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a b s t r a c t

The increase in resistance to contaminants can result in the loss of genetic diversity of impacted popu-
lations. In this work, the effects of acid mine drainage (AMD) on the genetic diversity and structure of
a historically exposed population of Daphnia longispina were evaluated using amplified fragment length
eywords:
icroevolution

opulation genetics
aphnia
etals

polymorphism (AFLP) analysis. Individual sensitivity to acute copper exposure was determined in order
to characterize the populations in terms of metal tolerance and in an attempt to identify possible con-
taminant indicative bands (CIB). No reduction in genetic diversity was found in the AMD impacted site
population, in comparison to two reference populations. However, the analysis of molecular variance
indicated a significant genetic differentiation from the two reference populations and a significant corre-
lation between individual genetic distance and tolerance. The different average tolerance of individuals

FLP b
FLP presenting one specific A

. Introduction

The loss of genetic diversity in natural populations due to
ontaminants is one of the current concerns in environmental toxi-
ology (Bagley et al., 2002). Genetic diversity is an important factor
or the survival of populations (review in Bagley et al., 2002; Roark
nd Brown, 1996). Contaminants can affect the genetic structure
f populations either directly, by increasing the mutation rates,
r indirectly through population-mediated processes like selec-
ion or bottlenecks (higher level or emergent effects) (Belfiore and
nderson, 2001; Bickham et al., 2000).

Changes in the genetic structure of the population due to selec-
ion of resistant individuals and genetic bottlenecks have been
tudied for the last three decades (review in Belfiore and Anderson,
001). The most common effect that follows the input of a con-
aminant is the increase in the overall tolerance of the population
e.g. Lopes et al., 2004, 2005). This increase in tolerance can be
ccompanied by: genetic diversity loss; genetic divergence from
eference populations due to the increase in frequency of resistance

etermining (or closely linked) alleles or stochastic changes in pop-
lation structure (e.g. Belfiore and Anderson, 2001; Theodorakis
t al., 1999); or habitat fragmentation due to decreased migration
ates (Bagley et al., 2002). These changes can lead to a decrease
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and indicated the existence of one putative CIB.
© 2009 Elsevier B.V. All rights reserved.

in population survival chances by altering life history parame-
ters (Bagley et al., 2002; Belfiore and Anderson, 2001; Ward and
Robinson, 2005) or by increasing susceptibility to future stressors
(e.g. Belfiore and Anderson, 2001; Lewis et al., 2001; Ward and
Robinson, 2005).

When the contaminants increase mutations rates this may cause
an immediate increase in population genetic diversity. Given that
mutations usually are slightly deleterious and accumulate in the
genome, this gene pool change can lead to an increased mortality
and/or a decreased reproduction rate and, ultimately, to population
extinction (Bagley et al., 2002; Bickham et al., 2000). To confound
our understanding of population level changes, the loss of genetic
diversity caused by contaminant induced mutations can be masked
or delayed by successful immigration or population recovery mak-
ing field assessment of genetic changes challenging to identify
(Theodorakis, 2001).

In the present study, the amplified fragment length polymor-
phism technique (AFLP) (Vos et al., 1995) was used to explore these
effects in a natural population of Daphnia longispina. This method-
ology is, together with allozyme analysis, microsatellites, random
amplification of polymorphic DNA (RAPD), mitochondrial DNA
sequencing, and single nucleotide polymorphism detection, among
the most common and recommended methodologies for popula-

tion genetics analysis (Bagley et al., 2002; Belfiore and Anderson,
2001; Bickham et al., 2000). The main advantages are that AFLP
produces large numbers of reproducible markers across the entire
genome and no prior knowledge of the genome is required, thus
eliminating the time and costs associated with marker devel-

http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:aa_nelsonmartin@student.biologia.uc.pt
mailto:nelson_m@netvisao.pt
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pment. The markers it generates are also variable enough to
ifferentiate individuals at the intraspecific and intra-population

evel (Gili et al., 2004; Mueller and Wolfenbarger, 1999; Ward and
obinson, 2005). It has been successfully used in daphnids to iden-
ify species-specific markers and hybrid identification (Gili et al.,
004) and was used to quantify genetic variation in laboratory cul-
ures and after artificial selection experiments (Ward and Robinson,
005). This methodology also has the possibility of generating con-
aminant indicative bands (CIB) (Theodorakis et al., 1999). These
ands are present in higher frequencies in contaminant tolerant
opulations and could be generated from, or linked to, loci respon-
ible for increased tolerance to contamination (Theodorakis et al.,
999).

Daphnids are standard species in aquatic ecotoxicology research
e.g. OECD, 1998, 2004) and population genetic studies (e.g. King et
l., 1995; Spaak and Ringelberg, 1997), given their functional impor-
ance in freshwater ecosystems, easy maintenance in the laboratory
nd cyclical parthenogenic reproduction, which allows both sexual
ecombination and long-term maintenance of clonal lineages in the
aboratory (Colbourne et al., 2005). Evolution of tolerance (Limburg
nd Weider, 2002; Lopes et al., 2004, 2005), accompanied by rapid
opulation changes either to metal contamination (Pollard et al.,
003) or other stressors (e.g. DeClerck et al., 2001; Hairston et al.,
999), has been reported, providing further support for the use of
aphnids in this study.

The main objective of the current research was to evaluate the
mpacts of acid mine drainage (AMD) on the genetic diversity and
tructure of a historically exposed D. longispina population using
FLP markers. Furthermore, individual tolerance to lethal levels of
opper was studied, so that a characterization in terms of toler-
nce of the individuals and populations could be obtained. Several
uthors stressed the importance of supplementing the differences
n gene frequencies between populations with data showing direct
vidence of differential fitness between individuals, such as time to
eath (TTD) (Belfiore and Anderson, 2001; Theodorakis et al., 1999).
he TTD was also used in the identification of putative CIB.

. Materials and methods

.1. Study site

The aquatic system of the abandoned cupric-pyrite mine of São
omingos (SE Portugal; 37◦40′N, 7◦29′W) was selected for this

tudy. The abandoned mine tailings of this mine produce an acid
ine drainage (AMD) effluent contaminated with the metals Al,

e, Zn, Cu, Mn, Co, Ni, Cd, Cr, Pb, and As (in the range of 164–362,
0.8–350, 14.0–85.5, 17.9–38.0, 11.0–22.8, 1.07–2.41, 0.383–0.780,
.048–0.740, 0.0564–0.142, <0.100–0.254, and 0.006–0.037 mg/L,
espectively) (Lopes et al., 1999), which is discharged into the
hança River reservoir, within the Guadiana River basin, Portugal.
hree sites within this system were sampled: one contaminated
ith acid mine drainage (site I), after the confluence of the AMD

ffluent with a small subsidiary stream (Mosteirão stream); one
pstream reference site within the same waterbody (site R), sepa-
ated from site I by a direct distance of 3 km by land (water distance
f 9.4 km); and one reference site (RR) in an independent semi-
rtificial lagoon, located 5.8 km from site I and 4.9 km from site R
Fig. 1). The coordinates and physico-chemical parameters of the
ites at the time of organism collection are reported in Fig. 1.
.2. Field populations

The D. longispina population from each study site was sampled
n three different occasions, from April 25 to April 28, 2006. Col-
ection of daphnids was done so that each population was sampled
Fig. 1. Map of the S. Domingos mine system. Sampling sites of the three Daph-
nia longispina populations are indicated with open circles. Site parameters: Site
I: 37◦37′N, 7◦30′W, pH 6, conductivity = 437 �S/cm. Site R: 37◦38′N, 7◦28′W, pH 7,
conductivity = 295 �S/cm. Site RR: 37◦40′N, 7◦30′W, pH 7, conductivity = 272 �S/cm.

three times (early morning, midday, and dusk), and on different
days. The collection procedures followed those described by Lopes
et al. (2004, 2005). At each site, one egg-bearing female was iso-
lated from each net trawl. Net trawls were about 2 m apart from
each other, except at site I where the total covered transect distance
was about 50 m each sampling period. Approximately 120 individ-
uals were collected during each sampling occasion, corresponding
to a total of 360 individuals per population. Testing only individuals
with eggs in the brood pouch ensured that only adult females were
tested, that sex and life stage (juvenile versus adult) effects were
minimized, and that the individuals were in a relatively good phys-
iological state, since asexual reproduction in Daphnia is an indicator
that no major physiological stressors are acting.

Organisms were subsequently taken to the laboratory and indi-
vidually acclimated to American Society of Testing and Materials
(ASTM) hard water (ASTM, 2002), without food or vitamins added,
for 6 h. The period of acclimation served to clear the digestive sys-
tem and to reduce the variability in stress that the transfer to a
different water medium could cause. Only individuals that were
actively swimming after the acclimation period were tested.

2.3. Tolerance to lethal levels of copper

After the 6 h acclimation period, TTD tests were performed to
determine tolerance of individuals to copper. A single concentration
of 250 �g/L of copper was used. This value was expected to result in

high mortality over the 48-h exposure period and was chosen based
on previous work using organisms from the same sites (Lopes et al.,
2004; Martins et al., 2007). Individuals were observed at regular
time intervals during the period of the test: every 10 min during
the first hour, every 15 min during the second hour, every 30 min
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ntil the 5th hour, every hour until the 12th hour, and every 2 h
ntil the end of the test (48 h). Immediately after death, individuals
ere collected in Eppendorf tubes with 500 �L of 99% ethanol and

tored at −20 ◦C until DNA extraction.

.4. AFLP analysis

The DNA extraction was done following the protocols by Reid
t al. (2002) and Cousyn et al. (2001), with some minor changes.
riefly, after removing the ethanol, samples were homogenized in
0 �L of 6% Chelex (Instagene DNA Purification Matrix, BIO-RAD,
madora, Portugal) solution, incubated at 60 ◦C for 1 h, vortexed

or 10 s at high speed, centrifuged for 3 min at 12 000 rpm, and
ncubated at 99 ◦C for 3 min. The vortex and centrifugation were
epeated and the samples were stored at −20 ◦C until AFLP analysis.

The AFLP analyses were performed following the LI-COR AFLP
ystem instructions and, except when noted, all reagents and soft-
are used for AFLP analysis were acquired from LI-COR (Lincoln, NE,
SA). This is a modified protocol of the standard AFLP method, as
escribed by Vos et al. (1995), using infrared detection of marked
ucleotides. An aliquot of total DNA (100 ng) was digested using
.25 U MseI and 1.25 U EcoRI in a 10 mM Tris–HCl, 10 mM Mg2+

nd 50 mM K+ buffer, in a 12.5 �L reaction volume at 37 ◦C for 2 h.
estriction enzymes were inactivated, by incubating the mixture
t 70 ◦C for 15 min, and ligation was carried out overnight at 20 ◦C,
y adding 12 �L of a mix of MseI and EcoRI adapters in ligation
uffer (10 mM Tris–HCl, 0.4 mM ATP, 10 mM Mg2+ and 50 mM K+)
nd T4 DNA ligase (2.5 U). Ligation products were diluted 1:10 in
anopure water (Barnstead Nanopure Infinity UV System, Barn-
tead, Dubuque, IA, USA).

An aliquot of 2.5 �L of the ligation mixture was used for pream-
lification PCR, which was performed in 25.5 �L volumes with
.5 �L 10× PCR buffer (Roche Diagnostics, Indianapolis, IN, USA),
0 �L of AFLP pre-amplification primer mix, containing dNTP’s,
seI + C and EcoRI + A selective primers and 2.5 U Taq polymerase

Roche). The PCR was carried out in an Eppendorf Mastercycler Gra-
ient thermocycler (Eppendorf North America, Westbury, NY, USA)
nd consisted of 20 cycles of denaturing (94 ◦C, 30 s), annealing
56 ◦C, 1 min) and extension (72 ◦C, 1 min).

For selective amplification, preliminary trials using several
rimer combinations gave the best results using MseI + CAG or
seI + CAC and EcoRI + ACA or EcoRI + ACT primers. Selective ampli-

cation PCR was performed in 11 �L volumes, using 2.0 �L of
:40 diluted pre-amplification product as template, 1.2 �L 10×
CR buffer with Mg2+, 2 �L of MseI primer mix containing dNTPs,
nd 0.5 �L of labeled EcoRI primer. EcoRI primers were labeled
ith IRD700 infrared dye. PCR consisted of 35 cycles of denatu-

ation at 94 ◦C (30 s), annealling (30 s) and extension (72 ◦C, 1 min).
nnealing temperatures decreased from 65 to 56 ◦C, in 0.7 ◦C steps,
etween cycles 1 and 12. Afterwards, PCR products were denatured
or 3 min with 5.0 �L Blue Stop Solution loading buffer at 94 ◦C, and
mmediately transferred to ice to avoid renaturation.

Electrophoresis and band detection was carried out on a LI-COR
300 vertical electrophoresis system. Electrophoresis was run at
0 W, 1500 V, 40 mA, and 45 ◦C, using 6.5% KBPlus polyacrilamide
els in 25 cm plates. Band size determination and semi-automated
and scoring was done using 50–700-base pairs fluorescent mark-
rs and SAGA-MX software.

.5. Data analysis
Mean and median population sensitivities were calculated using
aplan–Meier survival curves, to account for possible survivors
fter 48 h (censored cases), and compared via log-rank tests (SPSS,
ersion 12; SPSS, Chicago, IL, USA). Individuals were then divided

n three to six tolerance groups, by evenly dividing the range of
ology 92 (2009) 104–112

the log transformed survival times. Chi-square goodness of fit (�2)
tests were performed to compare frequencies of individuals in the
tolerance groups between populations.

For AFLP analysis, 31 individuals from each population were
selected in a stratified random sampling design: from each popu-
lation/tolerance category combination, a proportion of individuals
corresponding to the frequency in the total population was ran-
domly selected.

Given the dominant nature of AFLP data, allele frequencies
were calculated according to the Taylor expansion of Lynch and
Milligan (1994). Genetic diversity, quantified as Nei’s genetic diver-
sity index (Nei, 1973), observed heterozygosity and Shannon’s
information index were calculated with the software Popgen 32
(Version 1.32) (Yeh et al., 1997). These indices were then compared
non-parametrically with Kruskal–Wallis tests and correlated non-
parametrically with Spearman rank correlation with median TTD
values (STATISTICA, Version 7, StatSoft, Tulsa, OK, USA). Nei’s unbi-
ased genetic distance and unweighted pair-group method using
arithmetic averages (UPGMA) dendrograms based on these dis-
tances were calculated using the software Tools for Population
Genetic Analyses (TFPGA, Version 1.3) (Miller, 1997). Richness,
clonal diversity (King et al., 1995), evenness and Shannon’s informa-
tion indexes were also calculated for multilocus (clonal) genotypes
in each population and tolerance group.

Genetic differentiation between populations or tolerance groups
was evaluated via analysis of molecular variance (AMOVA) and
exact tests of population differentiation (Rousset and Raymond,
1995). The first test, calculated based on the genetic distances
between each individual (Huff et al., 1993), was performed using
the methods implemented in the software package GenAlEx (Ver-
sion 6) (Peakall and Smouse, 2006), whereas the second was done
using TFPGA. A Mantel test relating individual genetic distances and
TTD was performed using GenAlEx. Genetic distance between pop-
ulations or tolerance groups, regarding multilocus genotypes, were
calculated as described by King et al. (1995). To detect for possi-
ble CIB, locus-by-locus exact tests were performed in TFPGA and,
for the bands that showed differentiation between the populations
or tolerance groups, Kaplan–Meyer survival curves, log-rank tests
and Cox regressions were used to compare survival times between
genotypes, using the software SPSS. Cox regressions were used to
compare median TTD of individual and combined genotypes of the
bands that showed differences in TTD, accounting for possible inter-
active effects of the presence/absence of the bands and allowing for
identification of the bands that contributed more to the observed
differences.

3. Results

3.1. Population tolerance characterization

Mean and median TTD, both for the total number of tested
individuals of each population and for the ones selected for AFLP
analysis, are shown in Table 1. The TTD differed significantly
between populations (global log-rank, p < 0.001).

Five groups of tolerance were defined when individuals were
grouped according to their TTD: extremely sensitive, very sensitive
(VS), sensitive (S), tolerant (T) and very tolerant (VT), with ranges
of TTD’s of 0 min to 30 min, 30 min to 1 h 30 min, 1 h 30 min to 4 h
30 min, 4 h 30 min to 14 h, and 14 h to 48 h respectively. Division in
three, four and six tolerance groups yielded less homogeneous dis-

tributions in the number of individuals among the categories, so the
division in five groups was chosen. Given that the extremely sensi-
tive group only contained 9 individuals out of the 1072 individuals
tested in total (less than 1%), we opted a posteriori, to group these 9
individuals with the VS group. Hereafter, the VS group refers to the
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Table 1
Mean and median time to death (TTD) ± standard error of the three Daphnia longispina populationsa for the total number of individuals (global) and the subset of each
population in which amplified fragment length polymorphism analysis was performed (AFLP).

Global AFLP

I R RR I R RR

n 357 354 361 31 31 31

Mean TTD 21 h 02 min 5 h 13 min 1 h 36 min 22 h 58 min 6 h 17 min 1 h 30 min
±43 min ±28 min ±1 min ±3 h 07 min ±1 h 52 min ±7 min

Median TTD 18 h 00 min 1 h 45 min 1 h 30 min 22 h 00 min 1 h 45 min 1 h 14 min
±1 h 06 min ±4 min ±2 min ±5 h 34 min ±15 min ±05 min

Population diversity parameters
Nei’s genetic diversity index 0.37 ± 0.16 0.33 ± 0.16 0.38 ± 0.08
Observed heterozygosity 0.32 0.30 0.35
Shannon’s information index 0.54 ± 0.22 0.50 ± 0.22 0.56 ± 0.09

Clonal diversity parameters
n 22 18 20
%Uniques 54 39 45
Clonal diversity 0.94 0.93 0.91
Clonal richness 6.12 4.95 5.53

a I: Site I population, R: Site R population, RR: Site RR population; population diversity parameters (mean ± standard deviation) and clonal diversity parameters (n, number
of distinct clones; %unique, percentage of unique clones in each population) are shown for the AFLP subset.

Table 2
Mean and median time to death (TTD) ± standard error of the four groups of different tolerance to copper of Daphnia longispinaa.

Global AFLP

VS S T VT VS S T VT

n 370 288 175 173 34 22 15 22

Mean TTD 1 h 10 min 2 h 26 min 8 h 58 min 30 h 20 min 1 h 03 min 2 h 19 min 7 h 32 min 34 h 16 min
±1 min ±2 min ±12 min ±38 min ±2 min ±8 min ±48 min ±2 h 29 min

Median TTD 1 h 14 min 1 h 59 min 9 h 00 min 30 h 00 min 1 h 00 min 1 h 59 min 6 h 00 min 30 h 00 min
±1 min ±2 min ±18 min ±1 h 04 min ±4 min ±11 min ±1 h 17 min ±6 h 15 min

Population diversity parameters
Nei’s genetic diversity index 0.38 ± 0.08 0.35 ± 0.14 0.26 ± 0.16 0.38 ± 0.16
Observed heterozygosity 0.33 0.33 0.36 0.26
Shannon’s information index 0.57 ± 0.09 0.52 ± 0.20 0.41 ± 0.21 0.55 ± 0.22

Clonal parameters
n 22 15 12 13
%Uniques 50 40 33 46
Clonal diversity 0.93 0.91 0.91 0.91
Clonal richness 5.96 4.53 4.06 3.88
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or the total number of individuals (Global) and the subset of each group on which
a VS: very sensitive, S: sensitive, T: tolerant, VT: very tolerant; population diversit

istinct clones; %unique, percentage of unique clones in each population) are show

xtremely sensitive and the very sensitive groups combined. The

ean and median TTD for each group is presented in Table 2. The

istribution of individuals from each population in each tolerance
ategory was significantly different, either generally or between all
opulations pairs (Fig. 2; �2, p < 0.001 globally and for all pairwise
omparisons).

ig. 2. Frequency distribution of Daphnia longispina individuals from the three population
= 361) in groups of copper tolerance (VS: very sensitive, S: sensitive, T: tolerant, VT: very
fied fragment length polymorphism analysis was performed (AFLP).
meters (mean ± standard deviation) and clonal diversity parameters (n, number of
he AFLP subset.

3.2. Genetic diversity and differentiation
Nei’s genetic diversity, observed heterozygosity and Shannon’s
information index for each population are shown in Table 1. No
differences were found for any of the calculated genetic diver-
sity indices, either generally or between each pair of populations

s (I: Site I population, n = 357, R: Site R population, n = 354, RR: Site RR population,
tolerant).
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Table 3
Nei’s unbiased genetic distances (below diagonal) and clonal genetic distance (above
diagonal) between the three populations of Daphnia longispinaa.

I R RR

I 0.715 0.862
R 0.018* 0.730
RR 0.015** 0.008
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Table 4
Nei’s unbiased genetic distances (below diagonal) and clonal genetic distance (above
diagonal) between the four groups of different tolerance to copper of Daphnia
longispinaa.

VS S T VT

VS 0.650 0.718 0.905
S <0.001 0.929 1.299
T 0.019* 0.026* 1.805
VT 0.025** 0.026** 0.073**

a VS: Very sensitive, S: sensitive, T: tolerant, VT: very tolerant.
* p of pairwise analysis of molecular variance < 0.05.

** p of pairwise analysis of molecular variance < 0.01.

Repeating this analysis with the different groups of tolerance,
the bands E-ACT-M-CAG-0211 and E-ACT-M-CAG-0091 had dif-
ferent frequencies among the four groups of tolerance (Table 5).
Relevant band frequencies in the groups and populations are
shown in Table 6. Mean and median TTD of the individuals that
a I: Site I population, R: Site R population, RR: Site RR population.
* p of pairwise analysis of molecular variance < 0.05.

** p of pairwise analysis of molecular variance < 0.01.

Kruskal–Wallis, p ≥ 0.763). Given that all the values were compa-
able, hereafter Nei’s genetic diversity is used as the only measure
f genetic diversity. The UPGMA dendrogram calculated based on
ei’s unbiased genetic distance between populations (Table 3) is

epresented in Fig. 3. The AMOVA for differentiation of the popula-
ions was significant (p = 0.007). The I population was significantly
ifferent from the R and RR populations and no differences were
ound between the two reference populations (Table 3). The results
f the exact tests also indicated significant differences (p = 0.006).
ndexes regarding clonal genotype diversity show similar diversity
evels between the three populations, with slightly higher percent-
ge of unique clones and diversities in the I population (Table 1).
owever, no statistical analysis was possible to test the significance
f the results. The clonal genetic distance between the popula-
ions is shown in Table 3. These results disagree with the average
enetic distance results (Fig. 3) in that clonal frequency distribu-
ion in population I is more similar to population R than the two
eferences between them. As with the population results, no differ-
nces were found in the genetic diversity of the tolerance groups
Table 2; Kruskal–Wallis, p = 0.206). Regarding the clonal diversi-
ies, the VS group had the highest percentage of unique clones and
lonal diversity values (Table 2). Again, statistical analysis of the
atter results was not possible. No correlation was found between
enetic diversity and median TTD (Spearman rank order corre-
ation, r = −0.11, p > 0.05). However, the Mantel test relating the
enetic distance between the individuals and the log-transformed
TD values was significant (r = 0.06, p = 0.030). The UPGMA den-
rogram based on Nei’s unbiased genetic distance between the
olerance groups (Table 4) is represented in Fig. 4. Genetic distance
ata showed a grouping of the VS and S groups and a higher dissim-

larity between the T and VT groups than between these groups and
S and S (Table 4). Similar results were obtained with clonal genetic
istance data (Table 4). Both AMOVA and exact tests for differen-
iation showed significant genetic differentiation among tolerance

roups (AMOVA, p = 0.002; exact tests, p < 0.001). Pairwise AMOVA
values indicated that the VS and S groups had identical band

requencies and that both the T and VT groups were significantly
ifferent from every other tolerance group (Table 4).

ig. 3. Unweighted pair-group method using arithmetic averages dendrogram cal-
ulated from Nei’s unbiased genetic distances of the three Daphnia longispina
opulations (I: Site I population, R: Site R population, RR: Site RR population).
Fig. 4. Unweighted pair-group method using arithmetic averages dendrogram cal-
culated from Nei’s unbiased genetic distances of the four groups of different copper
tolerance defined for Daphnia longispina (VS: very sensitive, S: sensitive, T: tolerant,
VT: very tolerant).

3.3. Contaminant indicative bands

According to the locus-by-locus tests of differentiation between
the three populations, three bands were present in different
frequencies: E-ACT-M-CAG-0091, E-ACA-M-CAG-0157 and E-ACA-
M-CAG-0188 (Table 5). When comparing the band frequencies of
the two reference populations combined (R + RR) with the I pop-
ulation, loci E-ACT-M-CAG-0091 and E-ACA-M-CAG-0188 differed
between the two groups (p < 0.001 and p = 0.054, respectively).
Table 5
Pairwise p values for the identity of allele frequencies of amplified fragment length
polymorphism (AFLP) bands with different global frequency distributions, between
the three populations and four tolerance groups of Daphnia longispinaa.

E-ACT-M-
CAG-0091

E-ACA-M-
CAG-0157

E-ACA-M-
CAG-0188

E-ACT-M-
CAG-0211

In populations
I vs. R 0.002 – 0.020 –
I vs. RR 0.001 – – –
R vs. RR – 0.020 – –
Global <0.001 0.048 0.035 –

In tolerance groups
VS vs. S – – – –
VS vs. T – – – 0.010
VS vs. VT 0.001 – – 0.008
S vs. T – – – –
S vs. VT 0.004 – – 0.003
T vs. VT 0.027 – – <0.001
Global 0.003 – – <0.001

a In populations: I: Site I population, R: Site R population, RR: Site RR population;
in tolerance groups: VS: very sensitive, S: sensitive, T: tolerant, VT: very tolerant;
(–): not significant (p > 0.05).
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Table 6
Individual allele frequencies (in %) of amplified fragment length polymorphism bands for genotypes that showed significantly different frequencies between the populations
and groups of different tolerance to copper of Daphnia longispina, and mean and median time to death (TTD) of the genotype (±standard error)a.

E-ACT-M-CAG-0091 E-ACA-M-CAG-0157 E-ACA-M-CAG-0188 E-ACT-M-CAG-0211

0 1 0 1 0 1 0 1

By population
I 8.6 91.4 13.3 86.8 42.8 57.2 21.9 78.2
R 42.9 57.1 0.0 100.0 50.2 49.8 16.1 83.9
RR 41.7 58.3 6.7 93.3 35.3 64.7 22.3 77.7

By tolerance group
VS 39.0 61.0 5.7 94.3 43.6 56.4 18.2 81.8
S 38.0 62.1 3.9 96.2 28.7 71.3 26.0 74.0
T 35.6 64.5 4.5 95.5 61.4 38.6 52.1 48.0
VT 6.0 94.0 11.0 89.0 38.6 61.4 0.0 100.0

Mean TTD 3 h 56 min 15 h 44 min 13 h 27 min 10 h 50 min 10 h 46 min 8 h 45 min 3 h 30 min 13 h 43 min
±1 h 14 min ±2 h 57 min ±5 h 05 min ±1 h 58 min ±2 h 05 min ±2 h 26 min ±34 min ±2 h 34 min

Median TTD 1 h 30 min 4 h 59 min 7 h 00 min 6 h 43 min 2 h 29 min 1 h 59 min 1 h 45 min 1 h 59 min
3 min
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1 h 40 min ±1 h 52 min ±1 h 59 min ±2

a By population: I: Site I population, R: Site R population, RR: Site RR population
ime to death; 0: absent band, 1: present band.

ad different frequencies, either between populations or between
roups of tolerance (E-ACT-M-CAG-0091, E-ACA-M-CAG-0188, E-
CA-M-CAG-0157, and E-ACT-M-CAG-0211), are also shown in
able 6.

The log-rank comparison of the TTD showed that individ-
als with the bands E-ACT-M-CAG-0091 or E-ACT-M-CAG-0211
ad higher median TTD than individuals without these bands
p < 0.001 and p = 0.025, respectively), whereas individuals dif-
ering in the other two bands showed no differences (p = 0.674
nd p = 0.383 for E-ACA-M-CAG-0157 and E-ACA-M-CAG-0188,
espectively). The relative order of frequencies in the toler-
nce groups were VT � T ≥ S ≥ VS for E-ACT-M-CAG-0091 and
T � VS ≥ S ≥ T for E-ACT-M-CAG-0211. The Cox regression anal-
sis was significant for each band individually (p = 0.001 and
= 0.036 for E-ACT-M-CAG-0091 and E-ACT-M-CAG-0211, respec-

ively). When the two bands were considered together, only the
ffect of the presence of the band E-ACT-M-CAG-0091 (p = 0.022)
as significant, whereas neither the presence of the band E-
CT-M-CAG-0211 (p = 0.069) nor the interaction between them
p = 0.083) caused significant differences in the TTD of the individ-
als.

. Discussion

Even though the reduction of genetic diversity in popula-
ions inhabiting contaminated areas has been reported in several
quatic and terrestrial species (Belfiore and Anderson, 2001;
ickham et al., 2000), recent studies employing either mod-
rn molecular methodologies, such as AFLP analysis (McMillan
t al., 2006), microsatellite analysis (Berckmoes et al., 2005)
nd mitochondrial gene sequencing (Mulvey et al., 2003), or
ore classical methods, especially allozyme analysis (Mulvey et

l., 2002; Roark et al., 2005) have found little or no evidence
or this effect. Nevertheless, this possible effect is one of the

ajor concerns of modern conservation biology and ecotoxicol-
gy (Bagley et al., 2002; van Straalen and Timmermans, 2002).
o better evaluate the possible effects of AMD on the genetic
iversity and structure of D. longispina populations and follow-

ng the recommendations of other authors (Belfiore and Anderson,

001; Theodorakis et al., 1999), an assessment of individual and
opulation tolerance to acute copper contamination was done
imultaneously with the genetic characterization of one population
nhabiting a site impacted with AMD and two reference popula-
ions.
±1 h 04 min ±15 min ±7 min ±50 min

olerance group: VS: very sensitive, S: sensitive, T: tolerant, VT: very tolerant; TTD:

4.1. Population tolerance characterization

The current results on population tolerance are comparable
to the ones obtained by Lopes et al. (2004) in the same aquatic
system. These authors found that the range of individual geneti-
cally determined resistance of D. longispina to copper was larger
in the reference than in the AMD impacted populations. This was
due to the elimination of the most sensitive individuals at the
impacted site, given that resistant individuals were found in the
site R population, but no sensitive individuals were present in the
site I population. Our current results showed that the tolerance dis-
tributions in the populations were similar to that of Lopes et al.
(2004), even though a different mortality endpoint was used (TTD
instead of NOEC of copper at 48 h) (Fig. 2). In the present study,
maternal effects and acclimation to elevated levels of metals as
confounding variables at site I could not be totally eliminated. Such
elimination could only be achieved if all the collected individuals
were maintained for several generations in controlled and identi-
cal conditions, as cloned lineages, as done by Lopes et al. (2004).
Robustness on the confirmation of the conclusions drawn by Lopes
et al. (2004) was achieved here by increasing the number of tested
individuals from each population (from approximately 130 to more
than 350 individuals) and by adding another reference population
(site RR). As in the above mentioned study, the site I population had
a very low frequency of very sensitive (0.6%) and a low frequency of
sensitive individuals (7.0%). The site R population showed a similar
pattern of high frequency of very sensitive and sensitive individu-
als (76.6%), and some tolerant ones (Fig. 2), when compared to the
study by Lopes et al. (2004).

Comparing the two reference sites of the present study, almost
no tolerant individuals were found in RR (0.3%), while 23.4% of toler-
ant and very tolerant individuals were found in R. These differences
between the reference populations tolerance range could be due to
the presence of another confounding factor that was unaccounted
for or to natural variability. However, it is also possible that some
resistant individuals have migrated (gene flow) from the site I pop-
ulation, since the I and R sites are in the same water body. Indeed,
genetic differentiation was slightly more significant between I and
RR (p = 0.006) than between I and R populations (p = 0.019).
4.2. Population genetic diversity and differentiation

4.2.1. Population genetic diversity
Our current results indicated that, in the historically exposed

D. longispina population (from site I), the reduction in the range of
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esponses to lethal levels of copper was not related to a reduction
n genetic diversity. Genetic diversity values found for the three
tudied populations were similar and within the range of other
tudies with Daphnia populations. Specifically, Nei’s genetic diver-
ity index in the present study ranged from 0.33 ± 0.16 to 0.36 ± 0.08
mean ± standard deviation) while other studies with Daphnia pop-
lations reported values of 0.22 (Haag et al., 2005, 2006) and from
.10 to 0.50 (Weider and Hobaek, 2003). The values of observed het-
rozygosity here found ranged from 0.30 to 0.35, which were within
he range of reported values of 0.42 ± 0.21 to 0.59 ± 0.28 (Giessler,
997) and from 0.20 to 0.32 (Limburg and Weider, 2002). Clonal
iversity and genetic distance values were much higher than aver-
ge diversity and distance calculated from single loci. This was due
o the high number of different AFLP haplotypes found and high
ercentage of unique clones in each population.

Contrary to our current results, Ward and Robinson (2005)
ound that cadmium selection caused a significant reduction of the
enetic diversity of a combination of 8 laboratory cultures of Daph-
ia magna Straus (from 0.21 to 0.07) and an increase in average
admium tolerance from 50 �g/L to 200 �g/L. No change in life his-
ory parameters was found when the cadmium selected population
as grown under optimal laboratory conditions (except growth

ates in the earlier life stages), so apparently the loss of genetic
iversity did not cause a significant reduction in other important
arameters for population survival. However, these authors did
ot identify if all the Daphnia cultures had the same life history
arameters if grown independently, only reporting that they orig-

nally had different average cadmium tolerance (from 20 to over
20 �g/L).

In the present study, maintenance of reference levels of genetic
iversity in impacted populations could have been due to several

actors, as discussed by other authors (McMillan et al., 2006; Mulvey
t al., 2003; Weider, 1992), namely: (i) immigration from nearby
eference populations and/or the diversity in the subjacent ephip-
ial gene bank was high enough for the recovery of the diversity,
ii) the selection occurred at a limited number of genes, and the
eduction of the diversity in these genes was not linked to a reduc-
ion in overall diversity; and/or (iii) the loss of genetic diversity
ue to contamination was of the same magnitude of the loss of
iversity caused by clonal dominance in the reference populations.
hese hypotheses will be discussed separately in the following
aragraphs.

In Daphnia and other facultative parthenogenic species, the
phippial egg-bank is the main genetic diversity reservoir and can
aintain the genetic diversity of a population over a broad range

f conditions, buffering the effects of seasonal, environmental,
ompetition or contaminant-induced local extinction of genotypes
Brendonck and De Meester, 2003). The diversity of the egg-bank
n a given period is directly related to the overlying adult popu-
ation. However, several generations can overlap in the egg bank,
nd almost randomly emerge in each growing season (the prob-
bility of the hatching of an ephippium is inversely related to its
ge and its depth in the sediment, but mixing of the sediment can
ause the older ephippia to become closer to the sediment surface
han more recent ones). This overlapping of generations, concomi-
ant with immigration from nearby populations either as adults or
s epphipia (Figuerola et al., 2005), can be a powerful mechanism
or the maintenance of diversity and can increase the population
volutionary potential on selection, resulting in a lowered risk of
ocal extinction in the event of changing environmental conditions
Brendonck and De Meester, 2003).
As an example of the second hypothesis, Cousyn et al. (2001)
ound that, in daphnids, the genetic differentiation for ecologically
elevant characters (measured as differentiation in the genetic com-
onent of the diel vertical migration response) was about ten times
igher than for neutral markers (measured as microsatellite fre-
ology 92 (2009) 104–112

quency variability), when comparing ephippia hatched individuals
from periods of different predation pressure.

Regarding the third hypothesis, it was found (Weider, 1992)
that intermediate to moderate levels of environmental disturbance
in Daphnia populations were important to maintain the genetic
diversity, given that, due to the parthenogenic mode of repro-
duction of these species, a small number of clones can quickly
dominate a population in the absence of any selective pressure.
These results are supported by the fact that lakes with permanent
daphnid populations show less diversity and larger deviations from
Hardy-Weinberg equilibrium than lakes with intermittent popula-
tions (i.e., when no individuals survive the winter and all the new
individuals come either from immigration or from the ephippial
egg bank produced at the end of the parthenogenic growing sea-
son) (Cerny and Hebert, 1993). Ward and Robinson (2005) found
that, after only eight generations of strictly parthenogenic repro-
duction under optimal laboratory conditions, genetic diversity of D.
magna was halved (Nei’s genetic diversity index was reduced from
0.21 to 0.09) when no selective pressure was applied, while it was
less significantly reduced (from 0.21 to 0.17) if a neutral pressure of
50% reduction in population size was applied at each generation.

4.2.2. Population genetic differentiation
A significant genetic differentiation was found between the AMD

impacted population and the two reference populations, but no
differentiation was found between the two reference populations
(AMOVA tests). Furthermore, a significant correlation was found
between individual genetic distances and TTD values (Mantel test).
This could indicate that metal contamination acted as a direc-
tional selective pressure to change gene frequencies in the exposed
population (site I) relative to the references, but this change in
frequencies was not reflected by a loss of genetic diversity. These
results are in agreement with some of the mentioned studies, which
also found that the genetic differentiation between populations of
fish (McMillan et al., 2006; Mulvey et al., 2002, 2003; Roark et al.,
2005) and wood-mouse (Berckmoes et al., 2005) was more cor-
related with environmental contamination than with geographical
distance and that these changes reflected selection by contaminants
(Ownby et al., 2002).

4.2.3. Copper tolerance groups
Regarding the different copper tolerance groups, no differ-

ences in the average genetic diversity of each group was found
(Kruskal–Wallis test), i.e., no group was statistically less genetically
diverse or more homogeneous than the other. Allele frequencies in
the very sensitive (VS) and sensitive (S) groups were very similar
and frequencies of the tolerant (T) and very tolerant (VT) groups
were significantly different from both the VS and S groups and
between them (Table 4). The UPGMA clustering separated the VT
group from the other three groups and an agreement between the
group tolerance ranking and the increasing degree of differentia-
tion between the groups (both according the AMOVA and UPGMA)
was found. Furthermore, the results showed a higher degree of
genetic differentiation between the tolerance groups than between
the populations, given that the maximum branch length for the
groups dendrogram was over 0.040 and for the populations was
below 0.020 (Figs. 3 and 4).

4.3. Contaminant indicative bands

Regarding the possible existence of bands more frequent in

the historically exposed population or in the more tolerant indi-
viduals (CIB), the E-ACT-M-CAG-0091 band was present in higher
frequency both in the VT group and in the I population and the
mean and median TTD of individuals that presented this band
was also significantly higher than in individuals without this band
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log-rank test). Besides E-ACT-M-CAG-0091, the band E-ACT-M-
AG-0211 also had different frequencies between the four tolerance
roups and, when considered alone, individuals with this band
ad a median survival time higher than the individuals without

t. However, when both bands (E-ACT-M-CAG-0091 and E-ACT-M-
AG-0211) were considered simultaneously, the effect of the second
as not significant (Cox regression, p = 0.069), neither was the inter-

ction between them (Cox regression, p = 0.083). Furthermore, the
attern of genetic frequencies was not so clear in E-ACT-M-CAG-
211, given that its frequency significantly decreased between the
S, S and T groups and increased in the VT individuals, when
ompared to E-ACT-M-CAG-0091, which was increasingly more
bundant when moving up in the tolerance ranking. Given these
esults, it is probable that only E-ACT-M-CAG-0091 is a putative CIB.
his putative CIB could be amplified from, or be closely linked to,
oci that are involved in metal tolerance. For instance, the higher
requency of this band in resistant individuals could be due to
ariations in metallothionein genes (Tanguy and Moraga, 2001;
an Straalen and Timmermans, 2002), or to variations in other
roteins, whose genotypes or phenotypes were found to be associ-
ted with differential tolerance to environmental contaminants in
everal species. For instance, specific asparatate aminotransferase,
hosphoglucomutase and adenilate kinase genotypes were associ-
ted with differential survival under tributylin exposure (Tanguy
t al., 1999). Furthermore, a consistent relationship between
lucose-6-phosphate isomerase genotypes and response to sev-
ral environmental stressors, including metals, has been shown
review in Tatara et al., 2001). Contaminant indicative bands,
erived from RAPD analysis, were also found in populations inhab-

ting radionuclide-contaminated lakes and in artificial selection
xperiments by the same contaminants (Theodorakis et al., 1998,
999). As the former authors pointed out, it is possible that these
ands could not be directly related to the toxic mode of action, being
ontaminant-specific or always indicative of contaminant expo-
ure, given that they were a result of random whole genome surveys
nd could have appeared only due to the probabilistic nature of both
ethodologies (i.e., AFLP and RAPD).
Therefore, the complete molecular characterization (sequenc-

ng, copy number) of the putative CIB found here, would be essential
o correctly assess its possible relationship with the increased tol-
rance and its possible use as a biomarker in future field studies
ith D. longispina (Theodorakis, 2001). The current work being
eveloped in Daphnia, whose genome is under active investigation
Colbourne et al., 2005; http://daphnia.cgb.indiana.edu/), is of great
mportance for the fulfillment of this last objective.

. Conclusion

Even though a reduction in genetic diversity was not found
n the impacted site population, it was possible to discriminate
he impacted population from the reference populations based
n altered gene frequencies and information on individual toler-
nce. Therefore the use of genetic diversity indices as the sole
easure of impact in a population gene pool can be suspect

nd additional information (individual fitness, physico-chemical
arameters, several reference and/or impacted populations) to
raw valid conclusions is important. Furthermore, in the case of
aphnids, where a big source for genetic diversity always exists

n the form of resting eggs (Brendonck and De Meester, 2003)
nd recolonization is usually in the time span of a few years

Pollard et al., 2003), the loss of genetic diversity is not a cause
f immediate concern for local population survival. A possible CIB,
resent in higher frequencies in tolerant individuals and in the
opulation inhabiting the metal contaminated site was found. The

dentification of the origin of this band would be important for its
ology 92 (2009) 104–112 111

establishment as a possible biomarker of exposure and effect, at the
population level.

Acknowledgements

N. Martins was a recipient from a Ph.D. grant from Fundação para
a Ciência e a Tecnologia (Portugal). The authors would also like to
acknowledge I. Lopes and M. Moreira-Santos for the invaluable help
in the field work and proofreading the article.

References

American Society of Testing and Materials (ASTM), 2002. Standard guide for con-
ducting acute toxicity tests on test materials with fishes, microinvertebrates,
and amphibians. Annual Book of ASTM Standards, vol. 1105. American Society
of Testing and Materials, Philadelphia, PA, USA, pp. 729–796.

Bagley, M.J., Franson, S.E., Christ, S.A., Waits, E.R., Toth, G.P., 2002. Genetic Diversity
as an Indicator of Ecosystem Condition and Sustainability: Utility for Regional
Assessment of Streams in the Eastern United States. U.S. Environmental Protec-
tion Agency, Cincinnati, OH, USA.

Belfiore, N.M., Anderson, S.L., 2001. Effects of contaminants on genetic patterns in
aquatic organisms: a review. Mutat. Res. 489, 97–122.

Berckmoes, V., Scheirs, J., Jordaens, K., Blust, R., Backeljau, T., Verhagen, R.,
2005. Effects of environmental pollution on microsatellite DNA diversity in
wood mouse (Apodemus sylvaticus) populations. Environ. Toxicol. Chem. 24,
2898–2907.

Bickham, J.W., Sandhu, S., Hebert, P.D.N., Chikhi, L., Athwal, R., 2000. Effects of chem-
ical contaminants on genetic diversity in natural populations: implications for
biomonitoring and ecotoxicology. Mutat. Res. 463, 33–51.

Brendonck, L., De Meester, L., 2003. Egg banks in freshwater zooplankton: evolution-
ary and ecological archives in the sediment. Hydrobiologia 491, 65–84.

Cerny, M., Hebert, P.D.N., 1993. Genetic diversity and breeding system variation in
Daphnia pulicaria from North-American lakes. Heredity 71, 497–507.

Colbourne, J.K., Singan, V.R., Gilbert, D.G., 2005. wFleaBase: the Daphnia genome
database. BMC Bioinformatics 6, 45.

Cousyn, C., De Meester, L., Colbourne, J.K., Brendonck, L., Verschuren, D., Volckaert,
F., 2001. Rapid, local adaptation of zooplankton behavior to changes in predation
pressure in the absence of neutral genetic changes. Proc. Natl. Acad. Sci. U.S.A.
98, 6256–6260.

DeClerck, S., Cousyn, C., De Meester, L., 2001. Evidence for local adaptation in neigh-
bouring Daphnia populations: a laboratory transplant experiment. Freshwater
Biol. 46, 187–198.

Figuerola, J., Green, A.J., Michot, T.C., 2005. Invertebrate eggs can fly: evidence of
waterfowl-mediated gene flow in aquatic invertebrates. Am. Nat. 165, 274–280.

Giessler, S., 1997. Gene flow in the Daphnia longispina hybrid complex (Crustacea,
Cladocera) inhabiting large lakes. Heredity 79, 231–241.

Gili, M., Monaghan, M.T., Spaak, P., 2004. Amplified fragment length polymorphism
(AFLP) reveals species-specific markers in the Daphnia galeata-hyalina species
complex. Hydrobiologia 526, 63–71.

Haag, C.R., Riek, M., Hottinger, J.W., Pajunen, V.I., Ebert, D., 2005. Genetic diversity
and genetic differentiation in Daphnia metapopulations with subpopulations of
known age. Genetics 170, 1809–1820.

Haag, C.R., Riek, M., Hottinger, J.W., Pajunen, V.I., Ebert, D., 2006. Founder events as
determinants of within-island and among-island genetic structure of Daphnia
metapopulations. Heredity 96, 150–158.

Hairston, N.G., Lampert, W., Caceres, C.E., Holtmeier, C.L., Weider, L.J., Gaedke, U.,
Fischer, J.M., Fox, J.A., Post, D.M., 1999. Lake ecosystems: rapid evolution revealed
by dormant eggs. Nature 401, 446.

Huff, D.R., Peakall, R., Smouse, P.E., 1993. RAPD variation within and among natural-
populations of outcrossing buffalograss [Buchloe dactyloides (Nutt.) Engelm.].
Theor. Appl. Genet. 86, 927–934.

King, C.E., Miracle, M.R., Vicente, E., 1995. Large Hardy-Weinberg equilibrium devi-
ations in the Daphnia longispina of lake El Tobar. Hydrobiologia 307, 15–23.

Lewis, S.S., Klerks, P.L., Leberg, P.L., 2001. Relationship between allozyme genotype
and sensitivity to stressors in the western mosquitofish Gambusia affinis detected
for elevated temperature but not mercury. Aquat. Toxicol. 52, 205–216.

Limburg, P.A., Weider, L.J., 2002. ‘Ancient’ DNA in the resting egg bank of a micro-
crustacean can serve as a palaeolimnological database. Proc. R. Soc. Lond. B Biol.
269, 281–287.
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