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Summary 13 

The importance of behavioural evolution during speciation is well established, but we know little 14 

about how this is manifest in sensory and neural systems. Although a handful of studies have 15 

linked specific neural changes to divergence in host or mate preferences associated with 16 

speciation, how brains respond to broad environmental transitions, and whether this contributes 17 

to reproductive isolation, remains unknown. Here, we examine divergence in brain morphology 18 

and neural gene expression between closely related, but ecologically distinct, Heliconius 19 

butterflies. Despite on-going gene flow, sympatric species pairs within the melpomene-cydno 20 

complex are consistently separated across a gradient of open to closed forest and decreasing 21 

light intensity. By generating quantitative neuroanatomical data for 107 butterflies, we show that 22 

H. melpomene and H. cydno have substantial shifts in brain morphology across their geographic 23 

range, with divergent structures clustered in the visual system. These neuroanatomical 24 

differences are mirrored by extensive divergence in neural gene expression. Differences in both 25 

morphology and gene expression are heritable, exceed expected rates of neutral divergence, and 26 

result in intermediate traits in first generation hybrid offspring. This likely disrupts neural system 27 

function, leading to a mismatch between the environment and the behavioral response of hybrids. 28 

Our results suggest that disruptive selection on both neural function and external morphology 29 

result in coincident barriers to gene flow, thereby facilitating speciation. 30 
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 2 

Introduction 35 

 36 

Ecological adaptation is a major force driving the evolution of new species [1,2].  Although it is 37 

well established that divergent selection can influence behavioural traits and promote speciation 38 

[3], there are few empirical examples of how divergent selection acts on the underlying sensory 39 

and neural systems. For example, existing studies on adaptation across divergent light regimes 40 

have largely focused on the peripheral sensory systems, often in the context of divergent mate 41 

preference [4,5]. However, sensory perception is only the first of many mechanisms within the 42 

nervous systems that may experience divergent selection, and mating preferences are only one 43 

of many behaviours that may that can be affected by the environment, and consequently 44 

contribute to reproductive isolation. Behavioural challenges imposed by novel environments can 45 

instead be met by changes in how sensory information is processed, often reflected in differential 46 

investment in brain components that refines the sensitivity, acuity to, or integration of, different 47 

stimuli. 48 

 The intimate relationship between brain structure and ecology is apparent in many 49 

comparative studies of neuroanatomy. For example, the expansion of visual pathways in primates 50 

[6], cerebellar expansion and refinement of the exterolateral nucleus in electric fish [7–9], the 51 

contrasting adaptations of diurnal and nocturnal lifestyles in hawk moths [10], and the 52 

independent colonization of cave systems that underlie the radiation in Mexican cavefish [11], all 53 

indicate the importance of neuroanatomical adaptations to contrasting ecological needs. 54 

However, these comparative studies generally focus on phylogenetically distinct comparisons 55 

across relatively distantly related species. At the other extreme, several studies considering inter-56 

specific variation across populations, or between eco-morphs, instead highlight the potential for 57 

plasticity in brain development to optimize brain structure and function to local conditions [12–14]. 58 

Between these population and phylogenetic levels there is a scarcity of information about 59 

the role brains play in facilitating speciation across environmental gradients, either through 60 

developmental plasticity or the accumulation of heritable changes during ecological divergence. 61 

Hence, whether evolutionary changes in neural systems play a causative role in ecological 62 

divergence [15], or accumulate later in this process, is unknown. A handful of insect studies have 63 

linked specific changes in neural processing to the evolution of reproductive isolation among close 64 

relatives, however these specifically focus on divergent host preferences and the detection of host 65 

cues [16–22]. Whether brains respond to changes in broader features of the environment, such 66 

as luminance or habitat structure, at a similar time scale is yet to be established. Recently, studies 67 

of closely related populations on the path to speciation have begun to address this question 68 
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[11,13,23,24]. Importantly, however, these studies are often unable to disentangle the effects of 69 

drift and selection, and have not determined whether hybrids between ecologically distinct 70 

populations show disrupted or intermediate brain morphologies that may betray major fitness 71 

deficits, and therefore support a more causative role for divergence in neural systems during the 72 

incipient stages of speciation. 73 

Here, we investigate the role of heritable divergence in neuroanatomy and gene 74 

expression in a clade of closely related Heliconius butterflies. Heliconius are well known for their 75 

bright warning patterns and Müllerian mimicry [25,26]. Speciation events within the melpomene-76 

cydno complex are also often associated with ecological transitions [27–29], and habitat 77 

partitioning among sister taxa is generally required for complete speciation [30,31]. In particular, 78 

within the melpomene-cydno clades, coexisting species are often found in “mosaic sympatry”, 79 

with sister taxa inhabiting relatively open forest-edge, or closed canopy forest, respectively 80 

[30,32,33]. These environmental differences are associated with changes in light environment, 81 

and melpomene/cydno show evidence of divergence in peripheral eye structure and light 82 

sensitivity [34,35]. We hypothesised these differences in habitat-use therefore impose different 83 

sensory challenges, leading to consistent, divergent changes in brain structure and function. 84 

 85 
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Results and discussion 101 

 102 

Divergence in neuroanatomy in the Heliconius melpomene-cydno complex  103 

To investigate the effects of ecological divergence on brain morphology within the melpomene-104 

cydno complex, we sampled butterflies from Costa Rica, Panama, Peru, and French Guiana 105 

(Figure 1). Where members of the melpomene and cydno clades are sympatric, the species 106 

boundary is maintained by ecological divergence and disruptive selection against hybrids , which 107 

now occur at low frequencies [36]. 108 

 109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 
 
Figure 1. Population sampling and ecological divergence. (A) Outline map of Central and South America 
showing the range of the cydno clade (blue), the melpomene clade (red), and their overlap (brown). Circles indicate 

sampled populations in Costa Rica, Panama, Peru and French Guiana with relevant races shown. In the Andes, 

the cydno clade species H. timareta is restricted to high elevations, but overlaps with H. melpomene at its lower 

margins.  Green Passiflora sp. leaves indicate oligophagous races that are host-plant specialists, orange leaves 
indicate polyphagous host-plant generalists that lay on multiple Passiflora species. Races included in the common 

garden experiments are shown in bold. (B) Illustration of niche partitioning between melpomene (red; open forest, 

forest edge) and cydno (blue; closed forest).  
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Across all populations, the average volume of the combined optic lobes neuropils (OL) is 135 

significantly larger in cydno clade species (including H. cydno, H. pachinus and H. timareta) than 136 

H. melpomene (n=77, ᙭2=17.354, p<0.001), and is not explained by allometric scaling (y-axis shit 137 

in OL~rCBR: ᙭2=12.260, p<0.001; Figure 2C). Five of the six optic lobe neuropils are significantly 138 

larger in the cydno clade (Figure 2C,D-I; Table S3), with the sole exception being the lobula. For 139 

a given brain size, these neuropils are between 13-27% larger in cydno, suggesting altered 140 

patterns of investment are unequal across structures. However, in each case the increase is 141 

associated with grade-shifts in allometric scaling (Table S4). These structures are vital for 142 

summation and parallelization of photoreceptor signals [37–39], and a diverse range of visual 143 

processes including colour vision [40–42], shape and motion detection, maneuverability in flight 144 

[43,44], and circadian rhythms [45]. The ventral lobula (vLOB), which is only present in some 145 

butterflies [46–49], also acts as a relay centre sending visual information to the mushroom body 146 

[49], the major site of insect learning and memory. 147 

The anterior optic tubercle (AOTU) is also 23% larger in the cydno-clade populations 148 

(᙭2=10.050, p<0.001). The AOTU is the most prominent optic glomerulus in the central brain, and 149 

is involved in processing sky-light and spectral cues, as well as polarised light [50–52]. Contrary 150 

to claims that there is a trade-off between investment in major insect visual and olfactory neuropils 151 

[53], we find no evidence of volumetric shifts in the antennal lobe (᙭2=0.615, p=0.615). Excluding 152 

the AOTU, no other central brain neuropil shows robust evidence for non-allometric expansion 153 

(Table S3, S4). Divergence in brain structure is therefore restricted to neuropils associated with 154 

visual processing. H. melpomene and H. cydno occupy forest of different light intensities and 155 

physical structure [25,30,32,33], differential investment in these neuropils therefore likely reflects 156 

contrasting demands on visual processing. Consistent with this interpretation, H. cydno responds 157 

to lower intensities of light than H. melpomene [34].  158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2020. ; https://doi.org/10.1101/2020.07.01.182337doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.01.182337
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 6 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 
Figure 2. Divergence in brain morphology between H. melpomene and H. cydno (A) 3D volumetric models of a 

Heliconius brain showing segmented neuropils from anterior (A) and posterior (A’) views; visual neuropils in yellows-

oranges, antennal lobe in blue, the central complex in green, the mushroom bodies in red, and the unsegmented rCBR 
clear. Visual neuropils discussed in the main text are labeled as: LAM is lamina; ME is medulla; aME is accessory 

medulla; LOB is lobula; LOP is lobula plate; vLOB is ventral lobula; AOTU is anterior optic tubercle. (B) 3D volumetric 

models of a Heliconius brain showing segmented neuropils from anterior (A) and posterior (A’) views where blue 
neuropils are significantly different in size between H. melpomene and H. cydno, with darker neuropils indicating higher 

significance. Scale in A/B is 500 μm. (C) Grade-shift in the scaling relationship between optic lobe (OL) and central 

brain (rCBR) volume between H. melpomene and H. cydno. (D-I) Non-allometric shifts in the size of individual visual 

neuropils between H. melpomene and H. cydno; lamina (LAM), medulla (ME), accessory medulla (aME), ventral lobula 
(vLOB), lobula plate (LOP) and anterior optic tubercule (AOTu). 
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Distinct patterns of intra-clade variation reveal a consistent role of ecology in shaping brain 201 

morphology 202 

To further understand the origins of differential investment in visual neuropil, we next considered 203 

variation within the H. cydno and H. melpomene clades. Despite evidence of genetic sub-204 

structuring [54], brain morphology was highly consistent across the four cydno-clade populations 205 

we sampled, with no neuropil showing significant geographic variation (Table S3B). In contrast, 206 

we do find evidence of variation across geographic races of H. melpomene, both in total optic 207 

lobe volume (᙭2=9.917, p=0.007) and for several of the individual visual neuropils that differentiate 208 

the H. cydno and H. melpomene clades (Table S3B, S4A). These include the largest visual 209 

neuropil, the medulla (᙭2=11.161, p=0.004), and the AOTU (᙭2=9.647, p=0.008). Post-hoc 210 

analysis reveals that these results are not driven solely by a single divergent population (Table 211 

S3C), raising the possibility that H. melpomene may occupy more visually heterogeneous habitats 212 

than H. cydno, and may be tracking local sensory conditions. 213 

Despite greater variability within H. melpomene, comparisons between sympatric species 214 

pairs suggest a consistent pattern of investment between melpomene and cydno clade 215 

populations. In Panama, H. m. rosina and H. c. chioneus, are differentiated by total optic lobe 216 

volume (᙭2=12.708, p<0.001), with 5 of 7 visual neuropils having larger volumes in H. cydno 217 

(Table S3A). Similarly, in Peru, H. m. amaryllis and H. timareta thelxinoe vary in total optic lobe 218 

volume (᙭2=6.773, p=0.009) and the two largest visual neuropils, the medulla and lamina (Table 219 

S3A). Given H. m. amaryllis and H. t. thelxinoe are co-mimics and do not appear to distinguish 220 

conspecifics using visual cues [55], the shift in visual investment is unlikely to be related to mate 221 

choice. In contrast, divergence between H. c. galanthus and H. pachinus, which are ecologically 222 

equivalent but geographically isolated across Costa Rica’s central valley [30,56,57], show no 223 

evidence of neuroanatomical divergence despite strong visual mate preferences [57], supporting 224 

the causative role of divergent ecologies (Table S4C). Comparisons between H. m. melpomene, 225 

which is allopatric with respect to H. cydno, to all cydno populations also detects evidence of 226 

divergence in OL volume (᙭2=4.974, p=0.026) with levels of phenotypic divergence comparable 227 

to other melpomene races (Table S4B). This suggests an absence of strong character 228 

displacement for this trait. 229 

 230 
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Neuroanatomical differences are heritable  234 

We next reared H. melpomene rosina and H. cydno chioneus under common garden conditions 235 

to determine whether the variation we observe is heritable. As in our comparisons between wild-236 

caught individuals, we observed a non-allometric expansion of the optic lobe in insectary reared 237 

H. cydno (33%; n=20, ᙭2=11.363, p=0.001; Table S5). This was driven by volumetric increases 238 

ranging from 24-57% across specific visual neuropils in H. cydno, including 5 of the 6 structures 239 

that differed between wild-caught individuals (Table S5). The most pronounced shifts were found 240 

in the lamina (57% larger, ᙭2=13.702, p<0.001), vLOB (49%, ᙭2= 6.359, p<0.001) and AOTU 241 

(40%, ᙭2=21.749, p<0.001). We found no evidence that the extent of divergence for any individual 242 

neuropil was higher in wild-caught than common-garden individuals (Table S5C). Differences in 243 

brain morphology therefore appear to have a substantial heritable component, and are not the 244 

product of environmentally-induced plasticity during development. 245 

 246 

Neuroanatomical divergence is likely driven by natural selection  247 

Allometric scaling among traits, where component sizes vary consistently with total size, is 248 

evidence for constraint on trait evolution [58–61], including on brain structure [62,63]. This 249 

suggests populations evolving under genetic drift should follow conserved allometric scaling 250 

relationships, as is typical among recently diverged taxa [60]. In contrast, our observation of non-251 

allometric variation of brain components, among both wild caught and common-garden reared 252 

individuals, strongly implicates divergent natural selection.  253 

To further test the role for selection, we calculated PST for variation in neuropil volumes in 254 

Panamanian H. m. rosina and H. c. chioneus raised under common garden conditions. PST is a 255 

direct phenotypic analogue of FST and measures population differentiation relative to the total 256 

variance across populations [64]. Comparisons between PST and FST can therefore be used as a 257 

direct test of selection. After accounting for allometric effects, PST significantly exceeds genome-258 

wide FST [65] for total optic lobe size (adjusted-p=0.011), lamina (adjusted-p=0.006), medulla 259 

(adjusted-p=0.020), lobula (adjusted-p=0.016), vLOB (adjusted-p=0.005), and AOTU (adjusted-260 

p=0.005), consistent with the action of divergent natural selection. Although inferences made from 261 

PST can be vulnerable to underlying assumptions regarding trait heritability [64], our results are 262 

robust across a broad range of quantitative genetic scenarios (Table S7; Supplementary 263 

Information).  264 

As a further test for selection acting across the melpomene-cydno complex, we performed 265 

a partial-Mantel test to assess whether pairwise divergence in brain morphology between wild 266 
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populations is predicted by levels of neutral genetic divergence (FST). Here, we expect that the 267 

presence of divergent selection would erode the relationship between genetic distance and 268 

phenotypic divergence [66]. After allometric correction, only two neuropils, the antennal lobe and 269 

lobula, show patterns of divergence consistent with neutral expectations (Table S7). The lack of 270 

association for any neuropils with divergent volumes between H. melpomene and H. cydno again 271 

implies our results are not explained by drift. 272 

Together, evidence i) of non-allometric divergence in brain structure, ii) between-species 273 

variation that significantly exceed neutral predictions under controlled environmental conditions, 274 

and iii) a lack of association between phenotypic and genetic divergence across the melpomene-275 

cydno complex, strongly implicates natural selection as the driving force behind the observed 276 

differences in neuroanatomical structures.  277 

 278 

Neuroanatomical evolution is mirrored by shifts in neural gene expression 279 

Volumetric changes in neuroanatomy likely indicate difference in cell number or size, which may 280 

in turn reflect replicated or divergent circuitry. Shifts in neural physiology or activity are also be 281 

behaviorally important but will not be captured in morphometric data. These differences, however, 282 

can be captured in differential patterns of gene expression between species. We therefore also 283 

examined patterns of gene expression between H. m. rosina and H. c. chioneus, raised in 284 

common garden conditions to control for environmental effects. After accounting for the influence 285 

of tissue composition [67], we still detect significant levels of interspecific divergence in expression 286 

profiles for age and environment-matched individuals (Figure 4A, Figures S1-3). This pattern is 287 

consistent across two independent periods of tissue collection. Differentially expressed genes are 288 

enriched for molecular functions linked to cytoskeletal and transmembrane channel activities 289 

(Table S8), consistent with changes in brain physiology being achieved through alterations of 290 

neuronal wiring or activity.  291 

Differential expression between species could be explained by genetic drift, rather than 292 

divergent selection. However, estimated PST exceeds FST exceeds genome-wide FST for 18.5% 293 

(305/1647) of differentially expressed genes, strongly implicating divergent selection as a driver 294 

behind at least some shifts in neural gene expression. Consistent with this hypothesis, fd, a 295 

measure of shared allelic variation that is used to infer barriers to gene flow  [68], is negatively 296 

correlated with values of PST for neural gene expression, even after accounting for variation in 297 

recombination rate (᙭2 = 179.0, p << 0.001). Previous genome-wide analyses have highlighted a 298 

highly heterogeneous pattern of genetic divergence between H. m. rosina and H. c. chioneus, 299 

with selection against gene flow acting across the genome [65,68]. This suggests the species 300 
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barrier is determined by multiple, polygenic traits. Because fd, and by extension PST, is not 301 

clustered across the genome [68], our data is consistent with this inference. We therefore suggest 302 

that divergence in neural traits is shaping part of the landscape of genetic differentiation between 303 

H. m. rosina and H. c. chioneus. 304 

 305 

Hybrids show evidence of trait disruption 306 

Reproductive isolation can arise due to a mismatch between intermediate hybrid phenotypes and 307 

the environment, such that hybrids suffer lower fitness in either parental environment [1,2]. To 308 

explore whether divergent brain structures might contribute to the fitness deficit of hybrids, we 309 

produced multiple F1 crosses between H. m. rosina and H. c. chioneus. We focus on F1 310 

individuals, which account for a major proportion of natural Heliconius hybrids [36]. Multivariate 311 

analysis of the seven visual neuropils reveals that hybrids show intermediate brain morphologies 312 

(Figure 3A; Table S6). This intermediate state is the product of variable dominance effects on 313 

specific neuropil (Figure 3B-E; Table S6). Four of the seven neuropil are significantly larger in H. 314 

cydno than F1 hybrids, but are not significantly different between F1s and H. melpomene (Table 315 

S6B), suggesting that these are largely influenced by loci with melpomene-dominant alleles. In 316 

contrast, two neuropil, the lamina and vLOB, are significantly different between F1s and both 317 

parental species (Figure 3B,C; Table S6B) implying incomplete or mixed dominance across 318 

multiple loci. Importantly, this mosaic pattern also leads to disrupted scaling relationships between 319 

some visual neuropil, which may affect the flow and integration of visual information in the brain 320 

(Table S6C,D; Figure S1; Supplementary Information). 321 

 322 
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 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

We observed a similar pattern of hybrid disruption at the molecular level (Figure 4, Figure 349 

S3, S4). Focusing on genes that are differentially expressed between H. cydno and H. 350 

melpomene, F1 hybrids cluster outside the range of both parental species (Figure 4A). As was 351 

inferred for the visual neuropils, the expression of individual genes show variable patterns of 352 

dominance (Figure S5): 36% of differentially expressed genes are ‘melpomene-like’ in F1 hybrids, 353 

21% are ‘cydno-like’, and 43% are statistically intermediate. Consistent with divergent selection 354 

playing a role in gene expression evolution, genes with intermediate expression in F1 hybrids 355 

show increased levels of PST (᙭2=5825.9, p<<0.001), with a greater proportion (23%) of 356 

intermediate genes showing PST values in excess of genome-wide FST, compared to genes with 357 

melpomene-like (9%) or cydno-like expression (7%). In contrast, only 0.01% of genes with 358 

consistent expression between H. cydno and H. melpomene, and no genes with transgressive 359 

expression in hybrids, show such signatures of selection (Figure 4B). Again, these results are 360 

robust across a broad range of quantitative genetic scenarios (Figure S6). In addition, as expected 361 

given their enrichment for high PST values, genes with intermediate hybrid expression are more 362 

likely to coincide with regions of reduced gene flow than other differentially expressed genes 363 

(᙭2=116.1, p<<0.001; Figure 4C).  364 

Our results therefore reveal both divergence of neural phenotypes between ecologically 365 

distinct populations, and disruption of these phenotypes in F1 hybrids. We suggest these 366 

intermediate neural phenotypes are likely to act as barriers to gene flow. Divergence in gene 367 

expression is a major source of genetic incompatibilities between species [69–71], and cause 368 

Figure 3. Intermediate brain morphology in H. m. rosina x H. c. chioneus F1 hybrids (A) Variation in H. m. rosina 

(red), H. c. chioneus (blue) and hybrid (grey) brain morphology in a principal component analysis of all segmented 

neuropils and rCBR. (B-E) Examples of neuropils with intermediate volumes in hybrids (B,C), or melpomene-like 

volumes (D, E) in F1 hybrids; lamina (LAM), ventral lobula (vLOB), medulla (ME), and anterior optic tubercule (AOTu). 
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abnormal development and reduce survival [72]. Hybrid disruption of expression profiles has been 369 

reported in diverging species pairs [72–77], however the majority of these studies focus on 370 

homogenized whole bodies or gonads. Where organ specific profiles are included, it has been 371 

suggested that gonads have an excess of disrupted genes relative to brain tissue [78], and may 372 

drive signals from whole-body samples. Nevertheless, some evidence points to the importance 373 

of divergence in neural gene during ecological divergence [79,80], and phylogenetic comparisons 374 

of neural gene expression in Heliconius provide some evidence of selection at deeper time scales 375 

[81]. Our data adds clear support for this hypothesis. More broadly, disruption of components of 376 

the sensory systems, that co-evolve within species but are under divergent selection between 377 

species, likely alters the way in which environmental stimuli are perceived and processed. This 378 

occurs at anatomical and molecular levels and may lead to a mismatch between the visual system 379 

of hybrids and their sensory environment.  380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

Figure 4. Divergence in gene expression between H. m. rosina and H. c. chioneus (A) Principal component 
analysis of neural gene expression for differentially expressed genes. H. c. chioneus samples are colored in blue, 

F1 hybrids in gray, H. m. rosina in red. Sequencing year is denoted by dot shape: circular (2014), rhomboid (2019). 

(B) Medians, interquartile ranges and distributions of FST and PST values for genes assigned to different categories 
based on their expression profiles in F1 hybrids (M-L is melpomene-like, I is intermediate, C-L is cydno-like, N is no 

difference, T is transgressive). Below, examples of expression profiles for genes belonging to these different gene 

categories, with horizontal bars indicating the mean and boxplots delineating +/- sd of the normalized gene counts. 
n indicates quantity (considering all genes) (C) Median, interquartile range and distributions of admixture proportions 

(fd), estimated in 100kb windows, between H. cydno and H. melpomene, for different gene categories. **=p<0.001, 

*=p<0.01, n.s.=not significant, Kruskal-Wallis test with post-hoc Dunn test, with Bonferroni correction. 
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 In summary, using a large sample of multiple, geographically disparate populations we 402 

have shown that divergent selection during the evolution of micro-habitat partitioning has driven 403 

evolution in brain composition and gene expression between melpomene and cydno clades of 404 

Heliconius butterflies. These changes are heritable, significantly exceed expected rates of neutral 405 

divergence, and result in disrupted traits in F1 hybrids. Neuroanatomical divergence is restricted 406 

to the visual neuropils, strongly suggesting that adaptation to contrasting sensory niches 407 

contributes to hybrid fitness deficits. This data is consistent with known differences between the 408 

two clades in ecology [25,30,32–34,82] and visual sensitivity [34,35]. While disruptive selection 409 

on colour pattern has a major role in maintaining reproductive isolation between species [83–85], 410 

habitat divergence is thought to be critical to ‘complete’ speciation in Heliconius [30,31]. Whether 411 

shifts in colour pattern or habitat preference initiate this process is unclear, but given the quality 412 

of the aposematic signal is environment and community dependent [86–88], changes in 413 

microhabitat preference, and the corresponding neurobiological adaptation to the derived 414 

conditions, likely occur at the early stages of divergence. Together, divergent ecological selection 415 

on behaviour, and their neural bases, in addition to disruptive selection on mimetic warning 416 

patterns would provide strong, coincident barriers to gene flow [89], thereby facilitating speciation. 417 

At a macroevolutionary scale, diverse studies, ranging from recent adaptive radiations in 418 

cichlid fish [90] to more ancient diversification of mammals [91], highlight the importance of 419 

ecological transitions in driving divergence in sensory regions of the brain. However, whether 420 

these changes in brain composition accumulate after ecological transitions, or play a significant 421 

role in facilitating them is unclear. Our data provide new evidence that brain evolution has a 422 

facultative role in ecological transitions. Our results mirror a previous analysis of divergence in 423 

brain morphology between H. himera and H. erato [23], which are isolated across a steep 424 

ecological transition between dense lowland wet forest and more open higher altitude dry forest 425 

[28,92]. In this case, heritable shifts in investment are again most notable in sensory neuropils 426 

[23]. Similar conclusions can be drawn from the evolution of several fish ecotypes [13,14,93–95], 427 

however, here environment-dependent plasticity plays a dominant role in producing population 428 

differences [13,14,96]. By demonstrating heritable divergence in brain composition, rates of 429 

neural gene expression that exceed neutral expectations, and hybrid disruption at both an 430 

anatomical and molecular level, our data provides a robust case for adaptive neural divergence. 431 

Given the prevalent role of niche separation and environmental gradients in many adaptive 432 

radiations, we suggest that local adaptation in brain and sensory systems may have an 433 

underappreciated role during ecological speciation. 434 

 435 
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Methods 436 

 437 

Animals 438 

We sampled three pairs of species in Costa Rica, Panama and Peru, and a population of H. m. 439 

melpomene from French Guiana (Figure 1) with permission from local authorities (Supplementary 440 

Information). All wild individuals (n=77) were hand netted and brain tissue was fixed in situ in a 441 

ZnCl2-formalin solution [97] within a few hours of collection. Common garden samples of H. c. 442 

chioneus and H. m. rosina were reared at the Smithsonian Tropical Research Institute’s Gamboa 443 

insectaries. Hybrids were produced from multiple H. c. chioneus x H. m. rosina crosses in 2013 444 

and 2019. Insectary individuals were dissected at 2-3 weeks for neuroanatomical (n=30), and 9-445 

15 days for gene expression samples (n=49) (Table S1,S2).  446 

 447 

Immunohistochemistry and imaging 448 

Brain structure was revealed using immunofluorescence staining against a vesicle-associated 449 

protein at presynaptic sites, synapsin (anti-SYNORF1; obtained from the Developmental Studies 450 

Hybridoma Bank, University of Iowa, Department of Biological Sciences, Iowa City, IA 52242, 451 

USA; RRID: AB_2315424) and Cy2-conjugated affinity-purified polyclonal goat anti-mouse IgG 452 

(H+L) antibody (Jackson ImmunoResearch Laboratories, West Grove, PA), obtained from 453 

Stratech Scientific Ltd., Newmarket, Suffolk, UK (Jackson ImmunoResearch Cat No. 115-225-454 

146, RRID: AB_2307343). All imaging was performed on a confocal laser-scanning microscope 455 

(Leica TCS SP5 or SP8, Leica Microsystem, Mannheim, Germany) using a 10x dry objective with 456 

a numerical aperture of 0.4 (Leica Material No. 11506511), a mechanical z-step of 2μm and an x-457 

y resolution of 512 x 512 pixels. Confocal scans were segmented using Amira 5.5 (Thermo Fisher 458 

Scientific) to produce estimates of neuropil volumes. 459 

 460 

RNA extraction and sequencing 461 

Brains were dissected out of the head capsule in cold (4 ºC) 0.01M PBS. Total RNA was extracted 462 

using TRIzol Reagent (Thermo Fisher, Waltham, MA, USA) and a PureLink RNA Mini Kit, with 463 

PureLink DNase digestion on column (Thermo Fisher, Waltham, MA, USA). Illumina 150bp 464 

paired-end RNA-seq libraries were prepared and sequenced at Novogene (Hong Kong, China). 465 

After trimming adaptor and low-quality bases from raw reads using TrimGalore v.0.4.4 466 

(www.bioinformatics.babraham.ac.uk/projects), Illumina reads were mapped to the H. 467 

melpomene 2 genome [98]/H. melpomene 2.5 annotation [99] using STAR v.2.4.2a in 2-pass 468 
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mode [100]. We kept only reads that mapped in ‘proper pairs’, using Samtools [101]. The number 469 

of reads mapping to each gene was estimated with HTseq v. 0.9.1 (model=union) [102].  470 

 471 

Statistical analyses of neuropil volumes 472 

Non-allometric differences in brain component sizes were estimated using nested linear models 473 

in lme4 R [103]. Linear models included each brain component as the dependent variable, the 474 

volume of unsegmented central brain neuropil (rCBR), and taxonomic/experimental grouping as 475 

independent variables, with sex and country (where relevant) included as random factors. The 476 

log-likelihoods of nested models were compared using likelihood ratio tests and a χ2 distribution, 477 

with sequential Bonferroni correction [104].  For neuropils showing a significant clade/species 478 

effect, we subsequently explored the scaling parameters responsible for group differences using 479 

SMATR v.3.4-3 [105]. Partial-Mantel tests were performed between pairwise differences in 480 

neuropil volumes and FST [54], controlling for rCBR, using ECODIST [106] with Pearson 481 

correlations and 1000 permutations. We calculated PST using the PSTAT package [107] with a 482 

c/h2 ratio of 1, and allometric correction with the res() function. The significance of PST was 483 

calculated as the proportion of the FST distribution [65] that was above each PST value. Finally, to 484 

identify intermediate traits in hybrids we also performed Principal Component Analysis and 485 

ANOVAs among parental and hybrid individuals, with post-hoc Tukey-tests to compare group 486 

means, using base R packages [108]. 487 

 488 

Statistical analyses of gene expression data 489 

Differential gene expression analyses were conducted in DESeq2 [109], including sex and 490 

sequencing batch as random factors, with a minimum fold change in expression of 2 to counter 491 

effects of tissue composition [67]. We conducted a Principal Component Analysis on rlog-492 

transformed gene count data (as implemented in DESeq2) to inspect clustering of expression 493 

profiles. ANOVAs on normalized gene expression counts of species and hybrids, with post-hoc 494 

Tukey tests, using base R packages [108]. PST from normalized gene counts in H. m. rosina and 495 

H. c. chioneus was calculated following Uebbing et al. [110], with h2 set to 0.5 and c to 1.0. 496 

Estimated admixture proportions (fd) between H. m. rosina and H. c. chioneus, and population 497 

recombination rates (rho) were taken from Martin et al. [68]. To test for an association between 498 

low gene flow and high PST we fitted a linear mixed model: fd ~ rho + PST + (1|chromosome), with 499 

a Gaussian distribution, using 100kb non-overlapping windows of fd. GO enrichment tests were 500 

performed using InterProScan v.5 [111] to retrieve gene ontology (GO) terms for the Hmel2.5 501 
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gene set, and the TopGO package in R [112], using the “elim” algorithm, which corrects for non-502 

independence among GO terms. 503 

 504 

Full descriptions of the methodology, and the neuroanatomical dataset are available in the 505 

Supplementary Information and will be deposited on DataDryad on manuscript acceptance (DOI 506 

pending), along with R code. The raw reads from the genetic dataset will be deposited on The 507 

European Nucleotide Archive on manuscript acceptance (accession ID pending). 508 
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