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Abstract  Cyanobacterial blooms in eutrophic freshwater systems are a worldwide problem, creating 
adverse effects for many aquatic organisms by producing toxic microcystins and deteriorating water 
quality. In this study, microcystins (MCs) in Microcystis aeruginosa, and Daphnia magna exposed to 
M. aeruginosa, were analyzed by HPLC-MS, and the effects of M. aeruginosa on D. magna were 
investigated. When D. magna was exposed to M. aeruginosa for more than 2 h, Microcystin-LR (MC-LR) 
was detected. When exposed to 1.5 × 106, 3 × 106, 0.75 × 107, and 1.5 × 107 cell/mL of M. aeruginosa for 
96 h, average survival of D. magna for treatments were 23.33%, 33.33%, 13.33%, 16.67%, respectively, 
which were significantly lower than the average 100% survival in the control group (P < 0.05). The adverse 
effects of M. aeruginosa on body length, time for the first brood, brood numbers, gross fecundity, lifespan, 
and population growth of D. magna were density-dependent. These results suggest that the occurrence of 
M. aeruginosa blooms could strongly inhibit the population growth of D. magna through depression of 
survival, individual growth and gross fecundity. In the most serious situations, M. aeruginosa blooms 
could undermine the food web by eliminating filter-feeding zooplankton, which would destroy the 
ecological balance of aquaculture water bodies.
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1 INTRODUCTION

Cyanobacterium Microcystis aeruginosa is a large-
scale, widespread and toxin-producing alga that 
often produces toxic microcystins (MCs) in lakes 
and ponds across the world (Shen et al., 2003; 
Vieira et al., 2005; Mohamed, 2008). The secondary 
pollutants produced by cyanobacterial blooms have 
both acute and chronic toxic effects on aquatic 
animals, and threaten human food safety and health. 
Thus, they have attracted wide global attention from 
researchers (Magalhães et al., 2003; Orr et al., 2003; 
Jang et al., 2008; Gérard et al., 2009).

Zooplankton are responsible for the transfer of 
materials and flow of energy in aquatic ecosystems. 
They can directly ingest phytoplankton and are 
preyed upon by organisms at higher trophic levels, 
so zooplankton may be one of the controlling factors 
during cyanobacterial blooms. Some scholars 
recommend that “biological manipulation” could be 
used to change the community structure of a water 

body to reduce biomass of phytoplankton and 
improve water quality (Chen et al., 1995). However, 
many Microcystis species can produce toxins and 
zooplankton may be direct victims. Moreover, 
cyanobacterial blooms often occur over long time 
periods. Therefore, it is very important to understand 
the microcystin content in zooplankton, and 
potentially harmful impacts of cyanobacterial blooms 
on zooplankton.

The cladoceran Daphnia magna is a 
macrozooplankton (1–3 mm in body size) which 
has been successfully utilized in toxicity studies 
(Villarroel et al., 2003; Wang et al., 2006; Martins 
et al., 2007). However, there is very little literature 
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on whether D. magna can accumulate toxins from 
Microcystis spp., and whether toxic cyanobacteria 
species have an adverse effect on its life history. 

In this study, we employed HPLC-MS (High 
Performance Liquid Chromatography coupled with 
Mass Spectrometry) to measure the microcystin 
content in M. aeruginosa, and to analyze the 
accumulation pattern in D. magna following uptake 
of M. aeruginosa. In addition, we investigated acute 
and chronic toxicity of M. aeruginosa on D. magna 
as well as the impacts of M. aeruginosa on the 
growth, reproduction, survival and population 
dynamics of D. magna.

The aims of the study were: (1) to investigate the 
effects of M. aeruginosa on the development and 
reproduction of D. magna in terms of body length, 
growth rate, life expectancy, reproductive capacity 
and prenatal period to assess the potentially 
detrimental effects of the long-time cyanobacterial 
blooms on zooplankton and aquatic ecosystems; 
(2) to evaluate the possibility of D. magna as 
a “biological manipulation” method to control 
blue-green algal blooms.

2 MATERIAL AND METHOD

2.1 Organism

Daphnia magna was provided by the Ecological 
Toxicology Laboratory at the Institute of Oceanology, 
Chinese Academy of Sciences (CAS). They were 
cultured at 25±1°C and fed on Chlorella sp.. 
Chlorella sp. was provided by the Dalian Fisheries 
University, while Microcystis aeruginosa was 
acquired from the Institute of Hydrobiology, CAS. 
Chlorella sp. and M. aeruginosa were cultured in 
f/2 medium and BG11 medium, respectively, in 
flasks at 25±1°C, with illumination at 56 μE/(m2 · s) 
and a 12 h light: 12 h dark photoperiod. All algae 
were sampled from the exponential phase of 
population growth (about 10–15 d after inoculation) 
and counted under a microscope. Prior to use in 
experiments, fresh water was subjected to cotton 
filtration and boiling for sterilization.

2.2 Experimental design

2.2.1 Cytotoxin preparation from M. aeruginosa

Microcystis aeruginosa cytotoxin was prepared 
using the methods of Zhang et al. (2005). Briefly, 50, 
100, 150, 200 and 250 mL of M. aeruginosa cultures 
from the exponential phase were sampled separately 
and counted under a microscope to determine density. 
After that, the algal solution was centrifuged 
at 8 000 r/min for 40 min and collected into 7 mL 

centrifuge tubes. Then, 4 mL of 20% methanol was 
added, and the cells were lysed by sonication. Samples 
were then centrifuged at 10 000 r/min for 25 min, 
and the supernatant was collected as a microcystin 
preparation and stored at 4°C.

2.2.2 Toxin preparation from the tissues of D. magna

D. magna was collected and then maintained in 
M. aeruginosa cultures which were at a density of 
5 × 107 cell/mL. Following feeding for 1, 2, 6, 12, 18 
and 24 h, D. magna was collected and blotted dry on 
filter paper. Samples were placed in 7 mL centrifuge 
tubes, and 2 mL of 20% methanol solution was 
added. Tissues were sonicated and centrifuged at 
12 000 r/min for 15 min, and the supernatant was 
collected. Then, 100 μL trichloroacetic acid saturated 
solution was added to 1 mL of supernatant, and the 
sample was centrifuged at 12 000 r/min for 15 min. 
The supernatant was collected as the microcystin 
preparation and stored at 4°C before use.

2.2.3 Microcystin standard preparation, MS 
parameter optimization

To prepare the microcystin standard and mass 
spectrometry (MS) parameters, a standard solution 
was serially diluted in water. Microcystin-LR 
(MC-LR) standard solution was diluted to 0.05, 
0.1, 0.5, and 2.0 ng/mL. Standard solutions were 
subjected to Q1 and Product Ion MS scanning in the 
negative ion mode. Subsequently, the MS parameters 
for MC-LR were optimized in the multiple reaction 
monitoring (MRM) scanning mode to establish a 
quantitative correlation. The MC-LR ion channel 
m/z was measured at 996.2/996.2 amu.

The detection of microcystins in experimental 
samples was carried out as described by Chen et al. 
(2009) with minor modifications. The equipment 
used included an API3000 Tandem Quadrupole 
Mass Spectrometer (Applied Biosystems, USA), a 
Shimadzu LC (LC 20AD infusion pump, SCL 10AVP 
control unit, DGU 20A Degasser, Shimadzu, Japan) 
and a CTC PAL Autosampler (CTC Co., Switzerland). 
The mobile phase was 1 mmol/L NH4Ac+0.1% FA/
H2O and 0.1% FA/CAN at a ratio of 60:40. The flow 
rate was 0.3 mL/min, and the injection volume was 
10 μL.

2.2.4 Effects of M. aeruginosa culture on life 
activities of D. magna

2.2.4.1 Effects of M. aeruginosa culture on survival 
of D. magna

To measure the effects of different densities of 
M. aeruginosa on the survival of D. magna, algal 
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cultures of M. aeruginosa were diluted with fresh 
water to densities of 1.5 × 106, 3 × 106, 0.75 × 107, 
and 1.5 × 107 cell/mL. All trials were performed at 
25±1°C in 50 mL breakers with 30 mL of solution. 
Ten two-day old D. magna were randomly selected 
and placed in each beaker. There was both a 
control group (D. magna fed with Chlorella spp. 
(3 × 106 cell/mL)), and a “starvation group” (D. 
magna, which were not fed any algal cells). Every 
24 h, the number of surviving D. magna was 
determined, and algal cultures were freshly replaced 
at the appropriate densities in washed beakers. The 
trials were carried out in triplicate.

This experiment lasted for 96 h. The median lethal 
densities (LD50) were defined as the densities of 
M. aeruginosa when 50% of the original number of 
D. magna test individuals remained alive. This was 
calculated by a linear regression equation, relating 
average numbers of D. magna and different exposure 
densities.

2.2.4.2 Effect of M. aeruginosa on the growth and 
reproduction of D. magna

Cultures of M. aeruginosa at the exponential 
phase were diluted by fresh seawater to densities of 
0.75 × 106, 1.5 × 106, 3.0 × 106 and 7.5 × 106 cell/mL. 
Because M. aeruginosa had a very strong toxic effect 
on the survival of D. magna, a solution of Chlorella 
sp. and yeast was added to M. aeruginosa cultures 
(see Table 1 for culture composition). Ten one-day 
active parthenogenetic D. magna from the same 
adult were placed randomly into ten 15 mL test tubes 
with 12 mL of solution. Every 24 h, the survival 
time, time for the first brood (d), duration between 
two broods (d), number of young per brood, and 
fecundity of D. magna were recorded. Algal cultures 
of the appropriate densities were also freshly replaced 
in washed beakers at this time. 

2.2.4.3 Effect of M. aeruginosa on the population 
growth of D. magna

The experiment was performed at 25±1°C in 
400 mL breakers with 400 mL of solution. 100 

randomly selected D. magna were added to each 
beaker. For microcystis exposure, concentrations 
of 0.01, 0.05, 0.1, 0.5 and 0.75 × 106 cells of 
M. aeruginosa per ml were used. There was also a 
control group with D. magna fed only with Chlorella 
sp. (3 × 106 cell/mL). All D. magna were counted 
every 48 h, and then put back into the beaker with 
fresh medium. The trials were carried out in triplicate 
and lasted for 21 d.

3 RESULT

3.1 Analysis of the microcystin LR (MC-LR) in 
Microcystis aeruginosa

The cell density of M. aeruginosa was 1.16 × 
107 cell/mL. Subsequently, HPLC-MS analysis 
revealed that the MC-LR content in 50, 100, 150, 
200, and 250 mL M. aeruginosa was 182.4, 417.6, 
466.4, 643.2 and 795.2 μg, respectively. These 
observations indicated an MC-LR concentration of 
0.3 fmol/cell. 

3.2 Feeding of Daphina magna on M. aeruginosa

Daphnia magna fed on M. aeruginosa, as 
evidenced by the fact that the intestine was filled 
with large quantities of M. aeruginosa cells when 
D. magna was exposed to the mixture of 
M. aeruginosa and yeast solution for 2 h (Fig.1). 
However, when D. magna was exposed to an 
M. aeruginosa monoculture, there was no sign that 
D. magna ingested M. aeruginosa within 2 h.

3.3 Accumulation of MC-LR in D. magna 
following feeding on M. aeruginosa

The HPLC-MS analysis revealed that the MC-LR 
content in D. magna exposed to the mixture of 
M. aeruginosa and yeast solution for 1 h, 2 h, 6 h, 
12 h, 18 h, and 24 h, MC-LR concentrations were 
0, 0.012 65, 0.012 62, 0.013 39, 0.008 12, and 
0.004 43 μg/g, respectively. This indicates that within 
12 h, the MC-LR contents in D. magna gradually 
increased as uptake progressed, but that after 12 h 
the MC-LR content gradually decreased.

3.4 Toxic effect M. aeruginosa monoculture on 
the survival of D. magna 

A monoculture of M. aeruginosa showed a very 
strong toxic effect on the survival of D. magna 
(Fig.2). When exposed to M. aeruginosa at 1.5 × 106, 
3 × 106, 0.75 × 107, and 1.5 × 107 cell/mL for 96 h, 
survival of D. magna were 23.33, 33.33, 13.33, and 
16.67%, respectively. These were significantly lower 
(P < 0.05) than control group exposed to Chlorella 

Table 1  Design of algal culture composition in the growth 
and reproduction experiment of D. magna

Treatment M. aeruginosa Chlorella sp. Yeast solution

Control – 3.0 × 106 cell/mL 0.1 mg/mL

Treatment 1 0.75 × 106 cell/mL 0.3 × 106 cell/mL 0.1 mg/mL

Treatment 2 1.5 × 106 cell/mL 0.3 × 106 cell/mL 0.1 mg/mL

Treatment 3 3.0 × 106 cell/mL 0.3 × 106 cell/mL 0.1 mg/mL

Treatment 4 7.5 × 106 cell/mL 0.3 × 106 cell/mL 0.1 mg/mL
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spp., which had a survival of 98.4%. The median 
lethal concentration (LC50) of M. aeruginosa was 
1.752 × 107 cell/mL.

3.5 Impact effect M. aeruginosa of on the body-
length of D. magna 

The effects of M. aeruginosa on body length of 
D. magna were density-dependent (Fig.3). After 
13 d, the average body lengths of D. magna 
were 2.42, 1.68 and 1.42 mm, respectively, when 
exposed M. aeruginosa at 1.5 × 106, 3 × 106, and 
0.75 × 107 cell/mL (Table 1). These were all 
significantly lower than the 3.95 mm mean length in 
the control group (P < 0.05) but, not significantly 
different from each other.

3.6 Effect of M. aeruginosa on reproductive 
capacity of D. magna

Reproductive characteristics of D. magna showed 
significant declines with increasing concentrations 
of M. aeruginosa (Table 2). Similarly, significant 

larval broods of D. magna only developed under low 
density culture of M. aeruginosa, and reproduction 
declined with increased density (Fig.4). The harmful 
effects of M. aeruginosa on D. magna reproduction 
included: (1) delayed development: when exposed 
to M. aeruginosa at 3 × 106 and 7.5 × 106 cell/mL 
D. magna did not mature, while the times for the 
first brood of D. magna were delayed (the control 
was 6.5 d) when exposed to 0.75 × 106 and 1.5 × 
106 cell/mL; (2) reduced number of broods: brood 
numbers of D. magna with M. aeruginosa at 
1.5 × 106 cell/mL and 0.75 × 106 cell/mL were 1 and 
5 respectively, while the control had 7 broods; 
(3) decreased gross fecundity: the juvenile numbers 
of D. magna with M. aeruginosa at 0.75 × 106 
and 1.5 × 106 cell/mL were 20 and 5, which were 
significantly lower than 103.4 in the control group; 
and (4) shortened average life-span: survival time at 
0.75 × 106, 1.5 × 106, 3.0 × 106, and 7.5 × 106 cell/mL 
was 10.4, 9.2, 5.6 and 5 d, respectively, which were 
lower than 18.8 d in the control group. All of these 
results showed that M. aeruginosa density had a 
significant toxic effect on fecundity of D. magna 
even when Chlorella spp. and a yeast solution were 
added to buffer and alleviate its toxicity.

Fig.1  Feeding of D. magna on M. aeruginosa 
(Scale bar = 0.5 cm)

M. aeruginosa in the intestine of D.magna

Fig.2  Effect of different densities of M. aeruginosa 
monoculture on the survival of D. magna 

Fig.3  Effect of different densities of M. aeruginosa on 
body-length of D. magna

Table 2  Effect of M. aeruginosa on reproductive capacity 
of D. magna

Time to the first 
broods (d)

Gross 
fecundity

(individual)

Average life-span 
(d)

Control 6.5±0.5 103.4±53.5 18.8±4.1

Treatment 1 6.8±1.1  20.5±20.1 10.4±4.2

Treatment 2 7.0±0 26.7±5.6  9.2±1.2

Treatment 3 – –   5.6±3.65

Treatment 4 – –   5.0±1.33

Unit: ×107 cell/mL 

100

80

60

40

20

0

Time (h)
0                      24                       48                      72                      96

Control
Hunger
0.15
0.3

Su
rv

iv
al

 (%
)

4

3

2

1

0

B
od

y 
le

ng
th

 (m
m

)

Time (d)

1       3        5       7        9      11      13      15     17      19      21     23

Control
0.75
1.5
3
7.5

Unit: ×106 cell/mL



896 Vol.29CHIN. J. OCEANOL. LIMNOL., 29(4), 2011

3.7 Effect of M. aeruginosa on population 
dynamics of D. magna

Concentrations of M. aeruginosa at 0.01 × 106, 
0.05 × 106, and 0.1 × 106 cell/mL did not have an 
obvious effect on population size of D. magna, with 
populations increasing gradually over time to about 
96% of the control group after 21 d (Fig.5). However, 
population size at M. aeruginosa concentrations of 
0.25 × 106, 0.5 × 106, and 0.75 × 106 cell/mL lagged 
further behind over time, ending at 77.30, 18.44 and 
2.96% of the control group at 21 d. These results 
indicated that M. aeruginosa is an important 
toxic agent that influences population growth of 
zooplankton. However, when mixed with Chlorella 
spp. and yeast solution for utilization as food at 
suitable densities, the toxicity of M. aeruginosa was 
reduced.

4 DISCUSSION

HPLC is the most commonly used analytical 
method for detecting microcystins. Due to their 
severe toxicity, complex chemical composition, and 
the diverse isomeric compound derivatives associated 
with microcystins, stringent conditions are required 
for LC separation. This has proved to be a bottleneck 
for application of this technique. In contrast, MS can 
provide structural information using small volumes 
of samples. However, MS requires high purity 
samples. Thus, the HPLC-MS combination can 
remedy the inherent defects of each method alone. 
Previously, LC-MS methods have demonstrated 
significant advantages as the analytical method of 
choice for micro-algae toxins (Tsuruda et al., 2002; 
Oikawa et al., 2002; Dell et al., 2004; Ma et al., 
2007; Vale et al., 2008).

We employed HPLC-MS to measure the content 
of microcystins in M. aeruginosa, and to analyze 

the accumulation pattern in D. magna following 
uptake of M. aeruginosa. Our results demonstrate 
the feasibility of using the LC-MS method for 
detection of microcystins. Thus, our method reduces 
the demand for standard samples, and has important 
implications for aquatic food safety and development 
of the aquaculture industry.

Toxic cyanobacteria blooms, especially Microcystis 
sp., are causative agents of microcystins (MCs), 
which can potentially induce fatal apoptosis and 
hepatoptosis, posing serious economic and public 
health concerns (Malbrouck et al., 2003; Yin et al., 
2006). There is now abundant information in the 
literature describing the effects of toxic Microcystis 
species on animals including zooplankton, shellfish, 
shrimp, and fish (Vasconcelos et al., 2001; Shen 
et al., 2003; Magalhães et al., 2003; Guo and Xie, 
2006; Mohamed, 2008; Laurent et al., 2008; Gérard 
et al., 2009). This study has contributed by building 
a similar knowledge base for the toxic M. aeruginosa. 
In this study, through HPLC-MS detection, it 
was shown that M. aeruginosa could produce the 
microcystin MC-LR and that these chemicals were 
ingested by D. magna, providing a mechanism 
for acute and chronic toxic impacts documented in 
D. magna.

Some studies have reported that the effects of 
M. aeruginosa are inversely related with the body 
length of Cladocera. One hypothesis is that 
M. aeruginosa was not ingested by small cladocerans 
due to gape limitation. For example, Microcystis 
species caused adverse effects on the feeding 
rates of D. ambigua and Simocephalus serrulatus, 
while there was no effect on small cladocerans 
such as Daphanosoma brachyurum, Ceriodaphnia 
quadrangular and Bosmina longirostris (Fulton and 
Paerl, 1988). The body length of D. magna in this 

Fig.4  The effect of M. aeruginosa on number of larval 
broods of D. magna

Fig.5  Effect of M. aeruginosa on population dynamics of 
D. magna
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study reached 1–3 mm, so it is understandable that 
D. magna was very sensitive to the toxicity by 
consuming M. aeruginosa.

Light microscopy revealed that D. magna did 
not feed on pure M. aeruginosa cells within 6 h. 
However, when a yeast solution was added to 
M. aeruginosa cultures, the green M. aeruginosa 
were observed filling the entire intestine after 
exposure for 2 h (Fig.1). Some unknown factor in 
the yeast stimulated feeding by D. magna, and it is 
important to carry out further investigations on the 
feeding behavior of D. magna on M. aeruginosa.
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