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Abstract 32 

Symbiotic interactions can shift along a mutualism–parasitism continuum. While there are 33 

many studies examining dynamics typically considered to be mutualistic that sometimes shift 34 

towards parasitism, little is known about conditions underlying shifts from parasitism towards 35 

mutualism. In lake populations, we observed that infection by a microsporidian gut symbiont 36 

sometimes conferred a reproductive advantage and other times a disadvantage to its Daphnia 37 

host. We hypothesized that the microsporidian might benefit its host by reducing infection by 38 

more virulent parasites, which attack via the gut. In a lab study using field-collected animals, we 39 

found that spores of a virulent fungal parasite were much less capable of penetrating the guts 40 

of Daphnia harboring the microsporidian gut symbiont. We predicted that this altered gut 41 

penetrability could cause differential impacts on host fitness depending on ecological context. 42 

Field survey data revealed that microsporidian-infected Daphnia hosts experienced a 43 

reproductive advantage when virulent parasites were common while resource scarcity led to a 44 

reproductive disadvantage, but only in lakes where virulent parasites were relatively rare. Our 45 

findings highlight the importance of considering multiparasite community context and resource 46 

availability in host-parasite studies and open the door for future research into conditions 47 

driving shifts along parasitism to mutualism gradients. 48 

 49 

Introduction 50 

Symbiotic microbes — defined broadly to include all microbes that live in very close association 51 

with another organism — are ubiquitous and often have strong negative or positive fitness 52 

impacts on their hosts. Traditionally, ecologists have viewed these interactions as being 53 
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qualitatively fixed — a particular symbiont always increases host fitness or always decreases it. 54 

However, we now realize that these interspecific interactions can be fluid, shifting along a 55 

continuum of mutualism to commensalism to parasitism (Johnson et al. 1997; Min and Benzer 56 

1997; Hoeksema and Bruna 2000; Denison and Kiers 2004; Stadler and Dixon 2005).  57 

 58 

Symbioses involve both costs and benefits for each species engaged in a given interaction, and 59 

it is the net sum of these costs and benefits that determines the nature of the association 60 

(Johnson et al. 1997; Chamberlain et al. 2014; Stewart and Schnitzer 2017). Examination of the 61 

degree of flexibility seen in interspecific interactions across a range of ecosystem types and 62 

study locations has shown that both abiotic factors and the presence of a third species can 63 

influence the strength and direction of symbiotic interactions (Chamberlain et al. 2014). 64 

However, while many studies of flexible interactions have considered shifts from mutualism to 65 

parasitism [e.g., plant-mycorrhizal (Johnson et al. 1997), plant-pollinator (Irwin et al. 2010), and 66 

ant-aphid (Stadler and Dixon 2005) interactions], we know much less about the potential for 67 

organisms that are traditionally considered parasites to shift towards mutualism (Redman et al. 68 

2001; Canestrari et al. 2014; Lin and Koskella 2015; Savory et al. 2017; González et al. 2021).  69 

 70 

While relatively little is known about conditions that cause parasites to become mutualists, it is 71 

well known that parasites in a particular host-parasite interaction can vary greatly in the degree 72 

of harm inflicted on their hosts, ranging from modest to severe virulence (Read 1994; 73 

Casadevall and Pirofski 1999; Hube 2004; Bouzid et al. 2013). One important factor that can 74 

influence the pathology of parasites is the multiparasite environment. Many host species 75 
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encounter multiple parasite species in their lifetime, whether sequentially or simultaneously 76 

(Cox 2001). Interspecific interactions among cooccurring parasites can affect how a given 77 

parasite influences its host (Petney and Andrews 1998; Johnson and Hoverman 2012). For 78 

example, infection by one parasite can make it either easier or more difficult for a second 79 

parasite to infect the host (Telfer et al. 2010). Once inside the host, parasite species may 80 

compete for resources and space, which can alter the outcome for the host compared with a 81 

single infection (Dobson 1985). Antagonistic within-host interactions between parasite species 82 

may benefit the host (e.g, Rafaluk-Mohr et al. 2018), while synergistic interactions may increase 83 

harm (e.g., Druilhe et al. 2005). The impacts of coinfection on host fitness can even vary based 84 

on the relative timing of the infections by the two parasites (e.g., Lohr et al. 2010).  85 

 86 

Another finding that has emerged is that the abiotic environment can alter the strength of a 87 

particular interaction (e.g., shifting an interaction from mildly parasitic to strongly parasitic) as 88 

well as the qualitative nature of host-symbiont interactions, shifting interactions between 89 

mutualism, commensalism, and/or parasitism. Studies of plant-mycorrhizal interactions provide 90 

significant insight into the importance of environmental context in determining the nature of 91 

symbioses (Johnson et al. 1997; Johnson and Graham 2013); in particular, nutrient availability 92 

can strongly shape whether symbiotic fungi act as parasites or mutualists for their host plants 93 

(Hoeksema et al. 2010). Similarly, sunlight and nutrient availability play a key role in shaping 94 

legume-rhizobium interactions (Lau et al. 2012). Variation in the strength of host-parasite 95 

interactions can also be mediated by the availability of resources (Bedhomme et al. 2004; 96 

Johnson et al. 2010; Cressler et al. 2014; Kinnula et al. 2017). Resource availability (defined 97 
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hereafter as resource quantity and/or quality) can affect host-parasite interactions in diverse 98 

and potentially conflicting ways. For example, host fitness can be bolstered by increasing 99 

resources (Brown et al. 2000), perhaps because greater resource availability provides energy or 100 

essential nutrients needed for immune responses to infection (Lochmiller et al. 1993; Chandra 101 

1999; Hughes and Kelly 2006). Increased resource availability can also negatively affect infected 102 

hosts, for example, by influencing host behavior or density in ways that promote pathogen 103 

transmission (Penczykowski et al. 2014) and greater host mortality (Washburn et al. 1991; Hall 104 

et al. 2009b). Pathogen load can increase [e.g., (Bedhomme et al. 2004; Trujillo-Ferrara et al. 105 

2011)] or decrease (Furlong and Groden 2003; Gardner 2005) with greater host resource 106 

availability, or even peak at intermediate resource levels [e.g., (Lambrechts et al. 2006; Sadd 107 

2011)]; these qualitatively different outcomes might be mediated by variation in within-host 108 

resource competition between the host immune system and the pathogen (Cressler et al. 109 

2014). Overall, resources likely play an important role in mediating the severity of disease, but 110 

we still lack evidence of whether resource variation can tip the scales along the parasitism-111 

mutualism continuum. 112 

 113 

Here, we empirically examined the fluidity of host-parasite interactions over the course of 114 

individual epidemics. We took advantage of naturally occurring temporal gradients in both the 115 

prevalence of cooccurring parasite species as well as resource availability to examine the 116 

context dependency of interactions between a freshwater zooplankton host, Daphnia dentifera, 117 

and an undescribed microsporidian that infects its gut epithelial cells. We found that the guts of 118 

field-collected individuals infected with the microsporidian were less likely to be penetrated by 119 
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spores of a highly virulent fungal parasite that infects via the gut. In addition to altering 120 

interactions with virulent parasites, this reduced gut penetrability has the potential to alter 121 

interactions with resources. This led us to hypothesize that the fitness impact of this 122 

microsporidian might shift based on resource availability and/or prevalence of virulent 123 

parasites. Using data from naturally occurring outbreaks, we found that the fitness impact of 124 

Daphnia-microsporidian interactions was associated with resource availability and the 125 

prevalence of virulent parasites, with mutualism more likely when virulent parasites were 126 

common and parasitism more likely when resources were scarce and virulent parasites were 127 

relatively rare. This suggests that the ecological context in which this host-symbiont interaction 128 

occurs might explain shifts along a gradient from parasitism to mutualism. 129 

 130 

Materials and methods 131 

Study organisms  132 

Our host species, Daphnia dentifera Forbes, is a dominant freshwater microcrustacean of lakes 133 

in the Midwestern United States (Hebert 1995). Daphnia are cyclical parthenogens, reproducing 134 

asexually during favorable conditions and often switching to sexual production of diapausing 135 

embryos during times of stress (Cáceres and Tessier 2004). Owing to their capacity for rapid 136 

asexual reproduction (releasing a clutch of eggs approximately every two days in summer) and 137 

their voracious consumption of phytoplankton, Daphnia can play an important role in 138 

controlling productivity in lake ecosystems (Miner et al. 2012). Daphnia encounter several 139 

environmentally transmitted symbionts in the lake water column and sediments in our study 140 

lakes (Table 1). We use the term ‘symbiont’ to refer to microorganisms that live in close 141 
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relationship with a host species, inclusive of organisms that confer a net beneficial, harmful, or 142 

neutral influence on host fitness. We refer to symbionts as ‘parasites’ if there is evidence that 143 

they harm their hosts. Our focal symbiont is a microsporidian that we commonly observe 144 

infecting the gut epithelium of Daphnia. We refer to this symbiont as “MicG”. Morphologically, 145 

MicG resembles the genus Glugoides; however, genetic sequencing revealed that this 146 

microsporidian is distinct from other sequenced microsporidian symbionts of Daphnia, 147 

including Glugoides (GenBank accession of MicG: MH635259). We have not yet succeeded in 148 

experimental transmission of MicG in the laboratory; however, other microsporidia infecting 149 

the gut epithelia of Daphnia have horizontal transmission, with spores shed continuously along 150 

with feces, leading to infection via feeding (Mangin et al. 1995; Ebert 2005; Fels 2005). In lab 151 

studies, Glugoides had a moderately negative to neutral impact on Daphnia host reproduction 152 

(Ebert et al. 2000; Chadwick and Little 2005). Another symbiont that commonly infects the 153 

Daphnia gut, Caullerya mesnili, is highly virulent (Bittner et al. 2002). Based on this evidence, 154 

we expected MicG to act as a parasite in our system. 155 

 156 

Three additional parasite taxa commonly infect D. dentifera in our study system (Table 1); each 157 

has strong negative impacts on host fitness, but impacts on host survival and reproduction vary. 158 

These parasites include 1) Metschnikowia bicuspidata, a virulent fungal parasite that greatly 159 

reduces host life span and fecundity (Auld et al. 2012); 2) Pasteuria ramosa, a bacterium that 160 

castrates its host early in the infection process and has less impact on host lifespan compared 161 

with Metschnikowia (Auld et al. 2012); and 3) Spirobacillus cienkowskii, an extremely virulent 162 

bacterial parasite that kills its host so rapidly (within days of experimental exposure) that 163 
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infections may be difficult to detect in the field (Wale et al. 2019). All three of these virulent 164 

parasites are obligate killers, spreading to a new host only after killing their current host. 165 

 166 

The three obligate killers are thought to share a common infection process: crossing the host 167 

gut to initiate development inside the host body cavity (Table 1). Metschnikowia and Pasteuria 168 

are both known to infect Daphnia when infective spores are consumed during filter feeding and 169 

penetrate the gut wall, after which they replicate in the hemocoel (Ebert et al. 1996). 170 

Spirobacillus is less well studied, but likely infects in a similar manner to Pasteuria and 171 

Metschnikowia. Given that MicG infects the gut epithelium, one way we expected MicG might 172 

influence other Daphnia parasites is by changing the physiology of the host gut in a way that 173 

affects how easily other parasites penetrate the gut.  174 

 175 

Hypotheses and Predictions  176 

The fitness impact of a symbiont on its host is the result of the net balance between costs and 177 

benefits associated with the interaction. Those costs and benefits, in turn, may depend on the 178 

ecological context in which the host-symbiont interaction takes place. In our initial observations 179 

of MicG-infected Daphnia, we noted that infected hosts sometimes had fewer offspring than 180 

uninfected hosts (expected for parasitism) but in some cases had more (suggesting mutualism). 181 

Because MicG infects the gut epithelium – a very important site for interactions of the host with 182 

resources and highly virulent parasites – we hypothesized that variation in the fitness impact 183 

MicG has on its host might correspond with resource levels and/or with the prevalence of 184 

highly virulent parasites. First, we hypothesized that MicG infections might influence the 185 
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penetrability of the host gut. We explored this hypothesis by assessing whether the guts of 186 

MicG-infected and uninfected Daphnia differed in their likelihood of being penetrated by 187 

Metschnikowia spores. We predicted that Metschnikowia spores would be less able to infect 188 

the guts of MicG-infected hosts. Second, we hypothesized that, if MicG infections make the 189 

host gut less penetrable, that might benefit MicG-infected hosts by reducing the need to mount 190 

a costly immune defense in response to the three highly virulent parasites present in our 191 

system. If this is the case, we predicted that the fitness impact of MicG infections would vary 192 

with prevalence of those highly virulent parasites: at high parasite prevalence, Daphnia that are 193 

uninfected but exposed to one of the virulent parasites would have to invest greater resources 194 

into deploying costly immune defenses to fight off parasite infections (Little and Killick 2007; 195 

Allen and Little 2011), whereas MicG-infected hosts would not. This difference in immune cost 196 

might offset any cost associated with harboring MicG, giving MicG-infected hosts a relative 197 

fecundity advantage over uninfected hosts. Third, we hypothesized that the fitness impact of 198 

MicG infections might also vary with the resource environment. This could happen if any 199 

impacts of MicG on the gut also influence the ability to acquire resources and/or if hosts are 200 

better able to deal with MicG “stealing” resources when resources are rich. In both cases, we 201 

predict that MicG infections should have a particularly strong (and negative) impact on hosts 202 

when resources are scarce.   203 

 204 

Laboratory infection assay 205 

To infect its host, needle-shaped Metschnikowia spores must successfully penetrate the 206 

Daphnia gut epithelium and enter the hemocoel (body cavity) to then develop and reproduce 207 
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(Stewart Merrill and Cáceres 2018). We assessed whether MicG-infected hosts had guts that 208 

were less penetrable by Metschnikowia spores with a laboratory infection assay. We collected 209 

adult, asexually reproducing Daphnia dentifera from each of six lakes from our Indiana field 210 

survey throughout the course of the field season in 2017 (early-June to early-December). We 211 

experimentally infected 231-406 Daphnia from each lake (total of 1728), of which 21-62% from 212 

each lake (647 of the total) were infected with MicG while the rest were uninfected by any 213 

observable parasite (as determined by inspection at 400 × magnification; it is possible some 214 

very early MicG infections were not apparent).  215 

 216 

Within 24 hours of collection, these wild-caught Daphnia individuals were inoculated with 217 

Metschnikowia bicuspidata. Daphnia were inoculated individually in 15 mL Falcon tubes filled 218 

with 10 mL of filtered lake water and were fed 1 mg C/L of high-quality algae (Ankistrodesmus 219 

falcatus). We exposed each Daphnia individual to 200 spores of Metschnikowia bicuspidata per 220 

mL, some of which were consumed during filter feeding. After a 24-hour inoculation period, we 221 

estimated gut penetrability by observing Daphnia under a compound microscope at 400 × 222 

magnification and counting the number of Metschnikowia spores that successfully entered the 223 

body cavity compared with the number of spores attacking the gut epithelium that failed to 224 

penetrate (Stewart Merrill et al. 2019; Figure S2). For those individuals that were infected with 225 

MicG, we estimated infection intensity by counting the number of MicG spore clusters 226 

occurring along the gut epithelium, scanning from the anterior diverticulum to the posterior 227 

midgut. In some individuals, intensity could not be precisely estimated (due to gut physical 228 

abnormalities or technical challenges that precluded an accurate count of spore clusters). In 229 
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those instances, intensity was not recorded.  230 

 231 

Field study 232 

Field sampling 233 

We  monitored prevalence of Metschnikowia, Pasteuria, Spirobacillus, and MicG in D. dentifera 234 

populations in four lakes in Livingston and Washtenaw Counties, Michigan, USA (mid-July 235 

through mid-November 2016) and six lakes in Greene and Sullivan Counties, Indiana, USA 236 

(early-June through early-December 2017). (Table S1 contains more information on the study 237 

lakes.) Every three days (Michigan) or every other week (Indiana) we estimated egg production 238 

(technically embryos, but typically called “eggs” in Daphnia) in each D. dentifera population as 239 

well as the prevalence of infection of any parasites present. Daphnia release a clutch of eggs 240 

when they molt, which is temperature-dependent; at 20 °C, D. dentifera produces a new clutch 241 

of eggs approximately every two days (Duffy et al. 2015). On each sampling visit we pooled 242 

three vertical tows of the water column collected with a Wisconsin plankton net (12 cm 243 

diameter, 153 um mesh); these whole-water-column tows were collected at least 5 meters 244 

apart in the deep basin of the lake. For each lake and sampling date, we examined a random 245 

subsample of D. dentifera individuals for infection and egg production (both may be viewed 246 

through the host’s transparent carapace). The Michigan samples were examined under a 247 

stereomicroscope, allowing examination of a greater number of individuals (at least 200 248 

Daphnia (all ages and sexes) per sample for infection and 20 asexual adult females for egg 249 

counts) to observe the lower frequencies of infection typical of those sites. The Indiana samples 250 

were examined under a compound microscope, allowing observation of very early to late stage 251 
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infections (sensu Stewart Merrill and Cáceres 2018) of up to 50 adult asexual females per 252 

sample. This methodological difference between Indiana and Michigan means that some early 253 

infections (especially with Metschnikowia) may have been missed when diagnosing infections in 254 

Michigan populations.  255 

 256 

Relative fecundity estimates 257 

To quantify the fitness impact of MicG infection, we calculated ‘relative fecundity’ of MicG-258 

infected hosts by dividing the mean number of eggs found in MicG-infected asexual adult D. 259 

dentifera by the mean number of eggs in uninfected (by MicG or any other parasite) asexual 260 

adult females on a given date and subtracting 1 from this value (MicG-infected egg count/ 261 

uninfected egg count) -1). A negative relative fecundity means MicG-infected animals had 262 

poorer reproductive performance than uninfected animals, and a positive relative fecundity 263 

translates into more eggs produced by MicG-infected animals relative to uninfected animals. In 264 

estimating relative fecundity, we excluded data for D. dentifera individuals (co-)infected with 265 

Metschnikowia, Pasteuria, or Spirobacillus as each of these parasites can substantially reduce 266 

host fecundity; in addition, there were too few animals in these categories to have confidence 267 

that our estimates were accurate. 268 

 269 

Resource availability estimate 270 

To examine whether resource-context was associated with the effects of MicG on its host, we 271 

measured resource availability for each lake and sampling date. Traditional measures of 272 

primary productivity in lakes (e.g. chlorophyll-a and total phosphorus) can be poor predictors of 273 
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the quantity and quality of food available to Daphnia (Tessier and Woodruff 2002). Therefore, 274 

we used an indirect but more sensitive index of resource availability (quality and quantity): the 275 

mean number of eggs present per uninfected asexual adult female (known as the “egg ratio”) 276 

(Threlkeld 1979; Kerfoot et al. 1988; Hall et al. 2009a; Civitello et al. 2015).  277 

 278 

Statistical methods  279 

Laboratory examination of gut penetrability  280 

Prediction 1) Metschnikowia spores will be less able to penetrate the gut walls of MicG-281 

infected hosts. We evaluated whether MicG infection status and resource availability were 282 

associated with the penetrability of Daphnia gut epithelia to Metschnikowia spores using 283 

generalized linear mixed models (GLMMs). We included the success or failure of gut 284 

penetration by Metschnikowia spores attacking the gut wall for a given host individual as the 285 

binomial response variable. We evaluated whether the likelihood of Metschnikowia 286 

penetration was associated with resource availability (indexed by the uninfected egg ratio from 287 

the date when an experimental animal was collected), MicG infection status (infected or 288 

uninfected), or their interaction by comparing the Akaike information criterion (AIC) of the 289 

saturated model with nested simpler models containing fewer fixed effects. We used likelihood 290 

ratio tests to select which fixed effects to include in the final model, based on Zuur et al. (2009). 291 

We log transformed resource availability to improve the linearity of the relationship between 292 

the predictor and the log odds and to give less weight to a few potentially influential data 293 

points on sampling dates with unusually high resource levels.  294 

 295 
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In a separate nested set of GLMMs, we examined data from the subset of individuals that were 296 

infected with MicG, to determine whether MicG infection intensity, resource availability, and 297 

their interaction predicted the likelihood of Metschnikowia spores successfully penetrating the 298 

gut. All GLMM models included the random effect of sampling date nested within study lake. All 299 

statistical analyses were conducted using the statistical program R version 3.5.2 (R Core Team 300 

2016). We used the glmmTMB package (Brooks et al. 2017) to conduct these analyses.  301 

 302 

Field study 303 

Data inclusion 304 

To ensure confidence in our estimates of MicG egg counts and to minimize the influence of 305 

stochasticity when disease was rare, we only included data from dates when MicG prevalence 306 

was at least 3% for all the statistical models examining field patterns. For analyses of parasite 307 

prevalence impacts on MicG-infected Daphnia relative fecundity, we excluded data for lakes 308 

where the parasite of interest was never observed during the epidemic season. We also 309 

excluded data collected once sexual females appeared (near the end of our sampling period) 310 

for all of our statistical analyses, because it is difficult to distinguish between asexual adults 311 

with no eggs and sexual females about to produce their first ephippium; thus, the number of 312 

animals with zero eggs would have been inflated, changing the relationship between resource 313 

availability and egg ratio.  314 

 315 

Relative fecundity and the multiparasite environment  316 

Prediction 2) The fecundity of MicG-infected Daphnia will increase relative to that of 317 
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uninfected individuals as the prevalence of other highly virulent parasites increases. We used 318 

GLMMs to evaluate the relationship between the relative fecundity of MicG-infected and 319 

uninfected Daphnia hosts and the prevalence of the three virulent parasites observed in our 320 

study lakes. We included the relative fecundity of MicG-infected D. dentifera [(MicG-infected 321 

egg ratio/uninfected egg ratio)-1] as the response variable. We evaluated models including 322 

prevalence of either Metschnikowia, Pasteuria, or Spirobacillus as a fixed effect, using likelihood 323 

tests to determine the significance of these effects. Models testing predictions 2 and 3 included 324 

the random effect of study lake, and we used separate models to test relationships in the 325 

Indiana and Michigan populations.  326 

 327 

Relative fecundity and resource availability  328 

Prediction 3) The fecundity difference between MicG-infected and uninfected Daphnia will 329 

vary with the resource environment, with MicG-infected Daphnia having relatively lower 330 

fecundity when resources are scarce. Using GLMMs, we evaluated whether resource 331 

availability (indexed using the uninfected adult egg ratio) predicted the relative fecundity of 332 

MicG and uninfected Daphnia [(MicG-infected egg ratio/uninfected egg ratio)-1] using 333 

likelihood tests. However, we note that correlations of X vs. Y/X can result in a spurious 334 

negative relationship when there is no relationship between X and Y: as X increases, Y/X would 335 

tend to decrease (Brett 2004). We used permutation tests to quantify the likelihood that the 336 

coefficients describing the relationship between resource availability and MicG relative 337 

fecundity were observed by chance (Supplemental text S2). To further investigate these 338 

patterns of relative fecundity, we examined the direct relationship between uninfected egg 339 
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counts and MicG-infected egg counts (X vs Y, as opposed to X vs Y/X) in the Michigan and 340 

Indiana lakes. We evaluated to what extent this relationship fell above or below a 1:1 ratio as 341 

resource availability (i.e., uninfected adult egg ratios) increased (Supplemental text S3).  342 

 343 

For cases where we observed significant effects of both parasite prevalence and resource 344 

availability, we examined whether resources and disease prevalence together or their 345 

interaction predicted the relative fecundity of MicG-infected and uninfected Daphnia. We used 346 

likelihood ratio tests to determine whether disease prevalence still explained the relative 347 

fecundity of MicG-infected animals when accounting for resource availability. We used the 348 

lme4 package to conduct all GLMM analyses of the field data (Bates et al. 2015).  349 

 350 

Results 351 

Gut Penetrability  352 

The gut epithelia of field-collected MicG-infected D. dentifera individuals were less penetrable 353 

to Metschnikowia spores, as compared to the guts of field-collected uninfected individuals 354 

(effect of infection status: χ2 = 162.98, p<0.001, Figure 1, Table S2). Moreover, resource 355 

availability altered this relationship. As resources increased, the penetrability of the gut 356 

epithelium of uninfected D. dentifera increased; however, for individuals infected by MicG, the 357 

gut remained largely impenetrable to Metschnikowia spores as resources increased (significant 358 

interaction between resource availability and infection status; χ2 = 8.89, p=0.003, Figure 1A, 359 

Table S2). In addition, we observed decreasing gut penetrability with increasing MicG infection 360 

intensity (χ2 = 9.45, p = 0.002, Figure 1B, Table S3). For these MicG-infected Daphnia, gut 361 
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penetrability also increased with increasing resources (χ2 = 20.55, p < 0.001) but there was no 362 

significant interaction between resource availability and MicG infection intensity (χ2 = 1.69, p = 363 

0.193). 364 

 365 

Relationship between fecundity and virulent parasite prevalence   366 

The nature of the interaction between a Daphnia host and its intestinal symbiont, MicG, shifted 367 

with changes in prevalence of three other much more virulent parasites. Fecundity of MicG-368 

infected Daphnia relative to that of uninfected individuals increased with increasing prevalence 369 

of Metschnikowia in the Indiana lakes (χ2 = 7.30, p=0.007, Figure 2A, Table S4), Pasteuria in the 370 

Indiana populations (χ2 = 4.05, p=0.044, Figure 2C, Table S4) and Michigan populations (χ2 = 371 

5.29, p=0.008, Figure 2D, Table S4), and Spirobacillus in the Michigan populations (χ2 = 4.87, 372 

p=0.027, figure 2F, Table S5). There was no relationship between the relative fecundity of 373 

MicG-infected Daphnia and the prevalence of Spirobacillus infection for the Indiana populations 374 

(χ2 = 1.84, p=0.175, Figure 2E, Table S4) or Metschnikowia infection for the Michigan 375 

populations (χ2 = 0.00, p=0.995, Figure 2B, Table S5); prevalence of Spirobacillus was low in 376 

Indiana relative to Michigan, and prevalence of Metschnikowia was low in Michigan relative to 377 

Indiana (Table S1), which may have limited our ability to detect an effect.  378 
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  379 
Figure 1. A) The gut epithelia of field-collected Daphnia dentifera infected with MicG were much 380 

less penetrable by Metschnikowia spores (red line), especially when resources were plentiful, as 381 

compared to the guts of field-collected uninfected individuals (blue line). The y-axis shows the 382 

likelihood of successful penetration of the body cavity for each individual Metschnikowia spore 383 

that attacked the gut epithelium of a field-collected, MicG-infected (red) or field-collected, 384 

uninfected (blue) D. dentifera individual. Logistic regression line with 95% confidence interval is 385 

shown with raw data of successes and failures in gut penetration. Resource availability is 386 

indexed as the mean egg ratio of uninfected D. dentifera for a given population and sampling 387 

date when a given experimental animal was collected. B) D. dentifera gut penetrability by 388 

Metschnikowia spores decreased with increasing MicG infection intensity (measured as total 389 

spore clusters occurring along the gut epithelium). Data points are slightly offset to increase 390 
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visibility. 391 

In the Indiana lakes, where Metschnikowia was often highly prevalent (Table S1), the relative 392 

fecundity of MicG-infected Daphnia shifted from being roughly equal to that of the uninfected 393 

individuals (Figure 2A, yellow: regression line 95% confidence interval (CI) intersecting zero line) 394 

to approximately 80% higher than that of the uninfected individuals when Metschnikowia was 395 

most prevalent (Figure 2A, blue zone: regression line CI exceeds zero). In the Michigan lakes, 396 

MicG-infected Daphnia showed lower fecundity than uninfected individuals when either 397 

Pasteuria or Spirobacillus infections were rare (Figure 2B,D, red zone: regression line CI below 398 

zero) but showed no difference in fecundity compared with uninfected Daphnia with higher 399 

prevalence of these two parasites (Figure 2B,D, regression line CI intersects zero).  400 

 401 

Relationship between fecundity and resources In Michigan, there was a positive relationship 402 

between resource availability and relative fecundity of infected animals (χ2 = 15.16, p<0.001, 403 

Figure 3A, Table S6). The strength of this effect is likely an underestimate, given the expectation 404 

of a negative slope based on the x vs. y/x relationship (Methods and Supplemental text S2). 405 

When resources were relatively low, MicG-infected D. dentifera had significantly reduced 406 

fecundity compared with uninfected animals; however, as resources increased, these negative 407 

effects of MicG diminished to the point where there was no fecundity difference between 408 

infected and uninfected animals (Figure 3A). At the highest resource levels, which occurred in 409 

North Lake, MicG-infected D. dentifera had higher fecundity than uninfected animals (Figure 410 

3A: blue shading). 411 
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 412 

Figure 2. Relative fecundity of Daphnia infected with MicG increased with increasing prevalence 413 

of Metschnikowia, Spirobacillus, and Pasteuria. Positive values on the y-axis represent greater 414 
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egg production in Daphnia infected by MicG compared with Daphnia uninfected by any 415 

parasites (e.g. if y=0.4, MicG-infected Daphnia produce 40% more eggs than uninfected 416 

Daphnia). Each data point represents relative fecundity and parasite prevalence for a single 417 

sampling date and population, with symbol shapes and shading differing according to sampling 418 

site. Red, yellow, and blue shading delineate where the 95% CI of the regression line is below, 419 

intersects, or is above zero, respectively. Red: MicG infected Daphnia perform more poorly than 420 

uninfected Daphnia (parasitism); yellow: MicG infected Daphnia and uninfected Daphnia 421 

perform equally (commensalism); blue: MicG infected Daphnia have a fecundity advantage 422 

(mutualism). A, C, E: data from Indiana lakes; B, D, F: data from Michigan lakes. Note that 423 

infection prevalence on the x-axes varies among panels. 424 

 425 

For lakes sampled in Indiana, we observed a negative relationship between resource availability 426 

and the relative fecundity of MicG-infected and uninfected D. dentifera (χ2 = 11.03, p<0.001, 427 

Table S7, Figure 3B). The negative slope we observed is what we would predict due to the x vs. 428 

y/x relationship of the data (Supplemental text S2; Table S7, Figure 3). Yet, an additional 429 

comparison of MicG-infected and uninfected Daphnia fecundity also supports a negative 430 

relationship between resources and MicG’s impact on fecundity  (supplemental text S3, figure 431 

S3). We observed greater relative fecundity of MicG-infected Daphnia when resources were 432 

low (95% CI of regression line is above the 1:1 line) and a shift towards lower relative fecundity 433 

for MicG-infected Daphnia at the highest resource levels.  434 

 435 

For the Michigan populations, when we accounted for resources, the effects of both Pasteuria 436 

and Spirobacillus prevalence were no longer significant (Table S8, Pasteuria: χ2 = 2.54, p=0.111; 437 

Spirobacillus: χ2 = 1.29, p=0.256). For the Indiana populations, Metschnikowia and Pasteuria 438 

prevalence were still significant predictors of relative fecundity of MicG-infected Daphnia when 439 

resources were included in the models (Table S9, Metschnikowia:  χ2= 12.67, p<0.001; 440 

Pasteuria: χ2 = 5.43, p=0.020), but the interaction between parasite prevalence and resources 441 

was not significant (Table S9, Metschnikowia:  χ2= 3.74, p=0.053; Pasteuria: χ2 = 0.32, p=0.575).  442 
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 443 

Figure 3. The relative fecundity of MicG-infected and uninfected Daphnia varied with resource 444 

availability. (A) MicG shifted from parasitism towards mutualism with increasing resource 445 

availability in lakes sampled in Michigan. (B) In the Indiana lakes, there was a negative 446 

relationship between resource availability and the relative fecundity of MicG-infected and 447 

uninfected D. dentifera. Resource availability, as indexed by egg ratios of uninfected asexual 448 

adults, increases with increasing values along the x-axis. Positive values on the y-axis represent 449 

greater egg production in infected animals compared with uninfected animals (e.g. if y=0.4, 450 

MicG-infected Daphnia produce 40% more eggs than uninfected Daphnia). Each data point 451 

represents average fecundity and resource availability for a single sampling date and 452 
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population. Red, yellow, and blue shading (left to right in A) delineate where the 95% CI of the 453 

regression line is below, intersects, or is above zero, respectively. Red: MicG infected animals 454 

perform more poorly than uninfected Daphnia (parasitism); yellow: MicG infected and 455 

uninfected Daphnia perform equally (commensalism); blue: MicG infected Daphnia have a 456 

fecundity advantage (mutualism).  457 

 458 

We observed no relationship between parasite prevalence and resource availability in the 459 

Indiana populations, but we did see a weak positive correlation between resources and 460 

Pasteuria prevalence as well as Spirobacillus prevalence in the Michigan populations (Text S4, 461 

figure S4). 462 

 463 

Discussion 464 

The nature of the interaction between Daphnia dentifera and its microsporidian gut symbiont 465 

MicG varied within lakes over time and across lakes. MicG-infected Daphnia tended to have 466 

higher fecundity (relative to uninfected hosts) when three virulent, obligate killer parasites 467 

were more prevalent (Figure 2). In our Indiana study lakes, where the fungal pathogen 468 

Metschnikowia was common, MicG was particularly beneficial, shifting from a commensal to 469 

mutualist as Metschnikowia prevalence increased (Figure 2A). This benefit may be explained by 470 

our finding that field-collected Daphnia infected with MicG had guts that were much less 471 

penetrable by Metschnikowia spores compared with uninfected Daphnia, a benefit that 472 

increased with increasing MicG infection intensity (Figure 1). In addition, the relative fecundity 473 

of MicG-infected Daphnia varied across resource gradients, but the relationships differed 474 

between our Michigan and Indiana populations (Figure 3). In Michigan lakes, the relative 475 

fecundity of MicG-infected Daphnia decreased with decreasing resource availability; the 476 

interaction between D. dentifera and MicG was most often parasitic or commensal in nature 477 
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and only occasionally reached the mutualism threshold (when resources were highest). In 478 

contrast, in Indiana lakes, the relative fecundity of MicG-infected animals decreased with 479 

increasing resources, and MicG nearly always fell in mutualist to commensal territory. Together, 480 

our findings suggest that MicG can shift along a mutualism-parasitism continuum depending on 481 

the ecological context, with it more likely to be a mutualist in environments with high 482 

prevalence of virulent parasites.   483 

 484 

Symbiotic interactions involve both costs and benefits for the interacting species. It is the net 485 

sum of those costs and benefits that determines whether the interaction is mutualistic, 486 

parasitic, or commensal (Johnson et al. 1997; Chamberlain et al. 2014). Due to living inside its 487 

host, MicG likely usurps resources that the host otherwise could have used for growth, 488 

maintenance, or reproduction (Hall et al. 2009b). It is plausible that as host resource availability 489 

increases, the cost of infection decreases to the point where we see no evidence of reduced 490 

fecundity (as seen in Bedhomme et al. 2004; Cressler et al. 2014). The considerable 491 

reproductive costs observed when resources are scarce in the Michigan lakes fits with this 492 

interpretation and suggests that the net negative impacts of MicG on host reproduction can be 493 

substantial. However, the negative relationship between resource availability and the relative 494 

fecundity of MicG-infected Daphnia in the Indiana Lakes suggests that additional factors can 495 

influence the relationship between MicG and its Daphnia host.  496 

 497 

Because MicG infects gut epithethial cells, and other, more virulent parasites in our system 498 

infect via the gut (Metschnikoff 1884; Duneau et al. 2011), we hypothesized that MicG’s impact 499 
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on host fitness might also depend on the prevalence of highly virulent parasites. More 500 

specifically, we hypothesized that if MicG infections reduce the likelihood of spores of other 501 

more virulent parasites crossing the gut wall, that would help protect the host from infection 502 

(including from needing to mount an energetically costly immune response). Our finding that 503 

MicG infection is associated with a greatly reduced likelihood of Metschnikowia spores crossing 504 

the gut wall lends support to this hypothesized benefit. This hypothesis is also supported by our 505 

observation that the reproductive benefit experienced by MicG-infected Daphnia increases as 506 

the prevalence of infection by Metschnikowia increases. While we have not examined the 507 

impact of MicG infection on penetrability by Pasteuria or Spirobacillus spores, we see the same 508 

increase in reproductive performance for MicG-infected animals when these other parasites are 509 

more common.  510 

 511 

While we consistently see an increasing reproductive benefit of MicG-infection with increasing 512 

prevalence of virulent parasites, MicG-infected Daphnia in the Indiana lakes were much more 513 

likely to surpass the mutualism threshold. We used a lower magnification to assess infection 514 

status in Michigan lakes, and it is possible that we missed some early stage infections – for 515 

example, an animal with an early stage Metschnikowia infection might have been diagnosed as 516 

infected in Indiana but as uninfected in Michigan. However, this cannot account for the 517 

difference in likelihood of surpassing the mutualism threshold. Indeed, it should have biased 518 

our observations in the opposite direction, making us more likely to detect mutualism (since we 519 

would expect the “uninfected” egg ratio would be artificially low if some of the animals were 520 

actually infected). Instead, we hypothesize that the difference in the nature of the MicG-521 
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Daphnia interaction in the Michigan and Indiana lakes relates to differences in the multiparasite 522 

environment in these two systems. While resource availability was similar among the study 523 

sites (Table S1; Figure S6), we observed striking variation in the prevalence of virulent parasites 524 

among lakes. Notably, Metschnikowia was commonly observed in the Indiana lakes (maximum 525 

infection rates ranging from 15-94%) but rarely observed in Michigan (maximum prevalence 0-526 

1.3%). We posit that MicG provides a reproductive benefit by preventing virulent parasite 527 

spores from penetrating the gut wall and necessitating an immune response. At the same time, 528 

MicG exerts a reproductive cost by drawing resources from its host, and potentially by altering 529 

the ability of Daphnia to absorb resources. When virulent parasites are frequently encountered 530 

(e.g., Metschnikowia is highly prevalent), the benefits far outweigh the costs. When virulent 531 

parasites are rare, the benefit of MicG infection is smaller and rarely outweighs the costs. This 532 

may explain why we see such a strong positive effect of resources in Michigan, where virulent 533 

parasites are rare, but see little evidence of a cost of MicG-infection when resources are scarce 534 

in Indiana (but virulent parasites are common).  535 

 536 

The patterns we have observed thus far provide compelling evidence that MicG-Daphnia 537 

interactions can vary from parasitic to commensal to mutualistic and that the multiparasite 538 

environment may push the interaction towards mutualism. Yet, we note that our study is 539 

limited by its observational nature. Ideally, we would experimentally test whether resource 540 

availability qualitatively changes the fitness impacts of MicG infection in D. dentifera, and, 541 

factorially, examine the effect of experimental MicG-infection on the ability of Metschnikowia, 542 

Spirobacillus, and Pasteuria to penetrate the gut wall. We have not yet been able to 543 
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experimentally infect Daphnia with MicG in the lab, but this is a very high priority for our future 544 

work. A study along these lines would help us understand why there was a strong positive 545 

relationship between resource levels and MicG’s fitness impact in Michigan lakes but not in 546 

Indiana lakes, where resource availability appeared to have a negative effect on MicG-infected 547 

host fecundity. An alternative hypothesis explaining our observations is that Daphnia vary 548 

innately in gut penetrability; individuals with less penetrable guts benefit when virulent 549 

parasites are present and are also more likely to be infected by MicG. We have not been able to 550 

evaluate this hypothesis by experimentally manipulating MicG and Metschnikowia exposure in 551 

laboratory reared animals. However, we do know the genotype identity of the field-collected 552 

Daphnia from our gut penetrability experiment. We observed great plasticity in gut 553 

penetrability within genotypes: MicG-infected individuals tended to have greatly decreased gut 554 

penetrability, compared with uninfected individuals of the same genotype (unpublished data, 555 

manuscript in preparation). This supports our hypothesis that MicG influences gut penetrability 556 

rather than simply being more likely to infect Daphnia with a genetic predisposition to reduced 557 

gut penetrability. 558 

 559 

A fundamental goal of ecology is to understand how organisms interact and what influences the 560 

nature of those interactions. Both resource availability and the multiparasite environment 561 

appear to be important parts of this equation. The importance of resources has been well 562 

documented in studies of shifts from mutualism to parasitism (Johnson et al. 1997). Our study 563 

supports that resource availability can also promote shifts in the opposite direction—from 564 

parasitism towards mutualism. Our work also supports existing evidence that parasite 565 
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community context may greatly impact interactions between a symbiont and its host (e.g., 566 

Petney & Andrews 1998; Johnson & Hoverman 2012). While we have relatively few studies to 567 

draw upon, evidence so far suggests that this flexibility along the parasitism to mutualism 568 

continuum shows up in a wide variety of host-symbiont taxa (Daphnia-microsporidian (this 569 

study), plant-fungi (Redman et al. 2001), bird nest parasitism (Canestrari et al. 2014), human-570 

gut bacterium (Lin and Koskella 2015), plant-bacterium (Savory et al. 2017), plant-virus 571 

(González et al. 2021)), and the drivers appear to involve both abiotic context and interactions 572 

with other members of the ecological community (Redman et al. 2001; Canestrari et al. 2014; 573 

Lin and Koskella 2015; Savory et al. 2017). Further research into both the generality of these 574 

patterns and the underlying ecological and evolutionary mechanisms could provide insights into 575 

disease dynamics, with potentially important applications in disease management and human 576 

health. 577 

 578 

Acknowledgements: This work was funded by the US National Science Foundation grants DEB-579 

1305836, DEB-1353806, and DEB-1701515, and by the Moore Foundation (GBMF9202; DOI: 580 

https://doi.org/10.37807/GBMF9202). Tara Stewart Merrill is a Simons fellow of the Life 581 

Sciences Research Foundation. We are grateful for field and laboratory assistance provided by 582 

K. Hunsberger, C. Shaw, N. Wale, R. Bilich, L. Michelotti, and P. Clay. J. Varvra and T. James 583 

provided critical taxonomic expertise in determining the identity of “MicG”. We thank K. 584 

McLean, C. Shaw, and N. Wale for sharing feedback that improved the original manuscript and 585 

J. Megahan for providing the illustrations. 586 

 587 



29 
 

References 588 

Allen, D. E., and T. J. Little. 2011. Identifying energy constraints to parasite resistance. Journal of 589 

Evolutionary Biology 24:224–229. 590 

Auld, S. K. J. R., S. R. Hall, and M. A. Duffy. 2012. Epidemiology of a Daphnia-multiparasite 591 

system and its implications for the Red Queen. PLoS ONE 7:1–6. 592 

Bates, D., M. Maechler, B. M. Bolker, and S. Walker. 2015. Fitting linear mixed-effects models 593 

using {lme4}. Journal of Statistical Software 67:1–48. 594 

Bedhomme, S., P. Agnew, C. Sidobre, and Y. Michalakis. 2004. Virulence reaction norms across a 595 

food gradient. Proceedings of the Royal Society B: Biological Sciences 271:739–744. 596 

Bittner, K., K. O. Rothhaupt, and D. Ebert. 2002. Ecological interactions of the microparasite 597 

Caullerya mesnili and its host Daphnia galeata. Limnology and Oceanography 47:300–305. 598 

Bouzid, M., P. R. Hunter, R. M. Chalmers, and K. M. Tyler. 2013. Cryptosporidium pathogenicity 599 

and virulence. Clinical Microbiology Reviews 26:115–134. 600 

Brett, M. T. 2004. When is a correlation between non-independent variables ‘“spurious”’? 601 

Oikos 105:647–656. 602 

Brooks, M. E. J. K. K., K. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen, H. J. Skaug, M. 603 

Maechler, et al. 2017. glmmTMB balances speed and flexibility among packages for zero-604 

inflated generalized linear mixed modeling. The R Journal 9:378–400. 605 

Brown, M. J. F., R. Loosli, and P. Schmid-Hempel. 2000. Condition-dependent expression of 606 

virulence in a trypanosome infecting bumblebees. Oikos 91:421–427. 607 

Cáceres, C. E., and A. J. Tessier. 2004. To sink or swim: Variable diapause strategies among 608 

Daphnia species. Limnology and Oceanography 49:1333–1340. 609 



30 
 

Canestrari, D., D. Bolopo, T. C. J. Turlings, G. Röder, J. M. Marcos, and V. Baglione. 2014. From 610 

parasitism to mutualism: Unexpected interactions between a cuckoo and its host. Science 611 

343:1350–1352. 612 

Casadevall, A., and L. Pirofski. 1999. Host-pathogen interactions: redefining the basic concepts 613 

of virulence and pathogenicity. Infection and immunity 67:3703–3713. 614 

Chadwick, W., and T. J. Little. 2005. A parasite-mediated life-history shift in Daphnia magna. 615 

Proceedings of the Royal Society B: Biological Sciences 272:505–509. 616 

Chamberlain, S. A., J. L. Bronstein, and J. A. Rudgers. 2014. How context dependent are species 617 

interactions? Ecology Letters 17:881–890. 618 

Chandra, R. K. 1999. Nutrition and immunology: from the clinic to cellular biology and back 619 

again. Proceedings of the Nutrition Society 58:681–683. 620 

Civitello, D. J., R. M. Penczykowski, A. N. Smith, M. S. Shocket, M. A. Duffy, and S. R. Hall. 2015. 621 

Resources, key traits and the size of fungal epidemics in Daphnia populations. Journal of Animal 622 

Ecology 84:1010–1017. 623 

Cox, F. E. G. 2001. Concomitant infections, parasites and immune responses. Parasitology 624 

122:S23–S38. 625 

Cressler, C. E., W. A. Nelson, T. Day, and E. Mccauley. 2014. Disentangling the interaction 626 

among host resources, the immune system and pathogens. Ecology Letters 17:284–293. 627 

Denison, R. F., and E. T. Kiers. 2004. Lifestyle alternatives for rhizobia: Mutualism, parasitism, 628 

and forgoing symbiosis. FEMS Microbiology Letters 237:187–193. 629 

Dobson, A. P. 1985. The population dynamics of competition between parasites. Parasitology 630 

91:317–347. 631 



31 
 

Druilhe, P., A. Tall, and C. Sokhna. 2005. Worms can worsen malaria: Towards a new means to 632 

roll back malaria? Trends in Parasitology 21:359–362. 633 

Duffy, M. A., C. E. Caceres, and S. R. Hall. 2019. Healthy herds or predator spreaders? Insights 634 

from the plankton into how predators suppress and spread disease. Pages 458–479 in K. 635 

Wilson, A. Fenton, and D. Tompkins, eds. Wildlife Disease Ecology: Linking theory to data and 636 

application. Cambridge University Press. 637 

Duffy, M. A., and S. R. Hall. 2008. Selective predation and rapid evolution can jointly dampen 638 

effects of virulent parasites on Daphnia populations. The American Naturalist 171:499–510. 639 

Duffy, M. A., T. Y. James, and A. Longworth. 2015. Ecology, virulence, and phylogeny of 640 

Blastulidium paedophthorum, a widespread brood parasite of Daphnia spp. Applied and 641 

Environmental Microbiology 81:5486–5496. 642 

Duneau, D., P. Luijckx, F. Ben-Ami, C. Laforsch, and D. Ebert. 2011. Resolving the infection 643 

process reveals striking differences in the contribution of environment, genetics and phylogeny 644 

to host-parasite interactions. BMC Biology 9:1–11. 645 

Ebert, D. 2005. Ecology, Epidemiology and Evolution of Parasitism in Daphnia [Internet]. 646 

National Library of Medicine (US), National Center for Biotechnology Information, Bethesda, 647 

MD. 648 

Ebert, D., M. Lipsitch, and K. L. Mangin. 2000. The effect of parasites on host population density 649 

and extinction: Experimental epidemiology with Daphnia and six microparasites. American 650 

Naturalist 156:459–477. 651 

Ebert, D., P. Rainey, T. M. Embley, and D. Scholz. 1996. Development, life cycle, ultrastucture 652 

and phylogenetic position of Pasteuria ramosa Metchnikoff 1888: rediscovery of an obligate 653 



32 
 

endoparasite of Daphnia magna Straus. Philosophical Transactions of the Royal Society B 654 

351:1689–1701. 655 

Fels, D. 2005. The effect of food on microparasite transmission in the waterflea Daphnia 656 

magna. Oikos 109:360–366. 657 

Furlong, M. J., and E. Groden. 2003. Starvation induced stress and the susceptibility of the 658 

Colorado potato beetle, Leptinotarsa decemlineata, to infection by Beauveria bassiana. Journal 659 

of Invertebrate Pathology 83:127–138. 660 

Gardner, E. M. 2005. Caloric restriction decreases survival of aged mice in response to primary 661 

influenza infection. Journals of Gerontology: Biological Sciences 60A:688–694. 662 

González, R., A. Butković, F. J. Escaray, J. Martínez-Latorre, Í. Melero, E. Pérez-Parets, A. Gómez-663 

Cadenas, et al. 2021. Plant virus evolution under strong drought conditions results in a 664 

transition from parasitism to mutualism. Proceedings of the National Academy of Sciences 665 

118:e2020990118. 666 

Hall, S. R., C. J. Knight, C. R. Becker, M. A. Duffy, A. J. Tessier, and C. E. Cáceres. 2009a. Quality 667 

matters: Resource quality for hosts and the timing of epidemics. Ecology Letters 12:118–128. 668 

Hall, S. R., J. L. Simonis, R. M. Nisbet, A. J. Tessier, and C. E. Cáceres. 2009b. Resource ecology of 669 

virulence in a planktonic host‐parasite system: An explanation using dynamic energy budgets. 670 

The American Naturalist 174:149–162. 671 

Hebert, P. D. N. 1995. The Daphnia of North America: An illustrated fauna. CyberNatural 672 

Software, University of Guelph. 673 

Hoeksema, J. D., and E. M. Bruna. 2000. Pursuing the big questions about interspecific 674 

mutualism: A review of theoretical approaches. Oecologia 125:321–330. 675 



33 
 

Hoeksema, J. D., V. B. Chaudhary, C. A. Gehring, N. C. Johnson, J. Karst, R. T. Koide, A. Pringle, et 676 

al. 2010. A meta-analysis of context-dependency in plant response to inoculation with 677 

mycorrhizal fungi. Ecology Letters 13:394–407. 678 

Hube, B. 2004. From commensal to pathogen: Stage- and tissue-specific gene expression of 679 

Candida albicans. Current Opinion in Microbiology 7:336–341. 680 

Hughes, S., and P. Kelly. 2006. Interactions of malnutrition and immune impairment, with 681 

specific reference to immunity against parasites. Parasite Immunology 28:577–588. 682 

Irwin, R. E., J. L. Bronstein, J. S. Manson, and L. Richardson. 2010. Nectar robbing: Ecological and 683 

evolutionary perspectives. Annual Review of Ecology, Evolution, and Systematics 41:271–292. 684 

Johnson, N. C., J. H. Graham, and F. A. Smith. 1997. Functioning of mycorrhizal associations 685 

along the mutualism – parasitism continuum. New Phytologist 575–585. 686 

Johnson, P. T. J., and J. T. Hoverman. 2012. Parasite diversity and coinfection determine 687 

pathogen infection success and host fitness. Proceedings of the National Academy of Sciences 688 

of the United States of America 109:9006–9011. 689 

Johnson, P. T. J., A. R. Townsend, C. C. Cleveland, P. M. Glibert, R. W. Howarth, V. J. Mckenzie, E. 690 

Rejmankova, et al. 2010. Linking environmental nutrient enrichment and disease emergence in 691 

humans and wildlife. Ecological Applications 20:16–29. 692 

Kerfoot, W. C., C. Levitan, and W. R. Demott. 1988. Daphnia-phytoplankton interactions: 693 

Density-dependent shifts in resource quality. Ecology 69:1806–1825. 694 

Kinnula, H., J. Mappes, J. K. Valkonen, K. Pulkkinen, and L. R. Sundberg. 2017. Higher resource 695 

level promotes virulence in an environmentally transmitted bacterial fish pathogen. 696 

Evolutionary Applications 10:462–470. 697 



34 
 

Lambrechts, L., J.-M. Chavatte, G. Snounou, and J. C. Koella. 2006. Environmental influence on 698 

the genetic basis of mosquito resistance to malaria parasites. Proceedings of the Royal Society 699 

B: Biological Sciences 273:1501–1506. 700 

Lau, J. A., E. J. Bowling, L. E. Gentry, P. A. Glasser, E. A. Monarch, W. M. Olesen, J. Waxmonsky, 701 

et al. 2012. Direct and interactive effects of light and nutrients on the legume-rhizobia 702 

mutualism. Acta Oecologica 39:80–86. 703 

Lin, D., and B. Koskella. 2015. Friend and foe: Factors influencing the movement of the 704 

bacterium Helicobacter pylori along the parasitism-mutualism continuum. Evolutionary 705 

Applications 8:9–22. 706 

Little, T. J., and S. C. Killick. 2007. Evidence for a cost of immunity when the crustacean Daphnia 707 

magna is exposed to the bacterial pathogen Pasteuria ramosa. Journal of Animal Ecology 708 

76:1202–1207. 709 

Lochmiller, R. L., M. R. Vestey, and J. C. Boren. 1993. Relationship between protein nutritional 710 

status and immunocompetence in Northern Bobwhite chicks. The Auk 110:503–510. 711 

Lohr, J. N., M. Yin, and J. Wolinska. 2010. Prior residency does not always pay off - Co-infections 712 

in Daphnia. Parasitology 137:1493–1500. 713 

Mangin, K. L., M. Lipsitch, and D. Ebert. 1995. Virulence and transmission modes of two 714 

microsporidia in Daphnia magna. Parasitology 111:133–140. 715 

Metschnikoff, E. 1884. A disease of Daphnia caused by a yeast. A contribution to the theory of 716 

phagocytes as agents for attack on disease-causing organisms. Archiv fur pathologische 717 

Anatomie und Physiologie und fur klinische Medicin 96:177–195. 718 

Min, K.-T., and S. Benzer. 1997. Wolbachia, normally a symbiont of Drosophila, can be virulent, 719 



35 
 

causing degeneration and early death. Proceedings of the National Academy of Sciences of the 720 

United States of America 94:10792–10796. 721 

Miner, B. E., L. De Meester, M. E. Pfrender, W. Lampert, and N. G. H. Jr. 2012. Linking genes to 722 

communities and ecosystems: Daphnia as an ecogenomic model. Proceedings of the Royal 723 

Society B: Biological Sciences 279:1873–1882. 724 

Penczykowski, R. M., B. C. P. Lemanski, R. D. Sieg, S. R. Hall, J. Housley Ochs, J. Kubanek, and M. 725 

A. Duffy. 2014. Poor resource quality lowers transmission potential by changing foraging 726 

behaviour. Functional Ecology 28:1245–1255. 727 

Petney, T. N., and R. H. Andrews. 1998. Multiparasite communities in animals and humans: 728 

Frequency, structure and pathogenic significance. International Journal for Parasitology 729 

28:377–393. 730 

R Core Team. 2016. R: A language and environment for statistical computing. R Foundation for 731 

Statistical Computing, Vienna, Austria. 732 

Rafaluk-Mohr, C., B. Ashby, D. A. Dahan, and K. C. King. 2018. Mutual fitness benefits arise 733 

during coevolution in a nematode-defensive microbe model. Evolution Letters 2:246–256. 734 

Read, A. F. 1994. The evolution of virulence. Trends in Microbiology 2:73–76. 735 

Redman, R. S., D. D. Dunigan, and R. J. Rodriguez. 2001. Fungal symbiosis from mutualism to 736 

parasitism: Who controls the outcome, host or invader? New Phytologist 151:705–716. 737 

Sadd, B. M. 2011. Food-environment mediates the outcome of specific interactions between a 738 

bumblebee and its trypanosome parasite. Evolution 65:2995–3001. 739 

Savory, E. A., S. L. Fuller, A. J. Weisberg, W. J. Thomas, M. I. Gordon, D. M. Stevens, A. L. 740 

Creason, et al. 2017. Evolutionary transitions between beneficial and phytopathogenic 741 



36 
 

Rhodococcus challenge disease management. eLife 1–28. 742 

Stadler, B., and A. F. G. Dixon. 2005. Ecology and evolution of aphid-ant interactions. Annual 743 

Review of Ecology, Evolution, and Systematics 36:345–372. 744 

Stewart Merrill, T. E., and C. E. Cáceres. 2018. Within-host complexity of a plankton-parasite 745 

interaction. Ecology 99:2864–2867. 746 

Stewart Merrill, T. E., S. R. Hall, L. Merrill, and C. E. Cáceres. 2019. Variation in immune defense 747 

shapes disease outcomes in laboratory and wild Daphnia. Integrative and Comparative Biology 748 

59:1203–1219. 749 

Stewart, T. E., and S. A. Schnitzer. 2017. Blurred lines between competition and parasitism. 750 

Biotropica 49:433–438. 751 

Telfer, S., X. Lambin, R. Birtles, P. Beldomenico, S. Burthe, S. Paterson, and M. Begon. 2010. 752 

Species interactions in a parasite community drive infection risk in a wildlife population. Science 753 

330:243–247. 754 

Tessier, A. J., and P. Woodruff. 2002. Cryptic trophic cascade along a gradient of lake size. 755 

Ecology 83:1263–1270. 756 

Threlkeld, S. T. 1979. The midsummer dynamics of two Daphnia species in Wintergreen Lake, 757 

Michigan. Ecology 60:165–179. 758 

Trujillo-Ferrara, J., R. Campos-Rodriguez, E. Lara-Padilla, D. Ramirez-Rosales, J. Correa Basurto, 759 

A. Miliar Garcia, H. Reyna Garfias, et al. 2011. Caloric restriction increases free radicals and 760 

inducible nitric oxide synthase expression in mice infected with Salmonella Typhimurium. 761 

Bioscience Reports 31:273–282. 762 

Wale, N., M. L. Turrill, and M. A. Duffy. 2019. A colorful killer: Daphnia infected with the 763 



37 
 

bacterium Spirobacillus cienkowskii exhibit unexpected color variation. Ecology 100:1–4. 764 

Washburn, J. A. N., D. R. Mercer, and J. R. Anderson. 1991. Regulatory role of parasites: Impact 765 

on host population shifts with resource availability. Science 253:185–188. 766 

Zuur, A. F., E. N. Ieno, N. J. Walker, A. A. Saveliev, and G. M. Smith. 2009. Mixed Effects Models 767 

and Extensions in Ecology with R. Springer, New York, NY. 768 

 769 



38 
 

Table 1. Symbionts included in this study vary greatly in their fitness impacts on hosts. This table focuses particularly on impacts of 770 

these symbionts in Daphnia dentifera, the focal host in our study. (Illustration credit: John Megahan) 771 

Symbiont Symbiont cartoon 

used in figures 

Taxon Site of infection Impact on host 

reproduction 

Impact on host 

lifespan 

Relevant 

references 

Metschnikowia 

bicuspidata 

 

fungus Infects by piercing 

gut, develops in host 

hemolymph 

Reduces host 

fecundity (by 

~25-50%) 

Strong Duffy and Hall 

2008; Auld et al. 

2012; Stewart 

Merrill and Cáceres 

2018 

MicG (species 

identity not 

yet 

determined)  

 

microsporidian Gut epithelium Evaluated in this 

study 

None detected 

(this study; 

supplemental text 

S1, Figure S1) 

Genbank accession 

MH635259 

Pasteuria 

ramosa 

 

bacterium Infects via host gut 

(attachment to 

esophagus); develops 

in host hemolymph 

Very strong 

(infected hosts 

rarely 

reproduce) 

No significant 

impact (except via 

increased risk of 

fish predation) 

Auld et al. 2012; 

Duffy et al. 2019 

Spirobacillus 

cienkowskii 

 

bacterium Hypothesized to 

infect via host gut; 

develops in host 

hemolymph 

Very strong 

(infected hosts 

rarely 

reproduce) 

Very strong Duffy & Hall 2008, 

Wale et al. 2019 

 772 
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Table S1. Location and maximum prevalence of each parasite in the study lakes. Observation of infection by Metschnikowia in the 1 

Michigan lakes would only detect the more visible late stage infections, whereas data from Indiana lakes captured both early and 2 

late stage infections, owing to differences in magnification used to examine host infection status. We note the prevalence of the 3 

more visible, late stage-only Metschnikowia infection in parentheses for the Indiana lakes. Resource availability, as indexed by 4 

uninfected egg ratio, is shown for observations from each lake on dates included in the statistical analyses (when MicG was found at 5 

a minimum of 3% prevalence and before ephippia were observed in the late fall). 6 

7 Lake Location MicG Metschnikowia Pasteuria Spirobacillus Uninfected egg ratio  
mean (SD/min/max) 

Gosling  Livingston County, Michigan 
(42°26'22.2N, 84°0'11.9W) 

5.0% 0.0% 1.2% 0.0% 1.15 (0.51/0.73/1.89) 

North  Washtenaw County, Michigan 
(42°23'35.3N, 84°0'22.9W) 

48.0% 0.0% 2.1% 20.1% 1.41 (0.55/0.38/2.52) 

Pickerel  Washtenaw County, Michigan 
(42°24'37N, 83°58'58.5W) 

57.0% 1.3% 0.4% 8.6% 0.93 (0.31/0.54/1.70) 

Sullivan  Washtenaw County, Michigan 
(42°23'55.6N, 84°3'25.4W) 

5.0% 0.9% 0.9% 2.5% 1.09 (0.44/0.58/1.75) 

Beaverdam Greene County, Indiana 
(39°5’53.5N, 87°8’45.8W) 

44.0% 26.0% (0%) 2.0% 4.0% 1.36 (0.45/0.81/2.00) 

Benefiel Sullivan County, Indiana 
(38°58’16.9 N, 87°15’20.3 W) 

82.0% 92.3% (50.0%) 2.0% 0.0% 1.15 (1.11/0.50/4.00) 

Downing Sullivan County, Indiana 
(39°2’24.1 N, 87°14’39.4 W) 

68.0% 94.0% (42.0%) 0.0% 0.0% 1.14 (0.72/0.29/2.20) 

Hale Sullivan County, Indiana 
(38°58’19.8 N, 87°14’47.8 W) 

46.0% 70.0% (18.0%) 2.0% 4.0% 0.96 (0.38/0.52/1.53) 

Midland Greene County, Indiana 
(39°7’28.4 N, 87°10’35.6 W) 

56.0% 15.4% (0.0%) 6.0% 4.0% 1.15 (0.77/0.40/2.87) 

Star Greene County, Indiana 
(39°0’5.1 N, 87°13’6.0 W) 

52.0% 76.0% (30.0%) 8.0% 0.0% 0.96 (0.65/0.33/1.85) 
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Supplemental text S1. MicG infection does not affect host lifespan 8 

 9 

In the fall of 2017, we examined the effect of MicG infection on Daphnia dentifera host lifespan 10 

with a life-table experiment using field-collected animals. We collected 100 adult asexual D. 11 

dentifera individuals on October 5, 2017 from Crooked Lake (Sylvan Township, Michigan, USA) 12 

during a MicG epidemic. Fifty of these Daphnia were infected with MicG (and were not 13 

coinfected with another parasite) and fifty showed no signs of infection by MicG or any other 14 

parasite. Each D. dentifera individual was kept at 20 °C with a 16:8 hr light:dark photoperiod in 15 

a 50 mL beaker filled with 30 mL of filtered lake water. Study animals were fed 1 x 106 cells of 16 

the green algae Ankistrodesmus falcatus four times per week. Individuals were monitored daily 17 

for survival and upon death were checked for infection status (to make sure they were not 18 

infected with another parasite besides MicG). 19 

 20 

D. dentifera individuals survived between 4 and 55 days post collection. There was no 21 

difference in survival rate for uninfected Daphnia and those infected with MicG (T = 0.32554, p 22 

= 0.7455, figure S1). 23 

 24 

 25 

 26 

Figure S1. There was no difference in lifespan (days post field collection) of MicG-infected and 27 

uninfected adult Daphnia dentifera.  28 

 29 

  30 



 

 3  
 

 31 
 32 

Figure S2. Microscope images showing needle-shaped Metschnikowia spores attacking the gut 33 

epithelium of wild-caught Daphnia. Spores that were consumed and moved from the gut lumen 34 

to then attack the gut epithelium are indicated with red arrows. Three spores that attacked and 35 

failed to penetrate the gut epithelium are shown in A; three spores that attacked the gut 36 

epithelium and successfully penetrated the body cavity are shown in B.  37 

  38 
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Supplemental Text S2 39 

Regressing X vs. Y/X  40 

 41 

In analyses where X is correlated with Y/X we might expect to see a spurious correlation, just 42 

based on the fact that as X increases, Y/X would decrease even if Y remains constant (Brett 43 

2004). In our analysis we use the egg ratio of uninfected animals as both an index of resource 44 

availability (X) and as part of our measure of the relative fecundity of infected individuals (Y/X).  45 

 46 

To address this issue, we conducted permutation tests to determine the likelihood that the 47 

relationship between resource availability and relative fecundity of MicG-infected D. dentifera 48 

is spurious. Using the statistical program R, we randomly sorted our X (uninfected egg count) 49 

and Y (MicG egg count/uninfected egg count-1) data and plotted X vs. Y to determine the 50 

correlation coefficient. This process was repeated 10,000 times with data for both the Michigan 51 

study lakes and again with the data from the Indiana study lakes. For the Michigan study lakes, 52 

the mean correlation coefficient from the permutation tests was -0.8731 (SD= 0.207, max= -53 

0.228, min= -1.699). For the Indiana study lakes, the mean correlation coefficient was for the 54 

permutation tests -0.282 (SD=0.167, max=0.266, min= -0.886).  55 

 56 

The slope of the relationship between resource availability and relative fecundity of MicG-57 

infected Daphnia for our field data collected in Michigan was 0.241. For the permutation tests 58 

of the Michigan data, there were zero instances out of 10,000 where the simulated coefficient 59 

was positive. This suggests that there is very little chance (p<0.0001) that the observed positive 60 

relationship between resource availability and relative fecundity of MicG-infected animals was 61 

due to the non-independence of our X- and Y-axis variables for the Michigan Lake data. If 62 

anything, the issues with X vs. Y/X regression likely lead to an underestimate of the slope in our 63 

linear model, providing a conservative estimate of this relationship between relative fecundity 64 

and resources. 65 

 66 

The slope observed from our field data collected in Indiana was -0.430, which is within the 19th 67 

percentile for the coefficients observed in our permutation tests (Figure S5). Based on this, we 68 

do not feel confident in rejecting the null hypothesis that the negative relationship between 69 

resource availability and the relative fecundity of Mic-G infected Daphnia observed in the 70 

Indiana lakes was due to chance. However, an alternative examination of the direct relationship 71 

between egg ratios of MicG-infected and uninfected Daphnia suggests that indeed, there may 72 

be a negative relationship between resource availability and the relative fecundity of MicG-73 

infected and uninfected Daphnia in this Indiana study system (supplemental text S3). 74 

 75 

Reference: 76 

Brett, M. T. 2004. When is a correlation between non-independent variables ‘“spurious”’? 77 

Oikos 105:647–656. 78 

  79 
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Supplemental text S3. Direct comparison of uninfected and MicG-infected egg ratios. 80 

 81 

An alternative way of viewing the relative fecundity of MicG-infected and uninfected Daphnia is 82 

to directly compare their egg counts and determine to what extent the ratio of MicG-infected: 83 

uninfected egg ratios falls above or below one (Figure S3). When plotted in this way, we see a 84 

similar pattern displayed in Figure 3 (main text), where we compared the uninfected egg ratio 85 

with the composite index of MicG-infected/uninfected egg ratio – 1.  86 

 87 

In the Michigan populations, as uninfected egg ratios (and resource availability) increased, 88 

MicG-infected Daphnia shifted from producing relatively fewer eggs to relatively more eggs in a 89 

given lake and sampling date. In the Indiana lakes, we saw the opposite trend: MicG-infected 90 

Daphnia had higher fecundity on dates when uninfected egg ratios were low and a ratio equal 91 

to or below 1 at higher resource levels. 92 

 93 

These findings support our analyses presented in the main text, suggesting that MicG shifts 94 

from providing a net cost to a net benefit in Michigan as resource availability increases and 95 

shifts from producing a net benefit to no cost or even a net cost as resources increase in 96 

Indiana.  97 

 98 

 99 
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 100 
Figure S3. The relationship between MicG-infected and uninfected D. dentifera egg ratios 101 

diverged from a 1:1 relationship in both the Michigan (A) and Indiana populations (B). Each 102 

data point represents the ratio of the mean number of eggs produced by MicG-infected and 103 

uninfected D. dentifera for a given population and sampling date. Red, yellow and blue shading 104 

(left to right in panel A) delineate where the 95% CI of the regression (solid black line with gray 105 

shading) is below, intersects, or above the 1:1 line of equal fecundity (the dotted line). Red: 106 

MicG-infected D. dentifera produce fewer eggs than uninfected animals (parasitism); yellow: 107 

MicG-infected and uninfected D. dentifera produce equal numbers of eggs (commensalism); 108 

blue: MicG-infected D. dentifera produce relatively more eggs (mutualism). 109 
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Table S2. Model results for GLMM analyses of the laboratory infection assay results. Models 110 

examine whether MicG-infection status, resource availability (log(uninfected adult egg ratio 111 

+1)), or the interaction of these two fixed effects influence the likelihood of Metschnikowia 112 

spores penetrating the gut epithelium of the field collected Daphnia. Resource availability was 113 

log transformed to improve the linearity of the relationship between the predictor and the log 114 

odds. The final model (as selected by likelihood ratio tests) is highlighted with bold text.  115 

 116 

 117 

Response variable Fixed effects AIC logLik χ2 P value 

Gut penetrability Infection status * 

resource availability 

7804.1 -3898.0 8.89 0.003 

Gut penetrability Infection status + 

resource availability 

7811.0 -3902.5 128.95 <0.001 

Gut penetrability Infection status 7937.9 -3967.0 162.98 <0.001 

Gut penetrability null 8098.9 -4048.5   

 118 

Table S3. Model results for GLMM analysis examining the relationship between MicG infection 119 

intensity, resource availability (log(uninfected egg ratio +1) and the likelihood of Metschnikowia 120 

spores penetrating the gut epithelium of the field collected Daphnia. The final model (as 121 

selected by likelihood ratio tests) is highlighted with bold text. 122 

 123 

Response variable Fixed effects AIC logLik χ2 P value 

Gut penetrability Infection intensity * 

resource availability 

2486.3 -1239.2 1.69 0.193 

Gut penetrability Infection intensity + 

resource availability 

2486.0 -1240.0 20.55 <0.001 

Gut penetrability Infection intensity 2504.5 -1250.3 9.45 0.002 

Gut penetrability null 2512.0 -1255.0   

  124 
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Table S4 GLMM results for Indiana lakes field data examining relationships between parasite 125 

prevalence and relative fecundity of MicG-infected Daphnia. In each case, we compared a 126 

model that included prevalence of a single virulent parasite (Metschnikowia, Pasteuria, or 127 

Spirobacillus) with a null model that did not include parasite prevalence. 128 

 129 

 130 

 131 

 132 

Table S5. GLMM results for Michigan lakes field data examining relationships between parasite 133 

prevalence and relative fecundity of MicG-infected Daphnia. In each case, we compared a 134 

model that included prevalence of a single virulent parasite (Metschnikowia, Pasteuria, or 135 

Spirobacillus) with a null model that did not include parasite prevalence.  136 

 137 

 138 

  139 

Response variable Fixed effects Coef. AIC logLik χ2 P value 

MicG relative fecundity Metschnikowia prevalence 0.814 102.55 -47.25 7.30 0.007 

MicG relative fecundity null  107.8 -50.90   

MicG relative fecundity Pasteuria prevalence 9.497 67.34 -29.67 4.05 0.044 

MicG relative fecundity null  69.39 -31.69   

MicG relative fecundity Spirobacillus prevalence 7.898 37.90 -14.95 1.84 0.175 

MicG relative fecundity null  37.74 -15.87   

Response variable Fixed effects Coef. AIC logLik χ2 P value 

MicG relative fecundity Metschnikowia prevalence -0.078 6.74 0.63 0.00 0.995 

MicG relative fecundity null  4.74 0.63   

MicG relative fecundity Pasteuria prevalence 16.710 -0.57 4.28 5.29 0.008 

MicG relative fecundity null  4.43 0.79   

MicG relative fecundity Spirobacillus prevalence 1.567 -3.28 5.64 4.87 0.027 

MicG relative fecundity null  -0.41 3.21   
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Table S6. GLMM results for relationship between resource availability, indexed as uninfected 140 

egg ratio, and the relative fecundity of MicG-infected Daphnia in Michigan lakes. In this 141 

analysis, we compared a model that incorporated our index of resource availability (uninfected 142 

adult egg ratio) with a null model that did not include resource availability. See supplemental 143 

text S2 for our examination of the likelihood that this positive coefficient of 0.241 could have 144 

occurred by chance. 145 

  146 

 147 

Table S7. GLMM results for relationship between resource availability, indexed as uninfected 148 

egg ratio, and the relative fecundity of MicG-infected Daphnia in Indiana lakes. In this analysis, 149 

we compared a model that incorporated our index of resource availability (uninfected adult egg 150 

ratio) with a null model that did not include resource availability. See supplemental text S2 for 151 

our examination of the likelihood that this negative coefficient of -0.430 could have occurred by 152 

chance. 153 

  154 

  155 

Response variable Fixed effects Coef. AIC logLik χ2 P value 

MicG relative fecundity Resource availability 0.241 -8.73 8.37 15.16 <0.001 

MicG relative fecundity null  4.43 0.79   

Response variable Fixed effects Coef. AIC logLik χ2 P value 

MicG relative fecundity Resource availability -0.430 98.78 -45.39 11.03 <0.001 

MicG relative fecundity null  107.80 -50.90   
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 156 

Table S8. Model results for GLMM analyses of Michigan data examining whether Pasteuria or 157 

Spirobacillus prevalence explained variability in relative fecundity of MicG-infected Daphnia 158 

when accounting for any influence of resource availability (uninfected adult egg ratio).  The 159 

results of the best fit models are highlighted with bold text.  160 

 161 

 162 

  163 

Response variable Fixed effects AIC logLik χ2 P value 

MicG relative fecundity Pasteuria prevalence * 

Resource availability 

-7.28 9.64 0.006 0.939 

MicG relative fecundity Pasteuria prevalence + 

Resource availability 

-9.27 9.64 2.54 0.111 

MicG relative fecundity Resource availability -8.73 8.37 15.16 <0.001 

MicG relative fecundity null 4.43 0.79   

MicG relative fecundity Spirobacillus prevalence 

* Resource availability 

-10.08 11.04 0.43 0.510 

MicG relative fecundity Spirobacillus prevalence 

+ Resource availability 

-11.65 10.82 1.29 0.256 

MicG relative fecundity Resource availability -12.35 10.18 13.94 <0.001 

MicG relative fecundity null -0.41 3.21   
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Table S9. Model results for GLMM analyses of Indiana data examining whether resource 164 

availability (uninfected asexual adult egg ratio) explained variability in relative fecundity of 165 

MicG-infected Daphnia when accounting for any influence of Metschnikowia  or Pasteuria 166 

prevalence.  The results of the best fit models are highlighted with bold text. The qualitative 167 

results do not change if resource availability is included in the simpler model and parasite 168 

prevalence is added in the more complex model (the full model is still the best fit). 169 

 170 

 171 

 172 

  173 

Response variable Fixed effects AIC logLik χ2 P value 

MicG relative fecundity Metschnikowia prevalence * 

Resource availability 

90.10 -39.05 3.74 0.053 

MicG relative fecundity Metschnikowia prevalence 

+ Resource availability 

91.83 -40.92 12.67 <0.001 

MicG relative fecundity Metschnikowia prevalence 102.50 -47.25 7.30 0.007 

MicG relative fecundity null 107.80 -50.91   

MicG relative fecundity Pasteuria prevalence * 

Resource availability 

65.59 -26.95 0.32 0.575 

MicG relative fecundity Pasteuria prevalence + 

Resource availability 

63.91 -26.95 5.43 0.019 

MicG relative fecundity Pasteuria prevalence 67.34 -29.67 4.05 0.044 

MicG relative fecundity null 69.39 -31.69   
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Supplemental Text S4. Relationship between resource availability and virulent parasite 174 

prevalence 175 

 176 

We observed a weak positive relationship between Pasteuria prevalence and resource 177 

availability (indexed as uninfected Daphnia egg ratios for a given lake and date) (Figure S4d, 178 

GLMM with lake as a random effect: χ2= 4.535, p=0.033) as well as Spirobacillus prevalence and 179 

resources in Michigan lakes (Figure S4f, GLMM with lake as a random effect: χ2= 4.294, 180 

p=0.038). Otherwise we observed no significant relationship between resource availability and 181 

virulent parasite prevalence (Fig S4, Metschnikowia in Indiana: χ2=0.0255 , p=0.873, Pasteuria in 182 

Indiana: χ2= 0.354, p=0.552, Spirobacillus in Indiana: χ2= 0.946, p=0.331, Metschnikowia in 183 

Michigan χ2=0.244 , p=0.621).  184 

 185 

This positive association between resources and Pasteuria and Spirobacillus prevalence in the 186 

Michigan lakes may help explain why MicG was especially beneficial when resources were 187 

plentiful in these populations. Examination of the prevalence of virulent parasites most 188 

common in the Michigan and Indiana lakes in conjunction with the relative fecundity of MicG-189 

infected Daphnia across resource gradients (Fig S5) revealed that high prevalence of each of the 190 

parasites occurred at a range of resource availabilities. The prevalence of Pasteuria and 191 

especially Spirobacillus in the Michigan lakes appears to be relatively low when MicG is more 192 

virulent (i.e., the lowest relative fecundities) 193 
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 194 
Figure S4. Relationship between resource availability, indexed by mean uninfected D. dentifera 195 

egg ratio and the prevalence of three common, virulent parasites in the Indiana lakes (A, C, E) 196 

and the Michigan lakes (B, D, F). Each data point represents the value for a given population 197 

and sampling date. 198 

  199 
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 200 
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Figure S5. Relationships between resource availability and the relative fecundity of MicG-201 

infected and uninfected Daphnia; the data shown here is the same as in Figure 3, but with 202 

symbol size varied to indicate prevalence of (A) Pasteuria, (B) Spirobacillus, and (C) 203 

Metschnikowia. (A-B) MicG shifted from parasitism towards mutualism with increasing 204 

resource availability in lakes sampled in Michigan; for Spirobacillus in particular, the greatest 205 

virulence of MicG infections (that is, the lowest relative fecundities). All occurred when 206 

Spirobacillus prevalence was low. (C) In the Indiana lakes, there was a negative relationship 207 

between resource availability and the relative fecundity of MicG-infected and uninfected D. 208 

dentifera; a negative slope is the null hypothesis for x vs. y/x comparisons such as this one 209 

(Supplemental text S2). Resource availability, as indexed by egg ratios of uninfected asexual 210 

adults, increases with increasing values along the x-axis. Positive values on the y-axis represent 211 

greater egg production in infected animals compared with uninfected animals (e.g. if y=0.4, 212 

MicG-infected Daphnia produce 40% more eggs than uninfected Daphnia). Each data point 213 

represents average fecundity and resource availability for a single sampling date and 214 

population. Red, yellow, and blue shading (left to right in panel A) delineate where the 95% CI 215 

of the regression line is below, intersects, or is above zero, respectively. Red: MicG infected 216 

animals perform more poorly than uninfected Daphnia (parasitism); yellow: MicG infected and 217 

uninfected Daphnia perform equally (commensalism); blue: MicG infected Daphnia have a 218 

fecundity advantage (mutualism).  219 

  220 
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Supplemental text S5. Variation in resource availability among the study lakes. 221 

 222 

Resource availability, indexed as the mean number of eggs observed in uninfected asexual adult 223 

Daphnia in a given lake and sampling date, varied considerably over time (Figure S6) and among 224 

lakes (Table S1). Mean uninfected egg counts for the dates included in our analyses ranged 225 

from 0.93-1.46, and maximum counts ranged from 1.53-4.0 eggs per asexual adult female 226 

(Table S1). 227 

 228 

While the Indiana lakes had the highest maximum and minimum egg counts, the distribution of 229 

resource availability tended to be weighted more heavily in the lower ranges (0-0.5 eggs per 230 

asexual adult female) (Figure S6).  231 

 232 
 233 

Figure S6. Variation in resources availability, indexed as mean uninfected egg counts for each 234 

sampling date and lake in the Michigan and Indiana field surveys. Data is shown for dates 235 

included in statistical analyses of field patterns, which includes MicG prevalence of at least 3% 236 

and excludes dates when ephippial production was present in late fall.  237 
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