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Abstract

Genetic incompatibiѴities contribute to reproductive isoѴation between many di-
verging popuѴationsķ but it is stiѴѴ uncѴear to what extent they pѴay a roѴe if diver-
gence happens with gene fѴowĺ In contact zones between the ŞCrabŞ and ŞWaveŞ 
ecotypes of the snaiѴ Littorina saxatilis, divergent seѴection forms strong barriers to 
gene fѴowķ whiѴe the roѴe of postŊzygotic barriers due to seѴection against hybrids 
remains uncѴearĺ High embryo abortion rates in this species couѴd indicate the pres-

ence of such barriersĺ PostŊzygotic barriers might incѴude genetic incompatibiѴities 
Őeĺgĺ DobzhanskyŋMuѴѴer incompatibiѴitieső but aѴso maѴadaptationķ both expected to 
be most pronounced in contact zonesĺ In additionķ embryo abortion might refѴect 
physioѴogicaѴ stress on femaѴes and embryos independent of any genetic stressĺ We 
examined aѴѴ embryos of ƻƔƏƏ femaѴes sampѴed outside and inside contact zones of 
three popuѴations in Swedenĺ FemaѴesŝ cѴutch size ranged from Ə to ƐķƏƐƐ embryos 
Őmean ƐƒƏ Ƽ ƐƑƒőķ and abortion rates varied between Əѷ and ƐƏƏѷ Őmean ƐƑѷőĺ We 
described femaѴe genotypes by using a hybrid index based on hundreds of SNPs dif-
ferentiated between ecotypes with which we characterized femaѴe genotypesĺ We 
aѴso caѴcuѴated femaѴe SNP heterozygosity and inversion karyotypeĺ CѴutch size did 
not vary with femaѴe hybrid indexķ and abortion rates were onѴy weakѴy reѴated to hy-

brid index in two sites but not at aѴѴ in a third siteĺ No additionaѴ variation in abortion 
rate was expѴained by femaѴe SNP heterozygosityķ but increased femaѴe inversion 
heterozygosity added sѴightѴy to increased abortionĺ Our resuѴts show onѴy weak and 
probabѴy bioѴogicaѴѴy insignificant postŊzygotic barriers contributing to ecotype di-
vergenceķ and the high and variabѴe abortion rates were marginaѴѴyķ if at aѴѴķ expѴained 
by hybrid index of femaѴesĺ
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ƐՊ |ՊINTRODUC TION

Speciation invoѴves the evoѴution and maintenance of reproductive 
isoѴationĺ This requires barriers that impede genetic exchange be-

tween popuѴations ŐCoyne ş Orrķ ƑƏƏƓőĺ Divergent seѴectionķ assor-
tative mating and habitat seѴection wiѴѴ estabѴish extrinsic barriers 
over smaѴѴer or Ѵarger parts of the genome ŐJiggins ş MaѴѴetķ ƑƏƏƏĸ 
MacCaѴѴumķ Nurnbergerķ Bartonķ ş Szymuraķ ƐƖƖѶőĺ Barriers may 
aѴso incѴude intrinsic genetic eѴementsķ such as DobzhanskyŋMuѴѴer 
incompatibiѴities ŐDMIső which reduce fitness irrespective of envi-
ronmentaѴ conditionsĺ AѴsoķ partѴy intrinsic DMIŊanaѴogous epistatic 
barriers might exist that are dependent on the environmentaѴ context 
ŐArnegard et aѴĺķ ƑƏƐƓĸ KuѴmuni ş Westramķ ƑƏƐƕőĺ Such intrinsic or 
partѴy intrinsic barriers Őhereafter referred to as DMIsķ Dobzhanskyķ 
ƐƖƒƕĸ MuѴѴerķ ƐƖƓƑő are potentiaѴѴy important barriers that usuaѴѴy 
resuѴt from genetic divergence among popuѴations during periods of 
isoѴationĺ At secondary contactķ mixing of incompatibѴe aѴѴeѴes at one 
or severaѴ Ѵoci wiѴѴ reduce hybrid fitnessķ and the effects are ѴikeѴy to 
be visibѴe directѴy at the ѴeveѴ of the phenotype as a viabiѴity or fer-
tiѴity reductionķ either in firstŊgeneration hybrids or in Ѵater genera-

tions of recombined offspring ŐCoyne ş Orrķ ƑƏƏƓĸ McDanieѴķ WiѴѴisķ 
ş Shawķ ƑƏƏѶőĺ

Recent modeѴs and verbaѴ arguments emphasize that DMIs can 
aѴso evoѴve without prior isoѴation of popuѴationsķ especiaѴѴy under 
strong ѴocaѴ adaptation and divergent seѴection ŐBankķ Burgerķ ş 
Hermissonķ ƑƏƐƑĸ GavriѴetsķ ƑƏƏƓĸ Kondrashovķ ƑƏƏƒĸ KuѴmuni ş 
Westramķ ƑƏƐƕĸ NosiѴ ş FѴaxmanķ ƑƏƐƐőĺ If inversions are invoѴvedķ 
these form barriers to gene fѴowķ and mutations suitabѴe on the ge-

netic background of one arrangement but deѴeterious on the back-

ground of the other may be estabѴished ŐNavarro ş Bartonķ ƑƏƏƒőĺ 
Such mutations wiѴѴ spread under positive seѴectionķ faciѴitated by 
recombination among hapѴotypes for the same arrangement ŐFariaķ 
Johannessonķ ButѴinķ ş Westramķ ƑƏƐƖbőĺ Howeverķ when the two 
arrangements end up in the same heterokaryotype individuaѴķ which 
wiѴѴ most frequentѴy happen in the hybrid zoneķ incompatibiѴities wiѴѴ 
be expressedĺ

Few studies have been undertaken to investigate the impor-
tance of intrinsic barriers when divergence evoѴves under gene 
fѴowķ but the marine snaiѴķ Littorina saxatilisķ presents an ideaѴ modeѴ 
systemĺ In this speciesķ strong barriers to gene fѴow have evoѴved 
in contact zones between ecotypesķ mainѴy by divergent seѴection 
ŐJohannesson et aѴĺķ ƑƏƐƏőķ and evidence suggests that ecotypes re-

peatedѴy diverge without prior spatiaѴ isoѴation ŐButѴin et aѴĺķ ƑƏƐƓĸ 
Panovaķ HoѴѴanderķ ş Johannessonķ ƑƏƏѵőĺ The divergent ecotypes 
differ in a range of independentķ quantitative Őand presumabѴy poѴy-

genicő traits Őreviewed in Johannessonķ ƑƏƐƔőķ and this offers an ex-

ceѴѴent system to Ѵook for genetic incompatibiѴities or other types of 
maѴadaptation appearing in contact zonesĺ IncompatibiѴitiesķ if pres-

entķ might have evoѴved as byŊproducts of strong divergent seѴection 
under gene fѴow ŐKuѴmuni ş Westramķ ƑƏƐƕő andņor during short pe-

riods of aѴѴopatry ŐBierneķ WeѴchķ Loireķ Bonhommeķ ş Davidķ ƑƏƐƐőĺ 
Furthermoreķ severaѴ Ѵarge and presumabѴy oѴd inversions segregate 
between ecotypes ŐFariaķ Chaubeķ et aѴĺķ ƑƏƐƖaĸ MoraѴes et aѴĺķ ƑƏƐƖĸ 

Westram et aѴĺķ ƑƏƐѶő and these might have generated additionaѴ op-

portunities for DMIs to evoѴve as byŊproducts of divergent seѴectionķ 
or during earѴier periods of isoѴationĺ

To test the importance of intrinsic barriers in L. saxatilis, we 

sampѴed femaѴes at precise positions over three transects covering 
pure ecotype popuѴations and hybrid zones in betweenĺ The hy-

brid status of each femaѴe was assessed from a SNPŊbased hybrid 
indexķ SNP heterozygosity and the inversion karyotypeĺ ControѴѴing 
for effects of externaѴ physioѴogicaѴ stress Őeĺgĺ parasites and ther-
maѴ stressőķ we tested the effect of femaѴe hybrid status on cѴutch 
size and embryo abortion rateĺ Our expectation was that intrinsic 
genetic incompatibiѴities Őobserved as smaѴѴer cѴutch size or higher 
abortion rateső wouѴd be most pronounced in genetic hybrids and 
Ѵess in femaѴes of parentaѴ genotypeĺ In additionķ we expected the 
DMIŊanaѴogous barriers to be simiѴar to those of cѴassicaѴ DMIsķ with 
the addition of a Ѵink to the environmentaѴ context ŐArnegard et aѴĺķ 
ƑƏƐƓőĺ Furthermoreķ if presentķ decreased hybrid fitness due to het-
erozygote underdominance ŐincompatibiѴity of aѴѴeѴes at the same 
Ѵocuső andņor maѴadaptation ŐѴower fitness caused by a mismatch 
between genotype and environmentő wouѴd aѴso be more common 
in the hybrid zone than eѴsewhereĺ ConsequentѴyķ at the phenotypic 
ѴeveѴķ effects of underdominance and maѴadaptation wouѴd be diffi-
cuѴt to separate from DMIs and a fuѴѴ distinction between intrinsic 
and extrinsic barriers wouѴd require Ѵater experimentaѴ approachesĺ 
Howeverķ our study was set out as a first step to test for an associa-

tion between femaѴe hybrid status and abortion ratesĺ

ƑՊ |ՊMATERIAL AND METHODS

ƑĺƐՊ|ՊStudy system

AѴthough severaѴ ecotypes of Littorina saxatilis exist ŐReidķ ƐƖƖѵőķ this 
study focused on Crab and Wave ecotypes that are adapted to spe-

cific rockyŊshore microhabitats ŐJohannessonķ ƑƏƐƔĸ Johannesson et 
aѴĺķ ƑƏƐƏőĺ The Crab ecotype has a Ѵarge aduѴt size ŐƐƏŋƐƔ mmőķ thick 
sheѴѴ and a shy behaviourĹ traits that are favoured in patches with 
crabsĺ The Wave ecotype has a smaѴѴ aduѴt size Őƒŋƕ mmőķ thin sheѴѴ 
and a boѴd behaviourĹ traits that are favoured in waveŊexposed 
patches ŐJohannessonķ ƐƖѶѵĸ Le Pennec et aѴĺķ ƑƏƐƕőĺ Contact zones 
are frequentķ and over a Swedish contact zone divergent seѴec-

tion affects ŜƐĺƓѷ of SNPs ŐsingѴe nucѴeotide poѴymorphismső over 
Ѵess than ƔƏ metresķ with most of the differentiated Ѵoci aѴѴocated 
to three Ѵarge inversions which aѴso contained many of the Ѵoci as-

sociated with the phenotypic differences ŐWestram et aѴĺķ ƑƏƐѶőĺ 
NotabѴyķ markŋrecapture experiments at the same site suggested 
hybrid phenotypes to be superior to the parentaѴ phenotypes in the 
contact zone centre ŐJansonķ ƐƖѶƒőķ thus showing no cѴear signs of 
hybrid maѴadaptationĺ

Littorina saxatilis is ovoviviparous with the very promiscu-

ous femaѴes carrying broods of embryos year round ŐPanova et 
aѴĺķ ƑƏƐƏőĺ Phenotypic signaѴs of postŊzygotic barriers can be foѴ-
Ѵowed during the entire earѴy deveѴopmentķ from fertiѴized eggs to 
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metamorphosed juveniѴesķ inside femaѴeŝs embryo pouchesĺ EarѴier 
studies have reported incongruent resuѴts with respect to rates of 
embryo abortion in femaѴes of various phenotypes ŐHuѴѴķ Grahameķ 
ş MiѴѴķ ƐƖƖѵĸ Jansonķ ƐƖѶƔĸ Johannessonķ Larssonķ Cruzķ Garciaķ ş 
RoѴ࢙nŊAѴvarezķ ƑƏƏƏőĺ None of these earѴier studiesķ howeverķ cѴassi-
fied femaѴes based on genotypeķ and a recent study in Spain showed 
that phenotypic hybrids are in many cases not genetic hybrids ŐKessķ 
GaѴindoķ ş BouѴdingķ ƑƏƐѶőĺ

ƑĺƑՊ|ՊEcotype transects sampѴed

We sampѴed ѵƏƏ snaiѴs Őof unknown sexő aѴong ƑѵƏŋƒѵƏ m Ѵong 
transects paraѴѴeѴ to the shore in each of three isѴands ŐCZAĸ Ramsक़ 
N ƔѶŦƓƖனƑƕĺƖƏபķ E ƐƐŦƒனƓƒĺѵƑபķ CZBĸ Inre ArskѴovet N ƔѶŦƔƏனƏĺƐƕபķ 
E ƐƐŦѶனƐƖĺƏѶப and CZDĸ Yttre ArskѴovet N ƔѶŦƓƖனƔƐĺƒѶபķ E 
ƐƐŦѶனƏĺƒƐபő during the period MayŋJuѴyķ which is the peak reproduc-

tive season in this areaĺ Each transect started on one side of a smaѴѴ 
bay in a Wave ecotype habitat Őprotruding waveŊexposed rocksĸ dark 
green in Figure Ɛ mapőķ crossed a Crab ecotype habitat Őa bouѴder 
bay with shore crabsĸ Ѵight green in Figure Ɛ mapő and ended on the 
opposite side of the bay again on waveŊexposed rocks ŐFigure Ɛőĺ 
ConsequentѴyķ each transect crossed two CrabŋWave contact zonesĺ 
The exact position of each snaiѴ was recorded in three dimensions 
using a TrimbѴe Mƒ TotaѴ Stationķ incѴuding height on the shoreĺ 
Maximum tidaѴ variation is ƒƔ cm in this areaķ and most snaiѴs were 
verticaѴѴy distributed over ƺƐ m with a few snaiѴs up to ƑĺƔ m from 
the Ѵowest record on the most waveŊexposed rocksĺ The embryos 
are ѴikeѴy to be affected by physioѴogicaѴ stressķ for exampѴeķ ex-

treme temperatures when the femaѴe is emerged above seawaterĺ 
Hereķ we used the verticaѴ position on the shore as a proxy for ther-
maѴ stress ŐMcMahonķ ƐƖƖƏőĺ

AѴѴ snaiѴs were photographed for estimates of overaѴѴ size and 
thereafter dissected with the soft tissue stored for genotyping Ősee 
beѴowőĺ The centroid size of each femaѴe was caѴcuѴated from ƐƔ 
Ѵandmarks pѴaced on the sheѴѴ photographs of each femaѴe ŐfoѴѴowing 
Ravinet et aѴĺķ ƑƏƐѵőĺ The position of each femaѴe aѴong the transect 
was referred to as its cѴosest position on a path aѴong the transect 
based on aѴѴ sampѴed snaiѴs but reducing the spatiaѴ information of aѴѴ 
sampѴe points to a oneŊdimensionaѴ transectĺ

ƑĺƒՊ|ՊQuantifying cѴutch size and embryo abortion

The contents of the embryo pouch of each mature femaѴe ŐƑƒƒķ ƑƐƖ 
and ƑƐƕ femaѴes in the three isѴandsķ respectiveѴyő were emptied 
into a watch gѴass and photographed through the Ѵens of a stere-

omicroscope at a magnification of ƕŋƑƔƵĺ We identified four ѴarvaѴ 
stages using these photographs ŐfoѴѴowing Jansonķ ƐƖѶƔőĹ the prev-

eѴiger stage ŐfertiѴized eggs up to veѴiger stadiumőķ the veѴiger Ѵarva Őa 
Ѵarva with two swimming organsŌveѴaőķ the postŊveѴiger Őthe meta-

morphosed Ѵarva remaining inside the egg capsuѴeő and the hatch-

Ѵing stage Őa miniature snaiѴ ready to Ѵeave the motherő ŐFigure Ƒőĺ 

For each ѴarvaѴ stageķ we aѴso identified missŊdeveѴoping embryos 
ŐFigure Ƒķ Ѵower pѴateőĺ These were typicaѴѴy cѴumps of ceѴѴs spread 
throughout the capsuѴe ŐmissŊdeveѴoping preveѴigersőķ veѴigers and 
postŊveѴigers with maѴformed sheѴѴs ŐtrumpetŊѴikeķ poorѴy coiѴedķ 
dwarfedķ etcĺőĺ MissŊdeveѴoped embryos that were identified in this 
way were seriousѴy affected and wouѴd rareѴyķ if at aѴѴķ activeѴy Ѵeave 
the motherĺ ConsequentѴyķ we refer to these as ļabortiveĽ embryosĺ 
We counted numbers of normaѴ and abortive embryos at each em-

bryo stage for each femaѴeķ and abortion rates Őfor each stageő were 
defined as the number of abortive embryos in that stage divided by 
the totaѴ number of embryos in the same stageĺ ImportantѴyķ it was 
the same person who did aѴѴ the image anaѴysesķ and this person did 
not have any prior information about hybrid status or transect posi-
tion of a femaѴeĺ The order of processing femaѴes was randomizedĺ 
FemaѴes aѴso sometimes had muѴtipѴe embryos in the same egg 
capsuѴe but these were overaѴѴ fewĸ howeverķ they were counted 
separateѴy if one was normaѴ and the other maѴformedĺ A ciѴiate Őpre-

sumably Protophrya ovicolaő was commonѴy observed inside the em-

bryo pouch of femaѴesĺ This ciѴiate is smaѴѴ but when present mostѴy 
occurred in ƻƐƏƵ the number of embryosķ moving over the surface 
of egg capsuѴesĺ We considered the presence of ciѴiates as a potentiaѴ 
source of physioѴogicaѴ stressķ and recorded the presence or absence 
of ciѴiates for aѴѴ femaѴesĺ A few femaѴes ŐƺƐѷő were infected by trem-

atode parasitesĺ These femaѴes were aѴѴ steriѴe and without embryosķ 
and they were not included in downstream analyses.

ƑĺƓՊ|ՊCharacterizing femaѴe hybrid status

A random subset of the ѵƏƏ sampѴed snaiѴs per site was genotyped 
using capture sequencing ŐIѴѴumina sequencing based on ƓƏķƏƏƏ 
randomѴy distributed probesķ see Westram et aѴĺķ ƑƏƐѶ for detaiѴsőĺ 
This generated genotype information for ƐƕƑķ ƐƖƑ and ƐѶƏ of the 
anaѴysed femaѴes from the three isѴands after appropriate fiѴtering 
of the genetic dataĺ The sequencing generated ѵƖķƒѶѵ SNP Ѵoci 
Őmethods as in Westram et aѴĺķ ƑƏƐѶő from which a hybrid index 
ŐHIő was caѴcuѴated by summing reads over Ѵoci for the reference 
aѴѴeѴe and dividing by the sum of totaѴ reads across both aѴѴeѴesĺ 
The reference aѴѴeѴe was defined as the aѴѴeѴe that was more com-

mon in the Wave ecotype than the Crab ecotypeķ and Ѵoci were 
onѴy incѴuded if the aѴѴeѴe frequency difference between the Wave 
and Crab ends of the transect was ƻƏĺƐĺ The hybrid index was then 
scaѴed to range from Ə Őmost extreme Crab genotypeő to Ɛ Őmost ex-

treme Wave genotypeőķ separateѴy for each isѴandĺ Heterozygosity 
for each femaѴe was obtained by caѴѴing genotypes using a pipeѴine 
from Westram et aѴĺ ŐƑƏƐѶő and counting the proportion of Ѵoci for 
which the individuaѴ was heterozygousĺ For the finaѴ estimatesķ we 
used onѴy Ѵoci outside the inversions identified by Fariaķ Chaubeķ 
et aѴĺ ŐƑƏƐƖaő and with an FST between ecotypes of at Ѵeast ƏĺƓ in 
either of the two contacts of a given isѴandĺ The reason for this 
fiѴtering was to avoid confounding generaѴ effects of heterozygo-

sity Őthat we were Ѵooking forő with specific effects of poѴymor-
phic inversions Őwhich we tested separateѴyőĺ Focusing on Ѵoci with 
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high FST was to concentrate on the effects of admixture between 
ecotypesĺ IndividuaѴs that had genotype data for fewer than ƔƏ 
SNPs after this fiѴtering were excѴudedĺ We aѴso considered the 
effect of genotype for each of five inversions LGCƐĺƐķ LGCƑĺƐķ 
LGCѵĺƐņƑķ LGCƐƓĺƐņƑ and LGCƐƕĺƐ ŐFariaķ Chaubeķ et aѴĺķ ƑƏƐƖaő 
that showed strong and consistent clines at the three study sites 

ŐAĺMĺ Westramķ Rĺ Fariaķ Kĺ Johannessonķ RĺKĺ ButѴinķ unpubѴished 
dataőĺ We caѴcuѴated inversion heterozygosity as the proportion 

of the inversions that were heterokaryotypic in each femaѴeĺ One 
potentiaѴ effect of inversions is that homokaryotypes suffer more 
from deѴeterious recessive aѴѴeѴes than heterokaryotypes and so 
femaѴes with Ѵow ѴeveѴs of inversion heterozygosity wouѴd have 
increased rates of embryo abortionĺ On the other handķ if the two 
different arrangements of an inversion Őthe inverted and the an-

cestraѴ arrangementső had acquired incompatibѴe aѴѴeѴesķ we wouѴd 
see the opposite trendĺ

F I G U R E  Ɛ Պ Along-shore transects 

crossing habitats of Crab ŐѴight greenő and 
Wave Ődark greenő ecotypes of Littorina 

saxatilis were sampѴed in three Swedish 
isѴands Őhere named CZAķ CZB and CZDőĺ 
Each transect incѴuded two CrabŊWave 
contact zones Őhybrid zonesőĺ SnaiѴ 
genotypes were characterized based on 
a Ѵarge number of genetic markers and 
summarized in a hybrid index Ősee text 
for detaiѴső in each isѴand normaѴized to 
range from Ə Őextreme Crab genotypeő to 
ƐĺƏ Őextreme Wave genotypeőĺ ŐNote that 
islands and distances are not to scale in 

the mapő

4.4 km 0.4 km
CZA

CZB

CZD
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Genotyping of femaѴe L. saxatilis was primariѴy used to identify 
femaѴe hybrid statusĺ ImportantѴyķ howeverķ earѴier resuѴts indicate 
that hybrid zones are popuѴated by Ѵater generation hybrids and 
backcrosses rather than FƐ and FƑ generation hybrids ŐWestram 
et aѴĺķ ƑƏƐѶőĺ Furthermoreķ as both maѴes and femaѴes usuaѴѴy onѴy 
disperse ƐŋƑ m during their ѴifeŊtime ŐWestram et aѴĺķ ƑƏƐѶőķ a fe-

maѴeŝs genotype wiѴѴ in most cases aѴso refѴect the average hybrid 
status of the ŜƑƏ maѴes that sired her brood of embryos ŐPanova et 
aѴĺķ ƑƏƐƏőķ and consequentѴy aѴso the average hybrid status of the 
embryos.

ƑĺƔՊ|ՊSeparating different factors

In order to test whether any genetic incompatibiѴities Őor maѴadapta-

tionső appearing in hybrid femaѴes tended to reduce the totaѴ number 
of embryos per femaѴe ŐcѴutch sizeőķ we needed to controѴ for effects 
of femaѴe sizeķ shore height ŐthermaѴ stresső and presenceņabsence of 
ciѴiates in the brood pouchĺ We did this using generaѴized Ѵinear mod-

eѴs ŐGLMsőķ with Poisson errors and ѴogŊѴink functionķ and incѴuded 
femaѴe centroid sizeķ shore heightķ presenceņabsence of ciѴiates and 
hybrid index in a ƓŊfactor anaѴysisĺ We aѴso tested a quadratic ef-
fect of the hybrid index since these effects shouѴd be greatest for 
intermediate values.

Nextķ we anaѴysed any genetic incompatibiѴities Őor maѴadap-

tationső in hybrid femaѴes affecting embryo abortion ratesĺ We ac-

counted for effects of cѴutch size and height on shoreķ in addition to 
presenceņabsence of ciѴiatesķ using a ƓŊfactor anaѴysis of the number 

of abortive embryos as a proportion of the totaѴ number of embryosĺ 
These anaѴyses were done separateѴy for each stage of ѴarvaѴ deveѴ-
opment using Ѵogistic regressionķ that is GLMs with binomiaѴ errors 
and Ѵogit Ѵink functionĺ Because of very Ѵow numbers of missŊde-

veѴoping individuaѴsķ we excѴuded the hatchѴings from aѴѴ anaѴyses 
that were done separateѴy for each ѴarvaѴ stageĺ Againķ we incѴuded 
quadratic effectsķ predicting maximum abortion at intermediate vaѴ-
ues for the hybrid index Őiĺeĺ cѴose to the centre of the contact zone 
where HI Ʒ ƏĺƔőĺ

We expected Őand observedķ see beѴowő a strong reѴationship 
between femaѴe heterozygosity and hybrid indexĺ Thereforeķ we 
did not incѴude heterozygosity in the modeѴs but we checkedķ after 
fitting other expѴanatory variabѴesķ whether it improved modeѴ fitĺ 
We expected Ѵinear reѴationshipsĹ reduced cѴutch size and higher 
abortion rate with increasing heterozygosityķ because the most het-
erozygous individuaѴs are expected to be earѴyŊgeneration hybridsĺ

We used a simiѴar approach for the statisticaѴ evaѴuation of 
effects of femaѴe inversion heterozygosityķ caѴcuѴated across aѴѴ 
five inversionsĺ We added this variabѴe to the best modeѴs to test 
whether taking into account overaѴѴ femaѴe inversion heterozygosity 
expѴained any additionaѴ component of variation in embryo abortion 
rate.

InitiaѴ expѴoratory anaѴyses showed strong effects of isѴand and 
interactions between isѴand and the other expѴanatory variabѴesĺ 
Thereforeķ we report anaѴyses for each isѴand separateѴyĺ We chose 
modeѴs by starting with a fuѴѴ modeѴ and eѴiminating nonsignificant 
termsĺ StatisticaѴ significance was tested by comparing the change 
in deviance to a chiŊsquare distributionĺ Where we report statisticaѴ 

F I G U R E  Ƒ Պ NormaѴ and abortive 
embryos of four different deveѴopmentaѴ 
stagesĹ preveѴiger Őbefore deveѴopment 
of swimming organsķ veѴaőķ veѴiger 
Őwith veѴaőķ postŊveѴiger Őafter veѴa is 
shedőķ and hatchѴing Őready to Ѵeave the 
brood pouchőĺ Abortive embryos have 
various types of severe deveѴopmentaѴ 
abnormaѴities and are presumabѴy not abѴe 
to survive outside the embryo pouchĺ The 
bar is 0.5 mm



ՊՍ Պ | ՊƒƓƕJOHANNESSON ET AL.

significanceķ we use the conventionaѴ criterion of α = 0.05 but we 

do not infer bioѴogicaѴ significance using this binary distinctionĺ We 
observed overŊdispersion in most cases and so we aѴso tested the 
deviance ratio Őmean deviance expѴainedņresiduaѴ mean devianceő 
against an F distribution. These tests gave qualitatively similar re-

suѴts and so they are not reportedĺ AnaѴyses were conducted in R 
version 3.5.1.

ƒՊ |ՊRESULTS

After removing femaѴes with fewer than ƐƏ embryos ŐƔѷ of aѴѴ geno-

typed femaѴesőķ we ended up with ƐƕƐķ ƐƖƑ and ƐѶƏ genotyped fe-

maѴes anaѴysed in the isѴands CZAķ CZB and CZDķ respectiveѴyĺ On 
averageķ a femaѴe carried ƐƏƔ Ƽ ƖƑ Őstandĺ devĺő embryos in CZAķ 
ƐƔƖ Ƽ ƐƓƑ in CZB and ƐƑƐ Ƽ ƐƑƐ in CZD with an overaѴѴ maximum 
number of ƐķƏƐƐĺ The proportions of embryos in the different stages 
of deveѴopment were simiѴar among the three isѴands with ƔƏѷŋѵƏѷ 
of aѴѴ embryos being in the postŊveѴiger stage and the rest roughѴy 
equaѴѴy distributed over preveѴigerķ veѴiger and hatchѴing stages 
ŐFigure ƒőĺ

The proportion of abortive embryos was very high among the 
preveѴigers with ƑƕѷŋѵƏѷ of the preveѴigers of a femaѴe being abor-
tiveķ on average ŐFigure ƒőĺ The proportion of abortive embryos at 
Ѵater stages was much Ѵower and Ѵowest among hatchѴings ŐFigure ƒőĺ 
AѴthough popuѴation averages were simiѴarķ the frequency of abor-
tive embryos varied wideѴy among individuaѴ femaѴes in each isѴandķ 
ranging from Əѷ to ƐƏƏѷ of the embryos per deveѴopmentaѴ stage 
ŐFigure SƐőĺ

The hybrid index anaѴysis cѴearѴy showed that the shore transects 
passed through six contact zones in which individuaѴs of hybrid gen-

otype were present ŐFigure Ɛőĺ The three isѴands differed somewhat 
in the proportion of hybrids encounteredķ with more femaѴes hav-

ing intermediate hybrid index vaѴues in CZB than in CZA and CZDĺ 
The reason for this seemed to be a reѴativeѴy shaѴѴow environmentaѴ 
transition in CZB between the crab and wave environments dueķ at 
Ѵeast in partķ to this transect being somewhat Ѵess exposed to the 
open seaĺ

ƒĺƐՊ|ՊEffect of hybrid index on cѴutch size

Our ƓŊfactor modeѴ expѴored effects of femaѴe sizeķ ciѴiatesķ shore 
height and hybrid index on cѴutch sizeĺ We focus first on the three 
extrinsic factorsĺ As expectedķ cѴutch size correѴated strongѴy with 
size of femaѴe ŐFigure SƑőĺ CiѴiates were common in brood pouches 
of Crab genotype femaѴes in aѴѴ three isѴands with ѵƓѷķ ƒѶѷ and 
Ɣѵѷ of the Crab ecotype femaѴes ŐHI ƺ Əĺƒő having ciѴiates in CZAķ 
CZB and CZDķ respectiveѴyĺ CiѴiates were Ѵess commonķ or absentķ 
in hybrid and Wave ecotype femaѴes ŐFigure Sƒőĺ The presence of 
ciѴiates wasķ surprisingѴyķ associated with increased cѴutch size in 
CZB and CZDķ whiѴe showing the opposite trend in CZA ŐTabѴe 
SƐőĺ Shore heightķ finaѴѴyķ showed Ѵower cѴutch size up the shoreķ as 

expected from increased physioѴogicaѴ stress with Ѵonger periods 
of being outside the water ŐTabѴe SƐőĺ

AѴѴowing for effects of femaѴe sizeķ ciѴiates and shore heightķ 
cѴutch size peaked at intermediate vaѴues of the hybrid index in aѴѴ 
three isѴands ŐTabѴe SƐőķ with peaks shifted towards the wave end 
of transects in CZA and CZDĺ ConsequentѴyķ for a mean size femaѴe 
without ciѴiatesķ fitted vaѴues of cѴutch size were Ѵarger ŐCZAőķ or 
much Ѵarger ŐCZDőķ both for femaѴes with intermediate hybrid index 
Őhybridső and for femaѴes with high hybrid index ŐWave ecotypeőķ 
compared to femaѴes with Ѵow index ŐCrab ecotypeő ŐTabѴe SƑőĺ In 
CZBķ cѴutch size peaked around HI Ʒ ƏĺƔķ that is among the hybrid 
femaѴesĺ SimiѴar resuѴts were obtained if comparing cѴutch size ex-

cѴuding the abortive embryos ŐTabѴe SƑőĺ

ƒĺƑՊ|ՊEffect of hybrid index on abortion rate

Our ƓŊfactor modeѴ to expѴore effects of shore heightķ ciѴiatesķ 
cѴutch size and femaѴe hybrid index on the rate of embryo abor-
tion showed variabѴe effects of the four factorsĺ Before focus-

ing on the effect of hybrid indexķ we first present the effect 
of the other factorsĺ Shore height affected embryo abortion 
rate as either a Ѵinearķ or a nonѴinearķ increase up the shore at 
aѴѴ sites and in aѴѴ stages except postŊveѴigers at CZB ŐTabѴe Sƒő 
with doubѴed abortion rates in the preveѴiger stageķ in aѴѴ three 
isѴandsķ over a metre of shore height ŐFigure SƓőĺ CiѴiates were 
associated with Ѵower abortion rates in preveѴigersķ veѴigers and 
postŊveѴigers in both CZA and CZDķ and in preveѴigers in CZB 
ŐTabѴe Sƒőĺ On averageķ ciѴiate presence was associated with 
a reduction in abortive embryos by ƻƒƏѷ ŐTabѴe SƓőĺ In CZAķ 
proportions of abortive embryos decreased for aѴѴ three Ѵar-
vaѴ stages ŐpreveѴigerķ veѴiger and postŊveѴigerő with increased 
cѴutch size ŐTabѴe Sƒőĺ Howeverķ this effect was not seen in the 
other two islands.

After controѴѴing for effects of the other three factors Őshore 
heightķ ciѴiates and cѴutch sizeőķ we found no evidence for higher 
abortion rates in hybrid femaѴes in CZAĺ Insteadķ Ѵinear modeѴs 
gave the best fits to the data for aѴѴ three ѴarvaѴ stages with the 
highest proportions of embryo abortion in femaѴes of Crab eco-

type ŐTabѴe Sƒķ Figure Ɠőĺ In the other isѴandsķ quadratic modeѴs 
with peaks of embryo abortion at intermediate hybrid indexes 
gave the best fit to the dataķ but not among preveѴigers in CZB 
where abortion rates decreased with hybrid indexĺ The peaks of 
highest abortion rates shifted sѴightѴy from cѴose to a hybrid index 
of ƏĺƔ for the preveѴiger stage in CZD towards the Wave ecotype 
for the veѴiger and postŊveѴiger stages in CZB and CZD ŐFigure Ɠőĺ 
In totaѴķ our modeѴs expѴained ƓĺƑѷŋƒƔĺѶѷ of the variation in em-

bryo abortion rates among femaѴes and this incѴuded the reѴativeѴy 
strong effects of shore height and ciѴiates with hybrid index ex-

pѴaining ƺƐѷŋƐƖѷ of variation ŐTabѴe Sƒőĺ Thereforeķ we concѴude 
that the effect of hybrid index was overaѴѴ smaѴѴ and possibѴy of 
little biological consequence relative to the wide variation in abor-

tion rates among femaѴesĺ
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It is possibѴe that Ѵocation effects in our transects were not fuѴѴy 
captured using the hybrid indexķ especiaѴѴy because a few femaѴes 
appeared as outѴiers on the hybrid indexŊѴocation pѴots ŐFigure Ɛőĺ 
Howeverķ pѴotting the deviance residuaѴs from the ƓŊfactor modeѴ 
above did not indicate any Ѵocation effects associated with habitat 
boundaries ŐFigure SƔőĺ

ƒĺƒՊ|ՊEffects of SNP and inversion heterozygosity 
on abortion rate

As expectedķ ѴeveѴs of SNP heterozygosity peaked at intermediate 
vaѴues of the hybrid index in aѴѴ three isѴandsĺ Howeverķ variation 
in heterozygosity was Ѵarge over the compѴete hybrid index range 
ŐFigure Sѵőķ probabѴy due to the fact that the SNPs were not fixed dif-
ferentѴy in Crab and Wave ecotypes ŐWestram et aѴĺķ ƑƏƐѶőĺ As SNP 
heterozygosity and hybrid index were highѴy correѴatedķ we did not 
enter both in the primary modeѴsĺ When adding SNP heterozygosity 
to the finaѴ modeѴ ŐTabѴe Sƒőķ it did not improve the modeѴ further 
Ődata not shownőĺ

When adding inversion heterozygosity to the finaѴ modeѴķ we 
observed peak embryo abortion rates at inversion heterozygosities 
around ƏĺƑƖŋƏĺѵƑ in CZB and CZDķ but no effects in CZAĺ As most 
inversion heterozygosity vaѴues were in the range ƏĺƐƔŋƏĺƒƏķ peak 
vaѴues represented the upper range of estimatesķ offering some 
further support for the potentiaѴ presence of weak genetic incom-

patibiѴities in femaѴes with increased numbers of inversion heter-
okaryotypes in CZB and CZDĺ AѴthough genotypes for individuaѴ 
inversions sometimes showed statisticaѴѴy significant effectsķ there 
was no consistent pattern ŐTabѴe SƓőĺ

ƓՊ |ՊDISCUSSION

A strong candidate trait for a genetic incompatibiѴity in Littorina saxa-

tilis Őorķ Ѵess ѴikeѴyķ a symptom of maѴadaptationő is embryo abortionķ 
which is observed throughout the speciesŝ distribution ŐSwedenŌ
Jansonķ ƐƖѶƔĸ White SeaŌSokoѴovaķ ƐƖƖƔĸ the UKŌJohnsonķ MiѴѴķ 
HuѴѴķ ş Ducrotoyķ ƑƏƏƏĸ SpainŌJohannesson et aѴĺķ ƑƏƏƏőĺ It seems 
unѴikeѴy that this is a pureѴy additive genetic effectķ as strong seѴec-

tion wouѴd immediateѴy reduce the extreme variation presentĺ Hereķ 
we investigated the reѴationship between embryo abortion and the 
femaѴe hybrid status ŐaѴso refѴecting the average hybrid status of her 
offspringő to test whether or not postŊzygotic barriers ŐpotentiaѴѴy 
incѴuding genetic incompatibiѴitieső contribute to the genetic barrier 
between the two ecotypesĺ

EarѴier studies have shown that exposing femaѴes to extreme sa-

Ѵinityķ toxic substancesķ or simiѴarķ resuѴts in increased rates of embryo 
abortion ŐDixon ş PoѴѴardķ ƐƖѶƔĸ SokoѴovaķ ƐƖƖƔĸ S࢙nchezŊArgুeѴѴoķ 
Aparicioķ ş Fern࢙ndezķ ƑƏƐƑķ but see CѴyne ş Duffusķ ƐƖƕƖőĺ As ex-

pectedķ we found that abortion rates were infѴuenced by femaѴe and 
so embryo environmentsĺ Increased physioѴogicaѴ stress in the high 
intertidaѴ ŐMcMahonķ ƐƖƖƏő most ѴikeѴy expѴains the increase in abor-
tion rates up the shore ŐaѴthough genetic cѴines paraѴѴeѴ to shore height 
are present in this species and might aѴso contribute Johannessonķ 
Johannessonķ ş Lundgrenķ ƐƖƖƔĸ MoraѴes et aѴĺķ ƑƏƐƖőĺ Somewhat more 
surprising was the observation that ciѴiatesķ particuѴarѴy common in the 
Crab ecotype in our study area ŐwhiѴe Bojkoķ Grahameķ ş Dunnķ ƑƏƐƕķ 
found them to be more common in the Wave ecotype in UKőķ were 
present in increased numbers in femaѴes with Ѵower numbers of abor-
tive embryosķ by up to ƒƏѷĺ The reѴationship between the ciѴiates and 
their hosts deserves further attentionĺ

F I G U R E  ƒ Պ Average proportions 
of normaѴѴy deveѴoping and abortive 
embryos of four different deveѴopmentaѴ 
stages ŐpreveѴigerķ veѴigerķ postŊveѴiger and 
hatchѴingő in sampѴes of femaѴe L. saxatilis 

from three different isѴands ŐCZAķ CZB 
and CZDőĺ Error bars indicate standard 
deviations
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AѴthough physioѴogicaѴ stressors may affect gene expression and 
thereby cause deveѴopmentaѴ effectsķ ļgenetic stressĽ caused by in-

compatibѴe CrabŊWave genotypes invoѴved in epistatic interactions or 
heterozygote underdominance may give simiѴar deѴeterious effects in 
hybridsĺ After correcting for the effects of ciѴiatesķ shore height and 
cѴutch sizeķ we remained with weak peaks of abortion rates in femaѴe 
hybrid genotypes in CZB and CZD Őwith a nonsignificant effect in pre-

veѴigers in CZB and no peak in CZAőĺ Whether what we see from these 
anaѴyses indicates bioѴogicaѴѴy meaningfuѴ effects over Ѵonger periods 
of time is difficuѴt to inferķ but on a short timeŊperspectiveķ the addition 

to gene fѴow barriers from these postŊzygotic effects is ѴikeѴy to be neg-

ѴigibѴeķ whereas divergent seѴection and possibѴy assortment contrib-

ute to strong barriers to gene fѴow between Crab and Wave ecotypes 
ŐJohannesson et aѴĺķ ƑƏƐƏĸ MoraѴes et aѴĺķ ƑƏƐƖĸ Westram et aѴĺķ ƑƏƐѶőĺ 
This situation is different from contact zones in many other species 
where barriersķ even between cѴoseѴy reѴated taxaķ often show strong 
DMI effects ŐBarton ş Hewittķ ƐƖѶƐĸ Coyne ş Orrķ ƐƖѶƖĸ Szymura ş 
Bartonķ ƐƖƖƐĸ Turner ş Harrķ ƑƏƐƓőĺ Howeverķ when strong DMIs are 
presentķ hybrid zones are typicaѴѴy secondary with genetic differences 
estabѴished during periods of isoѴation prior to formation of contact 
zonesĺ In L. saxatilis, our previous data suggest primary origins of hybrid 
zones under gene fѴow ŐButѴin et aѴĺķ ƑƏƐƓőķ and the evoѴution of genetic 
incompatibiѴities might be constrained by gene fѴowķ unѴess it is unidi-
rectionaѴ or weak ŐBank et aѴĺķ ƑƏƐƑĸ GavriѴetsķ ƑƏƏƓĸ NosiѴ ş FѴaxmanķ 
ƑƏƐƐőĺ On the other handķ as most genes have muѴtipѴe functions and 
are invoѴved in epistatic interactions with many other genesķ evoѴution 
of ŐreѴativeѴy weakő DMIs shouѴd be common in any system where dif-
ferentiaѴ seѴection drives divergenceķ whether or not gene fѴow occurs 
ŐKuѴmuni ş Westramķ ƑƏƐƕőĺ DMIŊѴike epistatic effects may aѴso inter-
act with the environmentķ as shown in diverging ecotypes of stickѴe-

backķ where reduction in fitness is due to mismatch of adaptive traits 
ŐArnegard et aѴĺķ ƑƏƐƓőĺ

That femaѴe embryo abortion rate is aѴso affected by the ex-

ternaѴ environment Őeĺgĺ ciѴiates and shore heightő is not surprisingĺ 
Howeverķ we have observed that femaѴes raised in the Ѵaboratory 
remain with high and very variabѴe ѴeveѴs of embryo abortion despite 
a homogeneous environmentķ continuous submergence and no ciѴi-
ates ŐKĺ Johannessonķ PersonaѴ observationőĺ This suggests intrinsic 
factors probabѴy remain importantķ even if in this study we have not 
been abѴe to identify the factors that pѴay a Ѵarge roѴe in expѴaining 
abortion ratesĺ Perhapsķ one reason is thatķ even if a genetic compo-

nent of the variation in abortion rate among femaѴes is an epistatic 
side effect of divergent adaptation Őand therefore not removed by 
seѴectionőķ this effect might invoѴve Ѵociķ for exampѴeķ pѴaced within 
different inversions and so incompatibiѴities wiѴѴ appear for embryos 
with certain combinations of chromosomaѴ arrangementsĺ If soķ we 
are unabѴe to identify this effect from genotyping the femaѴesĸ even 
though this teѴѴs us something about the average embryo genotypeķ 
singѴe embryos of the same brood wiѴѴ carry different inversion 
karyotypesķ in particuѴar in the hybrid zone and under frequent muѴ-
tipѴe mating ŐPanova et aѴĺķ ƑƏƐƏőĺ Thusķ we suggest that in a future 
study the genotypes of individuaѴ embryos shouѴd be assessedķ and 
the genotypes of singѴe embryos shouѴd be compared with the em-

bryoŝs deveѴopmentĺ
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