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Abstract—1. The uptakes of 2,4,5-T, glyphosate, parathien, paranitrophenol, naphthalene, glycing, and

imulin by gills of the bivalve molluscs inodonta californiensis (freshwater} and

. {marine) show non-polar compounds
active transport ooours.

Myiilus californianus

are txken up to a greater extent than polar compounds except where

2. The uptake of glycine by M. catifornianus is reduced by pollutants containing complexing functional

groups but not by non-potar compounds.

3. The uptake of parathion alters the polyphosphat&~in0rganic phosphate balance in M. californianus.
4. The uptakes of pollutanis paraliel their toxicities toward rats.

INTRODUCTION

Organisms can remove metals and organic chemicals
from water in both soluble and particuiate forms
{Martin, {967). Particulate forms include condensed
heavy metals (e.g. iron), organics (humic meiarials),
and chemicals adsorbed on inert materials: Soluble
forms include a compiete spectrum of organics (pesti-

“cides, amino acids, saccharides, lipids, huraic ma-

terials, etc.) and metal ions from natural and polhut-
ant sources. Complexation or association between
metal ions and organics is important because the
resulting complexes can be the dominant form of the
soluble materials available to an organism for uptake.
The introduction of heavy metals and/for ceganics
from sewage water, mine seepage, agricultural
sources or areas of high natural biclogical activity
can dramatically alter the complexation equilibria
present and thus the bivavailability of chemicals to an
organism.

The intracellular pool of free amino acids is an
example of how changes in the external medium can
affect a component of a biclogical system. Alteration
of such pools in bivalve molluscs occurs when the
organism is subjectad to stresses such as variations in
the osmolality (Pierce, 1971) or pollutants in the
medium {Sansone et af., 1978). The flux of amino
acids depends on the external divalent cations (Ca’*
and - Mg'*) concentrations, osmolality of the

" medium, membrane permeability and ATP (Pierce

and Greenberg, 1973, 1976; Watis and Pierce, 1978).

This research involves an investigation of the up-
take of potential organic poilutants and glycine mod-
erated by pollutants inio gills of the marine bivalve
molluse Myrtilug californianus and the freshwater bi-
valve mollusc Anodonta californiensis.

The chemicals examined in the course of this study
include the amino acid, glycine, and organic pol
lutants such as: 2,4,5~{rich]orophenoxyacetic acid

{2.4,5-T}, N—phosphonomethylgiycine {giyphosate),
phosphorothioic acid 0,0—diethyl-G-(4—nitrophenyl)
ester (parathion) and its breakdown product para-
nitrophenaol, NN -bis{phosphonomethyl)giycine (gly-
phosine, a ripening agent), and naphthaiene (a
potential petroleumn-based poilutant). The uptake of
inulin, a high molecuiar wt sugar assumed o occupy
only extracellular space, was determined to ascertain
if some pollutants also occupy only extracellular
space.

A study of the uptake of pollutants and how
poliutants affect the uptake of actively transported
glycine in M. californianus can give information
ahout the molecular interactions involved in mem-
brane transport processes and the mode of toxicity of
poilutants.

MATERIALS AND METHODS

Molfuscs

Specimens of the marine melluse M. cafiforniames were
collected from the open coast at the Bodega Marine Labora-
tory, University of California, Bodega Bay, California.
Animals were maintained at 13°C in aerated scawater and
were used as soon as possible after collection. Specimens of
the freshwater mollusc A. cafiforniensis were collected in
irrigation canals approximately 5 miles north of Knights
Landing, California. Specimens were used within a week of
collection and were maintained in an aguarium having
water and temperature conditions of the natural environ-
ment,

Uptake experiments

All experiments with M. californianus were carried out in
artificial seawater (ASW) prepared with reagent grade salts
and distilled water according to Cavanaugh (1956). The
medium used for experiments on gills of 4. californiensis was
distillec water or distilled water containing Ca't and Mg'™.
The divalent cations were added as the chloride hydrates
and the concentrations of the divalent cations were deter-
mined by alomic absorption spectrosecpy. To these sola-
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tions organic compounds of known purity, with or withowt
their radictracers, were added. In the case of glyphosate
uplake the results were independent of whether the source
was pars glyphosale or the commercial products Roundup
or Monsanto 75%.

When the uplake of & partictlar organic compound was
to be studied, a solution 107*M in that compound or
10738 in the case of naphthalene, contdining a small
concentration of the "earbon labelled radiotracer was pre-
pared. Typwally the concentration of the radiotracer was
about 107* M. In some experiments ancther organic <om-
pound was added to this solution in order to determine the
effect of the compound on the uptake of the radiolabelled
material.

Prior to the experiments, excised gills were tréated in the
following marner. Gills of the freshwater species 4. cali-
Jorniensiy and the marine species M. californianus were
incubited in unchlorinated natural freshwater and ASW,
respectively, for periods of up to 30 min, The gills were then
aflowed te drain, dried lightly on 2 paper towel and placed
in the solution used in the experiment. The beakers contain-
ing the experitnental media and gills were placed on a shaker
table. At pre-determined times, gill samples were removed
from the solution, washed [or several seconds in the experi-
mental schution devoid of the organic compounds, and
biotted on filter paper. The gills were piaced in tared
scintitiation vials, dried ro constant weight at 50-70°C and
weighed 10 the nearest 0.1 milligram, One millilitre of 0.1 M
nitric acid was added to the dried gills, the mixture was
zllowed to stand for 6kr, 10ml of scintillation fuid was
added, the mixture was incubated for at least 12 hr, and the
radioactivity of the vials were determined with a Beckman
Scintiliation model 6809 counter. The data were computed
as pmoles of organic uptake per gram dry wt of sample
using the activity of a known volume of the experimental
selution, and thus a knewn amount of organic material
before the gills were added. All data points are an average
of two experiments with each point in duplicate.

M Phaspharus nuclear magnetic resonance (NMR)
experiments -

' Phosphorus NMR experiments using gills of M. cali-
Jornianus were carried out on 2 Nicolet 200 MHz NMR
spectrometer. Gills were treated as described in the previous
section. After proper incubation, exposure to parathion and
washing to remové external parathion, the gills wers placed
in 2 20 mm tube and the “"phosphorus NMR spectrum was
recorded,

RESULTS

Incorperation of 2.4,5-T, giyphosate, parathion,
parunitrophenol (pH variation), naphthalene, glycine
and inulin

All uptake studies were carried ocut at 1074 M
carrier except for naphthalene which was limited to
107* M due to its solubility.

A. californiensis. Figare | shows uptake of 2,4,5-T
at {07*M with no acded giveine and with added
giycine at 10~ and 107* M, and glycine itself. Figure
2 shows the uptake of glyphosate at 10°* M with no
added glycine and with added glycine at 1077 and
104 M. Additiorally the uptake of inulin is shown
assuming a molecular wt of 5000. The uptakes of
both 2,4,5-T and glyphosate are independent of the
presence of giycine. The uptake of inulin, which
occupies only extracellular space, is shown for com-
parative purposes and will be used ia a later dis-
cussion of whether some pollutants are actually taken
into the gill or occupy extracellular space. Figure 2
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Fig, 1. Uptake of 1077M 2,4,5-T in distilled water (A) with
040 (&) and 1073 M (40 ghvcine, and 100 M slyeine
itself () by zills of 4. californiensis.

also shows the uptake of 107°M naphthalene, a
non-polar molecule potentially present in oil spills,
into gills of A. californiensis both in the presence and
absence of glycine at 107 M. At these concentrations
glycine has no effect on the uptake of naphthalene.

Figure 3 shows the uptake of parathion, a neutral
molecule, both with and without giveine at 107+ and
107" M. Glycine has no effect on parathion uptake,
Figure 3 also shows data on the acid cgependencc of

i —
0o9 %’
008k ;t :
S
- GLYPHOSATE
007 @ /7 in7
s 1
T o6~ : {os
= =
= >
£ 005t 103 =
[ 1 .
Q 004% } 04 &
£ oo b2 e £
Sl A A z
= 0o ; wapariaLene 103 =
(4] <X
vl =z
£ 002 <02 =
e =
= : -
t pe N
001 %/’g‘”"“ﬁ*é,”““” 40t
2 5 0 20 30

TIME {minutes)

Fig. 2. Uptake of glyphosate 1074 M (A) with 1074 M {(4)

and 10778 () glycine, 10-9M naphthalene {solid line)

with 1077 (@) glycine, and inulin ([7) at an sssumed
molecular wi of 5000 by gills of 4. californiensis.
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: the uptake of paranitrophenct, a breakdown product

.of parathion (Aizawa, 1982). The data on the acid
- dependence of the uptake of paranitrophenol shows

47 that the neutral form is more readily taken up than

: the anionic form:..
& M. californianus. Figure 4 shows data on the
“uptake of 2,4,5-T and glyphosate with no added
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© Fig, 4. Uptake of 10*M glyphosate (Q) with 107" M (#8)
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. {&) and 1077 M (&) giycine, 107* M naphthalene (solid
© line) with 10~%M glycine (¥}, and 107 M inulin {03}
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[
1
e
(=5

293

giycine and with 107" and 107°M glycine, naph-
thalene at 107° M with and without 1077 glycine, and
10~ M inulin assuming & meolecular wt of 3000
Figure S shows data for the uptake of parathion with
and without 107* and 1077 M glycine and, for com-
parison, an average line from five experiments on the
uptake of glycine. The incorporations of 2.4,3-T,
glyohosate, naphthalene and parathion into gills of
M. californianus are independent of glycine.

The large uptake of parathion by gilis such as those
of M. californignus and the known ¢ffect of parathion
on enzymatic processes {Williams and Lansford,
1977) tead to an examination of the ''phosphorus
NMR spectrum of such gilis with and without ex-
posure to parathion (Fig. 6). The spectra shew the
appearance of parathion (62.5 ppm) in (he gills and
the reduction and disappearance of signals attri-
butable to the f-phosphorus in compounds such as
ATP and an increase in the signal of inorganic
phosphate.

Uptake of glycing by gills of M. californianus as
affected by 1.4,5-T, glyphosate, glyphosine,
parathion and naphthalene

Figure 7 shows the effect of glyphosate at 16~ Tand
107 M on the uptake of glycine into gilis from 4.
californianus. The effects of glyphosine, which i
structuraily related to glyphosate, and 2,4,5-T on
glycine uptake are similar to that shown for gly-
phosate in Fig. 7. All of these compounds reduce the
uptake of glycine. After 15 min the ratios of glycine
uptake at {07'M and 107°M added glyphosate,
glyphosine and 2,4,5-T vs the uptake with only
glycine present are: glyphosate, 0.77 and 0.33; gly-
phosine, 0.76 and 0.25; and 2,4,5-T, 0.85 and 0.50.

Figure 8 shows that parathion, a compound con-
taining no complexing functional groups, has no
effect on the uptake of giycine. Additionalty, 107°M
naphthalene does not affect the uptake of 197 M
giycine.
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Fig. 5. Uptake of 107* M parathion {A) with (07 M {4)

and 1073 M {&) glycine, and 107 M glycine itsell by gills
of M. californianus in ASW al pH =7.8.
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Fig. 6. (a) P NMR of gills of M. calfforniarns, (o) P

NMR of gills of M. californianus after 30 min incubation in

10-? M parathion, and (¢} "'P NMR of gills of . cali-
Sornignus after 4 hr incubation in 107° M parathion.

DISCUSSION

Uptake experiments

In the case of the gills of A, californiensis the data
in Figs 1-3 and from 2 previous study on 2,4-D
{Swinehart and Cheney, 1683) show that the order of
uptake of the compounds investigated 15 inulin <
giycine & glyphosate < 24.D < 24,5-Tx PNP™ <
PNPH « parathion. The pK of parapitrophenot 18
7.1, and PNPH and PNP™ are the nettral and anionic
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Fig. 7. Uptake of 107' M glycine (O) with 107 M (@) and
10~ M (A) glyphosate by gills of M. californianus.

forms respectively. Data in Figs 4-6 and from a study
of 2.4-D and paranitrophenol show that for the mils
of M. californianus the ovder of uptake of the com-
pounds studied s inulin < glyphosate < 2,4-D =
2.4.5-T = paranitrophenol < parathion = glycine. In
this case glycine is known to be actively transported.
At the pHs of the studies of 4. californiensis glycine
is a dipolar ion (zwitterion) and glyphosate, 2,4-D
and 2,4.5-T are anions. In studies involving M.
californianus these ionic compounds will be partially
complexed with the Mg*” and Ca’* present in ASW.

MNaphthalene uptake by gitls of A. californiensis
(Fig. 2) and M. californiunus (Fig. 4) are 94 and
0.2 umoles/g dry wt at 13 min respectively. The con-
centration of carrier in this experiment is 10~ M and

———""1

%/

e
it

';5.0 -}?'
g.
40 % 3
bk -
2
S
30
(i)
- 5
2 i
E2.0F
ER &
1 §
10 .
.5k (3
0 5 0 15

TIME {minufes)

Fig. 3. Uptake of 10" M glycine (O) with 107 M () and
103 M parathion (A) by gills of M. californians.

et it E

5 limite
experime
CaTTIET, §
uptake ¢
2 pmole:
the upta
thion an
clated @
umolefg
bers wii
cerning
Thec
both A.
parathit
other ©
californ
dry wit
non-ior
greater
paranit
part of
down 3

HO~

and

(CH,

respec
of pa
pH =
pH =
is tak
For




13

with 107 M (@) and
T californianus.

v amd from a study
« that for the gills
stake of the com-
pnerate < 24-D x
Sion = glycine, In
wively transported.
sisfprniensis glycine
iyphosate, 2,4-D
involving M.
£: will be partially
" present in ASW,
< A, californiensis
4) are 0.4 and
witively. The con-
wntis 107°M and

b3%

S0

23 107 M (@) and
i. califormianus.

Organie pollutants with gills of bivalve molluses 7

o
N
¥

03f

DIFFUSION COEFFICIENT, px10®

L=l
™~

o

o APARATHON

2,4.5-F

001 20z 003 004 Q05 006 007 008 009 Ol

1

i
MW
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is limited by the solubility of naphthalene: if the
experiments could have been carried out at 167 M
carrier, as. was the case with other compounds, the
uptake could be up to. 10 times greater—4 and
2 ymoles/g dry wt—and clearly falls into the range of
the uptake of non-polar compounds such as para-
thicn and paranitrophenol, PNPH., The number asso-
ciated with the uptake of each compound is the
nmole/g dry wt taken up at 13 min, and these num-
hers will be used in comparative calculations con-
cerning the diffusion of compounds.

The order of uptake of the compounds studied for
both A. californiensis and M. californianus shows that
parathion is taken up to a greater extent than any
other compound. In fact its uptake by gills of M.
californianus approaches that of glycine, 6 umoles/g
dry wt vs 7 umoles/g dry wt at 15 min. Whether the
non-ionic character of parathion is responsible for its
greater uptake i3, in part, answered by the uptake of
paranitropheno! which has a pK of 7.1 and represents
part of the parathion molecule and a known break-
down product of parathion: .

HO—@NO; paranitrophenol = PNPH

and

(CH,CH;0): PMONO; { parathion}

respectively. The data in Fig. 3 show that the uptake
of paranitropheno! into gills of A. californiensis at
pH=4 and 6, is 1.3 umole/g dry wt, while that at
pH = 8 is 0.3 gmol/g dry wt. Thus the neutral form
is taken up to greater degree than the anionic form.

For comparison the uptake of parathion is

" 2.2 umolefg dry wi. Clearly the non-ionic character

of parathion and potentially the nitrophenol part of
the molecule are important in its enhanced uptake
properties. :

All of the ionic substances studied except actively-
transported glycine in gills of M. califernionus are
taken up to a lesser degree than either para-
nitrophenol and parathion. Within the limits of these
experiments, which of the compounds are actually
taken up and which il only extracellular space? This
questioncan be answered by examining the uptake of
inulfin, which is known to occupy only extracellular
space,. vs the uptake of other substances and com-
paring the uptake with the diffusion coefficients based
on molecular wt. Figure 9 shows a plot of literature
values. of the diffusion coefficients (D) of various
compounds vs the increase of the square of the
molecular wt. The molecular wt of inulin is reported
to be between 3000 and 3600 g/mole, and its diffusion
coefficient is then {0.15+0.20) x 1077, Comparing
ratios of diffusion coefficients with respect to inulin
with the ratio of values of uptake at 15 min with
respect to inulin will give an indication of which
compounds are only occupying extracellular space.

For gills of 4. californiensis the ratios of the
diffusion coefficients of glyphosate and glycine with
respect to inulin are 4.5 and 7.1 respectively while the
ratios of uptake are 10 and 8 respectively. Thus it
appears that the gills of A. edliforniensis do not take
up glycine and iake up glyphosate only to a small
degree. Other substances are taken up to a greater
degree and clearly do not only occupy;extraceliuviar
space.

For gills of M, californianus the ratios of the
diffusion coefficients of glyphosate, 2,4-D (Swinehart
and Cheney, 1983}, 2,4,5-T, paranitrophenol, para-
thion and glycine with respect to inulin are 4.5, 4.0,
3.6, 3.3 and 6.6 respectively while the ratios of uptake
are 2.5, 10, 10, 130 and 175 respectively. Thus it
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appears thai the gills of M. celifornionus take up
glycine and parathion te & greater extent and 2.4-1D,
2.4.5-T and PNP 10 a lesser extent, There appears to
be no uptake of glvphosate, The ditfusion cocfficients
in Fig. 9 are determined in distilled water and not
ASW, but the results are certainly indicative.

The uptakes of parathion for both M. cafifornianus
and A. californiensis exceeds those of other pesticides
{Fres 3 and 3). For gills of M. californinaus parathion
uptake is approximaiely the same as that of glycine
{Fig. 5% which is actively transported.

The relative uptake of parathion, 24-D, 2.4.5-T
and glyphosate paraliel their known toxicities. The
LD, values for the compounds administered orally to
rats are: parathion 3.6-13 mg/kg, 2,4-D 320 mg/ky,
2.4.5-T 30 mg/keg, and glyphosate 3060 mg/kg (The
Merck Index, 19761 In 2 related study (Antunes-
Madeira and Madeira, 1979} it has been shown that
insecticide-induced increases in the permeability of
liposome membranes parallel toxicity toward mam-
mals, and that parathion is especially effective. With
regard to uptake of a poflutant vs its toxicity, il is
important Lo recognize that the inherent toxicity of a
maolecule s not necessarily measured by LDy, values
for orally administered compounds, For example
parathion is both tuken up more rapidly by gills of
bivalve molluscs {and presumably other tissue) and
has a smaller L, value than other pollutants studied.
Of the weight of parathion administered to an organ-
ism, measured as mg administeced per kg of organ-
ism, a very large percentage is actually taken up by
the organism as compared to glyphosate. However,
the inherent molecular toxicity of parathion may not
be larger than that of glyphosate. This is important
in assessing from a molecular view the reagon for the
toxicity of a compound.

The *'phesphorus NMR measurements of gills of
M. californiznus with and without parathion chron-
icle the incorporation of the pesticide by the appear-
ance of a single at 62.5 ppm {Gurley and Ritchley,
1976}, The signal at 20 ppm corresponds to phos-
phonic acid derivatives, in particular aminocthyl-
phesphonic acid (Glonek e al., 1970). The changes

observed in the 3 to —25ppm region reflect the-

conversion of polyphosphate compounds represented
by resonances at —6, —1il and —20ppm to m-

-organic phosphate which has 2 resonance at about

1 ppm. This observation is consistent with the general

observation that parathion affects enzymatic pro- -

cesses (Williams and Lansford, 1977) and according
to the above observation has an immediate effect on
the polyphosphate-inorganic phosphate balance in
the organism. Additionally Rao and Rao (1981) have
shown that methy! parathion reduces total lipids and
phospholipids in tissue; presumably to supply energy
because of the perturbation caused by the pollutant.
This observation is consistent with our observation of
polyphosphate to inorganic phosphate conversion.

Effects of compounds on glycineg uprake and glycing
on compound uptake '

Observations concerning the effect of one organic
compound on the uptake of another can give infor-
maiion about the sites at which uptake occurs. Inter-
esting cases are the effects of 2,4-D, paranitrophenol,

glyphosate, glyphosine {a ripening agent) and 1.4.5-T
on the nflux of glycine into the gills of M. califor-
nionus. Glyeine influx, an active transport process, s
reduced by the presence of 24,51, glyphosate (Fig.
7), and glyphosine. and previously published work
with 2.4-D and paranitrophenol (Swinehart and
Cheney, 1983) shows that these compounds also
reduce glyeine uptake. However, glyeine uptake is not
reduced by puarathion (Fig. 8). If glycine imtiatfly
binds to the gill surface in a Mg * complex in the
glycine uptake process (Swinchart ef of., 19803, 2,4-D,
parznitrophenol, gy phosine, glyphosare and 2.4,5-T,
all of which have complexing functional groups, can
effectively compete with glycine for Mg?t. Such a
competition reduces the amount of glycing available
for transport across the membrane (Sillen and
Martell, 1971), Interference with this surface
complexation process has been proposed o explain
the reduction of glycine influx into gills of M.
californionus by He™, O™ and Fe'* (Swinehart,
Crowe and Lee, 1983) Parathion and naphthalene,
which have no complexing functional groups, can not
compete with glycine for Mg'® and thus do not
reduce glycine uptake. The fact that glycine doss not
interfere with the uptake of the pollutants studied
indicates that the paths for their uptake do not
invoive metal complexation in the case of M. cali-
Jornianus and are unrelated to the path for glycine
uptake.

Summary

This study shows that: {1} noo-polar compounds
such as parathion are taken up to a greater extent
than polar compounds by both types of gills; in fact
for M. californianus, the uptake of parathion equals
that of actively-transported glycine; (2) comparisons
of uptakes with that of inulin which occupies only
extracellular space show the following compounds
are not taken up, glycine for A. californiensis and
glvphosate for M. callfornianus gills; (3) the uptake
of parathion alters the polyphosphate-incrganic
phosphate balance in gills of M. californianus; (4) the
uptake of glycine by M. californianus is reduced by
pollutants containing complexing functional groups
{2,4,5-T, plyphosate and glyphosine) but not non-
polar pollutants (parathion and naphthalene) and
thus the effects of pollutants on the uptake of glycine
by M. californianus are consistent with proposals
concerning the metal moderated binding of glycine to
gili surfaces; and (5} the uptake of various pollutants
parallel their toxicities toward rats.
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