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Abstract – Microcystis blooms occur worldwide in eutrophic lakes. Microcystins (MCs) including micro-

cystin-LR (MC-LR) released by Microcystis have adverse effects on aquatic organisms such as rotifers. To
detect population growth and reproductive responses, the rotifer Brachionus calyciflorus was exposed to MC-
LR at eight concentrations ranging from 0 to 200 mg.Lx1 under different temperature (20, 25 and 30 xC), and

population growth rate (r), ovigerous females/non-ovigerous females (OF/NOF) ratio, mictic females/amictic
females (MF/AF) ratio, mictic rate (MR), and 7-d resting egg (7-d RE) production were investigated. The
results showed that higher temperatures stimulate the population growth of B. calyciflorus. B. calyciflorus

showed high tolerance to MC-LR at concentrations lower than 200 mg.Lx1 under different temperatures.
Compared to the control, MC-LR at all concentrations increased the r (P<0.05), but decreased the OF/NOF
and the MR of the rotifers at 30 xC (P<0.01). A clear dose–response relationship existed between the r, the

OF/NOF, and the MR of B. calyciflorus and MC-LR concentration at 30 xC, respectively. These sensitive
parameters could be used to monitor the ecological effects of low concentrations of MC-LR in natural water
bodies at the high temperature.
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Introduction

Toxic cyanobacterial blooms in freshwater rivers,
lakes, reservoirs, and recreational waters have increasingly
become a nuisance (Cohen, 1989; Chorus and Bartram,
1999; Carmichael, 2001; Paerl et al., 2001; Vasconcelos
and Pereira, 2001; Huisman et al., 2005; Liu et al., 2006;
Vareli et al., 2009; Ye et al., 2009; Gan et al., 2010). It is
well known that many species of cyanobacteria are able to
produce microcystins (MCs) (van Apeldoorn et al., 2007),
which can accumulate in the food chain (Xie et al., 2005;
Chen et al., 2009a) and negatively affect aquatic organ-
isms, animals, and human beings due to their potent
hepatotoxicity and probable tumor promoters (Andersen
et al., 1993; Carmichael and Falconer, 1993; Chorus and
Bartram, 1999; Matsunaga et al., 1999; Carmichael et al.,
2001; Zimba et al., 2001; Chen et al., 2002, 2009b; Qiu
et al., 2007). To date, more than 80 structural analogues of

MCs have been identified, and microcystin-LR (MC-LR)
is the most frequently detected and the most toxic (Fastner
et al., 2002; Briand et al., 2003; Zurawell et al., 2004;
Hoeger et al., 2005; Blaha et al., 2009). Thus, World
Health Organization (WHO) established a provisional
guideline value for MC-LR in 1 mg.Lx1 of drinking water
(WHO, 1998).

Zooplankton are mainly composed of protozoa,
rotifers, cladocerans and copepods in freshwater bodies,
and are the natural food link between the primary
producers (e.g., algae and bacterial) and secondary
consumers (e.g., insect larvae and fish fry) (Pennak, 1989;
Nogrady et al., 1993) and important in the maintenance of
an ecological balance in freshwater ecosystems. Most
planktonic rotifers have a cyclically parthenogenetic life
cycle where asexual reproduction predominates, but there
are periods where both asexual and sexual reproductions
occur simultaneously. In monogonont rotifers, asexual
reproduction in the absence of males is mixed with
occasional bouts of sexual reproduction. Asexual (amictic)*Corresponding author: ylxi1965@yahoo.com.cn
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females are diploid and produce eggs mitotically, which
develop into amictic females. Upon receiving the mictic
stimulus, asexual females begin producing both sexual
(mictic) and amictic daughters. Mictic females produce
haploid eggs, if unfertilized, develop into haploid males.
If fertilized, haploid eggs become diploid and develop
into large, thick-walled resting eggs. After a period of
dormancy that varies among species, resting eggs respond
to species-specific hatching cues and hatch into amictic
females, entering again into the asexual phase of the life
cycle (Pourriot and Snell, 1983; Snell and Carmona, 1995).

It is well established that bloom-forming cyanobacteria
are, in a general sense, of poor food quality for
herbivorous zooplankton including cladocerans and roti-
fers (Porter and Orcutt, 1980), although the large variation
in species-specific responses of zooplankton to cyanobac-
teria (Tillmanns et al., 2008). Among the reasons for this
poor quality, the toxicity of cyanobacterial compounds
such as MCs has attracted the most interest (Porter and
Orcutt, 1980; Lampert, 1987; DeMott, 1989). Rotifers,
especially Brachionus calyciflorus and Brachionus plicatilis,
have been widely recognized as bioindicators of water
quality (Sladecék, 1983) and ideal bioassay animals in
aquatic toxicology (Halbach et al., 1983; Janssen et al.,
1993; Snell and Janssen, 1995). Although numerous
studies have examined the effects of MCs on zooplankton,
most investigations have focused on cladocerans, espe-
cially the genus Daphnia (Demott et al., 1991; Lürling and
van der Grinten, 2003; Ghadouani et al., 2004; Chen et al.,
2005; Dao et al., 2010; Yang et al., 2011, 2012), few studies
have focused on rotifers. Chen et al. (2002) found that
1–20 mg.Lx1 crude MC-LR has adverse effects on rotifer
B. plicatilis. However, the effects of purified MC-LR
on population growth and reproduction of rotifer
B. calyciflorus have not been reported.

Temperature is one of important ecological factors.
Generally, increase in temperature has a stimulating effect
on the population growth of organisms including cyano-
bacteria and rotifers. Cyanobacterial blooms and MCs
releasing are facilitated by high water temperatures and
therefore benefit from climate warming (Codd, 2000;
Jöhnk et al., 2008; Paerl and Huisman, 2008). However
the effect of increase in temperature on toxicity of MCs to
population growth and reproduction of rotifers, such as
B. calyciflorus has not yet been reported.

The main purpose of the present study was to assess
the effect of MC-LR on population growth and sexual
reproduction of B. calyciflorus under different tempera-
tures by means of 3-day population growth, and 7-day
resting egg (7-d RE) production tests, and to screen out
sensitive endpoints which could be used to monitor the
ecological effects of MC-LR on the population growth of
rotifer B. calyciflorus.

Materials and methods

B. calyciflorus was isolated from the Lake Jiuliantang
(31x33kN, 118x37kE) located in the center of Wuhu city

in the east of China and then clonally cultured under
controlled laboratory conditions. Stock rotifer cultures
were kept under static-renewal conditions with natural
illumination at 25¡1 xC in an illumination incubator for
over 1 year. Rotifers were daily fed on Scenedesmus
obliquus at 1.0–2.0r106 cells.mLx1. Before the experi-
ments commenced, rotifers were cultured in EPA medium
which was prepared by dissolving 96 mg of NaHCO3,
60 mg of CaSO4, 60 mg of MgSO4, and 4 mg of KCl in
1 L distilled water (USEPA, 1985), and fed on 3.0r106

cells.mLx1 of S. obliquus at 20¡1, 25¡1 and 30¡1 xC
for at least 2 weeks, respectively. Algae were grown in a
semi-continuous culture using HB-4 medium (Li et al.,
1959) renewed daily at 20%. Algae in exponential growth
were centrifuged and resuspended in distilled water and
then stored at 4 xC. The density of the stock algal
concentrate was estimated using haemocytometer.

MC-LR (purity at least 95% by HPLC) was purchased
from Express Bio-technology Co., Ltd, Beijing, China,
which was diluted with distilled water to stock solution of
100 mg.Lx1, then diluted to the desired concentrations
using EPA medium.

Considering the range of dissolved MCs in natural
waters in the world, from trace concentration to
200 mg.Lx1 (Sivonen and Jones, 1999), mostly from 0.1
to 10 mg.Lx1 (Lahti et al., 1997; Lawton et al., 1998), and
the provisional guideline for MC-LR of 1 mg.Lx1 in
drinking water (WHO, 1998), meanwhile, cyanobacterial
blooms often development in warm seasons (Oliver and
Ganf, 2000), seasonal increases in water temperature, and
climate warming may exacerbate the impact of toxic
cyanobacteria on rotifers (Gilbert, 1996), we selected test
MC-LR concentrations were 0.001, 0.01, 0.1, 1, 10, 100
and 200 mg.Lx1 and temperatures were 20, 25 and 30 xC.
Four replicates were carried out for each treatment.
A control of EPA medium was also tested.

All the experiments were conducted in 8-mL glass
chambers and started by introducing 10 neonates (<3 h
old) into each chamber containing 5 mL test solution and
3.0r106 cells.mLx1 S. obliquus. Thereafter, the rotifers
were cultured under static conditions with natural illumi-
nation at 20¡1, 25¡1 and 30¡1 xC in illumination
incubators for 3 days, respectively. Then, the number of
each type of rotifer females was counted following the
methods described by Xi et al. (2007). All the rotifers were
continually cultured for another 96 h to count the number
of resting eggs (7-d RE) (Lu et al., 2012). Meanwhile, the
population growth rate (r, r=(ln Ntx ln N0)/t, where N0

and Nt are the initial and final population density,
respectively, and t=3), ovigerous females/non-ovigerous
females (OF/NOF) ratio and mictic females/amictic
females (MF/AF) ratio, and mictic rate (MR, the ratio of
mictic females/total females), were calculated according
to Radix et al. (2002). During the experimental period,
the original rotifers were daily transferred into freshly
prepared test solution containing 3.0r106 cells.mLx1

S. obliquus with a micropipette.
Two-way analysis of variance (ANOVA) by SPSS 16.0,

with MC-LR concentration and temperature as the
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independent variable, and the r, OF/NOF, MF/AF, MR,
or 7-d RE as the dependent variable, followed by
Dunnett’s test was conducted for pairwise comparisons
of each MC-LR concentration and temperature relative
to the control (Zar, 1999). Dose–response relationships
between each of the reproduction parameters of
B. calyciflorus and MC-LR concentration or temperature
were calculated using regression analysis (Stephan and
Rogers, 1985).

Results

Compared to the control, MC-LR concentration
significantly affected the MF/AF, MR and 7-d RE at
25 xC, and the r, OF/NOF and MR of at 30 xC (P<0.05),
but did not affect the other production parameters of the
rotifers (P>0.05) (Fig. 1).

At 25 xC, MC-LR at 1 mg.Lx1 increased the MF/AF,
MR and 7-d RE of the rotifers (P<0.05). At 30 xC, MC-
LR at all concentrations increased the r (P<0.05), but
decreased the OF/NOF and MR of the rotifers (P<0.01)
(Fig. 1).

The results of the two-way ANOVA performed all the
parameters of the rotifers subjected to MC-LR concentra-
tions and temperatures are presented in Table 1. MC-LR
did not affect the r (P>0.05), but temperature and MC-
LRr temperature interaction affected the r of the rotifers
(P<0.05). MC-LR, temperature and their interaction all
affected the OF/NOF of the rotifers (P<0.01). Tempera-
ture affected the MF/AF, MR, and 7-d RE of the rotifers
(P<0.01), but MC-LR and MC-LRr temperature inter-
action did not affect them (P>0.05) (Table 1).

A clear dose–response relationship existed between the
r, OF/NOF, and MR of the rotifer B. calyciflorus and
MC-LR concentration at 30 xC, respectively (Table 2).

Discussion

Temperature is one of the important variables affect-
ing the population growth and reproduction of rotifers
including B. calyciflorus. Normally, within the range of
tolerance levels, increase in temperature accelerates the
reproduction and stimulates population growth of rotifers
(Stelzer, 1998; Forbes and Calow, 1999; Pavón-Meza
et al., 2005; Geng and Zhu, 2008; Yin and Zhao, 2008).
In nature, this relationship, higher temperatures promote
the population growth of rotifers, is also existent (Andrew
and Andrew, 2005; Wen et al., 2011). In the present study,
temperature also markedly increased the population
growth rate of the rotifer B. calyciflorus, which supported
the results of above-mentioned laboratory and field
researches. In addition, temperature significantly affected
OF/NOF, MF/AF, MR and 7-d RE of the rotifers.

MCs are mainly retained within the producer cells
during Microcystis blooms development (Pflugmacher,
2004). In post-blooms, MCs are released into water after
demise of Microcystis cells. The dissolved MCs

>1800 mg.Lx1 during the collapse of heavy blooms
(Jones and Orr, 1994; Svrcek and Smith, 2004) can come
in contact with a wide range of aquatic organisms
including rotifers and have adverse effects on them (Chen
et al., 2002, 2009a, Cazenave et al., 2006). MCs including
MC-LR inhibit feeding, reduce growth, and increase
mortality in cladocerans (DeMott et al., 1991; Rohrlack
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et al., 1999; Lürling and Van der Grinten, 2003;
Ghadouani et al., 2004; Wilson et al., 2006).

Up to now, contrast with cladocerans, the researches
about effects of purified MCs on rotifers are scarce (Chen
et al., 2002). Chen et al. (2002) studied the acute and
chronic toxicity of MC-LR to the rotifer B. plicatilis.
The results showed the 24-h LC50 value for MC-LR was
124.87 mg.Lx1, which indicated that rotifers showed
rather strong tolerant capacity towards MC-LR. MC-LR
at a range from 1 to 20 mg.Lx1 suppressed the population
growth of the rotifers and promoted the occurrence of
male rotifers B. plicatilis. In the present study, we did not
clearly find the deleterious effects of MC-LR on the
rotifers B. calyciflorus. Notably, although MC-LR did not
affect or slightly increase the population growth of the
rotifers at two lower temperatures (20 and 25 xC), it
significantly promoted the population growth of the
rotifers at the high temperature (30 xC). There might be
several reasons. Firstly, the MC-LR concentrations in
our study (MC-LR: 0.001–200 mg.Lx1) are much lower

than that in the study of Chen et al. (2002) (MC-LR:
1–20 mg.Lx1). A number of studies found that low
concentrations of dissolved MCs had no harmful effects,
on the contrary, stimulating effects on Daphnia (Chen
et al., 2005; Zhang et al., 2008) and rotifers (Hansson
et al., 2007; Zhang and Geng, 2012). Secondly, increase in
temperature may increase absorption of the rotifers to
MCs (Gilbert, 1996; Hietala et al., 1997; Claska and
Gilbert, 1998), which may lead to stimulating effects of
low concentrations of MC-LR on the population growth
of the rotifers more obvious. Thirdly, the sensitivity of
the rotifers to the MC-LR may increase with increas-
ing temperature. Finally, there is a difference between
the test rotifer species (Chen et al., 2002; the present
study). Thus, increase in temperature enhances the
stimulating effects of MCs on rotifers and induces stronger
competitive ability of rotifers during Microcystis blooms
in aquatic ecosystems. The results of Liu et al. (2002)
showed that M. aeruginosa blooms strongly suppressed
the larger Diaphanosoma brachyurum, but enhanced the

Table 1. Results of the two-way ANOVA performed population growth rate (r), OF/NOF ratio and MF/AF ratio, MR, and 7-d RE

production of B. calyciflorus subjected to 8 MC-LR concentrations and three temperatures.

Source of variation DF SS MS F
r
MC-LR 7 0.078 0.011 1.92 ns
Temperature 2 12.397 6.198 1075.45**
MC-LRr temperature 14 0.160 0.011 1.99*
Error 71 0.409 0.006
OF/NOF
MC-LR 7 1.788 0.256 3.55**
Temperature 2 2.751 1.376 19.13**
MC-LRr temperature 14 3.599 0.257 3.57**
Error 71 5.106 0.072
MF/AF
MC-LR 7 0.211 0.030 0.79 ns
Temperature 2 0.9341 0.467 12.25**
MC-LRr temperature 14 0.6081 0.043 1.14 ns
Error 71 2.707 0.038
MR
MC-LR 7 0.011 0.002 0.71 ns
Temperature 2 0.105 0.052 23.30**
MC-LRr temperature 14 0.045 0.003 1.42 ns
Error 71 0.160 0.002
7-d RE
MC-LR 7 95.945 13.706 0.51 ns
Temperature 2 323.896 161.948 6.08**
MC-LRr temperature 14 441.786 31.556 1.18 ns
Error 71 1891.667 26.643

DF, degrees of freedom; SS, sum of squares; MS, mean square; F, F-ratio.
*Significant (P<0.05), **highly significant (P<0.01), ns: non-significant (P>0.05).

Table 2. Relationships between population growth rate (r), OF/NOF ratio as well as MR of B. calyciflorus and MC-LR
concentration at 30 xC.

Pollutant Parameters Regression equations Significant tests
MC-LR r Y= -0.0052x2+0.0747x+1.0559 R2=0.8991, P<0.001

OF/NOF Y=0.0563x2-0.6223x+1.9178 R2=0.8835, P<0.001
MR Y=0.0015x2-0.0197x+0.0723 R2=0.9032, P<0.001
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development of the smaller cladocerans and rotifers. They
thought that the smaller cladocerans and rotifers probably
efficiently utilized organic matter from M. aeruginosa
through the detritus food chain. However, in our opinions,
MCs also probably acted important roles that stimulated
the population growth of the smaller cladocerans and
rotifers. It might be one of the reasons for zooplankton
miniaturization, although it was needed for further
researches, and may add to our knowledge on population
and community dynamics among zooplankton in eu-
trophic aquatic ecosystems.

Reproductive functions are regulated by hormones and
are consequently subjected to disruption by naturally
occurring compounds acting as oestrogens. Among these
compounds, toxins may act as endocrine disruptors, which
modify the functioning of the endocrine system and induce
reproductive disorders (Burkhardt-Holm, 2010). Some
researchers found endocrine disrupting effects of cyano-
bacterial toxins such as nodularin-R and MC-LR on a
transgenic human cell line MELN (Oziol and Bouaı̈cha,
2010) and MC-RR on Daphnia magna (Hulot et al., 2012).
The results of Hulot et al. (2012) showed that MC-RR
reduced D. magna population growth rate and larger
proportion of adults. In the present study, we found
MC-LR at all concentrations significantly decreased the
OF/NOF and MR of the rotifers B. calyciflorus at 30 xC.
It might suggest reproduction function-disruptive effects
of MC-LR on the rotifers B. calyciflorus as observed
MC-RR on D. magna (Hulot et al., 2012).

Rotifers, especially B. calycifiorus and B. plicatilis, are
favored test animals in aquatic toxicology because of their
small size, rapid reproduction, simplicity of culture, simple
life cycle, global distribution and sensitivity to most
toxicants (Snell and Janssen, 1995). Both r and MR were
sensitive to most tested toxicants (Preston et al., 2000;
Radix et al., 2002; Xi and Feng, 2004; Marcial et al., 2005;
Xi et al., 2007; Ke et al., 2009), and OF/NOF ratio in
B. calyciflorus population was also a suitable endpoint
for assessing the effects of ethinylestradiol, nonylphenol,
dichlorvos, triazophos and chlorpyrifos (Radix et al.,
2002; Ke et al., 2009). Similarly, in the present study, a
clear dose–response relationship between the r, OF/NOF
as well as MR of the rotifer B. calyciflorus and MC-LR
concentration at 30 xC (Table 2) indicated that these
sensitive parameters could be used to monitor the
ecological effects of low MC-LR concentrations at the
high temperature. In addition, Snell and Carmona (1995),
Xi and Feng (2004), Marcial et al. (2005) and Xi et al.
(2007) found that sexual reproduction was more sensitive
than asexual reproduction to toxicants, in the present
study, we also found similar results that MR was more
sensitive than the r or OF/NOF to MC-LR at 30 xC
(Table 2).

The interactions between temperature and toxicants
such as pesticides and heavy metals usually change the
tolerance capacity of zooplankton (Heugens et al., 2001;
Gama-Flores et al., 2005; Nandini et al., 2007), and
regulate zooplankton population and community dy-
namics. Interactions of MC-LR and temperature on the

population growth rate and the OF/NOF of B. calyciflorus
detected in the present study may lead to changes in
population structure of rotifers in freshwater bodies
containing MCs.

Conclusion

Higher temperatures stimulate the population growth
of the rotifer B. calyciflorus. B. calyciflorus showed a high
tolerance to MC-LR at low concentrations (<200
mg.Lx1), and the population growth of the rotifers was
promoted exposed to different concentrations of MC-LR
at 30 xC. This finding might be one of the reasons for
zooplankton miniaturization in natural freshwater body
containing MCs. In addition, a clear dose–response
relationship existed between the population growth rate,
OF/NOF, and MR of B. calyciflorus and the MC-LR
concentration at 30 xC, respectively. These sensitive para-
meters could be used to monitor the ecological effects of
low MC-LR concentrations in natural water bodies at the
high temperature. During the collapse of heavy blooms,
moreover, further studies are still needed to assess whether
there are stimulating effects of MCs on the population
growth and reproduction of B. calyciflorus under more
environmental factors.
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Jöhnk K.D., Huisman J., Sharples J., Sommeijer B., Visser P.M.
and Stroom J.M., 2008. Summer heatwaves promote blooms
of harmful cyanobacteria. Global Change Biol., 14, 495–512.

Jones G.J. and Orr P.T., 1994. Release and degradation of
microcystin following algicide treatment of a Microcystis
aeruginosa bloom in a recreational lake, as determined by
HPLC and protein phosphatase inhibition assay.Water Res.,
28, 871–876.

Ke L.X., Xi Y.L., Zha C.W. and Dong L.L., 2009. Effects of
three organophosphorus pesticides on population growth
and sexual reproduction of rotifer Brachionus calycifiorus
Pallas. Acta Ecol. Sin., 29, 182–185.
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