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Abstraet

Host combat their parasites usingechanisms of resistance and toleramdech
togetherdetermine parasité@rulence.Environmental factors, including diet, mediate the
impact of parasites on hosts, with diet providing nutritional and medicinal pespert
Here we presenthe first evidencé¢hat ongoing environmental change decreases host
toleranecerand increases parasite virulence through a loss of dietary medicinal quality.
Monarchbutterflies use dietary toxins (cardenolides) to reducaltieteriousmpacs of

a proteman parasitédVe fedmonarcharvaefoliage from four milkweedspeciesgrown
undereitherelevated or ambier@O,, andmeasurd change resistancetolerance and
virulence. The most higbardenolide milkweedpeciedostits medicinal properties
underelevated C@; monarchtoleranceto infectiondecreasedandparasitevirulence
increasedDeclines in medicinal qualitywere associated with declinesfaliar
concentrations of lipophilic cardenolid€3ur resultsemphasize that global
environmentathange may influence parashest interactions through changes in the

medicinal properties of plants.
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I ntroduction

Whenfacinginfection, hosts utilize two avenues of defense: resistance and tolerance
(Raberget al. 2007; Bestt al. 2008) Resistanceeduces the probability and degree of
parasitic infection, andubsequent parasite replicati@g.parasite fithesg)Bestet al.
2008; Bootst al. 2009) In contrasttolerance describegbeability of hosts tanitigate

the negative fitness impacts of infectifmn a given pathogen log@Raberget al. 2009;
Kutzer& Armitage 2016a)MVhile host resistance redugearasite fitnesby preventing
infection"orlowering parasite replicatiomost toleranceoes noreduceparasite fithess
Therefore, the two defense strategies should engender differemblationary outcomes
for hostparasite dynamicgRoy & Kirchner 2000; Restif & Koella 2004).

Resistance and toleranegolve because of the inherelsmagegvirulence)thatparasites
causeto their hosts. Wulenceemerges from the interaction betwegerasite and host
genotypgLambrechtst al. 2006; Rabergt al. 2007) andrarieswith hostecology and
conditions(Thomas & Blanford 2003; Boots 2011; Howick & Lazzaro 2014). Together,
hostresistance and tolerance influence the rate at which parasites replicdtaraye

the host, governinthe severity ofirulence(de Roodeet al. 2008a, b; Taeat al. 2015).

Understandingariationin resistancdias long been focus of disease ecologyost
genotype, physiology and environment all contributeaiasite resistandeambrechts
et al. 2006;"Wolinska & King 2009)Iin contrast, our understanding of host tolerance
deriveslargelyfrom the study of pests that attack plamesigwed in Baucom& De
Roode 2011)Recentwork investigating host tolerance in anisidagocusedargelyon
host genotype under laboratory conditions (Raleea, 2007; Roheet al. 2010; Jackson
et al. 2014, Regoest al. 2014). However, @ missimportant factors that contribute to
variation.intolerancéLefévreet al. 2011) by isolating hogtarasite interactions from
surrounding the complex community of organisms or environmental conditions
(Sternberget al. 2012; Haywardt al. 2014; Tacet al. 2015; Cbughet al. 2016; Kutzer
& Armitage 2016b; Debeat al. 2017; Zeller & Koella 2017).
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96 Global environmental changlrectly affects the ecologyandevolution of hosjparasite
97 interactions (Tylianakist al. 2008; Altizeret al. 2013; Beckeet al. 2015).Generally
98 environmental change increases the distribution and prevalepeeasitesn host
99 populationdGaramszegi 2011; Zamekélchis et al. 2012).Host esistance caimcreag
100 ordecrease in responsethe direct effects adnvironmental changen parasite life cycle
101 and host physiology (Brunet al. 2003; Adamo & Lovett 2011; Paull & Johnson 2014).
102 Howeversurprisingly little work hasnvestigatechow future environmental conditions
103 may impacthost toleranad diseasgFrankeet al. 2017).
104
105 Moreoyergindirect effects oinwironmental change on &parasitanteractiongemain
106 largely'‘unexplored. Future environmental conditiauilt alter the composition artcaits
107  of the surrounding communiifylianakiset al. 2008; Gundersost al. 2017), which
108 mayleadto shifts inhostresistanceand tolerance, and parasite virulence. Phytophagous
109 insectparasite systems aexcellent modelsvith which to study théndirecteffects of
110 global ehange on hogiarasite interactions the context of their communitieslost-
111 plant qualitymediategsheimpactsof parasites on phytophagous insects (Cory & Hoover
112  2006;-Shikano 2017yith significant medicinal effects of plant secondary metabolites
113 (Felton& Duffey 1990; Hunter & Schultz 1993; Bernays & Singer 20@&)ortantly,
114 plantnutritional and defensive chemistry vanyresponse to environmental change
115 (BidartBouzat & ImehNathaniel 2008)For instanceelevatedconcentrations of
116 atmosphericCO; increasdoliar carbohydrates, redamitrogen concentrations, and
117 changeseeondary metabolite producti@dunter 2001; Robinsoet al. 2012; Zavalaet al.
118 2013).Such changes in host plant chemistry can alter herlpigdermance against
119 parasitegCory & Hoover 2006; Shikanet al. 2010; Lampert 2012)n essence,
120 environmental change alters plant quality, whiehaffect the interactions between
121 herbivores.antheir parasites
122
123 Here, we assess the impaciegbervasive driver of environmental changjeyated
124  atmospheric C@concentratiorfeCQ;), on the interaction between monarch butterflies,
125 Danaus plexippus, and their protozoan parasit@phryocystis elektroscirrha (Mclaughlin
126 etal. 1970).Ophryocystis elektroscirrha infection reduceadultmonarch lifespan,
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127 fecundity, and flight ability (Bradley & Altizer 2005; de Rooeteal. 2008b, 2009).

128 Monarchs become infected by consuming dormant parasite spores on the surface of egg
129 chorea and leaf tissue. During monarch development, parasitesteaplibén the insect
130 andbutterfliesemerge covered in dormant parasite spagkespecialistsmonarchday
131 eggs onmilkweedisclepias, hostplants(Malcolm & Brower 1989)thereby

132 contaminating foliage and eggs with spores.

133

134 Certain'milkweed species as&rongly medicinalreducing the probability of infection,
135 growth rate, and virulena® O. elektroscirrha (de Roodest al. 2008a).The medicinal

136 qualities of*milkweedre relatedo cardenolidegpxic steroidgproducedn a majority of
137 milkweed speciefGowleret al. 2015). Larvae that feed on plants with high cardenolide
138 concentrations, or a high diversity of lipophilic cardenolides, suffer lower aates

139 infection, maintain higher fitness at a given parasite load, and produce fewer new
140 parasitegde Roodest al. 2011b; Sternbergt al. 2012; Gowleet al. 2015).Additionally,
141 high foliarnutrient concentrations can increase monarch tolerance to their pgiasites
142 etal. 2015)<Thus, foliar cardenolides and nutrients combine to mediate the res#tdnce
143 toleranee of monarchs to their parasifescent work showthat eCQ cause decreases
144  in cardenolide concentrations, changes inctirapositionof cardenolides, and declines
145 in nutrient concentrationsf milkweed (Vannette & Hunter 2011; Matiella 2012).

146  Therefare, increasing atmospheric £€dncentrations may influence milkweatediated
147 interactions,between monarchs and their parasites

148

149 Together thesdatamotivate the overarching question of this study: Will monarch

150 resistance and toleranaeadmeanO. elektroscirrha virulence change with milkweed
151 phytochemistry under future atmospheric Q@ncentrationsWe performed a field

152 mesocosm.experiment to explore how e@(ers the foliar chemistry of four milkweed
153 speciesWe then measurdtie CO,-mediated effects of altered fo@iant chemistry on
154 three aspects of monarch and parasite performahtieespore load oinfected

155 monarchs2) thetoleranceof monarchsexpressed as the ratbdeclinein lifespanwith
156 increasing spore load; anjltBe virulence of. elektroscirrha, calculated athe decline
157 in adult monarch lifespan due to infection. We hypothedizatithepresence of
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lipophilic cardenolidesin conjunction with foliar nutrient qualitglictates the effects of
eCO, on monarckparasitanteractions

Materialsand methods

We performed the experiment in two temporal blocks during 2014 and 2015. General
experimental procedures were the same for both blocks, with minor differeneds not
below."The experiment was fully factorial, with milkweed species, parasite treatment
(infected or uninfec), and CQ treatment (ambient or elevated)maain effectTable
S1).

Plant Materials

We grew four species of milkweed under current (400,@0¢;) and future (760 ppm,
eCQ,) concentrations of atmospheric €& the University of Michigan Biological
Stations@5+6587° N, 84.6776° WYVithin this century, the concentration atimospheric
CO, wilklikely exceed 700 ppm (Solomaat al. 2009). Thus, following previous studies
in thisssysten{Vannette & Hunter 2011, 2014), we chose 760 pgrour target future
CO,_cencentrationPlantsgrew in amesocosnarray of 40 chamber20 maintained at
aCQO,, and 20 at eCgfrom dawn until duk (Drakeet al. 1989, Figure S1)e chose
milkweed speciethatdifferedin their cardenolide concentrations, on a gradient of anti-
parasitic'effects frorhigh to low:A. curassavica (high), A. speciosa, A. syriaca (both
medium).andA. incarnata (low) (Sternberg et al. 2012).ll4our milkweedspecies occur
in sympatry in North Americ@Voodson 1954; Malcolm & Zalucki 1996&eeds were
obtained from commercial sourc&uterfly Encounters, CA in 2014 and Prairie Moon
Nurseries,.MN in 20156 After six weeks oftold stratification (for all but tropica.
curassavica), seeds were germinated and planted de$-2014 and SMay-2015in
deepots€ontaining Metromix 360 and Osmocote 16:1§M6:K) controlled release
fertilizernrSeedlings were watered daily and kepa igreehouse for two weeks following
germination to avoid frost damag&/e transferred seedlingsitside to theiassigned
chambes on 25May-2014 and 23vlay-2015.
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Monarchcaterpillas canconsumehree entirglantsas larvaeDue to space limitations
in 2014, only two plants of the assigned milkweed species andr€@ment were
grown for each larva. This made for 16 experimental plants in total in each ¢h@mbe
milkweedspeciex 2 parasite treatments x 2 plam®narch)Once larva had consumed
both assigned plants, they were fed cuttings ffomaberosa, amilkweed with negligible
cardenelides. Inoculation with the parasite took pBdays after hatching (see below).
Milkweed chemistry influences parasite infection success and severity just batbre
during"consumption of parasite spoogsplant materialde Roodeet al. 2011a).
Therefore, switching to an almost cardenoliee hostplant justbefore pupation should
not dfeet menarchparasite interactiongn 2015, ach chamber helenough plantto
feedall'larvaefor their entire larval periad(4milkweed species 2 infection treatments
x 3 plants/ monarch = 24 plants/ chamber) with@®aand 20 eC@chambers as

before.

CO, coneentrations were monitored during daylight haural eCQ, chambers and one
ambient chamber using a JOR 320 IRGA(LI-COR, Lincoln, NE, USA)The

concentrations o£O, wereadjustedhroughout the day tmaintain targetalues in each
elevated’chambeflemperaturesithin the chambergiere monitoredising iButton

dataloggers (IbuttonLink, Whitewater, WI, USA)ektatedCO, chambers averaged

21.03 (£0.03)°C, and aG@hambers averaged 21.2¢40.04°C which wergoughly 2°C

higher thanithe outsideverage temperatucd 18.93(x 0.04°C and fell well within those
temperatures experienced by monarchs in eastern North America. Plants were maintained
in their chambers for 61 days in 2014 and 42 days in 2015 before experimental trials

began,

Monarch. Sour ces and Rearing Methods

Monarchs'wee F, offspring of eight (2014) and seven (2015) crosses between eastern
North American lineageddonarch lineages are ldired full sib families, obtained by
outcrossing wilecollected monarch&Ve crossed lineages in 2014 andlideages in

2015 to produce our differefamilies Because we collected new wild monarelash

year(monarchs suffer from inbreeding depression and cannot be maintained as lab stocks
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220 between yearsyye did notmake the same crosses in both ydaskened monarch eggs
221 (those about to hatch) were placed individually on milkweed cuttings taken frata pla
222 grown in the arrayOnly one larva from each treatment (4 milkweed spec2texels of
223 parasite infection = 8 treatments) was reared on plants fronckaatber (Tabl&l).

224  We keptlarvae individually in 0.64L plastic containers urade®, on foliage transferred
225 from the appropriate atmosphere to avoid any confounding direct effe@©pfom

226 insect performancesuch effects are negligib{Baleet al. 2002)).

227

228 Each year, we infectedanarchs with a single parasfamily cultured fromspores

229 collected fram an eastern North American butterfly. Hatchlings fed for three days on their
230 assigned leaf tissue before inoculation vitrelektroscirrha. To infect larvae, 10

231 parasite spores were transferred to a 70.6 ieafi disk takerfrom each larva’s assigned
232 host plant. The leaf disk was placed in a petri dish containing moist fifter pad the
233 assigned larva. Control larvae received sgoge leaf disks. Immediately after disks
234 were punched from plants, foliage was collected for chemical analysis (below). Petri
235 dishes containing disks and larvae were kept in an incubator heleiGaw@é 16-hour

236 daylight.Once each larva had consumed its entire leaf disk (and therefore all spores) it
237 wasreturned tdts assigned container and fed foliagHibitum from its designated

238 plants until pupation

239

240 Measures ofiMonarch Performance

241 Upon emergencéutterfliesweretransferred tandividual glassine envelopestpredat

242 14°C and inspected daily until deakhfespanunder these conditiort®rrelatestrongly
243  with menarchifetime reproductn (fitnesg (De Roodeet al. 2008b).Parasite wulence
244  was measufred as the magnitude reductidriespan 6infected monarchahen

245 compared.to control monarchiiter death infection success argpore loads were

246 measuredrom adultsfollowing established methods (de Roatlal. 2008a, Table S2).
247 Wingswereremoved and each monarch badysplaced in a scintillabn vial with 5 mL
248 of deionized water. The mixtumeasvortexed for five minutesnd 10 pL aliquots were
249 deposited into 4 wellm a hemocytometeior counting. Spore loagkpresents the inverse

250 of monarchresistanceToleranceo O. elektroscirrha was measured as the slopeha
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251 relationshipbetween spore load afitespan, with a separate line (slope estimate) for

252  each milkweed specidy CO, treatment

253

254  Plant Defense Measurements

255 Onthe same day as inoculations, seanpledmilkweed cardenolide and nutrient

256 concentrations using established methods (Zehnder & Hunter 2009; Tao & Hunter 2012).
257  Six a24*mnfleafdisks were taken, deposited in 1 mL methanol and stord@%E for

258 cardenolideanalysis. Cardenolides were extracted, separated and quantified by reverse
259 phaselhigh-performance liquid chromatography (HPLC) on a Waters Acquity UPLC with
260 PDA detector (Waters @eration, Milford, MA, USA) with 0.15mg/mL digitoxin

261 internalstandard (Sigma Chemical Company, St. Louis, Missouri, USA). Peaks with
262 symmetricalhabsorbance between-2P2 nm were identified as cardenolides. Another

263 six disks were collected, weighed, dried, and reweighed to provide estimates of sample
264 dry mass. Remaining foliageom the twopunched leaves was collecteden dried and

265 analyzedmsing a TruMac CN Analyzer (Leco Corporation, St. Joseplo kistimate

266 foliar nitrogen (N) concentrations.

267

268

269 Statistical Methods

270 Analyses were carried outih(version 3.3.2)In all of the lineamixed effects models

271 (Ime4 packageLMMs) that follow, we included experimental year and charnuantity

272 as randemséeffects, to account for unintentdedporal and spatiatariation We also

273 included monarclfamily as a random effean all models of monarch performanéar

274  all models we visuallyjnspectechomogeneity of variand® confirm model bedit

275 (Crawley.2012) and model comparisons were performed using likelihood ratio tests.
276

277  Monarchsperformance

278 Ouranalyses arkmited to only those monarchs that survived to adulthood, including

279 successfully infected monarchs, and uninoculated (control) monarchs (Tabl&€351 &

280 Appendix S1) (Sternberg al. 2012).Analyses of parasite burden were restricted to
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281 infected monarchs, but analyses of tolerance included both infected and uninfected
282 monarchs.

283

284 Toinvestigateeffects of our treatments anonarchtolerance, we modetl adultifespan
285 (squarereottransformedips a function of spore load (square-root-transformed)

286 (Sternberg.et al. 2012), including milkweggkcies and C{treatment as fixed effects
287 Toinvestigatehe effects ofCO, treatment and milkweed speciespmarasite virulence,
288 we used'monarch life sp@square-rootransformedps the dependent variable and
289 parasite treatment adixed effect Finally, to estimate monarch resistance, we included
290 monargh spore loa@quareroot-transformedas the dependewrariable with milkweed
291 speciestand C{reatment as fixed effects. Analysis of monarch resistance was only
292 conducted on infected individuaBue to the nature of the parasite life cy@elaughlin
293 etal. 1970), we cannot measure the spore load of larval monarchs that died before
294  adulthood because spores have not yet formed.

295

296 Totestforatrad®ff between hodblerance and resistancegassociatednonarch

297 tolerancewith resistanceo O. elektroscirrha usingalinear regressiofRabercget al.

298 2009).We assessed amglationship between thistoleranceslope valuesf each

299 treatment group in each year and the meaistance values (1/spore load)those

300 treatment groups.

301

302  Milkweed.ehemistry and elevated CO,

303 Weexplored the responses to our O@atment®f foliar (a) cardenolide concentration
304 (log-transformed), (b) cardenolide diversifg) cardenolide polarityand(d) N

305 concentratiorusingLMM s. Cardenolideliversity was calculatedsingthe Shannon

306 diversity.index H=-sum(Rlog[Pi]) whereP; is the relative amourdf a cardenolidpeak
307 comparedto the total amount of cardenolidemnimdividual plant((Rasmann & Agrawal
308 2011). We.excluded. incarnata plants from the. MM exploring effects o€O,

309 treatments on cardenolide diversity becaudyg 2 individuals produced more thane
310 cardenolide peakFollowing Rasmann & Agrawal (201,2ye calculate@n index of

311 cardenolidgolarity P=sum(PRT;), where RTis the retention time of théh peak in the

This article is protected by copyright. All rights reserved



312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

individual. The polarity indexvalues that result range from 0 (highly polar) to 1 (highly
lipophilic).

We also comparedardenolide composition amongjlkweed species and GO
treatmentsising permutatios multivariate analysis of variance (PerMANOVA)
(Anderson.2001) following Bragurtis ordination. The analysis was performed using the
metaMDSfunction from thAdonis procedure of the Vegan package in R.p&féormed
Nonmetric'Multidimensional Scaling (NMD$McCune & Grace 2002) reducirige
dimensions of the model with 999 permutations per model run and a maximum of 500
runs per dimension. ¥ultimately useda threedimensonal model in subsequent
analyses (model stres90-119) (McCune and Grace 2002).

Within the cardenolides monarchs ingest, two specific catdksdRT585 and RT650)
have been associated with thedicinal effiacy of milkweed species agair@t
elektroseirrha (de Roodest al. 2011b). In our experiment, we found these two
cardenolides onlin the foliage ofA. curassavica, with the exception of onA. syriaca
plant'grewn under aCOMilkweed species are known to vary substantially in the types
of cardenolides they produ¢8ternberget al. 2012). Given thestablishedmportance of
these two compoundand the losses that we observed in the medicinal activiy of
curassavica under elevated C{(see Results, belowye ranseparaté. MM s with each

of thesecardenolidesas deprdent variable andCO, treatmentsa fixed effect

Milkweed chemistry and monarch performance

We observed significanffects of elevated C®on monarch tolerance and parasite
virulence.on,onlyone milkweed species, curassavica (see Resul)s We did not
analyze resistance further because it did not waty any of ourtreatnents. W used
LMM s terassesany individual and interactiveffectsof A. curassavica traits on
monarchtolerance and parasirulence All analyseswvere restricted to thoge
curassavica plants for which we haoheasures of cardenolide diversayd
corresponding\ data(N=77). We performed a PerMANOVA on the cardenolide
communities produced if. curassavica alone. Additionally, we created a PCA of the
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343 centerlog-ratios of cardenolide concentrations and used PCA axes 1 and 2 in separate
344 LMMs to gauge the explanatory strength of the,@@atment in determining monarch
345 tolerance.

346

347 We usedAkaike’s information criterion (AIC) scords select chemical traithat were
348 associated.with virulence or toleran@ée planned to adddditionaltraits (and

349 interactions}o each model only if the AIC scores improved by two points (Burnham &
350 Anderson2002, Table S6). However, in no case was more than one independent variable
351 included in ay model.

352

353 (i) Chemistny and Tolerance. Using the procedure described above, we assessed

354 associations betweek curassavica traits andnonarch toleranceslope of fitness

355 decline)by Investigating effects of spore load and plant traitsfespan(squareroot

356 transformed).

357

358 (ii) Chemistry and Virulence. Lik ewise, we measured associations betwiglividual A.
359 curassavica traitsandparasitevirulence by investigating the effects of infection

360 treatment and plant traits on lifespan (squax-transformed).

361

362

363 Results

364 Monarchitelerance and parasite virulence

365 Monarch oleranceo O. elektroscirrha declinedby 77% under eC&for individuals

366 reared.on the medicinal milkweedl curassavica (Fig. 1). The bleranceof monarchs

367 feeding.ondess medicinamilkweed specieeemained unchangathder eCQ (spore load
368 *species*C@: F; 35= 4.50, p= 0.0041%ig. 1, Table SR These results suggest that
369 eCQO, reducedhe protective properties & curassavica to similar strengthasA.

370 incarnataunder eCQ (Fig. 1).

371

372 Consistent with effects on tolerantlee virulence oD. elektroscirrha increased under
373 eCQO inthosemonarchs reared ok curassavica and remained unchanged on the lower
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374 cardenolide milkweed species (infection*species3CiR} xs= 4.44, p= 0.00455ig. 23).
375 Essentially, eC@madeA. curassavica nonmedicinal magnifyingthe reduction in

376 fitness caused by infection to valugmilar to thoseof monarchs feeding on the other
377 three milkweedpeciesThemagnitude of the reduction in lifespan between control and
378 infected.monarchs feeding éncurassavica increased fronl.8 days t&/.2 days under
379 eCQ, (Fig.2b). As expected lanfectedmorarchs had shorter lifespans tharinfected
380 monarchs (infection: £214=263.55 p<0.0001Fig. 2b).

381

382 In contrastaotheir effects on monarch tolerance gratasitevirulence, we found no
383 effects.0fe€CO; (F1120=1.71, p=0.1931), host plant spediEs37=1.28 p=0.2845), or
384 their interaction (E13=1.35, p=0.2596pn monarch resistance to the parasite as
385 measured by spore loadidditionally, we found no tradeoffietween monarch tolerance
386 and resistancw O. elektroscirrha (F1, 14 =0.91 p=0.3559).

387

388 Milkweedrehemistry and elevated CO,

389 Foliar cardenolide concentrations were twelve times highAr curassavica than inA.
390 syriaca(milkweedspecies: kg6 =192.31, p<0.0001Fig. 3a). Cardenolide

391 concentrationsleclined under eCfacross almilkweedspecieCO;: F1 16 =5.77,

392 p=0.0174Fig. 3a), andhere was no interaction between milkweed species and CO
393 treatmentF; 166=0.48, p=0.6963)Thediversity of cardenolidenolecular forms was four
394 times higher irA. curassavica than in the other milkweed speciesilkweed specied=s,
395  100= 47.23:p<0.0001Fig. 3b) and declined undeC®, in all milkweed species but.
396 incarnata, a species whictarely produces more than one cardendl@®,: F; 33=5.63,
397 p=0.02362) There was no interaction between milkweed species andré@menbon
398 cardenolidaiversity (milkweed species*C@ F, 14;= 0.54 p =0.58274) Theaverage
399 polarity.of Ad curassavica andA. speciosa cardenolidesvasreducedoy eCO, treatments,
400 while theaverage polaritpf cardenolidegicreasedn A. syriaca (species*CQ: F3,

401  15=2.99yp=0.03281Fig. 3c).

402

403 Across all four species, foliar Bbncentrationgplant nutritional qualityestimate)

404  declined under eC£L{CO;: F1 4= 12.33, p= 0.0009&ig. 3d). Milkweed species also
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405 varied in their foliar N concentratisrfrom 1.42% irA. curassavica to 1.14%6 in A.

406 syriaca (F1137=4.43, p= 0.005Zig. 3d).

407

408 Beyond simple measures of cardenolide polarity and diversity, milkweed species differed
409 in the compositiomf foliar cardenolidegPerMANOVA; speciesfs 171= 20.02, p=

410 0.001, R=0.26,Fig. S2). The effects ofcO, treatmenbn cardenolide community

411 composition'varied amongilkweed speciePerMANOVA,; species*CQ: F; 171=2.12,
412 p=0.0017"R=0.027,Fig. S2. In A. curassavica alone, theommunitiesof cardenolides
413 produced by individual plants differed between @®@atmentsCO,: F; 76= 2.80, p=
414  0.03, R=0:036,Fig. 49. NMDS1 wasassociated with declines in thencentrationsf
415 lipophilie'cardenolides (decline in polarity indgp<0.0001 R°=0.47,Fig. 4b).

416

417 Concentrations of both RT585 and RT650,tthe cardenolides with established

418 medicinal activity (de Roode et al. 2011b), declined.iourassavica under eCQ.

419 Concentrations odRT585 declinel by 25% undeeCQG; (F1, 1= 5.3, p= 0.02401Fig. 5a).
420 Far fewerAscurassavica individuals produced R (N=6). Nonethelessve detected a
421 marginally significan65%declinein RT650 under eCO(F;, 4= 5.92, p= 0.0717ig.
422  5b).

423

424

425 A. curassavica chemistry and monarch performance

426 Tolerance

427 A significant interaction between spore load and a gplant trait onrmonarcHhifespan
428 indicates aarrelation between that trait and toleratw®. elekiroscirrha. Monarch

429 tolerancevariedwith the expression dipophilic cardenolides in leaves (spore load*
430 polarity.Fi.70=4.10, p= 0.0467&:ig. 6a). Interestingly, the model containing

431 cardenalide polarity fit the tolerance data better than did a model containing CO
432 treatment alond-urther, neither models containing the PCA axes of centeratoy-
433 transfomed cardenolide concentratiditsthe data better than a model with just £O
434 treatment (Table S5), supporting our findings that cardenolide traits are more important
435 in determining tolerance than concentration.
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466

Virulence

A significant interaction betweemplant trait and parasite treatmemt monarch lifespan
indicates a relabnshipbetween that trait anghrasite virulenceAs with tolerancethere
was apositive relationship between the expression of lipophilic cardenolides and the
lifespan.d infected individuals (decliningirulence) but it was marginally significant
(parasite“treatment*polarit§; 7= 3.26, p= 0.0753Fig. 6b).

Discussion

Monarch butterflies benefit from the medicinal properties of milkweddsn combating
their parasite¢de Roodeet al. 2008a, 2011a; Sternbeegal. 2012; Gowlest al. 2015),
and infected females camoose the most medicinal milkweeds for oviposition in
laboratery choice testtefevreet al. 2010, 2012). Here, we show that aditinal
milkweedrspecigdA. curassavica, loses its protective abilities under e Qur results
suggest that rising CQwill reduce the tolerance of monarch butterflies to their common
parasiteOphryocystis elektroscirrha, and will increase parasite ulence. Ongoing
changes‘invateravailability (Andrews 2015)temperaturéCoutureet al. 2015) andsoil
nutrientloading(Zehnder & Hunter 2009; Teaat al. 2014) have already been shown to
influence the cardenolide chemistry of milkweeds, with consequences for parasite
monarghrinteractiongiere, we ad@CGO; to the list of drivers that maaiter monarch

parasitehest interactions in a changing world.

We observed the lowest tolerance values in those monarchs feedingyoaca grown
under €0, and the highest tolerance values in those monarchs feedigorassavica
grown under aC@ However, monarchs feeding on tteame species of milkweed that
once conveyed a toleranadvantage under aGQA. curassavica), experience@d 77%
reduction in tolerance under eg®arasites caused thest virulerwe when monarchs
fed onA. incarnata under £0;, reducing host lifespan by nearly 8 déyseFig. 2b).
Parasites caused the least virulemcéhose monarchs feeding Ancurassavica grown
under aCQ, reducing mean lifespan by only 2 dajraportantly monarchs feeding on
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467 this same specigA. curassavica, under eCQ@ experiencedirulence of comparable

468 values to noAmedicinal species likA. incarnata, suffering a reduction ilifespanof 7

469 days due to infection.heseresultsare the first tshoweffects of environmental change
470 on host tolerance to parasites gadasitevirulenceresulting fromindirect effects

471 mediated.by community members.

472

473 A growing'number of studies stress the importance of understandimglifest

474 mechanisms by which disease will respond to changing environmental conditions
475 (Tylianakiset al. 2008; Altizeret al. 2013; Gundersosat al. 2017). hdirect effects of

476 environmental change on hgstrasite interactions emerge from additional members of
477 ecologieal communitiefKeesinget al. 2006; Wolinska & King 2009; Vuongt al. 2017)
478 Associated predators, competitors and lsigmts areall subject to the effects of

479 environmental change, which may alter their interactions with reostsite pairgéRitchie
480 2006; Gherlendat al. 2015) Here, wediscover a previously unrecognized indirect

481 mechanismiby which environmental change can act on disease: the loss of medicinal
482 compounds’in host diet, contributing to reductions in host tolerance and increases in
483 parasite.yvirulence.

484

485 Changes in host tolerance aratgsite virulenceinder future environmental conditions
486 have important evolutionary implicatianEheory predicts thatductions in resistance
487  will lessonrantagonistic coevolution between host and parasite (Roy & Kirchner 2000;
488 Rabergetal2009; Rohet al. 2010) However, we are less certain what changes in host
489 tolerance could mean for hgsérasite dynamicBestet al. 2008; Schneider & Ayres

490 2008).Because tolerandeelps to maintaimost fithessvhen infecteglesstolerant hos
491 should suffer shorter infections due to increased mortality, thereby potentiayasieg
492 transmission and the prevalence of parasites in the host pop(Miilen et al. 2006). In
493 our study;reduced tolerance was also accompagyi@ttbeased parasite viruiee. In

494 some cases, increasedvirulence may lead to local extinctigutzer & Armitage

495 2016a; Wilberet al. 2017). We expect parasites that cause higher virulence to be selected
496 againstwhen host tolerance is also redutetause the risk of premature host mortality
497 ishigher. Early host death reduces parasite fitness and thus, induces selection on parasite
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498 virulence todecreas¢o a new optimuniLittle et al. 2010).Given the reductions in host
499 toleranceand increases i@arly monarch death, we predict that future environmental
500 conditions may select fantrinsically less virulenparasitesMoreover, it is important to
501 note that even when parasites evolve lower levels of intrinsic virulence, the actual
502 virulence.experienced by infected monarchs is likely to increase due to their reduced
503 plant-derived tolerance. Additionally, our study only investigated the response of two
504 parasitefamilies(one in each yeatp eCQ and milkweed species. To make better

505 inferences about the evolutionary trajectories of parasite virulence and host tolerance
506 under future conditions, further studies should examine the importance of parasite
507 familiesunder eCQ

508

509 Our results add to a substantial body of wikt emphasizes the role of environmental
510 factorsin phytophagous hogtarasite interaction€ory & Hoover 2006; Myers & Cory
511 2016; Shikano 2017)he largest declines in tolerance and increases in virulence
512 occurredgnimonarchs feeding Ancurassavica, a speciesn which cardenolide

513 productiondeclinedby nearly 25% when grown under eE®owever total cardenolide
514 concentrations did not correlate with changes in tolerance. Rather, reductions in
515 cardenolide concentratiamder €0, occurred in concewith changes in cardenolide
516 community compositioand declines in the expressionlipbphilic cardenolids (Figs. 4,
517 5). Becausehe polarity ofcardenolidepartially determinegher biological activity

518 (Agrawaletal. 2012), the loss dipophilic cardenolidesinder €0, compromises the
519 antiparasiticproperties omilkweed foliagelnfectedmonarchs that consume lipophilic
520 cardenolides live longer thalo thosanfected monarcheonsumingpolar cardenolides
521 (Sternberget,al. 2012; Tacet al. 2016a). Previous wotkas shown that declines in the
522 concentrations of two key lipophilic cardenolides, RT585 and RTi6bfase parasite
523 virulence (de Roodet al. 2011b). We also observed reductions in thesecardenolides
524  in our pepulations oA. curassavica that were exposed to eGQwhich likely led tothe

525 observedncreassin parasite virulencdnterestingly,A. syriaca andA. speciosa did not
526 produce these compounds and were also not protective in our study. Perhaps this is
527 because different milkweggbpulations and individuals vary substantially in the

528 concentration and composition of cardenolides productiin speciegVannette &
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529 Hunter 2011)Asclepias syriaca, specifically, is known to exhibsgtriking variation in
530 cardenolide concentratiomsnong populations (Andrews 2018)is also important to
531 note that the lifespan of uninfected monarchs feeding. corassavica increased under
532 eCQ, This increase in the fitness of uninfected monarchs may illustrate the cost of
533 consuming.toxic, lipophilic cardenolidéSternberget al. 2012; Tacet al. 2016b)

534 because th&#equency of those potent compounds declined undep @S@onarch

535 lifespaniincreased.

536

537 By demonstrating that toleranteparasite infection can be altered by environmental
538 changewereinforce the idea that tolerance is not solely determinaattoysic host

539 factorsbut reliesadditionally on environmental conditions includimgeractions with
540 other community memberAs theenvironmental fetorsthat mediateliseasechange,
541 further empiricabktudies arsorely needed to explore the interplay betwaeitiple

542 global ehange driverand hostparasite interactions embedded within diverselogical
543 communities.
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Figure 1. Monarch tolerance t@. elektroscirrha infection as a function of milkweed
species and C{reatment. Light gnalines and points correspond to tolerance slopes of
monarchs reared on plants grown under ambient(@@ ppm) and dark grdynes and

points correspond to tolerance slopes of monarchs reared on plants grown undedl elevat
CO, (760-ppm). Tolerare slopes are presented by milkweed species: €AIR

curassavica, SYR=A. syriaca, SPE-A. speciosa, INC=A. incarnata.

Figure?2:-The virulence oD. elektroscirrha parasites increases under elevated CO

when monarch larvae feed #dncurassavica. Virulenceis measured as the magnitude of
the reduction in host fitness resulting from infection. In ga)nts represent the
standardized difference (Hedge’s d = 95% CI) in mean lifespan between uninfected and
infected monarchs fed different species of milkweedenmmbient C@ (400 ppm]ight

gray) and elevated CE(760 ppm, dark grgyIn (b), we show mean lifespasf parasite
infected. flark gray bars) and uninfected (light gray bars) monarchsSE)used to

calculate the Hedge’s d values shown in (a). Longevities were transformed to
approximate normality of errors before statistical analyses but are presented here as
untransfermed values for ease of interpretation. Milkweed species codes match those

presented above.

Figure 3. Effects of elevated Cfon foliar cardenolide concentrations (mg/g dry mass,
a), cargenolide diversity (b), cardenolide polarity index (c), and foliar nitrogen
concentration (%N) (d) of four milkweed species. Trait values wansformed to
approximate normality of errors before analyses but are presented here in their
untransformed values for ease of interpretation. Light Qeay represent plants grown
under ambient C®and dark graypars are those from elevated & 1 SE) Milkweed

species:codes match those presented above.
Figure 4."Axcurassavica plants differed in the composition of cardenolides that they

produced under the different G@eatments. In (d)ght gray points represent plants
grown under ambient CQ400ppm) and dark gray points represent plants grown under
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elevated CQ (760 ppm). In (b), we illustrate the negative association between NMDS

axis 1 and the occurrence of lipophilic cardenolides.

Figureb. Effects of elevated Con the concentratiorf bvo medicinal cardeolides:

(a) RT585,and (b) RT650 . curassavica. Light gray bars represent foliar samples
taken from plants grown under ambient £&hd dark grapars are those from elevated
CO;(£1°SE).

Figure 6. The effects of cardenolide poitgron (a) monarch tolerance to infection ®y
elektroseirrha and (b) the lifespan of infected and uninfected monarchs. A high polarity
index reflects greater expression of lipophilic cardenolides. The slopes of the lines in (a)
indicate monarch tolerance to infection, with steeper slopes representing lowerctleran
For visual simplicity, we have binned butterflies in (a) by the polarity of theeoatides

that they.consumed as larvae. However, the analysis was performed \bitinad
polarity'data, and binning was used purely as a simplified alternative to a 3D\¢y@ph.
present'the’squareottransformed variables for ease of comparison with figuhe (b),

light graypoints and lines indicate uninfected (Control) monarchs, and dark gray points

and lines indicate infected monarchs.
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