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Summary

1. The emerging field of ecological immunology demonstraked dllocation by hoss to
immune.defensagainst parasites is constrained by the costs of those defelmsesver, the
costs of nonmmunological defenses, which are important alternatives to canonical immune

systems, are less well characterizZEgtimating such costs is essential four understanding of
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the ecology and evolution of alternative host defense strategies.

2. Many animals have evolved medication behaywwhgereby theyse antiparasitic compounds
from their environment to protect themselves or their kin from parasiDsecumentinghe costs

of medication behaviors is complicated by natueaiation in the medicinal components of diets
and their covarianceith other dietary components, such as macronutrients.

3. In the current study, wexplorecoss of the usage of anparasitic compounds imonarch
butterflies .Danaus plexippus), using natural variationin concentrations ofantiparasitic
compoundsamong plantsUpon infection by their specialist protozoan para€fryocystis
elektroscirrha, monarch butterfliescan selectively oviposit omilkweed with high foliar
concentrations ofardenolids, secondary chemicals that reduce parasite gréveite, weshow
that theseantiparasiticcardenolidesan alsoimposesignificant costson both uninfected and
infected butterflies

4. Amongeight milkweed species that vasybstantiallyin their foliar cardenolide concentration
and compesitienywe observed opposingffects of cardenolides on monarch fitness traithil&V
high foliar cardenolide concentratismcrease the tolerance of monarch butterflies to infection,
they reduced thesurvival rate of caterpillarso adulthood. Additionally, althougmonpolar
cardemwlide.compounds decreakthe spore load of infected butterflies, they also redtivelife
span of (uninfected butterflies, resulting in a heshpped curve between cardenolide
non-polarity.and théfe span of infected butterflies.

5. Overall; ourresults suggest thihe use of ardparasitic compounds carries substantial costs,

which could constrain host investment in medication behaviors.

Key Words:

cardenolides, “ecological immunology, hpstrasite interactions, monarch butterfly,

sel-medication, tradeoffs
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Introduction

Parasites can significantly reduce host fitness, such that hosts are under strong selection to

evolve antiparasitic defenses. In addition to canonical immunity, including cebudrhumoral
immune response¢SchmidHempel & Ebert 2008 many hosts have evolved alternative
defenses, such as social immunity or-sedfdication Cremer, Armitage & Schmithempel 2007
Claytonet al. 201Q Parkeret al. 2011, de Roode & Lefevre 2012le Roode, Lefévre & Hunter
2013) Duestosthe parasite pressures that hosts face in their natural environments,tiga intui
prediction ‘is=that hosts should maximize a diverse arsenal of defenses. Howevigldtioé f
ecological immunology has suggested that this does not hdgmause immunity is costly
(Sheldon & Verhulst 1996Rolff & Siva-Jothy 2003. Indeed, many studies have demonstrated
costs of canonical immunity in a wide range of organisms, including reductionsvinvas,
competitiverability, sexual signaling and reproductive oufpdret & Sdmid-Hempel 2000
Kraaijeveld, [Limentani & Godfray 2001Zuk & Stoehr 2002 Hanssenet al. 2004 Jacot,
Scheuber-&Brinkhof 20Q8Baer, Armitage & Boomsma 200Buncan, Fellous & Kaltz 2011
Pompon & Levashina 20)5These costaay explain thereportedlack of maximal investment

in a wide variety of immune defenses, well asthe temporal and spatial variation in immunity
that is often.observed (Hawley &ltizer 2011).

Although there is now growing evidence of costs associated with canonical immune
responsescosts of alternative defenses are still poorly understood. Some auéhsugpested
that non=simmunologicadefenses may be less cost§imone, Evans & Spivak 200€lliot &

Hart 2010, but others have showsignificant costsof behavioral immunity. For examplé&
avoid parasitismyater striders Aquarius paludum insularis) tend to oviposit at deeper sites.
Howeverssuch avoidance behavior can lead to lower hatchingafatee egggHirayama &
Kasuya 200). Similarly, in the burying beetleNicrophorus vespilloides), the social immunity
provided bythe smearing of antibacterial substances on larval food resources by feedaless

their survival and reproductive outpuEgtteret al. 2010).

This article is protected by copyright. All rights reserved



78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

Animal medication is an importanton-immunologicaldefense whereby animals use
anti-parasitic compounds from their \@ronment to protect themselves or their kin from
parasitism(Lozano 1991 Clayton & Wolfe 1993 Huffman 2003 de Roode, Lefevre & Hunter
2013 Abbott 2014. Some chemicals are usedternally. For instance, primates and birds rub
ants and millipedes on their fur or feathers to dose-gatasites with the pungent acids from
ants(Valderramaet al. 200Q Claytonet al. 2010) and many organisms can fumigate their nests
with plant_materials that reduce parasite infectjiGhristeet al. 2003 Claytonet al. 2010)
Other natural” products are used internally as medicines. Upon parasiteomfeatits,
chimpanzeesmoths and honeybees can preferentially choose food witkparasitic effects
(Huffmanet al. 1996 Singer, Mace & Bernays 200&hermaret al. 2014 Boset al. 2015).

Similarly, parasitized woolly bear caterpillars are more likely to consume pyrrolizidine
alkaloids(Singer, Mace & Bernays 20p9However, although some studies have demonstrated
clear costs of selinedication §inger, Mace & Bernays 200Bos et al. 2015) others have not
(Huffmanetal=1997 Christeet al. 2003)

Here, we“test for costs associated with the use ofpandisitic host plants by monarch
butterflies. Monarchs are commonly infettenith the protozoan parasit©phryocystis
elektroscirrhagmand use milkweedsAéclepias spp.) as their host plants. Milkweeds contain
cardenolides, toxic steroids that disrupt animal/K&ATPase (Agrawal et al. 2012, and
monarchs_that.feed on milkweeds witlyher concentrations of cardenolides experience lower
parasitetinfection and growtdé Roodeet al. 2008 de Roodeet al. 2011h Sternberget al. 2012
Gowler et al. 2015) In addition, when given a choice between species with high and low
concentrations<of cardenolides, infected monarchs prefer to oviposit on theahigmolide
milkweedya behavior that reduces parasite infection and virulence in theiingffépefevre et
al. 201Q Lefevre et al. 2012) Although monarchs have evolvemnsiderableresistance to
cardenolides, they are not fully resistant, and high concentrations of cardenolidelsekave

shown to reduce larvg@erformance4alucki, Brower & Malcolm 1990Zalucki & Brower 1992
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Malcolm 1994. Thus, this system provides a useful way to comfaecosts and benefits of
consuming antparasitic plants.

Cardenolides have three components: a steroid backbdnégmolide(lactone)ring and
sugar moiety. Different cardenolides vary in their sugar moiety, the polarity ofi wbiermines
their biological@activity, with less polar molecules being more t¢@mudder & Meredith 1982
de Roodest al. 2011h Rasmann & Agrawal 20]1JAgrawal et al. 2012) Because cardenolide
concentration.@and polarity are not necessarily correlated, it is important to analyze the effects of
both concentration and polarity on the fithess of hosts and parasites. In the studgntwve
capitalized on the large variation in cardenolide concentration and polarity of matlknaeed

species to investigate the costs and benefits of using cardenolides as medication against parasites.

Materials-and methods

Plants, butterflies and parasites

Werused=eight (sub)species of milkweeds that vary strongly in cardenolide commentrat
and polaritysA. asperula, A. curassavica, A. incarnata incarnata, A. incarnata pulchra, A.
linaria, A. perennis, A. physocarpa andA. tuberosa. A. physocarpa is native to South Africa,
while the othefsub)species are ne#i to Central and North AmericA. incarnata pulchra seeds
were purchased from Georgia Vines (GA, USA), whole planté. gferennis were purchased
from Butterfly..Plant Shop (FL, USA), and seeds of all other species were putchase
Butterfly*Eneounters Inc. (CA, USA). Plants wagmwn in 10cmdiameter pots under natural
light conditions in a greenhouse where daily temperatuaeed beween 25°C - 28 °C For
each species;wirew40 replicates, resulting in a total of 320 plants.

Whenrthe plants were around three months old, we obtained foliage samples to quantify
cardenolide concentration and polarity. Briefly, one leaf from theHdaaf pair (counting from
the top) on each plant was chosen, and six leaf disks (total 42% weme taken with a paper

hole punch from one side of the leaf, placed immediately into 1 mL of cold methanobeed st
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130 at-20 °C for subsequent cardenolide analysis. Another six identical disks were taken from the
131 opposite side of the same leaf to estimate sample dry mass. Immediately after chemical sampling,
132  each plant was randomly assigned to one of two caterpillar treatments: infected (25 replicates per
133  species) or _control (15 replicates per speciBased on prior experience, we know that not all

134  inoculated,butterflies become infected (some can escape infection). Theveforecreasd

135 replicationin theinfection treatmenta obtain sample sizabkat are large enougio accurately

136 measure parasite spore ldaefévre, Williams & de Roode 2010)

137 We collectedmonarcheggs from 5 outcrossed lineages in a lab stock obtained from
138  North-American migratory monarchs, and randomly assigned them to treatments. We reared the
139 newly-hatched caterpillars on the remaining 4th leaf from their individual plant in a petri dish for
140 two days, upon.which the caterpillars became 2nd instar. On the third day, we took a hole punch
141 from the third=leaf pair (counting from the top) of each plant. For the parasiengnt, ten

142  parasite spores from a single clone were deposited onto the dkafutiich was then fed to its

143  pre-assigned=caterpillar; control caterpillars received leaf disks without spores. The parasite
144  clone (E25)swas generated from a single isolate taken from an infectee;awdtit Eastern

145  North American adult monarch collectad2010 Sternberget al. 2013)

146 In our_experiment, we chose to measure cardenolides on day 1 (when commencing larval
147  rearing) rather than day 3 (when inoculating caterpillars with parasites) foe&sons. First, the

148 costs of cardenolides on monarch caterpillars are mostly expressed in neonates, rather than larger
149 instars (Zaluekiet al. 2001) Therefore, the measured cardenolides on day 1 reflect the
150 cardenolides to which monarch caterpillars are exposed during their most flisdéptstage.

151 Second, ourprevious wolkle Roodest al. 2011a)has shown that the cardenolide chemistry of

152 plants fed*to caterpillars during the days prior to inoculation has the same efieptsasite

153 growth as the“chemistry of the plant fed to caterpillars during inoculation. Therefore, the
154  cardenolide chemistry measured on day 1 should accurately reflect the chemistry that reduces

155 parasite infection and growth. It is also important to point out that the meahaamage we
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inflicted during chemistry sapiling likely had minimal influence orsubsequent milkweed
cardenolides. In general, across different plant species, mechanical damage (such as punching
holes) does not mimic the changes in plant chemistry induced by herbivores; rather it is the
chemical cues from herbivores that cause plants to increase production of secondary chemicals
(e.g. Pontoppidan et al. 2005). Current studies indicate that this is also the cakeveeds:
while it is known that caterpillar feeding can induce changes in cardes@idsmanret al. 2009)
studies oA« curassavica, a highly inducible milkweed (and one oéthpecies used in this study),
have shownsthat mechanical damage by way of hole punching 1, 3 or 7 days before parasite
inoculation _@esnot affect parasite spore load or lifespan of infected butterflies (Lefevre et al,
unpublished results).

After_each ceerpillar had fully consumed its leaf disk (usually within 48 hrs), both the
caterpillarsand-its host plant were transferred into a clear plasti¢Zu#em in diameter, 30.48
cm in length; Visipak, MO, USA) with 20 venting holes in the lid, where thesevallowed to
completely=consume their plant. Because plants were generally not big enough to support
complete larval development of caterpillars, they were then supplied with a separately grown
batch ofA. incarnata cuttingsuntil pupation. This procederis justified because the effects of
milkweed .chemistry on parasite infection, growth and virulence are not conferried the
larval development stage following infectigte Roodeet al. 2011a) We specifically chos@é.
incarnata as.supplementary food because of its low cardenolide concentiatioortantly, by
the time=they=had finished their experimental host plants, caterpillars were Blbststars and
had spent an average of 8.5 days on their individual plants, leaving an average of only 1.5 days

of pre-pupal.development on these new supplementary cuttings.
Fithess measures and chemical analysis

We recorded the survival of caterpiBato adulthood. After emerging from their pupae,

butterflies were placed in 8.9 8.9 cm glassine envelopes, stored in &Clihcubator, and
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inspected daily until they died, upon which adult lifespan of each butterfly was recohdged. T
measurement combigeboth longevity and starvation resistance, both of which are highly
correlated with the lifespan and lifene fithess of monarchsnder more natural conditionse(d
Roode et al. 2009). The difference in lifespan between infected and uninfected butterflies
represents,our/index of parasite virulen8&e(nberget al. 2019. After death, the spore load of
each butterfly was measured following described metkdeldRoodect al. 2009). Specifically,
they were quantifié by vortexing monarch bodies in 5 mb@ and estimating total spore loads
using a haemocytometer slide. Spore load estimates the total number of sporesttenflg,
which is positively correlated with parasite transmission potential and negatively corretated w
butterfly resistance and fiess (De Roodet al. 2008). In addition, we measured butterfly
tolerance to.infection by measuring the negative slope between log transformetbagaaad
butterfly lifespan(Lefevre, Williams & de Roode 20).0

Analysis of foliar cardenolides followed Ta& Hunter (2012) using reverse phase
ultra-performance liquid chromatography (UPLC, Waters Inc., Milford, MA, U3%eaks were
detected by~absorption at 218 nm using a diode array detector, and absorbancengpectra
recorded from 200 to 300 nm. Peaks vayimmetri@al absorption maxima between 216 and 222
nm were recorded as cardenolid@ehnder & Hunter 2007 Total cardenolide concentration
was calculated as the sum of all separatederenlide peaks, corrected by the concentration of
the internal,standard (digitoxin) and the estimated sample massndex of cardenolide
non-polarity*foreach plant was calculated followiRgssman &Agrawal (2011)and Sternberg
et al. (2012) where the relative concentration of each peak in a sample was multiplied by its
relative retention time (relative to digitoxin), and summed. Resulting values fna@re0-1 for
each plant; with values close to 1 indicating high-polarity and a value of O corresponding
with high polarity. Note that we specifically created an index ofpmlarity instead of an index
of polarity, so that higher values corresponthvgreater toxicity. Individual plants that contained

no cardenolides were excluded from the analysis ofpubarity.
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209  Statistical analysis

210 Theprimary goal of the studwas to explore potential costs of cardenddide monarch fitness,
211 using eight plant species thadiffer substantially in their cardenolide concentration and
212  non{olarity.to ereate largandbiologically relevant variatiorBecause caterpillars were fed on
213 individual plants, each with its own unique chemistry, we used individual butterfly andiptant
214  as the level ofreplicatiom our analysedn all following models, we used mixed effect models
215 in which menarch lineagevas includedas arandom factorTo analyze species differences in
216  cardenolide/concentiah and norpolarity, we used analysis of variance in which cardenolide
217  concentration (or nopelarity) was the dependent variable and plant species wasl#mendent
218 variable.To testif plant speciesandparasite infection affecturvival of individualmonarchs to
219 adulthood;y'wesusediixed effects logistic regressian which plant species identity, parasite
220 treatment and their interactions weiredependentvariables, while survivorship of individual
221  monarchs«(0-for failure to reach adulthood and Istmcessful developent)wasthe dependent
222  variable.To testif plant species and parasite infection affeebnarchliifespan we useda mixed
223  effects lineamodelin which plant species identity, parasite treatment and their interactions were
224 independentyvariables, and lifespan (days) of individual monarchsheaependent variable.
225 To analyzéf plant species affestthespore load®f infected butterfliegan inverse measurement
226  of antiparasiteresistance), we usedmixed effects lineamodelin which plant species wdke
227 independentvariable, and log transformed spore \esthe dependent variablédditionally,
228 usingboth_uninfected and infected butterfli@ge tested if plant species affectibe tolerance of
229  Dbutterflies to.infectionwe used anixed effects lineamodel in which log transformed spore load,
230 and theinteraction between plant species dnd transformed spore loagere independent
231 variables, andhelifespan of butterfliesvasthe dependent viaable.

232 To investigateif plant cardenolide concentratioand nonpolarity affected caterpillar

233 survival to adulthood, we usexixed effects logistic regressions (as abameyhich cardenolide
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concentration(or non{olarity) were independent variables and caterpillar survival thas
dependent variable. To examine the effemtscardenolide concentratioand non-polarityon
spore loads, we useahixed effectslinear regression in which cardenolide concentration
non-{olarity were independent variables atie spore load of infected hetflies wasthe
dependent, variable. We used the lifespan of both uninfected and infected bsitiertést if
cardenolide concentratioand nonpolarity affect butterfly tolerance to parasiteSpecifically,
we used mixed effecgeneral linear models iwhich butterfly spore loa@dog transformed)and
the interaction"term between spore load (log transformed) and cardenolide concerftration
non-olarity). were independent variablesd butterfly lifesparwas the dependent variable.
Finally, we examineceffects of cardenolide concentratiand nonrpolarity on the lifespan of
uninfected_and, infected butterflies mixed effects general linear models the model on
cardenolide=concentratiocardenolide concentratipiparasite treatment and their intdracs
were independent variables and lifespan was the dependent vaf@bitenrpolarity, to capture
the nonlinear=relationships that we observed (see Resulis),ncluded nonpolarity, the
guadratic term of nopolarity, parasite treatmerand their interactionasindependent variables
(Sternberget al. 2012).The nonlinear model is an explicit test of the hypothesis of an increasing
net cost ofiselfnedication at high foliar cardenolide npaolarities.Additionally, we performed
separateanalyses founinfected and infected butterfliés explore theeffectsin more detail
Specificallyfor.both treatmest we included nofpolarity and the quadratic term of rpolarity

to explore"any notinear relationships.

Prior toconducting the above analyses, plant cardenolide concentrations and butterfly spore
loads were.legransformednatural log) For all regression models, homogeneity of variance of
dependentvariables was confirmed by Levene’s test, and normality of errorsnfiamexb by
the ShapireNilk normality test. All statistical tests were performed using R 2.1R3
Development Core Team 2012mixed effectslogistic regressiormodels were performely

package Ime4l.1-11 (Bateset al. 2014) and mixed effects linear models were performed by
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260 package nlmeRinheiroet al. 2007).

261
262  Results
263 The eight milkweed species varied substantially in tfadiar cardenolide concentrations

264  (Fig. 1a ;Fz 308= 244.49, p < 0.001). Pekbc comparisons showed thatasperula (13.32+

265 1.68 mg/g, A. linaria (14.65+ 1.18 mg/g) andA. perennis (12.02+ 0.88 mg/d had similarly

266  high cardenolide concentrations, followed By curassavica (2.09 £ 0.25 mg/g) andA.

267  physocarpa(243+ 0.42 mg/g. A. incarnata incarnata (0.14+ 0.04 mg/g, A. incarnata pulchra

268 (0 mg/g)tand /A. tuberosa (0 mg/g) had very low toundetectable foliar cardenolide

269  concentraons.

270 Similarly, milkweed speciegariedin theirfoliar cardenolide nomolarity (Fig. 1b; Fs 202=

271  159.07, p=<=0:001)A. curassavica (0.74+ 0.01), A. physocarpa (0.79+ 0.02) andA. incarnata

272 incarnata (0.77% 0.03) had indistinguishaplhigh nonpolarity, followed byA. linaria (0.64 +

273  0.01) andA=asperula (0.56 = 0.02. Althoughfoliar concentrations of cardenolidesAnperennis

274  were very high, their cardenolidbad the lowest non-polarity (0.31 £ 0.01).

275 Caterpillar survival to adulthood varied among plant species (Figy’2& 124.0, p <

276  0.00). However, neither parasite infection, nor interactions between plant species and parasite
277  infection affected survival ratqz(l = 0., p = 0.8 X27 =9.66 p = 021, respectively). This is

278  expected, becaud®. eekiroscirrha has not been found to reduce larval survival in previous
279  studiesrlifespan of butterflies varied substantially among plant sp€gies € 6.00, p < 0.001

280  with infection statusK; 1s2= 105.42, p < 0.001and with their interaction (Fig. 263,19 = 2.74,

281 p = 0.01,.thedatter of which demonstrates that plant species affected parasite virulence. In
282  additiongplant species affected monarch resistance to the parasite as measured by spore load of
283  butterflies (FIg. 2cFs 104= 6.42, p < 0.001L Thetolerance of butterflies to infection also varied
284  among plant species (Fig. Z€ 155= 3.90, p = 0.001L These results are consistent with previous

285 studieqLefevreet al. 201Q Sternberget al. 2012).
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286 Overall, foliar cardenolide concentration exhibited a strong negative retdpomsth

287  caterpilar survival to adulthood (Fig. 3a®,= 38.78, p < 0.001 The average survival rate of
288 caterpillars was 80% on species excludingsperula andA linaria. However, when feeding on
289 A. asperula _and A. linaria, the two species with the highest cardenolide concentrations,
290 caterpillar'survival rates were only 42.5% and 2.5%, respectively. When analyaib@fespan

291 of uninfected and infected monarchs in the same model, we founliifdbpan was unrelated to
292 foliar cardenalide concentration®; 102 = 2.14, p = 4; cardenolideconcentration X

293 infection: Fisg2 = 0.96, p = B3). Although ardenolide concentratiomas unrelated to the spore
294 load of infected butterflies (Fig. 3d¢1, 100 = 0.15, p = 0.7)) it increased the tolerance of
295  butterflies to infectior{spore load xardenolide concentratioR; 104=5.93, p = 0.02).

296 Cardenolide nomolarity was unrelated to survival rate (Fig. 3&= 0.008, p = 0.98

297 When analyzing the effects of cardenolide 4pafarity on lifespan of uninfected and infected
298 monarchs in the same model, we found a significant interaction bethveeuadratic term of
299 nonpolarity=and parasitetreatment(F; 17 = 7.19 p = 0.M9), indicating that ardenolide
300 nonpolarity-affected lifespan of uninfected and infected butterflies differeBihecifically,

301 higher cardenolide nepolarity was associated with lower adult lifespan of uninfected butterflies
302 (Fig. 3f, lineartermF; » = 423, p = 0.04; quadratic ternF; » = 0.46, p = (®0), whereasn

303 infected monarchs, there was a quadratic relationship betwegpotarity and lifespan (Fig. 3h;
304 quadratic termk; 61 = 9.38 p = 0.003). This nondinear relationship exists becauségh

305 non-{olarity"was associated with reduced parasite spore load (Fif; 39+ 17.92, p < 0.001

306 Because the adult lifespan of infected butterflies was strongly negatively associated with parasit
307 spore loadRyma00 = 33, p < 0.00}, thesecontrasting associations with cardenolide -pofarity

308 resulted«dn”a humghaped relationshif his quadratic relationship indicates a tradiebetween

309 the costs (innate toxicity to the monarch) and benefits-famésitic resistance) of ngolar

310 cardemlides.

311
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312 Discussion

313 Many animals use environmally derived secondary chemicals to combat disddse

314 Roodeet al. 2013) Documentinghe costs associated with using these secondary chemicals in
315 natural systems is important for our understanding of the ecology and evolution of behavioral
316 defenses.'Upon infection I§Y. elekiroscirrha, female monarch butterflies preferentially thgir

317 eggs orA._curassavica, amilkweedwith high cardenolide concentrations, whemmpared téA.

318 incarnata, .a species with low cardenolide concentrations, because cardenolide®nfan

319 antiparasitieweffects to monarch butterfli¢sefévre et al. 2010). In the current study, we
320 unveiled the/costs ofusing cardenolides as medicirEhese costglerive fromtwo different

321 mechanisms: (i)although highfoliar cardenolide concentratisnincrease thetolerance of

322 infected butterfliesthey decrease thsurvival rateof caterpillars to pupatign(ii) although

323 cardenolides-of:high nepolarity decrease parasite sptwad, they also redudbeadultlifespan

324  of uninfected butterflies. This apparent tradeoff in the use ofpatar cardenolides resulis a

325 nondinearrelationship between cardenolide pafarity and the lifespan of infected butterflies.
326  Overall, ourresults suggesthat medication behaviors can incur substarfitalesscosts, which

327 are mediated by both the concentration and compositiobiabgically active secondary

328 metabolites.

329 Our results are somewhat in contrast with a recent study (Petschenfiaa®&ah 2015) that

330 found limited.costs of high cardenolide concentrations on monarch butterflies.vétowleat

331 study focused=on the growth rate of caterpillars during their first five daysveiogenent,

332 whereas we found that high cardenolide concentratignificantly reduced caterpillar survival
333 to adulthoedsand that high cardenolide spartarity significantly reduced adult butterfly lifespan.
334  Thereforeywhile negative effects of cardenolides may be hard to detect in the shébutesee

335 Zalucki et al. 2001) their costs are more prominent when caterpillars are subjected to them
336 throughout theitarval period

337 The combined importance of foliar cardenolide concentration and rpolarity in
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monarchparasite interactions is best illustrated by compaAngsperula, A. perennis and A.
linaria. Thesespecies had the highesiand comparable foliar concentrations of cardenolides
yet varied substdially in their cardenolide nopolarity and effects on monarch fitneds
particular,A. perennis cardenolides lthlow nonpolarity; as a result, thiglant species did not
reduce parasite growth, but it also did not incur fithess costs on the monardh bontrastA.
asperula, with cardenolides ahtermediate noipolarity, substantially reduced parasite spore load;
however, it also reduced monarch survival and the adult lifespan of uninfected monarchs
Finally, A.“limaria foliage, which had high cardenolide concentration combined with high
non-{olarity,/ resulted in very low caterpillar survivebimilarly, a recent study found that
caterpillars that fed orA. linaria had lowe growth rats than those fed on other species
(Petschenka & Agraw#015).As a result, the most ideal medicinal plapeciesor monarch
butterfliessisonewith cardenolides that are moderately high in concentration and intermiediate
high in nonpolarity. An example of such apecies isA. curassavica, on which monarchs did
experience=reduced parasite spore loads, but did not suffer reduced survival. Whdasprev
studiesof memarchmedication behaviohavefocused orchoices betweeplants with different
cardenolide concentratiofiiseféevreet al. 201Q Lefevreet al. 2012),we curently do not know if
female butterfliesare able tomedicateby choosing amonglants of different cardenolide
non-polarity. Additionally, although monarchs displemedication behaviorhen they are infected
we do noturrentlyknow if infectedbutterfliesare able to avoithoseplantson whichthe costs of
medication‘become too high.

Petschenka and Agrawal (2015) recently found that monarchs have evolved much greater
ability to sequester cardenolides compared to alaeainespecialist herbivores of milkweeds.
Nevertheless, high levels of cardenolides can still reduce actiiN@'ék *-ATPase in monarchs,
targets of cardenolides, consistent with our findings here:pétar cardenotles are especially
toxic, because the lipophilic R group can bind tightly witi/K&ATPase, reducing its activity

to a greater extenfs a result, seastration is a highly selective process where cardenolides with
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intermediate polarity are preferentially sto@do & Hunter 201k How this sequestration relates
to parasite infection requires further study. Previous work has shown thatandgnolide
milkweed reduces parasite infection and growth when fed to caterpillarse bafidr during
infection, but not when fed after infeati (de Roodest al. 2011a) suggesting that cardenolide
sequestratioregulateditnesscostsmorethan the antparasitic benefits of these chemicals.

As an important noiimmunological defensenany animals have evolved the ability to
utilize chemicals from the natural environment against parasites and pahogsch can
significantlysreduce parasitgrowth and improve host fithedd.ozano 1991 Clayton & Wolfe
1993 Huffman/ 2003 de Roode,Lefevre & Hunter 2018 Documenting thecosts ofsuch
medicationusing natural variatiom anti-parasitic substances not alwaysstraightforward(but
see Singegt.al..2009;Boset al. 2015) Sometimes, natural levels wériationin the medicinal
components=of diets aranknown while at other times they cwary with other dietary
components. For example, while nectar alka@ian reduce parasite load in bumblebees, there
are otherssecondary metabolites in nectar that also havpaaasitic properties, makirexplicit
tess of coskwsing natural diet difficul{Manson, Otterstatter & Thomson 2Q0IBhermaret al.
2014 Richardsonet al. 2015) Our results, on the other hand, demonstrate cletudy
antiparasitic,substances are toxic for hosts in the absengaradites Such costsnay explain
spatial and temporal variatiom medication behavigr Additionally,the magnitude of costs may
determine whethemedication behavior will be prophylactic (preventive) or therapd@imisy
& de Roode 2014 For example, selinedication by swallowing whole leaves in chimpanzees is
most frequent duringherainy season wheihmerisk of gastrointestinal nematode infection is the
highest Huffman et al. 1997) Likewise, baboons only consume berries that are toxic to
Schistosoma’in areas of high risk of infectioPfillips-Conroy 1986).

In the monarch system, while infected monarchs preferentially chosarassavica, a
specieswith high cardenolide concentratioeempared toA. incarnata (Lefévre et al. 201Q

Lefévre et al. 2012) effects of cadenolides on performance and oviposition behavior of
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uninfected monarchappear highlyariable(Cohen & Brower 19820yeyele & Zalucki 1990
Zalucki, Brower & Malcolm 1990Ladner & Altizer 2005 Petschenka & Agrawal 2015V hile
some studiebave foundhat cardenolide concentrations do not affect oviposition cl{@oben

& Brower®1983, others have founthat femals preferentially lay their eggs on plants with
intermediate concentrationsof cardenolide(Oyeyele & Zalucki 1990 Zalucki, Brower &
Malcolm 1990. If cardenolides can confer protection against parasite infection and pnedatio
without costs, females should always preferentially lay their eggs on pldntsigh cardenolide
concentratioaIn contrast, ar results suggest thatcosts associated with high cardenolide
concentrations. and high cardenolide +patarity should favor therapeutic medication behaviors,
allowing hosts'to benefit from these plant toxins when infected, but avoiding ttsevdosn
uninfected..Additionally, nutritional content has been shown to affect ovipositioceshioi other
insects(e.g.dJausett al. 1998) suggesting that ultimately, monarch oviposition may be based on
a variety of factors, including defensive and nutrional milkweemistry.More generally, our
results demonstrate that the assessment of costs and benefitgpafasitic compounds requires
an understanding of the chemical composition in addition to the overall concentratiachof s

chemicals.
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Figure 1. Milkweed species differ in thefoliar cardenolide (a) concentration and (b)
non-polarity..Cardenolide concentrationsAsclepias incarnata pulchra andA. tuberosa were 0,
therefore ne=neipolarity can be calcualted for these two spededa represent mean = 1 SEM.
Species abbreviationpul = A. incarnata pulchra; tub = A. tuberosa; inc = A. incarnata; cur = A.

curassavicayphy= A. physocarpa; per = A. perennis; asp = A. asperula; lin = A. linaria.

Figure 2. Effects of milkweed species (a) monarch caterpillar survival to adulthood, (b)
lifespan of wninfected (sl bars) and infected monarch butterflies (hashed bars), (c) spore loads
of infected monarch butterflies, and (d) tolerance of monarch butterflies to parasite infection.
Data representsmean + 1 SEM. Because only one infected individual that féd lomaria
survived-toradulthoodthis specieseffects onadult butterfly lifespan,parasitespore load and

tolerance cannot be shown. Species abbreviations are as in Figure 1

Figure 3« Effects of milkweed foliar cardenolide concentratiod)(andnon-polarity (e-h) on
monarch caterpillar survival to adulthofal e) adultlifespan of uninfected monarch butterflies
(b, f), parasitespore load of infected monarch butterflies g), andadult lifespan of infected

monarch butterfliegd, h). Regression lines indicate significant relationships. Color coding for
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