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Abstract Rotifers are one of the smallest metazoans.
They serve as a model organism for ecotoxicological
studies. More than 60% of the lakes in China are increas-
ingly eutrophic and they are susceptible to blooms of
Microcystis aeruginosa. We investigated the effects of
M. aeruginosa on the survival and reproduction
of Brachionus calyciflorus using the life table method at
different temperatures. The findings showed that concen-
tration of M. aeruginosa significantly affected the intrinsic
rate of increase (r,), net reproductive rate (Rg), average
lifespan (L) and offspring number (p < 0.05). Temperature
also significantly affected the generation time (T), average
lifespan (L) and offspring number (p < 0.05). Moreover,
the interaction between temperature and concentration had
statistically significant effects on offspring number
(p <0.05). M. aeruginosa suppressed the survival and
reproduction of B. calyciflorus, particularly at a concen-
tration of 10° cells/mL. The rm values of the rotifers
exposed at 10° cells/mL decreased more than 200% com-
pared with those of the control group. However, at a lower
concentration, 10* cells/mL, M. aeruginosa may supply
appropriate nourishment to rotifers. In addition, at con-
centrations of 10° and 10° cells/mL, the inhibition of rot-
ifers by M. aeruginosa heightened with increasing
temperature.
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With increasing human activities, the occurrence of toxic
cyanobacterial blooms in eutrophic lakes, reservoirs, and
recreational waters has become a worldwide problem. The
eutrophication of lakes is one of the most serious envi-
ronmental problems in China. More than 60% of the lakes
have been reported to be eutrophic with the outbreak of
cyanobacterial blooms in recent years (Gan et al. 2010).
Such blooms are occurring annually in many aquatic sys-
tems in China, such as Lakes Dianchi, Chaohu and Taihu.
Microcystis aeruginosa is usually the most dominant spe-
cies (Liu et al. 2006; Gan et al. 2010) and it can produce
different kinds of microcystins (Li et al. 2010), such as
hepatotoxins, neurotoxins, cytotoxins, dermatotoxins and
irritant toxins. These toxins are harmful to a wide range of
organisms (Gilbert 1996; Liu et al. 2006; Tilimanns et al.
2008).

Rotifers are common and important members of fresh-
water zooplankton communities. They have been used as a
model organism for ecotoxicological studies. Cyanobacte-
ria have been proposed to decrease the population growth
of zooplankton in three basic ways: (1) by foming large
colonial and filamentous morphologies (Trabeau et al.
2004), (2) by causing nutritional deficiencies (Geng and
Xie 2008), and (3) by producing toxic secondary metabo-
lites (Wilson and Hay 2007). Hansson et al. (2007) showed
that the total zooplankton biomass was negatively corre-
lated with microcystin concentrations, but rotifers exhib-
ited a positive net response at the proper level of toxins.
The results of the above-mentioned studies are on rotifers
found in temperate climates. However, information about
rotifers inhabiting subtropical waters is limited.

The occurrence of M. aeruginosa blooms are frequently
related to environmental factors, such as temperature,
light, pH and salt concentration. Temperature is an
especially important factor in influencing the growth of
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M. aeruginosa. Temperature has been shown to have a
positive effect on the growth of M. aeruginosa (Jiang et al.
2008; Tonk et al. 2009). It has also been shown that the
amount of toxin (Watanabe and Oishi 1985; Sivonen 1990;
Tilimanns et al. 2008) and the type of microcystin pro-
duced by M. aeruginosa (Van der Westhuizen et al. 1986;
Xu et al. 2010) varies with the temperature. To date,
however, there have been very few experimental studies on
the effects of temperature and other potential modifying
factors on the responses of rotifers to M. aeruginosa
(Gilbert 1996; Claska and Gilbert 1998; Zha et al. 2007,
Soares et al. 2010). In the current study, we document not
only the relationship between rotifers and M. aeruginosa
but also the effects of temperature on the inhibitory capa-
bilities of M. aeruginosa.

Materials and Methods

Brachionus calyciflorus used in the present study was
collected from Lake Nanhu, Wuhan, China, and maintained
in the laboratory for more than 6 months prior to the start
of the investigation. To propagate the organism and to use
it, Environmental Protection Agency (EPA) medium was
prepared by dissolving 96 mg NaHCOj;, 60 mg MgSQO,,
60 mg CaSQy, and 4 mg KCl in 1 L of distilled water (Zha
et al. 2007). Rotifers were cultured in EPA medium
supplemented with 5.0 x 10’ cells/mL of Chlorella
pyrenoidosa at 25 £ 1°C in the dark.

The algae C. pyrenoidosa and M. aeruginosa were
obtained from the Institute of Hydrobiology, Chinese
Academy of Sciences. M. aeruginosa was batch cultured
axenically in liquid BG-11 medium at 25 £+ 1°Cona 12 L:
12 D photoperiod with dim light (~300 Ix) in an illumi-
nation incubator. C. pyrenoidosa was cultured in HB-4
medium (Li et al. 1959; Geng and Xie 2008) under the
same conditions with continuous aeration.

Experiments were conducted at three temperatures, 15,
25, and 35°C. Every temperature had one control group
(0 cells/mL concentration of M. aeruginosa) and three
treatment groups (104, 105, and 10° cells/mL), each with
C. pyrenoidosa at a concentration of 5.0 x 10> cells/mL as
a food source. Life table experiments were conducted in
24-well tissue culture plates. The diameter and volume of
each well are 15.0 mm and 1.5 mL, respectively. Each
group had 24 replications and these 24 neonates (<2 h old)
were randomly introduced into each well which contained
1 mL rotifer medium with the corresponding food combi-
nations mentioned earlier. All initial parental females in
these wells were transferred into fresh medium every 24 h.
We recorded the numbers of original live individuals and
neonates born once every 8 h until the death of the last
animal among all groups. Based on the data collected, the

demographic parameters were calculated and analyzed
following the procedure of Hu and Xi (2008) where

1 is the age-specific survival rate or the proportion of
surviving individuals at age x to its original cohort;

my is the age-specific fecundity rate or the mean number
of female offsprings produced in a unit of time by a female
at age X.

The intrinsic rate of increase (r,,), net reproductive rate
(Rp), and generation time (T) can be obtained using the
following equations:

R 0
Z e*rmxlxmxz I;Ro= Z Iimy; T = ln(Ro)/rm
x=0 0

A two-way ANOVA was conducted to identify the
significant effects of temperature, M. aeruginosa
concentration, and temperature—concentration interaction
on life history parameters in SPSS 18.0.

Results and Discussion

The effects of the four concentrations of M. aeruginosa on
the age-specific survival rate (I;) and fecundity (my) of B.
calyciflorus at three temperatures are shown in Fig. 1. At
the same temperatures, the higher the concentration of
M. aeruginosa, the faster the 1, falls. In addition, the point
at which the 1, begins to fall comes earlier along with the
rise of the M. aeruginosa concentration. At any tempera-
ture, the 1, of rotifers exposed to 10° cells/mL  of
M. aeruginosa was extremely lower than that of rotifers
exposed to the other three concentrations. Higher temper-
atures bring the rotifer fecundity forward. Rotifers begin to
reproduce sooner as temperatures increase. Therefore,
B. calyciflorus was strongly inhibited by M. aeruginosa
(Geng and Xie 2008; Soares et al. 2010).

All the demographic parameters of the B. calyciflorus in
the different conditions are shown in Table 1. At the
temperatures tested, the Ry and r,,, values tended to decline
when the concentration of M. aeruginosa increased. The
rotifer population even appeared negative growth at a
M. aeruginosa concentration of 10° cells/mL. The r,, val-
ues of the rotifers exposed at 10° cells/mL decreased more
than 200% compared with those of the control group.
When the temperature increased, the generation time was
reduced. As determined by the two-way ANOVA, the
concentrations of M. aeruginosa had statistically signifi-
cant effects on r,,, (F = 8.874, p = 0.013). Moreover, both
temperature (F = 140.150, p = 0.000) and concentration
(F = 25.819, p = 0.000) showed statistical significance on
the average lifespan, but the interaction between tempera-
ture and concentration did not (F = 1.869, p = 0.086).
Similarly, the two-way ANOVA showed that temperature
(F = 14.053, p = 0.000), concentration (F = 101.157,
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Fig. 1 Effect of M. aeruginosa and C. pyrenoidosa mixtures on the age-specific survival rate (I;) and fecundity (my) of B. calyciflorus at three

temperatures (a 15°C; b 25°C; ¢ 35°C)

p = 0.000) and interaction between these two factors
(F = 4.064, p = 0.001) had extremely significant effects
on the offspring number.

To determine whether the change in temperature affec-
ted the ability of M. aeruginosa to negatively impact rot-
ifers, we compared the r, values of B. calyciflorus
between the control and the treatment groups at different
temperatures. At a low concentration (10* cells/mL) of
M. aeruginosa, the inhibition of rotifers by M. aeruginosa
was not always heightened with increasing temperature. In
particular, at 35°C, the r,,, value of the rotifers exposed at
10* cells/mL was greater than those of the control group.
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A possible reason may be that M. aeruginosa can supply
appropriate nourishment to rotifers. However, at a higher
concentration (105 and 10° cells/mL) of M. aeruginosa, the
inhibition of rotifers by M. aeruginosa intensified with
increasing temperature. In particular, as the concentration
increased to 10° cells/mL, the inhibition grew more obvi-
ous. There are several possible reasons. Firstly, a temper-
ature rise may improve the yield of toxins (Wicks and Thiel
1990; Davis et al. 2009; Al-Shehri 2010) and increase the
rotifers’ absorption of microcystin (Gilbert 1996; Hietala
et al. 1997; Claska and Gilbert 1998). A number of studies
(Wicks and Thiel 1990; Jiang et al. 2008; Tonk et al. 2009)
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Table 1 Effects of different concentrations of M. aeruginosa with the same concentration of Chlorella pyrenoidosa on the life history

parameters (mean £ SD) of B. calyciflorus at three temperatures

Temperature Concentration Ry (ind.) Generation I (day™") Average lifespan® Offspring
°C) (cells/mL) time (day) (days) number® (ind.)
15 0 3.88 5.58 0.24 7.74 £+ 3.05 4.68 +2.75
10* 3.67 5.90 0.22 8.35 £ 3.30 443 +3.07
10° 3.85 4.90 0.28 6.96 £+ 2.25 4.61 £223
10° 0.14 6.53 —0.31 4.83 £ 2.35 0.25 £ 0.53
25 0 7.74 2.28 0.90 439 £ 1.23 8.48 £+ 3.15
10* 6.03 2.05 0.88 3.64 £ 0.85 7.59 £ 3.28
10° 3.29 2.11 0.56 3.20 £ 0.89 490 + 1.94
10° 0.07 2.00 —1.31 217 £ 0.72 0.22 + 0.52
35 0 5.16 1.60 1.02 3.57 £ 0.95 6.52 + 2.31
10* 5.30 1.54 1.08 3.43 £0.90 691 £+ 2.45
10° 3.65 1.72 0.75 329 £1.20 5.13 £ 2.86
10° 0.28 1.00 —-1.27 1.75 £ 0.44 0.83 £ 0.82
P n=24

also found that the cyanobacterial toxin concentrations
were positively correlated with temperature. However,
some conflicting reports showed that there was a slight
increase in microcystin production at low temperatures and
a slight decrease in toxicity at higher temperatures
(Watanabe and Oishi 1985; Sivonen 1990; Gilbert 1996;
Vezie et al. 1998). Secondly, as the present study has shown,
the sensitivity of some zooplankton to a toxic cyanobacte-
rium increases with increasing temperature. Thirdly, high
temperatures seem to increase the ability of cyanobacteria to
compete with algae for nutrients (Gilbert 1996; Claska and
Gilbert 1998; Chu et al. 2007; JOHnk et al. 2008). In nature,
temperature can have much greater effects on the response of
rotifers to M. aeruginosa. Previous laboratory investigations
have shown that temperature rise can stimulate cyanobac-
teria growth (Van der Westhuizen et al. 1986; Dokulil and
Teubner 2000; Tonk et al. 2009) and contribute to algal
blooms (J OHnk et al. 2008; Granéli et al. 201 1). In addition,
cyanobacteria are able to compete more successfully at
higher temperatures, so they can predominate in phyto-
plankton communities (Tas et al. 2006; Al-Shehri 2010).
Thus, in aquatic ecosystems containing cyanobacteria,
temperature rise intensifies the inhibitory effect of cyano-
bacteria on rotifers and induces changes in the commu-
nity structure of zooplankton.

From the present study, we conclude that M. aeruginosa,
in combination with the green algae C. pyrenoidosa neg-
atively impacted the survival and reproduction of plank-
tonic B. calyciflorus. The life history parameters show that
the survival and population growth of B. calyciflorus
were significantly inhibited at high concentrations of
M. aeruginosa. The inhibitory effects of M. aeruginosa on
rotifer survival increases with increasing temperature.

In addition, M. aeruginosa may actually supply a source of
nutrients for the planktonic rotifers. In nature, the envi-
ronmental factors are complicated, variable, and inter-
influential. Thus, further studies are needed to determine
the effects of cyanobacteria on zooplankton under different
environmental factors.
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