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1. INTRODUCTION

Currentideasaboutthe evolution of verticaltransmissiorarethatit will evolve if susceptible
hostsarerare(Lipsitch etal. 1995b,Turneret al. 1998),andthatwhenit evolvesit will favour
parasite®f lower virulence(Bull etal. 1991,Herre1993). Theseinsightsarebasedon the as-
sumptionthatverticaltransmissions a secureway into future generationsin reality, however,
competitionfor the host’s offspringis likely to occur (Koellaand Doebeli1999). If vertical
transmissioris common,the payof for mutantparasiteghat opt for horizontaltransmission
might be enhancedAfter all, a parasitethatis ableto ‘steal’ the offspring of otherhostswill
thenhave mary opportunitiedor infection.

Oneway for a parasiteto utilize hostsalreadyvertically infectedis throughco-infectionor
superinfection (Nowak andMay 1994,vanBaalenandSabelis1995,Gandonl998,Mosquera
and Adler 1998). Unfortunately modelsincorporatingmultiple infection are more difficult
to analysethan modelsallowing only single infections. However, anothermodeof competi-
tion amongthe parasitess for a hosts offspring. If vertical transmissioris not immediate,
but occurswhenthe motheris weaningits offspring (termedpseudo-ertical transmissiorby
Wilkinson (1999)),an offspringmay acquireinfectionsby otherhostsin the populationbefore
the parents parasitesucceedo claimit. Thus,hostoffspringmay be infectedeitherhorizon-
tally or vertically. This framewnork hasthe unrealisticfeaturethat parasitesarenot challenged
by otherparasitencethey have infecteda host,but they have to competeo infectit, evenin
the caseof verticaltransmissionThe adwantages thatit is muchmoreeasyto analyse.

If the (external)risk of infectionis low (aswould be the casewhen parasitesare virulent
andrare)thenverticaltransmissiorwould indeedbe a guaranteednodeof reproductiorfor the
parasites However, if the parasitedbecomdessvirulent andmorecommon,therisk of exter-
nal infectionrises. As a consequencehe potentialbenefitof vertical transmissiordecreases.
The shift backto horizontaltransmissiorwill affect the force of infection again. The evolu-
tionaryequilibriumwill thusbe determinedoy this feedbackandconsequentlghangesn the
hosts’ environment(affecting for examplemaximumbirth rate or backgroundmortality rate)
will provokeanevolutionaryresponsen the parasitepopulation. Thus,the modelwill leadto
hypothesesshow parasitewill respondo changesn ervironmentalconditions.
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The insights obtainedherewill apply with little modificationto caseswith ‘real’ vertical
transmission.Thoughthe simplesthost-microparasitenodelsignore multiple infection, it is
animportantdeterminanbf the evolution of virulence(Nowak andMay 1994,van Baalenand
Sabelis1995, Frank 1996, Gandon1998). First of all, therewill be competitionamongthe
strainsinfectingahostfor whowill beableto ‘claim’ theoffspring. The morestrainsthemore
intensethis competition andhencehelowerthebenefitof verticaltransmissionBut moreover,
a parasitethattransmittedto an offspring may have a headstartput it cannotpreventits host
from receving additionalinfections. If the force of infectionis high, the mutantstrainwould
be quickly dilutedwith residenthorizontallytransmittedstrains.Effectively, it losesits hostto
theresidentn avery similar fashionto the ‘pseudo’-infectiormodelthatl analysedere.Also
with realverticaltransmissiortherewill thereforebe competitionfor the hosts offspring.

In evolutionaryepidemiology it is customaryto expressthe fithessof parasitesn termsof
their basicreproductionRy. However, someconfusionreignswith respecto this quantity and
caremustbe takento defineit carefully. In classicalepidemiology Ry measureshe expected
numberof secondarynfectionsproducedoy a singleinfectedindividual in awholly suscepti-
ble population(KermackandMcKendrick1927,AndersonandMay 1991,Heesterbeet992).
Evolution, however, is aboutstrainsof parasitegeplacingone another The relevant fitness
measuraes thereforethereproductiorratio of a mutantparasiten hostpopulationwherearesi-
dentparasitds alreadypresen{vanBaalenand Sabelis1995,Mylius andDiekmann1995).In
particularwherethereis within-hostcompetitionor, asis the casein this chaptey wherethere
is competitionfor vertical transmissiorbetweernparasitestrains thetwo Ry conceptdiffer. In
particular the‘epidemical’ definitiondoesnotincludethe effectsof competitionfor verticalin-
fection. If thisaspects important,usingtheclassicaRy-concepwill thereforeyield erroneous
predictions.

| will analysea modelfor pseudo-ertical transmissiorthatincludescompetitionfor trans-
missionamongparasitestrains.l will usethis modelto explore how the evolutionaryfeedback
dependson characteristic®f the host-parasiténteractions. Whendealingwith parasiteghat
cantransmitvertically, the expressionof parasitevirulencebecomesmportant. To a hostit is
irrelevant (evolutionarily speakingwhetherit is castratedr killed by the parasite put to the
parasitat maymakeabig differencel will assumehatparasitevirulencehastwo components,
correspondingo two independenteango producenfectivity, theclassicabnewherethehost
itself is exploited (leadingto a disease-inducerhortality rate) anda secondwherethe host's
allocationto reproductions ‘siphonedoff’ (with noill healtheffects).

By analysingsucha model, hypothesexan be formulatedaboutwhich conditionsfavour
vertical transmissiorof parasites.Thesehypothesegould be testedwith examplesfrom the
realworld (bacteriaandtheir phagesplantsandfungi, mammalsandtheir intestinalparasites).
Theresultscanalsobe usedto makesenseof the outcomeof spatialhost-parasiténteractions
involving akind of ‘indirect’ verticaltransmissior{Lipsitch etal. 1995a,vanBaalen2000).

Sincethe modelis simpleand hassomeunrealisticfeaturesjt makesno senseo compare
theresultswith datafrom a specificsystem.Yetit senesto outline the conceptualssuesand
I will briefly discussthe kind of datathatareneededo assesshe significanceof the struggle
for vertical transmission.In the Appendix| will outline how a more generalmodel canbe
formulatedandanalysed.Suchmodelscould betailoredto represensomespecificinstance pr
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Figure 1. Schematicrepresentatiorof the formation (throughbirth, with rate b) of parent-
offspringcomplexesandtheir subsequendissociationwith rated).
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couldbe usedto addressnoreprecisequestionssuchashow juvenile mortality is expectedto
affecttheresultsor whatthe consequencef reverse(offspring-to-paent)vertical transmission
will be.

2. THE MODEL

The basicideafor the presentfframework is thatwhenever a host(denotedS) reproducesa
temporaryparent-ofspringcomple is formed(denotedss throughout will usethecornvention
thatthecapitalsymbolrefersto theadultwhile lowercasesymbolrefersto theoffspring). Parent
andoffspringwill separatenly aftersometime (1/8) on average(Figurel). Thetwist of the
modelis thatif the parents infected,the infectioncanbe passedn within the complex with a
high efficiency, thoughthe offspringis alsoexposedo externalsource®f infection. Herel will
derive the modelequationspy consecutiely addingmorecomponentsFirst the disease-free
systemthentheresidentparasitestrainwill be addedandlastly the mutantstrain.

In derving themodel,l will useatechniquederivedfrom theoreticapbhysics.Thisapproach
hasbeensuccessfullyappliedto modelthe effectsof spatialor socialstructureon host-parasite
dynamicsand evolution (van Baalenand Rand 1998, Rand 1998). Insteadof giving all the
differentialequationghatdo the bookkeeping| will befocusingon the ‘events’thatgive rise

Tablel
Eventsgoverningthedynamicsof thedisease-fregystem.
Event Percapitarate Description
S— Ss b birth&
S— 71 M death
Ss— T M deatt?
Ss— S+ S 0 dissociation

aBirth rateis assumedo be density-dependensgetext.
b No juvenile mortality occursin parent-ofspringcomplees.



to theseequations. The relevant eventsare birth (giving rise to parentoffspring complexes),
dissociation(of parentandoffspring),deathandinfection. Theadwantageon focusingonthese
eventsis thatthe assumptionsinderlyingthemhave to be madeexplicit right from the outset,
anddo not have to be inferred from the equations. The full setof equationds givenin the
appendix but to illustratethe approach will discusan somedetail how the equationdor the
disease-fre@opulationdinked to thedemographi@vents.

2.1. Hostdynamics

The basiceventsthat govern the dynamicsof the hostin absenceof the diseaseare birth
(creationof parent-ofspringcompleces),dissociatiorandmortality (seeTable1 andFigurel).
Thedisease-fre@ostpopulationis thereforecharacterizety two densitiesadulthosts[S and
parent-ofspringcomplexes|[S$ (squarebracketandicatedensities).A bookkeepingasedon
theseeventsresultsin thedifferentialequations

dd[_? = —(b+ [ +25[S§
& (1)
€% _big -~ (u+ s

to describethe dynamicsof the disease-fredost population. In this framewvork a hostindi-
vidual is effectively ‘born’ whenit separatefrom its parent.For simplicity, juvenile mortality
(independentf that of its parent)is not assumedo occur (it canbe includedby assigninga
certainrateto theeventSs— 9.

If complex dynamicsis sufficiently fast,we canassumehat parent-ofspringcomplexesare
in pseudo-equilibriumthatis, evenif [§ changes|Sg/dt will becloseto zero,or

= b

[S§ = m[s] (2

Substitutingthis valuein the differentialequationfor d[§ /dt thenyields

ds _
o= b ©

whereb = b3/ (u+ ) is the effective birth rate. Thisis, of course the mostfundamentakqua-
tion for populationgrowth. Notethatif noneof thevital ratesis densitydependenthedisease-
free populationwould eithergo extinct or grow to infinity. To preventthis, | will assumehat

the birth rateb is linearly densitydependent

b = bm(1—KN) (4)

whereN is thedensityof hostscompetingor resourcesHereanumberof arbitraryassumptions
can be made. One could, for example,assumethat all hostsin the populationcompetefor
resourcesin which caseonewouldtakeN = [ + 2[Sg. For simplicity, | will assumehowever,
thatjuvenilesstill associatetb their parentdo notcompetefor resourcesthatis N = [§ + [SS.
From Equations(2—4) we caneasily calculatethe carryingcapacityof the hostin absenceof
parasites.



Table2
Eventsgoverningthedynamicsof parasitestrainX, whereX is eitherl orJ (respectielyi or j).
Dissociationeventsarenotlisted, but aredefinedin the sameway asin Table1.

Event Percapitarate Description

X — Xs (1—ex)b  birth

X—=7 M+ ax death

Xeo — T L+ 0 ”

S+ X hx horizontaltransmissiornio free host
Se — Xe hx horizontaltransmissiorio parent
oS — X ohy horizontalinfectionto offspring
Xs— XX VX verticaltransmission

aBullets(e) denoteahostin ary state(S, | or J respectely. s, i, j).

2.2. The residentstrain of parasites

Essentiallyall the assumptionpertainingto the biology of the parasitesare summarizedn
Table2. Thedifferentialequationsarenothingmorethanabookkeepingf thechangesn den-
sitiesof the differentclasse®f hostscausedy theseevents. Theresidentsystenresultswhen
oneworks out the bookkeepingonly for strainl, evolutionary analysisrequirestwo parasite
strainsto be modeledtheresident andamutantJ. | will discusgheresidentsystentfirst.

If the force of infectionis hy, free hostsbecomeinfectedwith probability per unit time h;.
However, alsothe juvenilesin a complex canbe infected(with probability per unit time ohy,
whereo < 1 representshe fact that suchhostsmay be more difficult to infect). In addition
aninfectedparentin a parent-ofspringcomplex canpasson the infectionto its offspringwith
probability per unit time v, (vertical transmission).Infectedhostsmay reproducewith a rate
1 — ¢ relative to healthyhosts;g; thusmeasureslisease-inducesterility.

I will assumehatinfectedoffspringdo not contributeto theforce of infection,

by = B (1] + 015 + [1]). (5)

This is an assumptiormerelyto simplify the model; in the versionthatis derivedin the Ap-
pendix ary infectedhost (be it parentor offspring) caninfect arny susceptiblewith specific
transmissiorefficiencies.Notethatin the presenimodel,verticaltransmissiordoesnot go “the
wrong way”, i.e., an offspring infectedby an external sourcecannotinfect its parent. In the
moregeneraformulationthis sequencef eventswould occur

2.3. Intr oducing a mutant strain of parasites

To understandvolution of the parasitesye needto know underwhat conditionsa mutant
strainof parasitesaninvadea residenthost-parasitsystem. Thereforewe needto introduce
a secondstrainin the model. Sucha mutantis governedby the samesetof events(Table 2),
the extra now beingthat also mixed-infection(Ji andl j) parent-ofspring complexes may be
producedseeFigure?2).

The mutantmay be differentin the following ways: it may reduceits host's reproduction
to a differentdegree(g; # €), it may have differenttransmissiorparametergf3; # 3 and/or
vy # vj) andit mayinduceadifferentmortality rate(aj # a;). Lateron| will consideipossible
trade-ofs amongtheseparameters.
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Figure2. The eventsaffecting vertical transmissiorof a mutantparasiteJ in the presenceof
residentstrainl. Thereis birth (with rate(1— €;)b), verticalinfection (v;), horizontaltransmis-
sion (h;, oh;) anddissociation(d). | representsheresidentstrainof parasitesNoticethatif J
is rare(h; is vanishinglysmall)Jj complecesonly arisethroughverticaltransmission.

Thesenew statesandtheir transitionsmeanthat the original equationsacquirenew terms,
andthatfour moredifferentialequationsare necessaryo keeptrack of the mutantparasite.|
will notgive thefull model,however, asl amprimarily interestedn theinvasionconditionsfor
araremutantstrain.

Eventhoughthe assumptionshatunderliethe modelarefairly simple,theresultingdynam-
ical model(presentedn the Appendix)is rathercomple. Theresidenthost-parasitaystemis
givenby six differentialequationgfor [, [SS, [I], [ 5], [Ii], and[Si)) while analysisof the mu-
tantsdynamicsrequiresto considersix othersin addition. To discusghe evolutionaryaspects,
| will considera moresimpleversionof the modelthatallowsthe parasitesx, to be calculated
easily

2.4. Simplified model

Much insight can be gainedif one makesthe not unreasonabl@assumptiorthat the rates
of vertical infection and of dissociationare so large that we canignore mortality in parent-
offspringcomplees. Then,all parent-ofspringcomplexescanbe consideredo bein pseudo-
equilibrium, andthe dynamicalvariablesreduceto thosefor S | andJ-type hosts. To avoid
cluttering the expressionswith symbols,| will drop the awkward notationbasedon the sub-
scriptsl andJ. In therestof thechapteranasteriskwill referto theresiden{(l) whereasaplain
symbolrefersto the mutants (J) traits.

For thegivenadditionalassumptiontheresidentsystenmsimplifiesto

dis 5 * *
d T sron 9 T Ery o e RIS ©
dai] ., oh* V* + oh* .

dt ST o P T g one e Rl - el

whereh* = 3*[1]. Underthesimplifying setof assumptionffspringarereleasedmmediately
However, only a fraction 8/(d+ oh*) of susceptiblehost’s offspring remainuninfected,the
remainderis infected(horizontally)beforedissociating For infectedhosts thefractioninfected



offspringis (v* 4+ oh*) /(8 + v* 4 oh*). Notethis containsboththe contributionsof verticaland
horizontaltransmission.For the residentparasite we cannotdistinguishbetweenvertical and
horizontaltransmission.

For a raremutantstrainwe canassesshe importanceof vertical transmission.Sincebeing
rare,its force of infectionis negligible. If its hostproduceoffspringinfectedwith the mutant,
thenwe canbe virtually surethatit is the result of vertical transmission. Would this host
produceoffspringinfectedwith theresidentwe canbesurethatit is aconsequencef horizontal
infection. Thedifferentialequationfor the mutants dynamicswhich containstheseterms,can
bederivedin asimilarway. Here,however, | will pasdirectlyto aderivationof themutantsRy.

3. THE MUTANT PARASITE’'S REPRODUCTION RATIO

Evolution proceedshroughthe creation(throughmutationof existing strains)anddisappear
anceof strainsof parasites.We thereforeneedto know whatallows strainsto invadea given
systemandwhich strainswill be ousted.In principle,this canbe assesseftom the systemof
differentialequationggiven in the Appendix)that describesa mutants dynamics. However,
thisis mathematicallyrathercumbersomeasit requiresmanipulationof 6 x 6 matricesevenin
thesimplestcase.Here,l will limit theanalysisto the simplified model.

In principle, one canderive the invasionconditionfor a mutantstrainof parasitefrom the
dynamicalequationdor the simplified model,but it is moreinsightful to derive a mutantpar
asites invasionconditionsfrom consideratiorof what happendo a hostinfectedwith a rare
mutantJ in a systemdominatedby a stratg)y |. The reproductiornratio of the mutantis then
the numberof secondarycasest will produce. If this numberis larger thanone, the mutant
will have anetpositive growth rateandbarringspecialconditionsthatgovernbranchingpoints
(seeGeritzetal. 1997),it will replacethe residentpopulation. This processof invasionand
establishmenivill continueuntil an evolutionaryendpointis reachedwhereno mutanthasa
reproductiorratio largerthanone.

An adult hostinfectedwith a raremutantparasite] liveson average(p+ o)~ time units.
During this time it caninfect four typesof hosts:its own offspring (verticaltransmissionand
threetypesof hoststhroughhorizontalinfection: susceptibleadults,the offspring of suscepti-
bles,andthe offspringof hostsinfectedwith theresidentparasite.

Considerthe possibilitiesfor vertical transmissiorfirst. The mutants hostwill produceoft-
springwith rate(1— €)b. To theseoffspring,threethingscanhappenthey candissociatéefore
beinginfected(with rated), they canbecomeinfectedvertically with the mutant(with ratev)
andthey canbecomeinfectedwith the resident(with rate ch*). Thereforethe hostproduces
offspringinfectedwith the mutantwith arate

v(1—¢)b
O+ v+ oh*
At the sametime, the hostmay infect otherhostshorizontally First of all, it may infect sus-
ceptibleadulthosts. This occurswith rate 3[S. However, it may alsoinfect the offspring that
theseuninfectedhostsproduce. Suchoffspring are producedwith rate 3[Sb andevery oneis
‘available’ for infection (with relative efficiengy o) by the mutantfor a periodof 1/(8+ oh*).
Thetermsrepresentingnfection of susceptibldostscanbetakentogetheyas

pis (140

6+0F>'



And finally, the mutantmay infect the offspring of hostsinfectedwith the residentparasite,
beforeresidentsucceedsn achieving vertical transmission.The densityof suchhostsis [l],
they produceoffspring with a rate of (1 — €*)b that are available for infection by the mutant
(with efficiengy o) for a periodof on averagel/(d+ v* 4 ch*). Therateof infectionthrough
this routeis therefore

Bl —e)b
O+ vt +oh*
Theseelementanbetakentogetherto calculatethe total numberof adulthostsinfectedby

the parasite eitherdirectly, or throughthe infection of offspring. The basicreproductiorratio
of mutantparasite] in apopulationdominatedoy residentparasite] is

b\, M1-eb  Bll(1-e)b
5+ ch* d+Vv+oh* O+ v+ +oh*
L+ o

pis (140

Ro(J|I) = (7)
In this expressionthefirst termin the numeratoiis equivalentto the ‘standard’termsof infec-
tion of susceptibleghatis foundin ary expressiorof Ry. Theothertermsreflectthecompetition
for verticaltransmissionThe secondrepresentsuccessfulertical transmissiorof the mutant
in thefaceof competitionwith theresident.Note thatthis dependsegatively ontheresidents
force of infection. Thethird term representhe successfuinfection by the mutantof the resi-
dents offspring.

Thesedattertwo termsarethe crux of thephenomenonif theresidentparasitd is rare,then
only theverticaltransmissioriermremains,

Bl <1+ 0%) + %/(1— £)b

u+a (®)

lim Ro(J|1) =

Note thatthis is the settingfor the ‘classical’ Ry concept:invasionof parasitesn a parasite-
free hostpopulation.As becomeslearby comparingthe classicalRy with thefull expression
(Equation(7)), all aspect®f competitionamongparasitestrainshave disappearedn particular
the contribution of vertical transmissionis maximal. Would this expressionbe usedfor an
evolutionaryanalysiserroneougredictionsmay result,asthe benefitsof verticaltransmission
areoverestimated.

In contrast,if the residentis abundant,the option for vertical transmissiorof the mutant
becomesnsignificantasthe residentwill have infectedits host’s offspring beforethe mutant
hadachanceand

B
B*
U+ o

BlS + 5 (1-€")b

lim Ro(J|l) = 9)

h*— 00

Note thatin this case,the term representindiorizontalinfection of its competitors offspring

doesnot disappearThe offspringof every hostinfectedwith theresidentwill becomeanfected
very quickly (with arate proportionalto h* = 3*[I]), but at the sametime, therewill be very

mary of them ([l], in fact) andtheseeffectscancelout when|l] becomedarge. This means



thatwhentherearemary residentparasitesthe potentialfor horizontaltransmissions actually
enhancedit becomegprofitableto try to infect the offspring of hostsinfectedwith theresident
type.

Thus,optimal transmissiorstratgiesnot only dependon the relative availability of suscep-
tible hosts,but alsoon the intensity of competitionbetweenthe parasites.Vertical transmis-
sionwill beselectedagainstn parasite-riddemostpopulationswhereast may befavouredin
disease-frepopulations.

4. CONSTRAINTS

Fromtheexpressiorfor mutantsreproductiorratioit is obviousthatit will invadeif, for ex-
ample,itstransmissiorefficiengy (3 is largeenough It standgo reasonhowever, thatincreasing
transmissiity will beassociateavith anincreasan the negative consequencesperiencedy
thehost.Usuallyit is assumedhatanincreasen infectivity will beassociateavith anincrease
in the disease-inducechortality rate. However, this is but one of the possiblerelationships.
Normally the disease-inducenhortality ratea is equatedo the parasites ‘virulence’ but one
shouldbe awarethat parasitecandepressostfitnessalsoin otherways(Hochbeg 1998).To
ahost,thereis notreally a differencebetweera parasitehatkills anda parasitethatcastrates;
bothreducethehostsfitnessto zero,bothareequally‘virulent’ from the hosts perspectie.

Supposehatthe parent-to-ofspringtransmissiomate (V) is fixed,andthatparasitevirulence
is characterizetby two traits. Both affect (horizontal)infectivity but oneis associatedvith the
hosts survival, andthe otherwith the host’s reproduction.The specificassumption will make
is thata strains infectivity 3, its disease-inducerhortality ratea anddisease-inducesterility
(¢) arelinked in thefollowing way

Aa
B(a,g) = B+a+ysb (10)

(wherea > 0, 0 < &€ < 1). Thus,infectivity is assumedo be the sumof two componentspne
thatincreaseshe host’s mortality, andanotherthat convertsthe host’s reproductve outputinto
parasiteinfective stages(with cornversionparametery). The first componentcan alwaysbe
increasedhput at a fastincreasingcostin termsof disease-inducenhortality (van Baalenand
Sabelis1995). The secondcomponenbbviously cannotincreasevhenthe hostis completely
castrated.

Insightinto the balancebetweerhorizontalandverticalis gainedif the expressionfor Ry is
rearrangeduchthatthe effectsof the two transmissiomoutesaregroupedogethey

— v
Bl AT+ 5 (1)
_ d+v+oh*
Ro(3l) = iy a
where
— b — o(1-¢%)b
=8 (14052 )+ T2 (12)

is the effective densityof hostssusceptiblg¢o horizontalinfection,whichis determinedn vari-
ouswayshy theresiden((i.e., by its virulence,level of horizontalinfectionanddisease-induced



sterility) but cannotbe changedy the mutant.Similarly, to the mutantthe netefficiency of ver-
tical transmissions agivenconstantlt doesdependntheresidents forceof infection,but the
mutantcannotaffectthis. (It is, of course possibleto ervisagescenariosvherethe parasitecan
affectparametersuchasv but for themoment’ll assumehatthis efficiencgy is independenof
horizontaltransmissiorefficiency).

5. NON-KILLING PARASITES

To beagin with, let us considerthe evolution of a parasitethat cannotkill but only castrate.
Thatis, the parasites ability of infect horizontally dependsentirely on its corversionof the
host's reproductve output:

B(e) = yeb (13)

In absencef vertical transmissionsucha parasiteshouldof courseattemptto corvert all of
its host’s reproductve outputinto its own horizontaltransmission.If, however, the efficiengy
of infection of offspringis muchenhancedgomparedo the efficiency of infecting otherhosts,
it may pay the parasiteto reduceits virulence, utilize the vertical transmissiorroute next to
horizontaltransmissionFromtheexpressiorfor amutants Ry we know thatit dependdinearly
ong, andadecreasén virulenceis favouredif

_— \%
H < ——
viH] o+ v+h*

Thus, in general,it paysto decreasevirulenceonly if the densityof susceptibleslecreases
below acertainthreshold.This thresholdtself depend®ntheforceof infectionof theresident.
If theresidenis common thisthresholdgoesup; verticaltransmissiobecomesessprofitable.
Both the densityof susceptibleandtheforce of infection of the residentdependon popula-
tion dynamicswhich, in turn, dependsn the virulenceof the residentstrain. As canbe seen
in Figure3, thesequantitiesdependjuite sensitvely on theresidents virulence.If its virulence
is closeto zero,theresidentparasitestraincanhardly maintainitself andthe force of infection
will be low. With increasingvirulencethe force of infectionrises,up to the point wherethe
residentbecomedoo virulent andit will disappeaiagain(Figure3A). Note that the force of
infectiondepend®n the parasite-inducedegulationof the hostpopulation;avirulent parasites
do not control the hostpopulationat low densitiesyirulent parasiteseverely reducethe host
population(Figure 3B; recall that the total numberof hostsavailablefor horizontalinfection
includesoffspring still in associatiorwith their parent). From a populationpoint of view, in-
termediatevirulenceis thus‘optimal’. At this optimum, the proportionof offspring born to
infectedparentsthatis infectedis very high. However, ascanbe seenin Figure3C, the pro-
portion of ‘true’ vertical transmissior{i.e., infection by its own parent)is thenat a minimum.
(This canbeassessely evaluatingthe Ry of a mutantthatis identicalto theresident.)For this
setof parametersmorethanhalf of the apparenvertical transmissions effectively theresult
of horizontaltransmissionSuchcompetitionfor the host’s offspringreduceshe profitability of
verticaltransmissiorandhencetheadvantageof reducingvirulence.Fromthis we mayalready
expectthe populationoptimumnot to be evolutionarily stable. Indeed,the selectionpressure
on virulenceis positive at the populationoptimum (Figure 3). The ESSlevel of virulenceis
approximately50% castratiorfor the combinationof parametersisedto draw theseplots.
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Figure3. The endemicequilibrium of a non-killing parasiteasa function of parasite-induced
sterility (virulence). (A) The force of infection of the residentparasite,(B) the logarithm of
the total densityof hostssusceptibleo horizontalinfection, (C) the rate of apparentvertical
transmissiorfinfectedoffspringbornto infectedadults,dravn line) andthe proportionof ‘true’
verticaltransmissiorfdashed)and(D) theintensityof selectionpressuren virulence.(Param-
eters:bjm=15u=1,k=0.001,0=10,v* =20,0=1,0*=0,y=1))

Intermediatevirulencerequiresthat selectionpressureon virulenceis zero. Condition (5)
shawvs thatthe evolutionaryequilibriumwill be characterizethy a balancebetweerthe payofs
of horizontalandvertical transmissionChangesn parameteraluesarelikely to changeboth
simultaneouslyandsuchthatthenen ESSbeeitherhigheror lowervirulence.For example for
low reproductionrates,horizontaltransmissions the ESS(the densityof susceptibleactually
goesup whenbirth rate decreasesdi is the densityof infectedsthat drops),beyond a certain
mixture of horizontalandvertical transmissionywherevirulencefirst decreaseandthanrises
again(Figure4A). Therisein virulenceat high productvity profits the parasitesaswell and
competitionfor the hosts’offspringbecomesnoreintense(Figure4B).
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Figure4. The ESSlevel of virulenceof non-killing parasitesasa function of the productvity
of the ervironmentmeasuredn maximumrate of reproductionof the host. (A) ESSlevel of
castrationand(B) the proportionof infectedoffspringbornto infectedadults(dravn line) and
the proportionof ‘true’ verticaltransmissior{dashed)(Parameterssin Figure3.)

6. KILL OR CASTRATE?

As discussedbefore parasitesnay have multiple waysto exploit their hosts,andhencemul-
tiple virulencecomponents.The questionis how suchvirulenceevolveswhenit is expressed
in differentways. Considerthe ‘classical’ virulenceconceptof disease-induceahortality. The
ideais thatif thereis verticaltransmissionparasitesre selectedo be morecarefulwith their
hosts.Indeed,if we allow a to evolve, the modelpredictsthatif the castratiorratee* is fixed
andsetequalto zero (no castrationvirulence),disease-inducethortality will decreasef the
parent-to-ofspring transmissiorrate increasegFigure 5A). However, if castrationvirulence
evolvesalongsidewith disease-induceghortality, thereis no longersuchaneffect (Figure5B).
For low transmissiorefficiencies the parasitegorvertall of theirhosts’reproductve outputfor
horizontaltransmissionSinceverticaltransmissiomoesnotoccurwhene* = 1, therecannote
aneffectof v* onkilling virulencea. However, the surprisingresultis thatwhenparasitestart
to exploit the vertical transmissiorroute (at highertransmissiorefficiencies),disease-induced
mortality staysconstantChangesn v* affectthelevel of castrationvirulenceonly.

The ESSpotentiallydepend®n mary parametersFor example,the above resultsarebased
on the assumptiorthat thereis weak density-dependertiost populationgrowth (so that the
host populationis regulatedstrongly by the parasites).Figure 6A shaws thatif competition
for resourcegembodiedin the parametek) becomessufficiently intense,the ESSmay shift
from partialto completecastration Notethatalsoin this casedisease-inducenhortality is less
affectedthanis thelevel of castration.Thatis, changesn ervironmentalparametersirelikely
to provokeanevolutionaryrespons&astratiorvirulenceratherthankilling virulence.

In other casesthe effects of environmentalparametersnay defy easyexplanations. For
example,if the backgroundnortality rateincrease$rom a very low valueto a high value,the
overall effectis increasedsirulence. This is not surprisingas high mortality ratescounterthe
parasitesability to ‘manage’their hosts.However, the specificpatternis rathersurprising:the
parasiteESSis first to kill but not castratethento castrateandkill, thento castratepartially
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Figure5. ESSdisease-inducerhortality ratea* asa function of the parent-to-ofspringtrans-
missionratev*, (A) whenparasitesannotcastrateheir hosts(e* fixedat zero),and(B) when
castrationvirulencee coevolveswith a. (Parametersby, = 1.5,k =0.00Lpu=1,0=1A=
4B=2y=1)

but notkill, thenagainto castrateandkill, to, eventually to fully castrateandkill (Figure6B).

Thegeneralpatternis thusanincreasean ‘virulence’ asonemight expect. If backgrounchost
mortality increasest payslessto be benignto the host,beit in termsof its survival or of its

reproductionButjustwhy thisincreasen overall virulenceis expressedguchthatthedominant
aspectvariesso muchis not easyto state. It dependsoth on the large-scalgprocessof host
populationdynamics aswell asonthe smallscaleinteractionamongparasitegcompetitionfor

transmission).

7. DISCUSSION

If thereis competitionamongparasitego infect the offspring of their hosts,therewill bea
feedbacKoop thatmay preventthe evolution of ‘pure’ vertical transmissionUnlessparasites
cantruly monopolizetheir hosts,therewill be a considerablgayof for mutantparasiteshat
investin horizontaltransmissiorwhenvertical transmissions common.Whethercompetition
occursat the pseudo-infectiorstage,as ervisagedin this article, or whetherit arisesthrough
multiple infection, verticaltransmissions not a guaranteeanodeof reproduction.

Parasiteghat opt for vertical transmissiorshouldallow their hoststo reproducensteadof
killing and/orcastratingt. As a consequencegarasitismwill lessintenselyregulatethe host
populationandhostdensitywould go up. Theforce of infectionwould go up evenmore,asthe
proportioninfectedhostswill increaseaswell. The resultof this, however, is thatcompetition
amongtheparasitesvill becomemoreintense Firstof all, becaus¢herewill befew susceptible
hostsin the population,secondlyit will favour mutantsthat have a competitve advantagein
multiply infectedhosts,parasiteghat can ‘steal’ hostsfrom otherparasites.Suchintensified
competitionwill thereforefavour parasiteghatshift to horizontaltransmission.

Exactly how the parasitesachieve horizontalinfectivity (whetherit be by exploiting their
host’s reproductve outputor by killing it) dependsn costsandbenefitsaswell ason global
dynamicsof the host-parasitesystem(whetherthereare density-dependeractorsapartfrom
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Figure6. ESSvirulenceasa function of the intensity of intraspecificcompetitionin the host
population(A) andof thebackgroundnortality rateof thehost(B). Parameterasin Figureb.

parasitisnthatregulatethe hostpopulationandsoon). With respecto castrationall outcomes
from completecastratiorto no effectat all arepossible Interestingly otherthingsmayhappen
too: parasitegnay stopkilling their hosts. Then, they achieve their transmissiity solely by
converting part of their hosts reproductve effort into parasitepropaguleqseefor example
Figure6B). This shavs oncemorethat‘virulence’ is notjust the sameashostmortality.

ParasiteevolutionmaybeamechanisnthathelpsregulatehostdensitiesUnderunfavourable
conditions,hostdensitieswill be low andconsequentlycompetitionamongthe parasiteswill
notbeveryintense.They will still berathervirulent but they do not needinvestin competitve
ability with other parasiteswhich benefitstheir hostsas well. Whenthe hosts’ conditions
becomemorefavourable however, the parasitesncreaseaswell, andintensifiedamong-strain
competitionwill favourevenmorevirulentstrains.

The model predictsthat undercertainconditions,parasiteswill reducetheir classicalviru-
lenceto nil. However, aslong asthereare optionsfor horizontaltransmissionthey will be
selectedo makeuseof it.

7.1. Trade-offs

In themodelspresentedhere,l have assumedhatthe verticaltransmissiorefficiengy (v) is a
fixed constant.In reality, however, it will dependon the parasites host-eploitation strategjies.
Usuallyit is assumedhatthereis a negative trade-of betweerhorizontalandverticaltransmis-
sion(see,e.g. Lipsitch etal. 1995b,Turneretal. 1998). If anything, in the presenframework,
onewould expecta positivefunctionalrelationshipbetweerthetwo: the mothemeeddo bein-
fective just asfor horizontalinfection. Numericalanalysisof a variantof the modelwhich has
afunctionallink betweennfectivity andverticaltransmissiorefficiency (v proportionalto f3),
gave results(not shavn) essentiallysimilar to theresultsalreadypresented.

Onecouldervisage however, thatverticaltransmissiomequiresspecialadaptationsin that
case therewould be a negative trade-of betweenthe two kinds of infectivity. This casestill
needdo beanalysedn moredetail.



7.2. Evidence

Presentlytheredoesnot seemto be mary datathat allow assessmertf the importanceof
competitionfor verticaltransmissionThe problemis thatit doesnot suffice justto recordwhat
proportionof offspring is infected: in principle, suchan infection might be causedby an ex-
ternalsource.Someinsightinto theimportanceof horizontalcomponentvould be gainedif it
wereknown how mary infectedoffspringuninfectedmothersproduce Wherethis provessub-
stantial,we’ll have to assumehatthe offspringof infectedmotherswill be subjectto a similar
externalforce of infection. Yet this would still not give usinsightinto all component®f com-
petitionamongthe parasitesin particular we have to assesthefrequeng of multiple infection
asthisalsoleadsto within-hostcompetitionfor transmissionTheacidtest,thereforewould be
to geneticallytypethe parasiteandassesshedifferencesn compositionof the parasitgpopu-
lationsinfecting parentandoffspring. This would requiresufiicient (neutral)geneticvariation
amongthe parasites One dataseexists for four numbercasesf motherto-child infection of
HIV. In threeout of four casesonly a subsetof the straindiversity infecting the motherwas
foundin the child, but no evidencefor differencedetweenstrainswereobsered. Of course,
four caseds too small a sampleto warrantany conclusionswith respectto bias (Pasquieret
al. 1998).

Perhapsaninterestingsystemto studyin this respecis humancommensalistibacterialike
Neisseriainfections(Maiden1993). Thesebacteriaarecarriedby virtually everybody mostof
which arenonsymptomaticNot muchis known abouttheir transmissiorbut onemay suppose
that pseudo-ertical transmissioris an importantcomponenbut by no meansthe only route.
Theinterestingaspecbf this systemis thatthereis evidenceof geneticrecombinatiorin some
of thesebacteria. This not only indicatesthat multiple infectionsdo occut but would also
facilitate motheroffspringcomparisons.

A moreexperimentalapproachcould be basedon bacteria-phagesystems By manipulating
therelative frequery of verticaltransmissionelative to horizontaltransmissiorepisodesMes-
sengetet al. (1999)wereableto showv thatvertical transmissiorfavoursdecreasedirulence,
aspredicted.The phagethatthey studied(phagefl infecting Esterichia coli) apparentlycan
block superinfectionsothatit candraw the full benefitof vertical transmission.It would be
interestingto repeathe experimentwith anotherphagethat cannotdo so, varyingthe force of
(horizontal)infection.

An exampleof a systemwhere pseudo-ertical transmissiormight be importantis that of
anthersmutfungus Microbotryumviolaceuminfecting plantsof the family Caryophyllaceae
(Thrall etal. 1993). This fungus,transmittedby pollinatorsfirst infectsthe plantsystemically
andthensporulatesn its antherdo obtaintransmissionThis directly blocksthe malefunction
but alsousually preventsfemalefunction. In mostspeciesll flowersareaffected,but in some
speciedor somecombinationsf fungalstrainsandhostplantsonly a proportionof the plant’s
flowersshav the symptomsof infection. Further someinfectedplantshave functionalstigmas
andovaries,producingsomeseed. Sincethereis no evidenceof ‘true’ vertical transmission
in thesespeciegJacquiShykof, personacommunicationpseudo-ertical transmissiorcould
provide the explanationfor the obsened partial sterilization. Indeed,the plant’s seedsdo not
travel well andpollinatorscould be efficientin transmittingthe fungusfrom the motherto the
nearbyoffspring. Thus,afocusof infection could spreadat leastin part) via the expansionof
its host. Thismechanisnwould befavouredif thereis little (local) competitionfor transmission
in this system.At presenthowever, the intensity of competitionfor transmissions unknovn



and difficult to assess.Analysis of such‘viscous systems’(systemscharacterizedy local
interactionsand limited mobility, seevan Baalenand Rand 1998) would neverthelesse an
interestingcaseto study

An importantaspecteterminingtheintensityof competitionamongparasitess the force of
infection, the risk of becominginfectedper unit time. The analysispredictsan evolutionary
differencebetweenparasiteghat are common(endemic)and parasiteghat arerare. For the
lattertype of parasitesinfectionof offspringthroughexternalsourcesanbesafelyignoredand
the standarddeasof vertical transmissiorapply However, for parasitegshatarecommon,we
do have to takeinto accountcompetitionfor vertical transmissiongitherthroughcompetition
for infection aservisagedhereor throughmultiple infection. It is preciselythe latter type of
parasiteghatis interestingfrom the point of view of the evolution of mutualisticrelationships
which | will discussbelow.

7.3. Vertical transmissionand mutualism

It haslong beenthoughtthat parasitesvill inevitably evolve to becomdessvirulentandend
up ascommensal®r even mutualists. However, this ‘conventionalwisdom’ hasbeenshovn
to befallaciousby AndersonandMay (1982). Parasiteshave their own evolutionaryinterests,
andin generalthey will evolve towardsa definitelevel of virulencethatbalanceghe costand
benefitsof virulence. Completeavirulenceis thereforenot expected let alonemutualism;par
asitesremain parasites. Thus, the theory of the evolution of virulence doesnot supportthe
ideathat mutualismevolvesout of parasitism. To resol\e this conflict, it hasbeenproposed
that vertical transmissiorof parasitegfrom parentto offspring) is the determiningfactor. In-
deed,it is thennot only in the interestof the parasiteghattheir hostliveslongerbut alsothat
it reproduces.Would the parasitedransmitthemseles exclusivelyvertically andto all of its
hosts offspring,therewould nolongerbea conflict of interests— andhost-parasiteomplexes
would have becomea unit of selection(see,e.g., Yamamural993,Yamamural996,Law and
Dieckmann1998,Hochbeg 2000).

Suchtransitionswould explain the origin of mitochondriaand otherintracellularorganelles
(Margulis 1970,MaynardSmith and Szathn&ary 1995),and could explain how symbioticpart-
nershipssuchaslichensareformed (Law and Dieckmann1998). The emegenceof vertical
transmissions thoughtto be a crucial aspectof suchtransitions(but see Genkai-Katoand
Yamamurdal999).Becausgarasitexannotmonopolizetheir hosts,anamong-parasiteonflict
of interestamay ensueto the detrimentof the hostharbouringtheseparasites.Vertical trans-
missionmight actuallyintensify the among-parasiteonflict, asit will in generalincreasethe
densityof infecteds.
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APPENDIX: THE FULL MODEL

Thestatisticalmechanicgramenork is essentiallya sophisticatedvay of doinga bookkeep-
ing, basedon a setof statesthatindividuals may be in, andthe allowed transitionsbetween
thesestateqwhich areassociatedavith a certainrate,or probability perunit time).

As discussedn thetext, in absenceof parasitesthe hostscanbe in two statesandhence
the modelis characterizedby two dynamicvariables adulthosts|§ andhostparent-ofspring
complees[Sg, whosedynamicsaregovernedby equationg1). Introducingthe residentpar
asitesadds4 variablesto track, [I], [I9], [Si] and[li]. Doing the bookkeepingfor the events
involving the residentparasite(givenin Table 2) leadsto the following differentialequations
(thenotation* +="impliesthattheright handsideshouldbeaddedo the previousdefinition of
thedifferentialequations)

‘ij[_tsh: —~[Sh +8([Si+ 1)
959 =t +omiss
A 1 —g)bii]+ [+ 8([ST + [15 + 2[11))
dt (14)

% = (1—&))b[l] +hi[S§ — (v +oh) {19 — (+ o1 + B)[1
I otyisg - -+ d)isi
% = hi[Si| + ohi[I§] — (u+ oy +B)[l].

As canbe seen the structureof the differentialequationgs straightforward pout their number
risesfastwhenthe numberof statesahostcanbein increasesOnecouldincludein this model



uncorrelatedieathsn parentoffspringcomplexes(for example,juvenile mortality, represented
by theeventSs— S), ‘backwardverticalinfection’ (Si— li), andsoon.

The simplified modelresultsfrom a time-scaleseparationassuminghat the ratesaffecting
offspringin parent-ofspringcomplexesaremuchhigherthanmortality.

Thedynamicsof themutantis governedby thefollowing additional6 equationsderivedin a
similar fashion:

% = —(1—&3)b[J] +hy[S — (U4 ay)[J] + 8([Is] + 2[3]] + [Ji] + [1]])

% = (1—£3)b[J] + hy[S§ — (U+ay+ vy + o(hy + hy) - 3)[Jg]

AT _ ;1 ohy)ag — (et a3+ 8)I]]

. “‘“’)
gt = MST+0hids) - (u+ay+ 3

@ — 0hy[S§ — (W+ hy + 3)[S]]

% — R [Si] + ohy[ls — (et ot £ 8)[1 ]

wherehy = 3([J] + [J9 + [Jj] + [Ji]) is theforceof infectionof themutant.Underthe simplify-
ing assumptiorof fastoffspringdynamicsmutantdynamicscollapsesnto a singledifferential
equationjustifying the derivation of the reproductiorratio ascarriedout in thetext. If, how-
ever, mortality ratesareof the sameorderastheotherrates thentheinvasionanalysisbecomes
more compl. Seevan Baalenand Rand(1998)for a treatmentof aninvasionanalysedor
suchcases.



