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Abstract Microcystin-LR (MC-LR) and cylindrosper-

mopsin (CYN) are the most representative cyanobacterial

cyanotoxins. They have been simultaneously detected in

aquatic systems, but their combined ecotoxicological

effects to aquatic organisms, especially microalgae, is

unknown. In this study, we examined the effects of these

cyanotoxins individually and as a binary mixture on the

growth rate of the freshwater algae Chlorella vulgaris.

Using the MIXTOX tool, the reference model concentra-

tion addition (CA) was selected to evaluate the combined

effects of MC-LR and CYN on the growth of the fresh-

water green algae due to its conservative prediction of

mixture effect for putative similar or dissimilar acting

chemicals. Deviations from the CA model such as syner-

gism/antagonism, dose-ratio and dose-level dependency

were also assessed. In single exposures, our results

demonstrated that MC-LR and CYN had different impacts

on the growth rates of C. vulgaris at the highest tested

concentrations, being CYN the most toxic. In the mixture

exposure trial, MC-LR and CYN showed a synergistic

deviation from the conceptual model CA as the best

descriptive model. MC-LR individually was not toxic even

at high concentrations (37 mg L-1); however, the presence

of MC-LR at much lower concentrations

(0.4–16.7 mg L-1) increased the CYN toxicity. From these

results, the combined exposure of MC-LR and CYN should

be considered for risk assessment of mixtures as the toxi-

city may be underestimated when looking only at the single

cyanotoxins and not their combination. This study also

represents an important step to understand the interactions

among MC-LR and CYN detected previously in aquatic

systems.
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Introduction

Cyanobacterial blooms in eutrophic water bodies have

become a serious environmental problem worldwide, as

many genera of bloom-forming cyanobacteria are able to

produce potent cyanotoxins that are released in signifi-

cantly high concentrations into the aquatic environment

upon cell ruptures (Bláha et al. 2009; Wiegand and

Pflugmacher 2005). These cyanotoxins include hepatotox-

ins, neurotoxins, cytotoxins and dermatotoxins and irritant

toxins, representing a major health hazard for animals and

humans (Codd et al. 1999; Falconer 1999; van Apeldoorn

et al. 2007). Furthermore, there is a prediction that such

cyanobacterial blooms are likely to increase in prevalence

and magnitude in the future with climate changes, espe-

cially with the predicted rise of global temperatures (Paerl

and Huisman 2008, 2009; Paerl and Paul 2012). With this

predicted rising of cyanobacterial bloom occurrence, the
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release of high cyanotoxin concentrations could consider-

ably become more common in the aquatic environment,

and therefore instigating the evaluation of a wide range of

concentrations which include extremely high

concentrations.

The majority of cyanotoxin poisoning reports have been

directly related to two toxin groups, microcystins (MCs)

and cylindrospermopsin (CYN) (Falconer and Humpage

2005). Both cyanotoxins are produced by a larger number

of cyanobacterial species around the world (Wiegand and

Pflugmacher 2005). MCs are the most common and ubiq-

uitous cyanotoxins in brackish and freshwater blooms

(Zurawell et al. 2005) and to date more than 80 MC vari-

ants have been isolated and identified, being MC-LR the

most common and toxic variant (Dittmann and Wiegand

2006). They are stable cyclic heptapeptides (Tsuji et al.

1994; van Apeldoorn et al. 2007), whose mechanism of

toxicity is mainly based on the induction of oxidative stress

(Amado and Monserrat 2010) and inhibition of protein

phosphatases 1 and 2A in aquatic animals and higher plants

(Gulledge et al. 2002; Mackintosh et al. 1990; Runnegar

et al. 1995a). It has been suggested that abnormal organi-

zation of microtubules (including the disruption of mitotic

spindles and phragmoplasts and the formation of

monopolar/multipolar spindles) and hyperphosphorylation

of histone H3 (resulting in incomplete chromatid segrega-

tion and formation of micronuclei) are the two main

mechanisms of toxicity of MCs on plants (Máthé et al.

2013). These processes can be correlated directly to the

protein phosphatases inhibitory effect induced by MCs.

CYN is a widespread (Falconer and Humpage 2006;

Fastner et al. 2007; Quesada et al. 2006; Spoof et al. 2006)

and stable (Chiswell et al. 1999; Wormer et al. 2008) tri-

cyclic alkaloid. Only two CYN variants have been repor-

ted: 7-epiCYN, with similar toxicity to CYN (Banker et al.

2000), and 7-deoxyCYN, whose toxicity is well recognized

by some authors (Neumann et al. 2007), but was ques-

tioned by others (Norris et al. 1999, 2002). It is established

that CYN may act through the glutathione and protein

synthesis inhibition in mammals (Froscio et al. 2001, 2008;

Runnegar et al. 1995b; Terao et al. 1994), a process likely

mediated by cytochrome P450 (CYP450)-generated

metabolites (Humpage et al. 2005). The few studies that

have analyzed the effects of CYN on plants indicate that it

results in the alteration of microtubule formation (including

preprophase bands) and disruption of spindle-phragmoplast

directly related to protein synthesis inhibition (Máthé et al.

2013; Metcalf et al. 2004).

Individual blooms may contain multiple cyanobacterial

species in the same water body and many cyanobacterial

strains may produce more than one type of cyanotoxin as

well as different congeners of the same type of cyanotoxin

(e.g. MC congeners). Some studies have reported the

concurrent presence of MC-LR and CYN in water (Bogialli

et al. 2006; Brient et al. 2009; Oehrle et al. 2010) as well as

the coexistence of potentially MC-LR- and CYN-produc-

ing cyanobacteria (Bláhová et al. 2009; Kokociński et al.

2009; Vasas et al. 2004). Therefore, it might be expected

that when MC-LR and CYN occur simultaneously in the

water, and persist for days in the region of blooms (Ea-

glesham et al. 1999; Lahti et al. 1997), they have serious

combined impacts on aquatic organisms, including

microalgae. Although the single toxic effects of MC-LR

and CYN on aquatic organisms have been widely investi-

gated as pure cyanotoxins (Babica et al. 2006, 2007; Beyer

et al. 2009; Lindsay et al. 2006) and/or MC-LR- and CYN-

containing crude extracts (Pflugmacher et al. 1999; Prieto

et al. 2011), information available on their combined

effects is still scarce. Given the co-occurrence, stability and

persistence of MC-LR and CYN, it is important to assess

the extent to which synergism is a concern.

The aim of this study was thus to examine the effects of

MC-LR and CYN, independently and in combination, on

the growth of the freshwater Chlorella vulgaris. Two non-

interaction conceptual models are commonly used to pre-

dict the toxicity of chemical mixtures: concentration

addition (CA) and independent action (IA) (Jonker et al.

2005). The concept of CA assumes that chemicals share the

same modes of action (MoA) for toxicity. The concept of

IA assumes that the chemicals elicit their effects through

different MoA and do not interfere with each other during

exposure, uptake and toxic action (Olmstead and LeBlanc

2005). To predict the combined effects of both cyanotoxins

on C. vulgaris, the model of CA was used in this study

instead of IA model because it has been considered more

conservative in the prediction of mixture toxicity and may

be defendable as a precautionary default assumption

(European Food Safety Authority 2015). However, devia-

tions from the CA model may occur and therefore a dif-

ferent behavior may be expected. These deviations are

those where a given mixture causes a more severe (syn-

ergism) or less severe (antagonism) effect than the pre-

dicted by the CA model. These deviations can be constant

throughout the concentrations used or vary and follow a

dose-level dependency (i.e. different effects at high and

low concentrations) and a dose-ratio dependency (i.e.

effects differ depending on the mixture composition)

(Jonker et al. 2005).

Specifically, we tested the following hypothesis: (1)

dissolved CYN and MC-LR will induce no harm on the

growth response of the freshwater microalgae and (2) there

will be an additivity of effects between these two cyan-

otoxins regarding the CA model. We tested these

hypotheses by determining the growth rate of the fresh-

water microalgae C. vulgaris after 4 and 7 days of expo-

sure over a range of high pure toxin levels. Although the



concentrations used are not ecologically relevant, this

approach will enable the understanding of cyanotoxins

toxicity under mixtures, and can therefore be transposed

using safety factors to convert the non-ecologically rele-

vant pure toxin levels in more ecologically relevant levels.

Materials and methods

Test organism, cyanobacterial strains and culture

conditions

C. vulgaris (LEGE Z-001) from Algoteca, University of

Coimbra—ACOI—879 was maintained as axenic culture

in the laboratory. C. vulgaris is normally used for algal

toxicity tests and being from freshwater environments may

co-occur with MC-LR- and CYN-producing cyanobacteria.

Therefore, it is a relevant species to provide further insights

on the effects of cyanotoxin mixtures in freshwater phy-

toplankton. Microcystis aeruginosa (LEGE 91094) was

isolated from Lagoa de Mira, Portugal and Aphanizomenon

ovalisporum (LEGE X-001) from Lake Kinnerett, Israel.

Species identification was confirmed in the laboratory by

morphology. The strain M. aeruginosa was reported to

produce mainly the MC-LR variant, accounting for

approximately 95 % of the total intracellular MCs (Pereira

et al. 2009). The strain A. ovalisporum was verified by a

Water Alliance e2695 HPLC system (Milford, Mas-

sachusetts, USA) coupled with a PDA 2998 to produce

only CYN (data not shown).

All species were grown in Z8 medium (Kotai 1972), at

25 ± 2 �C under a light intensity of 10 lmol m-2 s-1

photon irradiance with a photoperiod of 14 h light and 10 h

dark. Cultures were aerated with ambient air filtered

through 0.22 lm. After 3–4 weeks of culturing,

cyanobacterial biomasses were collected by centrifugation

(M. aeruginosa) or filtration (A. ovalisporum) and there-

after frozen at -80 �C and lyophilized (Pinheiro et al.

2013). C. vulgaris cultures were renewed after 7–8 days of

growth (exponential phase) with 5 9 105 cell mL-1 cell

density. Absence of bacterial contamination was confirmed

by optical microscopy (Pinheiro et al. 2013).

Extraction, purification and quantification of MC-

LR and CYN

MC-LR was extracted according to the method described

by Pinheiro et al. (2013). Briefly, the lyophilized M.

aeruginosa biomass was extracted with MeOH 75 % (v/v)

through continuous stirring for 20 min at room tempera-

ture. The sample was then sonicated in a bath for 15 min at

room temperature and subsequently ultrasonicated on ice at

60 Hz (VibraCell 50-sonics & Material Inc. Danbury, CT,

USA), with 5 cycles of 1 min. The homogenate was cen-

trifuged (10,0009g, 15 min) to remove cell debris and the

supernatant collected and applied to a solid-phase extrac-

tion. The toxin MC-LR was eluted using MeOH 80 % (v/v)

and concentrated by rotary evaporation at 35 �C (Pinheiro

et al. 2013). The MC-LR was thereafter purified and

quantified by HPLC-PDA. A reversed phase column

(Phenomenex Luna RP-18, 25 cm 9 10 mm, 10 lm) kept

at 35 �C were used for MC-LR purification. The gradient

elution used was MeOH and water both acidified with

0.1 % trifluoracetic acid (TFA) and the flow rate

2.5 mL min-1. The injected volume was 500 lL. Peak

purity and percentage of purified MC-LR were calculated

at 214 and 238 nm. The MC-LR fraction was then evap-

orated with air nitrogen and the residue resuspended in

culture medium to the desired concentration. For MC-LR

quantification, a reversed phase column (Meck Lichrospher

RP-18 endcapped, 25 cm 9 4.6 mm, 5 lm) equipped with

a guard column (4 9 4 mm, 5 lm) both kept at 45 �C were

used. The gradient elution consisted of

(A) MeOH ? 0.1 % TFA and (B) H2O ? 0.1 % TFA

(55 % A and 45 % B at 0 min, 65 % A and 35 % B at

5 min, 80 % A and 20 % B at 10 min, 100 % A at 15 min,

55 % A and 45 % B at 15.1 and 20 min) with a flow rate of

0.9 mL min-1. The injected volume was 20 lL. The PDA

range was 210–440 nm, with a fixed wavelength at

238 nm. The MC-LR was identified by comparison of

spectra and retention time with a standard of MC-LR

(C95 % purity, Sigma-Aldrich). The system was calibrated

using a set of seven dilutions of MC-LR standard

(0.5–20 lg mL-1) in MeOH 50 %. The limit of detection

of the MC-LR in the HPLC-PDA system is 0.2 lg mL-1.

CYN was extracted according to the method described

by Pinheiro et al. (2013). Briefly, the lyophilized A.

ovaliporum biomass was extracted with distilled H2-

O ? TFA 0.1 % (v/v) by continuous stirring for 1 h at

room temperature. The sample was then sonicated in a bath

for 15 min and subsequently ultrasonicated on ice at

60 Hz, with 5 cycles of 1 min. After the extraction step, the

homogenate was centrifuged (20,0009g, 20 min) and the

supernatant collected and store at -20 �C. CYN was

thereafter purified by the same HPLC system using a

Gemini C18 column (250 9 10 mm, 5 lm) from Phe-

nomenex (Torrance, California, USA), kept at 40 �C. The

isocratic elution utilized MeOH 5 % (v/v) containing

2 mM of sodium 1-heptanesulfonate monohydrate, with a

flow rate of 3 mL min-1. The injection volume was

500 lL. Peak purity and percentage of purified CYN was

calculated at 262 nm. The CYN fraction was then evapo-

rated by speed-vac at 30 �C and the residue resuspended in

culture medium to the desired concentration. For CYN

quantification, it was used an Atlantis� HILLIC phase

column (250 9 10 mm, 5 lm) from Waters kept at 40 �C



and the same isocratic elution, with a flow rate of

0.9 mL min-1 and a injected volume of 10 lL. The PDA

range was 210–400 nm with a fixed wavelength of 262 nm.

The CYN was identified by comparison of spectra and

retention time with a standard of CYN (100 % purity, Cork

University, Ireland). The system was calibrated using a set

of seven dilutions of CYN standard (0.5–20 lg mL-1) in

ultrapure water. The limit of detection of the CYN in the

HPLC-PDA system is 0.3 lg mL-1.

After analysis, the final concentration of MC-LR and

CYN stock solution were 308.5 and 325.1 mg L-1 and its

chromatographic purity were 97 and 98 %, respectively.

Both cyanotoxins were then diluted in culture medium to

the concentration range used in experiments.

Experimental design

An experimental design which includes simultaneously

single exposures of each cyanotoxin and a set of 25 binary

combinations was chosen for the mixture testing. A ray

design was chosen to assess the mixture of MC-LR and

CYN (Fig. 1).

Nominal concentrations of MC-LR used in single

exposures were 1, 5, 10, 20 and 40 mg L-1 and in com-

bined exposures were 0.5, 2.5, 5, 10 and 20 mg L-1. For

CYN nominal concentrations were 10, 20, 40 and

80 mg L-1 in single exposures and 0.5, 2.5, 5, 10 and

20 mg L-1 in combined exposures. High concentrations

were selected for single exposures because the toxicity

prediction of binary mixture exposures is based on full

concentration-response curves and in a previous work

effects from lower concentrations did not reach 50 %

inhibition in the C. vulgaris growth rates (Pinheiro et al.

2013). Each concentration in single and combined experi-

ments was tested in three replicates. In addition, a negative

control was also tested in triplicate. The single and mixture

exposures were carried out at the same time so that

differences in organisms responses, due to the sensitivity

variations, could be controlled and not invalidate the

analysis. Validity of the experiment was controlled using

the reference substance potassium dichromate in three

concentrations (5, 10 and 20 mg L-1) with 5 replicates

each.

All the samples of the MC-LR- and CYN-containing

exposure medium were quantified by HPLC-PDA as

described above. The stability of MC-LR and CYN was

also monitored during the exposure period by HPLC-PDA

using samples with the same concentrations in the same

conditions used for the experiment.

Growth inhibition test with C. vulgaris

The growth inhibition test with the freshwater algae C.

vulgaris was performed in 96-well polystyrene microplates

based on the method described by Gantar et al. (2008) due

to the experimental design used and the amount of cyan-

otoxins necessary for the concentration range selected for

the experiments. Each well consisted of 200 lL of test

solution (with or without cyanotoxin). The log-phase

growing microalgae was exposed for 7 days to each

cyanotoxin singly and in mixture and the algae growth was

determined in accordance with the OECD 201 Guideline

(2006). Control was represented by growing C. vulgaris in

Z8 medium in the absence of cyanotoxins.

Microplates were sealed with perforated parafilm (to

reduce evaporation and allow gas exchanges) and incu-

bated for 7 days under the same conditions described

above for microalgal cultures. The initial cell concentration

of C. vulgaris was of approximately 5 9 105 cells mL-1.

At the beginning of the experiments and after 4 and 7 days

of exposure the algae concentration was measured by

optical density at 750 nm using a microplate reader

(PowerWave, Biotek, Vermont, USA). Before the mea-

surement of optical density (on day 4 and 7), the well

content was resuspended with a pipette. The optical density

values were then converted in cell density (using the

equation: C = 3.00 9 107 Abs ? 2.17 9 105, R2 = 0.99,

where C is the algae concentration in cell mL-1 and Abs is

the absorbance obtained at 750 nm) and the average

specific growth rate calculated as described in Pinheiro

et al. (2013). The pH values were recorded in the beginning

(range 7.3–7.4) and at the end (range 9.1–9.4) of the

experiments.

Data analysis

One-way ANOVA, followed by Dunnett’s multiple com-

parisons test, was performed using the SigmaPlot software

(SPSS, 2002) to determine significant differences in the

growth rate of C. vulgaris between the control and the
Fig. 1 A schematic ray design of the combination used for the

microcystin-LR and cylindrospermopsin mixture



tested concentrations. Results were considered significant

at P\ 0.05. The EC50 values for single exposures to

cyanotoxins at 4 and 7 days were, when possible, calcu-

lated through a three-parameter logistic regression curve.

The mixture data were analyzed using the MIXTOX tool

described by Jonker et al. (2005) which allowed comparing

the observed combined toxic effect and the expected

combined effect calculated from the single cyanotoxin

exposures. When the concentration-response curve could

not be obtained, the analysis in the MIXTOX tool were

conducted with fixed EC50 and slope parameters according

to Loureiro et al. (2010). Growth rates from exposure to

MC-LR and CYN mixture were firstly fit to the CA model.

In a second step of the data analysis, CA model was

extended to test to the interactions between the two cyan-

otoxins with deviation functions describing synergism/an-

tagonism (S/A), dose-ratio dependent deviation (DR) and

dose-level dependent deviations (DL). The S/A deviations

are extensions of the CA model and the DR and DL

deviations are further extensions of the S/A function [see

details in Jonker et al. (2005)]. These deviations are

obtained with the addition of the parameters a and

b forming a nested framework. The extra parameter a in the

S/A deviation model can become negative or positive for

CA. If the value of parameter a is positive, this means that

a smaller effect than expected (antagonism) was observed;

if the referred parameter a is negative, thus it expresses a

higher effect than expected (synergism). When the value of

parameter a is zero, the S/A reduces to the CA reference

model. For DR dependency, a second parameter bDR is

included in addition to a, to generate the DR deviation

model. In this deviation function, the parameter bDR allows

the deviation from CA model to depend on the composition

of the mixture. If the bDR value is positive, antagonism may

be observed where the toxicity of the mixture is caused

mainly by one of the toxicants; if the bDR value is negative,

synergism may be observed where the toxicity of the

mixture is caused mainly by the other one. To describe

deviations of DL dependency, again a second parameter

bDL is included in addition to a. DL describes synergism/

antagonism depending on the concentrations of each toxi-

cant in the mixture. In this case a value allows to observe

whether synergism occurs at low concentrations and

antagonism at high concentrations (parameter a smaller

than zero) or whether antagonism occurs at low concen-

trations and synergism at high concentrations (parameter

a higher than zero). The parameter bDL indicates at what

concentration level the change between the two deviations

occurs (i.e. from antagonism to synergism or vice versa);

e.g., at the EC50, below the EC50 or above the EC50 level.

The biological interpretations of the additional parameters

are described in more detail in Table 1. The CA model and

their deviations were fitted to the data using the method of

maximum likelihood and statistically compared through

likelihood testing. The best fit was chosen at the signifi-

cance level of 0.05 using the v2 test which implies a

decrease in the residuals of the sum of squares (SS) and an

increase in the description of the variation of the data (R2).

When a deviation from CA model was obtained, the effect

pattern was deduced directly from the parameter values as

described in Table 1.

In addition, synergistic ratios (SRs) were calculated in

order to estimate the magnitude of the synergistic inhibi-

tion of growth rate, exerted by the chemical mixture. This

was done because it was observed that the range of con-

centrations used for the MC-LR exposure did not inhibit

growth rate, thus not allowing for a concentration-response

curve to be obtained. In order to calculate SRs, the EC50

values for CYN were firstly estimated for each MC-LR

concentration used in the mixture experiment using, where

feasible, the same three-parameter logistic regression curve

(the same concentration-response regression curve used

within the MIXTOX model). SRs were then calculated as

the quotient between the EC50 value for CYN (without

MC-LR) and the EC50 values for each of the MC-LR and

CYN treatments. SRs of 1.0 indicate no effects of the MC-

LR on CYN toxicity (or an additive response), whereas

values of [1.0 and \1.0 indicate greater and less effects

than expected, respectively.

Results

Chemical analysis

To assess contamination accuracy, MC-LR and CYN

analyzes were made by HPLC-PDA and the results showed

that some measured concentrations varied generally more

than 20 % from the nominal concentrations. So, all cal-

culations were based on effective concentrations.

Stability analyzes for MC-LR and CYN were also made

by HPLC-PDA and the results showed no toxin degrada-

tion throughout the 7 days of exposure. No significant

changes in the pH were observed during the exposure

period, indicating that this parameter was not interfering

with C. vulgaris response to the cyanotoxin treatments.

Single exposures

A significant increase in C. vulgaris growth rate was reg-

istered at the highest concentrations of MC-LR

(6.5–37.3 mg L-1) after 7 days of exposure; the no

observed effect concentration (NOEC) and the lowest

observed effect concentration (LOEC) values of 1.2 and

6.5 mg L-1 were obtained for MC-LR, respectively

(Fig. 2). No significant differences compared to control



were observed in C. vulgaris growth rates after 4 days of

exposure to MC-LR (Fig. 2).

The growth response ofC. vulgaris over the 4 and 7 days’

exposure to CYN followed a concentration-response rela-

tionship as the growth rates decreased significantly with

increasing CYN concentrations (Fig. 2). Significant differ-

ences compared to control were found at 38.7 and

76.1 mg L-1 for both exposure periods. At these CYN

concentrations, the growth rate values were about 3.14- and

3.58-fold lower than the control after 4 days of exposure, and

2.84- and 4.15-fold lower than the control after 7 days of

exposure, respectively. A significant increase in C. vulgaris

growth rate was observed at 9.6 mg L-1 of CYN after 7 days

of exposure (Fig. 2), but it was only 0.86-fold higher than the

value found for the control. The NOEC and LOEC values of

17.3 and 38.7 mg L-1 were obtained for CYN on the 4th day

of exposure, respectively. For the 7th day of exposure, the

LOEC value for CYN was 9.6 mg L-1.

The EC50 values obtained when C. vulgaris was exposed

to CYN were 32.66 mg L-1 (SE = 3.91, R2 = 0.90) and

33.24 mg L-1 (SE = 3.47, R2 = 0.91) for the 4th and 7th

days of exposure, respectively. As MC-LR did not describe

a clear concentration-response relationship for the growth

rate of C. vulgaris, it was impossible to calculate a valid

EC50 value for this endpoint and further analysis in the

MIXTOX tool had to be undertaken with fixed (extrapo-

lated) EC50 and slope parameters.

Mixture exposures

The toxicity of the binary mixture of MC-LR and CYN on

the 4th and 7th days of exposure was predicted by using the

Table 1 Interpretation of additional parameters (a and b) that define the functional form of deviation patterns from concentration addition

Deviation pattern Concentration addition

Parameter a Parameter b

Synergism/

antagonism (S/A)

a > 0: antagonism

a < 0: synergism

Dose ratio

dependent (DR)

a > 0: antagonism except for those mixture ratios where

negative b value indicate synergism

bi > 0: antagonism where the toxicity of the mixture is

caused mainly by toxicant i

a < 0: synergism except for those mixture ratios where positive

b value indicate antagonism

bi < 0: synergism where the toxicity of the mixture is

caused mainly by toxicant i

Dose level

dependent (DL)

a > 0: antagonism low dose level and synergism high dose

level

bDL > 1: change at lower EC50 level

bDL = 1: change at EC50 level

a < 0: synergism low dose level and antagonism high dose

level

0 < bDL < 1: change at higher EC50 level

bDL < 0: no change, but the magnitude of S/A is effect

level dependent

Adapted from Jonker et al. (2005)

EC50 is the median effect concentration

Fig. 2 Growth rate of the microalgae Chlorella vulgaris after 4

(black bars) and 7 (grey bars) days of exposure to pure MC-LR (left

side) and CYN (right side) in the single exposures of the mixture

experiment. Results are expressed as average ± standard error.

Asterisks and filled squares denotes data significantly different from

control at the fourth and seventh day of exposure (Dunnett’s method,

P\ 0.05)



MIXTOX tool to fit the data set and generate the best

description of the biological response of C. vulgaris to the

combination of these cyanotoxins. For that, the CA model

was the starting point used as the conceptual model for the

fit of our data set that provides a conservative (protective)

assessment of the mixture toxicity even though MC-LR

and CYN have different MoA on the organism. All

parameters and significance test results obtained from data

fitted with the MIXTOX tool are presented in Table 2.

On the 4th day, the fit of the CA model to the binary

mixture data of MC-LR and CYN exposure yielded a SS

value of 0.24, explaining 81 % of our data (p(F)\ 0.001).

After adding parameter a to the CA model in order to

describe synergism or antagonism, the SS value decreased

slightly to 0.23 (p(v2)\ 0.001), explaining 83 % of the

data. Parameter a had a value of -0.14, which indicates

synergism (Tables 1 and 2). Continuing in testing for

deviations for DR dependency, no significant improvement

was obtained on the data fit (p(v2) = 0.17). When param-

eter a and bDL were used to extend the CA model and

obtain a description for a DL pattern, no significant

improvement was observed as well (p(v2) = 0.22)

(Table 2). Therefore, a synergism deviation from CA

model was shown to be the best description for our data set

(SS = 0.23, R2 = 0.83 and p(v2)\ 0.001, Fig. 3).

For data on the 7th day of exposure, a similar pattern to

the one obtained for the 4th day was achieved, starting with

a significant fit to the CA model, explaining 83 % of the

data (SS = 0.13, p(F)\ 0.001). After adding parameter

a to the CA equation the SS value decreased slightly to

0.12 and the R2 increased significantly to 0.85 and a syn-

ergistic pattern was suggested for the binary mixture of

cyanotoxins (a = -0.34, p(v2)\ 0.001, Tables 1 and 2).

No significance decrease to the SS value was observed

when adding parameter a and bDR to the DR deviation

(SS = 0.12, p(v2) = 0.08), nor adding parameter a and

bDL to attain the DL deviation (p(v2) = 0.37) (Table 2).

Therefore, a synergism deviation from CA model, which

was achieved by adding parameter a to the equation, was

also shown to be the best description for our data set

(SS = 0.12, R2 = 0.85 and p(v2)\ 0.001, Fig. 3).

In order to provide information on the magnitude of the

synergistic effect on the growth rate of C. vulgaris on both

days of exposure, the EC50 values for CYN in all MC-LR

concentrations tested were estimated and the SRs calcu-

lated. The EC50 values and standard errors are provided in

Table 3 with the corresponding SRs. From Table 3, it is

possible to observe that MC-LR had a great effect on CYN

toxicity with SRs of almost 2 at all exposure levels and

periods.

Discussion

Single exposures

In this study, the log-phase growing freshwater algae C.

vulgaris was exposed to a range of concentrations of MC-

Table 2 Summary of the analysis done for the effects on the growth rate of Chlorella vulgaris exposed for 4 and 7 days to the binary mixture of

MC-LR and CYN

Day Concentration addition

Reference S/A DR DL

4 7 4 7 4 7 4 7

Max 0.63 0.48 0.63 0.48 0.62 0.48 0.62 0.48

bMC-LR* 30 30 30 30 30 30 30 30

bCYN 2.27 2.53 2.29 2.60 2.37 2.70 2.10 2.59

EC50 MC-LR* 83 85 83 85 83 85 83 85

EC50 CYN 28.75 30.72 29.06 31.45 30.14 32.31 29.62 31.69

a – – -0.14 -0.34 -1.85 -1.89 2.69 9.52 9 10-04

bDR/DL – – – – 5.28 4.66 1.43 -612.95

SS 0.24 0.13 0.23 0.12 0.23 0.12 0.23 0.13

R2 0.81 0.83 0.83 0.85 0.82 0.84 0.81 0.83

p(F)/p(v2) 4.99 9 10-35 4.83 9 10-37 8.89 9 10-03 9.31 9 10-03 0.17 0.08 0.22 0.37

F test was used for reference model fit and v2 test for improvement in fit and the quality of the model fits obtained (a = 0.05). Fixed EC50 and b
parameters are indicated in italics

S/A synergism/antagonism, DR dose ratio deviation and DL dose level deviation from the reference model, Max maximum response value

obtained for the given endpoint, b slope of the individual dose-response curve, EC50 median effect concentration value, a and bDR/DL parameters

of the deviation functions, SS sum of squared residuals, R2 coefficient of determination, v2 Chi squared test and p(v2) outcome of the likelihood

ratio test (significance level p\ 0.05)

* These values were overestimated, to allow prediction



LR and CYN that are not ecologically relevant for 7 days

aiming at estimating the EC50 values for each of the

cyanotoxins and then predict their combined toxicity using

the conceptual model CA in the MIXTOX tool.

Our experiments demonstrated that CYN at higher

concentrations than 38.7 mg L-1 could strongly affect the

growth of C. vulgaris, inhibiting their growth rates by a

factor higher or similar to three after 4 and 7 days of

exposure. In a previous work, CYN slightly inhibited C.

vulgaris growth rates (\10 % of inhibition) after 4 days of

exposure at concentrations of 8.5 and 16.7 mg L-1, but no

growth rate inhibition was observed on the 7th day of

exposure (Pinheiro et al. 2013). In the present study con-

centrations corresponding to 9.6 and 17.3 mg L-1 were

found to be either completely ineffective or causing a weak

growth stimulation (0.86-fold higher than control) in C.

vulgaris during the exposure period. Moreover, MC-LR at

concentrations higher than 6.5 mg L-1 was observed to

stimulate the growth rates of C. vulgaris after 7 days of

exposure. In previous studies, C. vulgaris growth rates

were also found to be increased after the same exposure

time, but only at 37.3 mg L-1 of MC-LR (Pinheiro et al.

2013). Similarly to our results, a few studies have reported

significant stimulations on microalgae growth when

exposed to MC concentrations lower or similar to

4 mg L-1. Ou et al. (2005) showed that the growth of the

grazing chrysophyte Posterioochromonas sp. increased

remarkably with the presence of MC-LR and MC-RR at

concentrations between 0.1 and 4 mg L-1 within 17 days

of exposure. Sedmak and Kosi (1998) observed an early

growth stimulation of the green alga Coelastrum microp-

orum when exposed to 0.1 and 0.5 mg L-1 of MC-RR in

the first 10 days and a subsequent growth inhibition in the

last 4 days. In a similar experiment with MC-RR and a

different exposure time (16 days), the same authors also

observed an increase on the growth of the green algae

Monoraphidium contortum at 0.104 mg L-1 (Sedmak and

Kosi 1998). In addition, a slight difference between the

growth rates assessed on 4th and 7th days of exposure were

noticed which, in the case of CYN, tend to disappear with

increasing concentrations. Since no cyanotoxin degradation

was observed and C. vulgaris was in log-phase at the end of

7 days, the expressive decreasing of growth rates between

the 2 days may possibly be a result of nutrient depletion.

Previous works have shown that pure MCs may have

detrimental effects on the microalgae growth at

Fig. 3 Concentration-response

relationship for the binary

mixture of microcystin-LR and

cylindrospermopsin showing a

synergist pattern from the CA

model for the growth rate of C.

vulgaris on the fourth and

seventh day of exposure (2D

isobolic surface).

Concentrations of cyanotoxins

reported as effective values

Table 3 EC50 values for cylindrospermopsin exposure (with the standard errors, in mg L-1) and synergistic ratios (SRs) estimated and

calculated, respectively, when co-occurring with each concentration of microcystin-LR in the mixture experiments

Exposure time (days) Microcystin-LR (mg L-1)

0 0.4 2.3 5.1 8.7 19.7

4 EC50 (± SE) 32.66 (± 3.91) 19.64 (± 5.41) 17.53 (n.d.) 17.22 (n.d.) 17.26 (n.d.) 18.27 (± 0.99)

SRa – 1.66 1.86 1.90 1.89 1.87

7 EC50 (± SE) 33.24 (± 3.47) 17.40 (n.d.) 17.38 (n.d.) 17.08 (± 0.15) 17.28 (± 0.28) 16.94 (± 0.13)

SRa – 1.91 1.91 1.95 1.92 1.96

SE standard error, n.d. not determined
a SR = EC50 CYN without MC-LR/EC50 CYN and MC-LR treatments



concentrations as high as those used in the present work.

For example, Babica et al. (2007) demonstrated that the

growth of five planktonic microalgae representatives of

Chlorophyta (Chlamydomonas reinhardtii, Chlorella kess-

lerii, Pediastrum duplex, Raphidocelis subcapitata and

Scenedesmus quadricauda) was strongly inhibited at

25 mg L-1 of MC-RR after 11 days of exposure. For the

same concentration and exposure time, MC-LR induced

similar growth inhibition only for R. subcapitata and S.

quadricauda. R. subcapitata showed to be the most sen-

sitive microalgae, being highly affected by both MC vari-

ants at even low concentrations (1 and 5 mg L-1). On the

other hand, MC-LR (up to 25 mg L-1 and 11 days of

exposure) had actually none or very weak effects on the

growth of C. reinhardtii, C. kesslerii and P. duplex (Babica

et al. 2007). This seems to be in very agreement with the

results of our study, where no inhibition of C. vulgaris

growth was observed in MC-LR exposure. It is possible

that green algae species display differential susceptibilities

to MCs. Moreover, microalgae responses to MCs seem to

be also influenced by physic-chemical and environment

factors. Some of these features were reported by Sedmak

and Kosi (1998) who found that MC-RR at 0.104 and

0.519 mg L-1 inhibited C. microporum growth, but

induced the growth of M. contortum and S. quadricauda

under low light conditions. This highlights also the fact that

under non controlled conditions, unlike those from toxicity

tests, MC deleterious effects can be depicted at lower

concentrations.

A clear concentration-response relationship for C. vul-

garis growth rate was obtained for CYN in the single

exposure experiment, with EC50 values of 32.66 and

33.24 mg L-1 for the 4th and 7th days of exposure,

respectively. These results are in agreement with what has

been reported by Kinnear (2010) who claimed that expo-

sure concentrations of pure CYN below 100 lg L-1 appear

to have no significant harmful effects on a wide range of

species (e.g. floating macrophytes and green algae), leading

to the hypothesis that green algae have developed appro-

priate protective mechanisms to tolerate CYN. The con-

centrations required to exhibit 50 % effects in this study

are non-environmentally realistic because they are 2-400-

fold higher than those usually found in ecosystems. In

Europe, concentrations of dissolved CYN associated with

cyanobacterial blooms range from 0.8 to 18.4 lg L-1

(Bogialli et al. 2006; Gallo et al. 2009; Messineo et al.

2010; Quesada et al. 2006; Rücker et al. 2007). However,

toxicity at low concentrations of CYN may not be excluded

in even longer-term exposures. Unlike MCs, dissolved

CYN tends to accumulate in the aquatic systems because of

elevated extracellular release by CYN-producing

cyanobacteria (Preubel et al. 2009) and, considering its

limited photodegradation (Wörmer et al. 2010) and

biodegradation (Wormer et al. 2008), may impair the

aquatic organisms.

On the other hand, MC-LR did not induce a concen-

tration-response relationship for C. vulgaris growth rates.

For this reason, it was impossible to calculate EC50 values

for this endpoint in the single exposure experiment. Con-

centrations of dissolved MCs in natural waters are gener-

ally reported below 10 lg L-1 because they are mainly

retained within healthy cyanobacterial cells (Babica et al.

2006, 2007; Wiegand and Pflugmacher 2005). However,

concentrations of MCs above 10 lg L-1 in the environ-

ment can occur immediately after the collapse of a

cyanobacterial bloom or the application of algicides. Jones

and Orr (1994) measured 1.3–1.8 mg L-1 MCs following

algicide treatment of a M. aeruginosa bloom in a recre-

ational lake. Furthermore, in a few cases, accumulation of

cyanobacterial cell in surface scum may raise MC con-

centrations to levels higher than 1.8 mg L-1. In addition,

concentrations of total MCs up to 8.4–25 mg L-1 have

been reported in natural bloom samples (Fastner et al.

1999; Kemp and John 2006; Máthé et al. 2007; Nagata

et al. 1997). Although high MC-LR concentrations were

not harmful to C. vulgaris, effects on aquatic organisms,

especially microalgae, at low concentrations of MC-LR in

longer-term exposures cannot be disregarded. Some studies

have reported toxic effects of MC-LR on microalgae at

concentrations below 1.1 mg L-1 in a 12- and 14-day

exposure period (B-Béres et al. 2012; Kearns and Hunter

2000, 2001; Sedmak and Eleršek 2006), suggesting that for

longer periods of exposure, low concentrations may be

harmful. High concentrations of MC-LR together with

longer exposure periods may also cause severe impact on

aquatic ecosystems. Evidence supporting this is shown in

the work of Sedmak and Kosi (1998). These authors

studied the relationship between the species diversity and

the development of toxic cyanobacterial blooms and MC

content in natural water bodies in which it was found a

negative correlation between high cyanobacterial cell

densities and high MC values ([10 lg L-1) and the

number of phytoplankton species present.

Mixture exposure

The CA model was the conceptual model chosen to fit the

data set from MC-LR and CYN binary mixture even

though both cyanotoxins have different MoA. This model

is considered more conservative than the independent

action model, and it also allows to predict toxicity of

mixtures where one (or both) of the stressors do not exert a

complete concentration-response curve or a significant

effect (Backhaus et al. 2004; Boedeker et al. 1993). At the

molecular level, MC-LR mainly inhibits protein phos-

phatases 1 and 2A in mammals and higher plants



(Mackintosh et al. 1990), which cause intracellular prob-

lems with cell growth, differentiation and osmoregulation

(Gulledge et al. 2002; Monserrat et al. 2003; Runnegar

et al. 1995a). MC-LR can also cause oxidative stress in

aquatic animals, plants and algae, leading to an increase in

lipid peroxidation, DNA and mitochondrial damage and

alteration of the antioxidant defense system (Amado and

Monserrat 2010; Bártová et al. 2011; Mohamed 2008;

Pflugmacher 2004). CYN, on the other hand, do not still

have its molecular mechanism of toxicity established;

however CYN is known to inhibit glutathione and protein

synthesis in mammals and plants (Froscio et al. 2001,

2008; Metcalf et al. 2004; Runnegar et al. 1995b; Terao

et al. 1994) interfering with several metabolic pathways.

According to the MIXTOX analysis, synergism was the

deviation function from the CA model obtained for MC-LR

and CYN mixture in both exposure periods. Synergistic

deviations from conceptual models have been found in

previous studies with aquatic organism (e.g. invertebrates,

algae and macrophytes) and other chemicals (e.g. metals

and pesticides) (Ferreira et al. 2008; Loureiro et al. 2010;

Munkegaard et al. 2008), showing that there may be an

interaction between chemicals rather than an additive or

independent response. Toxicity of the MC-LR and CYN

mixture was indeed higher than that predicted by the CA

model, demonstrating that the conceptual model in this

case was inaccurate in predicting the combined responses.

Therefore, the CA model underestimated the mixture tox-

icity and a synergistic pattern was established for C. vul-

garis growth responses. This result does not corroborate

our second hypothesis that MC-LR and CYN could have an

additive response on the microalgae growth. As far as we

know, the present study is the first one to investigate the

response patterns of green algae, the important represen-

tatives of lower trophic levels of aquatic food chain, to a

mixture with pure cyanotoxins. Recently, some studies

have been reported synergistic effect on the oxidative stress

responses of higher plants exposed to a mixture containing

purified cyanotoxins or cyanobacterial cell extracts (Freitas

et al. 2015; Prieto et al. 2011). Freitas et al. (2015) showed

that a mixture of pure MC-LR and CYN (1–100 lg L-1)

promoted a significant increase of glutathione S-transferase

(GST) activity in the roots of the lettuce plant Lactuta

sativa after 5 days of exposure when compared to MC-LR

and CYN alone, suggesting a synergistic effect between

both cyanotoxins. Similarly, in a 48 h-experiment, Prieto

et al. (2011) reported that the exposure of the rice plant

Oryza sativa to a mixture of A. ovalisporum and M.

aeruginosa cell extracts containing CYN (0.13 lg L-1)

and MC-LR (50 lg L-1), respectively, resulted in a sig-

nificant increase in GST activity in the roots and leaves

compared to that obtained with the individual cell extracts,

also suggesting a synergistic effect between both

extracts/cyanotoxins. It should be stressed that both

cyanobacterial extracts are complex mixtures of

cyanobacterial metabolites (including cyanotoxins) and

potential interactions among them cannot be neglected. As

an example, Nováková et al. (2012) studied the combined

effects of crude extracts from two non-producing

cyanobacteria, Aphanizomenon gracile and Cylindrosper-

mosis raciborskii, on gap junctional intercellular commu-

nication (GJIC) and showed that both extracts (without

cyanotoxins) when combined caused an additive response

on GJIC, suggesting that unknown metabolites are

responsible for the inhibitory activity of GJIC. Therefore,

the toxicity of mixtures of cyanobacterial extracts con-

taining cyanotoxins should be analyzed with more reflec-

tion and prudency.

The current study used high concentrations of MC-LR

(0.4–19.7 mg L-1) and CYN (0.4–16.7 mg L-1) in order

to assess their combined effects on the growth responses of

C. vulgaris. Although MC-LR has not caused any inhibi-

tory effect on the C. vulgaris growth at high concentrations

in the single exposure experiment in any exposure time, its

presence at levels lower than 20 mg L-1 in a mixture with

CYN significantly increased the toxicity of CYN. This

indicates a synergistic interaction between the tested

cyanotoxins. For this reason and in order to estimate the

magnitude of the synergistic effect on the growth rates as a

result of the MC-LR mixture with CYN, SRs were calcu-

lated for each MC-LR concentration tested. MC-LR at

0.4–19.7 mg L-1 increased the toxicity of CYN by about a

factor of 2 (Table 3). This is an important finding if con-

sidering that levels of 2–10 times this amount of MC-LR

did not cause toxicity by itself. The most likely explanation

for this increased toxicity is that the simultaneous exposure

to MC-LR and CYN may lead to a reduction of reduced

glutathione (GSH) pool in cells caused by MC-LR detox-

ification (via GST) (Pflugmacher et al. 1998), which may

have resulted in a higher requirement of GSH synthesis.

Because CYN is an inhibitor of GSH synthesis, it may

impair the capacity of green algae to detoxify MC-LR and

increase its residence time within cells, promoting thereby

a much higher toxicity. Therefore understanding the

potential interaction between the MoA of MC-LR and

CYN could be further studied at a lower organizational

level (e.g. cellular level). Best et al. (2002), who investi-

gated the combined effect of MC-LR and lipopolysaccha-

rides (LPS) on the GST activity of zebra fish Danio rerio,

also reported that LPS (0.5 lg L-1) may exert a synergistic

effect on MC-LR-induced toxicity (0.5 lg L-1) possibly

due to the decrease of the GST activity caused by LPS and

reduction of MC-LR detoxification. In contrast to the

previous study, Lindsay et al. (2006) showed a non-fully

understood antagonistic effect between MC-LR or CYN

and LPS in invertebrates (namely, Artemia salina, Daphnia



magna and Daphnia galeata); pre-exposure with a sub-

lethal level of LPS (2 lg L-1) protect the invertebrates

against the toxicity of MC-LR and CYN (1 lg L-1–

20 mg L-1). This protective effect was also observed for

the co-exposure of LPS and MC-LR, but was less pro-

nounced than that conferred by pre-exposure with LPS. On

the other hand, Pires et al. (2011) did not found clear

evidences for synergistic effects of MCs and LPS, but the

interaction between Microcystis strain type (non-producing

and MC-producing), concentration of MC-producing cells

and LPS (absence or presence) was significant, indicating

mixture composition dependent effects, i.e., dose-ratio

dependency. The variety of responses produced by cyan-

otoxin mixtures indicates that the observed toxic effects are

likely dependent on the species, mixture composition,

exposure type and levels of cyanotoxins used.

The lowest MC-LR concentration tested (0.4 mg L-1)

had SR values around 2 in both exposure times, meaning

that the toxicity is potentiated. Despite these concentrations

are not considered environmentally relevant (only relevant

in bloom collapse scenarios), the ecological risk assess-

ment should take this potentiating effect into account when

planning to evaluate the increased risk of this kind of

mixture to the environment, since even low cyanotoxin

concentrations may sum up (or more than the sum) toxic

effects when occurring in mixtures. The impact of such

potentiating effect to the environment and in particular to

microalgae community may be further increased if we

consider that MC-LR and CYN are relatively stable com-

pounds (Chiswell et al. 1999; Tsuji et al. 1994; Wormer

et al. 2008) and may persist in the water after cyanobac-

terial senescence and/or cell lyses (Eaglesham et al. 1999).

Given predictions that cyanobacterial blooms will increase

in frequency and magnitude in the future, we might

anticipate that synergistic effects on growth responses of

microalgae, which will influence exponential population

growth, may have pronounced effects on populations and

communities of zooplankton.

Conclusions

In the present study, C. vulgaris was chosen as a test

species to discuss the toxic effects of individual and mix-

ture exposure of pure MC-LR and CYN. Our results

showed that the interaction between MC-LR and CYN was

synergistic and MC-LR increased the CYN toxicity on the

C. vulgaris growth. Although the synergistic interaction

between MC-LR and CYN occurred at high concentrations,

further investigation is required to assess environmentally

relevant combinations, as potential synergistic effects at

low concentrations cannot be excluded. To the best of our

knowledge, this is the first study concerning combined

toxicity of MC-LR and CYN as pure cyanotoxins in

microalgae. Considering the predicted expansion of

cyanobacterial blooms on a global scale, this report is also

an important contribution to our understanding of an

increasing potential environmental risk between MC-LR

and CYN and how both cyanotoxins interact with each

other in microalgae. Moreover, our results demonstrated

that high concentration of CYN applied as single cyan-

otoxin caused impairments on growth rates of C. vulgaris

while MC-LR can lead generally to an increase of the

growth rates.

Given the importance of microalgae such as C. vulgaris

in the food webs and the growing concerns regarding

cyanobacterial blooms, we suggest that there is a need to

carefully assess the mechanism behind this synergistic

effect.
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Kokociński M, Dziga D, Spoof L, Stefaniak K, Jurczak T,

Mankiewicz-Boczek J, Meriluoto J (2009) First report of the

cyanobacterial toxin cylindrospermopsin in the shallow,

eutrophic lakes of western Poland. Chemosphere 74:669–675.

doi:10.1016/j.chemosphere.2008.10.027

Kotai J (1972) Instructions for the preparation of modified nutrient

solution Z8 for algae. Norwegian Institute for Water Research,

Blindern
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Rücker J, Stüken A, Nixdorf B, Fastner J, Chorus I, Wiedner C (2007)

Concentrations of particulate and dissolved cylindrospermopsin

in 21 Aphanizomenon-dominated temperate lakes. Toxicon

50:800–809. doi:10.1016/j.toxicon.2007.06.019

Runnegar M, Berndt N, Kong SM, Lee EYC, Zhang LF (1995a) In

vivo and in vitro binding of microcystin to protein phosphatase 1

and 2A. Biochem Biophys Res Commun 216:162–169

Runnegar MT, Kong SM, Zhong YZ, Lu SC (1995b) Inhibition of

reduced glutathione synthesis by cyanobacterial alkaloid cylin-

drospermopsin in cultured rat hepatocytes. Biochem Pharmacol

49:219–225
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