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Diets must satisfy the everyday metabolic requirements of organisms and

can also serve as medicines to combat disease. Currently, the medicinal

role of diets is much better understood in terrestrial than in aquatic ecosys-

tems. This is surprising because phytoplankton species synthesize secondary

metabolites with known antimicrobial properties. Here, we investigated the

medicinal properties of phytoplankton (including toxin-producing cyano-

bacteria) against parasites of the dominant freshwater herbivore, Daphnia.
We fed Daphnia dentifera on green algae and toxic cyanobacteria diets

known to vary in their nutritional quality and toxin production, and an

additional diet of Microcystis with added pure microcystin-LR. We then

exposed Daphnia to fungal and bacterial parasites. Anabaena, Microcystis
and Chlorella diets prevented infection of Daphnia by the fungal parasite

Metschnikowia, while Nodularia toxins increased offspring production by

infected hosts. In contrast to their medicinal effects against Metschnikowia,

toxic phytoplankton generally decreased the fitness of Daphnia infected

with the bacterial parasite, Pasteuria. We also measured the amount of

toxin produced by phytoplankton over time. Concentrations of anatoxin-a

produced by Anabaena increased in the presence of Metschnikowia,

suggesting parasite-induced toxin production. Our research illustrates that

phytoplankton can serve as toxins or medicines for their consumers,

depending upon the identity of their parasites.
1. Introduction
Primary producers synthesize a dazzling array of secondary metabolites that

can either increase or decrease levels of consumption, and thereby the storage

and cycling of nutrients in ecosystems [1–3]. In addition to their pervasive

direct effects on herbivores [4–6], secondary metabolites can also influence

the susceptibility of herbivores to their natural enemies by making herbivores

less palatable or by decreasing herbivore fitness [7–9]. Moreover, some herbi-

vores gain protection from their parasites and pathogens by using the toxins

in primary producers as sources of medicine [10]. In terrestrial systems, impacts

of plant diet on host–pathogen interactions have been reported in diverse

animal taxa from primates to insects [11]. For example, baboons consume

anthelmintic bitter plants as prophylactics [12], while toxic milkweeds protect

monarch butterflies from protozoan parasites [13]. To date, there are far

fewer examples of primary producers in aquatic systems conferring medicinal

effects on hosts [10,14]. This is surprising given the well-known capability of

diverse phytoplankton to produce secondary metabolites, many of which have

anti-bacterial and anti-fungal properties [15–17].

While some secondary metabolites produced by phytoplankton may serve

as defensive compounds against herbivores [2,18], many zooplankton grazers

appear largely unaffected by certain phycotoxins. For example, Daphnia indi-

viduals and populations exhibit variable feeding and growth responses to the

toxin microcystin, which is produced by the common bloom-forming cyanobac-

terium Microcystis and other cyanobacterial taxa. The growth and performance
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of some strains and species of Daphnia decline substantially in

the presence of microcystins [19–21], while other strains and

species are much less susceptible [19,20,22,23]. Notably,

microcystin synthesis probably predates the evolution of the

Metazoa [24], suggesting that it evolved originally for pur-

poses other than defence against herbivory; the same holds

true for the toxin nodularin, produced by cyanobacteria in

the genus Nodularia [24]. One possibility is that these toxins

evolved as a result of competition with other microbes. In

support of this idea, a variety of secondary metabolites pro-

duced by Microcystis aeruginosa are allelopathic against

macro- and micro-algae and other bacteria [15,25]. Likewise,

extracts from Aphanizomenon flos-aquae and Nodularia har-
veyana also exhibit antibacterial and antifungal properties

[16]. If phytoplankton secondary metabolites are generally

antimicrobial, they might also be active against microbial

parasites of consumers.

In combination, nutritional and defensive traits of host

diets influence the ability of those hosts to defend themselves

against parasites, as well as mediate variation in parasite fit-

ness [26,27]. Potential dietary effects cut both ways: nutritious

resources can be good for the host, allowing for investment in

defences, but also provide more resources for the parasite to

exploit. The impacts of toxins can also cut both ways: toxins

may stress the host, increasing susceptibility to parasites, but

also might serve as medications that prevent infection or miti-

gate its effects [28,29]. We know from terrestrial systems that

this can lead to complex diet–host–parasite interactions

[6,9,30–32]. Surprisingly, we know relatively little about

how diets serve as sources of medicines in aquatic systems

[14]. This is problematic because global environmental

change is driving changes in phytoplankton composition

[33–35], especially increases in cyanobacterial blooms

[36,37], which are of low nutritional value for grazers and

which often produce toxins [38–40]. This means that environ-

mental change might alter disease outbreaks in aquatic

systems, with potential consequences for entire food

webs [10,41].

In this study, we exposed Daphnia dentifera, a common

herbivore in North American lakes, to two common para-

sites: the fungal parasite Metschnikowia bicuspidata and the

bacterial parasite Pasteuria ramosa. We cultured Daphnia on

eight phytoplankton species that differed in nutritional

value and toxin production (electronic supplementary

material, table S1). We used five different species of green

algae and three species of cyanobacteria, with green algae

being a better quality diet compared to cyanobacterial diets

[20,42,43]. All three of the cyanobacteria we used produce

compounds known to be toxic to Daphnia species as well as

to vertebrates including humans (electronic supplementary

material, table S1) [19,20,44]. We also generated a ninth diet

treatment by adding pure microcystin to some cultures of

Microcystis; during many cyanobacterial blooms, concen-

trations of extracellular toxins in water become high enough

to cause significant impacts on other organisms [45,46]. Our

additional treatment tests whether extracellular microcystin

may have impacts on Daphnia–parasite interactions. We

recorded the survival, reproduction and growth of individual

Daphnia over 30 days to test the hypotheses that phytoplank-

ton diets influence host and parasite fitness and that

phycotoxins have medicinal effects against the parasites of

Daphnia. Specifically, we asked the following questions in

our study: (i) Does phytoplankton quality influence
parasitism in Daphnia? (ii) What are the fitness impacts of

consuming chemically defended phytoplankton for infected

hosts and parasites? (iii) Can phycotoxins act as anti-bacterial

and/or anti-fungal compounds for Daphnia?
2. Material and methods
(a) Parasite – host system
Daphnia dentifera is a common zooplankton of stratified lakes in

temperate North America [47]. For our experiments, we used

the Midland 37 (Mid37) genotype, which was isolated from Mid-

land Lake in Greene County, Indiana and is commonly used in

disease experiments [48,49]. The parasites chosen for this study

were the fungal parasite Metschnikowia bicuspidata (isolated

from Baker Lake in Barry County, Michigan), and the bacterium

Pasteuria ramosa (isolate (G/18) from Midland Lake in Greene

County, Indiana) [48,49]. While the size of disease outbreaks

varies across populations, both of these parasites are relatively

common, and single lakes sometimes show outbreaks of both

pathogens in a single season (M. A. Duffy et al. 2013–2018, unpub-

lished data). Daphnia encounter these parasites in nature while

grazing for phytoplankton food and become infected by consum-

ing transmission spores that have been released in the water from

dead host individuals. Additionally, individual daphniids can be

found infected with more than one parasite species (co-infection

[50]). Both parasites infect via the gut wall after being consumed

by Daphnia. The two parasites vary in their effects on the host

but both parasites are obligate killers, with spores only released

after the host’s death [48]. Metschnikowia kills Daphnia at a younger

age while Pasteuria greatly reduces fecundity. The parasites can

co-infect individual Daphnia, with Metschnikowia outperforming

Pasteuria in within-host competition [51]. We predicted that, even

if diets were shown to have medicinal properties against the para-

sites individually, they would be unable to mitigate the deleterious

impacts of infection simultaneously for both parasites.

(b) Cultivation of phytoplankton food
We cultivated eight species of phytoplankton (five green algae

and three cyanobacteria) for the experiment. We obtained Ana-
baena flos-aquae (CYA 139), Chlamydomonas reinhardtii (CHL

159), Chlorella sp. (CHL 61), and Microcystis aeruginosa (CYA

160/1) from the Norwegian Institute for Water Research

(NIVA); Nodularia spumigena (UTEX B2091) and Ulothrix sp.
(UTEX 420) from the Culture Collection of Algae at the University

of Texas at Austin, and Scenedesmus acutus from the Canadian

Phycological Culture Centre (CPCC 10). The Ankistrodesmus falca-
tus culture is originally from the Academy of Natural Science of

Philadelphia and has been in culture since at least the 1980s

[52]; its exact origin is unknown. Anabaena, Microcystis and Nodu-
laria are well known cyanobacteria that commonly form harmful

cyanobacterial blooms; the remaining phytoplankton are green

algae. We grew cultures in chemostats using appropriate media

(electronic supplementary material, table S1) at room temperature

under 24 h light with the exception of Chlorella which was grown

on a 12 : 12 light : dark cycle. However, as with all phytoplankton

cultures in chemostats, we recognize that there may be undetected

contamination by microbes that contributed to our observations.

The phytoplankton selected for this study cover a broad range

of nutritional quality (including different composition of

essential lipids) for Daphnia and vary in their production of toxic

compounds (electronic supplementary material, table S1).

(c) Experimental design
Our experiment was a factorial design of nine diet treatments

crossed with four types of parasite inoculation (including a
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zero inoculation control) for a total of 36 treatment combinations.

Each combination was replicated 10 times, for a total of 360

observational units. Specifically, our nine diets were comprised

of the eight phytoplankton species (above), plus a 9th diet com-

prised of Microcystis with an addition of 15 mg l21 of microcystin

LR added to experimental beakers daily. We chose to add this

additional diet treatment because preliminary analysis indicated

that our strain produced relatively low levels of the toxin, and we

wanted to ensure that extracellular concentrations of microcystin

reached those commonly observed in water during Microcystis
blooms. Dissolved microcystin levels in water increase markedly

during Microcystis blooms [53], so this is a realistic means of

exposing both Daphnia and their parasites to microcystin. The

concentration that we added (15 mg l21) is well within the

range observed during natural Microcystis blooms [54–56], and

represents one half of the LC50 reported in previous Daphnia
toxicology experiments [19]; we therefore expected that

15 mg l21 of microcystin-LR would provide a realistic stress to

Daphnia as well as the opportunity to observe any antimicrobial

effects on the parasites.

Our four parasite inoculation treatments were (i)

2000 spores ml21 of the bacterium, (ii) 500 spores ml21 of the

fungus, (iii) 1000 spores ml21 of the bacterium and

250 spores ml21 of the fungus, or (iv) no spores as a control,

with 10 replicates on each of the diet types. The spore values

were chosen based on prior studies, which indicate that they

provide moderate infection levels when Daphnia are fed

green algae [49] (M. A. Duffy 2016, unpublished data). We

maintain stock cultures of these parasites (seperately) in the

laboratory, and obtained the spores by grinding up infected

animals from those cultures.

Experimental Daphnia were reared on their assigned diets

under a 16 : 8 L : D photoperiod at 208C. From our laboratory cul-

ture, we collected neonate (less than 24 h old) Daphnia and placed

them in 250 ml beakers with 200 ml of filtered lake water (10

individuals per beaker). Juveniles were reared for 3 days on

2 mg C/L Ankistrodesmus per day. Then, we placed four-to-

five-day-old Daphnia juveniles in 50 ml beakers (one animal per

beaker) with 30 ml of filtered lake water. Each individual was

fed 2.0 mg C/L of one of the nine diet treatments: Ankistrodes-
mus, Anabaena, Chlamydomonas, Chlorella, Microcystis, Microcystis
with 15 mg l21 of microcystin-LR (Micþ), Nodularia, Scenedesmus
and Ulothrix.

We exposed five-to-six-day-old Daphnia to parasite spores (or

left them unexposed in the control treatment) for 24 h. Daphnia
were fed 1 mg C/L of their treatment diet during the spore

exposure period. We used less food during inoculation to mini-

mize the potential for feeding inhibition by phycotoxins, which

could indirectly prevent consumption of parasite spores. Lower

food levels have also been found to increase infection levels in

earlier studies using Ankistrodesmus as food. After 24 h, we trans-

ferred each replicate Daphnia individually into new 50 ml beakers

with fresh filtered lake water. Animals that died (approx. 1%)

during parasite exposure or within 3 days of exposure were

not included in the analyses. From then on, each Daphnia was

fed 2.0 mg C/L per day of the appropriate phytoplankton for

the 30 days of the experimental trial. Twice each week, we trans-

ferred Daphnia into new beakers with fresh filtered lake water

prior to feeding. Each diet by infection treatment consisted of

10 replicates, which we performed in two temporal blocks (five

replicates per diet by infection treatment per block). The first

block took place in June 2016 and the second in December

2016. We checked the mortality of individuals daily and counted

and removed their offspring twice per week. We collected sub-

samples of the water from the beakers in all cyanobacteria

treatments on the day prior to, the day of, and the day after

exposure to parasite spores (and at the equivalent times in our

control treatments), as well as on days 15 and 30 post exposure,
and analysed them for phycotoxins using Abraxis Cyanotoxin

kits. The ELISA kits measured all microcystin and nodularin var-

iants, and anatoxin-a concentrations. Adults that died during the

experiment were placed in 1.5 ml tubes with 100 ml of nanopure

water and preserved for spore counts. At the end of 30 days, we

measured the length of all surviving individuals using a

dissecting microscope. After measurement, we ground the Daphnia
to release spores and counted the spores using a haemocytometer.

(d) Statistical analyses
Wherever possible, we analysed data using generalized linear

mixed models, with temporal block as a random effect [57].

Where missing cells (e.g. zero parasite infection on certain phyto-

plankton diets) prevented mixed model convergence, we

incorporated block as a fixed effect in a generalized linear

model [57]. In no case was there a significant block effect in

our analyses. All analyses were conducted using SAS v. 9.4. In

most models that included infection treatment as a fixed effect,

we included only those hosts that had become infected after

exposure to parasites. The exception was those models in

which we explicitly explored disease prevalence (infection pre-

sent or absent), in which we included those individuals that

were exposed to parasites yet remained uninfected.

We analysed the effects of diet on disease prevalence (infec-

tion present or absent) with a binomial distribution and a logit

link function using two approaches. Our first model compared

disease prevalence in the single infection treatments, and included

parasite infection treatment, phytoplankton diet, and their inter-

action as fixed effects. Our second model evaluated differences

in disease prevalence when Daphnia were exposed to a single

infection with the prevalence of individuals exposed to both para-

sites simultaneously (co-infection); the models included

phytoplankton diet, infection treatment (single or co-infection)

and their interaction as fixed effects. For this second model, data

from bacterial and fungal infections were analysed separately.

We analysed the effects of phytoplankton diet, infection

treatment and their interaction on parasite fitness (spore yield

per infected individual) using a negative binomial distribution

with a log link function [57]. Because of strong interaction effects,

we also analysed each parasite treatment separately to evaluate

differential effects of phytoplankton diets on bacterial and

fungal spore yields.

We analysed the effects of parasite infection on host fitness in

the following ways. First, in a full model, we compared lifetime

offspring production by Daphnia across all four infection treat-

ments (bacteria only, fungus only, co-infection, uninfected

controls; Poisson distribution and log link function). Second,

because we observed strong interactions between parasite treat-

ment and diet treatment on host reproduction, we compared

lifetime offspring production of hosts separately for each

parasite; this analysis included data from fungus-only or

bacteria-only treatments, with the uninfected treatment serving

as the control in both analyses. Third, to establish whether the

effects of diet on host fitness differed between parasites, we com-

pared host offspring production between bacterial and fungal

infection treatments, without including the uninfected controls

or individuals from the coinfection treatment. We repeated the

above three analyses using an additional measure of host fitness,

specifically whether individuals survived to 30 days (a binary

outcome of ‘yes’ or ‘no’) and individual growth (length at the

end of 30 days or at the day of death). In the survival analyses,

we used a binomial distribution and logit link function.

To determine if individuals who failed to get infected paid a

fitness cost for resistance, we compared offspring production of

individual Daphnia in the control treatment (no parasites) to off-

spring production of all individuals that were challenged with

parasites but did not become infected during the experiment.
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Figure 1. Proportion of Daphnia infected with the fungal parasite Metschnikowia bicuspidata, and the bacterial parasite Pasteuria ramosa, on nine phytoplankton
diets. Daphnia were exposed either in single parasite treatments (a) or co-infection treatments (b). Prevalence was calculated as the proportion (means+ s.e.) of
infected Daphnia out of all exposed individuals. Note that not all individuals in the co-infection treatments (b) became infected with both parasite species.
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Our model included infection treatment, diet and their inter-

actions as fixed effects, using the Poisson distribution and log

link function.

To determine if cyanobacterial toxin production varied

among treatments, we analysed variation in toxin concentrations

using general linear mixed models, with repeated measures from

individual beakers treated as within-subject random effects, tem-

poral block as a random effect, and infection treatment as a fixed

effect [57]. Finally, we correlated the average toxin concentration

within each beaker with parasite spore yield and number of

Daphnia offspring.
3. Results
(a) Infection prevalence
Phytoplankton diet had striking effects on infection preva-

lence of the fungal parasite, Metschnikowia (figure 1a;

electronic supplementary material, table S2). Specifically,

two of the cyanobacterial treatments (Anabaena and the

Microcystisþ treatment, which contained Microcystis with

additional microcystin toxin) completely prevented Metschni-
kowia fungal infections and a third (Microcystis without

additional microcystin) resulted in very low infection preva-

lence. Metschnikowia fungal infections were also prevented

when Daphnia fed on the green alga Chlorella, but fungal

infection levels were high on the other green algae. In con-

trast, there was much less variation in infection prevalence

among diet treatments when Daphnia were exposed to the

bacterial parasite, Pasteuria (figure 1a; electronic supplemen-

tary material, table S2). Daphnia became infected with

bacteria on all diet treatments, which strongly suggests that

the lack of fungal infection on some phytoplankton diets

was not driven by feeding inhibition on toxic diets.

The impact of diet on infection prevalence changed when

hosts were exposed to both parasites at once. Exposure to

both parasites simultaneously increased prevalence of the

fungus Metschnikowia in two of the three diet treatments

that had conferred complete resistance to the fungus when
exposed to it alone (figure 1b). In contrast, prevalence

of the bacterium Pasteuria was similar when individuals

were exposed alone or in combination with the fungus

(figure 1b; electronic supplementary material, table S2).

(b) Spore yield
While the major effect of phytoplankton diet on the fungal

parasite Metschnikowia was to influence the probability of

Daphnia becoming infected (above), the principal effect of phy-

toplankton diet on the bacterial parasite Pasteuria was to

influence post-infection spore yield from Daphnia (figure 2;

electronic supplementary material, table S2). Specifically, the

lower-quality cyanobacteria diets tended to yield more

spores of the bacterium Pasteuria than did the green algae

diets (figure 2c). This suggests that high-quality non-toxic

diets may help Daphnia suppress Pasteuria replication. In con-

trast to bacterial spore yields, spore yields of the fungus

Metschnikowia did not differ across diets (figure 2a) suggesting

that, once infection has taken place, diet quality does not

impact the number of Metschnikowia spores produced.

Spore yield for a given diet was influenced by whether a

host was exposed to both parasites simultaneously. Spore

yield was lower for both parasites (but especially for the bac-

terium, Pasteuria) in co-infection treatments compared to

single infections (electronic supplementary material, table

S2; figure 2c,d ). This may be due to within-host competition

[51], but may also be influenced by the lower initial doses

per parasite provided to Daphnia in the co-infection treatment.

(c) Host fitness
Parasite infection reduced host fitness (total offspring pro-

duction over 30 days, figure 3; electronic supplementary

material, figure S1), but the magnitude of the reduction

depended on phytoplankton diet and parasite identity (as

indicated by strong interaction effects; electronic supplemen-

tary material, table S2). Offspring production was especially

low in those individuals infected with the fungus
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Metschnikowia, regardless of phytoplankton diet (figure 3a;

electronic supplementary material, figure S1a). This probably

reflects the short lifespan of Daphnia when infected with this

fungus (electronic supplementary material, table S2). Most

Daphnia infected with the fungal parasite died before day

30, although around 20% survived when feeding on Ankistro-
desmus (electronic supplementary material, figure S8).

Daphnia infected with the bacterial parasite, Pasteuria, pro-

duced fewer offspring (figure 3b; electronic supplementary

material, figure S1b) while feeding on cyanobacteria diets

but lived longer than did uninfected Daphnia on cyanobac-

teria diets (electronic supplementary material, table S2 and

figure S8). These life-history differences perhaps reflect a

cost in longevity of higher reproduction by controls. Unin-

fected Daphnia consuming green algae produced two- to

three-fold more offspring than did those consuming cyano-

bacteria (electronic supplementary material, figure S1d),

confirming the higher nutritional quality of our green algal

diets. In the absence of parasites, cyanobacterial diets did

not vary in their impacts on host fitness (electronic

supplementary material, figure S1d).

Similarly, growth was reduced by parasite infection and

the extent of this decrease was dependent on diet also (elec-

tronic supplementary material, table S2). Daphnia infected

with the fungus were small, irrespective of diet (electronic

supplementary material, figure S3a). As we mentioned
above for offspring production, this is a reflection of the

short lifespan of individuals when infected by the fungal

parasite. Animals infected with the bacterium varied in size

among diets (electronic supplementary material, figure

S3b). Infected animals consuming Anabaena, Ankistrodesmus,

Chlorella and Scenedesmus did not differ in size compared to

controls, while infected animals consuming Microcystis,

Nodularia, Chlamydomonas and Ulothrix were smaller com-

pared to control individuals eating the same diet (electronic

supplementary material, table S2). The only instance in

which treatment animals were larger than controls were in

the microcystin added diet treatment, however this increase

in size does not result in more spores being produced by

the parasite or more offspring produced by the host. This

increase in growth is probably caused by the parasite which

is known to cause gigantism and/or castration, with

castration duration dependent on diet quality [50,58].

(d) Cost of resistance
We estimated potential fitness costs of parasite resistance by

comparing the fecundity and mortality of uninfected control

Daphnia with uninfected parasite-exposed Daphnia. Individ-

uals that were exposed to the bacterial parasite Pasteuria but

that did not become infected had lower offspring production

(all diets) and higher mortality (most diets) than did unchal-

lenged controls (electronic supplementary material, table S2
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parasites in the co-infection treatment became co-infected. (Abbreviations
for algal names: Ana—Anabaena, Mic—Microcystis, Micþ—spiked Microcys-
tis, Nod—Nodularia, Ank—Ankistrodesmus, Chla—Chlamydomonas, Chlo—
Chlorella, Sce—Scenedesmus, Ulo—Ulothrix).
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and figures S6 and S7), suggesting that there is a cost of

resisting infection.

(e) Toxin production
From subsamples of water collected from each replicate, we

confirmed (using ELISA) that all cyanobacterial diets were

producing their expected phycotoxins: anatoxin-a (Anabaena
treatment), microcystins (Microcystis and Micþ treatments)

or nodularin (Nodularia treatment) (electronic supplementary
material, table S1). Interestingly, concentrations of anatoxin-a

in water were 2.3-fold higher in the presence of Metschnikowia
(F3,33 ¼ 2.98, p ¼ 0.0456; figure 4c), suggesting that this fungal

parasite may induce phycotoxin production, or cause cell lysis,

in Anabaena. Notably, Daphnia resisted Metschnikowia infection

when they fed on Anabaena (figure 1a), suggesting that Daph-
nia may benefit from anatoxin-a release when the fungus is

present. Moreover, bacterial spore yield declined with ana-

toxin-a concentration (F1,10 ¼ 26.37, p ¼ 0.0004, R2 ¼ 0.725,

figure 4a), suggesting that the presence of the fungus Metschni-
kowia may decrease fitness of the bacterium Pasteuria via

phycotoxin production. This could result from two mechan-

isms: first, higher toxin concentrations may have direct

antibacterial effects on Pasteuria once infection has taken

place. Second, the presence of anatoxin-a may decrease feed-

ing rates of Daphnia, thereby decreasing infection levels or

Daphnia growth rates. We favour the former explanation

because there was no significant correlation between concen-

trations of anatoxin-a and Daphnia growth (F1,8 ¼ 0.98,

p ¼ 0.351; electronic supplementary material, figure S9).

We also found strong evidence of a medicinal effect of con-

suming Nodularia for Daphnia infected with the fungus,

Metschnikowia. In uninfected Daphnia from control treatments,

offspring production declined as nodularin concentration

increased (x2 ¼ 23:62, d.f.¼ 1, p , 0.0001; figure 4b), illustrat-

ing the highly toxic nature of nodularin. In marked contrast,

for Daphnia infected with Metschnikowia, offspring production

actually increased as nodularin concentration increased

(x2 ¼ 4:39, d.f.¼ 1, p ¼ 0.0362; figure 4b). Such opposing effects

of secondary metabolites on hosts in the presence or absence

of parasites are a key signature of medicinal activity [11].
4. Discussion
While medicinal effects of primary-producer secondary

metabolites are increasingly recognized in terrestrial ecosys-

tems [11], they have remained understudied in aquatic

systems [10,14]. Here, we report that toxin-producing cyano-

bacteria have differential effects on the fitness of two

common parasites of Daphnia. When exposed to the fungus

Metschnikowia, toxic phytoplankton conferred resistance to

Daphnia hosts, largely preventing infection. Intriguingly, ana-

toxin-a concentrations were higher when Daphnia were

exposed to this fungal parasite; this has potential implications

for drinking water and human health, as anatoxin is a potent

neurotoxin [59]. This would mean that in natural lakes

where both Metschnikowia and Anabaena are present, there

exists the potential of higher than expected anatoxin-a levels

in the water during a disease outbreak, even in cases where

there are no signs of an actual bloom. We also found that bac-

terial spore yield declined as anatoxin-a concentration

increased. Thus, while Anabaena is a low-quality food for unin-

fected Daphnia [40], it confers substantial benefits to the host in

the presence of parasites. Notably, the impact of diet on host

fitness depended strongly on parasite identity in most cases.

Diets that were medicinal for hosts exposed to Metschnikowia
(the fungal parasite) tended to result in higher spore yields

in hosts exposed to Pasteuria (the bacterium). This contradicts

the prevailing wisdom [60–64] that diets that are good for

Daphnia are also good for their parasites.

Previous studies in the Daphnia system suggest that high

quality phytoplankton resources that are beneficial for the
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host are often beneficial for the parasite too, while low quality

diets that impose a fitness cost on the host also impose a cost on

the parasite [60–64]. However, there is some evidence that

diets of low nutritional quality may also have medicinal prop-

erties. For example, Coopman et al. [62] demonstrated that low

levels of a non-microcystin producing strain of Microcystis aer-
uginosa ameliorated the effects of white fat cell disease in

Daphnia magna. At 20% levels of Microcystis in a background

diet of the nutritious alga Scenedesmus obliquus, host fitness

was higher for infected than uninfected individuals. Fitness

of infected hosts was lower when their diet did not contain

Microcystis, and fitness of all hosts (infected and uninfected)

was low when their diet contained �50% Microcystis [62].

While the Coopman et al. [62] study illustrates the potential

for cyanobacterial diets to mitigate parasite infection, a

recent study of a different Daphnia–parasite system found

the opposite pattern [65], emphasizing the need for additional

work in this area. In combination with the existing literature

on how resource quality influences Daphnia performance,

our data illustrate that the net impact of the nutritional quality,

medicinal effectiveness, and toxicity of phytoplankton diets

depends on whether or not the host is exposed to a parasite
as well as on the identity of the parasite to which it is exposed

(electronic supplementary material, figure S10). Additional

work will be required to understand the outcomes generated

by particular Daphnia–phytoplankton–parasite combinations

(figure 1).

Our results also provide strong evidence for anti-fungal

properties of cyanobacterial toxins. First, when we sup-

plemented Microcystis diets with an ecologically relevant

concentration of microcystin-LR, we further increased the inhi-

bition of infection by our fungal parasite (figure 1a). Second,

the increase of anatoxin-a in Metschnikowia treatments

(figure 4c) was associated with complete inhibition of fungal

infection (figure 1a). Third, rather than preventing fungal infec-

tion, increasing concentrations of nodularin were correlated

positively with the fecundity of infected Daphnia, but nega-

tively with the fecundity of uninfected Daphnia (figure 4b).

This last result is typical of medicines that operate after infec-

tion, in which there are often significant costs of consuming

medicines in the absence of disease [11,66]. These antimicrobial

effects of cyanobacterial toxins are consistent with an earlier

study that found reduced bacterial growth when Microcystis
was plated with Escherichia coli [62]. Additionally, another
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study found induction of oligopeptides, including microcys-

tin, in a Planktothrix strain helped the cyanobacteria resist

infection by a chytrid parasite [67].

We also observed apparent anti-fungal activity in the green

alga, Chlorella. There has been relatively little research on the

secondary metabolites produced by this species; however,

chlorellin (a mixture of fatty acids and hydrocarbons; [68,69])

was reported to have detrimental effects on bacteria, fungi,

and Chlorella itself [70–72]. However, we cannot discount the

possible role of nutrients in mediating immune system

responses rendering hosts less susceptible to infection. In two

separate studies looking at Pasteuria and Pseudomonas parasites,

Daphnia magna feeding on the higher quality Nannochloropsis
limnetica diet were less susceptible to infection by these para-

sites than were animals feeding on Scenedesmus. The authors

did not find allelopathic effects of Nannochloropsis on Pseudomo-
nas in separate agar assays, suggesting that reduced

susceptibility may be the product of an immune system

response by the host [58,73]. We plan to conduct further

research on the anti-microbial properties of microcystin-LR,

anatoxin-a and chlorellin. Future studies that coat these

toxins onto particles of nutritious food would help disentangle

the effects of nutrition and toxins on host–parasite interactions.

Notably, the influence of phytoplankton diet on parasite

fitness (spore yield) differed between the two parasites. Post-

infection, diet did not appear to influence fitness of the

fungus Metschnikowia; in contrast, the bacterium Pasteuria per-

formed better when Daphnia were fed cyanobacteria diets. In

contrast to our results, Schlotz et al. [58] found that parasite

spore production was higher on higher quality diets (diets

that contained long-chain PUFAs or were supplemented

with eicosapentaenoic acid) but the risk of infection on these

high-quality diets was actually low compared to diets lacking

these essential PUFAs [58]. These conflicting results highlight

the importance of nutrient and secondary metabolite compo-

sition for the ability of daphniids to resist parasites. Thus, it

is not surprising that previous studies have found conflicting

results, with some finding increased infection and/or spore

yield with higher food quality or quantity [58,63,64] while

others have found decreased infection and/or spore yield

[62,74–76]. Likewise, there have been opposing results regard-

ing whether cyanobacteria increase or decrease disease in

Daphnia [62–65]. We propose that studies that jointly examine

nutritional value, toxicity and medicinal value of diets will

help to disentangle these varied responses.

While our results indicate strong medicinal effects of some

phytoplankton diets, we do not yet know if Daphnia can self-

medicate. Self-medication would require that Daphnia feed

selectively and alter relative phytoplankton consumption

based on disease risk [11]. Numerous studies provide direct

or indirect evidence for selective feeding by Daphnia [74–79].

While dietary preferences of Daphnia remain unclear, studies

suggest that phytoplankton size, digestibility and nutrient

quality influence selectivity [77,78]. To our knowledge, selec-

tive foraging in the presence and absence of parasites has not
yet been investigated in Daphnia. In terrestrial systems, many

animals (including invertebrates) choose lower quality and/

or toxic plants only when confronted with disease agents

[11]. Given the range of secondary metabolites produced by

phytoplankton, our study highlights the importance of study-

ing selective grazing by Daphnia under variable parasite threat,

as well as the importance of studying the potential for self-

medication in aquatic ecosystems.

Global environmental change continues to influence

aquatic ecosystems [33–35,80]. Harmful algal blooms are

expected to increase in frequency and toxicity [80] and may

have differential effects on parasites and their hosts

[33,34,37]. Most importantly, our research suggests that

increases in cyanobacterial blooms might decrease the fre-

quency of Daphnia infection by the fungal parasite, while

increasing spore production in the bacterial parasite. There-

fore, cyanobacterial blooms would be expected to decrease

the prevalence of the fungal parasite but might increase

that of the bacterium. This could have important conse-

quences for lake food webs, as Daphnia are key grazers and

disease outbreaks within Daphnia populations can influence

ecosystem-level processes [41].

Our research highlights the impact of phytoplankton

toxins on disease in zooplankton. The observation of context-

dependent effects of phytoplankton quality on host and para-

site fitness helps reconcile previous contradictory reports of

phytoplankton–Daphnia–parasite interactions. This research

also emphasizes the need to study additional aspects of phy-

toplankton diets as well as the behavioural and immune

responses of aquatic hosts to their parasites. Our evidence

of non-conventional roles for phytoplankton toxins in aquatic

ecosystems has relevance not only for Daphnia, but for

phytoplankton consumers more generally.
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