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Abstract

Food palatability studies were carried out with the terrestrial isopods Porcellio dilatatus and Porcellinoides pruinosus. They
were provided with leaves of lettuce (Lactuca sativa), pea (Pisum sativum), Elodea and alder (Alnus glutinosa) to determine their
suitability as food substrates for metal accumulation tests with these isopods. Lettuce, pea and Elodea were also assessed for their
ability to take up cadmium in hydroponic culture. In the feeding trials, growth, consumption and assimilation indices indicated that
lettuce may be a suitable food, while the plant contamination trials indicated that lettuce and Elodea could take up large quantities
of cadmium into the leaves. These studies form part of a project to develop a system for delivering metal contaminants to terrestrial

isopods for metal accumulation studies that incorporate the principles of trophic transfer.
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Keywords: Porcellio dilatatus; Porcellinoides pruinosus; Heavy metal; Cadmium; Bioavailability; Trophic transfer; Terrestrial ecotoxicology;

Lactuca sativa; Pisum sativum; Alnus glutinosa; Elodea

1. Introduction

Various food sources have been utilised for dietary
studies with terrestrial isopods, including, pet foods [9,
14,20], carrot [45], and more importantly, the leaves of
various deciduous trees [3] such as poplar [1,22,36],
maple [10,20,44], hazelnut [11,21], hornbeam [47], or
birch [9]. The leaves of the above listed trees are used
because they are important components of the natural
litters where isopods live. Recent dietary exposure stu-
dies in Portugal with Porcellio dilatatus and Porcelli-
noides pruinosus have relied on alder (4/nus glutinosa)
leaves [24,38,40,42]. However, from the perspective of
metal-toxicity/accumulation studies, there are two over-
riding problems with the use of tree leaves. Firstly, tree
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leaves are not always palatable to isopods at the outset,
either because the nutrients within the leaves are not
immediately available to isopods without substantial
microbial preconditioning, or because the presence of
phenolic compounds deter consumption prior to micro-
bial preconditioning (for review see [50]). Second, tree
species such as alder do not allow for the biological
incorporation of metal contaminants into the food
source (i.e. assimilation of metals by living organisms).

In recent years, a growing number of researchers
have recognised the need to incorporate the principles
of trophic transfer within their experimental design [2,
13,15,19,23,28,29,32,33,41,46]. These authors pro-
vided their test species with prey items that had accu-
mulated metallic contaminants while still alive. In this
way, they attempt to simulate the movement of metallic
contaminants through the food chain, and thereby in-
corporate within their tests, the complexities of metal
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speciation and bioavailability in biological systems.
The results of such studies are not easily predictable,
because both the metal binding properties of the prey
species and subsequent bioavailability to the predator
are likely to be highly variable. For example, Harrison
and Curtis [18] found the assimilation of Cd by trout to
be much higher from biologically Cd-contaminated am-
phipods than Cd from an artificially contaminated diet.
Conversely, lacewings feeding on aphids growing on
Cd-contaminated media did not assimilate the Cd pool
that had been accumulated by the aphids [32].

Isopods are saprophytic detritivores. If the food they
consume is contaminated with a metallic compound, it
is not likely to be present as an inorganic salt. It is more
likely to be present in a form that has resulted from
biological transformation by either the micro-organisms
growing on the decaying vegetable matter or by the
organic matter itself while it was part of a living sys-
tem. Previous examinations of metal toxicity in terres-
trial isopods have relied exclusively on addition of in-
organic metal salts to organic food substrates. The
degree to which the metals in those studies were trans-
formed into ‘species’ of greater or lesser bioavailability
is dependant on the degree of microbial activity within
the experimental systems. The aim of this study was to
develop a system of delivery of biologically trans-
formed metallic contaminants to terrestrial isopods that
minimises the confounding effects of microbial activity;
such a delivery system should provide consistency of
metal-speciation and bioavailability for the purpose of
metal accumulation studies. The system requires a nu-
tritious plant food that can be easily grown in contami-
nated media within the laboratory. Several easily grown
vegetables such as lettuce [5], rape [12], alfalfa [35],
pea [48] and some aquatic macrophytes [34,37] pre-
sented themselves as worthy candidates for metal accu-
mulation. This study asked two questions:

1. Which of the candidate feeds promotes growth in
juvenile P. dilatatus Brandt, 1833 and P. pruinosus
Brandt, 1833?

2. Which of the candidate feeds most effectively accu-
mulates Cd within the leaf tissue?

2. Materials and methods
2.1. Test organisms
Isopods were selected from in-house cultures. Cul-

tures of P. pruinosis were derived from individuals col-
lected from an unpolluted site in Coimbra, Portugal

[24]. They were maintained within plastic containers
at 25 °C, with a 16:8 h (light:dark) photoperiod, on a
substrate of commercial potting soil (with at least 10%
organic matter). Cultures of P. dilatatus were derived
from individuals collected from a secondary coastal
dune system in central Portugal. They were maintained
at 20 °C with a 16:8 h (light:dark) photoperiod on a
substrate of sand within plastic containers. Alder leaves
were provided as food for both species.

2.2. Candidate feeds

Lettuce (Lactuca sativa cv.Reine de Mai de Pleine
Terre) and pea plants (Pisum sativum) were grown from
seeds obtained from commercial suppliers (see below).
The lettuce provided as food for P pruinosus was
bought commercially from an organic market garden
and the lettuce provided to P. dilatatus was grown hy-
droponically. Elodea canadensis was purchased com-
mercially as adult stems (25 cm) and maintained at
25 °C in 30 I of nutrient medium. Alder leaves were
harvested from local trees. The leaves of each food type
were dried for 2 days at 60 °C before the feeding stu-
dies.

2.3. Feeding study

Individual juvenile isopods were isolated within poly-
ethylene terephthalate (PET) boxes (¢ 85 mm X 43 mm;
Termoformagen, Leiria, Portugal). The bottom of each
box was replaced with a 2 mm nylon screen Each of
these boxes was inserted within a second box containing
a thin layer of plaster of Paris mixed with activated char-
coal (8:1 vol/vol) for the retention of added moisture.
The distance between the nylon screen and the plaster
of Paris was ~5 mm.

Individuals of both species were fed exclusively on
one of each of the candidate feeds for a period of
4 weeks. Ten individuals were allocated to each food
type. One day before the beginning of each trial, iso-
pods were isolated within their boxes without food to
purge their guts. At the beginning of each trial the aver-
age mass (+ standard error (S.E.)) of isopods was 5.2
+0.26 mg for P. pruinosis and 17.5+0.70 mg for
P, dilatatus. The food was cut into individual portions
weighing between 14 and 20 mg (dry weight) and
moistened before placing it within each box. Faecal
material was removed from the surface of the plaster
of Paris every 2 days and dried (2 days at 60 °C). At
the end of each week, the food was replaced with fresh
leaves of a known mass, and the remains of the old
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food were dried (2 days at 60 °C) and weighed. The
isopods were also weighed weekly. After 4 weeks, the
isopods were starved for 1 day to empty the gut before
a final weight was determined. Data on isopod, and leaf
mass were used to determine indices of food consump-
tion, and isopod growth. An analysis of variance with
Games—Howell post-hoc test for samples with unequal
variance was used to determine if significant (a = 0.05)
differences in these indices existed among different
diets.

2.4. Lettuce, pea and Elodea contamination

Lettuce seeds were germinated on a bed of perlite
moistened with distilled water and subsequently grown
hydroponically at 25 °C on a ~6 mm column of perlite
within polystyrene seedling trays (24 mm; Polisur
2000, Huelva, Spain) floating on nutrient media within
plastic boxes. Pea was germinated by immersion in run-
ning, oxygenated tap water for 3 days and subsequently
grown in a similar manner as lettuce, but without the
perlite. The nutrient media used for growth of lettuce,
pea and maintenance of Elodea were based on Hoa-
gland’s media (Table 1). For all plants a 16:8 (light:
dark) photoperiod was established with an array of
fluorescent tubes (Mazdafluor Prestilflux TFP 36W/
CFT) suspended ~30 cm above the seedlings.

Lettuce seedlings were grown for a period of 5 weeks
in six identical hydroponic systems, each with seven
lettuce seedlings. After 5 weeks the nutrient media (Ta-
ble 1) was altered to include Cd as Cd(NOj;),. Five
treatments and a control were established; 0, 18, 32,
56, 100, 178 pyM Cd. The Cd was added from a
197.5 mM Cd(NOs), stock solution that also contained
21 pCi ml™" '%°Cd. The lettuce plants were grown with-
in the contaminated media for a further 7 days, and then
harvested. Pea plants were grown in nutrient media (Ta-
ble 1) and exposed to Cd in a similar manner to lettuce

Table 1
Chemical composition of growth media for lettuce, pea and Elodea

Lettuce Pea Elodea

Macronutrients mM

KNO; 6 12 2
Ca(NOs), 4 8 1.33
NH4H,PO,4 2 4 2
MgSO, 2 2 0.66
Micronutrients uM

H;BO; 50 46 15
MnCl, 10 2.4 33
ZnSO, 0.77 4.0 0.24
CuSOy4 0.36 1.0 0.12
Na,MoO, 0.37 1.0 0.12
Fe’*~EDTA 4.5 46 15

but without the addition of radio-tracer. At the time of
harvest, the roots of lettuce and pea plants were soaked
for 5 min in 20 mM EDTA (titriplex, Merck) and then
washed twice in distilled water to remove externally
bound Cd [17,48]. The leaves were individually sepa-
rated from each plant and weighed. Leaves, roots and
stems (pea) were dried (2 days at 60 °C) before analysis
for Cd.

Elodea was exposed to Cd (also without the radio-
tracer) in flow-through systems. The system employed
1.5-1 PET bottles with an inlet at the bottom of the
bottle and an outlet near the top. Cadmium amended
nutrient media (Table 1) was introduced at a rate of
8 ml h™'. Four treatments and a control were estab-
lished; 0, 32, 56, 100, 178 uM Cd. At the end of the
exposure the plants were soaked for 5 min in 20 mM
EDTA to remove externally bound Cd. The plants were
separated into stems and leaves, and dried (2 days at
60 °C) before analysis for Cd.

All growth media were analysed at the beginning of
the exposure period. Additional samples of growth
media were analysed for Cd after 3 and 7 days for let-
tuce and after 7 days for Elodea. For lettuce, a second
set of samples of growth media taken at 7 days were
filtered through 0.45 pum syringe filters to discriminate
between solid phase and dissolved phase Cd [27]. The
samples were analysed for Cd by inductively coupled
plasma spectroscopy (ICPS) in a Jobin Ivon JY70 with
a Meinard C001 nebuliser. All lettuce leaves that were
greater than 1 g (wet wt) were divided in half along the
midline. One half of each leaf (midvein excluded) was
crushed in a mortar and pestle and digested for 48 h at
75 °C in a mixture of 1 ml 2 M HNO; (GR for analysis,
Merck, Darmstadt, Germany) and 0.5 ml 35% H,0,
(Purum, Fluka, Buchs, Switzerland). The digests were
made up to 10 ml, centrifuged at 3.2 x g (4500 rpm) in
a desktop centrifuge (MPW, Warsaw, Poland) and the
supernatants were analysed for Cd by ICPS. A sub-
sample of leaf extracts were analysed by radiospectro-
metry to evaluate the applicability of this kind of non-
destructive analysis.

Uniformity of contamination across each lettuce leaf
was determined for a sub sample of leaves from plants
exposed to 100 uM Cd by radiospectrometry. Sections
of dry leaf representing different regions of the leaf
(midvein excluded) with an average mass (£ S.E.) of
4.6 £ 0.1 mg were counted in a 1470 Wallac WIZARD
automated gamma counter (Perkin Elmer, Wellesley,
MA, USA) for up to 5 min (i.e. long enough to main-
tain counting errors below 1%). Specific activity was
assessed by comparing gamma counts and ICP analysis
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of the 100 uM Cd contaminated growth media. An ana-
lysis of variance with Games—Howell post-hoc test for
samples with unequal variance was used to determine if
significant (a = 0.05) differences existed among Cd
concentrations of different leaf regions.

In a second contamination trial, lettuce seeds were
germinated and grown as described above for a period
of 5 weeks in hydroponic systems. After 5 weeks the
nutrient media was altered to include 100 uM Cd as
Cd(NOs3),. The Cd was added from a 200 mM
Cd(NO3), stock solution that also contained
21 pCi ml™' '°°Cd. The plants were grown within this
amended media for a further 14 days with replacement
of growth media every 2 days to avoid large changes in
Cd concentration as a consequence of evaporation or
exclusion from the plants. Three plants were harvested
at each sampling time, after exposure for 1, 3, 7 and
14 days. The leaves were individually separated from
each plant, weighed and dried (2 days at 60 °C). Those
leaves that represented leaf numbers 3 and 4 (i.e. the
third and fourth youngest leaves) after 1 day of expo-
sure to 100 uM Cd (i.e. after 3, 7 and 14 days, these
same leaves were represented by leaf numbers 5 and 6,
7 and 8, and 9 and 10, respectively) were analysed for
Cd by radiospectrometry as described above. Only
leaves 3 and 4 were analysed because older leaves
failed to survive the full 14 days.

3. Results
3.1. Feeding trial

Soil grown lettuce was the better of the three candi-
date feeds for growth in juvenile P. pruinosis over a
period of 28 days (Fig. 1). Growth in P. dilatatus was
also higher in those animals fed hydroponic lettuce than
those fed leaves of pea, Elodea, or alder, although not
significantly better than those provided with pea and
Elodea. Both species of isopods feeding on lettuce
leaves displayed significantly higher levels of food con-
sumption than isopods feeding on either alder or Elodea
leaves (Table 2). Isopods feeding on pea leaves
(P. dilatatus only) also displayed relatively high levels
of food consumption (Table 2). The moderate growth
rates amongst P. dilatatus feeding on Elodea leaves oc-
curred despite the relatively low rates of consumption.
Also, the lowest rates of mortality were seen among
isopods feeding on Elodea (Table 2). Growth was poor
in isopods feeding on alder leaves with high levels of
mortality (Table 2 and Fig. 1).
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Fig. 1. Percentage growth over successive weeks in (A) P. pruinosus
and (B) P. dilitatus. Low N values (*) are indicative of mortality
(alder) or the presence of females that produced young during the trial
(lettuce).

Table 2

Isopod feeding parameters for P. pruinosus and P. dilatatus. Super-
script letters denote statistically significant (P < 0.05) groupings in
analysis of variance with Games—Howell post-hoc test

Feed Consumption  Growth Growth over
(mgday)  (ugday™) 28 days (%)

P. pruinosus

Lettuce (N=8) 1.45+0.02°  57.6+5.5 262 +2.4°

Elodea (N=10) 0.97+0.04®>  10.0+3.3° 45+1.6°

Alder W=6)  0.55+0.02° 3.9+25° 32+1.9°

P. dilatatus

Lettuce (N=7) 1.75+0.06° 115+ 36" 18.9 % 6.0

Elodea (N=9) 0.93+0.06°  82+15° 16.5+3.4°

Pea (N=28) 1.96 +£0.05*  82+17° 16.3+3.9*

Alder N=5)  0.52+0.05°  -50+29° —5.78 +4.4°
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3.2. Lettuce, pea, and Elodea contamination

Measured Cd concentrations at the beginning of
each exposure were close to the predicted nominal con-
centrations (Table 3). Also, Cd concentrations deter-
mined by radiospectrometry were within +10% of
those obtained by ICP. For lettuce the concentration
within each nutrient solution changed little over the first
3 days of exposure, but after 7 days, the concentration
of Cd in the 18, 32, 56, 100 uM exposure solutions
increased by 137%, 51%, 17%, and 74%, respectively.
Filtration of these 7-day samples indicated that 19.7%,
2.9%, 8.8% and 7.6% of the Cd that remained in each
of the solutions was not available for uptake (Table 3).
Nutrient media for pea plants were not analysed for Cd
after the beginning of the test. After 7 days the Cd con-
centration within the 32, 56, and 100 uM exposure so-
lutions for Elodea had decreased by 8.7%, 18.6% and
16.6%, respectively.

Lettuce, pea and Elodea plants exposed to 178 uM
Cd either died or deteriorated over the 7 days, and no
further analysis was performed on these plants. The
leaves of Elodea plants exposed to 56 and 100 uM
Cd turned chlorotic within 4 days but there was also
new growth on each of the stems and the stems re-
mained green. All plants exposed to Cd between 18
and 100 pM displayed dose dependant accumulation
of Cd within roots, leaves, and stems (Fig. 2).

No Cd was detected in any of the control plants. In
both pea and lettuce, the roots accumulated higher tis-
sue burdens than leaves or stems. Similarly, the stems
of the Elodea and pea plants accumulated higher tissue
burdens than the leaves. The leaves of lettuce accumu-
lated much higher Cd burdens than pea (Fig. 2). Elodea
leaves accumulated very high Cd burdens (Fig. 2). In
lettuce leaves there was a large degree of variability in
the concentration of Cd in different leaf regions. Re-
gions closest to the midvein had higher concentrations
of Cd than marginal regions (Fig. 3). The analysis of

Table 3

variance did not highlight formal differences (a = 0.05)
between central and marginal regions because of the
large variation between individual leaves that is re-
flected in the large S.E.s (Fig. 3). However, for indivi-
dual leaves, the central regions of the leaf always had
average Cd concentrations that were 18-50% higher
than the average Cd concentration for marginal regions.
In the time course study with lettuce, plants that
were exposed for 2 weeks to 100 uM Cd did not accu-
mulate more Cd than they did after 7 days (Fig. 4).

4. Discussion

4.1. Food preference

Dietary toxicity or metal accumulation studies with
isopods require a substrate that can be used as a high
quality and consistent source of nutrition for the ani-
mals over the test-period because poor nutrition during
the test may affect the outcome of the test [14,31]. Al-
der leaves have formed the principal diet of isopods
within our laboratory cultures, and have proved to be
a better source of nutrition than other hard-leaved plants
[43], and a better source of nutrition when offered ex-
clusively, than when offered with other dietary supple-
ments [4]. However, within the laboratory cultures, mi-
crobial colonisation of the leaves is encouraged.
Microorganisms are known to improve palatability of
hard leaves for saprophytic detritivores, and make nu-
trients more available to them (for review see [49,50]).
The poor performance of the isopods provided with al-
der leaves in this study is likely a consequence of
weekly replacement of the food, which impeded wide-
spread colonisation of the leaves by fungi. The use of
easily digestible food substrates that can be replaced
frequently within a dietary study goes some way to
avoiding the additional and unpredictable influence of
microbial action.

Cadmium concentrations in exposure media for lettuce, pea and Elodea. ND, Not detected above ICP detection limit of 1.5 pg 1™

Nominal Measured [Cd] (uM)

[Cd] (uM) t=0 days t=73 days t=17 days t =17 days (filtered)
Lettuce Pea Elodea Lettuce Lettuce Elodea Lettuce

0 ND ND ND ND ND ND ND

18 17.7 174 - 18.4 42.1 - 33.7

32 36.2 34.7 36.7 36.6 54.7 335 53.1

56 552 52.9 62.5 61.3 64.6 50.8 59.0

100 100.3 91.4 105.3 97.0 175.4 87.9 162.1

178 172.5 160.2 172.5 182.9 198.69 - 196.0
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Fig. 2. Cadmium accumulation within leaves, roots and stems of lettuce, pea and Elodea plants grown for 7 days in nutrient solution amended with
18-100 uM Cd(NO3),. The error bars represent standard error. For lettuce, the numbers of leaves () are indicated above each bar. For pea and

Elodea, N = 3.

On the basis of the results presented here, lettuce is
likely to provide the necessary level of nutrition over
the course of a dietary study. It must be stressed though,
that the data presented here do not provide information
on the long-term suitability of any of the candidate
feeds. The high levels of consumption, but relatively
low levels of growth for P. pruinosus feeding on Elo-
dea, and P. dilatatus feeding on pea leaves are consis-
tent with a compensatory strategy to obtain maximal
nutrition from a relatively ‘low-quality’ food (for re-
view see [49]). Such a strategy may also involve copro-
phagy or increased gut residence time. For the purpose
of dietary toxicity studies, food consumption rates, gut
residence and even coprophagy may be important fac-
tors in assimilation of added contaminants.

The palatability data presented here also provide few
insights into the palatability of metal contaminated
leaves. However, preliminary data indicate that con-
sumption of lettuce leaves previously contaminated
with an average of 375 pg Cd g (contaminated

through hydroponic culture) is also readily consumed
by isopods, though at a significantly lower rate than
uncontaminated leaves (unpublished data).

4.2. Food contamination

An essential aspect of this study was to determine
whether one or more of the candidate feeds could accu-
mulate Cd to levels that would make it useful for a
trophic transfer protocol to examine Cd accumulation
in a terrestrial model. It is conceivable that Cd bound
to strong organic ligands or metallothionein (MT)-like
proteins (i.e. cysteine rich phytochelatins) within plant
leaf tissue is more bioavailable than Cd added super-
ficially to the diet of an isopod. Such a scenario as-
sumes that the consumer possesses uptake mechanisms
for Cd bound to cysteine and cysteine rich peptides, as
was the case for Cd in biologically contaminated am-
phipods in the study by Harrison and Curtis [18]. The
two terrestrial plants used in this study (lettuce and pea)



R.M. Mann et al. / European Journal of Soil Biology 41 (2005) 153-161 159

524468 ™

470447 °

658483

639+27°

452442 °

441424 ®

Fig. 3. Accumulation of Cd (pg g ') in different lettuce leaf regions.
The numbers represent mean + standard error (N = 5-9). Only half of
each leaf (without midvein) was analysed. Superscript letters denote
statistically significant (P <0.05) groupings in analysis of variance
with Games—-Howell post-hoc test.

are known to actively take up divalent metal ions
through there roots [6,7], and produce MT-like proteins
in response to Cd uptake [25,26].

All three plant species accumulated Cd within their
root, stem and leaf tissues. The accumulation and reten-
tion of larger amounts of Cd within roots than in leaves
of both lettuce and pea likely occurs as a consequence
of passive apoplasmic transport and binding to apoplas-
tic tissue. In this scenario, further transport to the
above-ground components via the xylem is restricted
by the physical barrier of the casparian strip, a long
diffusive distance, and numerous binding sites for me-
tals within the apoplasm [30]. Movement into the
shoots and leaves requires active transport across the
plasma membrane, either as the free ion or a metal com-
plex [30].

600 -
500

400 i
300

200

Leaf Cd content (ug/g)

100
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Time (d)

Fig. 4. Time—course of Cd accumulation within lettuce leaves over
14 days. The error bars represent standard error N =3. At each time
point the Cd concentration for each of the three plants is an average of
the concentration in leaves 3 and 4.

Pea plants accumulated Cd in roots and aerial shoots
to similar concentrations and in similar proportions as
described by Wong et al. [48] who used similar expo-
sure conditions as were used in this study. However,
MT-like protein production in pea is restricted to the
roots [25] which may explain the lower levels of Cd
transport into leaf tissue compared to lettuce. Costa
and Morel [7] suggested that up to 80% of Cd bound
to lettuce roots was taken into cells through an active
process with transport of Cd bound to an MT-like pro-
tein [26] into the leaves facilitated by transpirational
flow [39]. The non-uniform accumulation within the
leaves is consistent with the movement of protein
bound Cd moving up into the leaves through the xylem
as the plant transpires. The absence of further accumu-
lation after 7 days likely occurred as a consequence of
stomatal closure [8].

The aquatic macrophyte, Elodea, was by far the
most efficient at accumulating Cd. Aquatic macro-
phytes are known to accumulate metals more efficiently
than terrestrial plants, because there is direct uptake
through the leaves [16]. Although it is likely that the
soluble nature of Cd bound to MT-like proteins or other
ligands within lettuce leaves confers a degree of bioa-
vailability to the Cd [18], it remains to be seen what
proportion of the high levels of Cd accumulated within
the Elodea tissue is bioavailable to an isopod. It seems
likely that much of the Cd was bound to apoplastic
components in much the same way as Cd is bound to
the apoplasm of roots in terrestrial plants [30], although
the large accumulation seen within the stem, suggests
uptake into the plants internal transport systems and
possible binding to MT-like proteins.
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5. Conclusion

This study has provided preparatory data for further
studies in terrestrial isopods involving the trophic trans-
fer of Cd and other metals. Soft leaved, easily grown
vegetables such as lettuce provide a good nutritional
substrate for dietary accumulation studies. Lettuce was
shown to be particularly useful because isopods feeding
on lettuce displayed high levels of consumption, assim-
ilation and growth, and because high levels of Cd could
be quantitatively accumulated within the leaves.
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