TOXICOLOGICAL SCIENCES59, 241-250 (2001)
Copyright © 2001 by the Society of Toxicology

Fitness Parameters and DNA Effects Are Sensitive Indicators
of Copper-Induced Toxicity in Daphnia magna
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This study compared the effects occurring at molecular and
population levels in Daphnia magna exposed to copper concentra-
tions in the range of 15-120 pg/l. The qualitative and quantitative
modifications arising in random amplified polymorphic DNA
(RAPD) profiles as a measure of DNA effects were compared with
a number of key ecological fitness parameters, namely, the age-
specific survival, age-specific fecundity, net reproductive rate, and
intrinsic rate of population increase. Results suggested that
growth, reproduction, and most of the fitness parameters as well as
genomic template stability (a qualitative measure reflecting
changes in RAPD profiles) were significantly affected at copper
concentrations of 90 and 120 pg/l. Among the fitness parameters,
the age-specific fecundity and net reproductive rate were the most
sensitive parameters of toxicity. Changes in RAPD patterns gen-
erally occurred at copper concentrations of 90 and 120 ug/l, but
with one primer, changes significantly arose at all copper concen-
trations. Overall, molecular and population parameters compared
well and represented a sensitive means to measure toxicity in-
duced by copper in Daphnia magna. In conclusion, the measure-
ment of parameters at both molecular and population levels is
valuable for investigating the specific effects of agents interacting
with DNA. Ultimately, this methodology may allow the ecotoxi-
cological examination of the link between molecular alterations
and measurable adverse effects at higher levels of biological orga-
nization.

Key Words: copper; RAPD; DNA effects; genomic template
stability; fitness parameters; Daphnia magna.

Although the detection of DNA damage has been wide
studied using a number of laboratory methods, to the best
our knowledge, the study of DNA lesions and their cons
guences at higher levels of biological organization has sel
been attempted (Anderson and Wild, 1994; Jha, 1998).
only can genotoxins shorten the life expectancy of organisms
but they can also result in alterations in population dynamic%r.
Thus, they can have an effect at both intra- and inter-specf"er
biodiversity (Anderson and Wild, 1994; Depledge, 199
Wairgler and Kramers, 1992). Such changes may initiate dir
and adverse ecological consequences. In this context, rese

is needed to improve our understanding of the consequences of
DNA damage and mutations at the population level. While
neoplasia in invertebrate species is considered to be low in
comparison with tumor incidences reported in fish (Couch and
Harshbarger, 1985), this is not to say that genotoxic agents are
without effects. Kurelec (1993) suggested that, in inverte-
brates, genetic damage is manifested as a suite of pathological
changes, the so-called “genotoxic disease syndrome.” In this
context, the effect of genotoxins on growth, fecundity, and
mortality are particularly relevant.

In this study, the effects of copper were evaluated at the
population and molecular levels in an invertebrate species.
Copper is essential to living systems, in part through its fun-
damental role in electron transport, respiration, growth, and
development (Linder, 1991). This essential element is associ-
ated with key enzymes and/or proteins, such as superoxide
dismutase (Atienzaet al., 1998; Fridovich, 1995), metallo-
thioneins (Hamer, 1986), and cytochromexidase (Steffens
et al, 1987) which are well represented in invertebrates
(Linder, 1991). In vertebrate cells, copper has been implicated
in the stabilization of chromosomes and it may be involved in
transcription and/or specific transcription-stimulatory events
affected by hormones (Linder, 1991). However, numerous
studies have also reported that copper induces toxicity (Con-
radi and Depledge, 1998; Koivisto and Ketola, 1995) including
genotoxicity (Eichhorn and Shin, 1968; Lloyd and Phillips,
1999). For instance, the binding of copper to DNA bases
|unwinds the double-helix (Eichhorn and Shin, 1968) and DNA
Hafmage can be generated. Lloyd and Phillips (1999) reported
tRat the binding of copper to DNA is necessary for the gener-

e-

ation of double-strand breaks, 8-hydroxydeoxyguanosine, and

om, .. . . . ;
I\I% tative intrastrand cross-links in Fenton reactions.

he generation of genomic DNA profiles, using randomly
imed polymerase chain reaction (PCR) protocols such as the
itrarily primed PCR (AP-PCR) (Welsh and McClelland,

90) and random amplified polymorphic DNA (RAPD) (Wil-
E&ms et al, 1990) has proved valuable in many areas of
|18Hwedical research. RAPD and AP-PCR are powerful tools
or gene mapping, population, pedigree analysis, phylogenetic
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al., 1999; Tinkeret al.,, 1993). In addition, their use in survey-
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ing genomic DNA for evidence of various types of damage andCalculation of fithess parameters. The intrinsic rate of natural increase of

mutation suggest that they may potentially form the basis §f D- magna population, |, was calculated using Lotka's equation:
>lme~"™ = 1 (Krebs, 1978; Lotka, 1925). For a cohort of animals observed

novel genotoxicological assays for the detection of DNA danfﬂlrbm birth through to death at regular intervaksis the age in days, lis the

age and mutations (Atienzar, 2000; Atienzetr al, 1999, age-specific survival (number of living females on déyumber of females at
2000a; Becerillet al., 1999; lonovet al,, 1993; Kohnoet al,, start of life table); m is the age-specific fecundity (number of newborn
1994; Kuboteaet al., 1992, 1995; Lopeet al., 1999; Peinadet individuals produced on day x/number of living females on day x). The net
al., 1992; Savva, 1998; Shimada and Shima, 1998). Desrméroductive rate (B can be calculated using the following formula:

. . . R, =2I,m, = U, with U, being the realized fecundity. Minimum genera
earlier criticism of the RAPD assay (Ellsworth al, 1993; tion time (T,,,,) and inter-brood time (Bt) represent the time between birth and

Khandkaet.al-, 1997), ?Upsequem reports have demonstratggd deposition of the first batch of offspring, and the time between clusters or
that after rigorous optimization of the PCR parameters, th&ods, respectively.

assay performs well, in terms of number of amplified bands,Generation ofD. magnaDNA profiles using RAPD. Total DNA from D.
product yield, and clarity of the profiles, with a wide range ohagnawas extracted and purified using a conventional phenol/chloroform

organisms including bacteria, plants, as well as invertebré‘?@thOd has dezcribed ;” At/ienzm al (19|99)- ‘The extracted DNA was

and vertebrate animals (Atienzer al,, 2000b). electrophoresed on 1.2% (w/v) agarose gels using a Trl_s-Bor.ate-EDTA (TBE)
h fthe inf . . . buffer system (1X TBE= 90 mM Tris-base, 90 mM boric acid, and 2 mM

In the context of the information provided above, the Obje%DTA) at 100 V for 2 h. The DNA concentration of each sample was

tives of this study have been to determine whether the RARBermined by comparison with known concentrations of Lambda phage DNA
assay could detect copper-induced DNA effects in the fregigma, Poole, UK). DNA profiles oD. magnawere generated in RAPD

water era,Daphnia magnaunderin vivo conditions, to mea- regctions performed in a reaction volume of 2bcontaining 2uM 10-mer
sure fitness and Darwinian parameters in this key speciesg er (OPA9, OPBL, OPBS, OPB6, OPBY, OPBS, OPB10, OPB11, OPB12,
. . . B14, or OPB17, Operon Technologies, Southampton, UK; sequences for
eCOtOX|CO|OglcaI studies, and to assess how these endpog&@] primer can be obtained from the website at http://www.operon.com) 0.33
(Ie Changes in RAPD prOﬁle and fithess parameterS) comp@ai@ dNTP, 5.11 mM MgCJ, 20 ng DNA, 2.8 units ofThermus aquaticus
in terms of detection of toxicity. (Tad) DNA polymerase and 1X reaction buffer (10 mM Tris-HCI, pH 8.8, 50
mM KCI, 0.08% Nonidet P40), and 2.5g bovine serum albumin. These
primers were used because they allowed satisfactory RAPD profiles to be
obtained with different species belonging to the bacterial, vegetal, and animal
kingdoms and in particular witDh. magna(Atienzaret al., 2000b). Thermal
Culture of Daphnia magna. Daphnia magnaD. magna clone 5) were cycling parameters consisted of a 5-min denaturation (95°C) followed by 40
maintained in Elendt's medium (Elendt and Bias, 1990), at a temperaturec§tles of 1-min denaturation (95°C), 1-min annealing at 50°C, and a 1-min
20 = 2°C with a photoperiod of 16 h light (1000 lux):8 h dark. Animals wereextension (74°C) (with the final extension period adjusted to 10 min). All PCR
fed with the algeChlorella vulgaris(1.2-2.4x 10’ cells per daphnid per day) chemicals were from Immunogen International (Sunderland, UK) except when
and a booster solution of Frippack microencapsulated food (Salt Lake Briggerwise mentioned.
Shrimp, Grantsville, UT) as described in Atienzgdral (1999). Amplified DNA was mixed with one-fifth volume of gel loading buffer
Preparation of test solutions. Test solutions for acute and chronic expo-(analytical grade water containing 25% ficoll, 0.25% bromophenol blue, and
sures were prepared from stock solutions of copper (in the form of £uC0.25% xylene cyanol, Sigma, Poole, UK) and 12-ll%of this solution was
Sigma, Poole, UK) at a concentration of 3.90 and 0.24 mg/ml in distilled watdpaded onto the agarose gel. PCR products were electrophoresed on 1.2%
respectively, and were subjected to the same dilution (dl0gf the different agarose gel using a TBE system buffer (see above) at 90 V for 6 h, stained with
solutions in 1 liter of M7 medium). ethidium bromide (0.015% [v/v]), visualized under UV light, and photo-

Toxicity tests. The acute toxicity of copper was assessed by determinirﬂ%\aphed using a Polaroid CUS camera system (Eastman Kodak, New York).
the LC,, of the chemical forD. magnaover a period of 48 h. Freshly born The image of the gel was saved electronically for further analysis when
neonates (less than 48 h) were exposed in replicate groups of 20, to conf&gessary. The intensity of selected bands was determined using the Kodak
trations of copper equivalent to 10, 25, 62.5, 156.25, or 39Q@2 Animals Digital Sciencé" 1 D (Eastman Kodak, New York). For comparison, DNA

were fed (see culture of the organism) during the test, and surviving animglglecular size marker (GeneRuler™ 100bp DNA ladder plus, Immunogen
were counted to determine the 48-h d,@nd its 95% confidence limit. International, Sunderland, UK) was used. Bands visualized were from top to

The chronic toxicity of copper t®. magnawas assessed under the sam@ottom: 3000, 2000, 1500, 1200, 1031, 900, 800, 700, 600, 500, 400, 300, 200,

experimental conditions as for the acute toxicity tests. Animals were expos:'@?fj 100 bp.

to copper concentrations of 15, 30, 60, 90, or 12fl for 15 days. Surviving Estimation of genomic template stability and transformation of the data.

animals were counted on days 1, 3, 5, 8, 10, 12, and 15. Moribund, ndfach obvious change observed in RAPD patterns (disappearance of bands,

swimming animals were removed from the culture at regular intervals on aagpearance of new bands, and variation in band intensities) was given the

between counting days. Animals were stored at —80°C prior to DNA extractianbitrary score oft+ 1, and the average calculated for each experimental group

and RAPD profiling. As M7 medium containg@y/l copper, all concentrations of animals with 5 primers (OPA9, OPB7, OPB8, OPB10, and OPB17, repre-

previously mentioned in acute and chronic toxicity tests can be corrected $8nting approximately 50% of the primer used) which showed clear changes in

adding 2 to each of the values. However, as this is negligible, non-rectifi®dPD. Primers which did not produce changes in RAPD profiles or which

values have been used throughout the paper. were too difficult to score were not used to calculate the genomic template
Growth and reproductive measurementsThe length of evenD. magna  Stability (GTS). GTS (%) was calculated by the formula 100 — €180 where

(apex to base) (except at the start of the experiment [day 1] whebe @@igna " is the number of bands detected in control DNA profiles aritle average

were measured) surviving at days 1, 3, 5, 8, 10, 12, and 15 was measuredi‘wber of changes in DNA profiles. To compare the sensitivity of each

video capture and image analysis using a Quantimet 570 image analyR@fameter (GTS,/m,, r,and R), changes in these values were calculated as

(Cambridge Instruments, Cambridge, UK). Neonates were counted and recdRercentage of their control value (set to 100%).

ered at daily intervals. The length of newborn neonates (generally 10 animal$tatistical analyses. The 48-h LG, value and the 95% confidence limit

per replicate) released at first generation was also determined. were calculated using the Logit method and the package software SPSS 6.1 for

MATERIALS AND METHODS
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TABLE 1
Demographic Trends of Daphnia magna Populations following Exposure to Different Copper Concentrations

Copper Days to Maximum Inter-brood Age-specific Net Intrinsic rate

concentrations Longevity become body size Maximum No. of period Total Age-specific  fecundity productive of natural
(nafl) (days)  ovigerous (mm) eggs/female broods (days) neonates  survival (k) (m,) rate Ro) increase ()

0 15+ 0 70 4.6+ 0.02 35.0+ 4.2 3x0 3*x0 1471.0- 204 6.7-05 80.5* 0.4 55.5* 4.4 0.21+ 0.02

15 15+ 0 70 49+ 0.04 38.0+ 2.8 3x0 3*x0 1424.5+ 33.2 6.0 0.07 97.2-1.9* 538*+0.1 0.18* 0.06

30 15+ 0 70 4.7+ 0.08 29.5+ 0.7 3x0 3*x0  1409.0+19.8 6.5+0.3 83.5+12.7 49.1* 3.8 0.22+ 0.01

60 15+ 0 70 45+ 0.01 26.5+ 0.7* 30 3*x0 1269.5+ 61.5 6.2+ 0.4 80.2= 6.9 46.1+ 0.2* 0.12* 0.07
90 150 70 3.7+ 0.07** 20.0+x57* 3*0 3*x0 618.0+ 14** 6.1 +0.3 40.3= 6.0 19.9* 7.2** 0.08+ 0.07*

120 10+ 0* 8 x0** 25*0.35* 50*14* 05=*0.7* — 25+£35%* 42+02** 03*x04** 0.1x0.2* —0.06**

Note. Values represent meatt SD and were calculated using both replicates (i.e.,dd@hnia per concentration). All parameters were determined
throughout the experiment untdaphniawere unable to swim properly; * and ** indicate a significant difference from confrok(0.05 andp < 0.01,
respectively).

Windows. Differences among growth rates were calculated using multigie01, data not shown). Finally, the total number of offspring
regression analysis (as in Conradi and Depledge, 1998). Briefly, the data WRISS significantly reduced at 90 and 1129” copper [) < 0.01:
log,s-transformed. As the number of surviving animals decreased with tl

increase in the toxic effect, the regressions were weightedniffttwheren is ig. 1C, Table 1) compared to the control.
the number of the surviving animals). Analysis of variance (ANOVA) was
performed using the computer software package Statgraphics (Statgrapﬁih;anges in Fitness Parameters

plus for Windows version 3.1, Statistical Graphics, USA). Changes in GTS, ) ) o .
key fitness parameters,(Im,, R, and r,) and other parameters (longevity, Alterations to key fitness parameters, age-specific survival
maximum body size, maximum number of eggs/female, etc) were also stafl), age-specific fecundity (g net reproductive rate ()R and
tically tested using ANOVA. The LSD (least significant differences) test wagtrinsic rate of population increase,jrare presented in Table

used o reveal statistical differences. 1 and Figure 4, before and after transformation, respectively.
D. magnaexposed to 12Qug/l copper exhibited a significant
RESULTS reduction in } compared to the controlg & 0.01). In contrast,

. the remaining fithess parameters (age-specific fecundity, net

Acute Toxicity reproductive rate, and intrinsic rate of population increase)

The 48-h LG, of copper forD. magna(clone 5) was 165.1 were more sensitive indicators of toxic effects than age-specific
ug/l copper. The upper and lower values of the 95% confurvival, as they were significantly different for at least the 2
dence limit were 147.7 and 19229/l copper, respectively highest copper concentrations (90 and 12§l copper) p <

(p < 0.05). 0.05). R and m, appeared to be the most sensitive fithess
parameters for the detection of toxic effects and were also

Changes in Growth, Reproduction and Mortality significantly different from control at 60 and 1&g/ copper,
respectively.

Demographic trends for the populations Bf magnaex-
posed to differing concentrations of copper are shown in Ta -
1. In the range 15-12Qug/l copper, consistent reductions%PD Profiling
occurred in the maximum number of eggs per female andDNA amplified was extracted from healthy organisms aged
maximum body size. In contrast, the longevity and the numbgb days from all groups except f&. magnaexposed to 120
of broods were only affected at 12()/| of copper.D. magna ug/l copper. Genetic material obtained from those latter ani-
exposed to the highest copper concentration could not survivals was carried out on weak but living animals aged 10 days.
for more than 10 days whereas animals from the other groupstotal, 11 oligonucleotide primers were used in the analysis
survived throughout the experiment (Table 1, Fig. 1A). Thaend the presence of changes in the RAPD profiles obtained
mean period foD. magnato become ovigerous was identicafrom the exposed population depended on the primer used.
among groups, and animals exposed to gradual increase®MA profiles presented in Figure 2 were generated using 4
copper concentrations displayed the same time between bropdsers and a mixture of 4 individuals from each replicate.
except for the animals exposed to 120/ copper (Table 1). Profiles generated by these primers revealed differences be-
The populations growing at 120 and 9@/l copper had a tween control and exposed individuals, with visible changes in
smaller body size than controlg € 0.001), and there were nothe number and size of amplified DNA fragments, and both
significant differences between control and other copper-darereases and decreases of DNA band intensities. Arrows on
posed groups (Fig. 1B). In addition, the sizes of sub-24the right of each gel (Fig. 2) show some of the obvious
juveniles at days 8 and 10 were similar among all grogps ( modifications. Although some changes in RAPD profiles arose
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FIG. 1. Variation in number of livingDaphnia magnaper replicate (A),
growth (B), and total number of offspring (C) in populationsDzfphnia magna
exposed to copper. **Indicates a significant difference from congret (0.01).

and 120ug/l copper. Extra bands generally appeared for some
or all of the 3 highest concentrations (e.g. bands 10-1, 10-2,
14-3) whereas band 9-4 was only present in the control pro-
files. In addition, an increase in band intensity was the major
event arising in the patterns generated by the animals exposed
to the 2 lowest copper concentrations. In contrast, every type of
modification was well represented in the patterns produced by
D. magnaexposed to the 3 highest copper concentrations.
Figure 3 shows that band intensity (selected from 28 bands)
followed 2 different tendencies. Intensity of 60% of the bands
(17 out of 28) increased and decreased in the ranges 15—-60 and
90-120ug/l copper, respectively, compared to control inten-
sities (curve b). In contrast, the average intensity of the re-
maining bands (40%) increased at all copper concentrations
(curve a). Finally, some of the modifications (e.g. bands 14-1,
14-2, and 14-3) generated by a mixtureDofmagna(Fig. 2D)
generally followed the same tendency than those obtained from
single individuals in both replicates (data not shown). For
instance, the intensity of band 14-1 was generally brighter at
120 pg/l copper, whereas the intensity of band 14-2 progres-
sively decreased in the range 60—-12@/I copper. Moreover,
band 14-3 appeared in profiles generated by Ehanagna
exposed to 90 and 12@g/l copper.

Comparison of Fitness Parameters with Genomic
Template Stability

To compare the sensitivity of the fithess parameters pre-
sented in Table 1, changes in each factor were calculated as a
percentage of their control value (set to 100%). All the param-
eters presented in Table 1 were measured throughout the ex-
periment except for the population Bf magnaexposed to 120
ng/l copper, which were carried out for 10 days. Changes in
RAPD profiles were expressed as reductions in GTS (a quali-
tative measure reflecting the obvious changes to the number
and intensity of DNA bands in DNA patterns generated by
toxicant-exposed. magnd in relation to profiles obtained
from control animals. GTS calculated with 5 primers (OPA9,
OPB7, OPB8, OPB10, and OPB17) is presented in Table 2. As
already mentioned, primers that did not produce any changes in
RAPD profiles or that were too difficult to score were not used
to calculate the GTS. A comparison between GTS and fitness
parameters is presented in Figure 4. Results reveal that all
parameters measured were significantly different at 90 and 120
ng/l copper p < 0.05) except,, which was only significantly
different at the highest copper concentration. The general ten-
dency of all measured parameters was a progressive decrease
with rising copper concentration, except for the age-specific
fecundity which was significantly higher than control at 15
ng/l copper p < 0.05). Overall among fitness parameterg, m
and R were the most sensitive parameters. Although GTS
calculated with 5 primers was only significantly different at 90

at 15 and 3Qug/l copper (e.g. bands 9-2, 7-3 [increase in barahd 120 wg/l copper, GTS calculated from single 10-mer
intensity], 9-4 [disappearance of bands]), most of the modifirimer OPA9 was significantly different from control at all
cations occurred in patterns &f. magnaexposed to 60, 90, copper concentrationp (< 0.05).
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FIG. 2. RAPD profiles of Daphnia magnaexposed to copper. M, DNA molecular size marker (GeneRl&00 bp DNA ladder plus, Immunogen
International; the molecular sizes, in kilobases, of selected bands are indicated on the left); - indicates no DNA control. RAPD profiles werk ugengrat
10-mer primer OPA9 (gel A), OPB7 (gel B), OPB 10 (gel C), and OPB14 (gel D) and a mixtur®ofrtagnafor each concentration and replical. magna
were exposed to 0 (a-b), 15 (c-d), 30 (e-f), 60 (g-h), 90 (i-j), and 120 gaf) copper; a, c, e, g, i, k, and other letters refer to replicate 1 and 2, respectively. Selected
changes are indicated by arrows in comparison to control patterns. *Variation in band intefisig@gearance of a new band; —, disappearance of a band.

DISCUSSION Among the fitness parameters, the age-specific fecundity and
net reproductive rate were the most sensitive parameters of
Despite growing concern over the presence of genotoxinstfixicity as they were also significantly different at 15 and 60
the aquatic environment, there is a lack of knowledge pertaing/l copper. In contrast, age-specific survival was only signif-
ing to the potential consequences of DNA damage and muigantly different at the highest copper concentration, suggest-
tions at population level in the aquatic biota. In this studyng that mortality is not a sensitive parameter. Although GTS
changes in RAPD profiles that reflect DNA effects were congalculated with 5 primers was only significantly affected at 90
pared to fitness parameters Ih magnaexposed to copper and 120ug/l copper, it is important to mention that one primer
concentrations in the range 15-120/I. DNA effects include significantly detected DNA effects at all copper concentrations
DNA damage as well as mutations and possibly other effedested. Thus, the RAPD assay can be particularly sensitive.
(see below) at the DNA level, which can be induced b@verall, molecular and population parameters represented a
chemical or physical agents that directly and/or indirectlgensitive means to measure toxicity induced by coppéd.in
interact with genomic DNA. Parameters measured at molecutaagna Similarly, Sadinskiet al. (1995) reported that DNA
(GTS) and population (growth, reproduction, fithess paramadducts and micronuclei can be sensitive measures of sublethal
ters) levels were mainly affected at 90 and 12@/| copper. DNA damage, as well as possible short-term indicators of
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FIG. 3. Variation in band inten- K -
sities selected from RAPD profiles of :-’
Daphnia magnaexposed to copper. £ 95 1 b T 95
A total of 28 relatively intense bands ..‘g
(generated by 5 primers) appearing g
across the width of the gels were ar- s % r T %
bitrarily selected. The band intensi- Z
ties were calculated as a percentage a5 | + 85
of their own control value (set to
100%). As band intensity followed 2
different patterns, average and stan- 80 : ' ' . . 80
dard deviation were calculated with 0 15 30 60 90 120
11 (squares, curve a) and 17 (triangle,
curve b) bands. Concentration of copper (ugL)

indirect effects on fitness in amphibians exposed to benziggesting that the extent of DNA damage may be important in
(a)pyrene [B(a)P]. Atienzaet al. (1999) reported that B(a)P-the majority of the cells. In the present study, it seems that for
induced DNA effects also compared favorably with the tradihe 2 highest copper concentrations, DNA replication was
tional indices of fitness iDaphnia magnaStudies have also significantly reduced due to a higher level of DNA damage. On
shown that cytogenetic damage correlates with developmémé other hand, as growth and reproduction displayed similar
and survival of early life stages of marine invertebrates, whiclalues compared to the control in the range 15180 copper,
could have detrimental consequences at the higher levelsjitafould be assumed that DNA lesions were efficiently repaired
biological organization (Jhat al., 2000). and that DNA replication was not significantly inhibited.

The measure of molecular and population parameterswith respect to copper toxicity, it has been reported that
present several advantages. First of all, in ecotoxicology, it|ighal effects orDaphniaoccurred at 1Qug/l copper (Bairdet
fundamental to accumulate data at different levels of biologicgj, 1991). In another study, Winner and Farell (1976) revealed
organization in order to fully understand the effect of a toxicaghat copper toxicity was increased at concentrations beyond 40
on organisms. Secondly, the measure of some parameters ai B8 However, the great variability among different studies
population level facilitate the interpretation of the data at thgakes direct comparisons difficult, owing to differences in
molecular level. For instance, a significant reduction in growifedium quality, amounts of food, and the use of different
correlates with a significant inhibition in DNA replication,.ones of the same species (Koivisto and Ketola, 1995; Mea-
dor, 1991; Soares, 1992). In the present studyudb copper
stimulated reproduction, since age-specific fecundity was sig-
nificantly higher than control, as previously reported in other
studies (Dave, 1984). However, the total number of neonates
generated by the population Bf magnaexposed to 0 and 15

Primer ng/l copper were statistically identical, because the number of
[Cu] surviving animals decreased at 1§/l copper in comparison to
(ngl) ~OPA9 OPB7 OPB8 OPB10 OPB17 Mean SDthe control and other groups (except for animals exposed to

0 953 1000 1000  100.0 100.0 991 .1120 ngll F:opper). Thus, despite the' significan_t increase in

15 860 1000 1000 1000 1000 972  eoreproduction (m) at 15 ug/l copper in comparison to the

30 86.0 94.7 87.5  100.0 100.0 937 s.7control, overall there was no beneficial effect in magna

60 74.4 89.5 91.7 90.0 100.0  89.1 9.2exposed to the lower copper concentration. The stimulation in
123 gg"; 573‘;'3 ?g-g gg-g gg-g 573‘;-1 1‘i":’)reproduction can be explained by hormesis, an unspecific stim-

i ' ' ' ' ' “ulation by a chemical or physical agent (Luckey, 1975). The

TABLE 2

Genomic Template Stability Calculated
with Five 10-mer Primers
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FIG. 4. Comparison between key fithess parameters and genomic template stability in populaf@aphnfa magnaexposed to copper,:lage-specific
survival; m: age-specific fecundity; Rnet reproductive rate;rintrinsic rate of natural increase; GTS: genomic template stability; * and ** indicate a significant
difference from controlff < 0.05 andp < 0.01, respectively). Error bars represent standard deviation.

decrease in growth following sublethal copper exposure hase bases (dimers) (Carmichaatl al., 1992; Lloyd and Phil-
also been demonstrated in various species of crustaceans (gg, 1999). Copper, as with other transition metals, catalyses
Conradi and Depledge, 1998). By attaining reproductive mtére Fenton type reduction of hydrogen peroxide to form hy-
turity at a smaller body sizeD. magnaare able to buffer the droxyl radical, one of the most reactive radical oxygen species
impact of lower body growth rate on the age at the firgDrouin et al., 1996).
reproduction (Lynch, 1985). In addition, the effect on growth RAPD profiles detect alterations to genomic DNA through
was not due to a limitation in food levels as the size of ththe use of arbitrarily primed PCR reactions. These effects
neonates at first reproduction was not affected (Ensetigk, include changes in oligonucleotide priming sites and variations
1993) but was due to a direct toxic effect of copper. in the activity of theTaq DNA polymerase. In the present
The second objective of the study was to evaluate the miudy, variation in band intensity, disappearance of bands, and
tential of the RAPD method to detect copper-mediated DN&ppearance of new PCR products occurred in profiles gener-
effects inD. magna Recently, the RAPD technique has beeated from the exposed organisms. Copper-induced DNA dam-
successfully used to detect DNA effects induced by benzage, e.g., Cu(l)-DNA complex, bulky adducts, oxidized bases,
(a)pyrene (Atienzaet al., 1999), mitomycin C (Becerriét al, may significantly interfere with the PCR events. It has been
1999), ultraviolet radiation (Atienzast al., 2000a), and 13- reported that in naked double-stranded DNA, the transition
estradiol (estrogen)/4-n-nonylphenol (xenoestrogen) (Atienzéigm weak complex DNA-Cu(ll) to strong complex DNA-
2000; manuscript submitted) in aquatic species umdeitro Cu(l) (Georgeet al, 1987) could induce conformational
andin vivo conditions. In this studyD. magnawere exposed B-to-Z conversion in certain DNA fragments (Rzuet al.,
to copper because it is known to induce a range of DN2990). In addition, dimers can alter the structure of the DNA
damage such as single- and double-strand breaks, modifigddnawalt, 1998; Wangt al, 1993). If so, such structural
bases, abasic sites, DNA-protein cross-links, and even buliyanges are likely to have a significant effect on the kinetics of
adducts representing intrastrand dimerization of adjacent RER events. New PCR products can be amplified because
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some sites become accessible to the primers after structdraérefore, the changes that occur in control RAPD patterns
change or because the same mutations have occurred indbeld be explained by a change in one or a combination of the
genome. A loss of an amplicon can only be the outcome if tifi@ctors previously mentioned between both replicates.
same structural changes occur in 75-90% of the cells or if theThe RAPD technique clearly shows promise in the detection
same mutations arise in the same percentage of cells (Atienzdmpollutant-induced DNA effects. The main advantages of the
2000). However, it is very unlikely that mutations occur in &APD method lie in its rapidity, applicability to any organism
large portion of cells, because most of the DNA damagsince no information on the nucleotide sequence, cell cycle, or
(which can lead to mutations during DNA replication) will bechromosome complement is required), and sensitivity to detect
efficiently repaired. DNA lesions such as bulky adducts asewide range of DNA damage and mutations. However, RAPD
expected to have detrimental effects on RAPD profiles. Nt a qualitative method and the nature and amount of DNA
only can they induce structural changes, but they can alsfiects can only be speculated. Thus, in the context of the
reduce the polymerization of the DNA and/or block thaq evaluation of pollutant-induced DNA effects, a powerful ap-
DNA polymerase (Nelsoet al., 1996), which will result in a proach would be to perform the RAPD method to obtain
decrease in band intensity, or alternatively, in a disappearamg®litative data that would give an overview of the DNA
of amplified products in the case of extensive DNA damaggfects, and then to use more specific methods such as the
(Atienzar, 2000). As already mentioned, new PCR product®-postlabeling, DNA strand break measurements (comet as
may reveal a change in the DNA sequence due to pomsay), or cytogenetic assays to generate quantitative data.
mutations and/or large rearrangements. A single point mutationn conclusion, fithess parameters and DNA effects are sen-
within the primer site can generate significant changes sitive markers to detect copper-induced toxicityDn magna
RAPD patterns (Williamst al., 1990; Atienzar, 2000). Nev- Thus, the RAPD assay to detect DNA effects in conjunction
ertheless, the RAPD assay also has the potential to detect puiith other biomarkers from higher levels of biological organi-
mutations outside the priming site, as they can induce strumation would prove a powerful ecotoxicological tool.
tural changes (Bowditcét al., 1993). It is also well known that
DNA repair and replication of damaged DNA can lead to point ACKNOWLEDGMENT
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