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HIGHLIGHTS

GRAPHICAL ABSTRACT

Whether/how blooming cyanobacteria
induce reproductive disorder of aquatic
animals remains unclear.

Effect of Microcystis exudates on Daph-
nia reproduction were addressed.
Physiological, biochemical and molecu-
lar characteristics of Daphnia were ana-
lyzed via both chronic and acute
exposures.

Microcystis stimulated 173-HSD, ecdy-
sone, juvenile hormone, and vitello-
genin biosynthesis in Daphnia.

This paper provides insights into novel
risks of cyanobacterial blooms via estro-
genic effects based upon in vivo trials.
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imals. To explore possible estrogenic effects of Microcystis aeruginosa (an often-dominant cyanobacteria species)
on zooplankton, we examined effects of cyanobacteria exudates (MaE, 2 x 10* and 4 x 10° cells/ml) on reproduc-
tion in Daphnia magna. We analyzed physiological, biochemical and molecular characteristics of exposed Daphnia
via both chronic and acute exposures. MaE at both low and high cell density enhanced egg number (15.4% and
23.3%, respectively) and reproduction (37.7% and 52.4%, respectively) in D. magna similar to 10 pg/L estradiol ex-
posure. In addition, both MaE of low and high cell densities increased population growth rate (15.8% and 19.6%,
respectively) and reproductive potential (60% and 83%, respectively) of D. magna. These exudates promoted
D. magna reproduction by stimulating 17R-hydroxysteroid-dehydrogenase (173-HSD) activity and production
of ecdysone and juvenile hormone, and by enhancing vitellogenin biosynthesis via up-regulating expression of
Vtg1 and Vtg2. However, increased expression (6.6 times higher than controls) of a detoxification gene
(CYP360A8) indicated that MaE might also induce toxicity in D. magna. Reproductive interference of zooplankton
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Endocrine disorder
Daphnia magna

by blooming cyanobacteria might negatively affect foodwebs because MaE-induced zooplankton population in-
crease would enhance grazing and reduce abundance of edible algae, thereby adding to the list of known disrup-

tive properties of cyanobacterial blooms.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Cyanobacteria blooms are increasing in frequency and severity on a
worldwide basis, with further increases predicted in association with
climate change (Paerl and Paul, 2012; Visser et al., 2016). Severe
cyanobacterial blooms have been observed in all of the Great Lakes in
North America (Birbeck et al., 2019; Bullerjahn et al., 2016; Newell
et al,, 2019; Wynne and Stumpf, 2015), Lake Victoria in Africa (Simiyu
et al., 2018), the Baltic Sea in Northern Europe (Suikkanen et al.,
2007), Lake Biwa in Japan (Nalewajko and Murphy, 2001), lakes Taihu
and Dianchi in China (Shan et al., 2019), and many other lakes globally
(Cirés and Ballot, 2016; Moorhouse et al., 2018). These hazards increase
individually or in combination with other environmental stressors
(Loick-Wilde et al., 2019; Richardson et al., 2018, 2019). Review of pub-
lications reveals a clear increase in publications related to cyanobacteria
blooms in general, and Microcystis — a common bloom-forming genus —
in particular (see in Fig. 1). Dense cyanobacterial blooms in lakes and
reservoirs can produce diverse bioactive compounds that when re-
leased are toxic to green algae, macrophytes, zooplankton and fishes
(Chia et al., 2018; Song et al., 2017; Whitmore et al., 2018; Zi et al.,
2018). The production of toxins by bloom-forming cyanobacteria can
lead to drinking water crises, such as the one experienced by the city
of Toledo, Ohio in August 2014, when the city shut off its drinking
water supply for >2 days owing to a cyanobacteria bloom in Lake Erie
(Steffen et al., 2017).

Cyanotoxins  such as  microcystins, anatoxins and
cylindrospermopsin, are the most widely studied cyanobacterial metab-
olites (Corbel et al., 2014). Recently, however, estrogenic effects were
reported for cyanobacteria species (Prochazkova et al., 2018; Smutna
et al,, 2014; Sychrova et al., 2012), beyond that more commonly linked
to organic pollutants (Bertram et al., 2018; Wang et al., 2016a; Yu et al.,
2019). For instance, estrogenic activity of cyanobacterial hepatotoxins
microcystin-LR and nodularin-R was demonstrated in vitro in a stably-
transfected cell line with an estrogen-regulated luciferase gene (Oziol
and Bouaicha, 2010). Gong et al. (2014) observed a correlation between
estrogenicity of sea water and phytoplankton concentration and
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reported estrogenic activity of two isolated phytoplankton species
using human cell-based bioassays. St&pankova et al. (2011) demon-
strated using in vitro reporter gene trans-activation assays that both
single- and mixed-species of cyanobacteria collected from the environ-
ment contained compounds with the potential for interaction with sig-
naling pathways of estrogen receptors. Finally, Sychrova et al. (2012)
assessed estrogenic activity in extracts and exudates of cyanobacteria
by use of in vitro trans-activation assays. However, the nature and con-
sequences of exposure to estrogenic compounds released by
cyanobacteria to co-occurring animals remains unknown.

Estrogens are involved in various processes linked to reproduction
(metabolic, morphological and behavioral changes) and development
via estrogen receptor (ER) signaling (Korach et al., 2019; Miah et al.,
2019). Disruption of estrogen signaling leads to impaired gonadal de-
velopment, feminization, alteration of the sex ratio and inhibition of
metamorphosis (Orton and Tyler, 2015; Soffker and Tyler, 2012).
Other disorders in which neurohormonal regulation plays a role have
also been associated with disruption by estrogenic compounds, includ-
ing altered immunity, metabolism, and tissue homeostasis among
others (Casals-Casas and Desvergne, 2011; Khan and Ansar Ahmed,
2016). Phytoestrogens have lower estrogenic potency than animal hor-
mones, but they can reach relatively high concentrations in rivers
(Hoerger et al., 2009; JaroSova et al., 2015). Therefore, their contribu-
tions to estrogenic effects should not be overlooked, especially consider-
ing the discovery of phytoestrogens in blooming cyanobacteria (Goiris
et al,, 2014; Klejdus et al., 2010; Prochazkova et al., 2017). While previ-
ous studies have demonstrated that cyanobacteria toxins could induce
reproductive endocrine disorders in animals (Liu et al., 2018) or have
estrogenic potency (Hou et al,, 2018), and may accumulate organic pol-
lutants from water to act as sink and source of endocrine disruptors (Jia
et al,, 2019), few studies have addressed the presence and role of other
non-toxin, estrogenic compounds produced by blooming cyanobacteria
(Prochazkova et al,, 2017).

Zooplankton play important roles in aquatic ecosystems and their
response to environmental changes can cascade to other elements of
the food web (Li et al., 2019; Moody and Wilkinson, 2019). Daphnia

Fig. 1. Publications on cyanobacteria/Microcystis blooms in the past 30 years. Database search (Web of Science, Thomson Reuters) performed on 20 May 2019. Y axis: total number of

publications by boolean search topic: cyanobacteria®* AND bloom or Microcystis AND bloom.
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magna is the most common freshwater invertebrate model species used
in ecotoxicology studies because of its relatively high sensitivity to tox-
icants, rapid reproduction, and short lifetime (OECD, 2004). Several
studies have examined effects of microcystins on D. magna in both the
laboratory (Hulot et al., 2012; Yang et al., 2012) and nature (Smutna
et al., 2014). However, comprehensive studies of estrogenic effects of
cyanobacteria on reproductive, physiological, biochemical and molecu-
lar systems of planktonic invertebrate species have not been conducted.

The objective of this study was to reveal the reproductive response
of D. magna to Microcystis aeruginosa via alteration of its physiological,
biochemical and molecular characteristics. Specifically, we sought to as-
sess changes in population characteristics (e.g., growth rate and repro-
duction), vitellogenin biosynthesis, production of hormones involved
in vitellogenin regulation, and expression of four genes (CYP314,
CYP360A8, Vtgl and Vtg2) in D. magna exposed to exudates of
Microcystis aeruginosa - the most dominant species associated with
cyanobacteria blooms globally.

2. Material and methods
2.1. Algae cultivation and M. aeruginosa exudates (MaE) production

Cultures of M. aeruginosa (FACHB-905) and Chlorella vulgaris
(FACHB-32) were obtained from the Freshwater Algae Culture Collec-
tion of the Institution of Hydrobiology (FACHB-Collection) at the Chi-
nese Academy of Sciences. M. aeruginosa and C. vulgaris were
axenically cultured with COMBO medium. Cultures of algae were
grown semi-continuously (daily additions of fresh nutrient solution)
in a climate-controlled room at 25 + 1 °Cin a 12:12 h light-dark cycle
with light of 80 mmol quanta m~2 s~! measured as photosynthetic
photon flux density (PPFD) by a Quantum Meter (Spectrum Technol-
ogy, Inc., USA), and manually shaken twice daily.

M. aeruginosa cells of two groups were counted manually by hemo-
cytometer with an optical microscope (Olympus, BX51, Japan) to obtain
initial inoculation densities of 1 x 10* cells/ml and 2 x 10° cells/ml, re-
spectively. M. aeruginosa culture of the low density group was harvested
after 5 or 6 days' growth to achieve a density of approximately 2 x 10*
cells/ml while the high density group was harvested at 4 x 10°cells/ml
after around 3 days. M. aeruginosa cell densities were set within the
range of those observed in Lake Dianchi, in which the highest cell den-
sity was 4.21 x 10% cells/ml in winter and 1.1 x 10° cells/ml in summer
(Ma et al., 2015; Wu et al., 2016). The two solutions of M. aeruginosa
cells (2.0 x 10 cells/ml and 4 x 10° cells/ml) were centrifuged for
10 min at 11,000 rpm, 4 °C. Supernatant was filtered through a glass-
fiber filter (0.22 pm) (MiLiMo separation technology limited company,
Shanghai) to obtain the M. aeruginosa exudates (MaE) solution. MaE
of two groups was freshly prepared in advance and kept at 4 °C a few
hours just before use.

2.2. Daphnia magna cultivation

D. magna was originally obtained from Guangdong Laboratory Ani-
mals Monitoring Institute (Guangzhou, China) and maintained under
a constant 14-h light/10-h dark cycle at 25 °C in Yunnan University
(Kunming, China). Animals were cultured in glass beakers containing
COMBO medium with 20 ml of solution per daphnia individual and
daily fed 5 x 10° cells mL™" of C. vulgaris, with renewal of the medium
twice a week. Healthy and reproductive D. magna were selected to pro-
duce neonates (<24 h) for experiments, about 6 h before the exposure
experiments. We chose third or fourth brood neonates (<24 h) because
they were produced exclusively by parthenogenesis.

Chronic and acute toxicity tests were performed by exposing
D. magna to COMBO medium with: 1) a negative control without any
treatment (CK); 2) positive control with the addition of 10 pg/L of estra-
diol (E2), which is higher than most reported environmental concentra-
tions (e.g. concentrations of 1 to 80 ng/L in municipal WWTP effluents

of USA (Wright-Walters and Volz, 2009) and of 40.0 to 117 ng/L for
Taihu Lake, China) (Wang et al., 2015); 3 and 4) M. aeruginosa exudates
(MaE) of low (2 x 10 cells/mL) or high (4 x 10° cells/mL) cell densities.

2.3. Chronic exposure test

In the chronic exposure test, D. magna was exposed to the above so-
lutions for 21 days. Exposure was carried out in a 100 ml glass beaker
containing 50 mL of the solution of each treatment, with one neonate
was placed in each beaker, with twelve replicates. Two replicate animals
died in the positive control group, and two died in each of MaE low and
high densities, while none died in the negative control group thus dur-
ing the 21-d exposure experiment, thus only live individuals (ten repli-
cates for each treatment) were used in statistical analyses. D. magna was
fed daily (5 x 10° cells mL™" of C. vulgaris) and the test solution was
refreshed daily. The survival, growth, development and reproduction
of D. magna was monitored daily and the following parameters re-
corded: number of molts per individual, days to first brood, days to
first egg production, number of eggs in first brood, total number of
molts per individual, total egg production per individual, and mortality
rate of produced offspring. At the end of the experiment, we measured
body length (from the top of its head to the base of its tail spine) of each
female under the microscope with a micrometer. We divided total num-
ber of offspring by mortality to obtain the death rate of produced off-
spring, and calculated the intrinsic rate of growth (r) and net
reproduction rate (R,) using the Euler-Lotka eq. (1-2): (De Coen and
Janssen, 2003; Lotka, 1913)

lemxe_”‘ =1 (1)

Ro =Y bm @)

where l is the proportion of individuals surviving to age x (days), and
my is age-specific fecundity (number of neonates produced per surviv-
ing female between age x and x + 1).

2.4. Acute exposure test

In the acute exposure test, exposure was carried out in 1000 ml glass
beakers for 24, 48 and 96 h, respectively. Four hundred individuals of
D. magna were used in ten beakers (40 individuals per beaker contain-
ing 800 ml of the solution) for each replicate, with four replicates for
each treatment in the 24 and 48-h experiments (400 individuals x 4
replicates) and eight replicates for each treatment in the 96-h experi-
ment (400 individuals x 8 replicates). D. magna was fed daily (5 x 10-
5 cells mL~" of C. vulgaris for per individual) and the test solution was
refreshed daily. At the end of each experiment by 24 or 48 h, all individ-
uals of each replicate (40 x 10 = 400) were combined into one sample
after harvest, and four replicates of each treatment were collected to an-
alyze the level of vitellogenin, ecdysone and juvenile hormone, as well
as the activities of 17B-hydroxysteroid-dehydrogenase (173-HSD) in-
volved in hormone biosynthesis in D. magna by using commercial
ELISA kits (Jiangsu Kete, China) with a microtiter plate reader (Lab Sys-
tems Multiskan® MS, Finland). For the 96-h experiment, four replicates
of each treatment were collected for ELISA test while the rest of the
eight replicates were used for total RNA extraction.

2.5. Total RNA isolation and quantitative real-time PCR

In each treatment, neonates were transferred into a 2 mL centrifuge
tube, rinsed with distilled water and placed and kept on ice. Total RNA
was isolated from neonates with RNAiso plus reagent (Takara, Japan),
following the instructions of the manufacturer. After isolation, the con-
centrations and purity of the total RNA in the samples were measured
using a SpectraMax® QuickDrop™ (Molecular Devices, USA). We then
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diluted RNA samples with RNase free H,O to maintain consistent con-
centrations. Reverse transcription was performed using a
PrimeScriptTM RT reagent Kit (Takara, Japan) according to the manu-
facturer's protocol, then cDNA was obtained for D. magna in each
treatment.

Quantitative real-time polymerase chain reaction (RT-PCR) was
used to analyze gene expression of D. magna exposed to M. aeruginosa
exudates. qPCR primers were designed according to known sequences
listed in Table S1, where the 3-actin gene was used as an internal stan-
dard, and the other four genes used to analyze the response of expres-
sion in D. magna after exposure to MaE. Primers of all genes were
designed according to previous studies (Liu et al., 2017). The availability
of these primers and the cDNA obtained was checked by a series of con-
ventional PCR experiments before qPCR experiments.

gPCR experiments were carried out by using TB Green™ Premix Ex
Taq™ II(Tli RNaseH Plus) (Takara, Japan) with an ABI QuantStudio™ 7
Flex analyzer (ABI, USA) to amplify these genes. Cycling conditions
were as follows: 95 °C for 30 s, 40 cycles of 95 °C for 5 s, 60 °C for 30 s.
At the end of each test, a melting curve analysis was conducted (plate
read every 0.5 °C from 55 to 95 °C) to determine the formation of spe-
cific products. Each 25 pL volume of reaction mixture contained 12.5
pL SYBR Premix Mix Taq (2x), 1 pL for each primer (10 pM), 2 pL
cDNA, and was completed to a final volume of 25 pL with ultrapure
ddH,0. Gel electrophoresis and melting curve analyses were performed
to confirm correct amplicon size and the absence of nonspecific bands.
Gene expression results were calculated by the 224<T method (Livak
and Schmittgen, 2001). Each reaction was conducted in triplicate to en-
sure reproducibility of results.

2.6. Statistical analysis

Statistical analysis was performed with SPSS Statistics 19.0 software
after normality and homoscedasticity of data were checked. One-way
analysis of variance (ANOVA) and LSD post-hoc tests were used to eval-
uate the significance of differences between the exposure groups and
the control. Repeated-measures ANOVA and subsequent post-hoc
tests were used to evaluate the significance of differences among 24 h,
48 h and 96 h, subsequently between the exposure groups and the con-
trol. The relationships between every two tested parameters of
D. magna were determined by Pearson's correlation analysis. Experi-
mental data was reported as mean + standard error, and the 95% confi-
dence limits were calculated using the trimmed Spearman-Karber
method.

3. Results
3.1. Growth and reproduction in Daphnia magna exposed to MaE

The day to first brood of the positive control group (E2) treated with
10 pg/L of estradiol was earlier than the negative control (CK, Fig. 2A);
also size of the first brood was significantly larger than that of the neg-
ative control (p < 0.05). On average, one egg emerged on the 4th day in
the former group, followed by 11.6 new eggs the next day, which dif-
fered significantly from the negative control (only 7.8 eggs on the 5th
day as the first brood). However, the negative control and two MaE
treatment groups did not produce eggs until day 5. MaE increased the
number of eggs, with the MaE of low cell density exerting a stronger
stimulus than the higher one (Fig. 2A). However, there was no signifi-
cant difference between MaE treatments and the negative control (p >
0.05). Compared with the CK group, the total number of eggs produced
by D. magna during the 21 days was significantly increased in both MaE
treatments of low and high cell densities as well as in the E2 treatment
(27%, 15% and 23%, respectively) (Fig. 2B and Table S2, p < 0.05). How-
ever, there were no significant differences in total egg production
among the MaE treatments and the E2 treatment (p > 0.05). Also, both
MaE of high and low cell densities as well as E2 stimulated total

offspring number, though only the former MaE treatment differed sig-
nificantly from the negative control (elevated by 52%) (Fig. 2C and
Table S2, p < 0.05). The MaE of high cell density as well as E2 also re-
sulted in increased body length of adults, though only the latter treat-
ment differed significantly from the negative control (Fig. 2D, p <
0.05). Adults of both MaE treatments did not differ significantly in
body length from CK (p > 0.05).

The intrinsic growth rate of D. magna significantly increased in both
MaE treatments relative to negative controls (by 15.8% and 19.6%, re-
spectively) (Fig. 2 and Table S2, p < 0.05). Also, both MaE treatments in-
duced a greater increase in net reproduction rate of D. magna than E2
treatment, increasing by 60% and 83% in the low and high MaE treat-
ments, respectively (Fig. 2 and Table S2, p < 0.05). Significant positive
correlations between net reproduction rate and total neonates, and be-
tween net reproduction rate and intrinsic growth rate, were observed
(Fig. 3).

3.2. Physiological parameters of Daphnia magna after acute exposure in
MaE

There were no significant differences in vitellogenin concentration
in vivo among treatments after 24 h, although the MaE treatments
and E2 group were slightly higher than the negative control (Fig. 4A, p
> 0.05). Compared with the CK treatment, the concentration of
D. magna vitellogenin after 48 h or 96 h was significantly higher in
both MaE treatments as well as E2 groups versus the negative control
(Fig. 4A, p < 0.05); the low cell density MaE treatment demonstrated
greater elevation of vitellogenin than the higher one, and 141% and
67% more than the CK group after 48 h and 96 h, respectively
(Table S2). However, there was no significant difference in vitellogenin
concentrations among the two MaE treatments and the E2 group either
after 48 h or 96 h (p > 0.05). Although the level of vitellogenin was un-
stable during the total 96-h exposure experiment in the negative con-
trol group, it was always elevated in both MaE and E2 treatments at
each investigated time. We also observed a positive correlation between
vitellogenin concentration after 24 h and 48 h (Fig. 3).

Both MaE treatments as well as E2 exhibited elevated concentrations
of ecdysone in D. magna at each tested time, with significant differences
from the negative control after 24 h or 96 h (Fig. 4B, p < 0.05). The low
cell density MaE treatment had significantly elevated ecdysone level
than the higher cell density treatment and 54.5% more than the CK
group after 96 h (Table S2), while the direct addition of estradiol after
96 h caused an in vivo increase of 54.4% in ecdysone (p < 0.05). Except
for the MaE treatment of low cell density, the concentration of ecdysone
in the rest three treatments did not exhibit significant differences across
time periods. We did observe positive correlations between the concen-
tration of ecdysone and vitellogenin after 24 h, and between the con-
centration of ecdysone after 24 h and total neonates after 21 days
(Fig. 3).

The concentration of juvenile hormone was significantly elevated in
both MaE treatments as well as E2 at each tested time, with differences
occurring from the negative control after 48 h and 96 h (Fig. 4C, p <
0.05). Juvenile hormone of the low cell density MaE treatment achieved
the highest observed concentration of all treatments after 96 h, achiev-
ing a level 52% higher than the CK group though it was not significantly
different from the positive control. This hormone was also stimulated
significantly over time in the low cell density MaE treatment and in
the E2 treatment (p < 0.05). We observed synchronous and significant
positive correlations between juvenile hormone concentration and ec-
dysone level after 24 h and 96 h, and between juvenile hormone and vi-
tellogenin after 24 h (Fig. 3).

Compared with the CK group, the activity of 173-HSD increased sig-
nificantly in all treatments after 48 h and 96 h (Fig. 4B, p < 0.05), though
there were no differences among the MaE treatments and the E2 treat-
ment for any time period (p > 0.05). Moreover, this enzyme did not vary
significantly across time periods in each treatment. The activity of 17(3-
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Fig. 2. Performance of growth and reproduction of Daphnia magna during a 21-days MaE exposure (CK: negative control group; low MaE: treatment with exudates from 2 x 10* cells/mL of
M. aeruginosa; high MaE: treatment with exudates from 4 x 10° cells/mL of M. aeruginosa; E2: positive control group treated with 10 pg/L of estradiol). (A) Number of the earliest eggs
produced by per adult at the 4th or 5th day; (B) Number of total eggs produced by per adult after 21 days; (C) Number of total young produced by per adult after 21 days; (D) Body
length of adults after 21 days; (E) Intrinsic growth rate during 21 days; (F) Net reproduction rate during 21 days (mean =+ SE, n = 10). Different letters on the bars indicate a

significant difference between the treatments using one-way ANOVA (LSD, p < 0.05).

HSD was positively correlated to levels of vitellogenin, ecdysone and ju-
venile hormone in vivo (Fig. 3).

3.3. Gene expression of Daphnia magna exposed to MaE

We observed no significant difference in relative mRNA expression
of CYP314 in D. magna after 96 h among the negative and positive con-
trols, as well as the two MaE treatments (Fig. 5A, p> 0.05). CYP360A8 ex-
pression was similar among the negative control and E2 groups and low

cell density MaE treatment after 96 h, however this gene was signifi-
cantly and dramatically (6x) up-regulated in the high cell density
MakE treatment (Fig. 5B, p < 0.05). Expression of Vtg1 after 96 h increased
in both the MaE treatments and in the E2 treatment, though only the
low MaE treatment was significantly different from the CK control
(Fig. 5C, p < 0.05). All treatments experienced significant up-
regulation of Vtg2 expression after 96 h relative to the negative control
(Fig. 5D, p < 0.05); expression was highest for the high cell density MaE
and E2 treatments. We observed a significant positive correlation
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between Vtg2 expression and total egg production after 21 days in the
chronic exposure experiment (Fig. 3).

4. Discussion
4.1. Estrogenic effect of M. aeruginosa exudates on D. magna

Endocrine disruptive potential was recently associated with algal
blooms, which could contribute to elevated levels of phytoestrogens in
aquatic environments (Prochazkova et al., 2017; Prochazkova et al.,
2018). However, estrogenic activity of cyanobacteria in vivo, as well as
the action mode of cyanobacteria estrogen (or estrogen analogues), re-
mains unclear. In this study, we demonstrated pronounced estrogenic
effects of M. aeruginosa exudates on the reproductive, physiological,
and molecular characteristics of D. magna in the laboratory. These exu-
dates performed very similar to the direct addition of 10 pg/L estradiol
on most of the tested demographic parameters (Figs. 2, 4 and 5). Al-
though MaE did not affect body length of D. magna, both low and high
concentration of MaE experienced increased total egg production.

Vitellogenin (Vtg) is the precursor of vitellin, which provides an en-
ergy supply for embryo development in oviparous animals. In
parthenogenetically-reproducing Daphnia, after vitellogenesis Vtg is
transferred via the haemolymph into the oocytes where it is further
processed to yolk protein. Production of Vtg is controlled by estrogen
hormones, e. g., estradiol in vertebrates, or ecdysteroids and juvenile
hormone in crustacea, thus both Vtg production and the expression of
Vtg-coding genes (Vtg1 and Vtg2) are often used as biomarkers for es-
trogenic compound exposure (Jones et al., 2000; Matozzo et al., 2008)
or toxicant assessments with cladocerans (Soetaert et al., 2006). Induc-
tion of Vtg was reported after exposure to a mixture of cyanobacteria
cell cultures in zebrafish and medaka. (Marie et al., 2012; Rogers et al.,
2011). We observed increased Vtg levels in D. magna when animals
were exposed to M. aeruginosa exudates (Fig. 4A), suggesting that bio-
active chemicals with estrogenic effects might be present with effects
similar to that of direct-supplied estradiol. Also, significantly increased
expression of Vtg1 in D. magna when exposed to the low concentration
of MaE, as well as slightly up-regulated Vtg2 at both two concentrations

of MaE (Fig. 5C and D), suggest that the exudate might act as a source of
estrogen.

Induction of Vtg may be estrogen-independent in arthropods
(Hannas et al., 2011). Ecdysteroids (e. g., ecdysone) and juvenile hor-
mone may play roles in vitellogenesis of daphnids owing to their defi-
nite function in reproduction of insects (Miyakawa et al., 2014;
Miyakawa et al., 2018; Qu et al., 2018), and the identification of genes
Vtg1 and Vtg2 in D. magna that contain both juvenile hormone- and
ecdysteroid-responsive elements in the promoter and showed expected
responses to juvenile hormone agonists and ecdysteroid (Tokishita
et al.,, 2006). The ecdysone receptor (EcR) activates ecdysone produc-
tion by forming a heterodimer with ultraspiracle (USP) in insects and
daphnids (Hopkins, 2009; Kato et al., 2007). EcR and USP have been
cloned in D. magna (Kato et al., 2007). In this study, we observed signif-
icant positive correlations between production of Vtg and levels of the
two hormones. 173-HSD, which is responsible for catalyzation of the
last steps of steroid synthesis and its primary metabolism, is involved
in ecdysteroid biosynthesis (Janer and Porte, 2007). Thus, the enhance-
ment of 17B-HSD activity by MaE in our study is consistent with the in-
crease in ecdysone production (Fig. 4B and D).

CYP314 in our study is one member of the subfamily CYP19 in the
mitochondrial CYPs, a family of the cytochrome P450 superfamily
(CYPs), and is involved in conversion of ecdysone to its active form
(Rewitz and Gilbert, 2008; Rewitz et al., 2007; Baldwin et al., 2009).
CYP314 gene has already been treated as a biomarker to identify the ef-
fects of pollutants on D. magna molting and reproduction (Le et al.,
2010; Liu et al., 2017; Wang et al.,, 2016b). Therefore, we sought to de-
termine whether the impact of MaE on D. magna reproduction might
be indirectly reflected in the change of CYP314 gene expression. We ob-
served that CYP314 gene expression was not affected by exposure to ei-
ther MaE or E2 exposure over 96 h (Fig. 5A). Given that significant
correlations exist among most of the tested parameters of D. magna af-
fected by MaE (Fig. 3), mechanisms involved in reproductive promotion
of D. magna by MaE in this study could be elaborated. MaE enhanced the
activity of 17B-HSD. Subsequently, these enzymes promoted biosynthe-
sis of ecdysone. Meanwhile, production of juvenile hormone was also
enhanced. In turn, increased ecdysone and juvenile hormone had
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Fig. 4. Performance of physiological parameters of Daphnia magna after a 96-h MaE exposure (CK: negative control group; low MakE: treatment with exudates from 2 x 10* cells/mL of
M. aeruginosa; high MaE: treatment with exudates from 4 x 10° cells/mL of M. aeruginosa; E2: positive control group treated with 10 pg/L of estradiol). (A) Concentration of
vitellogenin; (B) Concentration of ecdysone; (C) Concentration of juvenile hormone; (D) Activity of 17p-hydroxysteroid-dehydrogenase (173-HSD) (mean + SE, n = 4). Different
small letters indicate significant differences between different solutions applied while capital letters indicate significant differences between values of different time using repeated-

measures ANOVA and subsequent post hoc tests (LSD, p < 0.05).

greater efficiency to bind to their receptors which collectively induced
the subsequent steps of vitellogenesis. At the same time, the expression
of genes Vtg1 and Vtg2 were also enhanced by MaE exposure, resulting
in higher Vtg production. The massive Vtg increase could, in turn, pro-
vide added nutritional support for developing eggs. Consequently, af-
fected adult D. magna should produce more offspring.

Like previous studies, we were not able to identify the specific com-
pounds in cyanobacteria exudates responsible for observed estrogenic
effects. Smutna et al. (2014) indicated that unknown metabolites
other than microcystins were likely responsible for toxic effects on
D. magna reproduction. However, cyanobacteria and algae contain
phytoestrogens such as estrogenic flavonoids (Goiris et al., 2014;
Klejdus et al., 2010). These compounds can act as both estrogens and
antiestrogens, with the contradictory effects related to phytoestrogens
being weak estrogen receptor agonists. At low concentrations of the en-
dogenous hormone, weak agonists can elicit estrogenic effects while

they block the binding sites of the receptors (D'Alessandro et al.,
2005). Therefore, it may be risky if animals are exposed to exogenous
hormones originating from cyanobacteria blooms in nature. More re-
search is needed to identify the chemicals responsible.

4.2. Ecological consequence of estrogenic effects caused by M. aeruginosa

Pelagic crustaceans, represented here by daphnids, play important
roles in aquatic ecosystems. Changes in their population abundance
can have cascading effects in foodwebs (Tessier and Woodruff, 2002).
Daphnia are adversely affected by cyanobacterial blooms, mainly due
to the toxicity of microcystins (Hietala et al., 1995; Hulot et al., 2012;
Reinikainen and Walls, 1999). However, we observed that
cyanobacteria exudates could have the opposite effect by increasing re-
production in D. magna. If this finding applies under natural conditions,
enhanced reproductive output by Daphnia could impose a stronger top-
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Fig. 5. The relative mRNA expression (mean = SE, n = 4) of Daphnia magna genes related to reproduction ((A) CYP314, (B) CYP360A8, (C) Vtg1, and (D) Vtg2) after a 96-h MaE exposure
(CK: negative control group; low MaE: treatment with exudates from 2 x 10* cells/mL of M. aeruginosa; high MaE: treatment with exudates from 4 x 10° cells/mL of M. aeruginosa; E2:
positive control group treated with 10 pg/L of estradiol). Different letters on the bars indicate a significant difference between the treatments using one-way ANOVA (LSD, p < 0.05).

down effect on phytoplankton. The effect would be most pronounced
on edible species such as green algae and diatoms, and less or not at
all on less edible cyanobacteria (Ger et al., 2018; Solis et al., 2018). For
example, after a cyanobacterial bloom, edible Cryptomonas spp.,
Dolichospermum spp., and Bacillariophyceae were differently consumed
by different crustaceans (Solis et al., 2018). Cyanobacteria would poten-
tially benefit by enhancing abundance of their competitor's predator
(i.e. enemy of my enemy). Nevertheless, it is difficult to conclude that
promotion of D. magna reproduction by cyanobacteria is beneficial
given widespread problems associated with cyanobacteria blooms
(Dao et al., 2018; Pawlik-Skowrofiska et al., 2019).

On the other hand, our study provides some clues as to unexpected
effects of cyanobacteria. CYP360A8 is also a member of Daphnia CYP3
clan family CYP360, which are the closest phylogenetic relatives of the
CYP6 and CYP9 subfamily members of insects involved in endobiotic
and xenobiotic metabolism and detoxification (Baldwin et al., 2009).
Its homologue gene in vertebrates, CYP3A, is involved in oxidative me-
tabolism of various drugs in vivo (Yamano et al.,, 1990). Also, Liu et al.
(2017) found that CYP360A8 in D. magna play an important role in cat-
alyzing detoxification of the pollutant diclofenac. Thus, increased

expression of CYP360A8 by the high concentration of MaE in our study
(Fig. 5B) suggests that MaE might act as a source of inhibitor, inducing
some adverse effect on D. magna. In our previous study, MaE induced
embryonic malformations and heart failure in a fish species (Zi et al.,
2018). MaE exposure over a longer time scale poses greater risk to the
target species. For example, estrogenic inhibition to D. magna caused
by some pharmaceuticals was stronger in chronic than in acute expo-
sures (Le et al., 2011; Liu et al., 2017). Furthermore, longer exposure
to MaE may affect this population in other ways, including growth, de-
velopment or even reproduction of the next generation. For example,
offspring body size, which was not measured in this study, could be af-
fected by intact Microcystis cells after longer exposure in both laboratory
and field conditions (Lampert, 1993; De Senerpont Domis et al., 2013).
Filtration rate of Daphnia would in turn be affected since it is size-
dependent (Davis et al., 2012). Dao et al. (2018) observed strong direct,
accumulated and carried-over impacts of cyanobacterial toxins on life
history traits on F1 and F2 generations of D. lumholtzi, including reduc-
tions in survival and reproduction, though there were only weak nega-
tive effects on the first generation (FO). Moreover, the situation may be
more complex in the field where D. magna would be exposed to



R. Xu et al. / Science of the Total Environment 696 (2019) 133909 9

complex cyanobacterial communities and a variety of bioactive
chemicals, toxins and effects (Smutna et al., 2014). Dao et al. (2018)
also concluded that chronic exposure to long-lasting blooms, even at
low density, reduced survival of D. lumholtzi in tropical lakes and reser-
voirs, with ecological consequences. In addition, a recent report indi-
cated that natural cyanobacteria can accumulate endocrine hormones
from polluted water which could be transferred via the food chain (Jia
et al,, 2019). Similarly, estrogenic chemicals released by cyanobacteria
could directly threaten species at higher trophic levels or by indirect ac-
cumulation through the food chain (Jonas et al., 2015; Zikova et al.,
2013).

It is generally accepted that cyanobacteria have strong negative ef-
fects on survivorship, growth and reproduction of Daphnia due to
their toxins, “bad taste”, poor nutritional value for lacking essential
fatty acids and lipids, and morphological features that hinder ingestion
(Liirling, 2003). Toxicity of microcystins is generally considered as the
major cause of reduced growth and increased mortality in Daphnia
(Gustafsson and Hansson, 2004; Liu et al., 2011). As well, Daphnia and
other aquatic invertebrates have been reported to accumulate
cyanobacterial toxins and are speculated to then transfer them to higher
trophic levels (Bownik, 2016). However, these studies demonstrated
negative effects of cyanobacteria on Daphnia mostly by experiments
with intact cyanobacteria cells, which may trigger other problems
such as altered ingestion and filtration rates. In addition, toxin produc-
tion of cyanobacteria cells could be increased by exposure to zooplank-
ton (Jang et al., 2003, 2008). On the other hand, cyanobacteria toxins are
generally thought to be released into the aquatic environment mainly
during cell lysis. Thus, reproductive disruption of D. magna caused by
exponential-growth-phase-Microcystis exudates can occur even in the
absence of microcystins (Zi et al., 2018; Zheng et al., 2013). Liirling
(2003) also found that adverse effects on Daphnia growth and survival
were not necessarily related to presence and concentration of
microcystins but rather other substances.

Cyanobacteria blooms are an unfortunate by-product of modern civ-
ilization and have adverse impacts on other aquatic species (Cirés and
Ballot, 2016). Some of these hazards are well known (Mello et al.,
2018). However, estrogenic effects associated cyanobacterial blooms
that we have demonstrated here are less well-appreciated. Our study
demonstrated that blooming cyanobacteria could release bioactive
compounds that induce reproductive endocrine disorder in a common
and important aquatic species. It provides insights into potential risks
of cyanobacterial blooms via estrogenic effects based upon in vivo trials.
However, the role of cyanobacteria in reproductive disorders under nat-
ural conditions warrants further attention. In particular, studies on the
chemical nature, modes of action, and consequences of the unknown
compounds associated with estrogenic activity are needed. In addition,
physiological factors such as cyanobacteria strain differences, species
tolerance and age/generation of target animals, population density,
and physical factors must be considered when investigating effects of
cyanobacterial blooms.

5. Conclusion

In the present study, the effects of two levels of M. aeruginosa exu-
dates (Mak, 2 x 10* cells/ml and 4 x 10° cells/ml) on the reproductive,
physiological, and molecular characteristics of D. magna were investi-
gated. Totally, M. aeruginosa exudates had significant promotion in
D. magna reproduction including increased egg and neonate production,
intrinsic growth rate, and net reproduction rate. And M. aeruginosa exu-
dates promoted D. magna reproduction by stimulating the activity of
17pR-HSD and biosynthesis of ecdysone and juvenile hormone, also by
enhancing its vitellogenin biosynthesis with up-regulating the expres-
sion of Vtg1 and Vtg2. However, the increased expression of CYP360A8,
a gene responsible for detoxification, suggested that MaE might induce
some toxicity in D. magna. Also, strong estrogenic effects on D. magna

induced by cyanobacteria might enhance grazing and reduce abun-

dance of edible algae, and negatively affect other filter feeders.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.scitotenv.2019.133909.
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