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Abstract

Bright, highly reflective iridescent colours can be seen across nature anddresgr by the
scattering of light from nanostructuréseliconiusbutterflies have been widely studied for their
diversity and mimicry of wing colour patterns. Despite iridescence exphultiple times in this
genus, little is known about the genetic basis of the colour and the developrienstoictures
which produce itHeliconius eratacan be found across Central and South America, but only races
found in Western Ecuador and Colombia have developed blue iridescent colour. ¢lese, avosses
between iridescent and naitdescent races dfi. eratoto study phenypic variation in the resulting
F2 generation. Using measurements of blue colour from photographs, we fintigsateint
structural colour is a quantitative trait controlled by multiple genes,stritimg evidence for loci on
the Z sex chromosome. Irigigence is not linked to the Mendelian colour pattern locus that also
segregates in these crosses (controlled by theagete®). Small angle Xray scattering data shows
that spacing between longitudinal ridges on the scales, which affectsethgtinbf the blue

reflectance, also varies quantitatively in F2 crosses.
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1. Introduction

Structural colours are bright and highly reflective colours produced bytdraction of light with
nanostructures. They can be seen across a range of taxa, including fish,dlltdssnrand insects,
and have numerous functions covering visual communication and recognition, niaéeasid
thermoregulationl-3]. Despite this, little is known about the genetic basis of structural colour

how genetic variation translates into developmental differences of thetnastures.

Examples of the different ways structural colour is produced can be seenladtesly species.
Multilayer reflectors produce the bright blue colouMorphobutterflies[4], while Callophrys rubi
have a highly connected gyroid structure contained within the upper and lowesa [&hbcales on
butterfly wings are formed as a long, flattened extension of the cuticlerdBgniney are composed
of longitudinal ridges which are linked transversely by cross(hligire 1) These nanostructures
make up a variety of repeating elementscl can vary in thickness and patterning, producing
differentvisual effects. Factin filaments are important in the development of wing scale cells, and

appear to prgattern where the ridges will forf@].

The neotropicaHeliconiusbutteflies (Nymphalidae) are weknown for the diversity in their wing
colour patterns and mimicry between spegi¢sMany of these colour patterns are formed by
chemical pigments, but several species also exhibit structurally producedfldatanceHeliconius
butterflies can prodie structuralcolour by thin film interference using different features on their
scales. Longwingf. doris,for example, display hindwing colour reflected by their lower lamina; the
resulting colour can be blue or green depending on the absence or poéthageellow pigment 3-
OH-kynurening8]. Several other specidacludingHeliconius eratpproduce iridescent colours, that
change in both brightness and wavelength of peak reflectance with angldayeieg lamella¢ghat

make up their scale ridgesebsity of the ridges, the curvature and layering of the lamellae affect the

intensity of thestructural colour, with denser ridge spacing producing higher refled@jnce

Heliconius eratds found across Central and South America and has evolved more than 2&itlaces
a diversity of colour patterns. These aposematic patterns are mimettdehitbnius melponmee and
are an example of Mullerian mimicry. Variation in pigment colour pattera®ban found to map to

a handful of loci that control a diversity of patterns in several digtegiated specied 0-13].

Despite iridesent colour evolving multiple times iHeliconius the genetics of this trait have not
been studied to the same extent as pigment colour patterns, likely duelifticbiy of measuring

the trait. Iridescentt. erato cyrbiais found on the Western slapef the Andes in Ecuaddd. erato
races found further north in Panataek this structuratolour, and hybrid zones arise between the
iridescent and neiridescent races, where populations with intermediate levels ofdedes can be
found. Previous mearchers have noted that levels of iridescence vary in F2 hybrid crossepeard ap
to do so in a continuous manner [12,14] but have not attempted to quantify thewa@atitinuous



variation in the F2 would suggest that the trait is controlled by multiple loci arefdhenot
controlled by the “tool kit” of major effect loci that regulate pigmesibur patterns. The ges
controlling variation in iridescence may perhaps be those directly camgrihieé formation of scale

structure.

Experimental genetic crosses can be used to estimate the number of gened invoiwtrolling a

trait by investigating the distributiorf the phenotype across segregating generafidijsTraits that
are controlled by single locusf major effect will segregate according to Mendelian ratios, with 50
100% of individuals in the F2 generation having phenotypes the same as one of ttkie parents
(depending on dominance dfet alleles). The more individuals there are with intermediate
phenotypes, the more loci are likely to be involved, as a greater numberetatidbinations will be
possible. We can also estimate positions of loci in the genome by looking fotolikikewn loci

which control other phenotypes, and by looking for patterns of sex linkage.

Here, we aim to determine whether iridescendddhiconius eratds a quantitative trait controlled by
multiple genes, and if any of these genes ardisked or linked to known colour pattern loci, by
looking at the segregation of the trait in F2 crosses between diffapssthl. erato demophoofiom
Panama is black with red and yellow bands. This race was croddedreto cyrbiafrom Ecuador,
which has a similar colour pattern but has an iridescent blue colowdrsftbeing matt black
(Figure 3. The only major colour pattern differences between these races are tihenatgin on the
hindwing ofH. erato cyrbiaand the yellow bar on the dorsal hindwingbferato demophoorBased
on previous crosses, these are likely to be controlled by alternative alléheolocus on linkage
group 15, which is homologous to three tightly linked I&d,(SkandN) in H. melpomengl0], and
corresponds to the genertex[16]. There are also differences in the size and position of the red
forewing band betweetyrbia anddemophoonlikely controlled by the gené&/ntA found on
chromosome 10 [12,17,18Ne also use small anglerdy scattering (SAXS) to quantify ridge
spacing in broods. As several aspects of scale morphology are known to vary beénadagcent
and noniridescent racef@] it is possible that apparent contirusovariation in the reflectance in the
F2 could be due to independent segregation of these different features, waathahay be
controlled by a major effect gene. Therefore, we also test whetherspdgang shows continuous
variation in the F2 geneian.



2. Methods
2.1 Crossing Experiments

Experimental crosses were performed between geographical rdd¢elicohius eratat the insectary
in Mashpi Reserve, Ecuador, over a period of 2 yéhrerato demophoowas collected from
Gamboa, Panama (92, 79.6P7W) in May 2014, then transported to Mashpi, Ecuador (17
78.8PW), where they were kept as stocks. Iridesterdrato cyrbiawere collected from the area
around MashpiH. e.demophoonvere crossed withl. e. cyrbia and the F1 generation crossed
together, along with the addition of 2 backcrosses (BC) between the Egrbia(Figure 3. Crosses
were reciprocal, so that in roughly half of the first generation crossdsrtiale was the iridescent
race and the maleon-ridescent, and vice versi line with previous studies with intraspecific
Heliconiushybrids [12,19] races readily hybridised and we did not obsarweevidence of hybrid
inviability or differing success between the reciprocal cro$3assifloraspecies were provided as
larval food plants and for oviposition, and butterflies were ghamana camarand other locally
collected flowers, plus sugarlation (10%) and pollen to feed. The bodies of the parents and
offspring were preserved in NaCl saturated 20% dimethyl sulfoxide (DMSB5M EDTA solution
to preserve the DNA, and the wings stored separately in glassine envelopied oA302 individubs

obtained from 14 crosses were used in the analjald€ J.

2.2 PhenotypicColour Analysis

All butterfly wings were photographed flat under standard lighting conditisimg a mounted Nikon
D7000 DSLR camera with a 40mm f/2.8 lens set to an aperture of f/10, shutter speechoti 160

of 100. Lights were mounted at a fixed angle of 45 degrees to maximise the observefiditien

from the iridescent wing regions. All photographs also included Rite&XColour Checker to help
standardise the colour of the images. RAW format images were standardisedaigenglthtool in

Adobe Photoshop CS2 (Version 9.0). Using the colour histogram plugin in ImageJ,[2€321]
greenblue (RGB) values were recorded from 2 sections of the wings and avelfagee . These

areas were chosen because the scales on these sections of the wings close to tteetdddybethe

least damaged and worn, so a more accurate measurement of the colour could be takenjrand the w

venation was used as a marker to allow the same areas to be measured each time.

Blue reflection from the iridescent wing regions was measured as @ailiatbluered (BR) colour.

This was calculated as {B)/(B+R), with-1 being completely red and 1 being completely blue. The
level of UV reflectance could not be measured from our photographso®sesgpectral measurements
of the wing reflectance show that peak reflectancélf@rato cyrbiais just below the visible range at

about 368370nm, with much fathe reflectance being within the human visible range, whilerato



demophoomeflects very little but tends to show highest reflectance in thinfeaded rangg9].
Therefore, the colour values will allow variation in colour and refleetdande measured bwill not
represent butterfly visual systems. Repeatability of the colour measuremasnisstedising the
repeatability equation of Whitlock and Schlufg2] by taking 5 measurements each on 5 randomly
selected individualsThis estimates the fraction of total variance that is among groagpsimdom-
effects ANOVA. We used the Casiféright estimator:

(P = u(Py))? — Var[u(Py)] — Var[u(P,)]
e 8Var(S)

whereS = Var(R) — Var (F1), to estimate the effective number of genetic {0gi contributing to
variation in the traif15,23,24] This is the difference between the mean BR values of the parental
races squared, then the subtraction of the two variance, tehiet correcs for sampling error of the

estimates of the parental meansdRd B).

The genotype at thér locus was scored in 286dividuals based on the presence and absence of the
white hindwing margin and the dorsal hind-wing yellow bar, under the assumptbthése pattern
elements are controlled by alternative alleles ofGhcus [10,25] Thedemophoomenotype has

the yellow bar present and is scoredCaCr, a white margin indicates thgrbia genotype and this

is scored a€r°Cre, and theCriCr® heterozygous genotype has neither of these elertiéigtge 2.

To look for association between variation in the red band and blue colour, we took feuremests

of forewing band size in 71 F2 individuaadthree further measurements to adjust for wing size
(Figure 4) based on methods from Baxetral.[26]. Using ImageJ, #nd measurements were carried
out on the dorsal side die wing and repeated for both the left and right wings. The averagesef the
two measurements was divided by the average of the three standaxdligimgeasurement3he

three standardising wing measurements were also used to assess overall aseeiodlividuals.

All statistical analyses were carried out in the R statistical package ver4ia{23]. Welch's ttests
were used for analysis of differences between sexes and reciprocal.chdS®A models were
used to compare blue valuesGogenotypes. Yellow bar and white margin traits were tested for
departures from the expected segregation rat@sed on the above hypothesis of the linkage and
Mendelian inheritance, using a dguared tesCorrelations between BR values dncewing red
band measurements, ridge spacagjcrossrib spacing(see belowyere tested with the Pearson

correlationcoefficient.
2.3 Small angle Xray scattering data collection

We estimatedhesize of the spacinigetween scale ridgesd betweenrossribs (Figure 1using
small angle Xray scattering (SAXSgarried out at the IDO2 beamline at the European Sgirohr
(ESRF), Grenoble, France [28]he detector was a higdensitivity FReLon 16M Koda€CD with an



effective area of 2048 x 2048 pixels (24 pixel sizg. The Xray wavelength A was 0.0995 nm
(12.45 keV), the beam was collimated to 50 um x 50 um and the accessible g-rafrgenv@a8017
to 0.07 nimt at 30.7m samples-detector distance. All 2D imagesere corrected for dark, spatial
distortion, normalised by transmitted flux and masked to account for the maang the edges of
the detector. We azimuthally integrated the 2D images to obtain one dimepsitieads of scattered
intensityl as a function of the momentum transfer veqtoxnhereg = (4 sin 6)/A. Here 26 is the

scattering angleéA typical scattering profilef aHeliconiusscaleis shown in Figure 5.

Wings were mounted in a frartigat could be rotate precisely align the sampled/e collected

between 33 and 113 measurements over 10-20 mm between two of the wing veins on the forewing
(Figure 3) of74 H. eratoindividuals:8 cyrbia, 1 demophoon6 F1 (from 2 crosses in reciprocal
directions) and 59 F2 l{drom a single cross)n addition, we measuredHeliconius erato hydara
individuals to be analysed alongside ttmophoonTheH. e. hydaravere also collected in Panama,

do not have iridescent colour and diffesm demophooronly in the lack of yellow hindwing bar. To
obtain estimates of the ridge spaging fittedthe peak positions in the one dimensional scattered
intensity to a composite Lorentzian + linear profile using the Imtib&ymodule [29]We then used

the centre of each fitted profile to calculate ridge spacing using the erprBssi2z/q and averaged
these to obtain a single estimate per individual. The average distances batgesare in good

agreement with those previously reportedHoerato[9].
3. Results
3.1 Segregation of blue colour

Measurements of blue scores were shown to be tageawith 99% of variation due to differences
between individuals and 1% due to measurement erfor (99, k0= 54159, p < 0.0QITable S3.

H. erato demophooshowed very little blue colour with an average BR valu®d&i6 + 0.08

compared to idescent. erato cyrbiawhich had a mean value of 0.97 + O(@&ble 3. The mean

for the F2 generation fell midway between the 2 parental races (lBgsugggesting additive effects

of alleles. The mean of the F1 was slightly skewed towdedsphoonalthough the median was in a
similar position to the F2 (0.13 and 0.14). The mean BR value of the backawseesfall halfway
between that of the F1 and the parental race, which they were crossdalivitieye skewed towards
cyrbia, the Ecuadorian rac This suggests that the effects of the alleles are not completely additive,

and there may be some dominance ofcirbiaalleles or epistatic interactions between loci.

The lack of discrete groups in the F2 generation suggests that variatiertria is controlled by
more than one locus. Usitige CastléNright estimatorwith mean BR values and variances from
only one cross direction to reduce variation due to sex linkage (see subseguks), weobtained

an estimate of 4.6 loci contributing to the trait. While this foaragsumes that crosses started with

inbred lines, it is generally robust to deviations from the assumptions{8@kver, it likely



underestimates the total number of loci as it assumes loci all have equal effects. éfésehmarhaps
best interpreted as the likely number of loci with medium to largetsfbn the phenotype. In
addition, the F1 individual wings that we measured were of varying age antiaonshich my

have increased the variance and decreased the meamiilue reflectance seen in these individuals
relative to the F2 individuals, which were all preserved soon after ensergémis could influence the

estimation of the number of loci.
3.2 Sex linkage

Sex linkageleads to alifference in the trait between reciprocal crosses in the F1 genevatich,is
confined to the heterogametic sex, or a difference between reciprocal crossdsargéneration in
the homogametic sd81]. As in birds, female butterflies are the heterogametic sexjidney ZW
sex chromosomes whereas males have ZZ. Differences would occur dependinghopanémc or
grandparent the Z or W is inherited frgRigure?). If the sex difference is present in the parental
population, or the pattern is the same in reciproaadses, this would indicate a dexited trait (i.e.

an autosomal trait that is expressed differently between the sexes).

Comparing the F1 offspring of reciprocal crosses suggested some sex lifigageq; Table 3.
Offspring of crosses with a matgrbia parent had significantly higher blue values than those which
had a femaleyrbia parent. Separated by sex, there was no difference between the males from
reciprocal F1 crosses, which had a mean of 0.23 and 0.25 respectively (t(11) = -0.19, pFh6.85)
variation was amongst the female offspring which had meaisGH and 0.26 (t(44) = -5.55,
p<0.001;Table 4. This pattern would be expected if there were one or more loci controlling
iridescence on the Z chromosome. In each case, males will bdrrg@me Z chromosome from an
iridescent parent, and the other from a ir@escent parent. The female offspring, in contrast, will
only receive a Z chromosome from their fathféig@re7). To confirm that these results were not
biased by a particular cross, individual crosses were plotted and the samewsstéoand (Figure
S1). We did not find any difference in blue score between the sexes iH.penato cyrbia(Table 3),
demonstrating that the difference between the sexes in the crosses isautbdamally mediated

sexual dimorphism.

If blue colour was controlled only by genes on the Z chromosome, we would expect thas fieama
crosses with a neimidescent father would have the same phenotygieamphooriemales. However,
they are signifiantly bluer than wildlemophoonsupporting the hypothesis that the colour is
controlled by multiple loci on different chromosomes (-0.03 + 0.2 and -0.56 ¥®5) =-10.6,
p<0.001).

In the F2 generation, sex linkage would be shown as males with an iridestemiaingrandfather
being more blue than those with an iridescent maternal grandmother stilie pgint towards this

pattern, however the differences between the male groepwasignificant, possibly due to small



sample sizes in the first groupigure9; Table 4). There was little difference in females. Overall,
however, offspring with an iridescent maternal grandfather were blaethiose with black maternal
grandfather. This is consistent with sex linkage, due to the greater nofribgrbia” Z

chromosomes present in the F2 offsprvith an iridescent maternal grandfatif€igure7). Within

the offspring with an iridescent maternal grandfather, males were baurefetimales, while this was
not the case for crosses with a black maternal graredfadlso supporting Z linkage (Table 3). In
summary, F1 females were bluer when they had an iridescent father, and maldsevenctite F2
when they had an iridescent matemgpi@ndfather. There were no differences in BR values between
males and females in the parental raee®. demophooandH. e. cyrbia These results support the

presence of loci controlling iridescence in the Z chromosome.
3.3 Links to other colour pattern loci

In H. eratq theCr locus controls the presence of a yellow forewing baeimophoorand a white
margin incyrbia. There were 3 observed phenotypes in the F2 generayieliow bar present, white
margin present, and both absdrig(re 3. Consisent with the hypothesis that these two features are
controlled by recessive, tightly linked loci or are alternative alldléiseosame locus, we did not find
any individuals that had both a yellow dorsal bar and a white margin presematibthof theséraits
was also consistent with a 1:2:1 ratio as expected under the assumptiba thdividuals lacking

both features were heterozygous at this loctis & 1, d.f. = 2, p = 0.35). There was no significant
difference in BR values between individualgh differentCr genotypes (F107= 2.05, p = 0.133)
(Figure 10, suggesting thatortexis not one of the genes controlling iridescence, nor are there any
major effect loci linked to this region dteliconiuschromosome 15. In the F2, there were also no
significant correlations between blue colour and any o$taedardisetinear measurements used to
determine shape of the red forewing band (Table 5, FigyresB@wing iridescence is unlikely to be

linked toWntAon chromosome 10.
3.4 Nanostructure variation

As we expected, there was a negative correlation between longitudinal ridggyspatBR values (
=-0.52, p<0.001Figure 1), indicating that blue reflectance increases with increasing density of
ridges on the scale. Tistrength of this correlation shows that ridge spacing is only one factor which
is affecting the intensity of iridescence, and that other aspestalaf morphology that determine

blue reflectance may segregate somewhat independently in the crosses.eBRilsalweclined with
increasing crosab spacing, although not significantly«r0.20, p = 0.09Figure 11). Ridge spacing
and cross-rib spacing were highly correlated with each othed.84, p= 0.002 Figure 1)

suggesting a genetic correlation between these traits. Therefore, thaticorieétween crog#b

spacing and BR value is likely due to this association between ridge andilergizacing, as we do

not expect the cross-ribs to directly affect colour.



Corsistent with previous findings [9H. erato cyrbiahad closer ridge spacing thiin erato
demophoorfTable6). Like the BR values, measurements of ridge spacing in the F2 generation fell
between the parental racésgure ) and verefairly continuous, consistent with the action of
multiple genes. Interestingly, ridge spacing in the F1 generation was higialgledretween
individuals. This could indicate variation in epistatically acting alétethe parental populations that
segregate in the F1 generation, or may suggest environmental effects. Hoveepberibtyped F1
individuals in this comparison were from two different reciprocasses, with apparent differences
between these two groups. Therefore, some of the variation that isexbssy be due to cross-
spedfic genetic effects and possibly skskage, but we have data from too few individuals to fully

dissect these effects.

Crossrib spacingn theF2 generation appears to extdrayond the range of the parental races
(Figure B), again possibly indicatinepistatically acting alleles in the parental populations, although
not all parental individuals were measuredrge variation in crossb spacing may be expected as it
is not predicted to have an effect on colour, so may be under weaker seladtieri-2 generation,
males had narrower longitudinal ridge spacing than females, which wéar $orthe differences seen
in this generation in blue values, and may suggest sex linkage of loci éogtriolje spacing (t(57)

= 3.80, p < 0.001Figure H4). Oossrib spacing was also smaller in males (t(43) = 4.95, p < 0.001),
supporting the idea that ridge spacing and criisspacing may be genetically correlateldwever,

in this case we cannot rule out a contribution of autosomally mediateal sixorphism because we
only have data from one F2 cross. There was not a significant differendgérspacing between
sexes in the parental populatiohydara/demophoot{2.3) = 0.34 p= 0.77 cyrbiat(4.4) = 0.53, p =
0.63), but this may be due to smedimple sizeand the differences were in the same direction as in
the F2, with females having larger spacing on average (Figure 14). Thereigr@fiGant difference

in cross-rib spacing between sexesyrbia (t(5.6) = 3.42, p = 0.02but nothydrara/cemophoon

(t(1.4) = 1.35p = 0.36. Nevertheless, the differences in ridge spacing seen within the parergal race
are smaller than those seen in the F2 generation, supporting a role fokagg.lUsing the wing
measurements, there was not a significhiférence in wing size between males (11.2 + 0.5mm) and
females (10.9 + 0.6mm) in the F268) =-1.82, p = 0.07), and in fact males tended to be larger,
suggesting that the increased ridge and efribsspacing in females is not due to overall sexua si
dimorphism.Overall, ridge spacing appears to have a very similar genetic architectoua¢ od the

BR colour values, suggesting that it is also controlled by multiple loci.
4. Discussion

Our phenotypic analysis of crosses between iridescent andidescent races shows that iridescence
is controlled by multiple loci irH. eratowith convincing evidence for loci on the Z chromosome.
There is an extensive history of using experimental crossésliconiusto investigate the genes



controlling colour and pattern, but although iridescence had been shown to segregatesnthesse
trait has not been investigated due to the difficulty of quantifyingdh&nuous phenotype and
measuring the number of different features affecting the caldershow thastandardised
photographs and the Bfatio isan effectivemethod of estimatingariation inblue iridescent
reflectanceAs expected, iridesceiit. erato cyrbiagave the highest blue values, and iraescent

H. e. demophoothe lowest. BR values correlated with longitudinal ridge spacing, wiaish h
previously been shown to have an effect on the brightness of the bluegntesiour{9]. The
distribution of blue values in the F2 generation suggests that variatios frait is not controlled by a

single locus

The differences in blue values found between sexes in the F1 recipraicairosses suggest that
there could be a major effect locus involved in iridescent colour on theohokome. We may
expect that genes on the sex chromosowi# control sexually selected trajt32]. Reinhold[33]
calculated that irosophilaaround a third of phenotypic variation in sexually selected traits was
caused by Minked genesandthat X-linked genes only influenced traits classified as under sexual
selection. Iridescent structural colours are used as sexual signals in marflylapecie$2,34,35]
Work with Colias butterflies has found many wing pattern elementsexdinked, including
melanisation, UV reflectance and yellow wing pigmentation [36;87¢se studies found thadxs
linkage was important in prezygotic isolation and species differentidtf@refore, sex linkage of
iridescence iHeliconiusmay have comibuted to the differentiation of this trait between

geographical races.

Unlike some Lepidopterdeliconiusdo not show complete sex chromosome dosage compensation.
Analysis ofH. cydnoandH. melpomengene expression showed a modest dosage effece@h th
chromosome, and overall reduced expression compared to autosomegif3&gults are also
consistent with a lack of complete dosage compensation, with some evideagpression of both Z
chromosome alleles in males. A lack of dosage compensation could also faviowitcdthey of

sexually selected or sexually antagowgisici on the Z chromosome, as these will automatically be

expressed differently between the sexes.

The threeesrato phenotypes controlled by ti@r locus did not show any correlation with iridescent

colour values. The gemmrtex found in this genomic region, has been shown to underlie these colour
pattern differencefl6]. There are several reasons why major colour patterning genes could have been
hypothesised to also contratgctural colour variation ileliconius Knockouts of one of the genes

that control colour pattern ideliconius optix, in Junonia coenidutterflies resulted in a change in
pigmentation, and the gain of structural colf88], although this wasot observed in the same tests

with Heliconius eratoln addition, linkage between divergently selected loci would be expected under
‘divergence hitchhiking’, in which genomic regions around key divergeatcted loci are protected



from recombination during speciation [40]. Hitchhiking regions can be small in naturabpopsl|
unless recombination is reduced, but ipideptera there is no recombination in the female germ
line. Furthemore for highly polygenic traits we would expect many loci to be distributed thautg

the whole genome, so that for any genetic marker there will be some phenssygiation.

Individuals with homozygou€r phenotypes, for example, will have inherited an entire chromosome
15 from either an iridescent or notdescentgrangarent due to the lack of female recombination
Therefore, any combination of a single major effect locus onpleigmaller effect loci on
chromosome 15 would have been seen as a difference in iridescence betwésraisdiith

differentCr phenotypesThe fact thatve find no association wit@r suggests thagtructural colours

not highlypolygenic, but contited by a moderate number of loci, none of which are located on
chromosome 15. It is also consistent with it being controlled independentlyoaf gaittern.

Similarly, we see no association with variation in forewing red band sizeh vehargely determined

by the gen&VntA This region on chromosome 10 controls forewing band shape in multiple races of

H. eratq as well as othefeliconiusspecieg12].

In Heliconiuspigment colour patterns, a small set of major effect genes have been well studked but
larger set of “modifier” loci have also been found which adjust colatenpdl12]. It is possible that

the iridescence genes have a similar distribution of effect sizes, sntalanumier of major effect
genes, including one on the Z chromosome,adibtribution of other smaller effect gen€his

supports the existing evidence of the importance of major effect ladiaptive changgd 0-12].

Future work with the canimic of erato, Heliconius melpomenaevill allow us to compare the genetic
basis of irdescence between the two species. Followiegwo-step process of Millerian mimicry
described by Turner [41,424 large effect mutation, such ag tone we have found on the Z
chromosome, allows an adaptive phenotypic change large enough for the populatiembierdsose

in the mimicry ring and survive, then smaller changes will producenmertal improvements in

mimicry.

Longitudinal ridge spaig also appears twave a polygenic architecturBhe continuous variation
that is observed in blue colour in the F2 broods does not seem to be due to majtoroetfeéitt
discrete effects on different aspects of scale structure. Rather it seemsltipée¢ mteracting genes
are involved in contréihg scale morphology. The correlation between ridge and cross-rib spacing
suggests that some of these loci produce correlated effects on various a@fspeale morphology.
However the fact that we do not see a perfect correlation between these and blusegimsts that
there is some independent segregation of other aspects of scale morphologgttiatte to the
colour. Measurements of other aspects of scale morphologyasuittge curvature and layering, will

be needed to confirm this.

Conclusions



Crosses are ideal for investigating the genetic basis of colour and pattern as traitsegttsdg
following generations. Crossing iridescent and ir@escentHeliconius eratohas allowed us to

quantify variation in the colour and determine that it is sex-linked and dedtim multiple loci.
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Figures

Figure 1. Scanning Electron Microscope imagf@owing the structures orHeliconiuswing scale.

Longitudinal ridges, composed of overlapping lamellae, are connected byibsoss-r




Figure 2. Cross design and examples of colour pattern variatibh @ratoF1, F2, and backcross

generations. Examples of t& genotypes are shown in the F2 generation.
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Figure 3. RGB values were measured in the hatched areas highlighted on the right wings and
averaged for each butterfly. Left wings were used when the right side wetartmged. Small angle

X-ray scattering (SAXSneasurements were taken along the dotted line shown on the left forewing.




Figure 4. Four measurements of forewing band width were taken (bold arrows) along with three

further measurements to standardise wing size (dotted arrows), uspgeins as points of

reference.

Figure 5. Representative small angler&y scattering patterns for a single frame of a rrile.

cyrbiaparen. (A) The 2D pattern reveals approximately perpendicular scattetamsity from scale

features. From their orientation, length scales of the scatterediiptand previous interpretations,

we infer that they correspond to the spacing between riggesrassibs. (B) Full azimuthal

integration of the scattered intensity as a function of the magnitutie afiamentum transfer vector

g. The peaks corresponding to ridge and cross-rib spacing are indicated tagpbties

measurements in real space.
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Figure 6. Mean BR values across eratogenerations. F1 and F2 individuals largely fall between the
parentademophoormandcyrbiaraces. The backcross generation (BC) are highly skewed towards

cyrbia, which is tle race they were crossed with.

demophoon | ‘ cyrbia

40

304

20

404

304

201

Count

0‘5 1‘0

-OI ] OTO

404

301

204

-0.5 0.0 0.5 1.0
Mean BR Value

Figure 7. If there are loci of interest on the Z chromosome, F1 females with an iritdegdaia
father will be bluer than those with a nisidescentdemophoorfather because they inherit an
“cyrbid’ Z chromosome. In the F2, males always inherit a complete, non-recombined Z chremosom
from their maternal grandfather, so if he is iridescent they will be Hiaerdffspring from the

reciprocal cross.
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Figure 8. F1 females with an iridescecyrbiafather were significantly bluer than those with a

demophooffiather. Theravere no differences in males.
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Figure 9. Mean BR values for F2 males with an iridescent maternal grandfather (W&&higher

than those with an iridescent maternal grandmother, although not signifi¢zertigles in both

groupshad similar BR values.
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Figure 10. In the F2 generation, BR values did not differ with the diffe@rphenotypesCriCr?
represents theemophoomenotype with the yellow bar present, &dCr° is thecyrbia genotype

with the white marginCréCr¢is heterozygous and has neither of these elements.
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Figure1l. Anincrease in longitudinal ridge spacing correlated with a decrease valBes. Blue
colour slightly decreased with cresb spacing, but ridge spacing and cragsspacing wer@lso
highly correlatedThe crosshairs show the standard error from the 33 to 133 SAXS point
measurements for each individual. Blue lines indicate the fitted linear regres#h the dotted lines

showing the 95% confidence interval.
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Figure 12. Variation in longitudinal ridge spacing in the F2 suggests it is cordrbifemultiple

genes. In the F1, those with an iridescent father had lower ridge spadejirrgfthe higher BR
values seen in this cross.
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Figure 13. Crossrib spacing also siws continuous variation in the F2 generatiand extremes

extended beyond the values of the few parental individuals which were measured.
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Figure 14. Males have narrower longitudinal ridge spadimgnfemalesin the F2. This difference is
less pronounced and not significant in tlaeental races. Significant differences in caolsspacing
were seen icyrbiaand in the F2, with males again having narrower spacing. These results are

consistent with the findgpthat males have higher measures of blue colour.
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Tables

Table 1. H. eratocrosses performed and the number of offspring produced from&aeh.

supplementary Table S2 for details of each cross.

Crosstype Number of Number of offspring Number of offspring

Crosses phenotyped for blue phenotyped for ridge
values spacing

F1:demophoon & X cyrbia Q@ 2 37 3

F1 cyrbia & X demophoon Q@ 3 33 3

F2: cyrbia maternal grandfather 3 100 59

F2:demophoomaternal grandfather 3 14

Backcrosscyrbia d x (demophoon & X cyrbia @) 2 16

Backcrosscyrbia @ x (cyrbia & x demophoon ) 1 49

Table 2. Summary statistics for BR values in each generatidth efata
Generation Mean BR Standard Variance Sample size
value deviation

demophoon -0.56 0.08 0.01 12

F1 0.13 0.23 0.05 60

Backer oss 0.69 0.28 0.08 65

F2 0.21 0.30 0.09 114

cyrbia 0.97 0.05 0.00 51




Table 3. Comparison of BR values SD) between females and males in ebcleratogeneration.

Males are bluer than females in crosses wille@ophoorfiather orcyrbia maternal grandfather

(MGF). Males are also bluer in backcrosses witirhia MGF. There are no didrences in the

parental races.

Generation Female Female MaleBR Male t d.f. p-value

BR sample value sample  statistic

value size size
demophoon -056+0.1 6 -056+0.1 6 -0.06 9.0 0.955
All F1 0.10+£0.3 46 0.24+£0.2 14 -2.37 28.9 0.025*
Flcyrbiafather 0.26+0.2 21 0.25+0.2 0.17 8.4 0.872
F1demo. father -0.03+0.2 25 0.23+0.1 -3.80 13.3 0.002*
All F2 0.10+£0.3 63 0.33+£0.3 51 -4.28 96.4 <0.001*
F2cyrbiaMGF  0.12+0.3 53 0.35+0.3 47 4.00 92.1 <0.001*
F2 demo. MGF 0.02+0.2 10 0.15+04 4 -0.72 3.5 0.512
All BC 0.60+£0.3 35 0.79+£0.2 30 -2.93 62.9 0.005*
BC cyrbiaMGF  0.58 +0.3 24 0.83+£0.2 25 -3.86 42.7 <0.001*
BC demo. MGF 0.65+0.4 11 0.62+0.4 5 0.16 7.6 0.877
cyrbia 0.98+0.02 16 097+01 35 0.79 48.2 0.431

Table 4. Comparison of BR values for offspring from reciprocal F1 crosses, which had @it

iridescent mother or iridescent father, and for F2 crosses, which had eithdesrent maternal

grandfather or grandmother. Mean values amdpde sizes are shown in Table 3

F1 cyrbia or demophoon father

t d.f. p-value
Female -5.55 43.6  <0.001*
Male -0.19 10.8 0.850
All -4.67 56.8 <0.001*

F2 cyrbia or demophoon maternal grandfather

t d.f. p-value
Female -1.64 195 0.118
Male -1.06 3.4 0.357
All -2.53 20.2 0.020*




Tableb. There are no significant correlations between the forewing red band measurements and BR

colour in the F2 generation. Measurements are ratios of band measurements to widepsess of

freedom =69. N = 71.

Standardised Mean Standard t r p-value
measur ement deviation

Linear 1 0.76 0.08 -1.65 -0.20 0.10
Linear 2 0.55 0.06 -1.41 -0.17 0.16
Linear 3 0.35 0.05 -1.69 -0.20 0.10
Linear 4 0.41 0.05 0.38 0.05 0.71

Table 6. Mean spacing (xSD) between longitudinal ridges and between cros$héaarrower ridge

spacing ircyrbiaresults in a brighter iridescent colour. The mean values for the F1 and F2

generations fell between the values for the parental races.

Generation Mean longitudinal Mean crossrib Samplesize (Male,
ridge spacing (nm) spacing (nm) Female)

demophoon/hydara 926.05 £40.1 482.87 £ 37.1 5(3,2)

F1 875.64 £ 57.8 476.66 + 20.0 6 (4, 2)

F2 876.25 + 36.0 484.46 + 35.0 59 (25, 34)

cyrbia 822.55 +30.8 494.82+ 30.1 8 (5, 3)




