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Abstract

Anthropogenic activities commonly relate to a set of diffuse and point contamination sources, from
industrial, domestic or agricultural outputs, characterized by a chemical cocktail exposure and
consequent disturbances of natural ecosystems. Different species may present different sensitivities to
contaminants, even when phylogenetically close. This study used two monophyletic Daphnia species
from tropical and temperate environments, Daphnia similis and Daphnia magna respectively, to
evaluate the variation of their sensitivity to Pb (if any) and fitness during a multi-generational
exposure and recovery. To accomplish that, standard acute immobilization tests were done on specific
generations. Tests were carried out with exposures to 1) potassium dichromate (K,Cr,O-) to evaluate
organisms’ sensitivity/fitness, 2) Pb, to monitor variation on Pb sensitivity and 3) the fungicide
mancozeb, providing a pulse toxicity approach on generational Pb acclimated daphnids. Since growth
is an important trait related to organisms’ fitness, organisms’ size measurements were also monitored.
In addition, organisms were maintained under two different dietary regimes. Our results indicate no
variation on daphnids sensitivity to K,Cr,O,, except for D. similis from a recovery period under food
restriction. However, a lower Pb sensitivity was seen for both species throughout generations. Both
species also showed that under food restriction neonates’ size were larger than those kept under
regular food, while reproduction was considerably reduced. Food restriction also generated opposite
outcomes on both species, such as D. magna epigenetic changes and D. similis phenotypic
acclimation to Pb. Besides, D. magna pre-exposed to Pb presented lower sensitivity to mancozeb,
while the contrary was shown by D. similis. This study indicates that daphnids are capable of
acquiring a lower sensitivity to Pb across a long-term exposure, and that Pb pre-exposure can affect
the sensitivity to other chemicals. Also, different patterns in multi-generational responses from
monophyletic species (especially under oligotrophic media, common on natural habitats)
acknowledges the use of representative or native species to assess the effect of contaminants, since

monophyletic species can provide different toxicity outputs.
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1. Introduction

The human population keeps on an exponential increase trend and so it does the demand for
manufactured products, automobiles and food. This higher demand increases the use of a wide range
of chemicals such as metals, hydrocarbons, pesticides and pharmaceuticals. Lead (Pb) is a
nonessential metal (Jaishankar et al., 2014) with no known biological function which is capable of
being very harmful to natural biota (Stokes et al., 1985). Nearly 95% of Pb emitted to the ecosystem
is of anthropogenic source (Abrahim and Parker, 2002) including leaded gasoline, lead based paints,

mining residues and others (Jartun et al., 2008). This metal is known to cause neurotoxicity (e.g.



(Reddy et al., 2003)), renal dysfunction and enzymatic inhibition (e.g. (Hernandez-Flores, S. and
Rico-Martinez, 2006)). It was recently added (June of 2018) to the Candidate List of substances of
very high concern (SVHCs) by the European Chemicals Agency (ECHA). The World Health
Organization (WHO) stablished the limit of Pb for drinking water as 10 pg/L (WHO, 2011), which is
also followed by the European Union; for surface waters the European Union applies the Annual
Average Value for the Environmental Quality Standards (AA-EQS) of Pb of 7.2 pg/L (European
Parliment, 2008). The Brazilian federal legislation allows a 50 pg/L of Pb as the maximum
concentration permitted (Brasil, 2005) for freshwater bodies.

The growth of human population also increases the demands for food, leading to the
expansion, intensification and mechanization of agricultural practices and consequently raising the
use of pesticides, insecticides and fungicides. Mancozeb is a worldwide used fungicide belonging to
the dithiocarbamate group (Kubrak et al., 2012) which is applied on several crops like orchards and
vineyards (Morgado et al., 2016), fruit plants, flowers and ornamental trees (Calviello et al., 2006). It
can also develop neurotoxicity (e.g. (Axelstad et al., 2011)) and trigger negative effects on the
reproductive, endocrine and immune systems of the exposed organisms (e.g. (Tsang, M. M. and
Trombetta, 2007)). For human hazard assessment, according to FAO/WHO, the acceptable daily
intake (ADI) for humans is 0.05 mg/Kg/day for mancozeb, while for the environmental hazard a No
Observed Effect Concentration for D. magna (NOEC) for this compound was established as 0.0073
mg/L (European Commission, 2009). The predicted environmental concentration (PEC) of mancozeb
proposed by the German authority for risk assessment of surface waters is 12.7 pug/L (Sabero Europe,
2017). However, such concentration can change in the case of crops and farmed vegetables, and thus
they may achieve levels as high as 210.8 ug/L, for tomatoes farms for example (Environmental
Protection Agency, 2005).

In general, contaminants are released into the environment and may reach aquatic ecosystems,
negatively affecting the biota (Jartun et al., 2008). Organisms inhabiting natural aquatic systems may
therefore be exposed to a complex mixture of chemicals and other stressors (Chen et al., 2015).
Native biota can be useful to predict the ecological impacts of chemical substances, since their
responses to stressors can produce a suitable and robust scenario of the pollution effects (Castillo et
al., 2006). Although native species are the best choice in this case, some authors state that
phylogenetically close related species produce redundant data regarding chemical toxicity (Hammond
et al., 2012; Magalhaes et al., 2014; Manusadzianas et al., 2003). Such species may occupy the same
niche in different environments, such as water bodies at different latitudes (Ghilarov, 1967). In this
sense, studies relying on similar sensitivities have used species from temperate regions to predict
contamination on tropical environments (Flohr et al., 2012; Terra, N. R. and Goncalves, 2013).
However, different outcomes from similar species (Lyu et al., 2013; Magalhaes et al., 2014; Regaldo
et al., 2013; Volker et al., 2013) indicate the need of deeper assessments comparing close related

species for their sensitivity to pollutants.



The genus Daphnia is a well-studied aquatic crustacean group with standard acute and
chronic ecotoxicological tests well established for some species (e.g. D. magna, D. similis, D. laevis),
commonly used in ecotoxicological studies (OECD, 2012, 2004). These standardized tests are based
on short-term effects, and do not represent a suitable approach to deal with long-term ecological
effects due to continuous contamination (Hammers-Wirtz, M. and Ratte, 2000; Moliner, 1992).
Standard ecotoxicological tests may underestimate the influence of chemicals at the population level
(e.g. no prenatal exposure). To overcome this issue, breeding organisms under chemical exposure for
successive generations can be a more realistic approach (Tanaka, Y. and Nakanishi, 2002). Multi-
generational studies can be more sensitive than single-generation experiments, being more predictive
of chronic exposure (long-term) under field conditions (Chen et al., 2014), and therefore ecologically
more relevant than single-generational studies (Tsui, M. T. K. and Wang, 2005).

Daphnids reproduce by parthenogenesis, proliferating genetically identical individuals
(Adema, 1978); this is a key point on multi-generational tests because even though daphnids’
reproduction is essentially asexual, these organisms are capable of generating epigenetic variability in
offsprings in few generations (Frost et al., 2010). The physiological variation that occurs in a Daphnia
mother can be transmitted to the offspring and affect their development, and may also induce
epigenetic alterations (Ramirez, 2014). However, multi-generational tests are still not well widespread
and more research regarding this approach is needed (Stoddard and Harper, 2007). Moreover, studies
performed with few generations (e.g. 3 generations) may mislead to different sensitivity findings,
because this time interval may be not enough to stabilize sensitivity variation fluctuation. Therefore,
using a larger number of generations is necessary to achieve a more accurate result on organisms’
sensitivity (increased stabilization of sensitivity variation) (Krylov, V. V. and Osipova, 2013; Silva et
al., 2017). Studies performed with several generation exposures (siX generations or more) are
available in the literature (Jacobasch et al., 2014; Muyssen and Janssen, 2004; Silva et al., 2017). In
addition, it has been demonstrated that a nine generation Pb exposure induced considerable Pb
bioaccumulation and morphological alterations in D. magna and D. similis (Araujo et al., 2019). In
this last-mentioned study, six generations were enough to stabilize Pb body burden in daphnids, being
this dependent on the food regime.

Daphnids metal acquired sensitivity is widely believed to be physiological acclimation and
not genetic adaptation (Stoddard and Harper, 2007) or epigenetic changes. Organisms’ physiological
acclimation to chemicals may alter their sensitivity by involving different physiological processes; it
can be detected if a full recovery is achieved when chemical exposure is cessed. If recovery fails,
organisms may be presenting epigenetic changes (transgenerational inheritance) (Schultz et al., 2016).
Epigenetics include DNA methylation, histone tail modifications and microRNA expression
(Stoccoro et al., 2013). It can lead to a transfer of new phenotypic characteristics with no gene

sequence modification (Berger et al., 2009). Epigenetic in Daphnia has already been shown and Frost



et al., (2010) suggests that Daphnia may alter the genotypic expression of offspring directly through
genetic changes or via epigenetic regulation.

With that in mind it is important to investigate the organisms’ recovery by removing chemical
exposure to better estimate if the observed sensitivity was due to acclimation or epigenetics. Being a
more realistic approach, the multi-generational test can provide valuable information on the real threat
of chemicals on natural environments (Fernandez-Gonzéalez et al., 2011), which are unseen on
classical chronic exposure tests (Brausch and Salice, 2011).

The aim of this study was therefore to compare the outcome of two monophyletic Daphnia
species, the well-established temperate organism D. magna and the tropical species D. similis during a
continuous generational sublethal exposure, using Pb as a relevant metal model. Since natural
environments can be contaminated a non-simultaneous entry of contaminants, pulse exposures to the
fungicide mancozeb on Pb pre-exposed organisms was also evaluated. Chemical exposures were
performed under two different dietary regimes, in order to consider fluctuations on the availability of
nutrients in the natural environments. To achieve such goals, a multi-generational test was performed
on which D. magna and D. similis were submitted to different setups: a control, a sublethal Pb
exposure and a recovery period, where Pb pre-exposed organisms were transferred to clean media for
three generations, under two different dietary regimes for a total of nine generations. Therefore, the
hypotheses of this study were to evaluate if 1) a long-term Pb exposure modifies the sensitivity of
Daphnids throughout generations (continuous Pb exposure); 2) Organisms pre-exposed to Pb present
changes on their sensitivity to other chemicals (e.g. mancozeb); 3) Recovery after Pb exposure
ceases; 4) Food regime alters the sensitivity of organisms to contaminants; 5) D. magna and D. similis

under similar exposure design would give different responses.

2. Methodology

The OECD 202 immobilization and OECD 211 reproduction test guidelines for Daphnia sp. testing
recommends the use of broods N3 to N5 to perform assays (OECD, 2004; 2012). Therefore, the same
brood (N3) was chosen to start all generational assays (all generations started at the N3 brood of the

previous generation) and all toxicity tests to avoid any changes in organisms’ sensitivity.

2.1. Chemical solutions and analysis

The Pb(NO3), (CAS No. 10099-74-8, 98.5% purity, VWR chemicals®) and mancozeb (CAS
No0.8018-01-7, 97.5% purity, Fluka®) stock solutions were prepared in mili-Q water and diluted (in
ASTM media) for the preparation of the other concentrations.

For the chemical analysis (by ICP-OES; Horiba Jobin Yvon, Activa M) Pb samples were
acidified with nitric acid. The limit of quantification (LOQ) for Pb (25 pg/L) were adequate regarding



samples concentrations. Chemical analysis was evaluated in triplicate and certified material in

duplicate (to ensure chemical optimum recovery).

2.2. Culture maintenance

All organisms were kept in ASTM hard water medium (American Society for Testing
Materials) (ASTM, 2002), under controlled photoperiod and temperature (16:8h light/dark; 20° +
2°C). Daphnids were fed with the microalgae Raphidocellis subcapitata (3x10° cells/mL) and
enriched with an organic extract (Marinure seaweed extract, supplied by Glenside Organics Ltd.)
(Baird et al., 1989). ASTM medium and food was renewed every other day. Both species were

maintained exactly under the same conditions to exclude the interference of other abiotic factors.

2.3. Multi-generation

For the multi-generation test, an F was used as the nomenclature to denominate the daphnids’
generations (FO to F9) and N to indicate the broods (Figure 1). The test began with 20 neonates (FO,
from brood N3) with less than 24 hours old being randomly placed in one litter vials; three replicates
were prepared for every treatment. Each species was exposed to a 2x2 experimental setup with four
treatments in total: a negative control (clean ASTM media) and the Pb treatment (50 pg/L of Pb in
ASTM), being the legislation maximum permitted by the Brazilian federal law for fresh water bodies
(Brasil, 2005). Both setups were maintained under two different dietary regimes (during the whole 9-
generation experiment), the usually used algae concentration in reproduction tests (3x10° cells/mL)
and a food restriction regime (1.5x10° cells/mL). After the release of the F6 generation, the
experiment was divided in another two sets: while one of the sets of F6 was kept in the same
condition as before (Pb contaminated media), in the second set daphnids were moved to clean media

(ASTM), named as recovery period, for 3 more generations (F6 to F8, till the F9 was released).
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Figure 1: Experimental design of the multi-generation test. F refers to the generation and N to the brood used to start each
generation. Toxicity tests (K,Cr,0;, Pb and mancozeb) carried out (in all setups) are mentioned in appropriate boxes. Darker
arrows indicate chemical exposure to Pb and lighter arrows indicates recovery period. This same design was made for the

two different food regimes (usual and restricted) and the control (ASTM media). Figure adapted from Araujo et al., 2019.

2.4. Acute immobilization tests

The acute immobilization tests were conducted for every three generations (FO, F3, F6 and
F9) and followed the OECD guideline 202 (OECD, 2004). The respective N3 broods (aged between 6
and 24 hours) were exposed to the following chemicals’ concentrations ranges: potassium dichromate
(K,Cr,0O) for 24 hours, at standard concentrations proposed by OECD (202) up to 2.4 mg/L and
decreasing concentrations were achieved by a factor of two; Pb from 3 mg/L and decreasing
concentrations achieved by a factor of two, and the fungicide mancozeb, from 1.2 mg/L and
decreasing concentrations were achieved by a factor of 2 for 48 hours. The exposure to the reference
substance (K,Cr,0-) is recommended by OECD (OECD, 2004) in order to determine the organisms’
fitness used in ecotoxicological assays, organisms should present a LCxy-24 h within the range 0.6
mg/L to 2.1 mg/L to be considered fit to use in such assays. Each concentration contained five
replicates with five neonates each exposed to 50 mL of experimental solutions. Thereafter, mortality
and immobility were recorded to derive the lethal concentration for 50% of the exposed organisms
(LCs0).



2.5. Neonate’s measurement

Every three generations (FO, F3, F6 and F9), 30 neonates’ younger than 24h from specific
broods (N1, N3 and N5) and from each treatment were measured under a stereomicroscope. Body
length was measured from the top of the head to the base of the apical spine (excluding the spine).

2.6. Statistical analysis

The lethal concentrations (LCsq) were estimated using a nonlinear regression curve fit (dose
response curves) and differences among the LCs, of each setup were assessed through a global fitting
(extra sums of squares F-test), using always the one with the best adjustment (see with more details in
Pestana et al. (2016)). These statistical procedures were performed in order to confirm if the LCsq of
each setup (control, Pb exposure and recovery) would differ when the organisms were re-exposed to
each chemical (K,Cr,O; Pb and mancozeb) after generational Pb pre-exposure. Such approach
permitted the statistical evaluation of hypothesis 1, 2 and 3. Hypothesis 4 and 5 were evaluated
qualitatively looking at the LCsps’ variations for each treatment of each species and food regimes.

After checking the data for normality (Kolmogorov—-Smirnov), the differences between
juvenile sizes using as factors the generations (FO, F3, F6 and F9) and setups (control, Pb exposure
and recovery period) were evaluated through a Two-Way Analysis of Variance (ANOVA), followed
by a post-hoc test (Bonferroni) when statistical differences were first highlighted (GraphPad Prism®).

Statistical analyses were performed for each species individually.

3. Results

3.1. Chemical analyses

The results of Pb chemical analyses showed a retrieval of >79% recovery comparing nominal
to measured concentrations and a 25 pg/L of Pb limit of quantification (LOQ). The ASTM media
samples (control) presented values <LOD for both chemical evaluations (Table 1S). The analysis of
the certified material achieved above 80% of recovery. Mancozeb chemical analysis are not possible
to report due to some technical constrains. However, as effects are similar to others reported in the

literature, we considered nominal concentrations for all calculations and discussion.

3.2 Acute toxicity tests
3.2.1. K,Cr,0

The exposure to the reference substance K,Cr,0; is shown in the Figure 2. For D. magna,
comparing the LCs, under usual food regime, no statistical difference was shown between treatments,
however, F3 (continued Pb exposure) and F9 (control and Pb treatments) were statistically less

sensitive than FO (originally from cultures) (Figure 2a). D. magna under food restriction presented the



smallest variations in the calculated LCsy between generations showing no statistical difference
towards FO (Figure 2b).

For D. similis (usual food), generations F6 (continued Pb exposure) and F9 (control and Pb
treatments) presented a statistically significant lower sensitivity in comparison to FO (originally from
cultures) (Figure 2c). When under food restriction, both treatments (control and Pb) presented lower

sensitivity to K,Cr,0; in comparison to FO.
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Figure 2: LCs, for a K,Cr,0; 24h exposure of Daphnia magna (a and b) and Daphnia similis (c and d) collected from several
generations under a continuous exposure to a negative control (ASTM) and Pb, in two food regimes (3x10° and 1.5x10°
cells/mL). Generations in the X axis are marked with a 1) black square for those statistical different from FO, in Pb treatment

and 2) a grey diamond when both control and Pb treatments presented difference in comparison to FO (Bonferroni, p<0.05).

3.2.1.1. Recovery period

Regarding the potential recovery, D. magna showed no relevant variations in both dietary
regimes (Figure 3a,b). However, organisms from recovery period under usual food regime on
generation F9 presented lower sensitivity (to K,Cr,O-) in comparison to FO.

Concerning recovering D. similis (usual food regime), no difference was shown among
treatments or generations (Figure 3c). Under food restriction, F9 D. similis under recovery presented a
contrary pattern regarding the sensitivity to K,Cr,0O; when compared to both control and continued Pb
exposure (Figure 3d). While the control and continued Pb exposure showed a trend to decrease in

toxicity to K,Cr,05, the under recovery daphnids showed an increase in their sensitivity.
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Figure 3: LCs, for a K,Cr,0; 24h exposure of F6 and F9 Daphnia magna (a and b) and Daphnia similis (¢ 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 difference in comparison to FO. Letters indicate statistical difference between treatments
within the same generation, being (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 presented in figure 2, just for comparison.

3.2.2.Pb

For assessing the sensitivity to Pb, LCs, derived for the different generations exposed
continuously to Pb showed a lower sensitivity for D. magna under the usual food treatment (Figure
4a). The same pattern is maintained for organisms under food restriction, in generations F3 (control
and Pb treatments), F6 (continued Pb exposure) and F9 (control and Pb treatments) which presented
lower Pb sensitivity in comparison to FO. D. magna Pb sensitivity showed a continuous decrease,
going from LCso= 0.43 mg/L (FO0) up to 2.11 mg/L (F9) under usual food treatment and to 3 mg/L
(F9) under food restriction, while the LCs, of control organisms varied from 0.43 mg/L to 0.89 mg/L
under usual food and to 1.3 mg/L under food restriction (Figure 4b).

Regarding D. similis (under usual food), organisms from F9 presented a statistically lower
sensitivity to Pb than organisms from FO for both control and Pb exposure (Figure 4c). Control
organisms from generation F6 showed a lower sensitivity in comparison to FO organisms and to
continued Pb exposure neonates. During generation F3, a lower Pb sensitivity was exhibited and it

was not possible to calculate an LCs, for the tested concentrations range (with the highest being 0.75



mg/L), forcing the increase of Pb concentration range to the same as D. magna (being the highest 3
mg/L) for the following generations. D. similis under food restriction also indicated lower Pb
sensitivity throughout generations (Figure 4d). The LCs, values obtained for D. similis on generations
F6 and F9 under food restriction were statistically higher than for FO (for control and Pb treatments).
Pb exposed D. similis (excluding F6 from usual food treatment) diminished Pb sensitivity, rising its
LCso from 0.29 mg/L (FO) up to 0.94 mg/L (F9) under usual food treatment and to 1.76 mg/L (F9)
under food restriction, while control organisms varied LCs, from 0.29 to 0.9 mg/L (F6) for usual food
and to 1.16 mg/L (F9) under food restriction.
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Figure 4: LCs, for a Pb 48h exposure of Daphnia magna (a and b) and Daphnia similis (c and d) collected from several
generations under a continuous exposure to a negative control (ASTM) and Pb, in two food regimes (3x10° and 1.5x10°
cells/mL). Generations in the X axis are marked with a 1) black circle for those statistical different from FO in the control
treatment, 2) a black square for those statistical different from FO, in Pb treatment and 3) a gray diamond when both control
and Pb treatments presented difference in comparison to FO (Bonferroni, p<0.05). Asterisk (*) indicate statistical difference
between treatments at each generation (Bonferroni, p<0.05). Data missing on Daphnia similis from generation F3 (1.5x10°)
was due to a subtle lower Pb sensitivity, preventing the calculation of the LCs.

3.2.2.1. Recovery period
Recovering D. magna (usual food) presented enhanced sensitivity to Pb compared to control

and continued Pb exposure organisms at generation F6. On generation F9, Pb exposed organisms



were significantly less sensitive than control and recovery period. Under food restriction, D. magna
from recovery period diminished Pb sensitivity from F6 to F9. However, only on generation F6,
recovering organisms presented statistical difference to control and continuous Pb exposure
organisms. Neonates from recovery period showed a lower sensitivity to Pb (F9) in comparison to FO.
Considering D. similis, recovering organisms presented a lower Pb sensitivity in comparison to
continuous Pb exposure and similar sensitivity to control (F6). A different trend occurred under food
restriction, with Pb continuous exposure maintaining the lower sensitivity to Pb, while the control and
recovering organisms diminished their sensitivity from F6 to F9. Recovering organisms (F9)

presented a lower sensitivity in comparison to FO.
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Figure 5: LCs for a Pb 48h exposure of F6 and F9 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 gray triangle
for those statistical different from FO in the recovery treatment (Bonferroni, p<0.05). Letters indicate 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 presented in figure 4, just for comparison.



3.2.3. Mancozeb

The acute toxicity test with mancozeb, in which organisms from all treatments were exposed
to mancozeb for 48h, showed that F6 from control organisms and F9 from both control and Pb
treatments presented statistical difference compared to FO (Figure 6a). However, no statistical
difference among treatments was achieved. Under food restriction, sensitivity to mancozeb exposure
diminished regarding D. magna continuously exposed to Pb, being statistically different from control
on generation F9 (Figure 6b). Generations F6 (control and Pb exposure) and F9 (continuous Pb
exposure) presented lower mancozeb sensitivity in comparison to FO. D. similis under usual food
regime presented similar outcomes as D. magna, except for a diminished control sensitivity on F6
(Figure 6¢). However, under food restriction, organisms from control treatment showed lower
sensitivity to mancozeb in comparison to continuous Pb exposure (F3 and F9) (Figure 6d). Regarding
generations, F6 (continued Pb exposure) and F9 (control) exhibited lower mancozeb sensitivity in
comparison to FO. Control organisms from generation F6 were not tested for mancozeb toxicity
because of a lack of neonates’ production due to food restriction, not generating enough neonates to

start the test.
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control and Pb treatments presented difference in comparison to FO (Bonferroni, p<0.05). Asterisk (*) indicate statistical



difference between treatments at each generation (Bonferroni, p<0.05). The lack of data on control D. similis (1.5x10°) from

generation F6 was due to a lack of neonates’ production due to food restriction.

3.2.3.1. Recovery period

During the recovery period, no difference was found between treatments on D. magna under
usual food (Figure 7a). Organisms from recovery period presented a trend of diminished mancozeb
sensitivity, but with no statistical difference (among treatments). However, comparing recovering
organisms from F9 with generation FO, a statistical difference appears. D. magna under food
restriction presented different results, with recovering organisms showing enhanced sensitivity to
mancozeb in comparison to organisms under continuous Pb exposure on generation F6. On generation
F9, organisms under continuous Pb exposure showed a lower sensitivity in comparison to other
treatments (control and recovery period) (Figure 7b). Regarding D. similis, the control treatment
(usual food) showed a lower sensitivity to mancozeb in generation F6, being less sensitive than the
other treatments (Pb and recovery period) (Figure 7¢). However, the sensitivity returned (in F9) to
similar values as presented before. Different results are shown by organisms under food restriction,
with the control treatment of generation F6 not producing enough neonates and consequently with no
possibility to test further (Figure 7d). D. similis under continuous Pb exposure from generation F9

were significantly more sensitive to mancozeb than the respective control.
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Figure 7: LCx, for a mancozeb 48h exposure of F6 and F9 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 gray triangle
for those statistical different from FO in the recovery treatment (Bonferroni, p<0.05). Letters indicate 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 presented in figure 6, just for comparison.

3.3. Neonate’s measurement

To determine if organisms’ sensitivity was related to the fitness of neonates which may be
translated into a bigger or smaller size, 30 neonates were measured in each treatment at first, third and
fifth brood (N1, N3, and N5). Size measurement through generations showed a clear pattern for both
species and food regimes, with juveniles from brood N1 being the smaller and N5 the largest, together
with a size enhancement for food restricted neonates when compared to usual food regime (Figure 8).
Two-way ANOVA statistical analysis is detailed in Tables 2S (D. magna) and 3S (D. similis).

Regarding N1 broods from D. magna (under usual food), statistical difference between
control and continuous Pb exposure is shown in D. magna (usual food) in F3, with control organisms
being bigger than those from Pb exposure (Figure 8a). In this brood generation F3 also presented a
diminished size when compared to FO for continued Pb exposure. For generation F6, N1 neonates
exposed to Pb showed a smaller size in comparison to FO, as well as both treatments (control and Pb)
from generation F9.

Daphnia magna (usual food) from brood N3 and generation F3 (both control and Pb
treatments) exhibited a smaller size in comparison to FO. In brood N5, however, control organisms
from generation F6 were statistically bigger than FO and, in generation F9, statistically larger than Pb
treatment.

Under food restriction, no statistical difference among treatments for brood N1 was depicted.
However, continued Pb exposure neonates in generations F3 and F6 were smaller than FO. Regarding
broods N3, Pb exposed neonates presented an enhanced size in comparison to those from FO in
generation F9; although it does not differ from control organisms, a trend of Pb exposed neonates
increased size is seen from FO to F9. This same trend of increased size through generations is also
seen for Pb exposed neonates from brood N5, being bigger than control organisms from generation F9
(but smaller than control in F3). For all generations, N5 neonates from both treatments (control and
Pb) were larger than those from FO (Figure 8b).

Regarding D. similis (under usual food), N1 control neonates were bigger than those from
continuous Pb exposure in generation F3 (Figure 8c). This same generation showed that N1 Pb
exposed neonates presented a smaller size in comparison to FO, as well as both treatments (control
and Pb) in generations F6 and F9.

Regarding broods N3, neonates’ size showed no statistical difference between treatments
(control and Pb) and only continuous Pb exposure neonates from generation F3 presented statistical

bigger sizes than those from FO.



For broods N5, both treatments (control and Pb) differed at all generations. Continuous Pb
exposure neonates were bigger than control in generation F3 and the opposite occurred on generations
F6 and F9. A trend of increasing in size through generations was observed for control neonates,
opposite from what was observed for Pb exposed neonates. N5 control and Pb treatments differed
from FO in generations F3 and F6, with Pb exposed neonates from F3 being bigger and control
smaller than FO, the contrary occurring in F6.

Under a restricted diet, N1 control D. similis exhibits a statistically larger size than Pb
treatment on generation F3, which were also smaller than neonates from FO. However, neonates’ size
increased among generations and, in generation F9, both treatments (control and Pb) presented
enhanced size compared to FO. Regarding broods N3, a decrease in size occurred from FO to F3 and a
statistical difference was detected. However, neonates from both treatments increased in size and end
up being larger than neonates from FO in generation F9. During generation F6, only control neonates
indicate statistical difference in comparison to FO. N5 control D. similis under food restriction could
not been measured during generation F6 due to reproduction impairment (mentioned above).
Although, F3 N5 neonates showed enhanced size for continuous Pb exposure (compared to control),
the opposite occurring in F9. Neonates from N5 control in generation F6 were not measured do to
reproductive impairment of the treatment (mentioned above).
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Figure 8: Body length of neonates from broods N1 (dark), N3 (white) and N5 (grey) of Daphnia magna and Daphnia similis
in control and Pb continuous exposure through 10 generations. Generations are marked with a 1) black circle for those
statistical different from FO in the control treatment, 2) a black square for those statistical different from FO in Pb treat ment
and 3) a gray diamond when both treatments presented difference in comparison to FO (Bonferroni, p<0.05). Numbers (1,3



and 5) indicate statistical difference between treatments from each brood, being 1 for N1, 3 for N3 and 5 for N5 (Bonferroni,
p<0.05).

3.3.1. Recovery period

Looking at the recovery period, a similar pattern for neonates’ size occurred, with N1 being
smaller than N5. D. magna (usual food) recovering N1 did not differ from any other treatment
(control and Pb) at all generations evaluated, however, neonates were statistically smaller than FO in
generations F6 and F9. Neonates from brood N3 in F9 reduced drastically their size from F6 to F9,
being smaller than control, continuous Pb exposure and FO neonates. However, broods N5 presented
an enhanced size compared to control in generation F9 and compared to FO in generations F6 and F9.

When food was restricted, D. magna from recovery period (brood N1) showed size
enlargement, being bigger than control and continuous Pb exposure at both F6 and F9. These neonates
increase their size from F6 to F9, being bigger than FO in generation F9. The same trend that
happened under usual food also happened for food restriction, and a drastic size decrease from F6 to
F9 of neonates from brood N3 was observed. In this case, recovering neonates (N3) were bigger than
Pb exposed and generation FO on generation F6. However, such neonates were smaller than control
and PDb treatments on generation F9. Neonates N5 under recovery in generation F9 had a similar size
than those in control and smaller than those from continuous Pb exposure, continuing to be bigger
than FO (F6 and F9).

Neonates from D. similis under usual food presented no difference among treatments for any
generation in N1 broods, however, with a smaller size when compared to FO. Neonates from broods
N3 showed no statistical difference whatsoever, nor among treatments, nor among generations.
Broods from N5 under recovery appeared to be the largest individuals, differing from continued Pb
exposure ones at F6 and both treatments (control and Pb) in F9, being bigger than FO at both
generations (F6 and F9).

When food was scarce, D. similis N1 recovering neonates were bigger than continuous Pb
exposure ones in generation F6. Regarding generations, brood N1 from generation F9 presented
enhanced size when compared to FO. N3 recovering neonates showed smaller sizes concerning both
treatments (control and Pb) in generation F6 and a larger dimension in F9 when compared to FO. A
size increase trend can be seen from F6 to F9 for such organisms. For recovering individuals from
brood N5, no statistical difference to any other treatment was shown during generation F6, however,
recovering organisms were smaller than control in generation F9. These same organisms also differed

from FO, being bigger than FO neonates.
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Figure 9: Body length of recovering neonates from broods N1 (dark), N3 (white) and N5 (grey) of Daphnia magna and
Daphnia similis in control and Pb continuous exposure through 10 generations. Generations marked with a gray triangle
indicate statistical difference for recovering organisms in comparison to FO (Bonferroni, p<0.05). Letters indicate 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). Number (1, 3 and 5) indicates which brood showed statistical difference, being 1
for N1, 3 for N3 and 5 for N5.

4. Discussion

During the multi-generational exposure to Pb, no significant effect on daphnids sensitivity to
K.Cr,0; was observed, except for D. similis under recovery and food restriction. Both species
diminished significantly their sensitivity to Pb, from FO to F9 in both food regimes. Neonates’ size
was increased during food restriction. However, food restriction triggered different outcomes for both
species that may highlight potential epigenetic changes during recovery period for D. magna and

diminished sensitivity to mancozeb when pre-exposed to Pb, contrarily to D. similis.

Control variability over generations

D. magna control under a usual food regime (3x10° cell/mL) presents a trend of diminished
sensitivity to K,Cr,0O; exposure from FO to F9. This sensitivity fluctuation may be considered a
natural fluctuation occurring in organisms derived from laboratory cultures (and within the range
proposed by OECD (2004) as previously discussed above). Other studies also indicate natural
fluctuations on D. magna sensitivity to chemicals (Silva et al., 2017; Stoddard & Harper, 2007). D.



similis shows a similar lower sensitivity pattern for both food regimes, however, it was more
pronounced under food restriction. Heugens (Heugens et al., 2001) stated that neonates at high food
concentration can be more sensitive than those from restricted nutrition. Daphnids from poor fed
mothers produce fewer but larger neonates, which may be acutely less sensitive to chemicals (Pieters
and Liess, 2006). Neonates size measured in this study validate these results. Neonates’ size measured
from restricted food daphnids are bigger than under usual food and a trend of increase size for control
organisms is seen also at generations F6 and F9.

The control under usual food regime D. magna showed no difference towards FO, making the
lower Pb sensitivity developed by the continuous Pb exposure even more explicit. Control organisms
with restricted nutrients present a sensitivity variation, indicating lower sensitivity of generation F9 in
comparison to FO, a pattern also shown by D. similis (for both food regimes). These data indicate that
food restriction can alter daphnids sensitivity. Under food restriction, both cladocerans species
diminished Pb sensitivity, which is probably linked with the trade-off that can occur under low-food
supply, leading to a smaller quantity but higher quality neonates born from poor-fed mothers
(Enserink et al., 1995). Sustaining this data, D. similis control neonates from generation F3 showed no
mortality under the highest Pb concentration tested as discussed in the results.

In general, both species under both food regimes kept under control condition throughout
generations showed lower sensitivity when tested for mancozeb toxicity at generation F6. However,
such low sensitivity changed (enhanced) in generation F9, being probably a natural sensitivity
fluctuation. Such results corroborate with neonates’ size, in which control organisms generally
presented increased size on brood N5 through generations and may explain the lower sensitivity
pattern shown. Pavlaki et al. (2014) data also corroborate with these findings, with enhanced somatic
growth shown by D. magna under poor-food media. D. similis under food restriction were not
evaluated at F6 due to reproduction impairment and presented a lower mancozeb sensitivity at
generation F9, corroborating studies that suggests that poor-nutritional females give birth to less but
larger (and low sensitive) neonates (Enserink et al., 1995). Other studies confirm low or no
reproduction of daphnids under food restriction (Enserink et al., 1995; Pavlaki et al., 2014; Pereira &
Goncalves, 2008; Ward, & Robinson, 2005).

Multi-generation Pb exposure

A lower sensitivity to Pb is shown for both daphnids species through the multi-generation test
(higher LCs, for Pb). Neonates size measurement corroborates this hypothesis, with brood N5
showing an increased neonate size (differing from FO) in both species and food regimes (excluding D.
similis usual food). D. magna has shown acclimation (LCs, of 40 to 149 ug/L) under chronic Hg (3.8
ug/L) exposure for two generations (Tsui, M. T. K. and Wang, 2005). Dietrich et al. (2010) indicated

a lower sensitivity development over six generations of D. magna exposed to four pharmaceuticals



(carbamazepine (CBZ), diclofenac (DIC), 17a-ethinylestradiol (EE2) and metoprolol (MET)). Other
authors also found diminished sensitivity to metal, such as the physiological acclimation exhibited by
D. magna pre-exposed to Cu (0.01 mg/L) for 20 days (LeBlanc, 1982) and increased LCs, (0.19 to 0.3
mg/L of Cu®*) shown on five generations acclimation (Bossuyt et al., 2005). D. longispina under a
historically contaminated habitat exhibited a LCs, variation of 0.095 mg/L on reference sites to 0.36
mg/L on Cu impacted areas (Agra et al., 2011). D. magna LCs, range varied from 0.26 to 0.49 mg/L
under Cd exposure to two generations (Bodar et al., 1990). As stated before, this change in sensitivity
could be acquired through physiological acclimation or epigenetic changes.

Contrarily to the lower Pb sensitivity acquired by organisms under continuous Pb exposure,
no sensitivity variation to K,Cr,0; of organisms pre-exposed to Pb was shown. D. magna and D.
similis showed differences between generations exhibiting a diminished sensitivity to K,Cr,O,,
however, this sensitivity occurred for all treatments in a similar order of magnitude (including the
control group) meaning that all the organisms were less sensitive and that neither the Pb pre-exposure
nor the dietary regime had affected this endpoint, thus such change was probably a natural fluctuation.
Absence of sensitivity variation to xenobiotics was also demonstrated for D. magna pre-exposed to
0.01 mg/L of Cu when sequentially exposed to Pb (LCsy = 0.12 to the pre-exposed and 0.15 mg/L to
the non-exposed animals) or Zn (LCso = 0.20 to pre-exposed and 0.24 mg/L to the non-exposed)
(LeBlanc, 1982).

Considering that chemicals are not present alone in the ecosystem, and non-static
environmental conditions are also present, pulse exposures often occur in the environment and
therefore the fungicide mancozeb exposure was tested on Pb pre-exposed daphnids as a potential
example. The acute exposure (48h) to mancozeb (on Pb pre-exposed organisms) shows that D. magna
under continuous Pb exposure revealed no difference among treatments under usual food regime.
Studies support our results, showing weak antagonist or no effect on organisms pre-exposed to other
chemicals at low concentrations such as the lack of sensitivity variance (shown before in this study) of
D. magna acclimated to Cu when exposed to Pb or Zn (LeBlanc, 1982) and; the lack of Zn uptake
disparities found on D. magna pre-exposed to Cd (<0.06 mg/L) (Guan, R & Wang, 2004). D. magna
under food restriction showed different outcomes, with organisms pre-exposed to Pb decreasing
sensitivity to mancozeb exposure along generations. There are studies showing lower sensitivity to a
chemical after a long-exposure to another, such as an induced Cd lower sensitivity was acquired after
Zn pre-exposure on D. magna (Barata et al., 2002). This lower sensitivity of continuous Pb exposure
neonates is corroborated by the size shown for such organisms, which increased (for broods N3 and
N5) among generations, reaching a larger size at generation F9. Regarding usual food regime, similar
results shown by D. magna are also shown by D. similis, which indicated no significant difference
between treatments. This outcome, as it happened for D. magna, also varied under food restriction. In
an opposite way, organisms under continuous Pb exposure were statistically more sensitive than

control. The toxicity of combinations concerning metals and pesticides has already been shown and



studies corroborates with our results of metal pre-exposure increasing the fungicide’s toxicity.
Increased toxicity was reported to acute mixtures of Cd and the fungicide carbendazim to D. magna
(Ferreira et al., 2008), acquiring higher toxicity when Cd is dominant; also in mixtures of Cd and an
organophosphorous insecticide (diazinon) to the mayfly (Ephoron virgo) (Van Der Geest et al., 2000)
and in mixtures of metals (As, Cd and Cu) and organophosphorous and carbamate insecticides
(diclorvos, dalathion and carbofuran) to the microcrustacean Tigriopus brevicornis (Forget et al.,
1999).

The enhanced sensitivity could be due to a lack of energy (food restriction), which may
reduce the ability to detoxify (Heugens et al., 2001). Another hypothesis that can be raised is the
possible full consumption of the food provided in a restricted regime, resulting in a higher ingestion
rate of Pb which can be fully absorbed on the algae surface (Heugens et al., 2006). Both stressors (Pb
exposure and food restriction) may also jointly impair organisms’ detoxification physiology, making
organisms unable to cope with another stressor (mancozeb exposure). All these described hypotheses
can also be occurring combined. If pre-exposure to a certain contaminant alters (enhances or
diminishes) the toxicity of other substance it can represent a problem in natural environments
contaminated by multiple contaminants (Ward & Robinson, 2005) or under pulse exposure to
contaminated habitats (Barata et al., 2004). We highlight that the results showed above indicate,

again, opposite responses regarding D. magna and D. similis.

Daphnids recovery after chemical exposure

Organisms from recovery period are offspring from Pb exposed mothers that were moved to
clean water for further three generations. Under the usual food regime, both Daphnia species did not
vary from control outcomes regarding Pb sensitivity, although, D. similis from F9 presents a lower
sensitivity to Pb compared to FO. Such outcomes vary when organisms are submitted to restricted
nutrients and, D. magna demonstrates a Pb sensitivity higher than control and Pb treatments. Since
these neonates were not exposed to Pb and their lower sensitivity was derived from their progenitors
under former Pb exposure, this result may indicate a probable epigenetic change. D. similis, however,
presented a different outcome in which organisms under recuperation did not differ from control,
indicating that their progenitors were physiologically acclimated to Pb and when such exposure ended
the neonates’ sensitivity returned to non-exposed daphnids sensitive levels. If the acclimated
population is as fit as the control in the absence of Pb, its existence is as likely as the control
population in a hon-contaminated environment. However, the acclimated population may be more fit
than the control during episodes of Pb exposure (Ward & Robinson, 2005). Consequently, the data
acquired by this study shows that this is an essential information to risk assessment studies as the
exposed organisms can remain less sensitive to specific contaminants (Lopes et al., 2006).

Vandegehuchte et al. (2009a) indicated DNA methylation in D. magna, suggesting that potentially



epigenetic effects may occur in this species. Moreover, Vandegehuchte et al. (2009b) indicated that
different generational levels of Zn exposure can entail different levels of DNA methylation
(epigenetic phenomena). Physiological acclimation is also shown by other authors such as the re-
established sensitivity on only one generation under recovery of D. magna exposed for 12 generations
to 0.03 mg/L of Cu (LeBlanc, 1982) and the re-established sensitivity of D. magna under 14
generations of Cu exposure (0.0005 to 0.1 mg/L) when Cu exposure no longer exists (Bossuyt, B. T.
A. and Janssen, 2004).

Similar outcomes exhibited for Pb sensitivity was also shown for K,Cr,0; concerning usual
food regime. Recovering organisms (both species) presented similar sensitivity as control individuals.
This outcome does not change for recovering D. magna under food restriction, which presents similar
outcome as control and Pb treatments. However, D. similis from recovery period under food
restriction presented diminished sensitivity to K,Cr,0; (at generation F6) than both other treatments
(control and Pb). Nonetheless, such sensitivity enhances from F6 to F9, exhibiting the lowest LCs, of
generation F9. The diminished recovering organisms sensitivity could be probably because during
food impairment organisms increase the offspring’s energy input and produce less but larger neonates,
which can be less sensitive to chemicals (Enserink et al., 1990; Gliwicz & Guisande, 1992; Pieters
and Liess, 2006). However, if that was the case, the control treatment with food restriction would also
been less sensitive. Since neither the control or Pb treatments under restricted food conditions had
diminished their respective sensitivities, the lower sensitivity acquired by recovering organisms was
probably due to the synthesis of metallothioneins during former Pb exposure (Ferreira et al., 2008)
and therefore, organisms pre-exposed to Pb were able to better cope to a late K,Cr,0; exposure. The
synthesis of metallothioneins costs energy, thus bigger neonates with higher energy reserves can
better manage these production than smaller offspring (Enserink et al., 1990). Together with the
metallothioneins, Pb pre-exposure under food restriction could have diminished the sensitivity of D.
similis due to molecular, biochemical or physiological mechanisms (together with the enhanced
neonates size due to food restriction), such as enhanced anti-oxidant systems to inhibit reactive
oxygen species (ROS) production, since ROS are known to be enhanced by aquatic pollution (Maria
et al., 2009). The different responses of D. magna and D. similis regarding sensitivity under food
restriction is a critical outcome specially concerning natural habitats where food impairment may be a
common condition, as in most freshwater lakes in northern Europe, North America and Canada
(Brown and Yan, 2015). Other studies have shown different results relating close Cladocera species
such as a lower sensitivity of D. magna to AgNP in comparison to D. pulex and D. galeata (Voélker et
al., 2013), and the lower D. magna sensitivity to the organic chemical 3,4-dichloroaniline (DCA) in
comparison to Ceriodaphnia quadrangula (Kluttgen et al., 1996).

D. magna under usual food regime are the only organisms that show statistical sensitivity
difference among generations regarding mancozeb exposure, with recovering organisms from

generations F6 and F9 being less sensitive than generation FO. These organisms show a trend of lower



mancozeb sensitivity, indicating that neonates from mothers formerly exposed to Pb could be
diminishing their sensitivity to mancozeb. Literature shows that daphnids adapted to specific
chemicals can be less sensitive to other compounds, such as the cadmium-adapted (0.061 mg/L) D.
magna population that was less sensitive to Pb (although more sensitive to phenol) (Ward &
Robinson, 2005), and the D. magna under physiological acclimatization to Zn (<0.4 mg/L)
diminished sensitivity to Cd (Barata et al., 2002). Here again, being formerly exposed to Pb, D.
magna probably enhanced its metallothioneins production (Ferreira et al., 2008), which diminished
the sensitivity to mancozeb, since it is an organometallic fungicide (constituted by manganese (Mn)
and zinc (Zn)), therefore, this type of fungicide can also increase metallothioneins production (Mosleh
et al., 2005). When food is limited, D. magna respond in a different way, being similar to control and
more sensitive (to mancozeb) than Pb treatment. However, D. magna under food restriction and D.
similis at both food regimes exhibits no LCs, variation from F6 to F9. And, after three generations in
clean media (F9) no differences regarding control and recovery period for such organisms are
presented. Full recovery of organisms and similar to control is also shown in other studies (cited
before) (Bossuyt, B. T. A. and Janssen, 2004; LeBlanc, 1982).

Daphnia magna vs. Daphnia similis

Regarding the ecological relevance of choosing appropriate species for ecotoxicological
studies regarding multiple chemicals and long-term exposure, some suggestions can be made: 1) A
standard protocol for multi-generation tests is in order; 2) Both species became less sensitive to Pb
under a long-term exposure, being indicative of a development of acclimated populations; 3) Despite
being less sensitive to Pb, the acclimation to a chemical may lead to enhanced sensitivity to others,
therefore, the dissemination of multiple chemical exposure tests is also crucial; 4) The recovery
period is crucial to evaluate the type of chemical acclimation and the future of exposed populations,
keeping in mind that monophyletic species may differ; 5) Food quantity has an important role
regarding organisms sensitivity and may differently influence on the observed responses to chemicals,
even considering phylogenetically close species and; 6) Some adaptations regarding native and more
reliable species in standard tests should be carried, together with a range of species instead of only
one to better comprehend risk assessment managements. Further, epigenetic modifications
(phenotypic characters transgenerational transferred) on Daphnia should be done to elucidate if

results shown were inherited from exposed mothers.
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Highlights
e Daphnia magna and Daphnia similis mancozeb sensitivity differs when pre-exposed
to Ph.
e Adaptation of both Daphnia magna and Daphnia similis to low concentrations of Pb
under two different food regimes.
e Adverse outcomes regarding recovery period with Daphnia magna relying possibly

on genetic adaptation and Daphnia similis on physiological acclimation.
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