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Wormy mice in a hybrid zene have been intarprated as evidence of low hybnd fitness, such that parasites contribute to speies
separation However, Decatlse of it5 natumal heleragenaitly, absenvations of parasie kad st be numerots With good feld ams
ooverage, We sampled 659 mice from 107 localities across the Bavaria-Bohemia region of the European hosse nowse hylbeid zone
aned calculated their hybrd indices using 14071 diagnostic single fucleotide polymorphisms (SHPsh We tested whether hybrids
hawie greater of lesser diversity and load of parasite helminthe than sdditive expectations, performing load amalyses on the four
mast commaon taka, We found hybrids have significantly reduced divensity and load of eah of the commonest helminths; rarer
helminths further support reduced load. Akthough within-locality comparisons hawve little power, randomization tests showr the
mpeated pattern is unlikely to be due to local paratite heterogeneity, and simulations show a patch of low parasite diversity i
unlskely to fall by chance just so inthe field area, such that it produces the cbserved effects. Our data therefore contradict the idea
that helminths reduce hybrid fitness through Increased load. We discuss a wicariant Red Queen modal that implies mmune genes
tracking parasites will escape Dobzhansky-Muller incompatibilities, generating hybrid varlants umtangeted by parasites,
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In mature, inxn that have diuclpacl in imalytion may IL:,'hc'iuiim Tk 1985, The gmmw‘:cﬁgcnclic ms:l_\' af mmﬂ:rr:; comiact h}'hriri
secomdtary contact, aml often form rélatively siable and namow zomes has led to important advincess in understanding the nature
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hybrid zones maintained by dispersal of each tamon into the zone,  of specics and speciation, ilw possibilidies for cuchange of inher-
anel eelection szainst hybrids (Bazykin 1969; Barten and Hewiit ited elemenis seross taxon bovndarkes (Barbon 1979, Riesberg
:: et al. 19990, aned te selective forces actimg. Among e [orces,
:‘E-; IThese authess contribubed equally to thiswark pearraad Lo has the potentinl to affect the owrcome of hiybeid tzation
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Ty dlilferentially impactmg the fitness of host lineages e e
hybrid descendanss {Coustza et al, 1991 Frire e 2l 1999;
‘Wolingka et al, 2006) although such an impoct has never been
clearly demonatrated in natre.

In Burope, two subspecics of the house monse, Mus mug-
cilis mueeenloe and M. m, dosmestivos, having diverged for some
husdreds of thousands of generations in sobstbon (Boursot et al
194935 Gerabdes et al, 2008), aod now differing in pelage color,
azpression, relaibve tall bength, and otber trales (Berry 1981: Sape
1981; Brain et al. 1989), meet and hybridize. Although the bouse
mipuse hybrid zome (HMHE) is more than 2500-kn ey, running
from Morway and Denmark fo the Black Sea, it iv only about
Jkkm wide (Macholin et al. 2007; Tones et al. 20100, Varia-
tion of allozyime urkers iraced seross the hybrid 2one shows
a preat divergity of recombined geootypes In the center of the
zone and infropressed indviduals on both sides. These are nei-
ther Fls nor early-generation hybride (Macholin e al. 2007).
Spanal gepetic salyses idicate this s a teesion 2ome domi-
nated by endogenous (zeneiie) Bctors ratler than exogedous {en-
wironmental) factors (Barton and Hewin 1983; Macholin el al
2007, 20083, The sharper transition of sex chromosame markers
versus mitpsomal markers (Tucker el al 163 Macholin e al-
2007k is consistent with endogerons selection against hybrids, as
Cabalymsky-Mulber inconpatibilities (DMI=) are expected to be
ovemepresented on sex chromesomes (O 1997, Coyne andd Osr
2004}, This was one of the firet animal hybed zope medels oves-
tgated whl respect 1o the role of parasitam (Sage @ al. |986a)

Paraaiological micresi o this systan was Inguered by
“wormy mice” Found in hybrids where il HMHUZ muns through
soulbém T.il’.'rm.my tb"ag,u ol al. T988a). OF 93 indvaduale cal-
lected, 14 of 46 individuals classified a5 hybrids showed over
a0 pi,nwm'rn: per gud, far meerlins ihe menn of &0 per g of
the individuals clnssified as parentil. The aulhoers saggested that
a breakdown of coadapied gene comphews involved in parasiie
resigtance would explain this pattern, Subeequently, Moulin o al
{1998) diseribed a almdlar pameen for miee from the Danish see-
ton of the wone aud devonstrated that pinworm suscepdibility in
mouse Atraing bred from wild-cowglst mics had a genetc compo-
nznt {Moulia e al. 19930 Although the 1955 and 199 snudies
reparted similar pattems of pansite load noross two HMHE fran-
gocts, the sample sizes (03 and 120 mice, respectively) appedar
Lo given thes spatial and seasonal heterogeneities that are charac-
teristic of parasite cocumrence and aburdance {(Kisiclewska 1970;
Haukisalmi et al. 1988, Moatgomery and Monigomery 1989;
Behnke er al, 19990, There are aleo limitations in the sampling
design of both sudies. The 1986 datsmt considers just 22 local-
ithes spanning 200 kin, some of wibch were sampled o atamn
s atleers o spring of the following year {Sage et al. 19%36a).
Seasenal variaton in parasie load could be a large component
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of mizricalicy varintion in such & dataser Begarding the 199
distasel, L2 localities spanning 5150 km {one on an offsboere is-
Lnnid}, the field-caught mice were maintined for two months in
aboratory conditiors before being dissected for parasite counis
{Moulis et al. 1991}, Therefore, these counis may mat reflect the
pearasice Josd the mice bod when they werein the fiekd. Subsequent
Lo the 1986 and 1901 studies, experimental infeciions of indlvidu-
il fromn the origial tiss and erodsss{ Fromns F1 o By were comted
our with the pinwoarm Aslewlurts reiraprera. These fakled 1w e
praduce high worm kads in the hybrids, in fact showing reduced
oyl Tk { Derothe e al. 20045, Finally, i showld be mted thal
the defmition of & hybrid varies seross these stadies. A hybeid
inclex ({47} can be used to place any mouse on o linear scale from
nuercidag v domesticus depending on e counl of domesticus al-
Leles an asenyed Doci. Sage ot al. (1986a) and Meulis ot al. (19913
assayed respectively four and 10 enzyme leci for this purpose,
Hewever, the interval “hybride”™ ccoupy om ihis soabe differs from
sty b stucly. Eapressing the MY ne percanlage dormesticur, “hy-
Iricle™ have 12.5% < BT < 875% I Sn@,& el a|.{'|:gs-l.‘l¢,|, M <
fil o 600 in Mouliaet al. { 19900, and 2% < fff < 97% in Mowlia
etal, {193,

Regarding the -.Jr':g]lu:l waormy mouse shudy, Klein [(1958)
peringed ot thot carefally designed sampling was necessary hefone
it could be concleded tha paragites play a role in e outcomse
of house mowse hybridization. We would add to this a sscond
e of caurion. From the figst, these amdies implicithy msume
parasite load as a proxy for fliness. This appears a dangerous
ﬂ_-u.ul:lmiﬁn when considermg hybrids becowse (1) e fiiness of
n sterile hybeud is 2ero no matter wihal its parssite lood; (2) i
hersts can be either resistant or tolerant {Baberg et al. J07—a
telernmd individwesl maininims high fiines regardiess of its paragite
load. Taking parasite baad as a proxy for fitness assmes a strong
correltion between the two, The two points shove illustrale why
thig is questionable in gemeral and particubarly in a hybrid zope,

These weaknesees amnd inconsistencies in daa and innerpre-
Larhon motivated ws o examine parasite load aned indlividual pars-
s diversily a1 107 locabitles across e Coech-Bavanan porthon
of the IMHZ in a 145« 30 km belr, using a well-designod
sampling effort. We focus on helmingh parsites for compiri-
zon with the previous siudies, and becanse evidence cantmuoes
I secaimiakate that vasalion for helminth refigancessceptbility
hexs a strong gewetic componend in mice {Wokelin 1988; Behnke
et al, 2003}, Rather than dividing individuals into asbirasly con-
sicted purehybrid catepories. we consider each individual in
relotica to ite hybrid indey hased on 8401 disguostic SNI's, and
devebop a model-based analysis of mice charscterized by these by-
beid mdiess. Two conlrasting genolype-based predictions regand-
ing parasite load and diversity inhybeics are (1) kew loadMdiversiny
due to hybeid reshstance resubting fromn the new combinalions
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Figura 1. Tho Embopssn hous: mouwe hybod 2ome. The Back line
depis {be coprms of the aone, The vwhite armys indicabe proyi-
oy studied drsrsects and the rectangle ndicabes the posiion of
the studied anea,

of geres hrought together i the hybrid geeotype, incheding
Imveremed beterorpgeay; and (2} high load Sdverainy dus o hy-
brid suscaptibility, cesulting from the bewakup of soadapted gone
complexes inwehvad inparssite DRersctions @the new mebime-
tices of genes brought togsther i tie bybrid genotype (Sage ot al
1980 Moutiaer al 19910 Bothresistanos and susesptinility as
sxpacted to Drreass with the dagree 82 which new combimatinos
of gen=z beove basn beought together e hyboid goesype of
an irdividual. A meodel explickly allewving for wither poesibiine
allows ug bo address the question of whedher paraske boad anad d-
vetsity & mone cormttant with bybrid resistanes or smsoepribiioy
i a cl=ar bypeothesis- driven framewark, Separats load amalypees
weer balmingh spesies mfesting diffeoert parts of the host allew
s b goige the penerality of o eonehisions. Baesdommarion of
loads ower lozalitles allows ua oo measre false pogimee rates dus

tios Jod heterogeneioy.

Matenal and Methods

SARIPLING

From 2005 4o 2003, & tokal of 63% mice C2006; i = [ 4 2007
I 25 008N e 1307 DO e 92 womne rapped wih metal
e wonden live traps o 107 Jocalities soatreed across abely 143-
Em lotrg and S0-km wids seetciing from noetheastam Bavarta
[Garmary) b westam Bobemia (Cradh Republic) (Fig 1% Fa-
wrils community add lvad can Eucss seasonally (H wkissb=i
2t ol 1988 Abo-Madi ot al. 2000}, wnd so to minio ks s2asonal
affects wesampled inthe same period cach year (10 days centaeed
o the end of Saptamber], All rapped mics were suthanized wish
halotharse arrd dissacbad the day after capure (mish e mxogdion
of 2% mice o 2005, 10 dups after capsere). Douse Sissue gas-

ples ware coliscted i sthared and Tgold rdtregen For molzenlar
Enetping

PARASITES

The mess sbdominal crrrty war nepacied for parssbas, and the
liver and Sgenbee oo were dreetdy Shosmad undsr a biveenla
milcxegeope. Helminds were isolated and stered i T0% 2thanol
fisr lzber microscopie sdent & caticn by comnparkon wids te oeig-
mial spacizr dasaptions. All balminth spaciez were counted during
dissection ad stered T soparsks fober except the wisually vy
simidar phvavers species, A remraphiva and Syehrsds abiseiang.
Fur moose ceea hoghly infected Ty plowvorms (= 100 worms),
onby 100 piworme were collacied amd the tnial mumber was aski-
mzbedmsing 3 gradusted petri dich. The identificaticn ofhelminth
spacizs was prrfermed by AR

HOAT G NOT YPING

Tz i e b i st dy weere genotyped ak 1401 dagroscie K-linksd
and aotosomal SNE markers spassd appresimately 156 Mb
apxt acmer the prrome ar part of 3 parallel stody (o mors
detaile on the mol=caler prodoocds and chaice of SMEs, sme Wang
et al 2011}, The HI. georedf=rence and paracibe kead for sach -
Ahvidaal s mads available in Supperting Infermation Table 51

DATA FROM THE LITERATURE

Brouze ane geal s to compare cur rasuks 1o the twe pravious
sudies on belminth parasites o the HMHZ, we wished 1=
apply vor modelbased analysis 4o the wriginal detaests of Sage
=t al (198520 and Meulin ot al (1921 W cellected data from
Figure 3 of Sage er 2l (1%882), which represents pematods
lozd i xedation v ndividoad Fis baed oo four ermymatic el
{heeadter the Sagw Sxtmest), Nty percent of theze rematodes
were prerms Unfortmately, Meoli et 2l (19%1) provide e
data For muidual s

ANALYSES

Total parasrte prevalence and abundance

e used Quantiathee Pavasedogy wersion 20 (RFE.0) to e
mazkz prevalencs (prep of infacted bostr ammeng all
e hestr axamined) 2nd mean load (e mesn rmmber of pars-
altez = all hoss, beluding the z2ro vatoss of undndseted bogts)
with $5% confidence limits ever the complde dabaset (Béesa
ot al 30000 Confidnes imervak for prevakmes and Joad ners
actimats durmg Sterna s Exact method (Baiczigs] 2003) andbest-
srap (1000 replicabar), rarpa ciieeby, Ueng O P50, we me-del=dthe
aggregation of parasi tes weithin hosts using de negatbee blrearial
disriterlen, caloulning madmom liksthoed enimaes (MLEs)
of paramater k (Bl and Fishar 1932), QF2 0 ales calcolsbez 5 1;"
grodress of B beiween mepeciad and cheered freqoecciss ursdar
he negatin binomiel medel The paoworm qpecies, A idrgpnt
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and &, gdvelata, are considered together throughout all che
analyses,

A modef of hybridization effects on parasite load in 3
hybrid zane

Prite smel colleapues Ly oul o framewark considermg genelic ¢f-
fects on parasite load {see Figs. | in PFrite et al. 1994 and Froiz
1999, and this has fermed 4 basis for further disewsgion {Moulia
199%; Walinska et al. 2008). This Famework is, rowever, mited:
first, anly Flz and fivse-peneration backerosses are considered;
sacnnl, alihoogh deviations from sdditivity are eonsidered. thees
deviations are lmited o dominsnce effoets, mtler than epletatle
affers, and 90 the scenaris arg anplicitly lamited 10 4 smgle
loens of large effect (or 2 highly unlikely scenario wlere mul.
tiple doci huve the ssme polanty of dommanamde). Her, we wish
be censider both mdividiesl losd Tor specific paragiles, and m-
dividual diversity—the mumber of Fl.nrnsibc qm:iﬁ C=O0CLETINE
within cne bost. We require sm individual-based moede] allowing
for hybeidization ¢ffeets on parssite lead and diversity (hybrid re-
sistance va, suscephibility} that kncrease with the degree fo which
new comximations of genes lave been browgla sogecher In the hy-
beriel genedype of an individual. Baston's concordance {Saymura
and Barten 1986, Macholdn et &l. 201 1) provides the hasls for our
mlel. Briefly, Barton's approach characterives individunls by a
hybrid imdex A, and modiels Jooas speuiliu.' elfecls s a funciion
ol the ndvidunl’s expected heseroaygosity M, = 2 HF (1 - HI),
which is mero for the purest individunls and massimal { 12) when
half the gencme is esimated o come fram each source, We se
M, & our expeciation For the degres o which pew combinations
of penes e boen brought topether in the hybrid genotype of an
individual. Wilhin leci, &) informs us about how eften alleles of
different source are brought togetdver. The s is tnve scress oo,
ag Figher's junetions batwean DINA strands of different source ae-
cummulate o propontion o M, (Baird 2006). L1 should be poted
that ff,, being a summary statistic, does not allow some seis of
genatypes 1 be distinguished. For examgpbe, an F1 will have the
same I, a5 on individeal with half their loci bomozypows for
alleles from one species, and halfl for the ofher, However, no Fls
or early-generation backerosses have been detected in this zone
desplie eieneive 2ampling (Maclvolio et al, 2007, and the cos-
relation botween &, and ohserved helerozygosity acroes hybeid
individuale is strong (7* =088, P = 0.0001), making it likely that
H, caprures the informatis we desine: summanzing how hybeid
an mdividial g motbe HMHE [n the absence of hybndization
effects, we madel npnm"lh: Bl nl'd‘i\rmhy frait &, 5 chmginp:
linearly across the hybrd index froo its expectation [y in one
tamon: to Ly, its expectalion in the other taxon, The expected load
or diversity for an individeal with bybrid index B 1s then

EARIY = Ly {1 — ATy + Lol ey
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Here, the wnplicil assumption is e genglic component -
hueneing the trait 15 well deseribed by the infinite sites meodel of
quantitative genetics, with ndditive genetic variance. Hybridiza:
tion effects are introdueed & deviations from (his additve model,
in propenion o M. The trait expectatbon for an mdividual, slbow-
ing for a hybrdization effect of magnimde: V, s then

LiATL ¥ = Max [LiHT}y = VH,. 3]. {2}

Here, s positive hybridmation effect will meduce parnsite land
or diversity, such that +V equaies with our nolien of hybrid resis-
tanee, & negasive effect will incrense load or diversity and hence
=¥ equates with ow wotion of hybrid suseepeibilioy. The ot ox-
pectatbon cannet be reduced below loadddiversiny level 8 oo marier
hew hilgh the resistance. Trial resalts were checked for invariance
tovehodce of 000 = B < 001 aml 8 = (0] was chasen for fartler
nalyses. Por gera hybrid effect, the model reduces o the acdditive
exrectaliond 1). Our modeling appraach is ahabogous to a General
Linenr Model {(3E.M) with second-order pnl}mmi.ﬂ effect i F7T,
coellicients {1, Ly-Ly+2V, <2V} When V' is constrained s be
e, the modsl becomes first orderin A7 . Equalion( 2) provides an
indivicual-hazed expectation for parasiee boadidiversity, b does
ot tell s hoay individual’s Josds/diversilies are disiributed around
i expeetation. The siiestion is shoplest for mdividual parasie
diveraity, bocanse ohserved dissriutions usually match expec-
Lations for a random asscmblage of the speckes prosemt (Poulin
194973, often modeled wing the Poiston distribution {Goater
et al. 1987}, amd therefore requiring oo luriber pammeter than
the expectaticn. Reprrding load, however, macroparasites pener-
ally exhibit agpregaled distribulions, that is they cluster within
indiwicheal hosts (Cirenfell el al. 19485 Sheaw and Dabson 1995,
Shaw et al, 1998), this agprepation being well described by the
mepative bincanial distribution {Creften 1971; Shaw and Dobeon
19650, As e exponential parameter of the negative binomial dis-
tribvar o {denotied £) sends to ndfinay, the distbation remds o the
Polgson distribution, that i luwe disebution for zero agpregation,
We therefore parameteroe apgregation as A = U, so s A tends
I Ze, aggregation lends to zero. This means the Potsson distri-
bubion mmedel for parasite diversity con be thought of as n special
case {A = 1 of the more general negaiive bincmial medel, For
parasite load, the agprepation parameter A is expected to be study-
specific, depending on the denaity of borh Boeta and parasites, and
Uz narure of their inlersction. As with the previously considered
loadfeliversity maite (eq. 1), we could sssume sdditive change in
A aeross the Tylrid mdex from its expectarion Ay in one e o
Ap In the other taxon. However, the mouse lension sone may be
lecsared at a trowgh in bost density of a bartler o heat dispersal,
bath af which miﬂhl aflact the ugﬂpegnﬁuu ol 1he W.rnﬁmr I:he"!.I
camy. Wi therefore allow for devialion & from this additive model,
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in propartica i £, wiich is musimal & the zome center

AHD = A1 = HD 4 AxHT &
ALHE, B = Max[ AT+ ZH,, 00

Here, & positive zome cenlér deviation -2 will mevesse the
cxpecied agpregation, and the apgregation parameder hag a natural
loweer hound at A = 0, where the negative binomial dismbaticon
simplifies 10 the Poizgeon. Given expectations for a kadtiversity
trait and bte apgrepation, the likelibood of an individaal witls by-
baid inden HY and ohzerved loadfdiversity Law 18 then propontional
1o

F DENepativeBinomial [LIE, VI, AGH 200, L), (42

Here, POF standa for probability density function, and the
NegativeBinomial disiribution & parameterred by twe argu-
menls: its expectation, ad the overse of it exponeniial pa-
rameter, respectively. The Bkelihosd for a sel of Inlependant
ohservations from a hybeid zone is proportican] to the produoct
ol these ilividonl hased likeliboods, and this allows us to esti=
mate the paranseter veetor 61V, Ly Lo A As £} inthe likeli-
heocdd frameswork. The hybeid resistonce parameter Vs the focus
of imferenee, the remaining parameters being of only taxon- or
ponu-gpecifie inverest, allheagh all are peeessary 1o make sound
inference. Likellhood maximization avd suppoet exphoration used
the FiedM aximum function of Matbematica (Wolfram Resessch,
[ne. 200100, Comvergence was checked from mulliple poinls i the
[ermAInElET S,

The Lkelihood framework albows straighiforwand compari-
son of nested hypodheses over the snme total datascl using G=lests.
For e'.trlrnpﬂ.-l ta detect if dhere nre :':i__:gnil'n:mt sen, differemoes in
the datrses, the maximum Jog likelihood of 4 over all obserea-
tome, MEA 4D, can be compared to (e total of ME(de ) over fomale
oheervatbans aml Hﬂ{tpy] aver male observal ions. .’nunw':ug sl
w10 have Hs own et of paramaotens will end o nerease the woal
Lk lafverced. amd e G- test allows us 1o decide whelber any norense
ix significant, Our inference approach &t compan: a series of
nested hypothesss, working from simpbe wward more comphex,
s accepling mare complex hypotheses anly when justified by
their improvement in the likelihood of the data, The hypotheses
place different constrzints on the underlying wariation in para-
site brsd. The choics of hypothesss reflects the major sources of
vasiation in mouse parssite krad: tweon and sex epecifie (Wilson
¢t al. 2002} thar may potemially ohecure hybridization-specific
varation. Hy: the expected load for the subspecies md berween
senes (w the came. Hy: the mean boadl across sexes = e same, bal
can differ across subspacies. Flar the mesn boad across subspecaes
i the same, bl cam differ between the sexes. Hs: the mean losd
can differ both across subspecies nnd between semes.

Estimating false positive rafes due to load
heterogeneity scross sampling localities

Although many localities were sampled, it is posgible thar pag-
agite heterogeneity by chance falls across lecalilies in a pattern
matching the places most hybrids are found. This could result in
false positives for bybeid-specific effects in the mndividuak-hased
analyses described above. We estimated these falee poshive rates
by randomizing kacality estimates of load amd diversity and asking
Tow alten we abserved similar or grenler hybrid-specific effecis
T caprure local parssile heteregensity, load and diversity were
eatimated at the oeality level for all localities with greater than
10 individuals { = 20 becalities inall cases, spread throughouws the
fleld arca: Fig. X Bvery locallly was thon assipned & now load
or diversicy expoctation drawn at random with replacement from
this caprured heterogencity list, Parasite loads and diversiy were
them sivoulared for The individisals a1 each localing, sccording 1o the
expectations randomly assigned e that localivy, The GLM equive
alent of the individual-bhased hkehhood npal:,-r.ﬁ (above) was then
mm on lhe sunulated datisel. False positive rates in 10,000 asch
simulations for ench trail were mun in Gdebit B 1.4 for Mac(¥s
using glm.nb from the MASS package (version 7.3-12) for GLM
with negative binomial error distribution (R Development Core
Team 20113,

Results

PARASITE DIVERSITY, LOAD, AND AGGREGATION IN
THE HMHZ

I tertal, 10 helminth species were found across the fmnsect re-
giom: fowr cestodes and six nematedes, mlesting various parts of
the mouse {see Tablke 13 The mast abundang 'p\arm'ile-x were the
caccal nematode pinworms (A, retraphera and 5, obwelonrl: 70.9%
of mice wore infected, with an sverage load of 392 pinworma per
mouse (Table 1, Fig. 2C) The secomd mwost widesproad miec
fhon wie duoe to the caecal nematode Trichirds surds (whignvorm}
Foumd in 21.1% of mice with an sverage load o 3.9 individuals per
mouse (Fig. 20, The larval stage of Tireris taeniaefirms (tapes
wortn} was the most prevalent cestode, found n the liver of 10.7%
of individuaks {Fag. 2E). The fourth most prevalent parasite wis
Mastopharas puris, found in the stomach of 9.4% of individuals
(Fig. 2F). Four helmindh species wene rare (prevalence = 5%):
Cilodioun hepatican was only found bnone mouse and Heserakie
qaimasa, Mesocestoides sp., and Hymenolepis dimineta infes-
fions were pestricted b o few bocalities, The negative binomial
distrilrariom seems 10 descrile parmsite Joad well for all parasites
(Table L, Frg. 51). [n pwo cases, tapewonas and Rodentalepis
referag oy, abservations differ algnificanly from nogative bine-
mial expectations, but removal of o single high-load suther (in
each case an nhnost pure domestioas individual: i = 0,98 and
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Flgare 2. Geography of hybrids and parasites across the Crech-Bavarian region of the European house mouse hybrid zone. Thick gray
line = Czech-German border (northeastarn Bavarka to the west, western Behemia te the east), Data for 107 localities are shovwn {axes
in km, after gnomonic prajection ento the plane around their centroid). The consensus center of the hybeid zone is shoven in green, and
thi- extent of the ¥ intragressian i indicated by the dashid yellow line, Tollowing Matholin 61 al [2008). Pie aseas ane propodional ta
thie kagqe of (ecality mouse sample sizes + 1),

() Di ion of imdividual’s hybrid indices (RYs) within localities. Calars dre taken from & continuous Blond of blue {domestions)
thirough yelbow (R = 0.5) to red (musoeiesh, (8) Distribution of parasite diversity over individuals within localities. Gray: individuals with
i parasites, yollow: 1, omnga: 2-3, red:; 4<5, purple: 6-2 pamsite spocies. (C-F) Distribution of individual's parasite load for bocalities. Load
brins [A<E} are designed to divide nonzero expectations equiprobably, mlative to the [Hp) maximum likelihood estimate parameterization
far the negative binomial distiibation (ses Table 2). Geay: individuals with none of the focal parssite, Yellow, orange, red, purple: Laad
bvines [1-4], respactivaly, [€) Distribution of pinwam load over individuals within localities, Load bins: [1-d], [5-231, [24-83], |- 53] {0}
Dristribution of whipworm load over individuals within bacalities. Load bins: [1-51 [-20], [= 20]. {E) Distribution of tapeworm load aver
individuals witlin localities. Load bins: [1], [= 1]. (F} Distribution of Mastophorus muris load over individuals within localities, Load bins:
(1 (-8 [= 5.

HI = 0.93, respectively) makes the diflerence from expeclalions
mr;ﬁ-grﬂﬁc.lnr {Table 1.

final coluznng of Table 2 present tue drop in bkelthool for each
hypothesis IF the hybrid resistance parameter 1 {devistion from
additivily) is fixed ab zero. Table 3 shiows the significance of ay
gains in likelibood ns hypotheses become more complex,
HYBRIDS AND PARASITISM IN THE MOUSE HYBRID

LONE

Figare 24 shows the disribution of individaal's hybed indices
{H1 e within localities. The nwmbey of free parameters and the oal-
come for likelibood analyses of the losdidiversity of each and all
imdividuals with respeet 1o the foar nested hypatheses are shown
in Table 2. Allowing for potential differences m Joaddiversiy
Berweon male and fernale mice (M, Wi and pune mice of the
two taxa (Hy, Ha), ensares ony perceived paitern of hybadization
effects is not due to these podentially confounding factors. The

iTed EVOLUTIN SEFTEWBER I

Individual parasite diversity

Although H, is significantly favorsd over Ho, no further increase
in hypothesis complexity is justified (ALLH-Hy = T45. P =
Q0000 Tabde 30 Thar is, the significantdy fovored model allows
for grealer parasie diversity in doewesticns than mscolir, se
offects being nensignificant. The best estimste of the resitanoe
parmmerzr for Hy is positive (0= 41.15; Table 23 nnel sigmilicantly
greater than zero {if ¥ iv fined at 0, the log hikelithood of the datn
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Table 1. Préevalenca, mean load, paramater k of the negative Bnomial distribution, and charmdceristics of the halminth parmsites in the

Incaise naouse hybeid 2one.

Hitg ol Frevalence Nii%)  Mean load (Max)
Spdt:res N mice Inlection Spe'cil'l.ri!_'r [C1 &) |f_"f [Euke | E
Cestodes. Taenia o] Liver Generalise TA{10.7%) D23 {42) 004741
raeriefirmis [8.62-13.26) [(.15-.45)
Mesocestoides sp. 6509 Peritcmenl  Gieneralist 12{1.7R%) 009 {36) QU7+
caviy [9.8-30.2] [DL02 0300
Hymenplepis 64509 Inlestime Specifiv: s 4 0.6%) QU2 (6} -
it Miwrinae [0:20- 1.4 [ DU 0005
Rodenialopis G50 Intestine Specific o 33 (8.4 QA8 {31) 00s0e
it Murinie [6.15-10.28] [B34-4.71]
Mematoddos  Calodiiom ] Liver Greneralise T{0.1%) - -
Repurlicum [(h02-0.83]
Moastegaaries 50 Saomach Generalist G5 (%) 6d{TA) 0032
P [Ta5-11.88] [0 ?1108)
Trichwris praris 82 Coeoum Specific o 144 (21 1%0 380200 DOGE*
Mutrinae [18.17-24.33] | 2493544
Heterabis G800 Caecum Specific o 2804, 1%) D6 (84) 0ol
spuman Mwrinne [2.85-5.03] [Du2a-(8a]
Piswarms A0 Crecian + Specific 1o 442 (TO0) 3010 (603) 0.2504
{Aspicwiaris + colon mouss [67.37-T4.20] | 33.65-45.97]
Syphacka)

"Thas imvciwiciaal {HT = G098 with 47 T taeniseformin oppty v axcuded for the sstimation of k. “The individual (W = &3 with 31 & micostoma wm
emclted e the estimation of & We tedted hew thae negative binomial distribution as o thesietical sodel] Ti the obdeied data vith the ;1 st Hy: the

negative bincedal disinbution represents the obaered dats 22 3 th

tical madel, T0E i and

s # o
P 7

do not differ sgnifianty {F =

BU0ED s thorme is no statistical wvidenoe Bo rmjoct Me.

drope 2181 wmits, P = 397 = 107"} Thus, the best model
of pasasiie diversily seross the hybeld Index has a significant
deviation from additiovity: domestices mice hive higher paeasite
diversily compared o sy, asd hybeids have sipnificanily
reduced parasile diversity compared to sddilive expectations (cf.
Fig. ¥B). Figure 34 shows the ML Eof parasiie diversity in hybrids
in fact drops lower tum that in either mouse oo OF the 100000
simulations rvdomizing helerogeneily in pamsite diversity ower
lacalidies, nome showed a l:l:,.tlr'psl effect as ar mare .:]gn]ﬁcam! tham
the individual-based estimane,

Farasite load

The fowr most eomunon paeasie speckes were selected for lowd
amalysle: m order of prevalence, the pinwoesme, the whipworms,
The tapeworins {withoul the dessesticer Galier mdivideal), and
M. muris (Fag. 2 C-F). Far the pinwonns, Hy &= significant]ly fa-
wvared over Hy with no farther increase in hypohesis complexity
justified (ALLH;-Hy = %31, # = 0.0002). The best estimale
of the resistance ATty is p-n:iti'l.'e {V = +1.39) and s':p
nificantly greater than 0 (LL drop 3F V fixed to 0 equals 667,
P = 00003} The best model of pinwcrm bosd nercse the biy-

brid index has a significant deviation from sddiivity: pinwoenn
load is higher n muewis compared to dimesnicis, and lybrids
have significantly Lower load compared o addithve expectacbons.
Fipure 38 shows (e MLE of pinworin load in hybride, 5= with
diversily, drops lower them that in either mouse taxon, OF the
10,004 sinulations randomizing heterogeneity in pinworm laad
over bocalities, 71 showed a hybrid effect ag or mare signilicant
than the ndividual-based estimate {false positive mbe (VDT For
the whipwarms, Hy & significanily Baored aver Ho (A LLH-Ha
= 6.3, P = 0,002) and & further increase in hypothesiz complexity
iz justified with Hz significanily better than Hy (ALLH:;-H, =
G.08, P = 0.05) reflecting & tamon * fex interaction. The eotimate
of the resstance passeler & stendfieantly positve for Hy (V =
+2.36, F = 0.009) and Hy elows this ie driven by significant
male effects (¥ = +2.38, F = 0,002 for mabes and ¥ = +0.54,
= (.56 for females). Thas, the best mwdel of whipsorm load
acrows the bybod index has a sagnilicant deviation from additneity
with a tanon = sex ineraction; male whipworm load is lower in
domenticwes than srscules. FPemale whipworm load s kower in
saurowines than demestious, Fiyiu"u‘[ mexles have dpiﬁ.c.mtly lrwrer
load compared be addile male expectations {Fig. 3CL OF the
10,000 simubstions randemizing beterogeneity bn whipweorm load
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NELMINTH PARASITES IN THE HOUSE MOUSE NYHRID ZONE

Table 3, Significance of the Gtests comparing the log likeliheed of the nested hypotheses,

H,; versus Hy Ha versus Hy Hj; versus Hy Hs versus Hs

Individual parasice diversicy 000401 DA4TT2 n4301 00003
Pinwormns 00002 (T4 4967 LTS
Whipurorms 00018 L6000 .03 .75 10~
Thpewanns 100 x 101 03537 (4504 174 5 10-1
Mastophoras fueris 0.00% .7515 (L&52% L00s
Sape dataset 1181

2 {A) Individual parasite diversaty - (B} Pinvworrm load g3 (€ Wiapsearim Ioaud

Individml prraste diverdy

x - a 2 . - - 3
a0z ] w6 08 1 W0 #2 o4 06 &3 10 w0 0  ed 06 0E 18
I i Hr
‘ : 2 . 2, = :
i (D) Tapeworm load P ) Mastopharns waris boad ' () Sage et al ( 1956a)
1 L] L} Ll L L] L
08k . ¥}
g pe s E .
G- = '
30 ] .
% larna . it
fud z -
mmm i - = “'
iz - b s . .
\ . - = 0
00 —a -H‘H-H-_.'_T._—";—--_.
A S A S A P A A T S A * P ot L - T L I
i L+ LE o 0 Lo i a3 [ b & 1. i o3 [T L i [T
Hi A HI

Figure 3. Distributions of individual parasite diversity and mean load with two-unit suppoent ervelopes across individual His companed
1o the ML paranseterization of the best meodel: (A} Individual parasite diversity (modal Hqb; (B Pimsorms (model Hyk (€} Whipawoms
{rnocked Hal; (D) Tapewormvs (meadel Ha (B Mastoapianes muris (model Hab; (F) Sage dataset (model Hi), B ranges from B = 0 (domestios)
to Hi w1 (meiscuivs). Blue: males, red: females, purple: no sex distinction, The scale of the yauis is individual parasite diversity for (A)
and bagyg (load + 1) for the remaining figures. The two-unit suppoit envelopes shiow that there is increased uncetainty of mean losd
for the most hybrid individuals, comespanding to the simple fact that F1s and egqual-scurce-contribution hybrids are very mmely observad
in the European mduse hybad zone. For whipwom load (0, mean laads for males and femabes ane shown separately because of the
significant taxen « sex interaction {see text),

over locolities, 6 ghowed o hybrid effect as or more sigmificant Hyp = 7.07, P = D.0008%, respectvely). Although the estinates of
than the individual-baved estiate {false positive rate 0.0096). Fi- the resitance paramelers are positive [V = =26 and V = +1.13,
11.r.|1:,'. far the NP oI el 8. iz, Hy & highl-:.' simi.ﬁ:nnl'ly m:[mh'em, there is insnfficieant ewer b exchide the zete 1V
fvared over Hy with no further increase n hypodleesis complexily  possibility (LL drop if ¥ ficed 40 0 equals <036, F' = 0.3%9 and
justified {ALLH;-Hy = 3534, P = 109 = [0~ md ALLH;- 059, P = [(.18), Thas, the best models of tapeworm and A1,
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iy Wods soross the hybrd mdex de nol significamly deviare
Croon sditiviny with tapeswamm and M. e losd estimares eight-
andd sevenfold hi.gh;u' in alorestions than in meceis, L'c.-rpour'w:]g
(Table 2 and Fig. 30, EL

In summary, the estimate of the resistance parameter V is
positive for all cases and significantly greater than zere for in-
dividual parasite divessity, pinworm Joad, and swhipworin load
{Table Xy, That is we fud “hybrdization effects corsastent with
hiybril resigtanes ane in coneradletion o bybrel susceptibbling”
Although the lower prevalence parasites (the apewonns and M.
THFTE) further suppTl thas i, ench i,||.|:'li|'|."uI:|J.|'|I11'|.I heirlels: msul~
[icient infermatien to distinguish the positive ¥V MLE from the
¥ =0 ease, It should be noged thar, iF in reality hybrids were sus-
ceplible 10 hyperparsitism morbidity, this would remove all but
the least parasiiized lybrid mice fom our rapplng observations.
This woubd give us a signal of reduced parasiee boad in rapped
hybride. We can discount the possibility of such strong viability
selection doe 1o o purallel stody of the age strociure of mice (1.
Gty de Belloeg and 8. J. E. Bard, unpubl. data): there 15 no
si__s:nilﬁc.antd'il"ﬁercm:,: im the distribution of ald versus young myice
ncross the hybrid index,

Although our results are consistent with hybrid resistance,
an alterasiiee explonation is that a patch of keo parasitism (across
multiphe parmites) hay coincidentally fallen ot the cooter of the
hiybricl zome. Hybrid resistnnce would imply a within-localioy cor-
rolation berveen hybridners amd parasitiem, and restz for eoch &
correlation within localities would avold potentially confounding
enviromnenial varsslion. However, mouse AT vanes litfle within
loealities n our datager, giving withinelocality 1eses so linle power
there i no chance of detecting any elfecis. The probabality of
the coincidental patch explanalion, however, con be quantified
by soame exient: lfpdtclu-x af o |:-n.|'|u=it,= diversily such as the
central gray ores in Fg, 28 occur throaghous the potentisl feld
area, what ig the probability of one falling “just &0, such that
it would give reduction in hybrid parasitiem of the same magni-
mude of greater i we have obsorved T This coneerm is addnessed
through sasulation i te Appendia 51 When such palches fall
ar random, the mean aned mode for hybad effect Vs zero, and
the frequency with which ¥ matches or exceeds our oheervitions
is (0. This test is conservative, as the probability falls further
when smalter or karger pateh ise i smakated {reribis ol shown):
[t seems unlikely that modom patches would not only Fall “just
=o' i the right place, bt also “just 207 af the rght size, to mimic
ot resmlie,

COMPARISON WITH A PREVIOUS 5TUDY

The distnbution of dw Sape datssel nematode load acrose all
Indixiduals differs significantly from ML negative binomisl ex-
prectaticns {Fig. STF. Because bost gender was oot available for
this dataset, we could only evaluate hypotheses Hy md Hy. Hy

iTeE EVOLUTIN SEFTEWBER I

shows ¥ significantly different from zeee (Ho: Vo= 803 if no
iybrid eleet, ALL =679, F = (L0002}, that is allewing o hybeid
pffect 5ig:|1il'n;~x:|rlg,I imcreases the likelibood of the ohservations,
Adthough we know these 93 individoals come from 22 bocali-
Liea, we cannot reconstrect which individoals come from whicl
lecality, and g0 we canmot test for the False pesitive rate due i
Lecality heterogeney. In contrast o our datased, il estimate of V
& e galive, consistenl with hybod susceptibilay (Frg. 5F). Again
contrary o our dataser, where asipnbficam tewn elfect wis fownd
fior each parasite type, adding peramelers for a tnxon effect was
et jusatified for the Sage datager {ALLHy-Hy = 2.14, P = (L12).

Discussion

We ask whether hybri realstance or susceptibilidy best cuplaine
the paragite load of hybrids berasen reo subspecies of mice,
We fid thar allowing neaadditive effects significantly bereases
the likelibood of the ohservations for the two most prevabent
ypes af belminths, the pinworns snd the whipwonns, and alse
for 1he averall helminth diversily in individoals. In ench case,
these effects were consistent with hyrbeid resistamce, and contra-
dictory to hyhrid susceptibility. Our resulis are robust g podentinl
confounding factors (sen- and taxon-specific loads, load hesero-
geneity over localiticsh, Loads for the two less-prevalent parasites
{rapesvorms and M. suerls) further support liybiid reslsaance, but
Inelivicheally caneed be shown significantly diffesent from 2ero, ag
wipected given loss power due 1o less parasites, [n all caes, we
find significant Laxon differences. Our resulls sme consistent wilh
experimental mfection of dewieeticns aml mscadas monse straing
al their E;"hr'sds {fremm 1 b0 B4 m eontralled condilwns widls
the: pisvaarmn A, fetrapiera {Derothe ¢f al. 2002, which showed
erther !."tﬂﬂi.ﬁl'.nlﬂl"r reduced load (FL, F3, Fd) or no sipniﬁn:amr
cifeet (F2),

Our regulis are in contradiction with two previows el sbad-
bes of the same biological medel, which found increased load
in hybrids robstive o parentale, and comeduded this was due o
the breakup of coadapted pene tomplexes (Sage ot al 198Ga;
Moulia et al. 1991, Reanalyzing the Sage dataser, we find thar
the devaatiom fram ackativity for hybricls 15 very significantly neg.
atiwe, consistent with hybrid susceptibility, We find no evidenos
for a taxom difference in Sape's data, and the distibalion of par-
azite load across lividuals is very different from the negative
binciniad distibution commonly reported in the lterature and
consistent with all paragiges we have analyzed (Figs. 3F, 51F).

WHY DOES OUR PATTERN OF HELMINTH INFECTION
DIFFER FROM THE TWWO PREVIOUS FIELD STUDIES?
Thee eontrast berween hybrids s pasentals with respect o pag-
asites is the key difference berween stedies. Moving ncross the
muouse hybrid index from one suhsperies thmough hobrids fo the
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other subspecies, e Dwo previous stadies (Sage et al. 19864,
Mouliaetol. 15991} found a padtern of kew-high-lew parmsite Jopd.
Omir mn;l:p finds zhiﬂ-km‘-high pastemn. .’u:um'mr_ oty patterns
arewell upporied, explanations for thie “heterogensity over ehad-
iea"™ will revolve around parasite heterogencity, st heterogene-
ity, o some combination of the o, The o previeas stdies
conelude that the kow-ligh-bew patlern s dise 2o the genstics of the
heost: epeeifocally that lybricls are hypeninfected becanss they are
hybrids. The heleropesiny over snudbes might then be explained
by proposal A: “hybridization gives rise o susceptible individuals
178 CrLe . il ki h;;hr'bcl wane, bl resisiant mdivieals s moher
pawrt for al aotler time)"” Propesal & canoed be refwled wilh the
cugrent data and, if accepied, at benst partially rescues the con-
chusions of the previous stslies, However, it severely undennines
the suggestion that pasastics play an impoestant role n the makn-
tenance of the mowse epecies barvier (Sage ot al. 1986a; Moulia
ctal, 1991} because for dbe helmineh role o be globally hnponand,
ther effects shoudd be geagraphically consistient.

We find proposal A unsalisfzctory because 11 requires thal
the cantrast between hybrids and parentnls witl respect to their
heelininth pamnsites 15 racically altered im datferent pants of the 2one
{or ot different times). The HMHY i hraadly similar aver a very
lomg fromt (= 2500 km}) despite the exgremes having quise differ-
o 1imes of initial contaet (Macholfn et al, 2007} While Tecter
et al, {2010} speculase the zone might have different mechonisms
miaintakning it In different places, Macholin et al. (201 1) peine cur
that the differences in observations meotlvaling this speculation are
very hikely due to different sampling sirslegics, comclxlmg “there
i% wome evidence of common archifeciure of reproductive igo-
latson, and ao relable evidence o the cumlnlr].-.” Oecam's raror
would suggest the conlrast belween hybrids and parentals with
respect to their p.au'.aurih:s is =imilar alnuﬂ this frond. Fusther, bost-
specific divect Jife cycle prrasites such as the pimwormns are likely
te have a histery of elose coevolution with their hosls (Hapot
1988, and thus seem unlikely to preferentially infect hybride
In one part of the zose, while preferentially avoidng hybrids
wlsewhere,

Irhas been pointed oar dat hybeid siudy systems repeacedly
sereene] far mfection often shiwe varinhle nlecion scenarios
{Wolinska et nl. 2008). Wolinskn and collengues proposed (hal
{herenfter praposal B meansistent patterns of infection observed
over gpace ancl 1ime in hybrddizing communilies may be due to
Frequency-dependent selection, that is Red Qrueen dynamics, but
utrapolated from the lovel of alemative genotypes 1o the level
of nliernotive e (Welinska et al. 2006, 2008), T core of
propesal B is “the dynemis scenario predicts continweeus, bidi-
rectional changes i the relative inlection of hybod amd parental
tama The change is expocted o resudt from froguency-dependent
selection agamsl common genotypes conlained within each of
the taxn™ {Wolinska et al. 3008, p. 124} The relevance of this

el 10 systems other Ean Daphnis (P olinsia el al. 20063, is
inspiration, is bowever unclear. &lthough commaon bost genotypes
might be expected to ooour in parental species, the nation of hy-
beids ar a taxon with common gencdypes ie resticied to systems
where only Fls{and perhape early backerosees) are produced, and
whire, for example, clonal reproduction can maintain sach hybsid
“raxa” In contrast, the defining fearure of post-Fl hybekl lation
(the HMHZ cat} 1 an eplosion of oow possible geaotypes (2
rabsed 1o U poswver of L, tbe number of locl considered). 4s L
increzes, every hybrid genolype quickly becomes rare, making
lhe X "h:‘l:lrbq]s"'uu tremely unlikely iy fir pur.lgilug i
pearch of commen hest genotypes, We do not, therefore, (hink
this kind of Red Qucen model could drive heteregeneity of the
hybrid-parasile inleraction along the HWMHE,

Having sseumed fAret, that both repored hybrid pasmiism
patterns are well supporied and, second, that hybride were hyper-
infected in previows sodice because they were hybrids, the bei-
crogenedly over studies lends us 10 unsatisfactony and seenmingly
overcainplicated praposals A and B regarding the hybul - parasite
imteraction. This lexls ns o qu:ﬂi.un our inidknl m.ﬂnu]ﬂinn: are
beath hybrid parasilisin pattems equally supported?

Cuite apart from the oxlerofanagnitude inorease in mice,
paragites, localities, and loci sampled in owr sody compared
to the previeus stodies, ad the Bsboratory resubts demonstral-
ing hybrid resissance rather than suscephbilicy, there are farther
reasing o sugpest the contrasting patterns of hybeid parmitsm
between srudice are not cqually supported. I the spatiotemporal
helerageneily of parsile load i expecied to be highly stochnstic
(Haukisabmi e al. 1988 Monigomery mand Mentgomery 1089;
Biehmke et al. 1999}, carelul sampling design becomes crucial if
we wish lo distinguish becal helerogeneity effects fron hybridizs
fion, &ffects. This sau'nq'lli.nﬂ s reg;rd.ilm the original wormy
miouse shuly was first pointed out by Klein (1988}, Differences
between the sampling desipn of the previous and current el
iex should therefore be considered when weighing their relative

TR

i1y Parzsites tend to be aﬁg:r\e_pl,ml within hosts, most having
a lew parasites or pone, whereas a few hive many (Shiw
amd Dobsom 19095; Sheny ef al, [998), Ax & result, the load
distribution is vight-skewed with o long ik, and empiri-
cally well described by the negative binomial distribution.
A miportant implicarion of this pattern bs that an sccursbe
detennination of parasgite abundanes in e host population
requires & Lirge sample size

(2) Parasive dissribunion i expected 0 be helerogensms over
space. The spalial sampling in the curment study covers the
foeal hybeid Zome reascnably evenly, with campling at 107
locafities (Fig. 23, inchding about 30 scallersd along the
path of the zome center, each with close neighboms on either
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side. Thisreduces the pateniial for aspurioas makch beraeen
thee lawout of those localities where hybrids are foune and
flucmntions @ che Fpminl h:hq'rngami.l"; af |;.u'n1.:ir,e.: Ran-
domization of locality loads showe our sampling i unlikely
o give nlse positive sipnals reparding hybride, The local-
ity sampling in the e previous stadies was much redoced
(12 localirles acros Fo150 km for Moobha et al. [1981],
2% bocalmios seross 200 km for Sage et al. [1988a]). The
probabilities of fake positives woald therefore be hizher,
althaugh the same test cannal be constmacted for the avail-
able data OF (he gix bealities ponr e 2me cemter whipe
Sape et al, (19868]) fourd the 14 hyperinfected hybeid mice,
three (15,16, 15} occur within Jess than 10 km?, bwa of these
within 2.8 kin of exch olher. Moreewer, fheir dalaset com-
prises an inkial esupling and then & second sampling in
a different season. Pinwarme can display significant sea-
aonal variations in prevalence and abupdsmce n rodents
{ Haukizalmi et al. 19084; Abu-Mada et al. 30000, We suggest
i combaned alleet of few loealities, sequential sampling at
g different sexons, and .*r[mtiur:mpnmlly h:b:mg:ntmu
prssiles coukl lead 80 g Malse positive signal of pimwomn
lonid amociated with hyheids in this datnsel

Time lag beroceen mouse mapping and dissection, In our
study, the majority of mice were dissecied the day atfer
caprure, [n the study of Moulia and collenpues based anly
o pinvororm infection, mice were kept ree monthe in lab-
aratory conditions belore being dissecied (Mouwlia el al
19491} Pinwonns are highly contagious in breeding Bwili-
ties {Talls 1976; Bareano e al. 22 Bgzgs i Food, warer,
bediding, and airhaime resull in conlinual reexposure of mice
to panwonns { TalTs 1976; Pritchett and Johnston 20023, We
supgest ihis bimg_ lab-based time lag betwgen capiare and
dissection may have severely influenced the patlem of pin-
worm mfection reponed by the sathors,

[

These are ihe empirical reasons we do not feel the o re-
potted patierns of hybrid perssttism should be treated as having
cqun] syppoTl. We now lum (o repsons .'Lri_':i'n.g Froan -cmid-q'ring
the evioludyn af h:m—plu'uxibe mbgeract ins.

MODELS AND EXPECTATIONS FOR HOST/PARASITE
INTERACTION ON HOST SECONDARY CONTACT

While host tina are wolated ey diverge, buar their parnsites nany
diverge faster due to shorler generstion ime. If parasibes reduce
fitness sigmaficantly, then e part of the host genome mes some-
hepa kespupwith this faster parasite evolution: the part controlling
host immune response, Hecombinnbion is anE WAy in which n sat
ol host genes can quickly produce new combinstions of alleles ag
yet unseen by contemporory parasites, This simple Bed Cueen,

ZTeR EVOLUTIN SEFTEWBER I

recvanbinarion srguient his o nunber of notable implications.

{13 IF recombination b= the mportant searce of new immane
pene combinations, then coadaptation scross these loci is
unlikely—eoadspiation requires combinations to be lweld
lagetlver Jong enough for nalural seledtion to act. Thig is
unlikely if recombination 15 continusally resdnelfmg then.

{2} Um secomdary conlsct, recombinatiom beivween bost immne
penes from each source should produce rare combinations,
Ihus alkewing hybricls e avoid pargites tirgeting oomman
penolypes,

(%) Wicariamt sister tia need wot show high divergence for
immung related genes—ihe Bed Quesn can be run by pre-
duekng new {rleombinations of existing alleles, ratber than
feding new mulathons.

Theeee implications are notable becasse the Frst argues
ngainst the existence of “coadnpted pene complexes,” the brenkwp
of which would explain hybod siscepdibilily with respect to par-
agite load (Sage oo al. 198Ga; Moulia et al. 1991} The second
ke congistend with the resalts of the cument study, and arpues
againg the hybrid unfimees due Lo parssile nlersclions propesed
by those pwo studies. The thied 1 consistent with evidence From
renes Implicased inthe immune response. These often show trans-.
species palymarphism, for example the immuanoglobalin hem-j
chain viresble r\qi.uﬂ Iflg\."[-l} {50 and Nei [MEE Esteves ol al.
153, the proteasome shumit fype 8 (PSMEBR) (Nonaks et al.
2000 Miura ¢ al, 20100, the major hiziocomparibility complex
{MHC] in general {Klein 1987) and scross the two hybridiz-
ing mowse suhspecies in particular (Cigkerd et al. 2001), Trans-
species polymorphiem bs quite te opposite of high divergence in
sisler tana (point 3 above),

Retuming Lo the first of these three issues: we have suggested
coambaption ameng imanune genes i unlikely o dhey are using
recombination to run g Hed Queen race againg parasites. Even
if recombination is wol breaking up condapted gene complemes
{Derbe ef al. 20043, there is sl reson o expec I|y1||:ilii.x..ﬂic|u
53 FTDdI.LCJ: :uhnpl'imnl. RenH ypes. This 15 becmuse h:.iu'irl.irdinn
imvolves sdmiuure of alleles that have never coenisted in the
same population. In a single panmictic population, 2 new allele
thar 18 Incompanible with a commsan allele is anlikely o increase
i frequency, becawse 30 will moedy oceur o lndividoals witl
the incompatible common resident. When a population ke split
i two, g AleTing ol of pew incompatible alleles contmues
within exch subunit bqll,zl.‘.lub.:.ha.nskyl'lg3ﬁ] a.ndfl.'!uﬂ:r[]'g\'.ll}
peovinged o, pairs of new alleles ariging across the two isoked
populations are, by definiton, never tested agninst eoch other by
nevturnl selection. Se:nnﬂmj' conbnet between the pnpuhl'bnn: is
the fiest Gme sweh paird come topedher. Daring izolalion, these
alleles may hove arisen o high frequency, and in thie way anfit
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{unfilvered) DMIs cim be revealed af secondary contac, withil
cidher isvlnted subunil having hod reduced mess. Allhough the
nlleles concemed nre wrunl]:,' Il'u'mgh: of ns l1¢5rr|.-g ntclifferent 1o,
the legic works similarly for alleles at the same locus, amd the
outcome k5 the same: admixmere withinfacroes loci is expected fo
reveal previovshy uneeen (unie sted) incompatibilites, Here then ir
2 clear patential cavse of hybrid suseeptibiliey that does not rely
om coadaplaion acniss sete of geses witl kigh recombination.
A further questbon then ariees: why b all the evidlence n the
current stucy conssstent with an improvement in hybrid immune
respomse’ In odher words, why do we see no evidence of DMIs
affecting host nnmumes genes?!

IS THE IMMUMNE SYSTEM IMMUNE TO DRIs?
TRANSITIVITY OF ALLELE COMPATIBILITY

Equality i =) Is & transifive binary relation: if & = Band A = C,
then B = C. Suppose allele compatibility (9] was also a irancitive
binary velatiom: if AvB md AeC, then BeC. The Dobelamsky
Muller mode] breaks this rule: if B and O are a palr of new
nlleles that nrse soross molated ruhpﬂpulnrinns. while & demabes
Iheir original partner maimdained in ench vicar during subdivisicn,
when B amd C are broughi together for the firat tine on secondary
gonkact, mransitive alkzle compatibilicy woald imply they be com-
patible {beeouse both are puaraniesd compatible with allele A)
tather than forming a DML, This iz one resson e favor the exis-
tence of DM s berween new alkeles ar differemt Bocd, ratbeer than at
the same locws: the constraines impesed by the common functbon
of alleles & the smoe locus fencoding the same geme) make il
more ificull o imagine how a new allele (B) eoald b2 incom-
patible with some alternatives (), while compatible with others
{ A, Is there ressom 1o suspect that allele compatbility should e
stromgly transitve {or Immume ;EEDES? 1F sa, it would make im-
mune gene DMz unlikely. One circometance favoring strongly
Irangitive compalibility i in & eystem where many alleles are al-
ready being maimadned. This ks cerainly tnae of the MHC (Klein
1986 Flertney and Qliver 20060, Then, o increase in frequency,
anew allele must be compatible with very many panpérs, For i
maminimed alleles, the above transitive mle becomes:;

1[‘{1\;!5. ﬂ:‘ﬁ. el .ﬁﬂ _!!B, J\KIB},
anal {Agwl, Agwl, . Ay w0, AywC] then BeC,

The greater compalibility constraints on B amd C wilh re-
spect to overlopping sels of panteers have two implications: in
cach vicarinnt population, new alleles are lees likely to reach high
frequency, and, if they do, they are more likely to be cocom-
patible on secondary contact. The first mplication would lead
1o low tusmover in commmcd alleles during vicariance, and there-
fore irams-isolale (species) polymomphisn. The secoml suggests,
whare privabe allebes do arige, dwy weill be unlikely 1o form Dhls
om secondary comtaet. Thil s, “systems where iy albeles are al-
ready maintained e resistant to the deve lopment of DMIs during

vicariance.'” This vicarkant balincing selection scendariy fomns &
natiral counlerpoint to O's argement regarding the prefereniial
accumulation of DMIs in vicarinm npisr.uic systems Oy 1995;
Kendraghow 2003},

The question of whether immune genes are immune o DM[=
is immediately testable for the house mouse system: a survey of
nataral variation af o MHC loel lsas aslready been carried out
i the o tan (CELovs eral. 20110, a secessary prepeguisite 1o
examining MHC pene flow screas the sane reghon of e HMHZ
for which, lene, we have shown significantly reduced parasite
lad im hylrids. [F e xh:rp distineion balween (he mouse Bx is
mainiaimed by DMIs ot other boci, whils anmune genes are com-
paratoeely free of DMIs and intropressing alleles are fanvared, clear
patterns shioald resalt. In he sanplest case: wide clines at the MHC
compared o other Lock, b the more complex moving-hybrld-zone
case suggeeted by Macholin etal, (201 1): large geographic inclu-
eiong of introgressed MHC alleles behind ihe moving wave front
Wiork assessing these pallems i underway,

IS THERE STILL A ROLE FOR PARASITES IN HYBRID
ZONES AND SPECIES BOUNDARIES?
Although the role of parasites in snimal hybridizstion hias been
ievestigated over & wide range of models from vemebrates 1o
mammals {Moulia 19499, ne stdy hos demonstrated withow am-
baguity that parasives partueh te owteome of hybrdization. In due
leowse mouge, cur data show it & extremely unlikely that high
lelminth parasite loml makes a sipnificant comribulion o the
maimtenmwos of the species boundary, comtrary o whal has been
proposed over tle past 25 years.

If there i o parasite infleence on the HMHZ, car dota would
siggest it will be divectional selection: with the exceplion of
[ﬁrm.'nrms and male whipnmm.. domiesticns mice are meare heayv-
ily parasitized than mscuius mice. hMoat etrikingly, tapeworm
load ie cightfeld lower on the smscwlies genelic background
(Frgs. 2E 3D, Intogression ol any responsible geoes mbo the de-
egitous genomme may therefore be fovared. This may be related 10
a lustary ol 2o movemenl, suscala replating domestics, edi-
cate:d by spatinl X chroimosonse marker varantiom{ Macholin etal
201 1) Mouse lab strming show heritalle sarintion Tor lapewonm
susoepdibility {Olivier 1963; Oviharn 1962). Larval tapew omms can
strongly decrease fertility of bath male snd female raks { Lin et al.
1900} Excretory-secredory procects of tapeworm larvae inhibic
ratpestosterone prodoction (Rikihiea etal, 19855 and rhe tapeworm
T erassiceps can affeet ihe seminiferone epithelivm of mabe mice
leading ro infermility (Zepeda et al. 2001), In the Czech-Bavarian
ramsect, he ¥ ehwomesome of mucedins has mirogressed mie the
territory of domesticas, covering move Lan 330 k™ of Bavaria
(Macholin er al. 2008). Rosistances 00 a parasite capoble of dis-
npting male reproductive function, such as the 1apewor. could

fncilitate this ¥ @vasion, and dominant loci of major effect on
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Lapeasm resistance (1, crapsicens, Fragoso en al, 19980 would
[urther aid the rapid spread of resislance, suggesting the rele of
tapesorms in the dynamics of the Crech—Bavarian hybrid zone is
warth further inveatigation.
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Supporting Information
The Following supporting information e available for this article:

Appendix $1. Sosuliing paiches of low parssite ocourrence alling o roadoan on the feld ares.

Figure 51. Distribution of individual parasite diveraity and load (blue histoprams) across mdivideals, compased to expectations fer
the: ML paramererization (red Fne) of the Poisson {A) and negative binomial (B-F) distributions assuming ne difference between
sexes anldl subspecies,

Figure 5L 4 least-sguares fit of a two-level model for parastie diversity over radial distance from the cenrodd of the bybrils m
thi cliaraget.

Figore 53, An instance of a simalatec palchy field area.

Figure $4. Coatrasting likehiyood analyze cuteomes for paleh-centered (left cofumn} and patch-umcomelated {right columm)
simulations. Tabbe S1. Dataset per mouse individual,
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