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Abstract: Two monophyletic Daphnia species (Daphnia magna and D. similis) were exposed to a sub-
lethal concentration of Pb (50 ug/L) for nine generations under two food regimes (usual and
restricted) and analysed for acetylcholinesterase (AChE) activity, hatching delay and lifespan, and
Net Reproductive Rate (R0) at subcellular, individual and population levels, respectively. At the
sixth generation, Pb acclimated neonates were moved to a clean media for three more generations
to check for recovery. D. magna showed no Pb effect on Net Reproductive Rate (R0). However, Pb
stimulated reproduction, reduced lifespan and decreased AChE activity. Hatching delay and
lifespan did not improve during the recovery process, indicating genetic adaptation. Food
restriction reduced RO, lifespan, delayed hatching, and increased AChE activity; opposite outcomes
were shown for D. similis. Full recovery shown by RO suggests a physiological acclimation of D.
similis. Under food restriction, the animals exhibited a reduction of RO and lifespan, delayed
hatching and increased AChE activity; however, with no Pb effect. The recovery process under food
restriction showed that D. similis might not cope with Pb exposure, indicating failed recovery. Such
outcomes indicate that a model species' sensitivity may not represent another's sensitivity.

Keywords: Multi-generation; Net Reproductive Rate (R0); Hatching delay; lifespan;
acetylcholinesterase.

1. Introduction

Natural ecosystems have been increasingly affected due to xenobiotics' release from
anthropogenic activities. Such substances reach water bodies through multiple sources, such as run-
off, domestic and industrial effluents, leaching from solid wastes, and atmospheric deposition [1].
Once in the aquatic environment, the contaminants may spread through the environmental
compartments and affect aquatic life.

Lead (Pb) is a non-essential metal that can be highly toxic to organisms [2], which is originated
from a set of sources, such as industrial emissions, mining residues, fuels (such as leaded gasoline),
and lead-based paints [3]. Along with Ni, Zn and Cu, Pb is considered a main contaminant from
human activities [4]; it may have natural or anthropic sources. Lead has been found in drinking water,
surface waters, groundwater, soils, and sediments in concentrations capable of causing toxic effects
to exposed organisms, including humans [5]. Pb can cause neurotoxicity in exposed organisms [6],
such as rats, fish and crustaceans, and can also affect organisms' cholinergic neurons [7]. Thus,
acetylcholinesterase activity is frequently used as a neurotoxicity biomarker [8], including for Pb
exposure.

In June 2018, Pb was included in the Candidate List of Substances of very high concern (SVHCs)
by the European Chemicals Agency (ECHA). The Maximum Allowable Concentration (MAC) for Pb
in European countries is not applicable because the Annual Average Value for the Environmental
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Quality Standards (AA-EQS) found in surface waters is 7.2 pg/L [9]. On the other hand, the Brazilian
federal legislation established 50 ug/L as the maximum permitted Pb concentration for freshwater
ecosystems [10].

Microcrustaceans of the genus Daphnia have been used to evaluate the effects of contaminants
(such as Pb) and the quality of waterbodies that receive contaminants' inputs. As daphnids are
primary grazers, a toxic effect on these organisms can display a cascading response which may be
propagated through the food web [11, 12]. Daphnids are model organisms in standardized acute and
chronic toxicity tests [13, 14], widely used worldwide. However, laboratory standard tests, which
often expose organisms for short-term periods, do not adequately assess the long-term effects of
chemicals on natural populations. Thus, exposing organisms for longer periods or multiple
generations may constitute a more representative approach that provides additional information to
support risk assessment [15 - 17].

Individuals from a single or closely related species can respond differently to chemical exposure
[18 — 21]. In this study, two monophyletic daphnid species from two different climatic regions
(Daphnia magna and D. similis, from temperate and tropical regions, respectively) were used to
compare the chronic effects of Pb. In addition, because natural ecosystems may vary in terms of food
quality and quantity on a temporal scale [22] and that nutritional status may influence organisms'
sensitivity to chemicals [23], we evaluated if Pb exposure over nine generations would impact
different levels of biological organization for both of these daphnid species, also considering
differences of food supply. To accomplish our goal, we evaluated the activity of acetylcholinesterase
(AChE) as a low level of organization, hatching delay, lifespan and Net Reproductive Rate (R0), to
derive information from the individual to the population level.

2. Materials and Methods

2.1. Culture maintenance

Daphnia magna and D. similis were maintained in ASTM hard water [24], at 20 + 2 °C and a
photoperiod of 16:8h (light/dark). Organisms were fed with Raphidocellis subcapitata (3x105 cells/mL),
and enriched with an organic extract (Marine seaweed extract, supplied by Glenside Organics Ltd.)
[25]. Media and food were renewed every other day. Neonates from the third to fifth brood (less than
24 h old) were used to start new cultures. Details of both daphnids' cultures are provided in Aratjo
et al. [26, 27].

2.2. Chemical Solutions and Analyses

A stock solution of Pb(NOs): (CAS No. 10099-74-8, 98.5% purity, VWR chemicals®) was
prepared in Milli-Q water and then used for preparing the Pb working solution used to expose the
organisms (50 ug/L). Aliquots of Pb solution were separated, acidified (nitric acid) and then analyzed
by ICP-OES (Horiba Jobin Yvon, Activa M), with no internal standard, to quantify the total Pb
concentrations. These analyses were made in triplicate; certified material was also analyzed (in
duplicate) to ensure optimum chemical recovery during procedures (Inorganic Venture®). A control
(ASTM media) was also evaluated to validate the procedure.

2.3. Multi-generation

The multi-generation test was conducted with nine generations (FO to F9) (Figure 1). Each
generation started with the previous generation's third brood (N3), with neonates younger than 24
hours old. Both species were divided into four treatments, as follows: control with clean ASTM media
with normal food supply regime (consisting of 3x105 cells/mL of algae), control ASTM media with
restricted food supply regime (1.5x105 cells/mL), and the Pb exposed organisms at both normal and
restricted food supply regimes. The treatments comprised three replicates of 20 neonates in one litter
vial each. This set-up was used for generations FO to F6. Then, Pb exposed organisms at generation
F6 were divided into two sets to check for recovery. One of the sets was maintained under Pb
exposure (i.e., exposed to 50 ug/L of Pb), while in the other set, Pb pre-exposed organisms were
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transferred to clean ASTM. These two treatments involved an additional exposure for three
generations (F6 to F9), at their respective food supply treatments. Then, at F0, E3, F6 and F9, several
endpoints were assessed to evaluate the effects of long-term exposure to Pb and subsequent recovery.
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Figure 1. Experimental design of the multi-generation test. F refers to generation and N for brood.
Endpoints evaluated are described in each box (Net Reproductive Rate (R0), Hatching delay, Lifespan
and Acetylcholinesterase (AChE)). Dark arrows indicate Pb exposure and light colour indicates the
recovery period.

2.4. Acetylcholinesterase activity

The AChE enzymatic activity was estimated for all treatments in organisms aged 96h old for
both species at generations F0, F3 and F9. For that, a 96 h period (after birth) was waited, and neonates
from continuous Pb exposure were divided into two sets. In the first set, neonates were kept in
continuous Pb exposure (as Pb exposure treatment) until they reached 96 h old. On the second set,
denominated as Pb (clean96h), neonates (<24 h) from the continuous Pb exposure treatment were
moved to clean ASTM media until they reached 96 h old. This may enable evaluating the AChE
activity of retrieving organisms in a 96 h period. Each replicate consisted of a pool of 15 neonates (96
hours old) frozen with liquid nitrogen in a 1.5 mL microtube until enzymatic analysis. All samples
were homogenized with a phosphate buffer, under a pH of 7.2 and at 0.1 M. Samples were
centrifuged at 6.000 rpm for 5 minutes and at 4°C. The enzymatic activity was estimated as Ellman et
al. [28], and adapted to microplate [8]. Protein quantification to normalize enzymatic activity was
carried out as described in [29], adapted by BioRad's micro-assay and using bovine y-globuline as
standard.

2.5. Net Reproductive Rate (R0)

Daphnid neonates from the first to the fifth brood (N1 to N5) were counted in order to estimate
the Net Reproductive Rate (R0) of all treatments (negative control, Pb exposure and recovery for both
food regimes). Along with the total number of offspring produced (N1 to N5), adult survival was
also recorded to estimate RO, using the formula RO = X (Ix.mx), where Ix represents survival and mx
represents fecundity, as detailed in [30].
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2.6. Hatching delay

The time of the release of the F control first brood (N1) was used to determine the hatching delay
and designate time 0. The time the other treatments took to start producing the first brood was the
delayed (or accelerated) time to start reproducing (hatching delay). Daphnia usually give the first
brood 8-10 days after birth (normal conditions). The hatching delay was evaluated for all treatments
(control and Pb) and food regimes, including the recovery process.

2.7. Lifespan

Daphnids reproduce early and have short lifespans being r-strategists organisms. All treatments
were maintained until "natural” death occurred to estimate the generational Pb effect on daphnids'
longevity. Every day organisms in all treatments (negative control, Pb exposure and recovery for
both food regimes) were checked to search for dead organisms and to estimate organisms' lifespans.
Because the experiments were initiated with individuals less than 24 old, the measurements of
lifespan were reliable.

2.8. Statistical analysis

All endpoints acquired through the multi-generation test were checked for normality
(Kolmogorov—Smirnov) and homoscedasticity (Levene's equal variance test) and the differences
among generations and treatments of each generation were evaluated through a Two-Way Analysis
of Variance (ANOVA). When statistical differences were first highlighted, a post-hoc test (Bonferroni)
was applied (GraphPad Prism®). In order to integrate and highlight associations among variables, a
multivariate Principal Component Analysis (PCA) was made. The multivariate analysis was run with
the help of SPSS® software.

3. Results

3.1. Chemical analyses

In the chemical analysis, the certified material evaluated had >80% of the recovery. In the ASTM
control, the concentrations were below the limit of quantification (LOQ) for Pb, which was 25 ug/L.
In the stock solution, the measured Pb concentration was within 103% of the nominal added value of
46.54 mg/L. For the multi-generation test, the measured Pb concentration was within 108% of the
nominal added value of 50 pg/L of Pb.

3.2. Acetylcholinesterase activity (AChE)

The result of the two-way ANOVA for the AChE activity is shown in Table S1. Control D. magna
presented higher AChE activities among generations F3 and F9 than FO organisms (Figure 2a).
Among treatments, control showed higher enzymatic activity than continuous Pb exposure, but
similar to that exhibited by Pb (clean96h) organisms (Pb exposed neonates moved for 96h to a clean
ASTM media). Under food restriction, no differences among treatments were shown; however, all
treatments at generation F9 presented an enhanced AChE activity compared to FO (Figure 2b).

Control and Pb treatment D. similis presented increased AChE activity throughout generations,
differing from FO at generation F9 (Figure 2c). Both treatments also had higher enzymatic activity
than Pb (clean96h) organisms (F9). Food restriction showed a similar outcome for control and Pb
treatment (Figure 2d). However, Pb (clean96h) organisms enhanced AChE activity from F3 to F9 and
exhibited no statistical difference among treatments.
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Figure 2. Acetylcholinesterase activity of Daphnia magna (a and b) and Daphnia similis (c and d) under
continuous exposure to negative control (ASTM) and Pb exposure in two different food regimes
(8x105 and 1.5x10° cells/mL). Additionally, Pb (clean96h) daphnids were also assessed and referred to
a 96h exposure to clean media after Pb continuous exposure. Generations in the X axis are marked
with a 1) black circle for those statistically different from F0, in the control treatment, 2) a black square
for those statistically different from F0, in Pb treatment and 3) a grey diamond for those statistically
different from FO in all treatments (Bonferroni, p<0.05). Letters indicate the statistical difference
between treatments within the same generation, being (a) for Pb vs. control, (d) for Pb vs. Pb
(clean96h) and (e) for Pb (clean96h) vs. control (Bonferroni, p<0.05).

Regarding recovery, organisms of both species with normal food supply presented increased
variations among treatments than organisms under food restriction. Recovery D. magna (normal food,
F9) showed enhanced AChE activity compared to FO and to both Pb treatments (Pb and Pb (clean96h))
(Figure 3a). Under food restriction, no difference among treatments was spotted; however, recovery
organisms presented a significantly higher enzymatic activity than FO (Figure 3b). Recovery D. similis
(normal food) presented a lower enzymatic activity when compared to control organisms (Figure 3c).
Under food restriction, different outcomes are shown, and no difference among treatments or
generations was indicated (Figure 3d).
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Figure 3. Acetylcholinesterase activity of Daphnia magna (a and b) and Daphnia similis (c and d) under
continuous exposure to the negative control (ASTM) and Pb, a clean media (Pb (clean96h)) for 96 h
after Pb pre-exposure, and in a recovery exposure (3 generations in clean media) after Pb pre-
exposure, in two different food regimes (3x10° and 1.5x10° cells/mL). Generations in the X-axis are
marked with a grey triangle when recovery treatment presented a difference from FO (Bonferroni,
p<0.05). Letters indicate the statistical difference between treatments within the same generation,
being (a) for Pb vs. control, (b) for recovery vs. control and (c) for Pb vs. recovery, (d) for Pb vs. Pb
(clean96h), (e) for Pb (clean96h) vs. control and (f) for recovery vs. Pb (clean96h) (Bonferroni, p<0.05).
Data presented for control and Pb are the same as in Figure 7, just for comparison.

3.2. Net Reproductive Rate (R0)

Regarding the Net Reproduction Rate (R0), the statistical analysis results are shown in Table S2.
The quality criteria (> 60 total neonates/female) [14] was achieved for the control treatment at every
generation kept under a normal food regime. Under food restriction, the controls of both species
produced lower offspring quantity than the minimum recommended by OECD at generations F6 and
F9. The mean reproductive rate of D. magna maintained with a normal food regime decreased through
generations in both control and Pb exposure treatments, with FO values statistically higher than in F6
and F9 (Figure 4a). In addition, no differences between treatments were attained. Under food
restriction (Figure 4b), RO decreased drastically, with both treatments (control and Pb exposure)
different from FO0 at generations F6 and F9.

D. similis showed a lower RO in comparison to D. magna, with averages of 82 and 120 (F0)
neonates per living female, respectively. Control D. similis (normal food) showed a reduction of RO
at generation F6, compared to FO (Figure 2c). Continuous Pb exposure decreased RO at generation F9
compared to control treatment and generation FO. No difference among treatments was shown for D.
similis under food restriction (Figure 2d); however, both treatments presented reduced RO at
generations F6 and F9 compared to FO.
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Figure 4. Net Reproductive Rate (RO) of Daphnia magna (a. and b.) and Daphnia similis (c. and d.) under
continuous exposure to the negative control (ASTM) and Pb, in two different food regimes: 3x10°
cells/mL (left graphs) and 1.5x10° cells/mL (right graphs). Generations shown on the X axis are marked
with a 1) black circle for those statistically different from F0, in the control treatment, 2) a black square
for those statistically different from F0, in Pb treatment and 3) a grey diamond when all treatments
(ASTM, Pb and recovery) presented difference in comparison to FO (Bonferroni, p<0.05). Letters
indicate the statistical difference between treatments within the same generation, being (a) for Pb vs.

control (Bonferroni, p<0.05).

Regarding the recovery period, D. magna (normal food regime) presented no statistical
difference towards other treatments (control and Pb exposure); however, a lower RO was shown for
both F6 and F9 when compared to FO (Figure 5a). Under food restriction (Figure 5b), recovering D.
magna showed an enhanced RO compared to control organisms at generation F6, a pattern not
maintained at generation F9, as this treatment was similar to both control and Pb treatments.
Regarding generations, F6 and F9 indicated a statistically lower RO than FO.

Recovering D. similis (normal food) showed no statistical divergence among generations
(compared to FO) (Figure 5c). Organisms from the recovery period presented a higher RO than Pb
exposure at generation F9, but similar to F9 control. Under food restriction, no difference is shown
among treatments (control, Pb and recovery period), but a lower RO was shown for generations F6

and F9 compared to FO (Figure 5d).
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Figure 5. Net Reproductive Rate (R0) of Daphnia magna (a. and b.) and Daphnia similis (c. and d.)
exposed to control media, Pb continuous exposure, and the recovery period in two different food
regimes: 3x10° cells/mL (left graphs) and 1.5x10° cells/mL (right graphs). Generations in the X axis are
marked with a grey diamond when recovery treatment presented a difference from FO (Bonferroni,
p<0.05). Letters indicate the statistical difference between treatments within the same generation,
being (a) for Pb vs. control, (b) for recovery vs. control and (c) for Pb vs. recovery (Bonferroni, p<0.05).
Data presented for control and Pb are the same as in Figure 4, just for comparison.

3.3. Hatching delay

The hatching delay is the difference, in days, that organisms took to give the first brood (N1),
compared to FO, and the respective results are detailed in Table S3. Usually, daphnids started
producing N1 at the age of eight to ten days (normal conditions); thus, the delayed days were counted
from that starting point (time for 1st brood for FO control organisms, being eight days for D. magna
and nine days for D. similis). Neonates from control D. magna (normal food) were delayed at F9, in
comparison to FO and to continuous Pb exposure (Figure 6a). Under food restriction, F9 control and
Pb exposed daphnids were delayed compared to F0, but no statistical difference among treatments
was shown (Figure 6b).

No difference was shown for D. similis (normal food) regarding FO or treatments (Figure 6c).
Under food restriction, control D. similis gradually delayed hatching through generations, being
statistically different (taking longer to hatch) than Pb treatment at generation F9. Both treatments
delayed hatching N1 neonates at generation F9 compared to FO (Figure 6d).
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Figure 6. Hatching delay of Daphnia magna (a and b) and Daphnia similis (c and d) under continuous
exposure to the negative control (ASTM) and Pb, in two different food regimes (3x10° and 1.5x10°
cells/mL). Generations in the X axis are marked with a 1) black circle for those statistically different
from FO, in control treatment and 2) a gray diamond for those statistically different from FO in all
treatments (Bonferroni, p<0.05). Asterisk (¥) indicate the statistical difference between treatments at
each generation (Bonferroni, p<0.05). The dotted line close to the axis determines the standard
deviation for FO control.

Recovering D. magna (normal food) showed no statistical difference with FO. However, a
statistically different (stimulated) reproduction was seen for recovering organisms compared to F9
control (Figure 7a). Under food restriction, the hatching delay of D. magna during the recovery period
did not show statistical differences among treatments (control and Pb exposure), reproduction was
delayed at F9 in comparison to FO (Figure 7b). D. similis (normal food) showed no significant
variations regarding treatments (control and Pb exposure) or generations (compared to F0) (Figure
7c). Under food restriction, however, recovering organisms presented a delayed reproduction at F9
compared to FO. Among treatments, the 1st reproduction of recovering organisms was similar to that
shown by organisms under Pb exposure but differed from F9 control organisms, which presented a
significantly delayed reproduction (Figure 7d).
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Figure 7. Hatching delay of Daphnia magna (a and b) and Daphnia similis (c and d) exposed to control
media, Pb continuous exposure, and the recovery period under two food regimes (3x10° and 1.5x10°
cells/mL). Generations in the X axis are marked with a grey triangle when recovery treatment
presented a difference from FO (Bonferroni, p<0.05). Letters indicate the statistical difference between
treatments within the same generation, being (a) for Pb vs. control and (b) for recovery vs. control
(Bonferroni, p<0.05). Data presented for control and Pb are the same as in Figure 6, just for
comparison. The dotted line close to the axis determines the standard deviation for FO control.

3.4. Lifespan

Organisms' lifespan was investigated to evaluate the effects of Pb exposure on daphnids'
longevity, and the results of statistical analyzes are shown in Table S4. Control D. magna (normal
food) reached ages ranging from 83 to 119 days (FO to F9, respectively), with control organisms from
generations F6 (100 d) and F9 (119 d) presenting statistically longer longevity in comparison to FO (86
d) (Figure 8a). D. magna under continuous Pb exposure had their lifespan significantly reduced from
FO to F9 (from 83 to 69 days, respectively). Pb exposed organisms from F6 and F9 presented
statistically shorter lifespans than the respective controls from each generation. Under food
restriction, such outcomes varied (Figure 8b). Control organisms presented an enhanced lifespan at
generation F6 (110 days), which was higher than that exhibited by organisms from the F6 Pb
treatment; however, the lifespan of control organisms decreased (from F6 to F9), presenting similar
values as F9 Pb exposed organisms (85 days). F9 control treatment differed statistically (lower) from
FO. Continuous Pb exposure exhibited lifespan reduction from FO through F9 (103 to 82 days,
respectively).

Regarding D. similis, control organisms under normal food presented an increased lifespan,
ranging from 84 (F0) to 112 (F6) days (Figure 8c). The lifespan of Pb exposed organisms did not exhibit
significant variations among generations, considering the group with a normal food regime. Under
food restriction (Figure 8d), control organisms showed increased lifespan at F6 (113 days), the only
generation significantly different from FO and Pb exposed organisms. However, Pb treatment
reduced the lifespan through generations (From 102 days for FO to 83 days for F9), being lower than
FO at generations F6 and F9.
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Figure 8. Lifespan of Daphnia magna (a and b) and Daphnia similis (c and d) under continuous exposure
to the negative control (ASTM) and Pb, in two different food regimes (3x10° and 1.5x10° cells/mL).
Generations in the X axis are marked with a 1) black circle for those statistically different from F0, in
the control treatment, 2) a black square for those statistically different from F0, in Pb treatment and 3)
a grey diamond for those statistically different from FO in all treatments (Bonferroni, p<0.05). Asterisk
(*) indicate the statistical difference between treatments at each generation (Bonferroni, p<0.05).

During the organisms' recovery period, D. magna (normal food) lifespan decreased from 99 (F6)
to 86 days (F9); the lifespan of generation F6 was higher than FO (Figure 9a). Among treatments, the
recovery period showed the opposite outcome and the control had a lower lifespan; however, it was
still higher than the continuous Pb exposure (F9). Under food restriction, recovery period organisms
showed no significant statistical difference towards other treatments (control and Pb exposure). They
followed the same pattern as control, exhibiting a decreased lifespan from F6 to F9 (not shown by Pb
treatment, which kept stable from F6 to F9). However, a decreased lifespan at generation F9 in
comparison to F0 is shown (Figure 9b).

Recovering D. similis (normal food) reduced lifespan from F6 to F9 (114 to 82 days, respectively).
At generation F6, recovering D. similis presented a statistically higher lifespan than continuous Pb
exposure and FO organisms (Figure 9c). A similar pattern (reduced lifespan) was shown under food
restriction, with values ranging from 97 (E6) to 69 (F9). The recovery period lifespan was statistically
shorter than control but longer than that exhibited by Pb treatment at generation F6, being lower than
both treatments (control and Pb exposure) and also from FO at generation F9 (Figure 9d).
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Figure 9. Lifespan of Daphnia magna (a and b) and Daphnia similis (c and d) exposed to control media
and Pb continuous exposure for several generations, and in a recovery exposure (clean media) after
Pb pre-exposure, under two food regimes (3x10° and 1.5x10° cells/mL). Generations in the X-axis are
marked with a grey triangle when recovery treatment presented a difference from FO (Bonferroni,
p<0.05). Letters indicate the statistical difference between treatments within the same generation,
being (a) for Pb vs. control, (b) for recovery vs. control and (c) for Pb vs. recovery (Bonferroni, p<0.05).
Data presented for control and Pb are the same as in Figure 8, just for comparison.

3.4. Principal Component Analysis (PCA)

The PCA extracted two factors responsible for the variances (Table 1). Regarding endpoints
evaluated, PC1 and PC2 together explained 83.88% of variances. PC1 (56.97% of explained variables)
is associated with the hatching delay of both species and food regimes, and also neurotoxicity (AChE
activity) under both food regimes and life expectancy (lifespan) under usual food for D. similis. The
RO of both species (both food regimes) indicated a negative (inverse) correlation to PC1, together with
the life expectancy of D. magna (food restriction).

In turn, PC2 explained 26.9% of the variables with D. magna responses being related to AChE
while D. similis was associated with life expectancy, both under food restriction. A negative
association was shown for AChE of D. magna and the hatching delay of D. similis (both under normal
food).

Among treatments, the PCA showed that variables from FO are mainly negatively associated
with PC1. F9 control reveals a weak association with PC1, while F9 Pb exposure and recovery period
show a positive (more relevant) association with PC1. F9 control positively associates with PC2, while
F9 Pb exposure indicates an inverse association.
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Table 1. Principal Component Analysis (PCA) integrating Daphnia magna and Daphnia similis
endpoints (Net Reproductive Rate (RO), Lifespan, Hatching delay and Acetylcholinesterase (AChE))
exposed to control media and Pb continuous exposure for several generations, and a recovery period
(clean media) after Pb pre-exposure, under two food regimes (3x10° and 1.5x10° cells/mL). A cut-off
value of >0.5 was used.

Eigenvalues
Total % of Variance Cumulative %
9.116 56.97 56.97
2 4.305 26.90 83.88
Component
PC1 PC2
AChE (D. similis)_restricted 0.995
Ro (D. magna)_restricted -0.961
Lifespan (D. magna)_restricted -0.923
Hatch. delay (D. similis)_restricted 0.914
AChE (D. similis) 0.898
Hatch. delay (D. magna)_restricted 0.892
Lifespan (D. similis) 0.891
Ro (D. similis) -0.888
Ro (D. magna) -0.864
Hatch. Delay (D. magna) 0.683
AChE (D. magna) -0.959
AChE (D. magna)_restricted 0.956
Lifespan (D. similis)_restricted 0.919
Hatch. Delay (D. similis) 0.652 -0.752
Lifespan (D. magna)
Ro (D. similis)_restricted -0.515
Scores
PC1 PC2
FO -1.428
Control (F9) 1.496
Pb_exposure (F9) 0.785 -0.603
Recovery period (F9) 0.582

4. Discussion

4.1. Population effects on control over generations (FO vs. F9 control)

Comparing generations FO and F9 control, the F9 control D. magna (normal food) presented
lower RO and delayed hatching, lifespan and AChE activity compared to FO. All endpoint fluctuations
observed to D. magna (normal food) when comparing FO to F9 under control conditions may be
considered a natural fluctuation since no variation occurred in exposure conditions. RO reduction and
hatching delay can be linked outcomes [31], as well as late reproduction and increased lifespan (trade-
off between reproduction and lifespan) [18]. Reduced RO and increased lifespan can be related
endpoints, where a higher investment in reproduction may enhance oxidative stress, consequently
reducing organisms' lifespan [32, 33]. The relationship between enhanced lifespan and AChE activity
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is known, as the increased enzymatic activity stimulates homeostasis and enhances survival [34]. In
humans, AChE activity may increase with age [12] and, in other organisms (such as D. magna), may
be linked with high protein content [35]. Natural enzymatic fluctuations have already been shown,
and Toumi et al. [36, 37] observed different AChE activities among Daphnia strains and a high
variability of protein quantities (0.72 to 8.9 nmol/min/mg) among control organisms from the same
strain.

An opposite outcome was shown under food restriction, where control D. magna exhibited a
reduced lifespan. However, similar results to normal food regime occurred, such as the reduction of
RO, delayed hatching, and enhanced AChE activity (F9 compared to F0). The OECD's quality criteria
for control organisms (>60 neonates/female) was not achieved under food restriction [14]. Schwartz
et al. [38], based on experiments with D. pulex, stated that individuals supplied with larger quantities
of food tend to increase reproduction and lifespan, the opposite occurring under food restriction. A
moderate calorie restriction enhances lifespan; however, a heavy or long period of food impairment
could lead to a reduced lifespan [39]. The increased delay in reproduction shown by normal food
regime daphnids (F9 compared to FO) was maintained under food restriction. Frost et al. [40] showed
that D. magna delayed reproduction and slowed growth when kept under a poor food experience.
Regarding food regimes and neurotoxicity, Toumi et al. [36, 37] suggested that, among other factors,
the quality and quantity of food may also affect AChE activity.

Differently from the control D. magna, control D. similis (normal food) among generations
presented similar results in time as FO organisms, except for AChE activity (FO showed lower
activities). Since no changes were made in the organisms culturing, the observed AChE fluctuation
can be considered natural [36, 37]. On the other hand, food restriction affected the D. similis control
treatment outcomes among generations; organisms showed reduced RO and delayed hatching and,
as well as usual food, enhanced AChE activity (F9 in comparison to F0). Stige et al. [41] indicated that
at high food regime, reproduction starts earlier, and neonates' growth is enhanced, leading to a higher
RO. D. magna and D. similis exhibited similar outcomes under food restriction, except for the decreased
lifespan of D. magna. Corroborating with D. similis outcome, D. pulicaria exhibited a lack of lifespan
divergence between normal and restricted food [42]. Kim et al. [43] evaluated D. pulex and D. pulicaria,
suggesting that daphnids have unique physiological mechanisms to respond to food restriction and
that lifespan variations may be genotype-dependent. Regarding enzymatic activity, Xuereb et al. [44]
studied the behavioral consequences of AChE inhibition in Gammarus fossarum and suggested a
correlation between AChE inhibition and feeding and swimming impairment.

However, both species and food regimes present different outcomes, with D. magna presenting
outcome oscillations from FO to F9, while D. similis shows no variance towards FO (except for
increased AChE activity). Under food restriction, both species showed similar responses for R0 and
hatching, as expected in environments with low nutrient resources [45]. However, species diverged
regarding lifespan, similar to that observed by [42] for Daphnia pulex (enhanced lifespan in reduced
diet) and D. pulicaria (no difference regarding food regime).

4.2. Multi-generation Pb exposure

D. magna continuously exposed to Pb (normal food) triggered a lower RO and lifespan than FO.
However, the RO of Pb exposed organisms was similar to the control (all generations), indicating that
Pb did not cause this increase, and thus it was probably a natural fluctuation. A similar result was
found by [46], who observed a lack of effect on D. magna's reproduction in an eight-generational Cd
(60 pg/L) exposure. Gust et al. [47] observed that the reproduction of D. magna exposed to a
concentration of 236 ug/L of Pb was not affected either at low (1.8 x 105 cells/mL) or high (3.6 x 10°
cells/mL) food concentration (R. subcapitata); however, they observed that the organisms fed with
fewer quantities of algae produced fewer neonates. Nevertheless, continuous Pb exposure reduces
organisms' lifespan (control higher than Pb treatment at generations F6 and F9) and induces early
reproduction. Low-level toxicity can reduce lifespan, and this may trigger an early reproduction
investment [48], i.e. selecting individuals who start reproducing earlier; a similar result was reported
by [49], as D. magna maintained with high amounts of food was "protected" against Cd exposure,
exhibiting early reproduction and larger body size. Reduced lifespan and earlier reproduction of D.
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magna exposed to low concentrations of chromium and nickel were reported by Coniglio and Baudo
[50] and Miinzinger [51], respectively.

Reduction of AChE activity was observed in organisms from Pb treatment compared to control
and Pb (clean96h) at F9. Decreased AChE activity was found in the mollusk Corbicula sp., the
earthworm Eisenia fetida and the fish Brachydanio rerio exposed to Pb [52]. A recovery of AChE activity
in D. magna after exposure to insecticides was reported [34], and in the Atlantic salmon (Salmo salar)
exposed to fenitrothion [53], the crabs Barytelphusa guerini exposed to chlorpyrifos [54], and the
freshwater shrimp Paratya australiensis exposed to profenofos [55].

D. magna from continuous Pb exposure under food restriction showed similar results to Pb
exposed organisms kept with normal food regime (decreased RO and lifespan). However, different
outcomes also exhibited delayed hatching and increased AChE activity (Pb exposure compared with
F0). Because no differences among treatments were spotted at generation F9 (for any of the evaluated
endpoints), such results suggest that Pb exposure did not affect D. magna under food restriction at
the experimental concentrations used. As treatments (control and Pb exposure) did not diverge, the
condition that varied between F0O and F9 was the food amount. The varying outcomes probably were
due to food restriction, which is known for negatively affecting the reproduction of daphnids [23, 41,
43, 56]. AChE activity of control among generations and Pb treatment did not differ, similar to the
findings of Guilhermino et al. [8] when studying Cd-exposed D. magna. In our study, food restriction
enhanced F9 organisms' AChE activity (compared to FO).

Pb exposed D. similis (normal food) for generations showed a reduction of R0 and an increase of
AChE activity compared to FO. Differently from D. magna, Pb exposed (F9) organisms' R0 was lower
than the F9 control treatment, indicating the effects of Pb on the reproduction of D. similis. Previous
studies showed the reproduction impairment of daphnids exposed to Ni in a seven-generation study
[51] and Pb [57, 58]. The AChE activity of F9 Pb treatment D. similis also presented a different response
than that of D. magna, presenting a higher AChE activity for F9 Pb treatment when compared to F9
Pb (clean96h), indicating failed recovery. Printes and Callaghan [59] compared the AChE activity of
both D. magna and D. similis and attributed such differences to genotype's distinctions. Increased
AChE activity was also found in the mussel Perna perna exposed to Pb [60], yet fish failed to recover
AChE activity after one week in clean medium [53].

Under food restriction, Pb treatment (among generations) D. similis decreased R0 and lifespan
and delayed hatching while increasing AChE activity, compared to FO. Unlike normal food D. similis,
Pb exposure did not affect R0, similar to the control (all generations). This suggests that the lower
reproduction (compared to FO) was due to food restriction, as previously reported to D. similis [61].
Guan and Wang [62] also observed reproduction impairment after six-generation of food restriction
and Cd (3 ug/L) exposure. Comparing D. similis with normal and restricted food, it is clear that food
quantity influences organisms' sensitivity to Pb, corroborating similar results obtained for daphnids
exposed to Pb [63] and Cd [49]. Regarding hatching delay, F9 control organisms exhibited delayed
reproduction compared to F9 Pb treatment, indicating that Pb (combined with food restriction)
induced early reproduction. This outcome is contrary to that exhibited by D. magna under food
restriction. Pieters and Liess [64] suggested that low maternal food may accelerate the beginning of
reproduction. This is an important outcome because organisms from natural ecosystems usually are
under food restriction [45], and when this condition is combined with Pb exposure, D. similis starts
reproducing early while D. magna presents an opposite response. Thus, using D. magna (temperate
model species) to estimate D. similis (tropical) response to chemicals and vice-versa may not be
appropriate. Despite the difference between generations, F9 Pb exposure lifespan and AChE did not
differ from F9 control, indicating that the decreased lifespan and enhanced AChE activity probably
was due to food restriction. Chandini [45] observed a reduction of daphnids' lifespan after Cd
exposure combined with food restriction, while other authors reported diminished lifespan of
organisms under food restriction [38, 42, 43].

4.3. Recovery from chemical exposure

Recovering D. magna (normal food) presented lower RO and higher AChE activity than FO

organisms. However, RO in recovering organisms did not differ from control or Pb treatments (F9),
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indicating a natural fluctuation, as previously stated in this study. The hatching delay of recovering
D. magna was similar to Pb treatment but lower than control (F9), suggesting an accelerated
reproduction of pre-exposed organisms (failed recovery). A similar result was observed by Agra et
al. [65], who found that mine drainage resistant D. longispina started reproducing earlier under Cu
exposure. The recovery period lifespan reached an intermediary value between F9 control and Pb
exposure, suggesting that the recovery period was not long or effective enough to achieve control
conditions. Reduced lifespan of daphnids due to chemical exposure was previously reported to
methylmercury [66], Zn and Cu [67] and Cd [45] exposure. Regarding the recovery period, Schultz et
al. [68] found a concentration-dependent lifespan reduction of nematodes (Caenorhabditis elegans)
exposed to Ag and Ag-nanoparticles. Also, they stated that the responses were more closely related
to the last exposed generation than the control, as happened for D. magna in this study.

Organisms can adapt to chemical exposure through physiological acclimation or genetic
adaptation. Recovering organisms exhibiting outcomes that diverge from control may indicate
genetic adaptation. The difference between genetic adaptation or physiological acclimation is that
when organisms genetically adapt to a chemical exposure, they do not recover similarly to control
(or to the condition exhibited previously to the exposure). At the same time, when they
physiologically acclimate, a full recovery is shown, and outcomes tend to be similar to control and
the conditions prior to the exposure [69].

Enhanced AChE activity was shown by recovering D. magna (higher than F9 Pb and Pb
(clean96h) treatments. F9 control and Pb (clean96h) presented similar enzymatic activity, indicating
that the organisms can recover after 96 h in a clean medium. However, recovering D. magna (three
generations in clean medium) presented the highest AChE activity, which was statistically different
from F9 Pb and Pb (clean96h) and not from F9 control; this suggests that time has a crucial role when
it comes to organisms' depuration. Morgan et al. [53] evaluated AChE of fish and observed that
recovery started one week after the end of the chemical exposure, and fully recovery occurred after
six weeks in a clean medium.

Under food restriction, recovering D. magna had lower RO and lifespan, delayed hatching, and
higher AChE activity compared to F0. Although endpoints differ between generations, no statistical
difference was shown among treatments. Thus, such variations were probably caused by the food
restriction, as discussed in this paper. Food restriction also affected RO, lifespan [23, 43] and caused
delayed reproduction [41].

In turn, recovering D. similis (normal food) endpoints were similar to FO organisms (and F9
control treatment). RO of recovering D. similis was higher than F9 Pb treatment and similar to F9
control, indicating that organisms could recover. The enhanced RO of recovering organisms
(compared to F9 Pb treatment) could compensate for the Pb pre-exposure [19]. Daphnia recuperation
is time and chemical concentration dependent, and successful recovery was already reported in other
studies [70, 71]. The enzymatic activity of recovering D. similis was lower than F9 control and Pb
treatments; however, it was similar to Pb (clean96h), indicating that organisms did not fully recover
for AChE activity, as previously shown in the literature [7, 53]. A significant highlight is that F9
control and Pb treatments did not diverge for AChE activity while recovering organisms (both Pb
(clean96h) and recovery period) presented lower AChE activity. Such results indicate a divergence
of recovering process among D. similis and D. magna (enhanced AChE activity than Pb (clean96h)).

On the other hand, under food restriction, D. similis from the recovery period presented similar
results as D. magna (reduced RO and lifespan and delayed hatching) compared to F0. Although the
RO of recovering organisms was decreased compared to F0, it did not differ from F9 control nor Pb
treatment, probably due to food restriction. Reduced reproduction and lifespan due to food
restriction on recovering organisms were previously shown in the literature [31, 38, 40]. The hatching
delay of recovering D. similis was similar to F9 Pb treatment; both presented an accelerated
reproduction compared to F9 control. As previously reported for other metals, food restriction and
Pb exposure resulted in a shorter lifespan for D. similis (compared to F9 control and Pb treatments)
[48, 50, 51].

4.4. Principal Component Analysis (PCA) evaluation
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The PCA confirmed the results obtained for the individual variables. FO variables presented
opposite trends than F9 treatments (control, Pb and recovery period). Such an outcome was
demonstrated by the inverse correlations to PC1 (FO negative and F9 positive). This result evidences
the crucial effect of food restriction on daphnids for many generations since all treatments from F9
(including control) diverged from generation FO.

As previously discussed, RO, hatching delay, lifespan and AChE activities of both species under
food restriction differed in FO from F9 (control, Pb and recovery period), except for the lifespan of D.
magna (F9 control) and the AChE of D. similis (F9 Pb (clean96h) and recovery period). According to
the PCA, it can be inferred that generation FO indicated a higher association with RO while F9 Pb
exposure and recovery period indicated an association with hatching delay (both species) and AChE
of D. similis.

The inverse association of PCA regarding reproductive outputs (RO and hatching delay) of both
species and food regimes may be due to an association of low RO to delayed reproduction, indicating
that the number of neonates produced (from brood N1 to N5) was reduced when females delayed
reproduction, as previously discussed. The survival expectancy of both species was also associated
with reproductive outputs (with hatching delay for D. similis and RO for D. magna), as well as the
AChE activity of D. similis, which related to reproductive outputs (at both food regimes) and survival
expectancy (normal food). Diminished R0 was related to increased AChE activity, similar to D. magna
exposed to the insecticide Guadipyr [72].

4.5. Daphnia magna vs. Daphnia similis

Food restriction triggered similar reproductive outputs on both species (decreased R0 and
reproduction delay). However, both species differ regarding lifespan (F9 control), with D. magna
reducing its lifespan while D. similis was unaffected for this endpoint. Regarding F9 Pb exposure,
both species were affected, with D. magna exhibiting a more evident response; Pb exposed D. similis,
in turn, had reduced R0 (compared to F9 control). Under food restriction, both species showed similar
responses (shorter lifespan) and only diverged for the hatching delay, as Pb induced D. similis
reproduction. The recovery period (normal food) presented many disparities between species. D.
similis RO was fully recovered, indicating a physiological acclimation. On the other hand, D. magna
seemed to have genetic adaptation, as this species presented early reproduction (as well as Pb
treatment) and a failed recovery. Both species also differed regarding AChE activity: D. magna was
able to recover (similar to F9 control but higher than Pb and Pb (clean96h)), while the AChE activity
of D. similis failed to recover after three generations. Under food restriction, the recovery process of
D. magna showed no divergence among treatments for all endpoints evaluated, indicating that all the
observed responses were due to food restriction. D. similis, however, showed shortened lifespan after
Pb exposure and accelerated reproduction, indicating a failed recovery (genetic adaptation).
Therefore, this study shows that some caution should be taken when using daphnids of different
regions (temperate and tropical) to establish sensitivity to pollutants since differences were observed
between D. similis and D. magna. Further investigation (bioaccumulation, epigenetics and gene
expression) should be accomplished to reassure the physiological or genetic element of organisms'
recovery process.

Supplementary Materials: Table S1: Two-way ANOVA results testing for effects of treatments (Control, Pb
exposure and recovery period) and among generations (FO to F9) of both Daphnia magna and Daphnia similis
and their interaction regarding the acetylcholinesterase activity (AChE). Indicating the sum-of-squares (SS),
degrees of freedom (DF), mean squares (MS), the F ratio (F) and the P value (0<0.05). Table S2: Two-way
ANOVA results testing for effects of treatments (Control, Pb exposure and recovery period) and among
generations (FO to F9) of both Daphnia magna and Daphnia similis and their interaction regarding the Net
Reproductive Rate (Ro). Indicating the sum-of-squares (SS), degrees of freedom (DF), mean squares (MS), the F
ratio (F) and the P value (0<0.05). Table S3: Two-way ANOVA results testing for effects of treatments (Control,
Pb exposure and recovery period) and among generations (FO to F9) of both Daphnia magna and Daphnia similis
and their interaction regarding hatching delay. Indicating the sum-of-squares (SS), degrees of freedom (DF),
mean squares (MS), the F ratio (F) and the P value (0<0.05). Table S4: Two-way ANOVA results testing for
effects of treatments (Control, Pb exposure and recovery period) and among generations (FO to F9) of both
Daphnia magna and Daphnia similis and their interaction regarding lifespan. Indicating the sum-of-squares (SS),
degrees of freedom (DF), mean squares (MS), the F ratio (F) and the P value (a<0.05).
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