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ABSTRACT)!38!

A! major! challenge! in! disease! ecology! is! to! understand! how! coVinfecting! parasite! species!39!

interact.!We!manipulate!in'vivo!resources!and!immunity!to!explain!interactions!between!two!40!

rodent!malaria! parasites,!Plasmodium'chabaudi! and!P.' yoelii.! These! species! have! analogous!41!

resource! use! strategies! to! the! human! parasites! Plasmodium' falciparum! and! P.' vivax:! P.'42!

chabaudi!and!P.'falciparum'infect!red!blood!cells!of!all!ages!(RBCVgeneralist);!P.'yoelii!and!P.'43!

vivax'preferentially!infect!young!RBCs!(RBCVspecialist).!We!find!that:!i)!recent!infection!with!44!

the!RBCVgeneralist!facilitates!the!RBCVspecialist!(P.'yoelii'density!is!enhanced!~10!fold).!This!45!

occurs! because! the! RBCVgeneralist! increases! availability! of! the! RBCVspecialist’s! preferred!46!

resource;!ii)!coVinfections!with!the!RBCVgeneralist!and!RBCVspecialist!are!highly!virulent;!iii)!47!

and!the!presence!of!an!RBCVgeneralist!in!a!host!population!can!increase!the!prevalence!of!an!48!

RBCVspecialist.! !Thus,!we!show!that!resources!shape!how!parasite!species! interact!and!have!49!

epidemiological!consequences.!!50!
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INTRODUCTION)64!

MixedVspecies! infections! are! common! and! interactions! between! coVinfecting! species! can!65!

either!promote!or!inhibit!other!parasite!species!in!the!same!host!(Graham!2008;!Griffiths!et'al.!66!

2014).! These! interactions! affect! disease! severity,! parasite! fitness! and! the! prevalence! and!67!

distribution!of!parasite!species!in!a!host!population!(Ferrari!et'al.!2009;!Knowles!et'al.!2013;!68!

Pedersen!&!Antonovics!2013;!Viney!&!Graham!2013).!!However,!the!withinVhost!mechanisms!69!

that!underpin!betweenVspecies!interactions!and!drive!their!epidemiological!consequences!are!70!

poorly! understood.! CoVinfecting! parasite! species! can! interact! with! one! another! directly! or,!71!

more!commonly,!through!changing!the!withinVhost!environment!(Mideo!2009).!!For!example,!72!

the!nematode!Nippostrongylus'brasiliensis!alters!resources!available!for!Plasmodium'chabaudi'73!

(rodent!malaria)!during!coVinfection!of!mice!(Griffiths!et'al.!2015).!Interactions!also!occur!via!74!

the!host!immune!response!if!one!species!interferes!with,!or!enhances,!attack!on!a!coVinfecting!75!

species! (Wolday! et'al.! 1999;! Reese! et'al.! 2014).!Determining! how! interactions! between! coV76!

infecting! parasite! species! shape! infection! dynamics,! virulence,! and! transmission! are!major!77!

questions!in!disease!ecology.!!78!

!79!

Malaria!infections!in!humans,!rodents!and!birds!commonly!contain!multiple!coVinfecting!80!

parasite!species!(KillickVKendrick!&!Peters!1978;!Valkiunas!et'al.!2006;!Juliano!et'al.!2010).!81!

For!example,!between!5!and!65%!of!human!malaria!infections!contain!both!Plasmodium'82!

falciparum'and!Plasmodium'vivax'parasites!(Looareesuwan!et'al.!1987;!Mayxay!et'al.!2004;!83!

Douglas!et'al.!2011;!Ginouves!et'al.!2015).!Interactions!between!conspecific!genotypes!result!84!

in!competitive!suppression!in!the!rodent!malaria!P.'chabaudi,'and!this!has!significant!85!

implications!for!the!evolution!of!both!virulence!and!drug!resistance!(Bell!et'al.!2006;!Pollitt!et'86!

al.!2011;!Read!et'al.!2011;!Pollitt!et'al.!2014).!Correlational!data!suggest!that!competitive!87!

suppression!also!occurs!between!conspecific!genotypes!of!P.'falciparum'(Daubersies!et'al.!88!

1996;!MercereauVPuijalon!1996;!Smith!et'al.!1999;!Färnert!2008).!However,!whilst!89!
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competition!has!been!demonstrated!between!conspecifics,!whether!this!also!occurs!between!90!

heterospecifics!within!mixedVspecies!infections!is!poorly!understood!(but!see!(Bruce!et'al.!91!

2000)).!!92!

!93!

Dynamics!of!malaria!infections!are!shaped!through!complex!combinations!of!topVdown!94!

(immunity)!and!bottomVup!(resources)!processes!(Haydon!et'al.!2003;!Mideo!et'al.!2008;!95!

Metcalf!et'al.!2011).!Some!species!of!malaria!parasites!preferentially!infect!particular!age!96!

classes!of!red!blood!cells!(RBC)!so!different!species!may!occupy!slightly!separate!resource!97!

niches!in!the!host.!As!well!as!reducing!resource!competition,!it!has!been!suggested!that!this!98!

niche!differentiation!could!lead!to!facilitation.!'Mcqueen!&!Mckenzie!(2006)'modelled!parasite!99!

and!RBC!dynamics!in!coVinfections!of!the!two!most!common!human!malaria!parasite!species!100!

and!predicted!that!P.'falciparum!facilitates!replication!of!P.'vivax.'This!occurs!because!P.'101!

falciparum'(a!generalist!that!infects!RBCs!of!all!ages)'induces!anaemia!which!causes!the!host!102!

to!produce!new!RBCs!and!shifts!the!age!structure!of!host!RBCs!towards!younger!cells,!which!103!

are!the!preferred!resource!of!P.'vivax'(an!RBCVspecialist;'Mcqueen!&!Mckenzie!2006).!!If!an!104!

RBCVspecialist!species!benefits!from!the!presence!of!an!RBCVgeneralist,!the!consequences!of!105!

infection!by!the!specialist,!for!individual!hosts!and!at!the!population!level,!will!depend!on!the!106!

presence!of!the!generalist.!Thus,!in!areas!where!P.'falciparum'prevalence!is!declining!(e.g.!107!

through!control!programs)!this!may!cause!unintended!changes!to!P.'vivax'prevalence.'!!!108!

!109!

Here,!we!test!the!predictions!of!McQueen!&!McKenzie!(2006)!by!experimentally!perturbing!110!

resource!availability!and!the!immune!environment!(apparent!competition)!of!mixedVspecies!111!

malaria!infections.!Specifically,!we!test!whether!one!species!of!rodent!malaria!parasite!(P.'112!

chabaudi)'can!alter!RBC!resource!availability!sufficiently!to!facilitate!the!replication!of!113!

another!species'(P.'yoelii).!P.'chabaudi'is!an!RBCVgeneralist!because!it!infects!RBCs!of!all!ages,!114!

whereas!P.'yoelii!is!a!RBCVspecialist!that!preferentially!infects!young!RBCs.!These!species!are!115!
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ideal!model!systems!for!investigating!the!withinVhost!mechanisms!mediating!interactions!116!

between!parasites!because!the!ecology!of!individual!species!is!well!understood,!the!117!

performance!of!each!species!can!be!tracked,!and!RBC!resources!and!immunity!can!be!118!

separately!perturbed.!We!show!that!the!RBCVspecialist!parasite!(P.'yoelii)!reaches!higher!119!

densities!in!hosts!that!have!an!existing!infection!with!the!RBCVgeneralist!(P.'chabaudi).!This!120!

facilitation!occurs!due!to!an!increase!in!the!supply!of!the!specialist’s!preferred!age!of!RBC,!121!

with!heterologous!immunity!(raised!against!the!heterospecific!P.'chabaudi)'having!little!122!

impact!on!P.'yoelii!densities.!Further,!we!show!that!mixedVspecies!infections!increase!the!risk!123!

of!host!mortality.!Motivated!by!our!findings,!we!develop!a!heuristic!model!of!the!fitness!of!an!124!

RBCVspecialist!parasite!in!different!withinVhost!environments!to!determine!the!conditions!125!

under!which!fitness!will!be!higher!if!an!RBCVgeneralist!is!also!circulating!in!the!host!126!

population.!We!find!that!the!facilitation!we!observe!only!benefits!P.'yoelii!when!the!prevalence!127!

of!P.'chabaudi,!at!the!host!population!level,!is!below!a!particular!threshold.!Overall,!our!results!128!

reveal!how!multiple!parasite!species,!with!differing!resource!preferences,!interact!through!129!

bottomVup!changes!to!the!withinVhost!environment,!impacting!upon!parasite!replication,!host!130!

health,!and!epidemiology.!'131!

!132!

MATERIALS)AND)METHODS)133!

Parasites.)We!used!the!parasite!genotypes:!P.'chabaudi'chabaudi!AS!(AS12476)!and!P.'yoelii'134!

yoelii! 17X! Mill! Hill! (35GA),! from! the! European! Malaria! Reagent! Repository,! University! of!135!

Edinburgh.!Both!species!were!isolated!from!thicket!rats!in!Central!African!Republic!during!the!136!

1960s! and! were! often! (12/22! cases)! found! to! coVinfect! the! same! host.! While! P.' chabaudi'137!

chabaudi! can! infect! RBCs! of! all! age! classes! (RBCVgeneralist),! P.' yoelii' yoelii! shows! strong!138!

preference! for! the!youngest!RBCs!(reticulocytes;!RBCVspecialist).!Both!parasite!species!have!139!

been! widely! used! to! address! questions! ranging! from! the! molecular! mechanisms! of! RBC!140!

invasion!to!the!competitive!dynamics!between!conspecific!strains.)141!
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)142!

Infections.)Hosts!were!8V10!weeksVold!male!MF1!mice!!(HarlanVOlac,!UK),!maintained!on!ad'143!

libitum'food!(RM3(P),!DBM!Scotland!Ltd,!UK)!and!water!(supplemented!with!0.05%!PABA!to!144!

enhance!parasite!growth),!with!a!12:12!hour! light:dark!cycle,!at!21!ºC.!Mice!were!randomly!145!

allocated! to! cages! containing! 2V4! animals! and! randomly! assigned! to! treatment! groups.!146!

Infections!were! initiated!by! intraVperitoneal! (IP)! injection!of!105!parasitized!RBCs! in!100!µl!147!

carrier!(following!(Bell!et'al.!2006)!and!mixedVspecies!infections!with!2x105!infected!RBCs!in!148!

200!µl!carrier,!consisting!of!105!infected!RBCs!of!each!parasite!species!(note!that! increasing!149!

the! initial! dose!by! a! factor! of! ! >10! is! required! to! significantly! affect! parasite! dynamics! and!150!

virulence;! (Timms! et' al.! 2001).! Our! design! keeps! the! dose! of! the! focal! species! (P.' yoelii)!151!

constant! while! altering! the! withinVhost! environment,! a! standard! practice! when! studying!152!

Plasmodium' coVinfections! (Råberg! et' al.! 2006;! Reece! et' al.! 2008a;! Pollitt! et' al.! 2011).! ! We!153!

chose!P.'yoelii'as! the! focal! species!because!our!work! is!motivated!by! (Mcqueen!&!Mckenzie!154!

2006),!in!which!the!human!parasite'P.'falciparum!(RBCVgeneralist)!is!predicted!to!facilitate!P.'155!

vivax' (RBCVspecialist).! Protocols! passed! ethical! review! and! are! approved! by! the! UK! Home!156!

Office!(Project!License!60/4121).!All!procedures!were!carried!out!in!accordance!with!the!UK!157!

Animals!(Scientific!Procedures)!Act!1986.!!158!

)159!

Experimental)Design.!We!designed!our!experiments!to!test!the!impact!of!prior!or!concurrent!160!

infection! with! an! RBCVgeneralist! species! on! the! replication! of! an! RBCVspecialist! and!!161!

determine! the! contributions! of! the! immune! and! resource! environments! to! the! RBCV162!

specialist’s!performance.!Mice!were!allocated!to!one!of!the!five!following!treatment!groups:!(i)!163!

Single! infection! (control)! mice! received! only! P.' yoelii;' (ii)! Mixed! infection! (MI)! mice!164!

simultaneously! received!P.'yoelii'and!P.'chabaudi;'(iii)!ParasiteVInduced!Anaemia! (PIA)!mice!165!

were! infected! with! P.' chabaudi! 10! days! before! they! received! P.' yoelii;! (iv)! Heterologous!166!

Immune! Challenge! (HIC)! mice! were! infected! with! P.' chabaudi,! cured! after! 8! days! by! IP!167!
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injection! of! 12mg/kg! pyrimethamine! (in! 50µl! DMSO;! Sigma,! UK)! for! two! consecutive! days,!168!

and!then!given!pyrimethamineVtreated!water!(7mg/ml)!for!2!more!days.!After!14!days,!when!169!

RBC! age! structure! and! density! had! returned! to! preVinfection! levels,! antibodies! against! P.'170!

chabaudi' had! developed! and! all! P.' chabaudi' parasites! were! cleared! (confirmed! by! qPCR),!171!

these!mice!were!infected!with!P.'yoelii;!(v)!Artificial!Anaemia!(AA)!mice!were!IP!injected!with!172!

60mg/kg! phenylhydrazine! (PHZ;! dissolved! in! PBS;! Sigma,! UK)! three! days! before! infection!173!

with! P.' yoelii.! PHZ! induces! a! large! increase! in! reticulocytes! (P.' yoelii’s'preferred! resource)!174!

within! days! (Savill! et'al.! 2009).! All! infections!with!P.'yoelii'were! initiated! at! the! same! time!175!

from!the!same!parasite! inoculum!and!5V7!mice!were!infected!for!each!treatment.!To!control!176!

for!any!possible!effects!of!pyrimethamine!in!the!HIC!treatment!group,!mice!in!all!groups!were!177!

treated!with!pyrimethamine,!in!the!same!manner,!prior!to!P.'yoelii!infection.!To!control!for!P.'178!

chabaudi'or! PHZ! injections,! we! injected!mice! in! the! groups! not! receiving! these! treatments!179!

with! the! carrier! solution! plus! uninfected! RBCs! or! PBS,! respectively.! All! treatment! groups,!180!

sample!sizes,!and!the!experimental!timeline!are!displayed!in!Figure!1.!!181!

!182!

Sampling.'We!used!speciesVspecific!qPCR! to!separately!count! the!number!of!P.'yoelii'and!P.'183!

chabaudi'genomes!per!μl!of!blood.!P.'yoelii! cumulative!density!was!calculated! from!samples!184!

taken!from!each!mouse!on!alternate!days!between!day!0!and!day!8!postVinfection.!This!period!185!

was! chosen! because! we! are! interested! in! how! the! starting! conditions! of! the! withinVhost!186!

environment! impact! the!replication!of!our! focal! (RBCVspecialist)!parasite!species! (Figure!S5!187!

for!P.'yoelii'temporal!dynamics).!Because!P.'yoelii!replication!is!nonVsynchronous,!PCR!counts!188!

could!overestimate! the!number!of! infected!RBCs! if! schizonts! (parasites! in! the! final! stage!of!189!

their!cellVcycle,!after!DNA!replication!has!occurred)!are!present!or!if!RBCs!are!parasitized!by!190!

multiple!parasites.!To!check!for!this,!we!also!calculated!the!density!of!P.'yoelii'infected!RBCs!191!

from! slides! for! single! species! infections! (treatments:! control,!HIC! and!AA).!Overall,!P.'yoelii'192!

densities!were!slightly!lower!when!calculated!from!slides!but!the!relative!difference!between!193!
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treatment! groups! was! consistent! with! counts! by! PCR! (Treatment*measurement! method!194!

F2,32=0.8,!p=0.46;!Table!S2).!Thus!for!analyses!of!singleVspecies!infections!we!include!P.'yoelii'195!

densities! estimated! through! both! PCR! and!microscopy! (whilst! controlling! for!method).! On!196!

each!sampling!day,!mice!were!weighed,!blood!samples!were!taken!from!the!tail! for!qPCR!of!197!

parasite!density! (5μl)! and! to!quantify!RBCs!by! flow!cytometry! (2μl;!Beckman!Coulter),! and!198!

thin!blood!smears!were!taken!to!determine!the!proportion!of!RBCs!that!were!reticulocytes.!To!199!

estimate!heterologous!and!homologous!immunity!on!the!day!of!P.'yoelii'infection,!we!assayed!200!

IgG2a! antibodies! (10μl! of! blood),! which! are! known! to! induce! strong! protection! against!201!

malaria! in! mice! (Cavinato! et' al.! 2001).! ! We! measured! homologous! immunity! against! a!202!

particular!region!of!MSP1!which!is!specific!for!P.'chabaudi!AS!(O'Donnell!et'al.!2001;!Burns!et'203!

al.! 2004;! FairlieVClarke! et' al.! 2010)! and! heterologous! immunity! against! crude! antigen!204!

homogenate!from!P.'yoelii8parasitized!RBCs.!This!verified!that!prior!infection!with!P.'chabaudi'205!

generated!an!acquired!response!and!gave!a!measure!of!antibodies!that!could!also!act!against!206!

P.'yoelii!(i.e.!speciesVtranscending!antibodies!generated!by!P.'chabaudi).!Further!details!for!the!207!

qPCR!and!immunological!assays!are!given!in!SI.!208!

!209!

Data) Analyses.! All! analyses! were! performed! using! R! v3.0.2! (R! core! team! (2013)! The! R!210!

foundation! for! statistical! computing;! http://www.RVproject.org).! General! linear! models,!211!

combined! with! postVhoc! Tukey! contrasts! (package! multcomp),! were! used! to! test! for!212!

treatment! effects! on! the! following! response! variables:! cumulative! P.' yoelii! density! (log10!213!

transformed),! day! 0! RBC! density! (log10! transformed),! day! 0! reticulocyte! density! (log10!214!

transformed),! proportion! reticulocytes! (logit! transformed),! and! antibody! titers! (log10!215!

transformed).!To!determine!the!relative!contributions!of!withinVhost!variables!to!cumulative!216!

P.'yoelii!density!(log10!transformed),!we!used!a!general!linear!model!with!all!the!explanatory!217!

variables! described! above.! We! used! a! generalized! linear! model! (with! binomial! error!218!

structure)! to! test! for! the! effects! of! treatment,! minimum! RBC! density! (log10! transformed),!219!
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mean!proportion!of!reticulocytes!and!minimum!weight!on!host!mortality.!We!followed!model!220!

simplification,! sequentially! dropping! the! least! significant! term!until! the!minimum!adequate!221!

model!was!reached.'Full!details!of!all!statistical!models!are!provided!in!Tables!S1V6.!'222!

)223!

Modelling.!To!predict!how!the!prevalence!of!P.'chabaudi'infections!in!a!host!population!affect!224!

P.'yoelii'fitness,!we!developed!a! simple!mathematical!model.!We!divide! the!host!population!225!

into!three!classes,!corresponding!to!three!of!our!experimental!treatment!groups:!naïve!hosts!226!

who!have!never!been!infected!by!P.'chabaudi'(e.g.!control;!C),!hosts!who!are!currently!infected!227!

by!P.'chabaudi'and!whose!withinVhost!environment!has!yet!to!be!altered!(e.g.!MI),!and!hosts!228!

who!are!recovering!from!a!P.'chabaudi'infection!and!have!an!altered!withinVhost!environment!229!

(e.g.! PIA).! Assuming!P.' yoelii' is! equally! likely! to! be! transmitted! to! each! host! type,! then! the!230!

average! fitness!of! the!parasite!will!be! the! sum!of! the! fitness!achieved! in!each!host! type,!wi,!231!

weighted!by!the!frequency!of!that!host!type,!pi.!In!other!words,!!232!

! ! ! ! ! (1)!233!

where!the!overbar!denotes!an!average.!We!use!Φ!to!denote!the!proportion!of!the!population!234!

that! has! ever! been! exposed! to! P.' chabaudi! (akin! to! ‘seroprevalence’;! hosts! in! MI' and! PIA'235!

classes),! and! ψ) to) denote! the! prevalence! of! active! P.' chabaudi' infections! (MI! only,! which!236!

assumes!that!P.'chabaudi'densities!are!negligible! in!PIA'hosts;!note!that!we!could!recast!the!237!

model!with!prevalence!including!PIA'and!MI'hosts!with!no!qualitative!change!in!inferences).!238!

The!frequencies!of!the!host!types!are!therefore,!!239!

!240!

We!define!the!hostVtype!specific!fitnesses!(wi)!according!to!the!costs!and!benefits!we!observe!241!

in! our! experimental!work! and! use! this!model! to! determine! the! conditions! under!which! an!242!

RBCVspecialist! (P.' yoelii)! is! predicted! to! benefit! from! the! presence! of! an! RBCVgeneralist! (P.'243!

chabaudi)!circulating!in!the!host!population.!244!

w̄ = pCwC + pMIwMI + pPIAwPIA

pC = (1� �) ,

pMI =  ,

pPIA = ��  .
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!245!

RESULTS)AND)DISCUSSION!246!

We!use!data!from!different!treatment!groups!to!address!two!questions.!First,!does!prior!247!

infection!with!an!RBCVgeneralist!facilitate!growth!of!an!RBCVspecialist!and!does!timing!matter!248!

(Figure!1A)?!Second,!how!do!changes!in!the!immune!environment!and!RBC!resource!249!

availability!independently!affect!replication!of!the!RBCVspecialist!(Figure!1B)?!250!

!251!

Infection)with)an)RBC0generalist)facilitates)an)RBC0specialist)'252!

When!P.'yoelii'parasites!were!inoculated!into!a!withinVhost!environment!that!had!already!253!

been!altered!by!P.'chabaudi!infection,!they!reached!significantly!higher!densities!than!in!either!254!

control!infections!or!simultaneous!mixed!infections!(PIA!vs.!control;!z=2.9,!p=0.01;!PIA!vs.!MI;!255!

z=2.98,!p=0.01;!Figure!2A;!Table!S2).!P.'yoelii'!parasites!in!simultaneous!mixed!infections!had!256!

similar!density!to!those!in!control!infections!(control!vs.!MI;!z=0.03,!p=0.9994;!Figure!2A;!257!

Table!S2).!Therefore,!a!recent!infection!with!an!RBCVgeneralist!(P.'chabaudi)!facilitates!a!258!

reticulocyte!specialist!(P.'yoelii).!However,!timing!matters!because!significant!facilitation!only!259!

occurred!when!the!RBCVgeneralist!was!already!established!in!the!host.!!!260!

)261!

The!difference!in!performance!of!P.'yoelii!across!treatments!can!be!explained!by!the!withinV262!

host!environment!at!infection.!PreVinfection!with!P.'chabaudi!(but!not!simultaneous!infection)!263!

significantly!reduced!the!total!RBC!density!of!hosts!(PIA!vs.!control;!z=22.8,!p<0.0001;!Table!264!

S1;!Figure!2B)!but!significantly!increased!the!density!and!proportion!of!reticulocytes!(PIA!vs.!265!

control!for!reticulocyte!density:!z=3.7,!p=0.002;!and!proportion!of!reticulocytes:!z=7.6,!266!

p<0.001;!Table!S1;!Figure!2C)!compared!to!control!mice,!on!the!day!of!infection!with!P.'yoelii.!267!

PreVinfection!with!P.'chabaudi'also!led!to!an!increase!in!the!concentration!of!antibodies!to!P.'268!

chabaudi!(PIA!vs.!control;!z=3.1,!p=0.02;!Table!S1;!Figure!2D)!but!antibodies!to!P.'yoelii!were!269!

unchanged!(treatment,!F!=!2.15,!p=0.09;!Table!S1;!Figure!2D).!In!contrast,!on!the!day!of!270!
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infection,!mice!simultaneously!receiving!P.'yoelii'and!P.'chabaudi'(MI!treatment!group)!did!not!271!

differ!significantly!from!control!mice!in!either!resources!or!immunity!(RBC!density:!z=0.51,!272!

p=0.99;!reticulocyte!density:!z=0.21,!p=0.99;!proportion!of!reticulocytes:!z=0.12,!p=0.99;!P.'273!

yoelii!antibodies:!treatment,!F!=!2.15,!p=0.09;!P.'chabaudi!antibodies:!z=0.44,!p=0.99;!Table!274!

S1;!Figure!2).!These!results!suggest!that!the!facilitation!observed!in!the!PIA!group!is!mediated!275!

by!host!anaemia!resulting!in!increased!production!of!reticulocytes!(Mcqueen!&!Mckenzie!276!

2006).!!277!

!278!

Resource)availability)is)a)key)determinant)of)the)RBC0specialist’s)performance)!279!

The!most!notable!change!to!the!withinVhost!environment!in!the!infections!where!P.'yoelii'was!280!

facilitated!is!the!substantial!increase!in!the!density!and!proportion!of!RBCs!that!are!281!

reticulocytes!(Figures!2!and!S3).!However,!it!is!also!possible!that!preVinfection!with!P.'282!

chabaudi!benefits!P.'yoelii'parasites!by!altering!the!host’s!immune!environment!in!a!manner!283!

not!reflected!in!the!antibody!assays,!or!that!the!few!remaining!P.'chabaudi!parasites!(Figure!284!

S1)!interacted!directly!with!P.'yoelii'parasites.'The!artificial!anaemia!and!heterologous!285!

immunity!treatment!groups!allow!us!to!partition!the!relative!contributions!of!RBC!resources!286!

and!heterologous!immunity!to!the!facilitation!of!P.'yoelii'(below!and!Figure!1B).!!287!

!288!

In!the!artificial!anaemia!treatment!group,!mice!were!treated!with!phenylhydrazine!(PHZ)!289!

prior!to!P.'yoelii'infection.!PHZ!causes!anaemia,!resulting!in!lower!total!RBC!density!(control!290!

vs.!AA;!z=14.2,!p<0.001;!Table!S1;!Figure!3B),!and!stimulates!the!production!of!reticulocytes!291!

(proportion!of!reticulocytes:!z=6.7,!p<0.001;!reticulocyte!density:!control!vs.!AA;!z=4.6,!292!

p<0.001;!Table!S1;!Figure!3C!and!S3).!In!comparison!to!the!parasite!induced!anaemia!group,!293!

the!overall!reduction!in!RBC!density!in!the!artificial!anaemia!group!was!lower!(PIA!vs.!AA;!z!=!294!

12.3,!p<0.001),!and!there!was!a!borderline!increase!in!the!proportion!of!reticulocytes!(mean!295!

reticulocyte!proportion:!PIA!=!0.16!(±0.06),!AA!=!0.06!(±0.004);!z=2.5,!p=0.08),!but!the!296!
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resulting!reticulocyte!density!was!nearly!identical!(mean!log10!reticulocyte!density:!PIA!=!8.51!297!

(±0.16),!AA!=!8.48!(±0.02);!z!=!0.3,!p=0.99).!!As!intended,!PHZ!treatment!did!not!alter!the!298!

concentration!of!antibodies!to!P.'yoelii'or!P.'chabaudi!compared!to!control!mice!(P.'yoelii'299!

antibodies:!treatment,!F!=!2.15,!p=0.09;!P.'chabaudi!antibodies:!AA!vs.!control,!z=2.3,!p=0.14;!300!

Figure!3D).!As!predicted!under!the!hypothesis!that!elevating!reticulocytes!facilitates!an!RBCV301!

specialist,!P.'yoelii'density!was!nearly!two!times!higher!in!the!artificial!anaemia!treatment!302!

than!in!control!mice!(z=2.6,!p=0.025).!303!

!304!

In!the!heterologous!immunity!treatment!group,!mice!were!given!an!infection!with!P.'chabaudi'305!

26!days!prior!to!inoculation!with!P.'yoelii.!P.'chabaudi!parasites!were!allowed!to!establish!for!306!

8!days!before!receiving!drug!treatment!to!clear!all!parasites.!The!density!and!age!structure!of!307!

RBCs!had!returned!to!normal!by!the!time!of!P.'yoelii!infection!(control!vs.!HIC!on!day!0:!RBC!308!

density,!z!=!2.03,!p=0.25;!proportion!of!reticulocytes:!z=0.25,!p=0.99;!reticulocyte!density,!309!

z=0.59,!p=0.98).!As!intended,!preVinfection!with!P.'chabaudi!resulted!in!significantly!higher!310!

antiVP.'chabaudi!antibodies!than!in!control!mice!(z!=!3.9,!p<0.001),!as!measured!through!the!311!

IgG2a!antibodies!targeting!P.'chabaudi'MSP1.!In!contrast,!antibodies!against!P.'yoelii!crude!312!

antigen!remained!unchanged!(treatment,!F!=!2.15,!p=0.09),!suggesting!that!P.'chabaudi!313!

infection!did!not!generate!a!speciesVtranscending!IgG2a!response.!As!predicted,!P.'yoelii'314!

density!in!HIC!mice!was!not!significantly!different!from!controls!(z=1.4,!p=0.34).!!315!

!316!

The!results!above!strongly!support!the!role!of!resource!availability!in!facilitating!P.'yoelii'and!317!

suggest!that!heterologous!immunity!plays!a!minor!(if!any)!role.!Although!the!reticulocyte!318!

density!on!the!day!of!infection!was!nearly!identical!under!the!parasite!induced!anaemia!and!319!

artificial!anaemia!treatments,!the!relative!increase!in!parasite!density!was!slightly!higher!in!320!

parasite!induced!anaemia!mice.!This!could!be!due!to!the!proportion!of!RBCs!that!were!321!

reticulocytes!being!higher,!or!to!other!differences!in!the!withinVhost!environment!(e.g.!322!
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immunity).!To!further!investigate!whether!any!of!these!variables!could!cause!the!increase!in!323!

P.'yoelii'density!in!anaemic!mice,!we!analysed!data!from!PCR!counts!(to!ensure!only!P.'yoelii'324!

was!counted)!for!all!treatments.!We!fitted!a!model!with!the!following!explanatory!variables!325!

measured!on!day!0:!reticulocyte!density,!proportion!of!RBC!that!were!reticulocytes!and!levels!326!

of!antibodies!to!P.'chabaudi!and!P.'yoelii.!!The!proportion!of!reticulocytes!was!the!only!327!

variable!that!showed!a!significant!positive!correlation!with!P.'yoelii!density!(F1,29!=6.4,!328!

p=0.017;!Figure!S2;!Table!S3),!further!suggesting!that!resources,!not!immunity,!are!the!329!

drivers!of!facilitation.!Because!reticulocyte!density!failed!to!explain!significant!variation!in!P.'330!

yoelii'density!(F1,26=0.05,!p=0.82),!the!relative!abundance!of!reticulocytes!rather!than!their!331!

absolute!density!may!determine!P.'yoelii'replication!rate.!!All!malaria!parasites!have!limited!332!

time!to!find!a!suitable!RBC!to!invade!and!the!encounter!rate!with!their!preferred!resource!is!333!

likely!to!be!crucial!for!infection!success!(Cowman!&!Crabb!2006).!!!334!

!335!

Co0infections)of)an)RBC0generalist)and)RBC0specialist)have)a)high)virulence))336!

Hosts!with!a!single!infection!of!either!our!RBCVgeneralist!or!our!RBCVspecialist!species!usually!337!

control!their!infection!through!immunity!and!replacement!of!lost!RBC!(Spence!et'al.!2013;!338!

Pollitt!et'al.!2015).!However,!in!the!facilitated!infections,!the!production!of!RBC!fuelled!the!339!

RBCVspecialist!and!heterologous!immunity!had!no!impact.!We!tested!whether!these!processes!340!

resulted!in!mixedVspecies!infections!being!more!virulent!than!single!species!infections.!We!341!

compared!mortality,!weight!loss,!and!anaemia!for!the!mice!used!in!the!previous!analyses!plus!342!

an!additional!4V7!mice!per!treatment!(see!Figure!1)!for!26!days!after!infection!with!P.'yoelii.!343!

Weight!loss!and!anaemia!are!standard!measures!of!virulence!in!this!system!(De!Roode!et'al.!344!

2005;!Bell!et'al.!2006;!Pollitt!et'al.!2013;!2014;!2015).!!345!

!346!

Mortality!differed!dramatically!among!treatment!groups!(survival!to!day!26!~!treatment:!347!

χ24,63!=!23.11,!p<0.0001;!Figure!4A)!with!high!mortality!in!the!parasite!induced!anaemia!and!348!



! 14!

mixed!infection!treatments!(71%!and!80%!respectively)!but!few!or!no!deaths!in!other!349!

treatment!groups!(control!=!0%,!HIC!=!0%,!AA!8%).!Note!that!we!did!not!investigate!single!350!

infections!with!P.'chabaudi!because!multiple!experiments!demonstrate!that!this!species!(and!351!

the!particular!strain!we!used)!rarely!leads!to!mouse!mortality!!(Seixas!&!Ostler!2005;!Bell!et'352!

al.!2006;!Mideo!et'al.!2008;!Reece!et'al.!2008b;!Pollitt!et'al.!2011).!Therefore!infection!with!353!

two!parasite!species,!either!simultaneously!or!consecutively,!substantially!increased!the!risk!354!

of!host!death!(single!infection!vs.!MI!or!PIA:!χ21,63!=!21.01,!p<0.0001;!Table!S4;!Figure!S4!for!355!

survival!temporal!dynamics).!This!is!in!keeping!with!reports!that!mixedVspecies!infections!of!356!

P.'falciparum'and!P.'vivax!more!often!lead!to!severe!disease!symptoms!in!human!malaria!cases!357!

(Genton!et'al.!2008).!Weight!loss!and!anaemia!differed!significantly!across!treatments!358!

(minimum!RBC!count:!!F4,63!=!6.2,!p<0.0001;!minimum!weight:!!F4,63!=!4.15,!p<0.01)!and!this!359!

was!driven!by!mice!in!the!heterologous!immune!challenge!becoming!less!anaemic!and!losing!360!

less!weight!than!mice!in!the!mixed!infection!(PIA!and!AA)!treatment!groups!(Figure!4BVC;!!all!361!

other!pairwise!comparisons!between!treatments!were!nonVsignificant!(p>0.05)!for!both!362!

minimum!RBC!density!and!minimum!weight;!Table!S5).!!363!

!364!

The!high!mortality!in!the!parasite!induced!anaemia!and!mixed!infection!treatment!groups!365!

cannot!be!explained!by!weight!loss!or!anaemia!(minimum!weight:!χ21,20!=!0.18,!p=0.67;!366!

minimum!RBC!density:!χ21,21!=!3.49,!p=0.062).!Instead,!we!found!a!significant!positive!367!

correlation!between!the!mean!proportion!of!RBC!throughout!infections!which!were!368!

reticulocytes!and!the!probability!of!surviving!(χ21,22!=!15.2,!p<0.0001;!Figure!4D).!!We!also!369!

found!an!effect!of!treatment!(PIA!vs.!mixed:!χ21,22!=!8.38,!p<0.005;!Table!S6):!mice!with!a!370!

simultaneous!mixed!infection!had!a!higher!probability!of!survival!at!a!given!reticulocyte!371!

proportion!than!mice!in!the!parasite!induced!anaemia!treatment!(Figure!4D).!We!conclude!372!

that!hosts!face!a!tradeVoff:!the!production!of!new!RBCs!facilitates!replication!of!P.'yoelii,!but!373!

new!RBCs!must!be!produced!in!large!numbers!to!survive!and!recover!from!infection.!)374!
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!375!

The)RBC0specialist)benefits)when)an)RBC0generalist)is)below)a)prevalence)threshold)'376!

Motivated!by!our!experimental!results,!we!defined!the!fitness!of!RBCVspecialist'(e.g.'P.'yoelii)!377!

parasites!infecting!the!three!host!classes!in!our!heuristic!model.!As!a!proxy!for!fitness,!we!378!

used!the!‘transmission!potential’!of!an!infection,!which!is!the!product!of!the!duration!of!379!

infection!and!infectiousness!(Fraser!et'al.!2014).!We!took!the!naïve!host!as!the!baseline!case:!380!

if!the!RBCVspecialist'infects!a!host!of!type!C,!we!define!the!rate!at!which!it!transmits!from!that!381!

host!as!B!and!the!duration!of!infection!as!D.!We!allowed!RBCVspecialist'parasites!in!hosts!382!

recovering!from!an!RBCVgeneralist'infection!(e.g.!PIA!treatment!group)!to!gain!the!replication!383!

benefit!observed!in!our!experimental!work!as!well!as!suffer!the!reduced!survival!we!384!

observed,!while!RBCVspecialist'parasites!in!hosts!with!an!active!RBCVgeneralist'infection!(e.g.!385!

MI!group)!suffer!reduced!survival!with!no!replication!benefit.!We!assume!that!the!increase!in!386!

replication!translates!to!an!increase!in!transmission:!while!malaria!parasites!produce!387!

specialized!stages!for!transmission!and!may!alter!the!rate!at!which!they!do!this!over!the!388!

course!of!an!infection!(Reece!et'al.!2009;!2010;!Pollitt!et'al.!2011;!Carter!et'al.!2013),!all!else!389!

being!equal,!an!increase!in!replication!will!result!in!the!production!of!more!transmission!390!

stages.!Thus,!we!denote!the!benefit!of!facilitation,!i.e.,!the!proportional!increase!in!391!

transmission,!as!f.!!Finally,!we!approximate!the!decreased!survival!as!a!decrease!in!the!392!

duration!of!infection!and!define!α'as!the!proportional!reduction!in!the!duration!of!infection.!393!

The!fitness!of!the!RBCVspecialist!in!the!different!host!classes!is!therefore!!394!

!395!

Substituting!these!expressions!into!equation!(1),!we!found!that!the!average!fitness!of!an!RBCV396!

specialist!in!a!host!population!where!the!RBCVgeneralist!is!circulating!is!thus!397!

! (2)!!!!398!

wC = BD,

wMI = (1� ↵)BD,

wPIA = (1� ↵) (1 + f)BD.

w̄ = BD (1� �↵+ f (1� ↵) (��  )) .
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By!dividing!this!expression!by!BD!(i.e.,!the!fitness!of!the!RBCVspecialist'in!the!absence!of!the'399!

RBCVgeneralist),!we!obtain!an!expression!for!the!relative!fitness!of!the!RBCVspecialist!parasite!400!

in!the!presence!versus!absence!of!the!RBCVgeneralist,!401!

! ! !402! ! ! ! ! (3)!!402!

In!Figure!5,!we!explore!how!relative!fitness!changes!with!the!prevalence!and!seroprevalence!403!

of! the!RBCVgeneralist,! across!a! range!of! costs!and!benefits! to! the!RBCVspecialist.!This! figure!404!

demonstrates!that!the!RBCVspecialist!only!benefits!when!the!prevalence!of!the!RBCVgeneralist!405!

is!below!a!threshold.!Specifically,!if!!406!

,! ! ! ! ! ! (4)!407!

!then! the!RBCVspecialist'benefits! from! the!RBCVgeneralist'circulating! in! the!host!population.!408!

By!rearranging!this!inequality,!we!find!the!equation!of!the!dashed!lines!in!Figure!5,!!409!

! ! ! ! ! !(5)!410!

!411!

which! gives! the! maximum! prevalence! of! active! generalist' infection! for! which! the! RBCV412!

specialist'will! have! higher! fitness! than! in! the! absense! of! the! RBCVgeneralist.! With! some!413!

rearrangements!and!substitutions,!we!can!rewrite!equation!(4)!as!!414!

! ! !415!

which! has! an! interpretation! that! is! familiar! in! evolutionary! biology! (Hamilton’s! rule!416!

(Hamilton! 1964a,! b)):! the! benefit! from! the! RBCVgeneralist'multiplied! by! the! probability! of!417!

receiving!that!benefit!(facilitation),!must!be!greater!than!the!cost.! !418!

From! Figure! 5,! we! also! see! that! the! fitness! of! the! RBCVspecialist! always! decreases! with!419!

increasing! prevalence! of! the! RBCVgeneralist,! which! can! also! be! shown! by! differentiating!420!

equation! 3! with! respect! to! ψ! (i.e.,! the! derivative! is! always! negative).! Of! course,! when!421!

prevalence!changes,!so!will!seroprevalence!and!the!consequences!of!this!for!the!fitness!of!the!422!

RBCVspecialist! depends! critically! on! the! costs! and! benefits! of! facilitation.! For! example,!423!

1� �↵+ f (1� ↵) (��  ) > 1

pPIA

pPIA + pMI
f (1� ↵) > ↵

 <

✓
1� ↵

f (1� ↵)

◆
�

w̄rel = 1� �↵+ f (1� ↵) (��  ) .
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assuming(that(a(unit(change(in(prevalence(leads(to(an(identical(unit(change(in(seroprevalence,(424!

then% when% costs% are% high% but% benefits% are% low% (α=0.75,' f=3.5),' increasing' prevalence( and(425!

seroprevalence+ leads+ to+ substantial+ reductions+ in+ fitness,+while+ fitness+ reductions+ are+more+426!

modest'for'other'parameter'combinations.!Therefore,!control!measures!aimed!specifically!at!427!

an! RBCVgeneralist! malaria! parasite,! may! temporarily! increase! seroprevalence! while!428!

decreasing! prevalence,!which!would! generate! a" fitness" advantage" to" an" RBCVspecialist,* and*429!

could&therefore&lead&to&transient&increases&in&infections&with&those&parasites.!430!

!431!

In!reality,!what!matters!for!RBCVspecialist!fitness!is!not!the!prevalence!of!the!generalist!per'se,!432!

but!the!likelihood!that!infections!with!the!RBCVgeneralist!have!progressed!to!the!point!of!433!

altering!the!withinVhost!environment!sufficiently!to!facilitate!the!RBCVspecialist!upon!its!434!

arrival!in!the!host.!Additional!data!would!be!useful!for!defining!the!transitions!between!host!435!

classes!in!a!fully!dynamical!expansion!of!the!model!presented!here!(or!understanding!the!436!

relationship!between!seroprevalence!and!prevalence!in!our!heuristic!model).!!More!437!

mechanistic!models!(e.g.,!(Mcqueen!&!Mckenzie!2006)!parameterized!with!such!data!would!438!

be!valuable!for!revealing!subtleties!in!the!interactions!between!Plasmodium'species!that!may!439!

explain!epidemiological!patterns!and!predict!offVtarget!consequences!of!interventions!aimed!440!

at!one!species!alone.!441!

!442!

From)mice)to)men)443!

We!show!that,!by!altering!the!withinVhost!environment,!an!RBCVgeneralist!parasite!can!444!

facilitate!the!replication!of!an!RBCVspecialist!and!bottomVup!processes!are!the!main!drivers!in!445!

this!interaction.'Experimental!manipulations!of!the!kind!reported!here!are,!for!obvious!446!

reasons,!not!possible!with!human!malaria,!and!in!natural!transmission!settings!it!is!likely!that!447!

patterns!will!be!complicated!further!by!previous!infection!histories!and!the!ability!of!an!RBCV448!

specialist!(P.'vivax)'to!survive!as!dormant!stages!in!the!host!(Mueller!et'al.!2009).!However,!449!
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we!suggest!that!in!the!many!areas!where!P.'vivax!is!circulating!within!the!same!host!450!

population!as!an!RBCVgeneralist!!(P.'falciparum),!withinVhost!interactions,!mediated!through!451!

changes!in!host!resources,!are!likely!to!impact!upon!both!parasite!replication!and!host!health.!452!

In!particular,!in!areas!where!P.'falciparum'transmission!is!low,!or!in!areas!with!recent!453!

outbreaks,!we!predict!that!P.'vivax'has!higher!fitness!than!in!populations!where!it!circulates!454!

alone.!Our!results!also!suggest!that!coVinfections!of!an!RBCVspecialist!and!RBCVgeneralist!are!455!

highly!virulent.!This!may!come!as!a!surprise!because!P.'vivax!is!assumed!to!be'comparatively!456!

benign,'but!recent!studies!do!show!that!coVinfections!of!P.'falciparum'and!P.'vivax'can'result!in!457!

a!higher!incidence!of!severe!malaria!and!severe!anaemia!than!either!species!alone!(Genton!et'458!

al.!2008;!Tjitra!et'al.!2008).!Our!model!also!suggests!P.'vivax'faces'some!surprising!459!

consequences!of!interventions!targeting!P.'falciparum.'If!the!prevalence!of!P.'falciparum!is!460!

high,!a!reduction!in!its!prevalence!could!push!the!system!into!the!parameter!space!where!P.'461!

vivax!benefits!most!from!facilitation,!generating!more!secondary!infections!than!if!P.'vivax'462!

circulated!alone.!Of!course,!the!reduced!mortality!and!morbidity!associated!with!a!reduction!463!

in!P.'falciparum'infections!may!well!outweigh!the!clinical!costs!of!an!increase!in!the!number!of!464!

P.'vivax'infections.!Whether!patterns!of!P.'vivax'prevalence!and!pathogenesis!fit!these!465!

expectations!requires!urgent!study.!!466!

!467!

CONCLUSIONS)468!

Our!results!highlight!the!importance!of!resource!feedbacks!in!the!interactions!between!coV469!

infecting!species!and!the!consequences!of!these!interactions!for!host!health!and!parasite!470!

epidemiology.!Furthermore,!our!results!suggest!that!both!parasite!abundance!and!host!471!

survival!correlate!with!the!frequency!but!not!the!density!of!the!preferred!age!of!RBCs!in!472!

rodent!malaria!infections.!A!similar!observation!has!recently!been!made!for!coVinfections!of!473!

the!nematode!Nippostrongylus'brasiliensis!and!P.'chabaudi,!in!which!the!frequency,!not!474!

density,!of!preferred!RBCs!is!an!important!predictor!of!infection!success!(Griffiths!et'al.!2015).!!475!
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)635!
FIGURE)LEGENDS))636!

Figure)1:)Experimental)design)and)treatment)groups.!Schematic!of!the!experimental!637!

timeline.!Treatment!groups!are!illustrated!according!to!their!analysis!for!clarity,!though!all!638!

infections!occurred!in!parallel!and!the!control!group!was!the!same!for!all!analyses.!Sample!639!

sizes!are!shown!for!each!treatment!in!the!following!format;!n!=!number!of!mice!monitored!for!640!

mortality!and!number!of!infections!used!in!parasite!density!analyses!!(*!tracked!by!PCR;!!#!641!

tracked!by!microscopy).!!642!

!643!

Figure)2:)Infection)with)a)red)blood)cell)generalist)facilitates)replication)of)a)specialist.!!644!

Panel!A!shows!P.'yoelli'density!when!infections!are!initiated!alone!in!naïve!hosts!(control),!at!645!

the!same!time!as!a!P.'chabaudi'infection!(mixed!infection),!or!10!days!after!a!P.'chabaudi'646!

infection!(parasite!induced!anaemia).!Panels!BVD!illustrate!how!the!withinVhost!environment!647!

on!the!day!of!P.'yoelli!infection!differs!between!treatment!groups.!Error!bars!show!the!648!

standard!error!of!the!mean.!!649!

!650!

Figure)3:)Resource)availability)is)a)key)determinant)of)P.)yoelii)success.)Panel!A!shows!P.'651!

yoelli'density!when!infections!are!initiated!alone!in!naïve!hosts!(control),!in!a!host!with!a!652!

previously!cleared!P.'chabaudi'infection!(heterologous!immune!challenge),!or!in!a!host!treated!653!

with!PHZ!(artificial!anaemia).!Panels!BVD!illustrate!how!the!withinVhost!environment!on!the!654!
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day!of!P.'yoelli!infection!differs!between!treatment!groups.!Error!bars!show!the!standard!error!655!

of!the!mean.!!656!

!657!

Figure)4:)Co6infections)of)a)RBC6generalist)and)RBC6specialist)are)more)virulent)to)the)658!

host.)Panels!A,!B!and!C!show!the!proportion!surviving!mice,!minimum!weight,!and!minimum!659!

red!blood!cell!count!for!the!5!treatment!groups,!respectively.!Panel!D!shows!the!relationship!660!

between!mean!proportion!of!reticulocytes!and!survival!for!the!two!treatments!where!661!

substantial!mortality!was!experienced!(mixed!infections,!orange!and!parasite!induced!662!

anaemia,!purple).!!663!

!664!

Figure)5:)A)RBC6specialist)can)benefit)from)facilitation)up)to)a)threshold)prevalence)of)a)665!

RBC6generalist.)Plots!indicate!the!relative!fitness!of!an!RBCVspecialist!parasite!(e.g.,!P.'yoelii)!666!

in!the!presence!versus!the!absence!of!an!RBCVgeneralist!(e.g.,!P.'chabaudi))over!a!range!of!667!

costs,!α,!and!benefits,!f,!of!facilitation.!Plotted!values!are!the!logged!solutions!to!equation!(3).!668!

Within!the!yellow!parameter!space!the!specialist!benefits!from!the!generalist.!In)the!blue!669!

parameter!space!the!specialist!does!worse!than!it!would!alone.!Note!that!the!fitness!of!the!670!

generalist!always!decreases!as!the!prevalence!of!the!specialist!increases.)The!white!region!671!

reflects!the!fact!that!prevalence!must!be!less!than!or!equal!to!seroprevalence;)parameter!672!

combinations!above!the!oneVtoVone!line!are!not!plausible.!The!dashed!line!highlights)the!673!

maximum!prevalence!(for!a!given!seroprevalence)!that!obtains!a!benefit!for'P.'yoelli!fitness,!674!

given!by!inequality!(5).!)675!
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