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Effects of cyanobacteria on fitness components of the herbivore Daphnia
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Cyanobacteria are known to negatively affect their herbivores either by being of low nutritional 29 value, by clogging the feeding apparatus, or by producing toxins; and specifically the role of

major herbivore (Daphnia magna) that has previous experience of cyanobacterial toxins, we 32 conducted a life-table study using two otherwise-similar strains of Microcystis aeruginosa, one 33 producing and one not producing the toxin microcystin. In contrast to previous studies, we 34 found that Daphnia population growth was positive (r > 0.1 d -1 ) on a diet containing toxic 35

Microcystis. However, we also found that the presence of the toxin negatively affected early 36 survival and population growth of a microcystin-tolerant D. magna clone. Although there was 37 no effect of toxin presence on per capita fecundity of surviving adults, Daphnia produced 38 smaller neonates when fed toxin-containing M. aeruginosa than when fed the non-toxic 39 mutant. Hence, although Daphnia survival, population growth and neonate size were 40 negatively affected by microcystin presence, Daphnia populations that have prior experience 41 with toxic cyanobacteria may show positive population growth even at high concentrations of 42 cyanobacterial toxins. This conclusion may have considerable implications for interactions 43 between toxic cyanobacteria and herbivores in natural systems. 44 45 Negative relationships between bloom-forming cyanobacteria (for example species in the 48 genera Anabaena, Aphanizomenon, Microcystis, and Oscillatoria/Planktothrix, hereafter 49 referred to as "cyanobacteria") and the abundances of Daphnia have been observed in nature, 50 either across lakes that vary in trophic status [START_REF] Hansson | Cyanobacterial warfare 334 affects zooplankton community composition[END_REF], or across the growth season 51 within eutrophic lakes [START_REF] Threlkeld | The midsummer dynamics of two Daphnia species in Wintergreen Lake, 370 Michigan[END_REF]. This may indicate negative effects of Daphnia grazing 52 on cyanobacterial abundance, negative effects of cyanobacteria on Daphnia population growth 53 rate, or both. These alternative explanations seem somewhat incompatible because 54 cyanobacterial inhibition of Daphnia growth and reproduction would be expected to interfere 55 with the ability of a Daphnia population to increase and so exert enough grazing pressure to 56 suppress cyanobacterial abundance. Despite this seeming incompatibility, evidence supportive 57 of both explanations has accumulated over the last several decades. However, the relative 58 importance of these mechanisms remains unresolved. 59

The negative effects of Daphnia grazing on cyanobacterial abundance have been 60 documented in field experiments in which the abundance of either zooplanktivorous fish (that 61 prey most intensively on large Daphnia), or in some cases the abundance of Daphnia, are 62 manipulated [START_REF] Lynch | Predation, enrichment and phytoplankton community 346 structure[END_REF][START_REF] Vanni | Biological control of nuisance algae by Daphnia pulex: experimental 375 studies[END_REF][START_REF] Vanni | Trophic cascades and phytoplankton community 378 structure[END_REF][START_REF] Sarnelle | Herbivore effects on phytoplankton succession in a eutrophic lake[END_REF]63 Sarnelle 2007). The negative effects of cyanobacteria on Daphnia growth and reproduction 64 have been documented primarily in laboratory experiments in which Daphnia are fed various 65 species and strains of cyanobacteria and their performance (survival and/or fecundity) is 66 compared to that on a reference diet such as nutritious chlorophytes [START_REF] Lampert | Laboratory studies on zooplankton-cyanobacteria interactions[END_REF]Lürling 67 2003;Wilson et al. 2006). 68 source for Daphnia. Bloom-forming cyanobacteria typically exhibit a colonial or filamentous 70 morphology in nature that can make them difficult for zooplankton to ingest in general biochemicals that are essential for Daphnia nutrition (Von [START_REF] Elert | Supplementation of cyanobacterial food with 383 polyunsaturated fatty acids does not improve growth of Daphnia[END_REF]Von Elert 74 et al. 2002;[START_REF] Brett | Phytoplankton, not allochthonous 312 carbon, sustains herbivorous zooplankton production[END_REF]. Finally, some cyanobacteria produce compounds that may inhibit 75 Daphnia survival, growth, reproduction and/or feeding [START_REF] Rohrlack | Effects of cell-bound 354 microcystins on survival and feeding of Daphnia spp[END_REF][START_REF] Lürling | Daphnia growth on microcystin-producing and microcystin-free 340 Microcystis aeruginosa in different mixtures with the green alga Scenedesmus obliquus. 341[END_REF]76 Lürling and Van Der Grinten 2003;[START_REF] Rohrlack | Isolation, characterization, and quantitative analysis of 351 microviridin J, a new Microcystis metabolite toxic to Daphnia[END_REF]. A recent meta-analysis of laboratory 77 life-table studies came to the unexpected conclusion that intracellular cyanobacterial toxins are 78 not a major factor underlying the negative effects of cyanobacteria on Daphnia population 79 growth (Wilson et al. 2006). This conclusion was based on a comparison of the effects of toxic 80 versus non-toxic strains across all studies. Further analyses suggested that any role of toxins 81 may be limited to a small number of cyanobacterial genotypes (Wilson et al. 2006). A second 82 meta-analysis of life-table studies that focused on variation across taxa suggested that 83

Microcystis was the most inhibitory of the cyanobacterial genera, although the role of toxins in 84 inhibiting Daphnia population growth was again uncertain [START_REF] Tillmanns | Meta-analysis of 372 cyanobacteria effects on zooplankton population growth rate: species-specific responses[END_REF]. The former 85 result provides justification for the heavy emphasis on Microcystis among studies of the 86 inhibitory effects of cyanobacteria on zooplankton (Wilson et al. 2006;[START_REF] Tillmanns | Meta-analysis of 372 cyanobacteria effects on zooplankton population growth rate: species-specific responses[END_REF]. 87

Several recent studies have shown that Daphnia individuals or populations can adapt to the 88 presence of toxin-producing cyanobacteria in the diet [START_REF] Hairston | Natural selection for grazer resistance to toxic 329 cyanobacteria: Evolution of phenotypic plasticity?[END_REF]Gustafsson and 89 Hansson 2004;Sarnelle and Wilson 2005). This new information has led us to hypothesize that 90 some of the conflicting nature of the evidence summarized above may be resolved if we can 91 attribute variation in the negative effects of toxigenic cyanobacteria to variation in the toxin 92 tolerance of the specific zooplankton genotypes used in life-table experiments, i.e. considering 93 the co-evolutionary history of zooplankton-cyanobacteria interactions. As a first attempt to 94 examine this hypothesis, we report the results of a laboratory experiment in which the effects 95 of wild-type (produces the toxin, microcystin) and mutant (cannot produce microcystin) 96 genotypes of Microcystis aeruginosa on the population growth of Daphnia magna were 97 quantified. 98

Several existing laboratory studies have demonstrated strong negative effects of one or both 99 of these M. aeruginosa genotypes on the survival, growth and/or reproduction of Daphnia 100 magna [START_REF] Rohrlack | Role of 357 microcystins in poisoning and food ingestion inhibition of Daphnia galeata caused by 358 the cyanobacterium Microcystis aeruginosa[END_REF][START_REF] Rohrlack | Effects of cell-bound 354 microcystins on survival and feeding of Daphnia spp[END_REF][START_REF] Lürling | Daphnia growth on microcystin-producing and microcystin-free 340 Microcystis aeruginosa in different mixtures with the green alga Scenedesmus obliquus. 341[END_REF]. The difference in our study 101 is that we deliberately chose a D. magna genotype that we have found to be relatively tolerant 102 of toxic cyanobacteria in the diet, which would better mirror the natural situation. Scenedesmus obliquus and two strains of Microcystis aeruginosa, the microcystin-125 producing PCC 7806 (wild-type) and a genetically-engineered mutant, PCC 7806 mcy A 126 [START_REF] Dittmann | Insertional 318 mutagenesis of a peptide synthetase gene that is responsible for heptatoxin production in 319 the cyanobacterium Microcystis aeruginosa PCC 7806[END_REF]) that cannot produce microcystin, were cultivated in Z8 medium at 20˚C 127 with a light dark cycle of 12:12 and a light intensity of 15-20 µmol quanta•m -2 •s -1 . The cells 128 were maintained in exponential growth phase. Total algal concentrations used in the 129 experiment correspond to 1 mg Carbon/L, which is equivalent to 60,000 cells mL -1 (0.5 mg 130 C/L) of Scenedesmus obliquus plus 140,000 cells mL -1 (0.5 mg C/L) for Microcystis 131 aeruginosa. Both phytoplankton species were within the size range of particles that are 132 efficiently consumed by Daphnia (Scenedesmus: 7.5 µm x 5 µm, Microcystis: 3 -4 µm, 133 DeMott 1989). There were no differences in size among Microcystis clones and neither 134

Microcystis nor Scenedesmus produced colonies or gelatinous sheets of any substantial size. 135 Algal cells were enumerated in a Palmer-Maloney counting chamber (Wildlife Supply, 136 Buffalo, New York, USA) using an Nikon inverted microscope at 400 X magnification. The 137 animals were fed twice this concentration every second day. Samples of approximately 1 mL 138 from both the toxic and non-toxic treatment were stored at -20 °C for later analysis of 139 microcystin content. 140

Experimental design: Daphnia neonates were exposed to three dietary treatments: a 141 control consisting of 100% Scenedesmus, a "non-toxic" treatment with 50% Scenedesmus and 142 50% mutant Microcystis PCC 7608 and a "toxic" treatment with 50% wild-type Microcystis 143 and 50% Scenedesmus (all percentages based on carbon content). Neonates born within 24 h 144 from ten parthenogenetically reproducing females were randomly transferred to 250 mL 145 beakers to start the experiment. Four replicate beakers were assigned to each treatment and 146 each beaker contained 5 or 6 animals. Every second day animals were pipetted to new algal 147 solution in clean beakers. The animals were checked for survival, maturity and offspring every 148 day and the water was stirred with a pipette to re-suspend the phytoplankton. Offspring were 149 removed every day, counted and measured from the eye to the base of the tail spine. Length 150 measurements were used to calculate biomass based on length-weight regressions (Bottrell et 151 al. 1976). The experiment was continued for 28 days, which allowed for approximately three 152 adult instars [START_REF] Lürling | Daphnia growth on microcystin-producing and microcystin-free 340 Microcystis aeruginosa in different mixtures with the green alga Scenedesmus obliquus. 341[END_REF]. 153 Population growth rates were calculated from daily survival and fecundity schedules using 154 Euler's equation (Stearns 1992). Treatment effects on survival were analyzed via repeated-155 measures MANOVA on arcsin square root-transformed proportions in each beaker 156 (experimental unit) on days 2-28. Per capita fecundity (offspring produced per surviving 157 female summed over 28 days), and instantaneous population growth (r, d -1 ) were analyzed via 158 One-Way Analysis of Variance (ANOVA), followed by an a priori Tukey's HSD test for 159 differences among individual means. Fecundities and population growth rates were log-160 times and then sonicated for two minutes in an ice bath (Ultrasonic Liquid Processor, Heat 166 Systems Inc.). Samples were centrifuged for 20 min at 6500 rpm and the supernatant was 167 analyzed. A negative control, five standards (0.15, 0.40, 1.0, 2.0 and 5.0 µg L -1 , respectively), 168 a control at 0.75 µg L -1 and samples were all analyzed in duplicate. Absorbance was measured 169 at 450 nm on a Hyperion Microreader 3, (Hyperion, Miami FL, USA). 170 171

Results

172

Total microcystin concentrations averaged 10 µg L -1 (range 9 -11 µg L -1 ) in the toxic treatment 173 and were undetectable in the non-toxic treatment. We found no significant overall effect of 174 treatment on Daphnia survival over 28 days (ANOVA F-test on arcsine-transformed data, p > 175 0.15), although mean survivorship in the toxic treatment (63%, SE = 0.22) was considerably 176 lower and more variable than in either of the other treatments (control: 87%, SE = 0.16, non-177 toxic: 83%, SE = 0.14, Fig. 1). Further, the repeated measures analysis was ambiguous with 178 respect to a time x treatment interaction: by the Greenhouse-Geisser criterion, the interaction 179 was not significant at the 5% level (p = 0.09) whereas by the less conservative Huynh-Feldt 180 criterion, the interaction was significant (p = 0.04). Given these results and the pattern of mean 181 responses across the three treatments (Fig. 1), we re-ran the analysis to test the hypothesis that 182 Daphnia survival was different in toxic Microcystis (N = 4) versus pooled non-toxic 183 were essentially identical (Fig. 2), so the treatment effect was purely a function of diet species 189 (Scenedesmus versus Microcystis). As seen for survival, error variation was higher in the toxic 190 treatment (SE = 4.6 versus 1.9 for non-toxic and 2.6 in the control). Daphnia population 191 growth was also affected by treatment (ANOVA F-test, p < 0.0001), and in this case all three 192 treatment means were different from each other (Fig. 2), indicating a further negative effect of 193 the toxic strain of Microcystis, along with an effect of diet species. Finally, there was an overall 194 effect of treatment on mean neonate length over the course of the experiment (ANOVA F-test, 195 p < 0.0001), with mean length highest in the non-toxic Microcystis treatment and lowest in the 196 Scenedesmus control (Fig. 3). The neonate biomass produced during the experiment (28 days) 197 was 152, 93 and 82 µg L -1 in the control, non-toxic and toxic treatments, respectively 198 (ANOVA, F-test, p < 0.001; Fig. 4 

  Our 103 objective was to determine how the effects of a highly toxic strain of M. aeruginosa are 104 manifested on a relatively toxin-tolerant genotype of D. magna. Daphnia populations in 105 habitats with high concentrations of toxic cyanobacteria should be dominated by genotypes that 106 are toxin-tolerant(Sarnelle and Wilson 2005), making our experiment more like natural 107 conditions. Knowledge about tolerance in herbivores may have considerable implications for 108 our understanding of interactions between consumer and prey, and, in a broader perspective, on 109 the dynamics of cyanobacterial blooms. 110 111 Method 112 Experimental organisms: The Daphnia magna clone used in this study was hatched from 113 ephippia collected in 2001 from the water's edge, in the highly eutrophic Lake Bysjön (Total 114 Sweden. Lake Bysjön has blooms of cyanobacteria every summer, generally 116 dominated by Aphanizomenon, but different species of Microcystis also occur and occasionally 117 these blooms produce microcystins (unpublished data).Ephippia were hatched in 2006, 118 resulting in the establishment of 13 clonal lines of D. magna. These 13 clones were exposed to 119 increasing concentrations of microcystin-producing M. aeruginosa (wild-type, PCC 7806) to 120 identify clones that were most tolerant of this strain[START_REF] Hansson | Cyanobacterial warfare 334 affects zooplankton community composition[END_REF]. The clone used in this 121 study was the most tolerant of the 13 based on fastest time to maturity on a diet containing 122 PCC 7806. Animals were cultivated in an aquarium (17˚C, 16:8 light:dark cycle) and fed only 123Scenedesmus obliquus for 8 months prior to the start of the experiment. 124

  that exposure to Microcystis aeruginosa had a negative impact on population 202 growth rate, survival and fecundity of a microcystin-tolerant clone of Daphnia and that the 203 presence of microcystin in the wild-type of Microcystis significantly enhanced the negative 204 effect on population growth rate and reduced the biomass of neonates produced. Our 205 experimental treatment with 50% cyanobacteria is a common feature in natural eutrophic lakes 206
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 1 Figure 1. Effects of dietary treatment on survival of Daphnia magna over 28 days of exposure.
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 2 Figure 2. Effects of dietary treatment on fecundity (upper panel) and per capita population growth rate (day -1 ; lower panel) of Daphnia magna over 28 days of exposure. Probability (p)
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 3 Figure 3. Effects of dietary treatment on carapace length of Daphnia magna neonates over 28
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 4 Figure 4. Effects of dieatry treatment on biomass (µg L -1 , ± 1SE) of Daphnia magna neonates

  

  

toxins has been debated. Hence, in order to assess to what extent cyanobacterial toxins affect a

[START_REF] Demott | The role of competition in zooplankton succession[END_REF]) and may interfere with the food-collecting process in Daphnia in particular

[START_REF] Webster | Some size-dependent inhibitions of larger cladoceran 386 filterers in filamentous suspensions[END_REF] Gilbert 1990). In addition, cyanobacteria may lack certain
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Microcystin analysis: Microcystin was analyzed by means of ELISA (enzyme-linked

immunosorbent assay) using the Abraxis Microcystins ELISA Kit (Environmental Assurance

Monitoring, LLC.). Before the analysis, algal cells were lysed by freezing and thawing three

the toxic treatment (ANOVA F-test on arcsine-transformed data, p < 0.04). Mortality in the

toxic treatment was limited to the first two weeks of the experiment (Fig.1).

With respect to Daphnia fecundity, we found an overall effect of treatment (ANOVA F-

test, p < 0.01), but the means for the non-toxic Microcystis and toxic Microcystis treatments

explain the difference among studies.
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