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Abstract

Climate change and human activities induce an increased frequency and intensity of
cyanobacterial blooms which could release toxins to aquatic ecosystems.
Zooplankton communities belong to the first affected organisms, but in tropical
freshwater ecosystems, this issue has yet been poorly investigated. We tested two
questions (i) if the tropical Daphnia lumholtzi is capable to develop tolerance to an
ecologically relevant concentration of purified microcystin-LR and microcystins from
cyanobacterial extract transferable to F1 and F2 generations? And (ii) would F1 and
F2 generations recover if reared in toxin-free medium? To answer these questions,
we conducted two full factorial mutigenerational experiments, in which D. lumholtzi
was exposed to MC-LR and cyanobacterial extract at the concentration of 1 ug L™
microcystin continuously for three generations. After each generation, each treatment
was spit into two: one reared in the control (toxin free) while the other continued in
the respective exposure. Fitness-related traits including survival, maturity age, body
length, and fecundity of each D. lumholtzi generation were quantified. Though there
were only some weak negative effects of the toxins on the first generation (F0), we
found strong direct, accumulated and carried-over impacts of the toxins on life history
traits of D. lumholtzi on the F1 and F2, including reductions of survival, and
reproduction. The maturity age and body length showed some inconsistent patterns
between generations and need further investigations. The survival, maturity age (for
extract), and body length (for MC-LR) were only recovered when offspring from toxin
exposed mothers were raised in clean medium for two generations. Chronic
exposure to long lasting blooms, even at low density, evidently reduces survival of D.

lumholtzi in tropical lakes and reservoirs with ecological consequences.

Key words: microcystins, zooplankton, life history traits, tolerance, adaptation
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1. Introduction

Eutrophication and global climate change cause an increase of frequency and
intensity of cyanobacterial blooms with the occurrence of their toxic metabolites
(microcystins, MCs, amongst others; Harke et al.,, 2016). Besides being a public
health risk, cyanobacteria and their toxins can strongly alter the phytoplanktivorous
zooplankton communities, which are connecting the photosynthetic energy
acquaintance to consumption in food webs of aquatic ecosystems (Ger et al., 2016).
In standing or slow flowing tropical waters, the favorable temperature and nutrients
for cyanobacterial bloom are typically met all year round and MCs and other bioactive
cyanobacterial metabolites are commonly present (Chorus and Bartram, 1999; Mowe
et al., 2015). While MC-LR is one of the most potent MCs congeners to vertebrates,
other metabolites, e.g. microviridins, cyanopeptolines and others, could even
stronger impair daphnids than MCs (Ger et al., 2016). There is ample evidence
showing that exposures to cyanobacterial toxins and their metabolites can impair
behaviors, life history traits and biochemical responses of daphnids (e.g. Nizan et al.,
1986; DeMott et al., 1991; Ferrdo-Filho et al., 2000; Rohrlack et al., 2001, 2004,
Wiegand et al., 2002; Lurling and Van der Grinten, 2003; Ghadouani et al., 2004;
Dao et al.,, 2013), but in most studies the exposure duration focused on one
generation and on species in northern temperate regions (reviewed in Ger et al.,
2016). Much less is known about how tropical daphnids deal with the cyanobacterial
toxins if exposure duration lasts for several generations. This question is particularly
relevant to the tropical freshwater ecosystems where cyanobacterial blooms are
predictable and last for months (Mowe et al., 2015) while the generation time of

tropical daphnia species such as Daphnia lumholtzi typically takes less than a week.



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

In Daphnia, maternal effects play an important role in their response to algal
toxins or contaminants across generations. Maternal effects may either increase or
decrease the offspring fitness. Many studies have showed that after exposure to
cyanobacterial toxins (Gustafsson and Hansson, 2004) or other contaminants
(Massarin et al., 2010; Krause et al., 2017) in the first generation, the next
generations showed an increase in tolerance. Typically in the the case when the
stressful conditions in which the mothers are living are predictable, they would invest
more in offspring fitness (Burgess and Marshall, 2014). This is supported by a
number of studies investigating the effects of cyanobacteria and their toxins beyond
one generation of the temperate species (e.g. D. magna Gustafsson and Hansson,
2004; Gustafsson et al., 2005; Ortiz-Rodriguez et al., 2012; von Elert et al., 2012) or
sub-tropical species (e.g. D. carinata; Jiang et al., 2013b). These studies consistently
revealed that the second generation of temperate daphnid species showed an
increased tolerance to cyanobacterial toxins that was associated with their elevated
base levels of detoxification enzymes e.g. glutathione S-transferase (Ortiz-Rodriguez
et al., 2012) or changing of digestive isoenzymes (von Elert et al.,, 2012). On the
other hand, several studies demonstrted that parental exposure to harmful
compounds would have negative effects on offspring through adverse effects on
nutrition provisioning. This prediction was supported by a study from Beyer and
Hambright (2017) showing that the rotifer Brachionus calyciflorus exposed to
cyanobacteria produced offspring more vulnerable to algal toxins. Additionally, the
toxin tolerance of D. magna is clone specific (Gustafsson and Hansson, 2004;
Schwarzenberger et al., 2014). However, it is yet unknown if Daphnia species from
tropical regions may have different responses and toxin tolerance development

compared to their relatives from temperate and sub-tropical regions.
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Most previous studies investigated the multigenerational effects on daphnids
using living cells of Microcystis rather than their extract or purified toxins (but see Dao
et al., 2010; Ortiz-Rodriguez et al., 2012). In nature, cyanobacteria typically form
large colonies (e.g. Microcystis) or long and big bunch filaments (e.g. Anabaena,
Aphanizomenon, Planktothrix) upon their mass development, which are not suitable
for consumption by micro-crustaceans such as Daphnia due to their size (> 70 um;
Ebert, 2005) and unfavorable mucilage production (Rohrlack et al., 1999). Dissolved
cyanobacterial toxins, however, commonly occur and could last for days, weeks and
up to months, depending on the cyanobacterial lysis and the conditions in the water
(e.g. MCs; Chorus and Bartram, 1999; Giramida et al., 2013). Several studies
showed that living cells of cyanobacteria would induce stronger impacts than
dissolved cyanobacterial toxins on life history traits of daphnids (Nandini et al., 2017,
Larling and Van der Grinten, 2003) due to nutritional insufficience and feeding
inhibition.

One of the major gaps of knowledge that was highlighted in a review by Ger et
al. (2016) is whether tropical daphnid species may develop an increased tolerance to
cyanobacterial toxins after several generations have been exposed to the toxins as it
has been showed to many related temperate species (e.g. D. magna, Gustafsson
and Hansson, 2004). Tropical species or populations typically have faster life history
and shorter generation time and are more vulnerable to contaminants such as metals
than the temperate ones (Dinh Van et al., 2014). This is the result of the prioritizing
energy allocation to growth and development which in turn may trade off the energy
investing in elevating mechanisms to detoxify or excrete the toxins or contaminants
(Sibly and Calow, 1989; Congdon et al., 2001; Ortiz-Rodriguez et al., 2012). Hence it

could be that the offspring generation suffers more from the toxins as the
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consequence of adverse effects on nutrition provisioning, or exposure during
embryonic development but this remains to be tested.

To address these issues, we conducted two full factorial mutigenerational
experiments in which the tropical micro-crustacean D. lumholtzi was exposed to the
cyanobacterial toxins both in purified form, MC-LR, and cyanobacterial extract for
three consecutive generations at 1 pg L™ MCs. After each generation, each
treatment was spit into two: one reared in the control (toxin free) and another one
continuously reared in the respective cyanobacterial toxins. This experimental design
resulted in 2 treatments in the FO generation (control vs MC-LR or cyanobacterial
extract treatment), 4 and 8 treatments in generations F1 and F2, respectively. With
this approach, we tested two hypotheses: (1) the tropical D. lumholtzi develops an
increased tolerance to an ecologically relevant concentration of MCs in the next
generations (F1 and/or F2); and (2) F1 and F2 generations recover if reared in toxin-
free medium. Fitness-related traits such as survival, time to maturation, body length,
and fecundity of D. lumholtzi of each generation were quantified to examine these

hypotheses.

2. Materials and methods

2.1 Chemicals and organisms for the tests

Microcystin-LR (Enzo Life Science Inc) was dissolved in MeOH at a concentration of
1 mg mL™. The MCs-containing extract was prepared with reverse osmosis water
from a bloom of Microcystis in Dau Tieng Reservoir, Vietham (Dao et al., 2014). The
extract was prepared from the collected bloom material by filtering, repeated
freeze/thaw cycles of the filters in distilled water to break the cells and centrifugation

to obtain the dissolved compounds; it was stored at —70°C after determining the MC-
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LR (20.3 pg g* dried weight, DW), MC-RR (635 g g DW), and MC-YR (31.7 pug g~
! DW) concentrations (Dao et al., 2014).

The tropical micro-crustacean D. lumholtzi (Bui et al., 2016) was used as test
organism. The culture of D. lumholtzi was initiated with more than 500 mothers
collected in a fish pond in northern Vietnam where the bloom of cyanobacteria had
not been previously observed since at least one year before. The culture has been
kept in the laboratory of Hochiminh City University of Technology for over 4 years
with the density of ca. 50 individuals L. A previous study has showed that a
population of from 500 individuals is required to avoid gene diversity decrease (Colin
and Dam, 2004). The green alga Chlorella sp. and YTC (a mixture of yeast, cerrophyl
and trout chow digestion; US. EPA, 2002) were used as food for the daphnids. Both
D. lumholtzi and Chlorella sp. were in continuous culture in COMBO medium (Kilham
et al., 1998). The D. lumholtzi was fed ad libitum every second day with Chlorella and
YTC before the experiment.

2.2 Experimental set up

The experiments were conducted under laboratory conditions of 25 £+ 1 °C, a
photoperiod of 12h light: 12h dark and the light intensity of around 1000 Lux (APHA,
2005) appropriate for the tropical D. lumholtzi. Tests were started with neonates of D.
lumholtzi (age < 24 h, from 2" — 3" brood) obtained from a cohort of 50 mother
daphnids. Two experiments on the chronic effects of MC-LR or MCs-containing
cyanobacterial extract (E) at a concentration of 1 pg L™ of either MC-LR or total MCs
from extract on D. lumholtzi were implemented according to Dao et al. (2010) with
minor modifications. Briefly, in the first experiment, neonates (called FO Daphnia)
were randomly selected and individually incubated for each treatment in 50 mL glass

beakers containing 20 mL of exposure solutions (toxin free medium, C; and medium
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containing MC-LR, M). Each treatment had 10 replicates (n = 10). The daphnids were
fed with 140,000 cells of Chlorella per mL (approximately 1 mg C L™) and 20 pL of
YTC. The test media and food were renewed every second day during the 14 days of
exposure. The offspring from the FO control (F1 Daphnia) were split in 2 groups: a)
one was raised in control medium (CC) and b) one was raised in MC-LR containing
medium (CM). Similarly, the offspring from the MC-LR exposure were also split in 2
groups: a) raised in control medium (MC) and b) raised in medium containing MC-LR
(MM). The offspring from the second generation (called F2 Daphnia) were sampled
the same way and split and incubated in either control medium or MC-LR containing
medium, resulting in CCC, CCM, CMC, CMM, MCC, MCM, MMC, and MMM (Fig.
la). The MeOH concentration in control was around 1 pL L*, and this MeOH
concentration would not have side effects on D. lumholtzi because at the
concentration of 25 pL L™ it showed no effects on life traits of D. lumholtzi during 21
days of incubation (our unpublished data).

Similarly, in the second experiment, the purified MC-LR was replaced by MCs-
containing cyanobacterial extract (E) at the concentration of 1 pg MCs L™ (Fig 1b)
and D. lumholtzi were tested the same way as it was in the first experiment. The toxin
concentration of 1 pg L™ was chosen because of three reasons: (i) the common
range of recorded dissolved MCs concentrations in natural water bodies (0.1 — 10 ug
L%, Chorus and Bartram, 1999), (ii) the WHO safety guideline value of MCs (1 pg L~
Yy for drinking water supply (WHO, 1996), (i) the range of cell bound MCs (0.73 —
1.37 pg L™) used in a three generational exposure to D. magna by Gustafsson et al.
(2005).

2.3 Life history traits
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Life history traits of the Daphnia including mortality, maturity age, and reproduction
were scored daily. Maturity age was defined as the day on which the first egg
appeared in the brood chamber of the Daphnia. Numbers of neonates per clutch of
each mother daphnid were checked daily, collected and counted for clutch size to
evaluate the fecundity. Fecundity was calculated as total accumulated offspring
produced by a mother daphnid. When the tests terminated, living mother daphnids
were immediately fixed with Lugol solution (Sournia, 1978) and body length was
measured from the eye to the base of tail spine of the mothers, using a microscope
(Olympus BX 51) coupled with a digital camera (DP 71).

2.4 Data analyses

Survivorship rate of D. lumholtzi was calculated as percentage of which a gap of 20%
or more between two treatments was considered as significant difference (APHA,
2005). For other response variables, we ran general linear models for generations
FO, F1, and F2, respectively. In these models, direct exposure (FO) and the main
effects and interactions of direct exposure (F1 or F2) and previous exposures (FO
and/or F1) on D. lumholtzi was included as fixed factor(s) for generations FO, F1 and
F2, respectively. For body length of the third generation, because the body length
could not be measured for one treatment, ECC, we could only run the main effects of
E-FO, E-F1, E-F2 and the interactions of E-F1 and E-F2). The normal distribution of
data was tested by Shapiro-Wilk and the homogeneity of variances was tested by
Levene's tests. When there was a main effects or interactions of present and
previous exposures on a response variable, we performed a Bonferroni correction to
correct for multiple testing (n = 1, 4 and 8 Duncan’s posthoc tests for the FO, F1 and
F2 generations, respectively; see appendix S1). All analyses were performed with

STATISTICA 12 (StatSoft Inc., Tulsa, OK, United States).
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3. Results

3.1 Effects of microcystins on generation FO

In FO generation, survival, maturity age and fecundity did not differ between the
control and MC-LR or cyanobacterial extract treatment (maturity age: MC-LR, F; 15 =
0.24, P = 0.63 and cyanobacterial extract, F; 15 = 0.001, P = 0.99; the fecundity: MC-
LR, F1 18 = 0.74, P = 0.40 and cyanobacterial extract, F1 15 = 0.27, P = 0.61, Fig. 2A-
E, G-H). For body length, there were no statistical differences between the control
and MC-LR treatment (F; 17 = 1.93, P = 0.18), but D. lumholtzi exposed to
cyanobacterial extract grew slightly larger 0.1 mm (equivalent to 5%) in exposed

females compared to the control (F; 17 = 8.16, P = 0.011, Fig. 2F).

3.2 Effects of microcystins on generation F1

In this exposure, most of the F1 that had been first time exposed to either MC-LR or
cyanobacterial extract (CM rsp CE) confirmed the results of the FO generation (M rsp
E) concerning survival, maturity age, as well as body length for CM, and fecundity for
CE. However, some inconsistent responses occurred that body length decreased in
the CE treatment and fecundity in CM, both did not occur in the FO. Overall,
exposures to MC-LR and cyanobacterial extract for two continuous generations (MM,
EE, respectively) reduced survival, shortened body length, and lowered fecundity (all
P-corrected values< 0.05, Fig. 3A-B, E-H). Exposure to MC-LR did not impact on
maturity age (Fig 3C) while cyanobacterial extract increased it by 2 days, equivalent
to 43 % of the development time (Fig 3D). The body length of MC-LR exposed
individuals was only significantly shortened after two generations, but for those

exposed to cyanobacterial extract, their body length was shorter with each

11
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generation (11 % shorter in CE and 26 % in EE treatments; Fig. 3E, F) despite this
was not observed for the extract exposure in FO.

There were no signals of recovery when F1 individuals from exposed mothers
were reared in toxin-free medium (Fig. 4). Specifically, parental exposure to MC-LR
(MC) or cyanobacterial extract (EC) reduced survival, body length, and fecundity in
non exposed F1 to the same extent to what were observed in D. lumholtzi exposed to
MC-LR or cyanobacterial extract for two consecutive generations (MM and EE,
respectively, Fig 3; main effects of MC-LR-FO and E-FO, Table S1 in Supplementtary
1, Fig 4A-B, E-H). For example, when F1 individuals from exposed mothers were
reared in toxin free medium (MC and EC), the fecundities were still five times lower
than those whose mothers were cultured in clean medium (CC); this pattern was
comparable to what was observed in MM and EE to the control CC. MC-LR-exposed
mothers had no effect on maturity age in their offspring (Fig. 4C), but cyanobacterial

extract exposure of mothers caused a delayed maturity in their offspring (Fig. 4D).

3.3 Effects of microcystins on generation F2
In the third exposed generation (F2) occurred a tendency of a better survival in the
MC-LR or cyanobacterial extract exposed individuals, in comparison to the two
consecutive exposed generations before (FO and F1) (Fig. 5A,B), indicating an
increase in tolerance. The third consecutive generation of exposed D. lumholtzi
survived better than the F2 but still not as good as after first exposure, and lower
than the controls (CCC).

Exposures to MC-LR for two (CMM) and three (MMM) consecutive
generations resulted in delayed maturation in F2 compared to those reared in control
(CCC) or exposed to MC-LR only in F2 (CCM) (Fig. 5C), but differed from F1 that

showed no difference in maturity age between CC and MM. D. lumholtzi exposed to

12
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cyanobacterial extract, displayed the opposite of the inconsistent result between F1
and F2: EE in F1 was delayed in maturity, whereas CEE did not show a different
maturity age compared to CCC in F2. Delayed maturation only occurred in D.
lumholtzi exposed to cyanobacterial extract after three generations (Fig. 5D). Similar
to the maturity age, the inconsistent result of body length was also observed for the
FO and F2 generations (Figs. 2F, 5F). Body length of D. lumholtzi was similar among
the exposure to MC-LR for one (CCM) two (CMM) or three (MMM) generations (Fig.
5E). For cyanobacterial extract, body length of F2 individuals was shortened after
exposure for two (CEE) or three (EEE) generations (Fig. 5F).

Fecundity dropped significantly when F2 individuals were exposed to MC-LR
for the first time (CCM, Fig 5G), and resulted in three times lower fecundity. No
further fecundity reduction occurred in F2 whose mother (CMM) or grand-mother
(MMM) were also exposed to MC-LR (Fig. 5G). For cyanobacterial extract, the
fecundity decreased after animals being exposed for two (CEE) and three
generations. Statistically, the fecundity of CEE and EEE was significantly lower than
that of CCC. However, significant difference was not observed between fecundity of
CCC and CCE, and CEE and EEE (Fig. 5H).

Hence, in extract exposure the better survival of the 3™ generation in
comparison to the 2" was connected to a slower growth, which resulted in delayed
maturity, and consequently a lower fecundity. It is important to note that the fecundity
remained low or was even further decreased.

Similar to the comparison between the FO and F1, most of the results focusing
on the third generation confirmed the previous observations, with some exceptions:
in the CMM treatment, maturity age was delayed, while it was neither significantly

different in FO nor in F1. In contrast, the F2 CEE treated group did no longer suffer
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from delayed maturity age, as did the EE treatment. Surprisingly, body length was no
longer significantly reduced in the CMM, as it was in the MM treatment of F1; and
similar for CCE versus CE treatment.

Some recovery occurred concerning survival (Fig. 6A, B) in the F2 generation
offspring from FO/F1 exposed mothers to both MC-LR and cyanobacterial extracts,
after one or two generations in toxin free environment (control). However, delayed
maturity age of MC-LR exposed-FO offspring was not recovered after one and two
generations reared in toxin free environment (Fig 6C), nor did it completely disappear
in offspring of cyanobacterial extract-exposed FO (Fig 6D). The reduced fecundity
was not recovered when offspring from FO-exposed animals were reared in toxin free
environment for one (MMC and MME) or two consecutive generations (MCC and
ECC, Fig. 6G-H). With few exceptions (survival and maturity age after extract
exposure), the recovery did not increase after 2 generations in toxin free medium.

Despite the observed recovery for some life traits, fecundity remained low.

4. Discussion

4.1 Effects of microcystins on generation FO

An ecologically relevant concentration of cyanobacterial toxins, either in form of the
pure MC-LR or as cyanobacterial extract, resulted in mild effects on fitness-related
traits including survival, and the accumulated number of neonates produced per
female D. lumholtzi in our study. The survival of D. lumholtzi in our study is in
agreement with previous studies in which D. magna exposed to similar
cyanobacterial toxin concentrations (e.g. 3.5 — 5 pg MC-LR L™; Liirling and Van der
Grinten, 2003; Dao et al., 2010). Exposure to higher densities of toxic Microcystis

may result in strong mortality of many Daphnia species such as D. carinata, D.
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magna, D. pulex, D. galeata, D. hyalina, D. pulicaria (e.g. Rohrlack et al., 2001; Jiang
et al.,, 2013a). Also D. lumholtzi suffered more than 60% mortality when fed with
mixtures of Scenedesmus and Microcystis for 10 days at a higher density or
concentration (1 mg DW L™ of Microcystis equivalent to 280 ug MC L™) than
equivalent to our study (Semyalo et al., 2009). Higher concentrations, such as 5 and
50 ug L™ prolonged the developmental time and increased body length in D. magna
in a previous study (Dao et al., 2010). A longer body (0.1 mm, equivalent to 5%) was
surprisingly observed in D. lumholtzi after exposure to cyanobacterial extract. Despite
the significance of this result, the difference was in fact quite small and did not impact

on related life traits such as maturity age and fecundity (Fig. 2D, H).

4.2 Effects of microcystins on generation F1

Exposure to cyanobacterial toxins of the F1 generation whose mothers were reared
in toxin free medium confirmed most of the patterns of survival, maturity age, body
length (for MC-LR) and fecundity (for E) we found when exposing the FO generation.
Some differences, however, occurred in body length of extract-exposed (CE) and the
fecundity of MC-LR exposed animals (CM). For the discrepancy concerning body
length, we cannot provide a sound explanation, however, the decrease of body
length in F1 was in line between the treatments (CC, CE, EE), which could hint to a
biological implication. The fecundity was declining with each MC-LR exposed
generation in the F1, evidencing the augmentation of the toxic impact. This could be
a consequence of a decreasing body length with the second continuously exposed
generation and is moreover connected to a reduction of the survival. Again, we could
not observe this in the treatment of the FO for which we cannot provide a plausible

explanation at this point. Though MCs are very potently toxic to aquatic animals
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(Stoner et al., 1989; Oberemm et al., 1999) other cyanobacterial metabolites from
extract might have generated the observed effects, but we didn’t have the possibility
to determine in the current study.

Continuous exposure to both MC-LR and cyanobacterial extract resulted in
aggravated effects on fitness-related traits of F1 generation. This was expected, as
during exposure to low concentrations of cyanobacterial toxins, while not lethal,
Daphnia would have to spend more energy on amending the damages. In our study
we used MC-LR and MCs from extract at the concentration within the range that had
been tested with D. magna (0.07 — 6 pug L™), but much lower than used with D.
carinata (4.8 — 9.6 pg L™). Previous investigations showed that MCs deregulate
many processes in cells via protein phosphatases inhibition (MacKintosh et al.,
1990), enhance oxidative stress (Wiegand and Pflugmacher, 2005), and reduce the
ATP synthesis activity (Mikhailov et al., 2003), all of which to the expenditure of
energy to compensate. Exposed to MCs, Daphnia would spend energy for
physiological adjustments such as antioxidant and biotransformation enzyme
activities, toxin excretion and mechanisms of repairing damages that result in trade
offs concerning the energy for reproduction (Ortiz-Rodriguez et al.,, 2012).
Consequently, while FO mothers D. lumholtzi could secure their survival, it can be
assumed that the energy allocated to cope with toxic stress in FO mothers
diminuished energetic resources and therewith the fitness of the F1 generation. This
can be interpreted as transmissive maternal effects (Marshall and Uller, 2007; Beyer
and Hambright, 2017).

Another important finding was that there was no signal of recovery when
offspring from FO-exposed D. lumholtzi were reared in toxin free medium. These

results are in agreement with previous studies (e.g., Gustafsson and Hansson, 2004,
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Gustafsson et al., 2005). Dao et al. (2010) found a severe damage of embryos and
neonates inside brood chambers of mother D. magna exposed to MCs such as
decomposition, malformation and mortality. Probably, the neonate D. lumholtzi in the
current study were already negatively affected before released from their mothers’
brood chambers. Presumably these offspring did not develop sufficient physiological
ability to detoxify the harmful compounds. D. lumholtzi showed less tolerance
development than D. magna in a previous study, in which seven days of preexposure
of the parental generation induced detoxification and energy allocation enzymes
enabling the offspring to better withstand MC-LR (Ortiz-Rodriguez et al., 2012). In
that study, however, exposure of the mothers was clearly separated from exposure of
the offspring (Ortiz-Rodriguez et al., 2012), while in the current study, a continuous
exposure was chosen to mimic a more environmental relevant situation. Certain
temperate and sub-tropical daphnids such as D. magna and D. carinata however,
developed tolerance to toxins already in the next generation in similar experiments
after exposure to living cells of Microcystis aeruginosa containing around 5 — 7.5 ug
MCs L™ (Gustafsson and Hansson, 2004; Jiang et al., 2013b; Lyu et al., 2016).
These species specificities may be closely linked to the shift of zooplankton during
cyanobacterial blooms with the decrease of cladoceran abundance in temperate
water bodies (Hansson et al.,, 2007). Further in situ investigations on dynamics of
cyanobacterial biomass, toxins and cladoceran density in tropical freshwaters are

suggested.

4.3 Direct and transgenerational effects of microcystins on generation F2
In order to truly evaluate the transgenerational effects of contaminants or toxins on

species like Daphnia it is important to expose them to these stressors for at least
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three generations (reviewed in Brander et al. 2017). So far, Gustafsson et al. (2005)
was the only study investigating impacts of toxic Microcystis on maturity ages, and
fecundity of the temperate species D. magna for 3 consecutive generations. They
evidenced increased fitness of D. magna already starting in the second generation
and no difference between the second and third generation (Gustafsson et al. 2005).
The authors used a D. magna clone isolated from a pond without cyanobacterial
blooms and preadapted for five months prior to their experiment. Tolerance of D.
magna to toxic Microcystis is clone specific (Gustafsson and Hansson, 2004). The D.
lumholtzi specimen used in our study originated as well from a pond without
cyanobacterial bloom but were cultivated in the laboratory for four years. While we do
not rule out a possibility for a genetic drift, the local adaptation to toxins from
cyabobacteria would be minor and indeed they showed a high sensitivity to both MC-
LR and extract at low concentration (1 pg L™). In our study, the second continuously
exposed D. lumholtzi generation (F1) was more vulnerable to MC-LR and MCs, while
there was visible increase of survival in the third continuously exposed generation
(F2). However, all other fithess-related traits were still below the control levels, hence
a complete tolerance development was not achieved. The better survival is, however,
to the expense of a later maturity in both treatments, which in turn is connected to a
decreased body length in the extract exposure and consequently to decreased
fecundity in both exposure scenarios.

It has been explained that the increased survival in offspring generations
derives from multiple factors: genetic selection, transgenerational or developmental
plasticity or maternal effects via epigenetics or provisioning (Brander et al., 2017). In
our study, the mortality was low therefore the decreased survival in F1 was unlikely a

result of genetic selection or stimulation as proposed by Gustafsson et al. (2005). It
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could rather be a result of less energy allocated to the offspring or the adverse
effects of MCs during brood development (Dao et al. 2010) or both mechanisms.
Similarily, Microcystis aeruginosa decreased survival and fecundity of the rotifer
Brachionus calyciflorus probably due to constraints on the ability to up-regulate
detoxifying enzymes or to compensate for the nutritional inadequacy, or both (Beyer
and Hambright, 2017). Hence, toxic cyanobacterial biomass correlates negatively via
nutritional and toxin effects with cladoceran density (Ferrdo-Filho et al., 2002;
Hansson et al., 2007). Bigger cladocerans were apparently more affected because
they unselectively ingested toxic cyanobacteria while smaller cladocerans seemed to
indirectly benefit, being more selective feeding groups. Consequently, toxic
cyanobacteria induce a shift in zooplankton size and community composition in
temperate inland waters (Hansson et al., 2007).

The reduced fecundity as total offspring was probably a result of delayed
maturity age, despite it did not occur in all the generations and with some
discrepancies between the generations. Start of reproduction is, however, a major
determinant of the reproductive output in copepod species, Temora longicornis (e.g.
Sichlau and Kigrboe, 2011), and cladoceran species, D. magna (Gustafsson et al.,
2005; Dao et al., 2010). Contrasting to the F1 generation, the body length was due to
the Bonferroni correction no longer significantly reduced in F2.

Importantly, the high mortality in F1 and the tendency of increased survival in
F2 suggest that maternal effects together with transgenerational, or developmental
plasticity may play a role in the slightly increased tolerance of D. lumholtzi to MCs
and cyanobacterial extracts. Whatever mechanisms, the consistent, slight increased
survival of D. lumholtzi to toxin in both forms: pure toxin and cyanobacterial extract is

especially important to explain the co-existence of D. lumholtzi with cyanobacteria
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and MCs in tropical lakes. Even though F2 D. lumholtzi developed higher tolerance,
the still lower fecundity, however, possibly limits population survival in tropic lakes
with continuous cyanobacterial blooms if the following generations don’t evolve a
better tolerance.

Our study revealed severe impairment of dissolved MCs at already 1 pg L™ on
D. lumholtzi that may provide a mechanistic understanding to explain the low density
of D. lumholtzi in tropical lakes and reservoirs. It is also important to note that the
MC concentration of 1 pg L™ is considered to be safe for drinking water for human
beings (WHO, 1996) while it has impairments on D. lumholtzi until at least the third
generation of this tropical Daphnia species. Further experiments are needed to
reveal differences between clones, and between populations of different exposure

and acclimation history.

4.4 Conclusions

Dissolved MCs at low concentration (1 pg L™) did not impact on life history traits of
FO D. lumholtzi. Instead, continuously toxin exposure impaired the survivorship,
delayed maturation, and reproduction of the daphnids in F1 and F2 generations. The
trend of slightly recovery survival in F2 generation only partly support our first
hypothesis of an increased tolerance to ecologically relevant concentrations of MCs
within two generations. Our finding is controversial to previous investigations with
temperate and sub-tropical Daphnia species and suggests that adaptive maternal
effects are not applicable to all species of this genus. D. lumholtzi needed at least 2
consecutively exposed generations before signs of tolerance development appeared.
Only survival was moderately improved but not completely recovered when the

neonates from toxin experienced mother daphnids were raised in clean medium for
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two generations. These results partly proved our second hypothesis of recovery
capacity of D. lumholtizi after three generations. Longer exposure duration is
therefore highly recommended to explicitly find out how many generations a tropical
daphinid like D. lumholtizi needs to adapt to low concentrations of cyanobacterial
toxins. Together with the study by Beyer and Hambright (2017), our study suggests
that mechanisms of adaptation to stress depend on the nature of the stressor, the
species and clone/population and most important the exposure history (including
their ancestors) of the speciemen that are investigated. This challenges the
ecotoxicologists to identify which contaminants and zooplankton species would be
expected to rapidly increase in tolerance (e.g. Krause et al., 2017). Identifying this
requires comprehensive studies with different groups of zooplankton, different
classes of toxins and contaminants with multiple generations exposure durations, but
it would benefit conservation plans by identifying which are the most vulnerable
species in the tropical lakes and resevoirs. Furthermore, investigations on the
biochemical responses of D. lumholtzi exposed to MCs are suggested to unravel
underlying physiological mechanisms. Field monitoring on relation between
cladoceran community and MCs or cyanobacteria in tropical standing waters is

essential too.

Acknowledgement: This research is funded by Vietnam National Foundation for
Science and Technology Development (NAFOSTED) under grant number 106-
NN.04-2014.69. The authors are deeply graterful three anomymous reviewers for

their valuable comments and advices that considerably improved our manuscript.

21



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

References

American Public Health Association (APHA), 2005. Standard methods for the
examination of water and wastewater. Washington DC.

Beyer, J., Hambright, K.D., 2017. Maternal effects are not match for stressful
conditions: a test of the maternal match hypothesis in a common zooplankton.
Functional Ecology 31 (10), 1933-1940.

Brander, S.M., Biales, A.D., Connon, R.E., 2017. The role of epigenomics in aquatic
toxicology. Environmental Toxicology and Chemistry 36 (10), 2565-2573.

Bui, T.K.L., Do-Hong, L.C., Dao, T.S., Hoang, T.C., 2016. Copper toxicity and the
influence of water quality of Dongnai River and Mekong River waters on copper
bioavailability and toxicity to three tropical species. Chemosphere 144, 872-878.

Burgess, S.C., Marshall, D.J., 2014. Adaptive parental effects: the importance of
estimating environmental predictability and offspring fithess appropriately. Oikos,
123, 769-776.

Chorus, 1., Bartram, J., 1999. Toxic Cyanobacteria in Water — a guide to their public
health consequences, monitoring and management. E & FN Spon, London.

Colin, S.P., Dam, H.G., 2004. A test for the resistance of pelagic marine copepods to
a toxic dinoflagellate. Evolutionary Ecology 18, 355-377.

Congdon, J.D., Dunham, A.E., Hopkins, W.A., Rowe, C.L., Hinton, T.G., 2001.
Resource allocation-based life histories: A conceptual basis for studies of
ecological toxicology. Environ. Toxicol. Chem. 20, 1698-1703.

Dao, T.S., Do-Hong, L.C., Wiegand, C., 2010. Chronic effects of cyanobacterial
toxins on Daphnia magna and their offspring. Toxicon 55, 1244-1254.

Dao, T.S., Ortiz-Rodriguez, R., Do-Hong, L.C., Wiegand, C., 2013. Non-microcystin

and non-cylindrospermopsin producing cyanobacteria affect the biochemical

22



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

responses and behavior of Daphnia magna. Journal of International Review of
Hydrobiology 98, 235-244.

Dao, T.S., Le, T.H., Pham, T.L., Do-Hong, L.C., Nguyen, P.D., 2014. Influences of
cyanobacterial toxins microcystins on the seedling of plants. Journal of
Environmental Protection 5, 35-41.

DeMott, W.R., Zhang, Q.X., Carmichael, W.W., 1991. Effects of toxic cyanobacteria
and purified toxins on the survival and feeding of a copepod and three species of
Daphnia. Limnol. Oceanogr. 36, 1346-1357.

Dinh Van, K., Janssens, L., Debecker, S., Stoks, R., 2014. Temperature- and
latitude-specific individual growth rates shape the vulnerability of damselfly larvae
to a widespread pesticide. J. Appl. Ecol. 51, 919-928.

Ebert, D., 2005. Ecology, epidemiology, and evolution of parasitism in Daphnia

[Internet]. Bethesda (MD): National Library of Medicine (US), National Center for
Biotechnology Information. Available from:

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Books. p.7.

Ferrdo-Filho, A.S., Azevedo, S.M.F.O., DeMott, W.R., 2000. Effects of toxic and non-
toxic cyanobacteria on the life-history of tropical and temperate cladocerans.
Freshwater Biol. 45, 1-19.

Ferrdo-Filho, A.S., Domingos, P., Azevedo, S.M.F.O., 2002. Influences of a
Microcystis aeruginosa Kiitzing bloom on zooplankton populations in
Jacarepagua Lagoon (Rio de Janeiro, Brazil). Limnologica 32, 295-308.

Ger, K.A., Urrutia-Cordero, P., Frost, P.C., Hansson, L-A., Sarnelle, O., Wison, A.E.,

Ldrling, M., 2016. The interaction between cyanobacteria and zooplankton in a

more eutrophic world. Harmful Algae 54, 128-144.

23



548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

Ghadouani, A., Pinel-Alloul, B., Plath, K., Codd, G.A., Lampert, W., 2004. Effects of
Microcystis aeruginosa and purified microcystin-LR on the feeding behavior of
Daphnia pulicaria. Limnol. Oceanogr. 49, 666-679.

Giramida, L., Manage, P.M., Edwards, C., Singh, B.K., Lawton, L.A., 2013. Bacterial
communities’ response to microcystins exposure and nutrient availability: Linking
degradation capacity to community structure. International Biodeterioration &
Biodegradation 84, 111-117.

Gustafsson, S., Hansson, L.-A., 2004. Development of tolerance against toxic
cyanobacteria in Daphnia. Aquatic Ecology 38, 37-44.

Gustafsson, S., Rengefors, K., Hansson, L.-A., 2005. Increased consumer fithess
following transfer of toxin tolerance to offspring via maternal effects. Ecology 86,
2561-2567..

Hansson, L-A., Gustafsson, S., Rengefors, K., Bomark, L., 2007. Cyanobacterial
chemical warfare affects zooplankton community composition. Freshwater Biol.
52,1290-1301.

Harke, M.J., Steffen, M.M., Gobler, C.J., Otten, T.G., Wilhelm, SW., Wood, S.A,,
Paerl, HW., 2016. A review of the global ecology,genomics, and biogeography of
the toxic cyanobacterium, Microcystis spp. Harmful Algae 54, 4-20.

Jiang, X., Liang, H., Yang, W., Zhang, J., Zhao, Y., Chen, L., Zhao, S., Jing, X.,
2013a. Fitness benefits and costs of induced defenses in Daphnia carinata
(Cladocera: Daphnidae) exposed to cyanobacteria. Hydrobiologia 702, 105-113.

Jiang, X., Yang, W., Zhao, S., Liang, H., Zhao, Y., Chen, L., Li, R., 2013b. Maternal
effects of inducible tolerance against the toxic cyanobacterium Microcystis

aeruginosa in the grazer Daphnia carinata. Environmental Pollution 178, 142-146.

24



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Kilham, S.S., Kreeger, D.A., Lynn, S.G., Goulden, C.E., Herrera, L., 1998. Combo: a
defined freshwater culture medium for algae and zooplankton. Hydrobiologia 377,
147-159.

Krause, K. E., Dinh, K. V. and Nielsen, T. G., 2017. Increased tolerance to oil
exposure by the cosmopolitan marine copepod Acartia tonsa. Science of the Total
Environment, 607-608, 87-94.

Larling, M., Van der Grinten, E., 2003. Life-history characteristics of Daphnia magna
exposed to dissolved microcystin-LR and to the cyanobacterium Microcystis
aeruginosa with and without microcystins. Environ. Toxicol. Chem. 22, 1281-1287.

Lyu, K., Guan, H., Wu, C., Wang, X., Wilson, A.E., Yang, Z., 2016. Maternal
consumption of non-toxic Microcystis by Daphnia magna induces tolerance to toxic
Microcystis in offspring. Freshwater Biology 61, 219-228.

MacKintosh, C., Beattie, K.A., Klumpp, S., Cohen, P., Codd, G.A., 1990.
Cyanobacterial microcystin-LR is a potent and specific inhibitor of protein
phosphatases 1 and 2A from both mammals and higher plants. FEBS Letters 264,
187-192.

Marshall, D.J., Uller, T., 2007. When is a maternal effect adaptive? Oikos, 116,
1957-1963.

Massarin, S., Alonzo, F., Garcia-Sanchez, L., Gilbin, R., Garnier-Laplace, J.,
Poggiale, J.-C., 2010. Effects of chronic uranium exposure on life history and
physiology of Daphnia magna over three successive generations. Aguatic
Toxicology 99, 309-319.

Mikhailov, A., Harmala-Brasken, A.S., Hellman, J., Merilouto, J.A.O., Eriksson, J.E.,
2003. lIdentification of ATP-synthetase as a novel intracellular target for

microcystin-LR. Chem. Biol. Interact. 142, 223-237.

25



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

Mowe, M.A.D., Mitrovic, S.M., Lim, R.P.; Furey, A.; Yeo, D.CJ.; 2015. Tropical
cyanobacterial bloooms: a review of prevalence, problem taxa, toxins and
influencing environmental factors. J. Limnology 74(2), 205-224.

Nandini, S., Miracle, M.R., Vicente, E., Sarma, S.S.S., Gulati, R.D., 2017. Microcystis
extracts and single cells have differential impacts on the demography of
cladocerans: a case study on Moina cf. micrura isolated from the Mediterranean
coastal shallow lake (L’Albufera, Spain). Hydrobiologia 798, 127-139.

Nizan, S., Dimentman, C., Shilo, M., 1986. Acute toxic effects of the cyanobacterium
Microcystis aeruginosa on Daphnia magna. Limnol. Oceanogr. 31, 497-502.

Oberemm, A., Becker, J., Codd, G.A., Steinberg, C., 1999. Effects of cyanobacterial
toxins and aqueous crude extracts of cyanobacteria on the development of fish
and amphibians. Environmental Toxicology 14, 77-88.

Ortiz-Rodriguez, R., Dao, T.S., Wiegand, C., 2012. Transgenerational effects of
microcystin-LR on Daphnia magna. The Journal of Experimental Biology 215,
2795 — 2805.

Rohrlack, T., Henning, M., Kohl, J-G., 1999. Mechanisms of the inhibitory effect of
the cyanobacterium Microcystis aeruginosa on Daphnia galeata’s ingestion rate. J.
Plankton Research. 21, 1489-1500.

Rohrlack, T., Dittmann, E., Borner, T., Christoffersen, K., 2001. Effects of cell-bound
microcystins on survival and feeding of Daphnia spp. Appl. Environ. Microbiol. 67,
3523-3529.

Rohrlack, T., Christoffersen, K., Kaebernick, M., Neilan, B.A., 2004. Cyanobacterial
protease inhibitor microviridin J causes a lethal molting disruption in Daphnia

pulicaria. Appl. Environ. Microbiol. 70, 5047-5050.

26



621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

Schwarzenberger, A.,Sadler,” T., Motameny, S.; Ben-Khalifa, K., Frommolt, P.,
Altmuller, J., Konrad, K., von Elert, E., 2014. Deciphering the genetic basis of
microcystin tolerance. BMC Genomics 15(1): 776.

Semyalo, R., Rohrlack, T., Larsson, P., 2009. Growth and survival responses of a
tropical Daphnia (Daphnia lumholtzi) to cell-bound microcystins. Journal of
Plankton Research 31, 827-835.

Sibly, R.M., Calow, P., 1989. A life-cycle theory of responses to stress. Biological
Journal of the Linnean Society 37, 101-116.

Sichlau, M.H., Kigrboe, T., 2011. Age- and size-dependent mating performance and
fertility in a pelagic copepod, Temora longicornis. Mar. Ecol. Prog. Ser., 442, 123-
132.

Sournia, A., 1978. Phytoplankton manual. UNESCO, UK. p.77.

Stoner, R.D., Adams, W.H., Slatkin, D.N., Siegelman, HW., 1989. The effects of
single L-amino acid substitutions on the lethal potencies of the microcystins.
Toxicon 27, 825-828.

US Environmental Protection Agency (US. EPA), 2002. Methods for measuring the
acute toxicity of effluents and receiving waters to freshwater and marine
organisms, 5" ed. EPA-821-R02-012. Office of water, Washington, DC.

von Elert, E., Zitt, A., Schwarzenberger, A., 2012. Inducible tolerance to dietary
protease inhibitors in Daphnia magna. Journal of Experimental Biology 215, 2051-
2059.

Wiegand, C., Peuthert, A., Pflugmacher, S., Carmeli, S., 2002. Effects of Microcin
SF608 and microcystin-LR, two cyanobacterial compounds produced by

Microcystis sp., on aquatic organisms. Environ Toxicol. 17, 400-406.

27



645

646

647

648

649

650

651

Wiegand, C., Pflugmacher, S.; 2005. Ecotoxicological effects of selected
cyanobacterial secondary metabolites a short review. Toxicology and Applied
Pharmacology 203: 201 — 218.

World Health Organization (WHO), 1996. Guidelines for drinking water quality.

Volume 2. World Health Organization, Geneva.

28



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

Figure legends

Fig. 1. The experimental set up. C, control treatment; M, exposure solutions
containing 1 pg L™ of MC-LR; E, exposure solutions containing 1 pg L™ of MCs from
cyanobacterial extract. FO, F1 and F2 are the first, second and third generation of the

D. lumholtzi, respectively.

Fig. 2. Means + 1 SE of survival (A, B), maturity age (C, D), body length (E, F), and
fecundity (G, H) of Daphnia lumholtzi FO generation in response to the MC-LR (M)
and cyanobacterial extract (E). Letters (a, b) on the bars indicate significant

difference among the exposures by Duncan’s posthoc tests (p < 0.05).

Fig. 3. Means + 1 SE of survival (A, B), maturity age (C, D), body length (E, F), and
fecundity (G, H) of Daphnia lumholtzi F1 generation in response to exposures to the
MC-LR and cyanobacterial extract for one (CM or CE) and two (MM or EE)
consecutive generations. Letters (a, b, ¢) indicate significant difference among the

exposures by Duncan’s posthoc tests (p < 0.05). Abbreviation as in Fig. 1.

Fig. 4. Means + 1 SE of survival (A, B), maturity age (C, D), body length (E, F), and
fecundity (G, H) of non-exposed F1 Daphnia lumholtzi after exposure of the FO to
MC-LR and cyanobacterial extract. Letters (a, b) on the bars indicate significant
difference between the recovery of the F1 from non-exposed FO and F1 from

exposed FO by Duncan’s posthoc tests (p < 0.05). Abbreviation as in Fig. 1.
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Fig. 5. Means + 1 SE of survival (A, B), maturity age (C, D), body length (E, F), and
fecundity (G, H) of Daphnia lumholtzi after one, two and three consecutive
generational exposure to MC-LR or MCs from cyanobacterial extract. Letters (a, b, c)
on the bars indicate significant difference among the exposures by Duncan’s posthoc

tests (p < 0.05). Abbreviation as in Fig. 1.

Fig. 6. Recovery capacity of Daphnia lumholtzi in generation F2 after one or two
generations reared in toxin free medium. Letters (a, b) on the bars indicate significant
difference among the treatments by Duncan’s posthoc tests (p < 0.05). The body

length of the group ECC could not be measured. Abbreviation as in Fig. 1.
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(b)

n = 10 replicates for each treatment n = 10 replicates for each treatment

Firstexperiment Second experiment



ccc CCE CEE EEE

Exposure

© z
=
© < =
=
=
© o =
@)
=
®© o &)
&)
Q
— © —~® o
w Q ©
(52 N ~ o o o o
< (3ol N -~
(ww) yibus| Apog :.w_mEQ S9)eUOBU Pae|NWNOJE)
Kpunoa4
o o ]
w
o © i
@)
o o )
o
Q
Py a o 19
o a e}
0 =
© < s
=
=
O Ke) =
o
=
© @ 3
O
Q
o ~ o 18
< &)

e
(= [=} (=] o o o
m e} © < N
(%) leAInNg (shep) abe funen

© < N

Exposure



Maturity age (days)
N

~

ACCEPTED MANUSCRIPT

"y ®), R a 3l ® (F)
2 7 b E« 8 2 a
g2 b
b 8
s
g1
(]
& o X
© © §43 © +
b b b 8 a a
. 930{ T 1
a 2 a 2T
™ M 25 b
g2 b B b
£3
S0 b
;
g
&

CCC CMC MMC mMcC CCC CEC EEC ECC
Recovery in F2 generation

CCC CMC MMC MCC CCC CEC EEC ECC
Recovery in F2 generation



b+ ni Ll
a* ai @)
L T
o of s
a.A aTA Q
w Q
(1] [9V] - o Qo o o o
<t [+p] [aN] —

{ww) yibus| Apog

:-m_mEE S9]BUOSU PalE|NWNOoE)

Allpunosa

ai aL L
o @ 0
D S

ai a; =
=] . o o
< )

S 5 5 3 & o © v N o

(%) |leninng

(sAep) abe Ajunepy

Exposure

Exposure



ACCEPTED MANUSCRIPT

w
[9) ol
w
o © ol
— ~  © Q
S ° T o
=
o) [3) s
© =
< O
—~ ~ Q
a © o oL 18
[s¢) N ~ @ o o o o
< (3 N ~
(wuw) yibus| Apog :.w_meu S9)BeUOSU paje|nWwnooe)
Aupunosg
1w
o o w
1w
© © W
® —~ © Q
5 e ©
o © =
=
=
© @ 5
—~ Q
M,a_ %) © 8
o o o o o [2e) © < N o
o o) o < N

(%) [BAIMING (sAep) abe Apnjep

Exposure

Exposure



ACCEPTED MANUSCRIPT

o |

EC

cc

MC
Recovery in F1 generation

cc

EC

cc

Recovery in F1 generation

cc

© A . ® ..A
c z
- s
of o
m g
© o - >~ g 9 o o
¥ & & =
(wuw) ybus| Apog (}-8lews) sajeUOBU Paje|NLINIOE.)
Aypunooey
Qa
o ~ o
@ (=)
- |
—~ ®©
sl g -
< e
T (%) lenning (shep) obe Aume



Highlights
» Tropical Daphnia lumholtzi exposed for 3 generations to cyanobacterial toxins

» Continuous toxin exposure impaired D. lumholtzi life traits in F1 and F2
generations

« D. lumholtzi started to develop tolerance after 2 consecutively exposed
generations

* Maternal or transgenerational effects are lower in D. lumholtzi compared to D.
magna



