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A B S T R A C T

Cyanobacterial blooms drive water-quality and aquatic-ecosystem deterioration in eutrophic lakes worldwide,
mainly owing to their harmful, secondary metabolites. The response of fish exposed to these cyanobacterial
chemicals, however, remains largely unknown. In this paper, we employed an endangered fish species
(Sinocyclocheilus grahami) in Dianchi Lake, China to evaluate the risks of cell-free exudates (MaE) produced by a
dominant cyanobacterium (Microcystis aeruginosa) on embryo development, as well as the molecular mechan-
isms responsible. MaE (3d cultured) caused a reduction of fertilization (35.4%) and hatching (15.5%) rates, and
increased mortality rates (≤90.0%) and malformation rate (27.6%), typically accompanied by heart failure.
Proteomics analysis revealed that two greatest changed proteins – protein S100A1 (over-expressed 26 times
compared with control) and myosin light chain (under-expressed 25 fold) – are closely associated with heart
function. Further study revealed that heart failure was due to calcium ion imbalance and malformed cardiac
structure. We conclude that harmful secondary metabolites from cyanobacteria may adversely affect embryo
development in this endangered fish, and possibly contribute to its disappearance and unsuccessful recovery in
Dianchi Lake. Hazardous consequences of substances released by cyanobacteria should raise concerns for
managers addressing recovery of this and other imperiled species in affected lakes.

1. Introduction

Cyanobacteria blooms are increasing in frequency on a worldwide
basis, with further increases predicted in association with climate
change (Gong et al., 2017; Visser et al., 2016; Paerl et al., 2014; Paerl
and Paul, 2012). Cyanobacterial blooms have been reported on every
continent except Antarctica, encompassing 108 countries (Harke et al.,
2016). Blooms increase turbidity, destroy aquatic plants, and alter fish
habitats. Some cyanobacteria produce toxins, which can cause serious
human liver and renal damage, as well as neurological and skin diseases
(Harke et al., 2016; Testai et al., 2016; Barda et al., 2015), and present
health risks to livestock or wildlife that drink or use contaminated
water (Bengis et al., 2016; Lopez-Rodas et al., 2008; Stewart et al.,
2008). Cyanobacteria thus threaten many of the world’s major aquatic
ecosystems including Lake Victoria in Africa, Lake Erie in North
America, the Baltic Sea in Europe, and lakes Taihu and Dianchi in China
(Paerl, 2008). In one high profile case, the Lake Erie water supply for
Toledo, Ohio was temporarily shut down in August 2014 owing to a

large Microcystic bloom in the lake (Steffen et al., 2017).
Besides well-known cyanobacterial toxins (e.g. microcystin, cylin-

drospermopsin etc.) that are passively released from dying cells (de-
cline growth phase), many cyanobacteria produce other harmful sec-
ondary metabolites which differ from cyanobacterial toxins and which
also cause ecological problems (Harke et al., 2016; Sukenik et al., 2015;
Esther et al., 2014; Leflaive and Ten-Hage, 2007). These secondary
metabolites suppress other phytoplankton (Wang et al., 2017; Żak et al.,
2012; Suikkanen et al., 2004; Keating, 1978), disrupt germination and
seedling growth of submerged macrophytes (Xu et al., 2016, 2015;
Zheng et al., 2013), affect the fitness, protein expression and genetic
structure of zooplankton (Drugă et al., 2016; Lyu et al., 2016; Zagatto
et al., 2012; Lampert, 2010), influence behavior, survivorship and po-
pulation of fishes (Hamilton et al., 2014; Zagatto et al., 2012), and may
include teratogenic and estrogenic effects both in fish and amphibians
(Smutná et al., 2017; Jonas et al., 2015, 2014; Sychrová et al., 2012).

In addition, previous studies demonstrated that adversely effects of
cyanobacterial extracellular exudates are stronger than intracellular
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extracts, and that these effects are growth phase-dependent.
Extracellular exudates of decline phase cyanobacteria do not exhibit
obvious negative effects (Xu et al., 2015), whereas extracellular exu-
dates in exponential phase do affect coexisting organisms (Xu et al.,
2016, 2015; Zheng et al., 2013; Żak et al., 2012; Suikkanen et al.,
2004). Thus, it appears that the exponential phase is the critical period
for cyanobacteria to produce secondary metabolites. Though accumu-
lating evidence demonstrates that cyanobacteria exudate substances are
harmful to aquatic organisms, the effect of exudates from exponential
phase cells on aquatic animals remains unclear.

Fish are integral components of most aquatic ecosystems and may
be threatened by secondary metabolites in waterbodies hosting blooms.
(Godlewska et al., 2016; Sinden and Sinang, 2016). Sinocyclocheilus
grahami (Barbinae subfamily) is an endemic species of the Yunnan-
Guizhou plateau, and once dominated Dianchi Lake (24∘51′-N, 102∘42′-
E) – the sixth largest lake in China – prior to its eutrophication. The
species disappeared from the lake during the 1980s and is listed in the
“China Red Data Book of Endangered animals (fish)” as a nationally
protected animal (Chu and Chen, 1989). Many efforts have been made
to rehabilitate S. grahami in the lake and in captivity. In 2007, the
Endangered Fish Conservation Center (EFCC) achieved reproduction of
S. grahami in captivity (Yang et al., 2007). More than one million larvae
have been re-introduced to the lake since 2009, though these efforts
have failed to rebuild the population.

Cyanobacteria blooms have become an increasingly serious problem
in Dianchi Lake since the 1980s, and we hypothesize that they may be
responsible for the disappearance of important fishes, including S.
grahami, as well as its failed re-introduction into the lake. To test this
hypothesis, we exposed S. grahami to exudates from the Microcystis
aeruginosa grown in exponential phase, assessing embryo development
using both phenotype and proteomics. Proteomics has informed our
understanding of organism responses to stresses at the cellular level, as
many protein functions and responses can be assessed simultaneously.
Although proteomics approaches have been used previously to reveal
impacts of cyanobacterial on Daphnia (Lyu et al., 2016), and fish em-
bryo toxicity (FET) screening in whole-effluent testing has been stan-
dardized (Lammer et al., 2009), this is the first study to assess pheno-
type and protein responses in fish exposed to cyanobacteria exudates.

2. Materials and methods

2.1. M. aeruginosa cultivation and exudates (MaE) production

M. aeruginosa (FACHB-905, toxic) that originated from Dianchi Lake
was obtained from the Freshwater Algae Culture Collection of the
Institution of Hydrobiology (FACHB-Collection) at the Chinese
Academy of Sciences, and was cultured in a axenically-modified HGZ-
145 nutrient solution. Preparation of the nutrient solution and culture
methods and conditions are described in Zheng et al. (2013). Cultures
were grown in a climate-controlled room (GXZ-380B, China) at
25 ± 1 °C in a 12:12 h light-dark cycle to the exponential phase, and
manually shaken twice daily. Cyanobacteria cells were counted
manually by hemocytometer with an optical microscope (Olympus,
BX51, Japan) to obtain an initial inoculation density of
1.2 − 1.4 × 106 cells/ml. M. aeruginosa cells were harvested after 3-d
growth and a homogenized culture used to achieve a density between
4.0 and 4.5*106cells/ml in HGZ-145 solution by centrifugation for
10 min at 11,000 rpm. Supernatant was filtered through a glass-fiber
filter (0.22 μm) (MiLiMo separation technology limited company,
Shanghai) to obtain the original MaE solution.

2.2. S. grahami embryos obtained and gamete quality assessment

Adult S. grahami fish were obtained from Kunming Institute of
Zoology, Chinese Academy of Sciences. Spawning are induced by in-
jection Luteinizing Hormone Releasing Hormone (LHRH-A2) and

Domperidone (DOM) (Pan et al., 2014). As the quality of embryos de-
pends on the quality of gametes, we evaluated the latter before artificial
insemination to ensure all embryos used in this experiment were
healthy (see Table 1). Specifically, we measured egg size (mm), semi-
diameter of yolk sac (mm), and nuclear deviation rate (ND, %; ND is an
indicator that can forecast fertilization rate). Sperm motility (%)
(Mounib, 1978), duration of sperm forwards movements, and sperm
lifespan(s) were also measured.

2.3. The effect of MaE on S. grahami embryos and sperm

We exposed sperm/embryos that were obtained by artificial in-
semination (dry method of artificial fertilization) to varying con-
centrations of MaE in petri-dishes (see Table 2). Concentrations of MaE
to which sperm/embryos were exposed were well within the natural
range. The sperm motility (%) and sperm lifespan (s) have been mea-
sured. In total, 50 embryos were exposed in 40 ml culture solution and
replicated three times (treatments and controls). Petri-dishes were in-
cubated at 18 ± 1 °C. We assessed development of embryos during five
periods: cleavage, blastula, gastrula, segmentation, and hatching. Fer-
tilization rate was measured after the gastrula period. Hatchability and
mortality rate were measured when 90% of embryos had hatched.
Malformation rate was measured across the entire hatching period.
Development of embryos, malformation level evaluation, and post-
embryonic development were monitored under a stereoscope from 1 h
post-fertilization (hpf), and the duration time of each development
period and growth characteristics were recorded. Abnormal embryos
were photographed and dead embryos (apparent as loose and milky
yolk) were removed every 3− 4 h to maintain growth medium quality.

2.4. Proteomics analysis

Control and experimental embryos (30% MaE) were used in a pro-
teomics analysis. According to preliminary research, malformations of
embryos were the most obvious symptom of MaE exposure, and mal-
formation rates the most important sub-lethal indicator, thus we chose
samples that exhibited significant malformation for proteomics ana-
lysis. In this study, exposure to 50% MaE induced the highest mal-
formation rates, but was too toxic to obtain sufficient embryo samples
and malformation types. Thus, we chose embryos exposed to<30%
MaE for proteomic analysis. We collected samples when the eyes of

Table 1
Quality evaluation standard of gametes of S. grahami.

Indicator Mean ± SD

Egg
Egg size (mm) 2.3 ± 0.2
Semi-diameter of yolk sac (mm) 1.9 ± 0.1
Nuclear deviation rate% 92.0 ± 3.0
Sperm
Sperm motility (%) 93.0 ± 3.0
Duration of sperm forward movement (s) 22.0 ± 1.0
Duration of sperm movement (s) 70.0 ± 3.0

Table 2
Treatment concentrations of Microcystis aeruginosa exudates (MaE).

Original MaE cell
density (cells/ml)

Percent of original MaE
solution (%)

Algae density of Treatment
concentration of MaE (cells/
ml)

4*106cells/ml control 0 0
Low concentration 10 0.4*106

Medium
concentration

30 1.2*106

50 2*106

High concentration 100 4*106
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embryos turned black as the time node (hatching period).
Approximately 80–100 embryos from both controls (no MaE exposure)
and treatments were placed into cryogenic vials with a latex dropper,
tinfoil wrapped, and then stored in liquid nitrogen at −80 °C.

Cell pellets were suspended on ice in 200 μl lysis buffer (4% SDS,
100 mM DTT, 150 mM Tris-HCl pH 8.0), and boiled for 5 min. Samples
were then ultrasonicated and boiled for another 5 min. Undissolved
cellular debris was removed by centrifugation at 14,000 rpm for
15 min. The supernatant was collected and quantified with a BCA
Protein Assay Kit (Bio-Rad, USA). Digestion of protein (250 μg for each
sample) was performed according to the FASP procedure described by
Wiśniewski et al. (2009). The peptide content was estimated by UV
light spectral density at 280 nm.

The peptide portion of each sample was desalted on C18 Cartridges
(Empore™ SPE Cartridges C18 (standard density), bed I.D. 7 mm, vo-
lume 3 ml, Sigma), then concentrated by vacuum centrifugation and
reconstituted in 40 μl of 0.1% (v/v) trifluoroacetic acid. Liquid
Chromatography (LC)-Electrospray Ionization (ESI) Tandem MS (MS/
MS) Analysis was performed on a Q Exactive mass spectrometer that
was coupled to Easy nLC (Proxeon Biosystems, now Thermo Fisher
Scientific). Five μg of peptide was loaded onto a C18-reversed phase
column (Thermo Scientific Easy Column, 10 cm long, 75 μm inner
diameter, 3 μm resin) in buffer A (2% acetonitrile and 0.1% Formic
acid) and separated with a linear gradient of buffer B (80% acetonitrile
and 0.1% Formic acid) at a flow rate of 250 nL/min controlled by
IntelliFlow technology over 120 min. MS data was acquired using a
data-dependent top10 method dynamically choosing the most abundant
precursor ions from the survey scan (300–1800 m/z) for HCD frag-
mentation. Determination of the target value was based on predictive
Automatic Gain Control (pAGC). Dynamic exclusion duration was 25 s.
Survey scans were acquired at a resolution of 70,000 at m/z 200 and
resolution for HCD spectra was set to 17,500 at m/z 200. Normalized
collision energy was 30 eV and the underfill ratio, which specifies the
minimum percentage of the target value likely to be reached at max-
imum fill time, was defined as 0.1%. The instrument was run with
peptide recognition mode enabled. MS experiments were performed in
triplicate for each sample.

MS data was analyzed using MaxQuant software version 1.3.0.5. MS
data were searched against the UniProtKB Escherichia coli database
(2585998 total entries, downloaded 06/07/12). An initial search was
set at a precursor mass window of 6 ppm. The search followed an en-
zymatic cleavage rule of Trypsin/P and allowed a maximum of two
missed cleavage sites and a mass tolerance of 20 ppm for fragment ions.
Carbamidomethylation of cysteines was defined as fixed modification,
while protein N-terminal acetylation and methionine oxidation were
defined as variable modifications for database searching. The cutoff of
global false discovery rate (FDR) for peptide and protein identification
was set to 0.01. Label-free quantification was carried out in MaxQuant
(Schwanhäusser et al., 2011). Intensity-based absolute quantification
(iBAQ) in MaxQuant was performed on the identified peptides to

quantify protein abundance.

2.5. Data analysis

Fertilization rate (μ1) and mortality rate (μ2) were calculated as:

μ1 = N1/N0··············· (1)

μ2 = N2/N0··············· (2)

where N1 and N2 were the number of live embryos remaining after
gastrulation and dead embryos after all embryo hatched, respectively,
and N0 is initial embryo number (50 eggs). Hatchability rate (μ3) and
malformation rate (μ4, μ5) were respectively calculated as:

μ3 = N3/N ················ (3)

μ4 = N4/N ················ (4)

where N3 is hatching larvae, N4 is malformed embryos, N is fertilized
embryos.

μ5 = N5/N4················ (5)

where N5 is the number of larvae suffered different malformation ca-
tegory (yolk sac malformation, thoracic deformity, spinal curvature,
multi-malformation and other malformation type), with this formula
used in Table 3 only.

Accumulated temperature (K) was calculated as K = T·n, where T is
the average culture temperature and n is culture duration (h). Data
were expressed as mean ± standard deviation. We used one-way
analysis of variance (ANOVA) and subsequent post-hoc tests (Fisher
LSD) to examine differences in all tests by using SPSS 19.0 after
checking for normality and homoscedasticity.

3. Results

Fertilization rate and hatching rate decreased, while malformation
rate and mortality rate increased, with increasing MaE concentration
for exposed S. grahami embryos (Fig. 1A–D, respectively). Fertilization
rate declined progressively from 67.5% in controls to 53.6%, 54.3%,
45.8% and 35.4% with 10%, 30%, 50% and 100% MaE exposure, re-
spectively (P < 0.01) (Fig. 1A). Likewise, hatching rate declined from
84.3% in controls with healthy larvae to 15.5% in 100% MaE exposure
(P < 0.01) (Fig. 1B). Though embryos successfully hatched in 100%
MaE exposure, larvae were unhealthy and inactive. Conversely, embryo
malformation rates increased with increasing MaE concentration be-
tween 10% and 50% MaE exposure, but declined thereafter (Fig. 1C).
Strong teratogenic effects on embryos were apparent at even the lowest
MaE exposure concentration (10%). Malformation rate in this group
increased to 27.6% versus 16.6% in controls (P< 0.05). We observed
the highest malformation rate (39.3%) at the 50% MaE concentration
(P < 0.01). Paradoxically, malformation rate was lower (24.2%) when

Table 3
Mean (± SD) effect of MaE exposure on duration of embryonic development stage. * P< 0.05 (compared with control).

Stage of embryonic development Duration time of embryonic development (h)

Control 10% 30% 50% 100%

Fertilization (s) 30 30 30 30 30
Cleavage
Blastodisc 1.4 − 1.7 1.4 − 1.7 1.4 − 1.7 1.4 − 1.7 1.4 − 1.7
2–32cells 6− 6.5 6 − 6.5 6− 6.5 6− 6.5 6 − 6.5
Blastula 18 ± 1.1 17.8 ± 2.0 17.7 ± 1.7 17.4 ± 1.2* 15.5 ± 0.8*
Gastrula 23.3 ± 1.0 23.4 ± 1.5 23.4 ± 1.1 23.5 ± 2.0 23.4 ± 0.6
Segmentation 50 ± 0.8 50 ± 0.9 50 ± 1.0 50 ± 1.2 50 ± 1.0
Hatching 60 ± 3.2 57.8 ± 4.5 63.8 ± 3.0* 51.4 ± 3.5* 50.7 ± 3.0*
Hatching time (h) 158.7 ± 2.1 156.4 ± 1.34* 162.2 ± 2.4* 149.7 ± 5.3* 146.9 ± 4.9*
Accumulated temperature (°C/h) 2936.1 ± 5.7 2892.5 ± 6.0* 3000.3 ± 5.5* 2768.9 ± 6.7* 2718.0 ± 6.9*
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embryos were exposed to the highest MaE concentration (100%),
though their mortality rate was high. Mortality rate (90.0%) of embryos
exposed to 100% MaE was significantly higher than that in controls
(27.8%; P < 0.01) (Fig. 1D).

Sperm can be activated in all MaE concentration exposed, but the
sperm motility are strongly affected by MaE. Sperm motility declined
progressively from 94.3% in controls to 74.0%, 61.7%, 45.7% and
21.7% with 10%, 30%, 50% and 100% MaE exposure, respectively
(P < 0.01) (Fig. 2). Sperm lifespan also shortened under MaE

exposure, which decline from 71.7 s in controls to 63.7s, 54.67s,
46.67 s and 41.67 s with 10% (P ＞ 0.05), 30%, 50% and 100%
(P < 0.01) MaE exposure, respectively.

Embryonic development started after 1.4 h post-fertilization (hpf);
the duration of the cleavage period was 6 h for treatments exposed to
MaE, which was similar to controls (Table 3). The blastula period in-
creased with increasing MaE concentration, with developmental times
for 10–50% MaE exposure and control groups all > 17 h, while at the
highest dose (100%) it was truncated to 15.5 h (P < 0.01) (Table 3).
Duration time of the hatching period peaked at 30% MaE exposure
(∼4 h longer; P < 0.05), while those at concentrations of 10, 50
(P < 0.01) and 100% (P < 0.01) MaE were all shorter than in con-
trols (Table 3).

Fish embryo malformations were wide-ranging in individuals ex-
posed to MaE exudates. However, the type and degree of malformations
differed under different MaE exposures (Table 4; Fig. 3). Malformed
embryos ranged from mild to serious impairment when exposed to MaE
exudates (Fig. 3). Impairments included yolk sac malformation, thor-
acic deformity, spinal curvature, and multi-malformations, among
others (Fig. 3). Yolk sac malformation decreased progressively with
increasing MaE concentration (P< 0.01), from a high of 61.0% in
controls to 10.3% at 100% MaE exposure (Table 4). Thoracic defor-
mities were elevated only at lower concentrations of MaE (10, 30%;
P < 0.05) (Table 4). Spinal curvature malformations were highest at
these same MaE concentrations (P < 0.05), but were elevated in all
MaE treatments (Table 4). Multi-malformations were elevated but

Fig. 1. Mean (+standard deviation) effects of
Microcystis aeruginosa exudate (MaE) exposure on
fertilization (A), hatching (B), malformation (C), and
mortality rate (D) of S. grahami embryos.
Significantly different groups are indicated by dif-
ferent letters above the bars.

Fig. 2. Mean (+standard deviation) effects of Microcystis aeruginosa exudate (MaE) ex-
posure on S. grahami sperm motility and lifespan. Significantly different groups are in-
dicated by different letters above the bars.

Table 4
Mean (± SD) malformation rates for S. grahami embryos in different malformation categories under different MaE concentration exposures. All malformation rates under different MaE
concentration exposures were compared with control values. * P< 0.05.

Malformation type Concentration of MaE (%)

Control 10 30 50 100

Yolk sac malformation 61.0 ± 3.1 31.5 ± 3.8* 20.0 ± 1.3* 14.3 ± 0.6* 10.3 ± 1.6*
Thoracic deformity 15.0 ± 2.2 23.0 ± 2.0* 21.9 ± 1.0* 16.7 ± 0.4 14.7 ± 2.2
Spinal curvature 12.8 ± 1.1 24.6 ± 0.4* 25.4 ± 1.3* 19.6 ± 1.8 18.7 ± 3.1
Multi-malformation 11.2 ± 0.7 20.9 ± 2.0* 32.7 ± 2.5* 43.1 ± 2.6* 51.9 ± 1.9*
Other malformation type – – 3.5 ± 1.8 6.2 ± 1.9 4.5 ± 2.2
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proportional to MaE concentration (Table 4). Particularly severe mal-
formations such as double-head and encephalatrophy occurred only at
moderate to high MaE concentrations (i.e. ≥30%). In general, we ob-
served that severity of deformities increased from low MaE

concentrations to higher ones.
After-hatch larvae exposed to MaE typically experienced one or

more of three typically developmental deficiencies: swollen peri-
cardium; spinal curvature often accompanied with swollen

Fig. 3. Control (A & E) and malformed embryos of S.
grahami under MaE-stress. Malformed larvae include yolk
sac malformation (B–D), thoracic deformity (F–H), spinal
curvature (I–K), multi-malformations (L–N), and other
malformation types including double head (O), en-
cephalatrophy (P), and axon shortened (Q).
Abnormalities are highlighted with red arrows. (For in-
terpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this
article.)
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pericardium; or death of fry within one month and without organ de-
velopment. MaE-exposed developing fry exhibited a swollen peri-
cardium (Fig. 4L–0) or multi-malformations (Fig. 4P–U) between days 1
and 10, while those lacking developed organs are highlighted in
Fig. 4P–U. The progression of development of spinal curvature for fry
aged 1–9 d is highlighted in Fig. 3G and K, respectively. Both normal fry
(Fig. 4U) and malformed fry (Fig. 4J) could develop a functional and

healthy swim bladder by 7 d.
We explored all proteins that were over/under-expressed (by at

least 2-fold/0.5 times) or which could only be detected in controls or
treatments when exposed to MaE exudates. In total, there are 1112
proteins expression in MaE-treated S. grahami embryos were sig-
nificantly changed (318 differentially expressed proteins, 742 and 52
proteins were detected in control and treatment, respectively). Further

Fig. 4. Development process of after-hatched larvae
of S. grahami exposed to MaE. The development
process of normal (control) larvae (A–F), and those
with spinal curvature (G–K), thoracic deformity
(L–O), or multi-malformation (P–U).
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gene ontology (GO) annotations and pathway analysis were performed,
and 1680 GO terms and 288 pathways were involved. Phenotype ob-
servations indicated that larvae suffered very serious heart dysplasia.
Complementary proteomic analysis revealed that MaE could strongly
alter expression of two proteins that are closely associated with heart
systoly and diastoly. Protein S100A1 was over-expressed 26 times as
compared to the control, while myosin light chain was under-expressed
25-fold. Both proteins are related to calcium ion balance. Further KEGG
(Kyoto Encyclopedia of Genes and Genomes) study revealed that MaE
also influenced the structure of cardiac sarcomere and cardiomyocyte
(Fig. 5), which ultimately lead to ventricular hypertrophy.

4. Discussion

Our previous research demonstrated that secondary metabolites
(other than microcystins) produced from exponential-exudates-phase
cells adversely affected green algae, diatoms, and macrophytes by in-
hibiting growth and photosynthesis (Wang et al., 2017; Xu et al., 2016,
2015; Zheng et al., 2013). This study extends these effects to animals.
Both embryo and sperm assays demonstrated that MaE has strong ad-
verse effects on fish. Successful survival of offspring is a key require-
ment of population establishment, persistence or recovery. The failure
of embryo development when exposed to MaE could be a major ob-
stacle to successful reintroduction of this fish species in Dianchi Lake.
Field studies of reintroduced S. grahami across six years indicate that
larvae can survive and grow to sexual maturity in Dianchi Lake, but a
subsequent generation has never been found. Results of our study in-
dicate that negative effects associated with MaE exposure are consistent
with demographic failure of this species in the lake.

Using both phenotype and proteomic expression, our study revealed
a broad array of adverse responses by individuals exposed to MaE,
ranging from coarse phenotype malformations to altered proteome.
Among the consequences, the most noteworthy is the teratogenic effect
of MaE. Teratogenic effects are now known to impact S. grahami, other

fish species (i.e. zebra fish), and amphibians (Jaja-Chimedza et al.,
2017; Smutná et al., 2017; Jonas et al., 2015, 2014). These findings
indicate possible ubiquitous effects of MaE exposure, and even a po-
tential risk to mammals including humans. Observation of post-em-
bryonic development of larvae demonstrated that teratogenicity of
exudates may have profound consequences. For example, teratogenic
larvae exhibited no organ development with time (see Fig. 4P–U).
Considering the complexity of this developmental process, it is, how-
ever, difficult to identify the mechanisms responsible for this phe-
nomenon.

Heart failure seems to be an unavoidable consequence of MaE ex-
posure based on our combined phenotypic observations and proteomic
analysis. The shape of the larva’s heart becomes long and narrow under
MaE exposure (fig. 4L) as compared with controls animals (fig. 4A).
Proteomic analysis then demonstrated aberrant expression in both
cardiac structural proteins and proteins related to cardiac systole
function. Notable among them is S100A1, a regulator of myocardial
contractility, which was overexpressed 26-fold. S100A1 belongs to
S100 protein family, which is the largest subfamily of EF-hand Ca2+-
binding proteins. S100A1 overexpression would enhance cardiac con-
tractile performance both by regulating sarcoplasmic reticulum Ca2+

handling and myofibrillar Ca2+ responsiveness (Most et al., 2001).
S100A1 could increases Ca2+ release from the sarcoplasmic reticulum
by interacting with the ryanodine receptor (Ehlermann et al., 2000),
which in turn would lead to an imbalance of Ca2+ flux. Conversely,
S100A1 also has the potential to rescue in vivo cardiac function after
acute myocardial infarction as well as in chronic heart function, as this
protein has anti-hypertrophic and anti-apoptotic properties (Most et al.,
2007). Hence, further studies should be carry out to examine whether
increased S100A1 protein content yields overall beneficial or detri-
mental effects with respect to heart failure in developing embryos.

Exposures to MaE caused earlier hatching compared to controls, an
effect previously observed in zebra fish embryos under cyanobacterial
extract exposure (Jonas et al., 2015). This effect is probably associated

Fig. 5. Pathway of MaE-induced cardiac abnormality in fish embryos.
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with some unknown compounds produced by cyanobacteria.
Additional study is required to identify other sub-lethal effects (such

as endocrine disruption; estrogenic effect) associated with MaE ex-
posure, and the underlying mechanisms responsible for these patterns.
Moreover, evaluation of MaE ecological hazards, and the management
of water pollution, should consider unknown or unclear responses by
natural biota to cyanobacteria toxins. Hazard assessment should in-
clude an evaluation/early-warning system based on molecular re-
sponses considering their sensitivity and the importance of water
aquatic biota and humans.

5. Conclusion

We conclude that Microcystis aeruginosa can significantly affect fish
embryos by exudates from exponential phase cells. Our experiments
revealed strong teratogenic and lethal effects of M. aeruginosa on the
development of an endangered fish embryo, apparently the result of
heart disease. Future tests on allelopathic effects of M. aeruginosa
should take toxic exudates into account.
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