washing in 2 ml of d i s t i l l e d  water, homogenizing in 1 ml acetone 
in 13 x 80 mm t issue-gr inding tubes, and centr i fuging (I000 g 
x 2 min) to remove debris. Concentrations of tota l  14C in water 
samples were determined by t r i p l e  extract ion into hexane followed 
by l iqu id  s c i n t i l l a t i o n  counting. 

Uptake data were obtained by removing Daphnia and water sam- 
ples at in tervals from s imi la r ly  treated 50-ml beakers containing 
30 ml of water and approximately 3000 dpm of 14C-anthracene (with- 
out food added), and extract ing and counting 14C as outl ined above. 

B. Iso lat ion and quant i tat ion of metabolites 

Acetone extracts of D. pulex (prepared as above) were applied 
in l-cm spots to nonact iv~ed s i l i c a  gel th in - layer  plates (20 x 
20 cm), which were than developed in e i ther  9:1 or 19:1 v/v ben- 
zene-ethanol (SIMS 1970). One-centimeter bands were removed by 
scraping, and 14C was extracted with ethanol and quantitated by 
l i qu id  s c i n t i l l a t i o n .  Water samples (I00 ml) were extracted with 
50-ml ethyl acetate port ions, each of which was dried over cal- 
cium sulfate and concentrated by rotary evaporation. Residues 
were redissolved in 1 ml of tetrohydrofuran, chromatographed, and 
analyzed as above. 
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RESULTS 

A. Uptake 

In each of two t r i a l s  Daphnia rapid ly accumulated 14C (Fig. 
I) unt i l  a f te r  several hours an equi l ibr ium with the v�9 
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Fig. I .  Uptake of dissolved 9-14C-anthracene by Daphnia pulex. 
Open and so l id  c i rc les  indicate rep l icate experiments. I n i t i a l  
anthracene concentration = 0.02 ~ g / l i t e r .  T = 23~ Curve f i t  
by nonlinear least-squares regression. 

was reached (equi l ibr ium Daphnia concentrat ion: 760 times water- 
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1973): 

C t = Css( l -e-k t  ) 

where concentrations of Z4C in Daphnia a f te r  t hours and at steady- 
state (C t and Css, respect ively) are expressed as f ract ions of 
the tota l  14C per mg Daphnia. The b e s t - f i t  value fo r  the rate 
constant k is l .O l / h r ,  whi le the b e s t - f i t  value for  Css is 0.0252/ 
mg D. (boTh determined by nonlinear least-squares analys is) .  
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B. Excretion 

Levels of ~"C remaining wi th in  D. pulex af ter  t ransfer to 
fresh water are shown (as fract ions Ff  the amount i n i t i a l l y  pre- 
sent) in Fig. 2. In both experiments, 30 to 35% of the total  14C 
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Fig. 2. Excretion of  14C from Daphnia af ter  16-hr incubation 
with 14C-anthracene and subsequent t ransfer to clean watero Open 
c i rc les:  af ter  incubation with suspended Enterobacter sp. cel ls 
(106/ml); open t r iangles:  af ter  incubation without food present. 
Solid c i rc les and tr iangles are 8% less than corresponding open 
data points,  and represent approach to apparent equi l ibr ium posi- 
t ion of 0.08 of total  i n i t i a l  body burden. T = 23~ Data 
treatment af ter  LEAN (1973); curves f i t t e d  by eye. 

was rapid ly released. While the i n i t i a l  release process appeared 
to be complete a f ter  5 to I0 min for  starved animals, about 50 
min were required for D. pulex which had been fed Enterobacter 
cel ls .  

Af ter  the i n i t i a l  rapid release, the release rates slowed 
considerably in both experiments; in both cases levels wi th in ani- 
mals asymptotical ly approached 8% of the i n i t i a l  level .  The second 
excretion process, which in each case resulted in the release of 
roughly 60% of the total  body burden, followed a f i™ 
approach to the asymptote (LEAN 1973) with a h a l f - l i f e  of 3.3 hr 
(k__ = O.21/hr). 
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C. Metabolism 

To quanti tate the rate of  metabolite excret ion,  200-ml water 
samples were removed at in te rva ls ,  extracted, and chromatographed. 
Results (Table I) showed that a f ter  a 2-hr lag period, a water- 
soluble ~~C-labelled compound (which traveled 0.65 the distance of 
1"C-anthracene on TLC plates) appeared in the water and steadi ly  
increased in q uant i ty  during the course of the experiment. The 
excretion rate was O,O016/mg D./hr (determined by nonlinear least-  
squares regression). NO simiTarly posit ioned 14C-labelled compounds 
were observed in spring water incubated without Daphnia. 

DISCUSSION 

A. Compartmentalization of anthracene 

Although the k inet ics of uptake of 14C-anthracene by Daphnia 
f i t  a simple two-compartment model (consist ing of ~4C-anthracene 
in water and in Daphnia), excretion data and iso la t ion of an ex- 
creted metabolite suggest that the s i tua t ion  is more complex, At 
least three internal compartments wi th in  D_~phnia ex is t  (Fig. 2): 
a rapidly eliminated compartment containing about 30% of the i n te r -  

1 4  I l  I l  nal C pool, a more slowly eliminated compartment containing 
60%, and a t i g h t l y  bound residue of 8%. 

TABLE 1 

Excretion of water-soluble metabolites 
of 14C-anthracene by Daphnia pulex 

Time elapsed af ter  
1*C-anthracene addi t ion,  hr 

Fraction of tota l  14C in form 
of water-soluble metabolites 

0 < 0.002 
0.17 < 0.002 
0.5 < 0.002 
1.0 < 0.002 
2.0 < 0.002 
4.0 0.008 

24 0.045 
48 0.04O 
96 0.22 

168 0.21 

Data points f i t t e d  by least-squares regression to the equation: 
C(metabolite) t = l - e - k ( t - 2 ) .  Computed value of ~ is O.O0160/hr 
( r  : 0.91). 
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Accurate estimation of the rate of the i n i t i a l  excretion pro- 
cess from the data is unfeasible, due both to the rap id i t y  of the 
process and the few data points avai lable. The data ind icate,  how- 
ever, that ~4C release was more rapid from starved animals than 
from animals which had been feeding, and whose guts presumably were 
f u l l .  The gut passage time of D. magna is 40 to 45 min (RIGLER 
1961) at 20~ while that  of D.-rosea i s  only 7 min (BURNS and 
RIGLER 1967); presumably the gut passage time of D. ul~_~(which 
is intermediate in size between the two other zooplankton) would 
be intermediate between the two. The 50 min required by th is  i n i -  
t i a l  removal process from feeding animals is thus consistent with 
the in terpretat ion that the f i r s t  process is gut e l iminat ion.  The 
rapid el iminat ion observed from unfed animals may represent passage 
of water through the food groove and gut, causing rapid desorption 
of ~4C-anthracene which had been taken up from the dissolved phase. 

The two-step excretion and approach to an asymtote observed 
for D. pulex is quite s imi la r  to results of excretion of 14C- 
napthalene from marine copepods (Fig. 3) (CORNER, unpublished data). 
Each of the copepods released between 45 and 65% of the total  l"C 
present wi th in  1.5 to I0 hr (compared to 35% and less than 1 hr, 
respect ively,  for D. u l ] ~ ) ,  Each of the three then released 14C 
slowly, according t--o a f i r s t - o rde r  approach to an equi l ibr ium level 
of between 1 and 5% of the i n i t i a l  amount present (compared to 8% 
for D. ex). close The s im i l a r i t i e s  of both size and release 
rate-of  the i n i t i a l  compartment suggest that gut el iminat ion may 
occur in the marine zooplankton as well as in Daphnia. 

The re la t i ve l y  non-excretable residual Z4C compartment may also 
be a common phenomenon: both Tubifex worms (SCACClNI-CICATELLI 
1966) and oysters (STEGEMAN an~--T-‚ have been postulated 
to bind aromatic hydrocarbons i r reve rs ib l y .  

B. Effect of metabolite excretion on anthracene accumulation 

Although a considerable f ract ion of the tota l  14C in the 
system was converted to anthracene metabolites over the experi-  
mental period, from TLC data only 2% of the I"C w i th in  the animals 
was polar in nature. Apparently metabolical ly altered 14C-anthracene 
is immediately excreted; the I"C body burden in the animals, there- 
fore, almost en t i re l y  represents unaltered anthracene. 

To assess the importance of metabolic a l tera t ion and excre- 
t ion in determining the anthracene body burden in Daphnia, the 
re la t ive  rates of excretion of metabolites and of unaltered 
anthracene may be compared. When the ~ 14C body burden 
is constant, the rate of i n f l ux  of 14C-anthracene is equal to 
the sum of rates of excret ion of metabolized and unmetabolized 
14C-anthracene. By d i f f e ren t i a t i on  of equation ( I )  the net 
uptake rate is calculated: 
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dCt -  kC e -k t  
dt ss (4) 
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Fig, 3. Excretion of naphthalene by marine copepods. Decimal 
fractions in parentheses indicate apparent residual equilibrium 
levels in organisms. Eurtemora af f in is  data transformed from Fig. 
1 in CORNER (1975); Calanus helgolandicus data from CORNER (per- 
sonal communication; unpublished observations). AIl data used 
with permission. Excretion pattern of 14C-anthracene by Daphnia 
(Fig. I)  included for comparison. Curves f i t ted  by eye. 

The inf]ux rate may then be determined at t o when the rates of 14C- 
metabolite and 14C-anthracene excretion are both zero: 

lim dCt 
t + o dt = kCss, (5) 
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or O.026/mg D./hr. The sum of the two elimination process rates 
is thus also O.026/mg D./hr (between 4 and 24 hr when the Daphnia 
body burden is at steady state). The observed rate of metabolite 
excretion during this period is O.O016/mg �99 -- only 6% of the 
total Z4C outflux rate. Because the rate of metabolite excretion 
is very small in comparison with the transfer rate of unaltered 
14C-anthracene, metabolite excretion apparently only s l igh t ly  
decreases the ~4C-anthracene body burden of the animals. 

Although D. pulex are able to metabolize PAH compounds, the 
rate of metabolic excretion is l i ke ly  to be insuf f ic ient  to inhi-  
b i t  bioaccumulation by several hundred-fold factors, primarily 
because uptake of PAH by Daphnia is extremely rapid. A s ign i f i -  
cant potential for bioconcentration of the compounds by f ish 
through zooplankter predation therefore exists.  The rate of metab- 
olism of PAH compounds by marine f ish (LEE et a l . ,  1972) is more 
rapid than that b y ~ ,  and may be more similar to the rate 
of uptake; metabolic elimination would then have a greater effect 
on net bioaccumulation by f ish.  Metabolic alteration of PAH by 
zooplankton may be more ecologically important as a mechanism of 
net degradative removal of PAH from natural waters, than as a 
mechanism for prevention of biomagnification of the compounds 
within aquatic food webs. 
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