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Abstract
Cyanobacterial blooms aggravate with increasing temperature, and the increased concentrations of toxicants such as cyano-
toxins and nitrite during bloom decay adversely affect the growth of aquatic animals. Heat-shock proteins (Hsps) are induced 
by a wide range of environmental stressors, including temperature and toxicants. In this study, Brachionus calyciflorus Pallas 
was exposed to different combined solutions of microcystin-LR (0, 10, 30, and 100 µg L−1) and nitrite (0, 1, 3, and 5 mg L−1) 
to evaluate their effects on the rotifer lifespan, the reproductive rate (R), and the responses of four Hsp genes at 20 °C, 25 °C, 
and 30 °C. Results revealed that single high doses of microcystin-LR (100 µg L−1) and nitrite (5 mg L−1) were harmful to 
the lifespan and reproduction of rotifers. Hormesis was induced by low doses of microcystin-LR (10–30 µg L−1) and nitrite 
(1–3 mg L−1). At different toxicant concentrations, the expression levels of Hsp40, Hsp60, Hsp70, and Hsp90 fluctuated, 
whereas reactive oxygen species (ROS) levels increased regardless of temperature. The two toxicants induced high levels of 
ROS production, which negatively affected the lifespan, R, and Hsp gene expression at 30 °C (p < 0.05). Microcystin-LR and 
nitrite exerted synergistic effects on the lifespan, R, ROS levels, and Hsp gene expression levels at 20 °C and 25 °C (p < 0.05) 
but had antagonistic effects on Hsp40 and Hsp60 expression levels at 30 °C (p > 0.05). Temperature, microcystin-LR, and 
nitrite had interactive effects on the lifespan, R, ROS levels, and Hsp gene expression levels (p < 0.05). The expression levels 
of Hsp genes are useful biomarkers of high-temperature exposure, and Hsp-mediated heat shock responses are important in 
microcystin-LR and nitrite stress tolerance of B. calyciflorus.
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Introduction

Temperature has a fundamental effect on organisms, and this 
influence exerts ecosystem-wide effects as the life-history 
strategies of individual species differ in response to tem-
perature (Zhang et al. 2011; Henning-Lucass et al. 2016). As 
one prominent factor, temperature influences toxicity effects 
of contaminants on aquatic animals (Willming et al. 2013). 
Toxic cyanobacterial blooms have become increasingly 
common in freshwater ecosystems, mainly due to eutrophi-
cation and climate warming (Mowe et al. 2015). High water 
temperatures facilitate cyanobacterial blooms and the release 
of cyanotoxins (Lürling et al. 2017). The rapid degradation 
of toxic Microcystis with increasing temperature during 
daytime promotes the release of toxicants, such as cyano-
toxins, resulting in severe water quality problems (Zhang 
et al. 2017). In aquatic ecosystems, temperature magnifies 

Aquatic Sciences

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0002​7-020-00748​-6) contains 
supplementary material, which is available to authorized users.

 *	 Tianheng Gao 
	 gaotianheng928@hhu.edu.cn

 *	 Jiaxin Yang 
	 yangjx@njnu.edu.cn

1	 School of Marine Sciences, Nanjing University 
of Information Science and Technology, No.219 Ningliu 
Road, Nanjing 210044, People’s Republic of China

2	 School of Marine Science and Engineering, Nanjing 
Normal University, No.1 Wenyuan Road, Nanjing 210023, 
People’s Republic of China

3	 Institute of Marine Biology, College of Oceanography, 
Hohai University, No.1 XiKang Road, Nanjing 210098, 
People’s Republic of China

http://orcid.org/0000-0001-6958-0558
http://orcid.org/0000-0002-9771-9171
http://crossmark.crossref.org/dialog/?doi=10.1007/s00027-020-00748-6&domain=pdf
https://doi.org/10.1007/s00027-020-00748-6


	 Y. Liang et al.

1 3

74  Page 2 of 14

the effects of toxicants on zooplankton (Viñuela et al. 2011; 
Huang et al. 2012).

Microcystin-LR is one of the secondary metabolites of 
Microcystis, which can accumulate in the food chain and 
negatively affect organisms (Lahti et al. 1997). Microcystin-
LR causes cellular damage by directly inhibiting the serine/
threonine protein phosphatases PP1 and PP2A (Campos and 
Vasconcelos 2010). The hyperphosphorylation of PP2A by 
microcystin-LR induces a cascade of negative effects on cel-
lular functions, including the regulation of phosphoproteins 
(e.g., P53 and MAPKs) and the creation of reactive oxygen 
species (ROS) (Mclellan and Manderville 2017). In gen-
eral, the concentration of microcystin-LR in natural waters 
is below 200 µg L−1, but it may rise to 1800 µg L−1 during 
bloom decay (Jones and Orr 1994; Lahti et al. 1997).

Nitrite is a natural component of the nitrogen cycle in 
ecosystems, and its level can increase during severe cyano-
bacterial blooms (Lyu et al. 2013). Nitrite production is the 
process of a noncomplete oxidation of N-degrading products 
into nitrate due to the high consumption of oxygen during 
cyanobacterial decay. The toxic effects of nitrite include 
reducing extracellular chloride concentrations and muscle 
potassium content, and inducing lipid peroxidation and pro-
tein denaturation (Jensen 2003; Kroupová et al. 2016). The 
concentration of nitrite is below 50 μg L−1 in unpolluted 
waters, but it can reach as high as 46 mg L−1 or more due to 
eutrophication (Philips et al. 2002). The concentrations of 
nitrite and microcystin-LR reach 2.5 mg L−1 and 10–15 μg 
L−1, respectively, after the collapse of dense Microcystis 
blooms in certain areas of Lake Taihu, China (Zhang et al. 
2010).

Microcystin-LR and nitrite can impair the growth of 
aquatic animals (Jiang et al. 2012; Liang et al. 2017). Two 
exposure routes exist for microcystin-LR during blooms. 
One is ingestion of toxin containing prey. The other route 
is via dissolved toxin exposure. Zooplanktons typically 
have a higher tolerance to dissolved microcystin-LR than 
to ingested microcystin-LR. During cyanobacterial decay, 
increased concentrations of dissolved microcystin-LR cause 
increased exposure in zooplankton and fish, resulting in 
adverse effects on the fitness and life-history traits of these 
animals (Yang et al. 2011; Zhang et al. 2011). Acute toxicity 
is the dose that causes lethal effects (mortality) short term 
(usually 1–2 days, measured with LD50/LC50, and deter-
mines if the organism survives or not). By contrast, chronic 
toxicity refers to doses that cause sublethal effects over long 
periods of time, with reproductive and life-history effects 
(measured with EC50 and determines if the organism grows/
reproduces) (Ger et al. 2009; Lyu et al. 2013). Few studies 
have linked the toxic effects of microcystin-LR or nitrite on 
zooplankton in general (Jensen 2003; Huang et al. 2012; 
Kroupová et al. 2016). The reduced lifespan and impaired 
reproduction of cladoceran Daphnia obtuse with increased 

microcystin and nitrite concentrations have been confirmed 
(Yang et al. 2011). Molecular studies have been useful to 
obtain mechanistic insights into the tolerance of Daphnia 
to toxic Microcystis aeruginosa (Lyu et al. 2016, 2018) and 
estimate the genetic responses of copepod Acartia tonsa to 
heat shock (Petkeviciute et al. 2015).

Heat-shock proteins (Hsps) are useful biomarkers in the 
stress responses (e.g., high temperatures, altered pH, oxida-
tive stress, toxicants, starvation, oxygen, and water depriva-
tion) of organisms (Mukhopadhyay et al. 2003; Smith et al. 
2012). Toxic substances in water induce the production of 
ROS (Kim et al. 2014), which lead to cytoskeletal modifica-
tions, general oxidative damages, lipid and protein damages, 
DNA damages, and apoptosis (Mclellan and Manderville 
2017). Heat shock response is the coordinated activation 
of Hsp gene expression, which is an ubiquitous adaptation 
mechanism in organisms ranging from bacteria to mammals 
(Yang et al. 2014). Hsp40 targets proteins for proteasomal 
degradation in the cytosol by preventing their aggregation in 
mammalian cells (Fan et al. 2004). Hsp60 prevents protein 
denaturation under heat stress and is involved in stress pro-
tection in the mitochondria of eukaryotes (Song et al. 2016). 
Hsp70 is present in subcellular compartments and primarily 
binds to target proteins to modulate protein folding, trans-
port, and repair in all animals (Mukhopadhyay et al. 2003). 
Hsp90 participates in the folding and maintenance of struc-
tural integrity and the proper regulation of a subset of cyto-
solic proteins in organisms, including aquatic animals (Sun 
et al. 2015). Although the effects of microcystin-LR and 
nitrite on zooplankton have been reported (Yang et al. 2011; 
Lyu et al. 2014), few literature used Hsp genes as markers to 
evaluate the interactive effects of these toxicants on rotifers. 
The combined impact of microcystin-LR and nitrite on the 
heat shock responses of rotifers is not yet fully understood.

As a dominant group of zooplankton, rotifers play a medi-
ating role in the food web of aquatic ecosystems (Shah et al. 
2015). Rotifers are sensitive to chemicals and environmental 
changes, making them useful as toxicological test models 
(Olah et al. 2017). The combined effects of microcystin-LR 
and nitrite on rotifers are rarely reported (Liang et al. 2017). 
The rotifer Brachionus calyciflorus, one of the major zoo-
plankton groups in freshwater communities, can be utilized 
as an ecotoxicological test model for evaluating the risks of 
chemicals due to their short lifespan and rapid reproduc-
tion (Snell and Janssen 1995). Several studies have reported 
on the interactions between rotifers and cyanobacteria and 
focused on the life-history traits of rotifers in response to 
toxic Microcystis (Soares et  al. 2010; Zhang and Geng 
2012; Ger et al. 2016). However, the molecular mechanism 
behind the observed life-history effects of microcystin-LR 
and nitrite on rotifers is unknown.

This study evaluated Hsp gene expression in B. calyci-
florus to characterize the ecotoxicological effects on rotifer 
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life expectancy and reproduction in response to microcystin-
LR and nitrite at variable temperatures. This investigation 
is necessary because increased temperatures exacerbate 
cyanobacterial blooms, which are the source of microcys-
tins and nitrites in surface waters worldwide (Peng et al. 
2018). The following hypotheses were tested: (1) temper-
ature, microcystin-LR, and nitrite interaction affects the 
lifespan, reproduction, and heat shock responses of rotifers; 
(2) microcystin-LR and nitrite promote ROS production, 
thereby inducing Hsp gene expression; and (3) changes in 
the expression levels of Hsp genes are correlated with the 
life-history parameters of rotifers at different temperatures.

Materials and methods

Test organism

Rotifers B. calyciflorus Pallas 1766 were originally collected 
from Moon Lake, where toxic Microcystis blooms broke out, 
in Nanjing, China (32° 6′35.24″ N, 118° 54′32.71″ E) and 
continually cultured in the laboratory. Test animals were 
obtained by hatching eggs in the experiments. The advan-
tage of resting eggs in neonate rotifers is that they can hatch 
under uniform physiological conditions (Snell and Janssen 
1995). The tested rotifers monitored in the laboratory were 
used for acute toxicity tests, not chronic toxicity tests with 
long-term exposure coexistence. Neonates (< 2 h old) were 
collected directly from cultures in freshwater Environmen-
tal Protection Agency (EPA) medium, which was prepared 
using the formula from ASTM (2001): 96 mg of NaHCO3, 
60 mg of CaSO4·H2O, 123 mg of MgSO4, and 4 mg of KCl 
in 1 L of deionized water at 25 °C and pH 7.8. Chlorella pyr-
enoidosa Chick, 1903 (3 × 106 cells mL−1) was used as roti-
fer feed. The alga was cultured in Bold’s Basal Medium in 5 
L bags. The natural temperature range of the rotifers is from 
10 to 30 °C, and the optimal culture temperature is approxi-
mately 25 °C. Rotifers and alga were cultured at 25 °C under 
fluorescent illumination at 2000 lx with 12 h:12 h light:dark 
photoperiod.

Experimental design

Pure microcystin-LR was obtained from Express Biotechnol-
ogy Co., Ltd., Beijing, China. The purchased microcystin-LR 
(250 µg, purity ≥ 95% by high-performance liquid chromatog-
raphy) was first diluted with 1 mL of distilled water to a stock 
solution of 250 µg mL−1 and then diluted further to the desired 
concentrations by using EPA medium. Nitrite was purchased 
from Kemiou Chemical Reagent Co., Ltd., Tianjin, China. 
NaNO2 was weighed to 1, 3, and 5 mg by using an electronic 
balance and then dissolved into 1 L of EPA medium to obtain 
the desired concentrations. The test solutions were stocked in 

small sealed glass bottles, and the effect of oxygen was not 
considered. The prepared concentrations of microcystin-LR 
and nitrite were mixed separately.

Microcystin-LR and nitrite concentrations were 0, 10, 30, 
and 100 µg L−1 (M0, M10, M30, and M100) and 0, 1, 3, and 5 mg 
L−1 (N0, N1, N3, and N5), respectively. The concentrations of 
microcystin-LR and nitrite were prepared during the experi-
ments. The toxicant concentrations were set according to the 
observed dissolved concentrations of nitrite and microcystin-
LR during the degradation of cyanobacterial blooms and on 
the 24 h LC50 values of the two toxicants (microcystin-LR 
LC50: 56.2 µg L−1, nitrite LC50: 4.6 mg L−1) for B. calyci-
florus with reference to our previous measurements (Liang 
et al. 2017). These set concentrations of microcystin-LR and 
nitrite exist in seriously eutrophic waters during the collapse 
of highly toxic blooms (Lahti et al. 1997; Zhang et al. 2010).

Three temperatures (20 °C, 25 °C, and 30 °C) were set to 
determine the rotifer lifespan and reproduction, ROS levels, 
and Hsp gene mRNA expression. These temperatures were 
reported to increase rotifer sensitivity to toxicants and affect 
the physiological state, population growth, and reproduction 
of B. calyciflorus (Huang et al. 2012). Room temperature of 
25 °C is the optimal and critical temperature of this rotifer 
species. Sixteen treatment combinations of N × M were used 
at 20 °C, 25 °C, and 30 °C successively. The control treatment 
contained EPA medium, that is, N0M0 treatment was consid-
ered the control for each temperature in all the experiments. 
The test solutions were replaced every 24 h. Microcystin-LR 
and nitrite concentrations were quantified before replacing 
the medium. In every treatment, 24 replicates were conducted 
for estimating the lifespan and reproductive performance of 
rotifers. Three replicates were performed to evaluate the ROS 
levels and Hsp gene mRNA expression at each temperature.

B. calyciflorus is small (< 0.5 mm), which allows it to 
be cultured in microliter volumes (Snell and Janssen 1995). 
Thus, 1 mL of the test solution was added into each well of 
24-well microplates to evaluate the lifespan and reproduction 
of rotifers at 20 °C, 25 °C, and 30 °C. At a given temperature, 
one female rotifer (< 2 h old, 1 individual mL−1) was used in 
each N × M treatment and was placed into each well of 24-well 
microplate containing a total volume of 1 mL of test solutions 
to determine the lifespan and reproduction of B. calyciflorus 
through individual-based experiments. The lifespan of rotifers 
was calculated as the time from birth to death. Reproductive 
performance was evaluated according to reproductive rate (R), 
which is calculated using Eq. 1 (Snell 1980).

(1)R =

N
t
− N0

t − t0

,
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where Nt = the number of females at the exposure time of 
t; N0 = 1; t = the duration of the experiment (d); t0 = 0; and 
R = the mean number of female offspring/day.

Each treatment was conducted in 24 replicates at each 
temperature to estimate the lifespan and R of rotifers (N = 24; 
N replicates denote the wells of microplates; a replicate here 
refers to a combination of nitrite and microcystin-LR con-
centrations). Resting egg hatchlings were used to initiate 
experiments. All test animals were amictic females. Rotifers 
were fed with Chlorella pyrenoidosa (3 × 106 cells mL−1) 
at 12 h intervals, and the test solutions were changed every 
24 h. The original rotifers were monitored, and newborn 
neonates were recorded and removed systematically from 
the test solutions every 6 h. The original females were trans-
ferred daily into freshly prepared test solutions containing 
3 × 106 cells mL−1 of Chlorella until all the experimental 
animals were dead. Approximately 10 µL of the test solu-
tion, which included the original rotifer, were transferred 
by micropipette. Handling-related mortalities or damaged 
test animals were discarded during the individual-based 
experiments.

Considering the death of B. calyciflorus during cultiva-
tion, the initial culture density of 600–800 females in each 
treatment was exposed to temperatures of 20 °C, 25 °C, and 
30 °C. The rotifers received the same volume of C. pyr-
enoidisa (3 × 106 cells mL−1) at 12 h, and the feeding alga 
was nearly consumed within 12 h. A total of 400 rotifers 
were selected from the initial females and homogenized in 
each N × M treatment to evaluate the ROS levels and mRNA 
expression of Hsp genes after 24 h of exposure. The rotifers 
were collected using sieves with a mesh size of 37.4 µm 
into 1.5 mL tubes with a micropipette after 24 h. All test 
animals were attached to the bottom of the tubes, which were 
inserted into ice after centrifugation (6000 rpm, 15 min, 
4 °C). The rotifers were then carefully isolated by removing 
the test solutions with a sterile syringe with a needle. Each 
treatment was performed in three replicates at a given tem-
perature (N = 3; N denotes the biological replicates), that is, 
three samples were obtained from each of the three homoge-
nates to measure the ROS levels and mRNA expression of 
Hsp genes.

Small-molecular Hsp genes (16–30 kDa), namely, Hsp40, 
Hsp60, Hsp70, and Hsp90, which are commonly studied, are 
sensitive to oxidation stress and essential to the enhancement 
of stress resistance during the growth and aging of rotifers 
(Jung and Lee 2012; Yang et al. 2014). The specific protein 
homeostatic functions of small Hsp genes were reported 
to extend the lifespan of organisms (Vos et al. 2016). The 
mRNA expression of Hsp genes was measured to deter-
mine the correlation between Hsp gene expression and B. 
calyciflorus lifespan and reproduction under the stress of 
temperature, microcystin-LR, and nitrite. Thus, four Hsp 
genes were selected in this study. The combined treatments 

of microcystin-LR, nitrite, and different temperatures were 
identical in all experiments.

Measurement of ROS levels

About 400 rotifers were separated into a 1.5 mL centrifuge 
tube (400 individuals tube−1). The weight (W) of 400 rotifers 
was calculated to be the difference between the weight of 
the tube containing 400 individuals (W1) and empty tube 
(W2) (W = W1 − W2), which were weighed with an electronic 
balance. We omitted the influence of feed source Chlorella 
(consumed by rotifers within 12 h) and the weight of test 
solutions (removed from the tubes after centrifugation). 
The 400 rotifers were homogenized in nine volumes (v/w) 
of 0.1 mol L−1 cold phosphate buffer (pH 7.3) solutions. 
The homogenized 400 rotifers were centrifuged (3000 rpm, 
10 min, 4 °C). The supernatants were transferred into 1.5 mL 
centrifuge tubes and then stored at − 80 °C for rotifer ROS 
measurements. Total ROS levels in the supernatants were 
measured using a reactive oxygen species assay kit (Nanjing 
Jiancheng Bioengineering Institute, China) according to the 
manual’s instructions. ROS assay was performed within the 
linear range of the standard curve, and ROS values were 
calculated based on the protein content of rotifers.

Determination of the mRNA expression levels of Hsp 
genes

Approximately 400 females based on a mean concentration 
of the culture were homogenized in 1000 µL of TRIzol rea-
gent (Thermo Fisher Scientific, Waltham, USA). RNA was 
extracted from each treatment at 20 °C, 25 °C, and 30 °C 
after 24 h of exposure. The extracted RNA (268.5 ng µL−1) 
was reverse-transcribed to cDNA with oligo-dT primers and 
an aM-MLV RTase cDNA Synthesis Kit (TaKaRa, Shiga, 
Japan) according to the manufacturer’s protocol. The mRNA 
expression levels of Hsp genes were determined through 
real-time quantitative polymerase chain reaction (RT-qPCR) 
by using a CFX96 RT-PCR (Bio-Rad, Hercules, CA, USA). 
RT-qPCR was performed in 25 μL volume with the SYBR 
Premix Ex Taq™ Kit (TaKaRa, Shiga, Japan), 1 μL of 
cDNA, and 2 μM of each gene specific primer (Table 1). 
All primers were designed in accordance with the study 
of Yang et al. (2014). RT-qPCR analysis was conducted at 
94 °C for 4 min, followed by 35 cycles of 94 °C for 30 s, 
58 °C for 30 s, and 72 °C for 30 s. Three genes were selected 
from UniGene data as alternative reference genes. β-actin, 
the most stably expressed housekeeping gene, was used 
as the internal standard for relative expression quantifica-
tion. The expression of β-actin could be influenced during 
individual developmental stages as well as experimental 
conditions (Heckmann et al. 2006; Lyu et al. 2014). In this 
study, the expression of β-actin was checked by RT-qPCR 
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at microcystin-LR concentrations of 0 (control), 10, 30, and 
100 µg L−1. No significant difference in the expression levels 
of β-actin was observed, which proved that microcystin-LR 
did not influence β-actin expression. Gene expression was 
calculated with 2−ΔΔCT method according to the study of 
Livak and Schmittgen (2001).

Statistical analysis

Data distribution and homogeneity of variance were tested 
using Kolmogorov–Smirnov and Levene’s tests, respec-
tively. Data feasibility analysis was suitable for ANOVA. 
Tukey’s and Duncan’s multiple range tests were conducted, 
which revealed no differences in the data trends. At a given 
temperature, the effects of microcystin-LR and nitrite on 
rotifer lifespan, R, ROS levels, and Hsp gene expression 
levels were evaluated using two-way ANOVA, followed by 
Tukey’s multiple range test. The interactive effects of tem-
perature, microcystin-LR, and nitrite were assessed using 
three-way ANOVA, followed by Tukey’s multiple range 
test. The correlation between Hsp gene expression levels 
and ROS levels was identified using Pearson’s correlation 
analyses. All data were shown as mean, and all analyses 
were conducted in SigmaPlot 12.5.

Results

Lifespan and reproduction of rotifers

Single factor (temperature, microcystin-LR, or nitrite) 
and two factors (temperatures × microcystin-LR/nitrite; 
microcystin-LR × nitrite) negatively affected the lifespan 
and reproduction of rotifers (p < 0.001, Table 2). Three 
factors (temperature × microcystin-LR × nitrite) had 

Table 1   GenBank accession numbers and primer sets used in this 
study

Gene (Gen-
Bank accession 
no.)

Oligo name Sequence (5′–3′)

Bc-Hsp40 F AAT​GGA​TAT​TTT​CGA​GAT​G
(KC176712) R TGC​CTT​GAC​AAG​TTT​TAC​
Bc-Hsp60 F CTA​CTG​TAT​TCG​GCG​ATG​AA
(KC176713) R CGG​CTA​CAC​CAT​TAC​TCA​AT
Bc-Hsp70 F GCC​ACA​AAT​GGT​GAT​ACT​CAT​
(KC176714) R TGG​AAG​ATG​CTG​GTT​TGA​
Bc-Hsp90 F CTG​CTT​ACT​TAG​TCG​CTG​AT
(KC176715) R CTT​CTT​CTT​CTT​GTC​CTT​ATCG​
Bc-β-actin F GAA​ATT​GTG​CGC​GAC​ATC​

AAGGA​
(JX441322) R GCA​ATG​CCC​GGG​TAC​ATG​GTGGT​

Table 2   Results of three-way ANOVA used to analyze the interac-
tion among temperature, microcystin-LR concentrations, and nitrite 
concentrations on the lifespan, reproduction, ROS levels, and relative 
Hsp gene expression levels of B. calyciflorus 

Parameters Source of variation df F p

Lifespan T 2 4578.99  < 0.001
MC 3 1460.23  < 0.001
NO2 3 395.03  < 0.001
T × MC 6 73.04  < 0.001
T × NO2 6 31.04  < 0.001
MC × NO2 9 32.74  < 0.001
T × MC × NO2 18 2.68 0.02

R T 2 1016.63  < 0.001
MC 3 233.24  < 0.001
NO2 3 102.15  < 0.001
T × MC 6 32.32  < 0.001
T × NO2 6 13.95  < 0.001
MC × NO2 9 7.41  < 0.001
T × MC × NO2 18 2.20 0.003

ROS T 2 1106.75  < 0.001
MC 3 531.25  < 0.001
NO2 3 409.71  < 0.001
T × MC 6 32.49  < 0.001
T × NO2 6 2.11 0.06
MC × NO2 9 4.70  < 0.001
T × MC × NO2 18 1.96 0.02

Hsp40 T 2 2751.07  < 0.001
MC 3 2086.87  < 0.001
NO2 3 968.74  < 0.001
T × MC 6 502.06  < 0.001
T × NO2 6 194.02  < 0.001
MC × NO2 9 77.75  < 0.001
T × MC × NO2 18 4.38 0.04

Hsp60 T 2 2055.40  < 0.001
MC 3 1029.12  < 0.001
NO2 3 372.55  < 0.001
T × MC 6 282.69  < 0.001
T × NO2 6 115.23  < 0.001
MC × NO2 9 101.81  < 0.001
T × MC × NO2 18 4.84 0.04

Hsp70 T 2 1330.86  < 0.001
MC 3 1614.76  < 0.001
NO2 3 522.05  < 0.001
T × MC 6 190.83  < 0.001
T × NO2 6 192.58  < 0.001
MC × NO2 9 160.35  < 0.001
T × MC × NO2 18 72.42  < 0.001

Hsp90 T 2 22.98  < 0.001
MC 3 3.95 0.04
NO2 3 9.06  < 0.001
T × MC 6 6.17  < 0.001
T × NO2 6 2.95 0.01
MC × NO2 9 5.55  < 0.001
T × MC × NO2 18 1.47 0.01
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interactive effects on the lifespan and R of rotifers (three-
way ANOVA, p < 0.05, Table 2). Considering the effects of 
temperature as a single factor, the lifespan and R of rotifers 
exposed to N0M0 treatment were improved by 6%–17% 
at 20  °C but reduced by 13–52% at 30  °C compared 
with those at 25 °C (Figs. 1 and S1). Considering one 

toxicant, the rotifer lifespan (Figs. 1a–c and S1a–c) and R 
(Figs. 1d–f and S1d–f) improved by 2–19% compared with 
the control in N1M0, N3M0, N0M10, and N0M30 treatments 
but reduced by 3–35% in N5M0 and N0M100 treatments 
at 20 °C, 25 °C, and 30 °C. Microcystin-LR and nitrite 
had synergistic effects on the lifespan and reproduction 
of rotifers at the three temperatures (two-way ANOVA, 
p < 0.05, Table 3). For microcystin-LR and nitrite mix-
tures, the rotifer lifespan (Figs. 1a–c and S1a–c) and R 
(Figs. 1d–f and S1d–f) reduced by 7%–68% in N5M10, 
N5M30, N1M100, N3M100, and N5M100 treatments at 20 °C 

Table 2   (continued)
R the mean reproductive rate of B. calyciflorus females in female off-
spring/day, T temperature, MC microcystin-LR concentrations, NO2 
nitrite concentrations

Fig. 1   Changes in the rotifer 
lifespan (a–c) and reproductive 
rate (R) (d–f) of B. calyciflorus 
at 20 °C, 25 °C, and 30 °C in 
different treatment groups. 
Values are the means of 24 
replicate samples (N = 24)
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and 25 °C and by 2%–46% with increasing toxicant con-
centrations at 30 °C (p < 0.001).

ROS levels

The ANOVA showed that single factor (temperature, 
microcystin-LR, or nitrite) and two factors (tempera-
tures × microcystin-LR; microcystin-LR × nitrite) pro-
moted ROS production in rotifers (p < 0.001, Table 2). 
Three factors (temperature × microcystin-LR × nitrite) had 
interactive effects on ROS production (three-way ANOVA, 
p < 0.05, Table 2). Considering the effects of temperature 
as a single factor, the ROS levels of rotifers exposed to 
N0M0 treatment increased by 5–13% at 20 °C and 30 °C 
compared with those at 25 °C (Figs. 2 and S2). Microcys-
tin-LR and nitrite had synergistic effects on the ROS levels 
at 20 °C, 25 °C, and 30 °C (two-way ANOVA, p < 0.05, 
Table 3). Dose-dependent enhancements in ROS levels 
were observed in single solutions and mixtures of the two 
test toxicants at each temperature (Figs. 2a–c and S2a–c). 
The ROS levels increased by 4–29% at 20 °C (Figs. 2a 
and S2a), 6–32% at 25 °C (Figs. 2b and S2b), and 3–33% 
at 30 °C (Figs. 2c and S2c) compared with the control at 
a given temperature.

mRNA expression levels of Hsp genes

Single factor (temperature, microcystin-LR, or nitrite) and 
two factors (temperatures × microcystin-LR/nitrite; micro-
cystin-LR × nitrite) induced Hsp gene expression (p < 0.05, 
Table  2). Three factors (temperature × microcystin-
LR × nitrite) had interactive effects on Hsp gene expression 
(three-way ANOVA, p < 0.05, Table 2). Microcystin-LR and 
nitrite had synergic effects on Hsp gene expression at 20 °C 
and 25 °C (p < 0.05) but had antagonistic effects on Hsp40 
and Hsp60 at 30 °C (two-way ANOVA, p > 0.05, Table 3). 
The expression of Hsp40 (p < 0.01), Hsp60 (p < 0.01), and 
Hsp90 (p < 0.05) showed negative correlations with ROS 
levels at 30 °C (Table 4).

Considering one toxicant, the expression levels of Hsp40 
(Figs. 3a, b and S3a, b) and Hsp60 (Figs. 3d, e and S3d, e) 
increased by 18%–280% in N1M0, N3M0, N0M10, and N0M30 
treatments compared with those of the control at 20 °C and 
25 °C (p < 0.001). For mixtures of microcystin-LR and 
nitrite, the expression levels of Hsp40 (Figs. 3a, b and S3a, 
b) and Hsp60 (Figs. 3d, e and S3d, e) increased by 86–445% 
in N1M10, N3M10, N1M30, and N3M30 treatments, but these 
levels decreased by 22–76% in N1M100, N3M100, and N5M100 
treatments at 20 °C and 25 °C (p < 0.001). The expression 
levels of Hsp40 (Figs. 3c and S3c) and Hsp60 (Figs. 3f and 

Table 3   Results of two-way 
ANOVA used to analyze 
the interaction between 
microcystin-LR and nitrite 
concentrations on the lifespan, 
reproduction, ROS levels, and 
relative Hsp gene expression 
levels of B. calyciflorus at 
different temperatures

R the mean reproductive rate of B. calyciflorus females in female offspring/day, MC microcystin-LR con-
centrations, NO2 nitrite concentrations, A 20 °C, B: 25 °C, C: 30 °C

Parameters Source of variation df F p

F(A) F(B) F(C) p(A) p(B) p(C)

lifespan MC 3 393.22 929.80 282.31  < 0.001  < 0.001  < 0.001
NO2 3 75.81 194.52 82.45  < 0.001  < 0.001  < 0.001
MC × NO2 9 2.64 4.06 3.65 0.03 0.04 0.03

R MC 3 130.01 137.99 14.87  < 0.001  < 0.001  < 0.001
NO2 3 47.86 65.44 11.71  < 0.001  < 0.001  < 0.001
MC × NO2 9 6.13 2.99 2.23  < 0.001 0.002 0.02

ROS MC 3 159.93 113.28 302.91  < 0.001  < 0.001  < 0.001
NO2 3 260.34 106.36 100.53  < 0.001  < 0.001  < 0.001
MC × NO2 9 4.20 2.51 2.49 0.001 0.03 0.03

Hsp40 MC 3 1344.26 1113.68 361.34  < 0.001  < 0.001  < 0.001
NO2 3 831.30 426.91 25.38  < 0.001  < 0.001  < 0.001
MC × NO2 9 150.98 99.02 0.49  < 0.001  < 0.001 0.87

Hsp60 MC 3 435.16 326.54 399.33  < 0.001  < 0.001  < 0.001
NO2 3 171.27 69.95 20.63  < 0.001  < 0.001  < 0.001
MC × NO2 9 58.95 3.05 0.23  < 0.001 0.04 0.99

Hsp70 MC 3 553.79 767.20 517.42  < 0.001  < 0.001  < 0.001
NO2 3 60.83 69.69 667.89  < 0.001  < 0.001  < 0.001
MC × NO2 9 4.66 4.35 547.07 0.04 0.04  < 0.001

Hsp90 MC 3 748.79 609.45 4.50  < 0.001  < 0.001 0.01
NO2 3 137.46 536.84 4.13  < 0.001  < 0.001 0.01
MC × NO2 9 3.65 136.72 3.97 0.04  < 0.001 0.002
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S3f) decreased by 23–80% with increasing toxicant concen-
trations at 30 °C.

Considering the effects of nitrite as a single factor, the 
expression levels of Hsp70 (Figs. 4a–c and S4a–c) and Hsp90 
(Figs. 4d–f and S4d–f) increased by 14–557% in N1M0 and 
N3M0 treatments at 20 °C, 25 °C, and 30 °C (p < 0.05). Con-
sidering the effects of microcystin-LR as a single factor, the 
expression level of Hsp70 increased by 58%–360% in N0M10 
and N0M30 treatments (Figs. 4a–c and S4a–c), while that of 
Hsp90 increased by 90–553% in N0M10, N0M30, and N0M100 
treatments at the three temperatures (Figs. 4d–f and S4d–f). 
For the mixtures of the two toxicants, the expression levels 
of Hsp70 (Figs. 4a, b and S4a, b) and Hsp90 (Figs. 4d, e and 
S4d, e) increased by 96–522% in N1M10, N3M10, N1M30, and 

N3M30 treatments, whereas the Hsp70 expression decreased 
by 41–69% in N1M100, N3M100, and N5M100 treatments at 
20 °C and 25 °C (p < 0.001). The expression levels of Hsp70 
(Figs. 4c and S4c) and Hsp90 (Figs. 4f and S4f) increased 
by 58–187% in N1M10, N3M10, N5M10, N1M30, N3M30, and 
N5M30 treatments, but these levels decreased by 26–85% in 
N3M100 and N5M100 treatments at 30 °C.

Discussion

In this study, the lifespan and reproductive performance 
of rotifers were improved at low doses of microcystin-
LR (10–30 µg L−1) and nitrite (1–3 mg L−1). Hormesis is 

Fig. 2   Changes in the ROS 
levels of B. calyciflorus at 20 °C 
(a), 25 °C (b), and 30 °C (c) 
in different treatment groups. 
Values are the means of three 
replicate samples (N = 3)
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a dose–response relationship characterized by low-dose 
stimulation and high-dose inhibition (Calabrese 2008). The 
improved lifespan and reproductive performance of B. caly-
ciflorus at low microcystin-LR and nitrite exposures were 
considered as hormesis. Hormesis was not observed in the 
toxicants used in this study previously. Mild stress has been 
shown to protect and improve the lifespan performance of 
goldfish Carassius auratus and nematode Caenorhabditis 
elegans, indicating that hormesis is a common response 
in aquatic ecosystems (Berry and López-Martínez 2020; 
Kim and Park 2020). The hormetic response in rotifers 
provides a broad range of toxicologically based exposure 
options, which permit a consideration for avoiding harm 
from microcystin-LR (≤ 30 µg L−1) and nitrite (≤ 3 mg L−1). 
High doses of microcystin-LR (100 µg L−1) and nitrite (5 mg 
L−1) had negative effects on the life-history parameters of 
rotifers. The lifespan and reproductive performance were 
significantly suppressed in the N5M100 treatment. Rotifers 
have short-term stress effects that improve their lifespan and 
reproduction, which was correlated with the high expression 
of Hsp genes under low-dose exposure to microcystin-LR 
and nitrite. These results support the hypotheses stated in 
the introduction.

High doses above the LC50 levels of the two test toxicants 
resulted in downregulated Hsp gene expression, which was 
detrimental to the life-history parameters of rotifers. Previ-
ous studies reported similar effects on other zooplankton 
species. More than 140 µg L−1 dissolved microcystin-LR 
had chronic effects on the survival and reproduction of the 
copepods Eurytemora affinis (the 48 h LC50 and LC10 values 
were 1550 and 140 µg L−1) and Pseudodiaptomus forbesi 
(the 48 h LC50 and LC10 values were 520 and 210 µg L−1) 
(Ger et al. 2009). The EC50 values of survival time and total 

offspring per female for Daphnia similis were 8.1 and 3.1 mg 
L−1 nitrite, respectively (Lyu et al. 2013). These studies sug-
gest that the tolerance of zooplankton to microcystin-LR 
and nitrite is species specific and is related to maintenance 
conditions and/or the potency of the toxicants (Yang et al. 
2011).

The lifespan and reproduction of B. calyciflorus were 
improved at a low temperature (20 °C) but adversely affected 
at a high temperature (30 °C) in N0M0 treatment. This result 
indicated that temperature, as a single factor, affected the 
growth of rotifers. The rotifer lifespan reduction and repro-
ductive impairment occurred at high doses of microcystin-
LR and nitrite at 20 °C and 25 °C and in the mixtures of two 
toxicants at 30 °C. Hence, temperature, microcystin-LR, and 
nitrite had interactive effects on the survival and reproduc-
tion of zooplankton. Microcystin-LR concentrations lower 
than 200 µg L−1 were reported to increase the population 
growth rate but decrease the ovigerous/non-ovigerous female 
ratio and the mictic rate of B. calyciflorus at 30 °C (Huang 
et al. 2012). The toxic effect of microcystin-LR on Danio 
rerio was enhanced at 32 °C (Zhang et al. 2011). High tem-
peratures possibly increased the toxicity of microcystin-LR 
and nitrite, which had negative effects on the lifespan and 
reproduction of rotifers.

ROS levels were positively correlated with microcystin-
LR and nitrite concentrations at 20 °C, 25 °C, and 30 °C. 
The genes implied in ROS scavenging enzymes, such as cat-
alase, manganese superoxide dismutase, and copper and zinc 
superoxide dismutase, were evaluated in a previous study 
(Yang et al. 2013). Moreover, significant increases in ROS 
levels revealed the occurrences of oxidative stress caused 
by microcystin-LR and nitrite, which affected the growth of 
rotifers (Liang et al. 2017). In this study, ROS levels were 

Table 4   Pearson’s correlation 
analysis results for the ROS 
levels and relative mRNA 
expression levels of Hsp 
genes in rotifers at different 
temperatures

* Significant differences at p < 0.05, **Significant differences at p < 0.01

Temperature ROS Hsp40 Hsp60 Hsp70 Hsp90

20 °C ROS 1
Hsp40  − 0.37 1
Hsp60  − 0.32 0.97** 1
Hsp70  − 0.33 0.96** 0.98** 1
Hsp90  − 0.10 0.85** 0.82** 0.78** 1

25 °C ROS 1
Hsp40  − 0.26 1
Hsp60  − 0.31 0.99** 1
Hsp70  − 0.33 0.99** 0.97** 1
Hsp90  − 0.03 0.75** 0.73** 0.71** 1

30 °C ROS 1
Hsp40  − 0.93** 1
Hsp60  − 0.92** 0.98** 1
Hsp70  − 0.46 0.44 0.45 1
Hsp90  − 0.60* 0.51* 0.53* 0.88** 1
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negatively correlated with Hsp gene expression, indicat-
ing that increased ROS levels could suppress the expres-
sion levels of Hsp genes under the stress of temperature, 
microcystin-LR, and nitrite. Microcystin-LR and nitrite pro-
moted ROS production, and excessive ROS levels had nega-
tive effects on the Hsp gene expression levels at 100 µg L−1 
microcystin-LR and 5 mg L−1 nitrite. High concentrations 
of microcystin-LR and nitrite induced oxidative stress in 
rotifers together with the inhibition of protein phosphatases 
and the MAPK single pathway, which was considered the 
main mechanisms that lead to toxic responses (Mclellan and 

Manderville 2017). High ROS levels destroyed protein struc-
tures and functions, and damaged proteins aggregated in the 
rotifers, thereby inhibiting Hsp gene expression. The rotifer 
lifespan and R were reduced at high doses of microcystin-LR 
and nitrite, and this reduction was correlated with oxidative 
stress-mediated Hsp gene expression in B. calyciflorus.

At high temperature, the Hsp40 and Hsp60 expression 
levels were downregulated in every treatment, and the lowest 
Hsp70 and Hsp90 expression levels appeared in the mix-
tures of the high doses of microcystin-LR and nitrite. Hsp90 
showed higher expression levels than Hsp40, Hsp60, and 

Fig. 3   Changes in the relative 
Hsp40 (a–c) and Hsp60 (d–f) 
mRNA levels of B. calyciflo-
rus at 20 °C, 25 °C, and 30 °C 
in different treatment groups. 
Values are the means of three 
replicate samples (N = 3)
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Hsp70 at 30 °C, indicating that Hsp90 was more sensitive 
to high temperature than the three other Hsp genes under the 
stress of microcystin-LR and nitrite. Comprehensive modu-
lations of Hsp40, Hsp60, Hsp70, and Hsp90 reflected the 
involvement of a strong defense strategy of B. calyciflorus in 
response to temperature, microcystin-LR, and nitrite. Each 
Hsp gene has different mechanisms, functions, and pathways 
involved; therefore, they react differently (Kim et al. 2014). 
Hsp40, which plays an important role in protein homeostasis, 
simulates the ATPase activity of Hsp70, which is involved in 
protein translation, folding, translocation, and degradation 

(Qiu et al. 2006). Hsp60 is a mitochondrial chaperonin that 
is typically responsible for the transportation and refold-
ing of proteins from the cytoplasm into the mitochondrial 
matrix (Song et al. 2016). The downregulation of Hsp40 and 
Hsp60 was observed in the mixtures of microcystin-LR and 
nitrite at 30 °C and at high doses of two toxicants at 20 °C 
and 25 °C. Hsp-mediated cellular damage occurred under 
warming and nitrite-enriched conditions. MC-LR exposure 
promoted the expression of apoptosis-related genes (p53, 
bax, and bcl-2), leading to the death of cells (Campos and 
Vasconcelos 2010). The downregulation of Hsp genes was 

Fig. 4   Changes in the relative 
Hsp70 (a–c) and Hsp90 (d–f) 
mRNA levels of B. calyciflo-
rus at 20 °C, 25 °C, and 30 °C 
in different treatment groups. 
Values are the means of three 
replicate samples (N = 3)
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associated with mitochondrial dysfunction or cell apoptosis 
at high doses of toxicants (Jung and Lee 2012), which were 
harmful to the lifespan and reproduction of B. calyciflorus.

Hsp70 and Hsp90 are the primary sensors of misfolded 
proteins and play crucial roles in proteasome-mediated pro-
tein degradation systems and against stress-induced cellu-
lar damage (Mukhopadhyay et al. 2003; Padmini and Rani 
2011). High temperatures stimulate the expression levels 
of Hsp70 and Hsp90 in the rotifer Brachionus manjavacas 
(Smith et al. 2012). The expression levels of Hsp70 and 
Hsp90 were actively modulated by microcystin-LR and 
nitrite at the three tested temperatures, indicating that tem-
perature and toxicant exposure had a combined effect on Hsp 
gene expression in B. calyciflorus. Low expression levels of 
Hsp70 and Hsp90 were observed in the high-concentration 
mixtures of microcystin-LR and nitrite, demonstrating that 
severe cyanobacterial blooms affected the Hsp gene expres-
sion of B. calyciflorus. Cyanobacteria release numerous 
potentially toxic compounds that may have different effects 
on Hsp gene expression in aquatic animals. The mRNA lev-
els of Hsp90 were shown to increase in bream Megalobrama 
amblycephala after nitrite exposure (Sun et al. 2015). The 
presence of microcystin-LR may also inhibit Hsp70 expres-
sion, which contributes to the microcystin tolerance of carp 
Cyprinus carpio (Jiang et al. 2012). Our results agree with 
the above literature. This study is the first to report the com-
bined effects of microcystin-LR, nitrite, and temperature on 
the heat shock responses of zooplankton.

Hsp-mediated heat shock responses are important to the 
survival and adaptation of rotifers. In the present study, the 
Hsp gene expression levels were induced by temperature 
pressure and toxicant exposure, thereby confirming that 
Hsp are “stress proteins” (Jung and Lee 2012; Yang et al. 
2014). Stress proteins were implicated in the lifespan of 
Drosophila (Vos et al. 2016). Low concentrations of toxi-
cants promoted the Hsp gene expression levels at 20 °C and 
25 °C. The upregulated Hsp gene expression was part of 
the cellular stress response. Increased Hsp gene expression 
mediated the damaged proteins that accumulated in cells 
(Kim et al. 2014). However, low Hsp gene expression levels 
were observed at high concentrations of microcystin-LR and 
nitrite, affecting the lifespan and reproduction of organisms, 
as observed in B. calyciflorus. The results suggested that at 
low microcystin-LR and nitrite concentrations, rotifers are 
able to respond to stress by increasing Hsp gene expression 
but not able to do so at high toxicant concentrations. High 
toxicant concentrations inhibit the ability of rotifers to mini-
mize the effects of heat stress. The variations in the response 
of rotifers to microcystin-LR, nitrite, and temperature pro-
vide a reference in evaluating other toxicant exposure limits 
on the general sensitivity of aquatic animals and a com-
prehensive understanding of the robustness of zooplankton 
communities in eutrophic waters.

Conclusions

Microcystin-LR and nitrite had synergetic effects on rotifer 
lifespan, reproductive performance, ROS levels, and Hsp 
gene expression at 20 °C and 25 °C. The two toxicants had 
antagonistic effects on the expression levels of Hsp40 and 
Hsp60 at 30 °C. High temperature increased microcystin-
LR and nitrite toxicity, which adversely influenced the lifes-
pan, reproduction, and Hsp gene expression of rotifers. The 
interactive effects among temperature, microcystin-LR, and 
nitrite on the lifespan, reproduction, ROS levels, and Hsp 
gene expression of rotifers were detected. This study indi-
cated that microcystin-LR and nitrite induced the oxidative 
stress-mediated Hsp gene expression levels at different tem-
peratures, thereby affecting rotifer life-history parameters. 
Hsp-mediated heat shock responses play a functional role in 
microcystin-LR and nitrite stress tolerance of B. calyciflorus. 
Therefore, Hsp genes could be involved in protecting rotifers 
against oxidative stress under eutrophic conditions due to 
temperature changes. Hsp genes could be used as markers 
for heat stress or toxin exposure in assessing the toxicity of 
environmental pollutants. Considering that thermal regimes 
and eutrophication of water bodies affect plankton commu-
nity structures, heat tolerance mechanisms that affect the 
growth of potential zooplankton species under toxicants and 
environmental temperatures should be investigated.
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