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SUMMARY

Understanding the mechanisms and processes driving biological diversification and
adaptation is still a major question in evolutionary biology that requires
interdisciplinary research that addresses the role of biotic (i.e., genetic background,
ecological interactions) and abiotic factors (i.e., climate). In this dissertation | studied
biogeographic, chromosomic, and chemical aspects that contribute to the
diversification of the Neotropical butterflies of the genus Heliconius, especially
species in the sara/sapho clade. Although Heliconius is one of the best studied
groups in the context of evolutionary biology and ecology, the clade sara/sapho has
been largely unstudied despite having unique features. For example, some of its
species show high diversification rates and a higher number of chromosomes
compared to other Heliconius, and also, species in the clade seem unable to
synthesise cyanogens leading to reliance on toxins sequestered from larval host

plants.

In Chapter I, | used 54,392 georeferenced records for 46 species and 1,012
georeferenced records for 38 interspecific hybrids of Heliconius to investigate the
role of the environment in shaping their distribution and richness, as well as their
geographic patterns of phylogenetic diversity and phylogenetic endemism. | also
evaluated whether niche similarity promotes hybridization. | found that Heliconius
displays five general distribution patterns mostly explained by precipitation and
isothermality, and to a lesser extent, by altitude. Interestingly, altitude plays a major
role as a predictor of species richness and phylogenetic diversity, while precipitation
explains patterns of phylogenetic endemism. | did not find evidence supporting the
role of the environment in facilitating hybridization because hybridizing species do
not necessarily share the same climatic niche despite some of them having largely
overlapping geographic distributions. Overall, | confirmed that, as in other
organisms, high annual temperature, a constant supply of water, and spatial-

topographic complexity are the main predictors of diversity in Heliconius.



In Chapter Il, | generated whole genome resequencing data for 114 individuals from
seven species in the sara/sapho clade to investigate: (i) genome-wide phylogenetic
relationships, (ii) the degree of genomic differentiation between species and
subspecies, and (iii) the impact of chromosomal rearrangements in the evolution of
the clade. The inclusion of multiple species and subspecies of this clade allowed me
to redefine some of the relations previously reported, and to identify the effect of
geography in shaping their diversity. Interestingly, | also found evidence for sex-
autosome fusions involving autosomes 4, 9, and 14. All of these fusions seem to be
associated with speciation events in this clade, with the sex-autosome 4 fusion being
the oldest one. Although | do not yet understand the role or evolutionary
consequences of these fusions, my study shows that chromosomal rearrangements

can evolve rapidly within a clade and generate chromosomal diversity.

In Chapter lll, | investigated how cyanogens (chemical defences of adult Heliconius)
vary both in composition and concentration across nine mimicry rings and six
Neotropical ecoregions. | found that variation in the cyanogenic profile of Heliconius
is not explained by the mimicry ring that a species belongs to or its locality. Instead,
cyanogenic variation is the result of phylogenetic closeness and, likely, ecological
factors such as host plant specialization, diversity and abundance of local hostplants
locally available, availability of precursors for biosynthesis of cyanogenic compounds
in pollen-source plants, as well as the local predator community. My results agree
with recent modelling and meta-analyses that showed that increased toxicity of preys

does not translate into increased predator learning or generation of mimetic diversity.
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CHAPTER 1.

Environmental drivers of diversification and hybridization in

neotropical butterflies

Introduction

Understanding how the environment shapes species distribution and affects patterns
of biological diversity is still a challenging task, especially in species rich regions
such as the Neotropics (1-3). To date, information on this topic is mostly based on
vertebrates and plants, and suggest that the combination of high annual temperature
with a constant supply of water and spatial-topographic complexity are the main
predictors of species distribution, richness and endemism (4-7). Within the
Neotropics, the Amazon and the foothills of the North-eastern Andes are examples
of regions that combine these conditions, and consequently, they exhibit high levels
of species richness and phylogenetic diversity in monkeys, snakes, birds,
amphibians, palms and vascular plants (8-11). Similarly, regions such as the
Biogeographic Choco, Costa Rica and the Amazon show high levels of phylogenetic
endemism (12—-14). However, these patterns have not been deeply evaluated in
Neotropical invertebrates, and particularly butterflies (15,16).

The environment, and especially climatic niche, has also been suggested to
have an effect on gene flow. For example, phylogenetic discordance in multiple loci
in beetles of the genus Mesocarabus seems to be the result of hybridization between
species sharing the same climatic niche (17), while in armadillos of the genus
Dasypus, asymeytric gene flow appears to be facilitated by niche conservatisms at
both sides of a geographic barrier (18). Additionally, climatic-based selection likely
plays a role in maintaining mosaic hybrid zones in Quercus oaks, where climatic
heterogeneity favors the co-occurrence of parental species and their hybrids (19,20).
Heliconius butterflies are a diverse insect group found across southern United

States, Central and South America, where they occupy divergent habitats (21). Due
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to the recent radiation of this butterfly genus, species pairs have different levels of
reproductive isolation, which are used as proxies for different stages of speciation
(22,23). In total, ~25% of Heliconius species are known to hybridize in nature (24,25),
but the role of abiotic variables in facilitating or hampering such hybridization has
been poorly studied (26,27).

In this study, we combined an extensive database of occurrences of species
and hybrids in Heliconius as well as environmental data to investigate: 1) how the
environment shapes the distribution of Heliconius at a regional scale, 2) how the
environment molds species richness, phylogenetic diversity, and phylogenetic
endemism in these butterflies, and 3) whether niche similarity promotes

hybridization.

Materials and Methods

Species data and environmental variables

We included occurrence data of 46 species of Heliconius and generated a database
of the localities where these butterflies have been collected across their entire
distribution range. The data were obtained from: (1) entomological collections, and
(2) the Heliconiinae checklist of (28). For those regions in Colombia that we identified
as under-sampled, we conducted field trips to improve our geographic coverage.
The nomenclature of all records was updated to the most recent taxonomic checklist
when needed (29). We also included occurrence data for all interspecific hybrids
documented in Heliconius. All individuals were photographed and identified based
on their color pattern. We used the point-radius method to georeference specimens
with missing coordinates following (30). Although Heliconius is widely represented
in databases such as GBIF, we did not include such records to ensure the use of
data that have been curated by specialists both in terms of georeference and
taxonomy, or that have images of each specimen that would allow us to confirm the

taxonomy.



We used the 19 climatological variables from CHELSA at spatial resolution of
1 Km (31) to characterize climatic variation across the occurrence range of
Heliconius, and altitude was obtained from (32). Collinearity between variables was
avoided by estimating the Pearson correlation coefficient among all 20 variables,
and the absolute value of this correlation was used to create a dissimilarity matrix
(1-correlation values). We used this matrix was used to perform a hierarchical
clustering analysis with the hclust function in R (33). We then chose one variable per
cluster that had a pairwise distance less than 0.5. Using the selected variables, we
calculated the variance inflation factor (VIF) (34) with the HH package in R (35) and

chose those variables with VIF less than 5 (36).

Species distribution modelling and environmental variables importance

First, we used R pipelines (37) to reduce sampling bias and spatial autocorrelation
among occurrences in our species distribution models using the variables that
passed the filters mentioned before. The minimum non-significant autocorrelated
distances were used to prune species databases. H. nattereri and H.tristero were
not modeled because they had less than 32 occurrence records. Then, we generated
a second database that included pseudo-absences data following (38—41). Because
Heliconius is a very well sampled genus we had enough information to select
pseudo-absences points for each species in places where: (i) Heliconius other than
the focal species have been collected, (ii) environmental conditions may not be
optimal for its occurrence, and (iii) absence is not caused by dispersal limitation.
Using these criteria, we defined a minimum convex polygon with a 50 Km buffer area

for each species and selected 10,000 pseudo-absences only in this buffer.
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Figure 1.1 Distribution patterns of Heliconius species based on environmental
variables. (A) Species with wide distribution (explained by isothermality); (B) species with
trans-Andean distribution (explained by isothermality); (C) species distributed in the
biogeographic Choco + Costa Rica (explained by precipitation of coldest quarter); (D)
species distributed in the cis-Andes + Pacific of Ecuador (explained by precipitation
seasonality); (E) species distributed in highlands of the Andes (explained by altitude); (F)
relative importance of environmental variables receiver operating characteristic (ROC) that
are predictors of diversity in Heliconius. Colour scale in panels (A—E) indicates the variable
gradient. Distribution maps for each of the species can be found at:
https://doi.org/10.5281/zenodo.5149294.




Then, we estimated the ensemble species distribution models (ESDMs) of
Heliconius with the R package SSDM (42), equally weighting presences and pseudo-
absences (prevalence weights = 0.5). Individual SDM models were implemented
using four algorithms that optimize the use of pseudo-absences in a similar way (38):
(1) Generalized Linear Models (GLM) (43), (2) Generalized Boosting Models (GBM)
(44), (3) Maximum Entropy Models (MAXENT) (45), and (4) Generalized additive
model (GAM) (46). Each algorithm was run 10 times. In each run, models were
calibrated using 75% of the occurrence data and their accuracy was evaluated with
the remaining 25%; the “holdout” method was used to ensure independence
between training and evaluation sets. The data set randomly changes between runs.
An ensemble model (ESDM) was obtained for each species by averaging the best
SDM outputs (highest Area Under the Curve — AUC - score), and the ensemble
models were evaluated with the AUC score and the Cohen’s Kappa coefficient (k).
Following (47), we did not model species with n <32 or that occupy >70% of the
background region (i.e., entire distribution range for the genus).

We used the relative importance values of the variables provided by SSDM
to evaluate the influence of each of them within all models. The importance is
estimated with a randomization process, where SSDM calculates the correlation
between a prediction using all variables and a prediction where the independent
variable being tested is randomly removed; this is repeated for each variable. The
calculation of the relative importance is made by subtracting this correlation from

one, therefore higher values are the best variables for the model (48).

Diversity metrics: species richness, diversity, endemism phylogenetic maps and

environmental variables importance

Species richness, phylogenetic diversity and phylogenetic endemism were
calculated by superimposing the distribution maps of all species using the R package
phyloregion (49). In order to avoid overestimation of the diversity metrics, we created
alpha hulls with the R package rangeBuilder (50) and following (51). Briefly, we used

occurrence data available for all species (54,392 georeferenced records) that had
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more than ten locality points, a dynamic selection of alpha for each species, and an
alpha that varied in steps of 1 (52). We next generated a community matrix using
the alpha hulls of all species with the function polys2comm in the R package
phyloregion (53).
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Figure 1.2 Maps of diversity metrics. (A) Species richness, (B) phylogenetic diversity, (C)
residuals of phylogenetic diversity regressed on species richness, and (D) phylogenetic
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values. The phylogeny shown in panel (D) was modified from Kozak et al. (2015), and
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branches that contribute the most to the phylogenetic endemism are labelled as H1-HS5, both
in the phylogeny and the map. All maps were plotted in grid cells of 20 Km x 20 Km.

We used the community matrix to calculate species richness by summing all species
present in each cell, and also, with this matrix and the best Maximum Likelihood tree
estimated with 20 nuclear and 2 mitochondrial loci for Heliconius (54), we estimated
phylogenetic diversity and phylogenetic endemism (55,56), with the functions PD
and phylo_endemism of the R package phyloregion (53). To investigate whether
these metrics are scale dependent, we performed the above analyses at three
consecutive grain sizes (5Km, 10Km and 20Km). We performed a linear regression
model using phylogenetic diversity as response variable and species richness as
predictor variable to investigate their relationship and plotted the residuals to
highlight areas where these metrics are different.

We also used four machine learning algorithms to generate correlative
models and then we created an ensemble prediction of each diversity metric to
identify the environmental variables that best explain them (57). The algorithms used
were: Random Forests (58), Neural Network (59), Support Vector Machines (60),
and Generalized Linear Model (43). The models were built with the R package caret
6.0-86 (61), and we used the varlmp function to compute the weighted average of

the contribution of each variable.

Evaluating the environmental effect in the hybridization on Heliconius butterflies

We estimated the Schoener's niche equivalency test (D) and Warren’s niche
background test (l) between pairs of hybridizing species to determine if they share
environmental niches. We used the R package humboldt (62) and we followed the
concept of environmental niche sensu (45,63), where the niche consists of the
subset of conditions currently occupied and where environmental conditions at the
occurrence localities constitute samples from the realized niche. The niche overlap
metric Schoener’s D ranges between 0 and 1, meaning no overlap and complete
overlap, respectively (64). The environmental overlap was visualized with a PCA.

We tested the significance of this metric by comparing the realized niche overlap
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against a null distribution of 1,000 overlaps randomly generated from the reshuffled
occurrence dataset and tested whether niche background and niche equivalency
were different from those expected by chance at a = 0.05 (62). This was done using
the entire distribution of the entities under comparison (niche overlap test = NOT)

and using only the area where they overlap (niche divergence test = NDT) (62).

Results

Species data, species distribution modelling and environmental variables

importance

We collected a total of 68,877 records for 46 species (n=67,865), 37 cases
interspecific hybrids (n=164), and 34 cases of intraspecific hybrids (n=848) in
Heliconius (Table S1.1 and Table S1.2). From the species records we discarded
13,476 records as they could not be reliably georeferenced, thus leaving us with
54,392 records. For species modeling, these were further subject to pruning, which
left a total of 13,661 records (Table S1.3). There was considerable variation in the
sampling effort across the phylogeny. For example, species of the erato and
silvaniform clades are well represented, whereas species from the aoede clade had
the lowest number of records (Figure S1.1). The variables retained and used to
model species distributions and diversity metrics were: (i) min temperature of coldest
month, (ii) altitude, (iii) precipitation of coldest quarter, (iv) isothermality, and (v)
precipitation seasonality (Figure S1.2). The maximum absolute pairwise correlation
between min temperature of coldest month and precipitation of coldest quarter was
0.436. The four algorithms we implemented were accurate in predicting the
distribution of species, but their combination (ensemble) was the most accurate
(Figure S1.3). In total, we generated 44 species distribution models for Heliconius
species. These are deposited in ZENODO
(https://doi.org/10.5281/zen0d0.5149294).
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We found that environmental variables are better predictors of the distribution of
Heliconius compared to topography. For instance, current temperature
(isothermality) explains the distribution of 14 species (Figure 1.1A, B) and
precipitation explains the distribution of 24 species (Figure 1.1C, D). In contrast,
altitude explains the distribution of only five species (Figure 1.1E). No single variable
was correlated with the entire distribution of the genus (Figure 1.1F), but we
observed some general patterns. For example, isothermality explained the
distribution of widely distributed species and trans-Andean species (i.e., west of the
Andes; Figure 1.1A, B). Also, precipitation of the coldest quarter explains the
distribution of species that occur in the biogeographic Choco + Costa Rica while
precipitation seasonality explains the distribution of cis-Andean species (i.e., east of
the Andes) + the Pacific of Ecuador (Figure 1.1C, D). Altitude explains the

distribution of species restricted to the eastern foothills of the Andes and highland



Andean species (Figure 1.1E). Interestingly, we did not find a single variable that
was better correlated with the distribution of H. charithonia (Table S1.4).
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Figure 1.4 Co-occurring and hybridizing species of Heliconius. Green: species pairs with
equivalent environmental niches, blue: species pairs with divergent environmental niches,
and salmon: species pairs with inconclusive results. Numbers indicate the pairs of species
falling into each category.

Diversity metrics: species richness, diversity, endemism phylogenetic maps and

environmental variables importance

We found that higher values of Heliconius species richness are concentrated in the
foothills of the eastern Andes from Colombia to Ecuador, and into the Amazon basin
mainly along the course of the Amazon River (Figure 1.2A). These results were
consistent but more striking in the phylogenetic diversity maps (Figure 1.2B). Also,
species richness has a strong and significant effect on phylogenetic diversity
(adjusted R? 0.9887, p= <2e-16; Figure S1.4). Interestingly, the residuals map
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showed values of phylogenetic diversity below those expected from species richness
in the same regions, indicating that phylogenetic diversity, although high, is
underestimated (blue grids; Figure 1.2C). In contrast, this metric was overestimated
mainly in the Central Andes, the southern Amazon in Brazil, and the northern Chaco
in Bolivia (red grids; Figure 1.2C). The highest values of phylogenetic endemism
were concentrated in: (i) the Pacific coast of Costa Rica and Panama, (ii) the central
foothills of the Eastern Cordillera in Colombia, and (iii) the biogeographic Choco of
Colombia (Figure 1.2D). The pattern of these metrics was not scale dependent, and
the results were highly congruent at 5Km, 10Km (Figures S1.5 and S1.6,
respectively), and 20Km (Figure 1.2C).

The ability of the machine learning models to predict species richness,
phylogenetic diversity, and phylogenetic endemism varied between algorithms
(Figure S1.7). The best algorithms for all diversity metrics were the ensemble model
followed by random forest, while the generalized linear model algorithm had the
lowest predictive accuracy in all metrics (Figure S1.7). The best models predicted
that altitude and isothermality were the most important variables for species richness
and phylogenetic diversity (Figures 1.3A, B). In contrast, the most important variable
for phylogenetic endemism was precipitation seasonality, followed by isothermality
(Figure 1.3C). Finally, the residuals from the spatial regression between
phylogenetic diversity (response variable) and species richness (predictor variable)

were explained by isothermality (Figure 1.3D).

Evaluating the environmental effect on hybridization in Heliconius

We found 18 pairs of hybridizing species in Heliconius. The results of the NOT and
NDT tests based on Schoener’s D revealed that the niches of three of these pairs
(H. melpomene/H. cydno, H. melpomene/H. hecale, and H. hecalesia/H. hortense)
are equivalent (Figure 1.4; Table 1.1) and overlap climatically (D>0.40). In contrast,
12 of these pairs did not show evidence of niche equivalency. These included both
pairs that have extensive geographic overlap (such as H. ethilla and H. numata)

(Figure S1.8) and pairs with a narrow overlap (such as H. erato and H. himera)
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(Figure 1.5). The remaining three pairs (H. beskei/H. ethila, H. timareta/H.
melpomene, and H. charitonia/H. peruvianus) showed inconclusive results (Figure
1.4; Table 1.1). The results of these analyses were deposited in ZENODO
(https://doi.org/10.5281/zen0d0.5149294).
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Table 1.1 Niche overlap test (NOT) and niche divergence test (NDT) between hybridizing species.

Species 1 Species 2

Niche overlap test (NOT)

Equivalency test

Background test

Equivalency test

Niche Divergence Test (NDT)

Background test

Interpretation

p value p
b p value for D (2- p value for value p value p value for
forD 1 D (1-2) for D for D (2-1) D (1-2)

H. melpomene H. cydno 0.4404 0.7924 0.0036 0.0026 0.4904 0.8643 0.0039 0.0027 Niches are equivalent
H. pachinus H. cydno 0.1136 0.2255 0.1264 0.0114 0.1575 0.0100 0.0357 0.0132 Niches have diverged
H. ethilla H. numata 0.3740 0.0020 0.0034 0.0154 0.3733 0.0020 0.0034 0.0182 Niches have diverged
H. melpomene H. ethilla 0.2989 0.0020 0.0154 0.0026 0.3087 0.0020 0.0156 0.0027 Niches have diverged

H. besckei H. ethilla 0.4262 0.9581 0.0149 0.2500 0.6228 0.8104 0.2000 0.1429 Inconclusive
H. melpomene H. heurippa 0.0396 0.0120 0.0536 0.6728 0.0551 0.0020 0.0508 0.8587 Niches have diverged
H. elevatus H. numata 0.3833 0.0579 0.0035 0.0556 0.3939 0.0379 0.0035 0.0526 Niches have diverged

H. timareta melp':r.nene 0.0903 0.7425 0.5182 0.0669 0.1106 0.3433 0.3485 0.0669 Inconclusive
H. melpomene H. hecale 0.5138 0.1936 0.0033 0.0025 0.5243 0.2016 0.0038 0.0026 Niches are equivalent
H. hecale H. elevatus 0.2655 0.0020 0.0385 0.0110 0.2731 0.0020 0.0333 0.0042 Niches have diverged
H. erato H. chestertonii  0.0405 0.0019 0.6593 0.7804 0.0571 0.0001 0.6087 0.6926 Niches have diverged
H. erato H. charitonia ~ 0.0170 0.0020 0.0050 0.0021 0.2426 0.0100 0.0050 0.0022 Niches have diverged

H. charitonia H. peruvianus  0.0172 0.7226 0.1429 0.8894 0.2404 0.9541 0.1250 0.0135 Inconclusive
H. hecalesia H. hortense 0.4213 1.0000 0.0161 0.0130 0.4799 0.9940 0.0182 0.0323 Niches are equivalent
H. hecalesia H. clysonimus  0.2464 0.0060 0.0032 0.0118 0.2359 0.0020 0.0032 0.0132 Niches have diverged
H. melpomene H. numata 0.4600 0.0200 0.0036 0.0026 0.4843 0.0180 0.0034 0.0026 Niches have diverged
H. timareta H. heurippa 0.2432 0.0998 0.0448 0.1111 0.1821 0.0020 0.0185 0.3103 Niches have diverged
H. erato H. himera 0.0340 0.002 0.02632 0.0322 0.1100 0.0019 0.0333 0.0129 Niches have diverged
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Discussion

We found that Heliconius butterflies display five general distribution patterns,
namely: (i) wide distribution, (ii) trans-Andes, (iii) biogeographic Choco + Costa Rica,
(iv) cis-Andes + Pacific of Ecuador, (v) highland Andes. We also found that three
variables (isothermality, precipitation and altitude) explain these patterns.
Isothermality is a variable that quantifies how daily temperatures oscillate relative to
the annual oscillations (65), and its importance as one of the most explanatory
variables of species distribution is not without precedent. For example, this variable
explains the distribution of frugivorous bats (66), mealybugs (67), Opiliones (68), and
American monkeys (8). Although all Heliconius species are strongly affected by
isothermality, its effect seems to be stronger for widely distributed species and those
with trans-Andean distribution. Interestingly, these species occur in regions with high
and medium isothermality (>460%), that is, in regions that experience temperature
changes throughout the day but keep a constant temperature throughout the year
(65). This suggests that these butterflies are particularly sensitive to long term
changes in temperature, thus limiting their range to tropical areas.

The distribution of species occurring in the biogeographic Choco of Colombia,
cis-Andes and the Pacific of Ecuador is also strongly limited by precipitation
seasonality. Consistently, these regions have either rainforest, monsoon, or savanna
climate, and they are the Neotropical regions with the highest precipitation
(precipitation in the driest month (Pdry) > 60 mm) (69). Previous studies have
suggested that cloudiness and precipitation decrease flying bout duration in
butterflies and, consequently, limit their dispersal (70). Therefore, exceptionally high
levels of precipitation in such regions may act as population traps, preventing
butterflies from flying over longer distances and keeping them in a single region (27).
This finding agrees with previous studies in South America, where precipitation
shapes the distribution of multiple vertebrates and invertebrates (71-74).

In addition, altitude was the best predictor for the distribution of Heliconius
species that can reach elevations up to 2600 masl, which is considerably higher than
the elevational range occupied by other members of the genus (<2200) (28).
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Therefore, it is likely that these highland species have morphological or physiological
modifications that allow them to expand their elevational range and occupy new
niches. In fact, highland Heliconius are known to have rounder wings compared to
lowland species, and this has been suggested to aid them flying dense cloud forest
or compensate for the lower air pressure found at higher altitudes (75). Also,
comparisons among different populations of Heliconius have revealed that highland

populations are less tolerant to heat (76), which may limit their distribution range.
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Figure 1.5 Assessment of niche similarity. As an example, we show the Niche Overlap Test
(NOT-top row) and Niche Divergence Test (NDT—bottom row) between H. erato (species
1) and H. himera (species 2), but other comparisons can be found in ZENODO
(https://doi.org/10.5281/zenod0.5149294). (A, D) Environmental space of species 1; (B, E)
environmental space of species 2; and (C, F) difference in the environmental space (E-space)
of two species and Niche E-space Correlation Index (NECI). When NECI was higher than
0.5, we corrected species occupied niches by the frequency of E-space in accessible
environments. Significance of NOT and NDT can be found in Table 1.1. Equivalency statistic
and niche background statistic for each NOT and NDT can be found in
https://doi.org/10.5281/zenodo0.5149294.

The foothills of the eastern Andes and the Amazon basin appeared as the regions
with highest Heliconius species richness, which confirms the findings of a previous
study done for the subfamily Heliconiine at a higher scale (50 Km) (28). Interestingly,
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both of these regions are known to present unusual concentrations of contact zones
and hybrid zones (i.e. suture zones) (77,78), which may explain the richness they
exhibit. Also, altitude, isothermality and precipitation were the variables best
correlated with this metric. This may be due to the elevational gradient found at the
foothills of the eastern Andes, which offers multiple ecological niches thus favoring
diversification rates (79-82). Additionally, there are several climate-based
hypotheses that seek to explain broad-scale diversity patterns, and water and energy
have emerged as crucial influencers of species richness (83). In particular, the water-
energy dynamics hypothesis argues that species richness increases in places where
liquid water and optimal energy conditions provide the greatest capacity for biotic
dynamics (84). The Amazon and foothills of the eastern Andes are regions with near
constant hot-warm temperature throughout the year and have a permanent liquid
water supply (8,27) thus ensuring an optimal water-energy dynamic. The latter
translates into constant availability of plants for butterflies, including host plants for
immature and pollen for adults, and continual interactions between individuals, which
may be correlated with the high species richness we detected.

Similar to other studies, patterns of phylogenetic diversity were similar
(although not identical) to richness (85—88). Interestingly, areas with highest species
richness got low phylogenetic diversity (Figure 1.2C, blue grids), which may be a
consequence of the recent increase in diversification rate in Heliconius (4.5 Ma) and
the consequent co-occurrence of multiple young species in the Amazon and foothills
of the eastern Andes (28,54). In agreement with this observation, previous research
in both animals and plants have found high phylogenetic diversity in the eastern
Andes of Colombia, Peru and Ecuador (88-92).

The highest phylogenetic endemism was found in the central eastern Andes
of Colombia, and this result is possibly due to the restricted range of the species
Heliconius heurippa (Figure 1.2D, area H1). However, we cannot rule out this result
as an overestimation since the phylogenetic tree that we used (54) considers this
taxon as a separate species and not as part of H. timareta (as recently
hypothesized). If H. heurippa had been included within H. timareta, which has a

wider distribution range, it is likely this result on phylogenetic endemism does not
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hold. Additionally, the pacific region of Costa Rica, Panama and Colombia show
intermediate values of phylogenetic endemism that resulted from the presence of
species that have reduced geographic range and are either long-branch species
(e.g., Heliconius godmani) or species for which no close relatives are known (e.g.,
Heliconius hewitsoni) (Figure 1.2D, area H2 and H3 respectively). These regions
were previously described as highly endemic phylogenetically for plants (93),
terrestrial mammals (94), birds and amphibians (95). Interestingly, there were
several species that, although are considered as geographically endemic within
Heliconius, exhibited low values of phylogenetic endemism. However, it is important
to acknowledge that phylogenetic endemism is a concept based on linages rather
than species, and thus, if an endemic species has a narrow range but it is closely
related to a widespread species, its phylogenetic endemism will not necessarily be
low (96). An example of this is Heliconius nattereri, an endemic species from Brazil's
Atlantic Forest that, despite having a narrow distribution, is sister to the widely
distributed Heliconius ethilla (Figure 1.2D, area H4). Similarly, Heliconius atthis is
restricted to the Ecuadorian and Peruvian Pacific, but it is sister to the widely
distributed Heliconius hecale (Figure 1.2D, area H5). In our study we found that high
precipitation and near constant hot-warm temperature throughout the year are
strongly correlated with phylogenetic endemism, which agrees with studies that point
a role for temperature in promoting endemism by reducing extinction rates and
increasing population sizes in small areas (94,97,98).

Our environmental niche analysis showed that hybridizing species do not
necessarily share the same climatic space despite some of them having largely
overlapping geographic distributions. This is the case of H. ethilla and H. numata,
which frequently co-occur throughout their distribution, but there are some regions
with an extreme climate such as the Pacific coast of Colombia (a humid jungle) and
the Colombian Magdalena valley (which has a marked precipitation gradient, being
humid in the north and dry in the south), where H. ethilla but not H. numata occur
(Figure S1.9). This suggests that the former species has a broader climatic
tolerance. We also detected differences in the environmental niche between pairs of

hybridizing species that rarely overlap geographically, but when they do, they
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hybridize. For example, H. erato and H. himera occupy contrasting environmental
niches in Ecuador (99), where H. himera lives in dry forests while H. erato inhabits
wet forests of the Andes (Figure 1.5). Similarly, the hybridizing H. erato (H. e. venus)
and H. chestertonii meet in an environmental transition zone between wet and dry
forest in the Colombian Andes (100); Figure S1.8).

In summary, we confirmed that, at large scales, the distribution of Heliconius,
its richness, diversity, and phylogenetic endemism are mainly shaped by a
combination of high annual energy (i.e., hot-warm temperature), constant water
supply, and an extraordinary topographic complexity. However, species distributions
are thought to result from dynamics occurring at multiple spatial scales. Therefore,
including microclimate variables and ecological interactions would provide an in-
depth understanding of the multiscale drivers of distribution, niche range and
phylogenetic processes (76,101). Our study confirms the richness and diversity of
areas already identified in other taxa, thus strengthening the importance for their

conservation as strategic hotspots of biodiversity.
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CHAPTER 2.

Three potential sex chromosome — autosome fusions in

Heliconius butterflies

Introduction

Sex chromosome-autosome (SA) fusions contribute to the turnover of sex-
determination loci or the evolution of neo-sex chromosomes (1-3), but it remains
unclear what promotes them. Sexually antagonistic selection, the sheltering of
deleterious mutations, direct selection, genetic drift or meiotic drive have all been
suggested as possible drivers of SA fusions (4—7). Sexually antagonistic selection is
thought to favour the fusion of sex chromosomes with autosomes harbouring genes
under sexually antagonistic selection (8). There is limited evidence for this theory
e.g. in sticklebacks (1) and warblers (9). An alternative hypothesis is deleterious
mutation sheltering, where SA fusions are favoured because they prevent the
expression of recessive deleterious alleles in the heterogametic sex (4). SA fusions
can also become fixed due to meiotic drive (or holocentric drive in holocentric
organisms (10), such as female meiotic drive elements on W/X-A fusions that
preferentially end up in the egg instead of the polar bodies (11).

As with other chromosomal rearrangements, SA fusions can reduce
recombination and potentially strengthen reproductive isolation if they bring together
barrier loci into regions with reduced recombination (12,13). For instance, in the
Japanese threespine stickleback Gasterosteus aculeatus, an SA fusion resulted in
a neo-X chromosome that linked loci underlying behavioural isolation traits and
hybrid sterility (5). SA fusions may also facilitate adaptation, such as the SA fusion
in Cydia pomonella (Tortricidae), which apparently linked two insecticide-resistance

genes and genes involved in detoxifying plant metabolites (14).
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Genomic studies have revealed that SA fusions have occurred multiple times
across vertebrates (7,15,16), and in some invertebrates such as mygalomorph
spiders (17), Drosophila (18) and true bugs of the genus Dysdercus (19). In
Lepidoptera, examples of SA fusions include Danaus (20,21) and Leptidea
butterflies (3,22), among others (14,23-25). Compared to taxa with a single
centromere per chromosome, the holocentric chromosomes of Lepidoptera may
facilitate fusions, as they are less likely to cause segregation problems during
cytokinesis and thus reduce hybrid fitness (26). Nonetheless, butterflies and moths
have remarkably constrained chromosome evolution (27), with most species having
a ZW or Z0 sex determination system and a haploid chromosome number ranging
between 28 and 32 except for a few groups that have experienced extensive fission
and fusion events (28). One of such cases are the Heliconius butterflies, which
mostly have 21 chromosomes due to ancestral fusions (29). Only a few species in
the genus differ from this ancestral chromosome number, especially species in the
sara/sapho clade, with some having up to 60 chromosomes (30). This clade
comprises 12 species (31), and differs from other Heliconius by showing an inability
to synthesise cyanogens, leading to reliance on toxins sequestered from larval host
plants (32,33). A subclade of seven species within the sara/sapho clade shows
particularly high diversification rates (34) and high number of chromosomes (30).

We generated whole genome resequencing data for 114 individuals from
these seven species in the sara/sapho clade to: (i) investigate genome-wide
phylogenetic relationships, (ii) determine the degree of genomic differentiation
between species and subspecies, and (iii) explore the impact of chromosomal
rearrangements. Despite a high number of chromosomes in this clade, suggesting
many chromosomal fissions, we find at least three SA fusions across five species,

making them a prime study system for the evolution of neo-sex chromosomes.

Materials and Methods

Genome assembly of Heliconius sara
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We used a female of H. sara (SAMEA5394385; Table S2.1) to generate an
assembled genome for this species. We assembled the genome by combining
PacBio, HiC and 10X data, all generated by the Tree of Life Programme and the

Wellcome Sanger Institute (https://www.sanger.ac.uk/programme/tree-of-life/). The

libraries were produced following the manufacturer’s guidelines. We sequenced four
SMRT (single-molecule real-time) cells with the PacBio Sequel Il system. Dovetail
Hi-C data was sequenced on a HiSeq X Ten platform. A 10X Genomics Chromium
linked-read sequencing library was sequenced with 150-bp paired-end reads on four
lanes on an lllumina HiSeq X Ten platform.

An Initial contig assembly was generated from the PacBio CLR data using
wtdbg2 v2.2 (35) . The PacBio data was then used to polish the contigs using Arrow

(https://github.com/PacificBiosciences/GenomicConsensus). The 10X Chromium

linked-reads were then mapped to the assembly using Longranger v2.2. (10X
Genomics), variants called using freebayes v1.1.0-3-g961e5f3 (36) . Next, the
assembly was polished using BCFtools consensus v1.9 (37) by applying
homozygous non-reference calls as edits. The 10X linked-reads were then used to
scaffold contigs using Scaff10X v2.3 (https://github.com/wtsi-hpag/Scaff10Xx). A

round of manual curation was performed on these polished scaffolds using gEVAL

(38) . Lastly, Dovetail Genomics Hi-C data was used to scaffold the assembly further
using SALSA v2.2 (39), followed by another round of manual curation with gEVAL
(38). The chromosome-scale scaffolds were named by synteny to the Heliconius
melpomene melpomene assembly Hmel2.5 in LepBase. We assessed the genome

contiguity with gnx-tools (https://github.com/mh11/gnx-tools/blob/master/README)

and genome completeness with BUSCO v5.1.2 (40) using the Lepidoptera gene set.
Sample collection for genome resequencing
We collected 114 individuals of Heliconius from 7 species and 18 subspecies in the

sara/sapho clade across their distribution range: 48 H. sara, 2 H. leucadia, 21 H.

antiochus, 13 H. sapho, 3 H. hewitsoni, 17 H. eleuchia and 10 H. congener (Table
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S2.1). The body of each was preserved in NaCl-saturated DMSO solution and stored

at -80°C; wings were kept for phenotype reference.

Whole-genome resequencing and genotype calling

Genomic DNA was extracted from thoracic tissue using a DNeasy Blood and Tissue
Kit (Qiagen). Library preparation and whole-genome lllumina resequencing (PE
reads) was carried out on lllumina’s HiSeq X system by Novogene (Beijing, China),
with 30X coverage per individual. We also downloaded two samples of H. charithonia
(SRR4032025 — SRR4032026) from SRA (https://www.ncbi.nlm.nih.gov/sra) to

include them as outgroups in phylogenetic analyses. The H. sara genome (HelSar1)

was used as a reference to map the reads of each individual using BWA mem
v0.7.12 (41) with default parameters. We then used samtools v1.12 to sort and index
the alignment files (42). PCR-duplicate reads were identified and removed using
Picard tools v2.9.2 (43), and variant calling was conducted with Haplotype Caller
(GATK, v3.7.0) in BP-resolution mode (44). Then, samples were jointly genotyped
using GATK’s GenotypeGVCFs (44). We used vcftools v0.1.14 (45) and the final
VCF to calculate: (i) mean depth per individual and site, (ii) quality per site, (iii) the
proportion of missing data per individual and (iv) the proportion of missing data per
site, and (v) percentage mapping per individual. Based on these results, we kept
sites with quality value (--minQ) = 30 and less than 5% missing data. We also
excluded sites with a depth below 5 and mean depth per individual more than 1.5
times the mean to exclude paralogous regions (46). For this, we used the custom
script remove TooHighDepthSites.sh from

((https://github.com/joanam/VictoriaRegionSuperflock/BashPipelines). We removed

sites with excess heterozygosity using the vcftools option --hardy and a p-value cut-
off of <1e-5. Finally, we checked our samples for contamination or other issues
generating erroneous heterozygotes using the python script checkHetsIndvVCF.sh
by David Marques, and modified by Jessica Rick

(https://qgithub.com/jessicarick/lates-popgen/blob/master/scripts/).
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Phylogenetic analysis

We generated a whole-genome ML tree using a vcf containing all sites as input in
RAXML v8.2.9 (47), with the GTRGAMMA model and 100 bootstrap replicates. We
applied the same procedure to obtain ML trees for each chromosome. In all cases,

H. charithonia was set as outgroup.

Population structure and shared ancestry

We performed a principal component analysis (PCA) to study the genetic structure
of populations. We filtered out monomorphic or multiallelic sites, and sites with minor
allele frequency (MAF) smaller than 0.1 with vcftools (45). To reduce the linkage
disequilibrium effect, we used the python script [dPruning.sh from
(https://github.com/joanam/scripts), which removes sites with r?>0.2 in windows of
50 Kbp sliding by 10 Kbp. This resulted in a vcf file with 3,685,916 high-quality SNPs
sites. We conducted the PCA using Plink v2.0 with default parameters (48,49).

We analysed patterns of population structure using the R package lostruct

(50) on chromosomes revealing sex-clustering phylogenies. We performed this
analysis between pairs of species (H. eleuchia - H. congener and H. sapho - H.
hewitsoni), and between subspecies of H. antiochus. We first divided the
chromosomes into non-overlapping windows of 100 SNPs and then performed a
PCA for each window to identify regions that might indicate variation in the
chromosome structure. We next used a two-dimension space multidimensional
scaling (MDS) analysis to illustrate how dissimilar the patterns of relatedness are
between each pair of windows. We then manually selected sets of windows to
calculate PCAs and test which regions do not group samples by species. Finally, we
used R (51) to visualise the PCA results and plot the first two MDS coordinates
against the midpoint of each window to visualise variation across the genome.

The genetic ancestry of each sample was estimated using ADMIXTURE v.

1.3.0 (52). Input data were prepared using the same procedure for the genome wide
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PCA analysis. We used K = 1-6 clusters and the cross-validation method to estimate

the best K value. All other parameters were set to default.

Patterns of genetic differentiation

We calculated Fst and Dxy by pairs of sister species and by subspecies along
chromosomes in non-overlapping 50 Kbp windows. Because H. antiochus did not
have a sister species, we calculated these statistics between Andean and
Amazonian subspecies. Windows that contained less than 2,500 high-quality
genotyped variable sites were rejected. We used a dataset including SNPs and
monomorphic sites and the popgenWindows.py script from

(https://qgithub.com/simonhmartin/genomics_general).

Patterns of heterozygosity and mean depth by chromosome

To study chromosomes with Fst and Dxy patterns different from the genome
average, we used the options --het and --depth of vcftools v. 0.1.14 (45), and
calculated heterozygosity and mean depth per chromosome for each individual of
each species. We also calculated these statistics in 50 Kbp non-overlapping sliding
windows along the ‘outlier’ chromosomes identified. On these, we calculated 1
specifying each individual as its own population, so ™ became a measure of
heterozygosity. This was done with the Python script popgenWindows.py from

(https://github.com/simonhmartin/genomics_general). We then averaged these

values across all individuals of the same sex and species. For depth, we first
generated a file containing the mean depth per site averaged across all individuals
of the same sex and species using the --site-mean-depth option of vcftools v. 0.1.14
(45). We then wused the R package windowscanr v. 0.1 from

(https://github.com/tavareshugo/\WindowScanR) to calculate the mean of the mean

depth per species, per sex, and per window. The few individuals of H. hewitsoni and
H. leucadia were not included in the sliding windows analysis. Statistical tests were

applied to assess significant differences in heterozygosity and mean depth between
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sexes and between chromosomes. As the data were not normally distributed, we
performed a Wilcoxon signed rank test to compare sexes. To assess differences
between chromosomes, we applied a Kruskal-Wallis test and a post hoc test

(pairwise Wilcoxon test for Kruskal-Wallis).

Results

Genome assembly

The final assembled genome was 349 Mb (with 46,300 bp of Ns) in 399 scaffolds,
with scaffold size increasing from 2,007 bp to 22.4 Mb, and with a N50 of 17.8 Mb
which is better than the currently best Heliconius reference genomes (H.
melpomene: 14.3 Mb, H. erato demophoon: 10.7 Mb). Hi-C assigned 36 scaffolds to
20 chromosomes and the Z chromosome, whilst the remaining 363 scaffolds were
unassigned. The BUSCO completeness is 98.4%, of which 98.2% are single-copy
BUSCOs.

Whole-genome resequencing dataset

A total of 114 individuals were successfully sequenced and 112 were included in
downstream analyses. The average mapping percentage to the H. sara genome was
95.56% (range: 77.38% - 99.14%; Table S2.1). Two individuals with a particularly
high proportion of missing data (19.5% and 39.5% respectively) and low mean
coverage (7.4X and 9.1X, respectively) were excluded from further analyses (Table
S2.1 and Figure S2.1). In contrast, H. sara and H. leucadia had <10% missing data
per individual, much less than any other species (Figure S2.1) and likely explained
by close similarity to the reference genome. The mean coverage of all other samples
ranged between 10X and 27X (Table S2.1 and Figure S2.1).

34



Phylogenetic relationships

The ML phylogenetic tree obtained with 183,282,470 sites separated individuals into
groups consistent with both PCA and ADMIXTURE analyses, and revealed two main
clades: (i) the sara clade and (ii) the sapho clade (Figure 2.1). The sara clade is
composed of two species, namely H. sara and H. leucadia, where H. sara is
subdivided into an Andean subgroup (H. s. magdalena, H. s. sprucei, and H. s.
elektra) and an Amazonian subgroup (H. s. sara). The sapho clade is split into two
well-resolved lineages (H. antiochus and a clade composed of two monophyletic
groups: H. eleuchia/H. congener and H. sapho/H. hewitsoni). In this case, H.
antiochus appeared as a monophyletic group split into an Andean clade (H. a.
aranea and H. a. araneides), and an Amazonian clade (H. a. antiochus and H. a.
salvini; Figure 2.1). H. antiochus nested into the sapho clade whereas H. hewitsoni
was found as sister to H. sapho thus resolving the previously undetermined position
of these species (34).

We found strong phylogenetic incongruence across chromosomes. For
instance, the whole-genome topology was only recovered in eight chromosomes
(Chr1, Chr2, Chr10, Chr11, Chr13, Chr15, Chr18, and Chr19; Figures 2.2A and
S2.2-S2.22), while nine chromosomes showed H. congener varying its position in
the phylogeny and appearing as sister either to H. e. eleuchia or to a clade composed
of H. e. eleusinus + H. e. primularis (Chr3, Chr4, Chr6, Chr8, Chr9, Chr12, Chr17,
Chr20, and Chr21; Figures 2.2A and S2.2-S2.22). Similarly, the position of H.
hewitsoni in relation to H. sapho varied in eight chromosomes (Chr5, Chr6, Chr7,
Chr14, Chr16, Chr17, Chr20, Chr21; Figures 2.2A and S2.2- S2.22).

Interestingly, we found sex-specific clustering on Chr4, Chr9 and Chr14
(Figure 2.2B). In Chr4, all species in the sapho clade showed females and males
clustering separately, while males of H. congener and H. eleuchia formed a clade
apart from their conspecific females (Figure 2.2B). In the case of H. antiochus, H.
sapho, H. hewitsoni, females do not group by sex among themselves because, like
H. congener and H. eleuchia, they are heterozygous for sex-specific haplotypes.

However, in these species, the non-female specific copy of Chr4 is highly divergent
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between them. This sex clustering pattern was also observed on Chr9 for H. sapho
and H. hewitsoni (Figure 2.2B). In addition, males and females of H. eleuchia and H.

congener also formed a clade in Chr14 (Figure 2.2B).
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Figure 2.1 Phylogeny and distribution of the sara/sapho clade. Genome-wide ML
phylogeny, highlighting the position of the sara and the sapho clade, with bootstrap support
values on the branches. The distribution of all 17 subspecies in the clade from (53) is shown,
where dots represent sampling locations for the present study. Each of the 17 subspecies is
represented by a unique colour, that is the same in the phylogeny and the distribution. The
chromosome number of each species is shown in gray rectangles. These values were taken
from (54).

H. hewitsoni

Population structure and shared ancestry

The PCA grouped samples into three main groups: (i) H. sara and H. leucadia
(hereafter sara clade), (ii) H. antiochus, and (iii) H. eleuchia, H. congener, H. sapho

and H. hewitsoni (hereafter sapho clade). The first two principal components
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explained 60% (PC1) and 10% (PC2) of the total variance. PC1 separated the sara
clade and H. charithonia (outgroup) from H. antiochus and the sapho clade, whereas
PC2 separated H. antiochus from the sapho clade. H. sapho was closer to H.
hewitsoni, whereas H. eleuchia was closer to H. congener (Figure S2.23). Results
from ADMIXTURE were largely consistent with the PCA recovering H. antiochus, H.
eleuchia, H. sapho and H. congener as independent groups. We also identified the
Andean subspecies of H. sara (H. s. magdalena, H. s. sprucei, and H. s. elektra) and
the Amazonian subspecies of H. sara (H. s. sara) as separate groups. H. hewitsoni
and H. leucadia could not be correctly assigned as a separate group due to the low
number of samples. ADMIXTURE analysis did not reveal any evidence of recent

introgression among species (Figure S2.24).
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Figure 2.2 ML phylogenies inferred genome-wide and per chromosome. A) Topologies
found across the genome. Purple: genome-wide topology. Green: H. congener within H.
eleuchia. Orange: H. hewitsoni as sister to H. congener + H. eleuchia. Brown: H. hewitsoni
as sister to H. congener + H. eleuchia + H. sapho. Chromosomes are shown in the bottom,
with coloured triangles indicating the topology revealed by each of them. B) Topologies
showing sex-specific grouping within some species, which is indicative of SA fusions in
Chr4, Chr9 and Chr14. In these species, females are coloured in red and males in blue.
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The local PCA confirmed the sex specific patterns on Chr4, Chr 9 and Chr14
(Figures 2.3 and S2.25-S2.29). The MDS analysis summarising the PCA results of
each 100 SNP window on Chr4 in H. eleuchia, H. congener, H. sapho and H.
hewitsoni revealed two clusters, one of windows grouping the individuals by species,
and the second grouping the individuals by sex (Figures 2.3A-2.3B and 2.3D-2.3E).
In H. antiochus, all windows in Chr4 cluster individuals by sex (Figure S2.27). Chr14
behaves like Chr4 but only in H. eleuchia and H. congener, where sex-grouping is
observed across the entire chromosome except for the ends, where grouping is by
species (Figure S2.28). Finally, Chr9 shows a pattern where PC1 of each window
groups H. sapho and H. hewitsoni individuals by species and PC2 groups them by
sex (Figure S2.29). Strikingly, in all species, sex-grouping windows are scattered
along Chr4, Chr9 and Chr14 (Figures 2.3C, 2.3F and S2.28C).
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Figure 2.3 Local PCA in 100 SNP windows on Chr4 reveals grouping by sex across the
entire chromosome. A) two-dimensional MDS plot of the distribution of 100 SNP windows
along Chr4 for the H. congener/H. eleuchia clade, B) PCA plots for the black and grey
windows in A). C) Actual distribution for the black and grey windows in A) along Chr4. D)
two-dimensional MDS plot of the distribution of 100 SNP windows along Chr4 for the H.
sapho/H. hewitsoni clade. E) PCA plots for the black and grey windows in D). F) Actual
distribution for the black and grey windows in D) along Chr4. Each point in A) and D)
represents one window. Black: windows that cluster by sex in the local PCA. Grey: windows
that cluster by species in the local PCA. Each individual in B) and E) is represented by a
point with a species-specific symbol and colour according to its sex. The female symbol for
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H. congener aquilionaris is missing because there are no female specimens of that subspecies
available.

Patterns of genetic differentiation

Genomic differentiation (Fst) was strongest between H. sapho vs. H. hewitsoni
followed by H. congener vs. H. eleuchia, and Andean vs. Amazonian H. antiochus
(average Fst =0.33, 0.26, and 0.07 respectively; Figure 2.4). H. sara vs. H. leucadia
were the least differentiated pair (average Fst = 0.05, Figure 2.4). In contrast,
absolute divergence (Dxy) was highest in H. sara vs. H. leucadia while all other
species pairs exhibited a similar degree of divergence (Figure 2.4). We also
observed elevated Fst values on the Z chromosome compared to autosomes in all
but one comparison (H. eleuchia vs. H. congener; Figure 2.4). Interestingly, Chr4
shows lower Fst values and increased Dxy values (in all comparisons but H. sara vs.
H. leucadia). Only in H. sapho vs. H. hewitsoni Chr9 showed lower Fst but did not
show higher Dxy (Figure 2.4). Chr14 behaves like Chr9 but only in H. eleuchia and
H. congener (Figure 2.4). The same pattern was true when we compared Fst and
Dxy between subspecies (Figures S2.30 — S2.33). Interestingly, Fst values peaked
at the end of Chr14 when comparing between subspecies of H. congener, in the
same region that groups individuals by species and not sex in the local PCA (Figure
S2.30).
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Figure 2.4 Genome-wide divergence (FST and DXY) between pairs of species in the
sara/sapho clade. Each dot represents a chromosome, and chromosomes with evidence of
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SA fusions are colour coded. Analyses for pairs of subspecies are shown in Figures S2.30
and S2.33.

Sex-specific differences in heterozygosity and coverage on multiple chromosome

The grouping by sex we observed in the local PCA and the trees exclusively of Chr4,
Chr9 and Chr14 suggest possible fusions between these autosomes and the Z or W
chromosome (females of Heliconius are ZW and males are ZZ). Because females
of Lepidoptera lack crossing over, and their meiosis is achiasmatic, they do not
recombine (55). This means that, if the Z chromosome is involved in the fusion
(Figure 2.5A), only females would have unfused autosomes that would tend to
accumulate mutations and/or structural variants leading to divergence from its (now
fused) homologous. Alternatively, if the W chromosome is involved in the fusion
(Figure 2.5B), the SA fusion would be restricted to females and the fused SA
chromosome would tend to accumulate mutations and/or structural variants leading
to divergence from its unfused homologous. Both scenarios would lead to high
heterozygosity and low depth in females due to poor mapping (Figure 2.5).
Consistently, Chr4, Chr9 and Chr14 showed striking sex-specific differences in
heterozygosity in multiple species, supporting three sequential fusions of these
chromosomes with the Z or W chromosomes (Figures 2.6A and 2.6B). The strongest
difference in heterozygosity was observed on Chr4, where females of H. eleuchia,
H. congener, H. sapho, H. hewitsoni and H. antiochus showed much higher
heterozygosity than males (Figure 2.6B). In H. eleuchia and H. congener, females
also showed very high heterozygosity on Chr14, and in H. hewitsoni and H. sapho,
on Chr9 (Figure 2.6B). Differences between males and females were significant on
these 3 chromosomes for all species of the sapho clade (Wilcoxon test, p <0.01,
Figures S2.34-2.38), except for H. congener and H. hewitsoni where differences
could not be tested due to low sample size. Heterozygosity of Chr4 for females was
also significantly higher than for the other chromosomes in H. eleuchia, H. sapho, H.
antiochus (Wilcoxon test, p <0.01, Figure S2.36A). The same was true for Chr14 in
H. eleuchia and Chr9 in H. sapho (Wilcoxon test, p <0.01, Figure S2.36A).
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Females of H. eleuchia, H. sapho, H. hewitsoni and H. antiochus have reduced mean
depth on chromosome 4, whereas the mean depth on that chromosome in males is
normal (Figure 2.6B). These differences were significant in H. eleuchia, H. sapho,
H. antiochus (Wilcoxon test, p < 0.01; Figure S2.34). However, this pattern was not
true for Chr14 in H. eleuchia and H. congener, nor Chr9 for H. sapho and H.
hewitsoni (Figures 2.6B and S2.35). The mean depth of Chr4 was also lower than
that of all other chromosomes in females of H. eleuchia, H. sapho and H. antiochus
(Wilcoxon test, p < 0.01; Figure S2.36A). However, this was not true for Chr14 and
Chr9 (Figure S2.36A).
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Figure 2.6 Genome-wide topology and patterns of heterozygosity and depth across the
genome. A) Genome-wide topology with orange squares highlight clades where SA fusions
were detected, and the SA fusion is specified. B) Standardised proportion of heterozygosity
sites and standardised mean depth per chromosome in each species (**p<0.01). Each line
corresponds to one individual.

The sliding window analyses on Chr4, Chr9 and Chr14 revealed that the excess
heterozygosity in females is present in most windows along the entire chromosomes
(i.e., it is not concentrated in a single continuous region; Wilcoxon test, p <0.01,
Figures 2.7 and S2.37-S2.39). Also, mean depth values were significantly lower for
females than males in most windows on Chr4 (H. eleuchia, H. congener, H. sapho
and H. antiochus), Chr9 (H. sapho) and Chr14 (H. eleuchia and H. congener)
(Wilcoxon test, p <0.01, Figures 2.7 and S2.37-S2.39). Interestingly, one female of
H. congener has a region of eight windows on Chr4 with very high sequencing depth
(Figure 2.7). There are also few windows on Chr4, Chr9 and Chr14 where females
exhibited both lower heterozygosity and mean depth than males (Figure 2.7). H. sara

and H. leucadia were the only species in the clade that did not show sex-specific
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patterns in heterozygosity and mean depth in Chr4, Chr9 and Chr14 (Figures 2.6B
and 2.7). Interestingly, the heterozygosity in females of H. congener dropped at the

end of Chr14 to values similar to those of the males (Figure S2.39).
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811 =7 42 736 | 10710 *¥ 17431

Proportion of Het sites
o ° <

Mean depth

Figure 2.7 Patterns of heterozygosity and depth across chromosome 4. Proportion of
heterozygosity sites and mean depth in 50Kb sliding windows in each species. Males are
shown in blue and females in red, and their # is shown in the top right corner of each panel.
Shadowed regions are those where females show very low sequencing depth and no
heterozygous sites, suggesting that the female-limited haplotype diverged enough to become
unmappable to the H. sara reference genome.

Discussion

We find evidence for the fusion of three autosomes to sex chromosomes in the
evolution of the sara/sapho clade. The patterns of (i) sex-specific clustering in the
phylogenies and local PCA, (ii) low Fst on Chr4, Chr9 and Chr14, and (iii) high
female heterozygosity seen on these chromosomes suggest fusions of a sex
chromosome with these autosomes. As females are the heterogametic sex in
butterflies and show no recombination, SA fusions should generate female-specific
haplotypes that do not recombine with the unfused chromosomes. This results in
high heterozygosity in females and increases variation within populations and
reduces variation between them, as females share haplotypes with females from
other populations, thus generating the observed reduced Fst pattern. Chr4 shows

sex-specific clustering and high female heterozygosity throughout the chromosome
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in all five species of the sapho group, indicating that either the Z or W fused with
Chr4 in the ancestor of the sapho group. In line with an old fusion and increasing
degeneration, females show a very high proportion of heterozygous sites in most
parts of the chromosome, whereas in other parts of this chromosome, females show
very low sequencing depth and no heterozygous sites, indicating that the female-
limited haplotype diverged enough to become difficult to map to the H. sara reference
genome. Similar, but less strong patterns of female-biased heterozygosity and sex-
specific clustering in phylogenies are found on Chr9 in H. sapho and H. hewitsoni
and on Chr14 in H. eleuchia and H. congener. In line with younger fusions with only
weak degeneration, the sequencing depth of females matches that of the males on
those chromosomes, indicating that the female-specific haplotypes still map well to
the H. sara genome. In summary, we find three independent SA fusions in the sapho
clade, each shared by two to five species (Figure 2.1). It is unknown if the autosomes
are fused with the Z or W chromosome, as both types of SA fusions would lead to
female-limited haplotypes that no longer recombine (Chr4/9/14 in the ZA fusion and
Chr W + Chr.4/9/14 in the WA fusion; Figure 2.5). Long-read sequencing data will
be required to distinguish between these possibilities. No SA fusions have been
reported previously for any Heliconius butterflies.

The finding of multiple SA fusions in the sapho group is particularly striking,
since this group is known for its high number of chromosomes compared to all other
Heliconius species. While most Heliconius species have 21 chromosomes, H.
eleuchia eleusinus have 56-57 chromosomes, and H. eleuchia and H. congener
have 37 and 33 chromosomes, respectively (54). This clearly suggests many
chromosomal fission events, but surprisingly, our results show that SA fusions also
occurred in this group. In all species, the sex-linked chromosomes show even
patterns of increased heterozygosity and clustering by sex across, except for the
end of Chr14 in H. congener. This indicates that the many chromosome fission
events in the sapho group appear to have had little impact on the chromosomes that
were fused with the sex chromosomes.

While we do not have evidence for an adaptive role of the SA fusions in the

sapho group, the fact that SA fusions occurred three times and remained fixed in
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multiple species, suggests that they are at least not deleterious, or that any
deleterious effect is masked. In the latter scenario, low recombination around the SA
fusions would force their sex-specific transmission and result in a permanent
heterozygosity that protects against the expression of deleterious recessive
mutations load and favours the accumulation of adaptive mutations (4). Alternatively,
selection for suppressed recombination as a result of SA fusions could lead to sex-
determining genes being tightly linked to sexually antagonistic loci on Chr4/9/14,
thus coupling sex-specific beneficial alleles (1,7,9). Also, the SA fusions may have
contributed to the particularly high diversification rate in this clade if they linked
together barrier loci in regions with reduced recombination (12).

This is the first genomic study focused on the sara/sapho clade. The inclusion
of multiple species and subspecies of this clade from a broad geographic range
allowed us to redefine some of the relations previously reported (34), and to identify
the effect of geography in shaping diversity. The phylogenetic position we found for
H. antiochus and H. hewitsoni contrasts with previous amplicon based phylogenies
(32,34) but agrees with a recent whole genome phylogeny based on de novo
genome assemblies (56), suggesting that the phylogenetic relations we describe for
these two species are the most plausible. We also identified cis and trans-Andean
lineages for H. sara and H. antiochus, as well as H. congener and H. eleuchia
structured by the Andes. In addition, H. sara was the only species in which we
identified Andean and Amazonian lineages. The driving forces behind the SA fusions
identified here, as well as their role (if any) in the speciation or adaptation of this
clade, remain unknown. Our study adds to a growing number of examples in
butterflies that, in the future, may help to unravel the role of these rearrangements

in the evolution of Lepidoptera and other organisms.
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Chapter 3

Chemical defence variation in Heliconius butterflies:

testing the role of mimicry rings and ecoregions

Introduction

Cyanogenic glucosides (CNglcs) are secondary metabolites found in many plants
where they usually play a role of protection from herbivores (1). The presence of
CNglcs in animals seems to be restricted to arthropods (2), particularly to
Coleoptera, Heteroptera and Lepidoptera (3,4) which obtain them via de novo
synthesis, or more commonly, via sequestration from host plants (5,6). Insects
usually use CNglcs as deterrents due to their bitterness and as defence due to the
release of hydrogen cyanide (HCN) (4,7). These defences are usually coupled with
bright colour patterns (warning signals) that local predators learn to avoid, which is
known as aposematism (8). Because benefits of aposematism to preys increase with
population size, multiple prey species within an area may evolve towards a single
local phenotype thereby leading to local Mullerian mimicry rings (9). The resulting
convergence in colour patterns allows co-mimics to share the cost of teaching
predators and lower the per capita predation risk (10,11). Despite the theoretical
premise that convergence should favour the establishment of a single local Mullerian
ring, there is an immense mimetic diversity in nature even at the population level,
which leads to local polymorphisms. However, the latter is possible if toxic
compounds are deterrent enough to predators (12).

Variation in chemical defences within and between prey populations both in
terms of chemical composition and concentration has been widely documented (13—
16). Although the drivers of this variation are still unknown, frequency dependent
selection and genetic variability may broadly contribute to the toxicity spectrum
(17,18). In species that only sequester CNglcs, toxicity may be constrained by

geographic and temporal availability of host plants (19,20), variation in the
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concentration and/or availability of CNglcs in the host plant (21,22), and
detoxification capacity of the prey to overcome the chemical arsenal of the host plant
(23). In contrast, in prey species that de novo synthesise, variation in the cyanogenic
profile may be affected by age, reproductive state, resource optimisation, as well as
availability of precursors for CNglcs biosynthesis (24,25). Also, because the
protection that CNglcs provide to a prey does not increase with toxin concentration
(12,26), variation in toxicity may be the result of simple drift due to cyanogenic
profiles being selectively neutral (13,27). In this case, the effectiveness of the
warning signal and/or the mimicry dynamics would rely upon the frequency of the
signal rather than the level of toxicity (10). Therefore, it is important to determine
whether variation in toxicity is ubiquitous in communities of mimetic species that are
chemically defended, and if so, investigate the causes behind such variation and its
effects on the mimicry dynamics.

Mimetic butterflies of the genus Heliconius are chemically defended by
cyanogens that they obtain either via de novo synthesis or sequestration from their
host plants (28). Biosynthesis is the most used strategy by these butterflies (29), and
it seems to be more important in generalist (28). In contrast, monophagous
specialists mostly sequester (28,30). For example, some species in the sara/sapho
clade exclusively feed on plants of the subgenus Astrophea from each they obtain
CNglcs, and consequently, their cyanogenic profile contains virtually no
biosynthesised CNglcs (28). Multiple studies have addressed cyanogenic variation
in Heliconius. One compares sympatric but non-mimetic species, co-mimics, and
mimicry rings in a single locality in Peru (16). Another compares between colour
patterns and subspecies in different countries (31). A third one focuses on the
species H. erato and compares between geographic populations and environmental
gradients (6). However, to date, no study has tested the generality of the patterns
described in those studies, especially in mimetic communities that occur in different
Neotropical ecoregions (32).

In this study we investigated whether there is variation in the cyanogenic
profile and concentration in Heliconius from multiple localities across Colombia that

encompass six out of the seven Neotropical ecoregions. We compared the CNglc of
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Heliconius butterflies: (i) between phylogenetic clades, (ii) between and within
species, (iii) between sympatric but non mimetic species, and (iv) between and within
mimicry rings. We also investigated whether cyanogenic variation was explained by
phylogenetic relationships, host plant specialization, ability to biosynthesize or

sequester CNglcs, or the mimicry ring to which a species belongs.

Materials and methods

Sample collection and metabolites extraction

We collected 240 individuals of Heliconius from 20 species across Colombia (Table
S3.1 and Figure 3.1). We immediately preserved the right wing, half of the thorax,
and the abdomen of each individual in a tube containing ~1 mL of 100% methanol
to preserve cyanogenic glucosides (CNglcs). The remaining tissue was preserved in
DMSO, and left wings were stored in glassine envelopes. Long term storage was
done keeping the tubes at -80°C until further processing. All individuals were
deposited in the ‘Coleccién de Artropodos de la Universidad del Rosario — CAUR
229’

Samples in methanol were evaporated at room temperature using the Savant
Automatic Environmental SpeedVac System AES1010 until the tissue was fully
dried. Then, the tissue was homogenised using a porcelain mortar and a pestle, the
resulting powder was added into a previously weighed Eppendorf tube filled with 800
pl of 80% methanol, and the mix was vigorously vortexed. Each extract was
centrifuged at 14,000 g for 5 min and the supernatant was collected in a glass vial.
We then filtered 45 pl of the supernatant and made a 50X (v/v) dilution in ultra-pure
water. Individual extracts were analysed by Liquid Chromatography - Mass
Spectrometry (LC-MS) that was conducted either in a LC-Orbitrap (Bruker Daltonics,
Bremen, Germany) or a LC-qToF (Bruker Daltonics, Bremen, Germany) mass

spectrometer.
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Liquid Chromatography-Mass Spectrometry (LC-MS/MS) and chemical analyses

LC-MS was conducted as previously described for both the LC-Orbitrap-MS (28) and
for the LC-qToF-MS (33). In both cases, LC-MS data was analysed using the Bruker
Compass DataAnalysis 4.3 software (Bruker Daltonics, Bremen, Germany). CNglcs
were identified as formic adducts [M + CH20] in samples analysed by LC-qToF-MS,
whereas in those analysed by LC-Orbitrap-MS, CNglcs were identified as sodium
adducts [M + Na*] (Table S3.2). In all cases, the concentration of each CNglc was
calculated using the peak area ratio of the analyte to the internal standard
(amygdalin) using a regression equation generated from a five-point calibration
curve for the standard (concentrations of 0.5, 1.0, 2.0. 5.0 and 20.0 ng/mL). The
concentration of each CNglc is reported in ug of CNglc/mg of dry butterfly weight. To
make sure our data was comparable despite it being generated in two different MS,
we tested whether the amount of CNglcs resulting from the LC-qToF-MS were
different from those from the LC-Orbitrap-MS with a Mann-Whitney U-test (as data
was not normal and not suitable for transformation).

We organised the results per individual into two sets: (i) concentration of all
CNglcs in the sample - referred to as ‘CNglcs total, and (ii) concentration of each of

the CNglcs identified in the sample - referred to as ‘CNglc profile’.

Statistical analyses

We first tested for differences in mean ‘CNglcs total between species with a non-
parametric Kruskal-Wallis followed by a post-hoc Dunn test. We adjusted p-values
for multiple comparisons using the method false discovery rate (FDR). We then
compared between sympatric species and between mimetic pairs from the same
location using a Kruskal-Wallis. Additionally, we tested for intraspecific differences
within each species. We conducted our analyses and created figures using the
ggstatsplot package in R software (34).

We later performed a multivariate analysis of variance (PERMANOVA) in R to
test for differences in ‘CNglc profile’ species, sympatric species and mimetic pairs

from the same location, and for intraspecific differences within each species. The
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latter were set as predictor variables whilst ‘CNglc profile’ data was transformed into
a Euclidean dissimilarity matrix and used as the dependent variable. The analysis
was carried out with the adonis2 function in the R package Vegan (35), with 1000
permutations. The post-hoc analysis was conducted using the pairwise.adonis
function and the FDR method also in Vegan (35). As before, we compared between
sympatric species and between mimetic pairs from the same location, as well as
within species, using PERMANOVA. Heatmaps were plotted using the function
heatmap.2 in the R package gplots (36).

To investigate whether the ‘CNglc profile’ of Heliconius is explained by their
phylogeny, we assessed the phylogenetic signal with a phylogenetically controlled
MANOVA (PhyloMANOVA) using the aov.phylo function from the package geiger
(37) with 10,0000 randomizations. Then, we examined the variation of CNglcs in a
non-metric multidimensional scaling (NMDS) calculating a Bray-Curtis dissimilarity
index between individuals using metaMDS function in the vegan (35). We calculated
NMDS for dimensions ranging from 1 to 10 in order to find the best number of
dimensions, and used the NMDS.scree() function to check the associated stress
values as a measure of goodness-of-fit

(https://ourcodingclub.qgithub.io/tutorials/ordination/#section6). We next used the

envfit function of vegan to overlap pupal and non-pupal mating clades and
phylogenetic clades onto the NMDS plots without disrupting the original ordinations
(999 random permutations). This generates R? and significance values that reflect
whether these clades are associated with the ‘CNglc profile’. We tested clade
differences in the two main NMDS axes with a non-parametric Kruskal-Wallis
followed by a post-hoc Dunn test. False discovery rate (FDR) correction for multiple
testing was used to adjust p-values for multiple comparisons.

We also examined whether the ‘CNglc profile’ of Heliconius is influenced by:
(i) ability to biosynthesize or sequester CNglcs, (ii) host plant specialization, and (iii)
mimicry ring. To test whether the ability to biosynthesize or sequester CNglcs is
associated with the ‘CNglc profile’ we first quantified biosynthesized compounds
(linamarin, lotaustralin, and epilotaustralin) and sequestered compounds

(gynocardin, dihydrogynocardin, tetraphyllin B, epivolkenin, and deidaclin) per
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individual. We then categorized each individual as “synthesizer” when
biosynthesized compounds were >50%, “catcher” when sequestered compounds
were >50%, or “synthesizer + catcher” when biosynthesized and sequestered
compounds were in similar proportion. To test whether host plant specialization is
associated with ‘CNglc profile’ we classified individuals based on their specialization

in the following host plants: Decaloba, Astrophea, or Passiflora.
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Figure 3.1 Geographic distribution of individuals included in this study. We collected
butterflies in 12 locations across Colombia: (A) Caldas, (B) Buenaventura, (C) Cauca Valley,
(D) Putumayo, (E) Boyaca, (F) Meta, (G) Guaviare, (H) Amazonas-Pedrera, (I) Amazonas-
Puerto Narifo, (J) Santander, (K) Cundinamarca, and (L) Arauca and Vichada. The species
collected in each location are shown, as well as the mimicry ring they participate in (unless
otherwise indicated).
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Results

Sample collection

We collected 240 individuals from 13 localities throughout Colombia, which led to
include nine Heliconius mimicry rings: (i) dennis-ray, (ii) yellow, (iii) red band, (iv)
postman, (v) tiger, (vi) white-yellow, (vii) white, (viii) postman yellow-ventral, and (ix)
yellow hindwing (Figure 3.1 and Table S3.1). Although we sampled some Heliconius
that participate in mimicry rings with members of other tribes or even moths, these
non-Heliconius mimics were not included in our analyses (Figure 3.1). Also, in some
localities we sampled a single species of Heliconius either because it does not

participate in a mimicry ring or because we did not collect the mimic (Figure 3.1).

Quantification of all CNglcs combined (‘CNglcs total’)

Levels of CNglcs obtained by LC-qToF-MS and LC-Orbitrap-MS were not different
(Mann-Whitney U-test, p > 0.05; Figure S3.1), and thus, we proceeded to combine
the data. We found that only a few pairs species of Heliconius differ in their ‘CNglcs
total (out of 190 comparisons, 7 exhibited differences), with H. sara vs. H.
charithonia, H. sara vs. H. erato, H. sara vs. H. melpomene, H. sara vs. H. cydno,
H. sara vs. H. hecale, H. sara vs. H. elevatus and H. antiochus vs. H. cydno being
the most different (Dunn post-hoc test; p < 0.05, Figure 3.2A). H. eleuchia was the
species with the highest median concentration of CNgics, followed by H. sara and
H. antiochus (Figure 3.2A), meaning that the most toxic species in our sampling are

in the sara/sapho clade.
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Figure 3.2 Quantification of CNglcs in Heliconius. (A) Quantification of all CNglcs
combined or ‘CNglcs total’. Phylogenetic clades are colour coded, from left to right, as
follows: doris (brown; 1 species), wallacei (purple; 1 species), aoede (pink; 1 species),
silvaniforms (orange; 5 species), melpomene (green; 3 species), erato (red; 3 species), and
sara/sapho (blue; 6 species). The number of individuals included per species (n) is indicated
on top of each box, as well as the mean concentration of CNglcs total per species (numbers
in squares), except when the number of individuals was less than 3. Significantly different
comparisons (a < 0.05) are shown. (B) Quantification of each CNglc or ‘CNglc profile’ per
species, where the mean concentration (ug/mg) of each compound is colour coded. The
phylogenetic clade to which each species belongs is indicated at the bottom following the
same colour code as in A. The CNglcs quantified are shown at the right, indicating whether
they are biosynthesized (B) or sequestered (S).
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Overall, we found sympatric species being similar in overall toxicity. First,
sympatric but non-mimetic species were similar in toxicity except for H. m. vulcanus
vs. H. a. antiochus (Buenaventura, Figure 3.3B top panel), H. e. eleuchia vs. H. c.
weymeri (Cauca Valley, Figure 3.3C top panel), H. e. hydara vs. H. s. magdalena
(Meta, Figure 3.3F top panel), and H. e. reductimacula vs. H. a. antiochus and H. e.
reductimacula vs. H. w. flavescens (Pedrera-Amazonas, Figure 3.3H top panel).
Second, most mimetic pairs do not differ in their overall toxicity except for H. e.
hydara and H. m. melpomene in Guaviare (Figure 3.3G top panel). In contrast, we
observed that the overall toxicity of two mimicry rings varied geographically (Figure
S3.2). Specifically, the white-yellow mimicry ring was 17X more toxic in Cauca Valley
than in Caldas (Figure S3.2A), while the red-band ring was more toxic in
Cundinamarca than in any other locality (Figure S3.2B).

We also observed geographic variation in toxicity in H. sara, H. erato, and H.
melpomene (Figure 3.4 and S3.3). In H. sara, for example, individuals from
Buenaventura were the most toxic, while those from Puerto Narifio-Amazonas and
Boyaca were the least (Figure 3.4A top panel). In H. erato, populations from
Cundinamarca, Buenaventura and the Cauca Valley were significantly more toxic
than populations from the jungle (Amazonas, Guaviare and Putumayo; Figure 3.4B
top panel). In H. melpomene, individuals from Meta had the highest toxicity, which
differed from those from Pedrera-Amazonas and Boyaca (Figure 3.4C top panel). In
those species were we only sampled two populations, we observed significant
differences in toxicity only for H. eleuchia, with individuals from Caldas being less
toxic than those from the Cauca Valley (Figure 3.4D top panel and Figure S3.3).
Interestingly, H. cydno did not exhibit significant geographic variation in toxicity

despite this species participates in several mimicry rings (Figure 3.4E top panel).
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Figure 3.3 Quantification of cyanogenic glucosides per species and locality. (A) Caldas,
(B) Buenaventura, (C) Cauca Valley, (D) Putumayo, (E) Boyaca, (F) Meta, (G) Guaviare,
(H) Amazonas-Pedrera, (I) Amazonas-Puerto Narifio. Boxplots on the top of each panel show
the mean concentration (numbers in squares) of all CNglcs combined or ‘CNglcs total’ per
species. The mimicry ring to which each species belongs is also indicated at the bottom using
a colour code. Matrices on the bottom of each panel show the quantification of each CNglcs
or ‘CNglc profile’ per species, where the mean concentration (ug/mg) of each compound is
colour coded from pale yellow to dark red. The CNglcs quantified are shown at the right,
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indicating whether they are biosynthesized (B) or sequestered (S). Significantly different
comparisons (a < 0.05) are shown.

Quantification of each CNglc (‘CNglc profile’)

When we compared each of the nine CNglcs between the 20 species sampled (190
comparisons) we found 81 comparisons as significantly different (PERMANOVA R?
= 0.283, p = 0.001, Table S3.3; pairwise adonis p > 0.05, Table S3.4). Interestingly,
66% of these significant comparisons included species of the sara/sapho clade,
which characterised by having a higher concentrations of sequestered CNglcs
(gynocardin, dihydrogynocardin, tetraphyllin B, epivolkenin, and deidaclin; Figure
3.2B) compared to biosynthesized CNglcs (linamarin, lotaustralin and
epilotaustralin). Within this clade we found H. sara, H. antiochus, H. leucadia and H.
sapho having larger amounts of epivolkenin, while H. eleuchia contained more
deidaclin, and H. charithonia contained more gynocardin (Figure 3.2B). Additionally,
although all members of the clade contained biosynthesized CNglcs, H. eleuchia
and H. sapho showed only traces of these compounds (Figure 3.2B). In contrast,
species of the erafo clade exhibited a more uniform distribution of sequestered and
biosynthesized CNglcs (Figure 3.2B), while species of the melpomene, silvaniform
and wallacei clades contained mostly biosynthesized CNglcs (Figure 3.2B). Species
from the silvaniform clade had higher levels of linamarin except for H. ismenius,
which contained more Tetraphyllin B (Figure 3.2B). We unexpectedly observed H.
numata and H. hecale having traces of the sequestered CNglc epivolkenin (Figure
3.2B). Finally, like most of the species in the sara/sapho clade, H. aocede had high
concentrations of epivolkenin (Figure 3.2B).

Our results show that, in general, sympatric species are similar in terms of
individual CNglc profiles (Figure 3.3 bottom panels and Table S3.3). However, there
were some exceptions to this pattern. First, the only mimetic pair that significantly
differed in CNglcs was H. erato and H. melpomene in Meta, Guaviare, and
Amazonas (PERMANOVA p < 0.05, Figures 3.3F-3.3H, bottom panel). Second,
when comparing between sympatric but non-mimetic species we found some CNglc
being specific to a given species or in concentrations higher than in any other co-
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occurring species (p < 0.05, Figure 3.3 bottom panels). For example, in
Buenaventura tetraphyllin B was exclusive to H. ismenius while epivolkenin was
exceptionally more abundant in H. sara (Figure 3.3B bottom panel). In the Cauca
Valley, epivolkenin was highly abundant only in H. eleuchia (Figure 3.3C bottom
panel). In Boyaca, gynocardin was exclusive to H. charithonia (Figure 3.3E bottom
panel). In Meta, deidaclin was only found in H. melpomene while Linamarin was also
highly abundant in this species (Figure 3.3F bottom panel). In Amazonas-Pedrera,
the concentration of Linamarin was high only in H. wallacei, while H. erato contained
negligible amounts of any CNglc (Figures 3.3H-3.3| bottom panel). We consistently
observed across localities that the most toxic species were those with high
concentrations of epivolkenin: (i) H. sara in Buenaventura, Meta, and Guaviare
(Figures 3.3B, 3.3F and 3.3G bottom panel), (ii) H. aoede, H. leucadia, and H.
antiochus in the Amazonas (Figure 3.3l bottom panel), and (iii) H. hecale and H.
sapho in Buenaventura (Figure 3.3B bottom panel). There were only two exceptions
to this general observation. The first, H. doris in Boyaca, that was highly toxic due to
high concentrations of Linamarin (Figure 3.3E bottom panel), and H. eleuchia in the
Cauca Valley, whose high toxicity was due to high concentrations of deidaclin
(Figure 3.3G bottom panel).

CNglc profiles also varied geographically in H. sara, H. erato and H. eleuchia
(p < 0.05, Table S3.3). First, epivolkenin was highly abundant in H. sara from
Buenaventura, Guaviare, Arauca, and Meta whereas Deidaclin was more abundant
in populations from Vichada and Arauca (Figure 3.4A bottom panel). Second, H.
erato showed a remarkable geographic variation in its toxicity. Populations from
Cundinamarca and Meta had more epivolkenin (sequestered), while populations
from Buenaventura had more biosynthesized CNgics. In contrast, populations from
the Cauca Valley and Boyaca had uniform amounts of sequestered and
biosynthesized CNglcs. Interestingly, populations from Amazonas, Guaviare and
Putumayo were much less toxic than any other population (p < 0.05, Figure 3.4B
bottom panel). Third, H. eleuchia from the Cauca Valley had high levels of deidaclin
whereas populations from Caldas had low amounts of any CNglc (p > 0.05, Figure

3.4D bottom panel). Finally, no significant differences in individual CNglc profiles
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were found between populations of H. melpomene or between populations of H.

cydno (p > 0.05, Figures 3.4C and 3.4D bottom panels).
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(ug/mg) of each compound is colour coded from pale yellow to dark red. The CNglcs
quantified are shown at the right, indicating whether they are biosynthesized (B) or
sequestered (S). Significantly different comparisons (o < 0.05) are shown.

The above differences did not hold when phylogeny was considered, suggesting that
phylogenetic relationships influence the ‘CNglcs profile’ (PhyloMANOVA F = 1573 .4,
df = 18, p= 0.000381, p given phy = 1). Consistently, we found that pupal, non-pupal,
and phylogenetic clades are associated with the CNglcs profile (p < 0.05). However,
most of the variation in CNglcs is due to differences between ability to biosynthesize
or sequester cyanogenic glucosides of the individuals, followed by phylogenetic,
pupal/non-pupal clades and host plant specialization (R? = 0.39, R? = 0.28, R? =
0.22, R? = 0.21 respectively; Figures 3.5 and 3.6A), rather than to differences among
mimicry rings (R? = 0.14; Figures 3.6B and S3.4). The composition of CNglcs of the
clades silvaniforms, melpomene, wallacei, and doris was different from that of the
clades erato, sara/sapho, and aoede (p<0.05; Figure 3.5A). Only two individuals
(one H. hecale and one H. numata) were different from other silvaniforms as they
contained high amounts of epivolkenin (Figure 3.5A). We also found high variation
among the pupal mating clades with several of these individuals falling into the non-
pupal mating clades (p<0.05; Figure 3.5B). In contrast, only four individuals from
non-pupal mating clades were similar to the pupal mating clades. Furthermore, pupal
mating species (which feed on the subgenera Astrophea and Decaloba) have a more
similar CNglcs profile among them in contrast to non-pupal mating species (which
feed on the subgenus Passiflora; Figure 3.6A). Consistently, both axes of the NMDS
revealed significantly differences between these two groups (Figure 3.6A). The
majority of individuals from the silvaniforms, melpomene, wallacei, and doris clades
were primarily synthesizers. In contrast, just over half of the individuals from the
sara/sapho and erato clades were primarily catchers, while the rest were
synthesizers. Only a handful of individuals from different species were equally
synthesizers and catchers (Figure 3.6B). Significant differences were only found in
NMD1 between synthesizers and catchers, as well as between synthesizers and

individuals that performed both process equally (Figure 3.6B). Finally, we found a
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small but significant association between mimetic rings with the CNglc profile (Figure
S3.4).
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Figure 3.5 Non-metric multidimensional scaling (NMDS) of cyanogenic glycosides in
Heliconius comparing between different clades. (A) Comparison between phylogenetic
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between two symbols is indicative of how different two individuals are in the composition
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axis. Asterisk (*) symbolises a p-value < 0.05.
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Discussion

Our findings suggest that variation in the presence and concentration of cyanogenic
glucosides in individuals of Heliconius is mostly due to the ability of a species to
synthesize or sequester these compounds, phylogenetic relationships and host plant
specialization. In contrast, variation in cyanogenic glucosides in these butterflies is
less explained by the mimicry ring to which a species belongs. While the effect of
phylogeny on the presence and concentration of cyanogenic glucosides in
Heliconius has been previously reported (28,31), it was due to species of sara/sapho
having a unique cyanogenic profile defined by the exclusive presence of the
sequestered epivolkenin and deidaclin. Contrary to these reports, we detected the
presence of de novo synthesised cyanogenic glucosides in the sara/sapho clade,
and our phylogenetic signal was the result of the clades silvaniform, melpomene,
wallacei and doris having similar cyanogenic profiles, where the sequestered
epivolkenin and deidaclin were also present but in small amounts. Therefore, the
phylogenetic signal we observed is likely the result of the association between
mating clades of Heliconius with host plants of subgenera of Passiflora, where pupal
mating species are usually specialists and feed on Astrophea and Decaloba while
non-pupal mating species are more generalist and feed on Passiflora (16,30).
These dietary restrictions in Heliconius has led to monophagous species, in
particular sara/sapho clade species, virtually losing their ability to de novo synthesize
cyanogen compounds making them entirely dependent on cyanogen sequestration
from their host plant (28,30). However, here we found de novo-synthesized aliphatic
cyanogens such as linamarin and lotaustralin in individuals of the sara/sapho clade.
This finding has two possible explanations: either species of the sara/sapho clade
did not lose their ability to de novo synthesise cyanogenic glucosides, or they
sequester linamarin and lotaustralin from their host plant. The latter is supported by
the fact that both compounds are known to be sequestered by Lepidoptera such as
the moth Z. filipendulae (38) and the butterfly H. melpomene (39), and also by the
fact that the host plants Astrophea and Decaloba contain linamarin and lotaustralin
(28).
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We did not find evidence of species that either performed biosynthesis only
or sequestration only (28,30). In contrast, our results point to all species of Heliconius
using both strategies, with 30% of individuals prioritising sequestration, 60%
prioritising biosynthesis, and only 10% equally using both. This is indicative of a
potential trade-off between biosynthesis and sequestration at the individual level but
not at the species level. It was interesting to observe that de novo synthesis is a
widely used strategy across species and individuals despite being metabolically
costlier (28), which suggests that other factors, such as local host plant availability

may be more decisive for an individual to determine which strategy to apply.
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Figure 3.6 Non-metric multidimensional scaling (NMDS) of cyanogenic glycosides in
Heliconius comparing between feeding and metabolic strategies. (A) Comparison based
on host plant specialization, (B) comparison based on CNglcs acquisition. The distance
between two symbols is indicative of how different two individuals are in the composition
of CNglcs. Boxplots for both NMDS1 and NMDS?2 show differences between individuals in
each axis. Asterisk (*) symbolises a p-value < 0.05.

Although variation in cyanogenic profiles of Heliconius from different countries had
been previously reported (31), here we found such variation at a finer geographic

scale, specifically between biogeographic regions sensu Morrone et al. 2022 (32).
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For example, H. sara and H. erato are much more toxic in Choco-Darien (Pacific
coast) than in Imeri (Amazonia), while H. melpomene is more toxic in Sabana than
in Magdalena. We even detected these variations within a single biogeographic
region and mimicry ring. For instance, although H. eleuchia eleuchia and H. cydno
cydnides both participate in the white-yellow mimicry ring and occur in the Cauca
province, the concentration of CNglcs drastically varies between populations that are
<250Km apart. Overall, these long and short range geographic variations in CNglcs
may be the result of differences in the availability of host and pollen plants across
localities (13,20,40) as well as to local predator communities being differentially
sensitive to detect toxicity (26). Furthermore, contrary to previous evidence that
showed different mimicry rings differing in cyanogenic profiles (16,31), with for
example ‘blue/yellow’ being more toxic than ‘postman’ (16), we did not observe this
pattern for either individual or combined CNglcs. The most notable example is H.
cydno, a species that participates in three mimicry rings across its distribution but
does not vary in its cyanogenic profile. Similarly, although H. melpomene participates
in four mimicry rings, individuals from different rings do not differ in the composition
or concentration CNglcs. We believe our conclusions on the relation between
cyanogenic profiles and mimicry rings are more reliable than those from previous
studies (31) since they analysed phenotypically similar species as part of the same
mimicry ring even if they were not strict mimetic pairs.

Our findings support the existence of mutualistic relationships between both
mimics and sympatric Heliconius since we observed sympatric species having
similar cyanogenic concentrations regardless of them being mimics or non-mimics.
Therefore, local communities of Heliconius seem to equally contribute to associative
learning of predators (41). The only mimetic pair that did not follow this pattern was
H. erato and H. melpomene: in all localities where they occur, we found one species
being more toxic than the other. However, experimental evidence from domestic
birds indicate that these cyanogenic variations between mimics should not impede
local predator learning as long as each species has a toxin content >2 uyg/mg (26).
In line with the latter, 96% of the individuals we tested in this study had cyanogenic

concentrations above 2 ug/mg, which shuould be enough to ensure their individual
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protection. Interestingly, species in the sara/sapho clade were consistenly found as
the most toxic within their local communities, and although protection from predators
does not increase with cyanogenic concentration, the high toxicity of this clade may
confer these species some protection from toxin-resistant predators (42,43).
Alternatively, the high cyanogenic content in sara/sapho clade species may be a
byproduct of their monophagy in Astrophea and Decaloba as previously suggested
(28,30).

In summary, variation in cyanogenic patterns in Heliconius is not associated
with mimicry rings as the same wing colour pattern exhibits different cyanogenic
concentrations in different localities. The observed variation is rather explained by
phylogenetic relationships and ecological adaptations such as host plant
specialization, diversity of hostplants locally available, availability of precursors for
biosynthesis of cyanogenic compounds in pollen-source plants, as well as the local
predator community. This agrees with recent modelling and meta-analyses that
showed that increased toxicity of preys does not translate into increased predator

learning or generation of mimetic diversity (26).
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CONCLUSIONS

The study of how species distribute and diversify is a major topic in evolutionary
biology. In this thesis | have presented evidence contributing to our understanding
of the biotic and biotic drivers of animal diversification. This has been carried out
using a combination of biogeographic, genomic, and chemical tools in Heliconius
butterflies.

First, isothermality, precipitation and topography are the abiotic factors that most
influence the distribution patterns, species richness, phylogenetic diversity, and
phylogenetic endemism of Heliconius. Niche similarity, on the other hand, does not
seem to promote hybridization in these butterflies meaning that other factors, such
as genetic distance, may have a major role in this process (1). | confirmed the
foothills of the Eastern Cordillera of Colombia and the Amazonas basin are the
regions with higher species richness and phylogenetic diversity in Heliconius (2). |
also found high phylogenetic endemism in five Neotropical regions, which harbour
species with unique wing colour pattern, for example: H. heurippa, H. godmani and

H. nattereri, among others.

Second, | found that chromosomal rearrangements such as fusions may be involved
in speciation events in the sara/sapho clade and thus be one of the biotic factors
promoting diversification in Heliconius. Although my data does not allow me to
pinpoint the evolutionary role or consequences of these fusions, it is likely these
rearrangements contributed to the high and atypical chromosomic diversity within
this clade (3). The sex-autosome fusions | found add evidence to the growing
number of studies documenting the formation of neo-sex chromosomes in several

animal groups, especially Lepidoptera (4-6).

Third, variation in cyanogenic toxicity is not a biotic factor contributing to the

diversification of Heliconius. My results are consistent with mutualism between all
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sympatric species of Heliconius regardless of them being mimics or not. Therefore,
my thesis adds evidence that supports that higher toxicity levels do not necessarily
translate into a higher or faster predator learning, or evolution of local mimicry. Other
predator characteristics such as ability to learn and remember the warning signal

may be more important (7,8).
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FUTURE DIRECTIONS

Each chapter of my thesis has opened new research avenues in which | will continue

working in the immediate future with the help of my colleagues.

First, the distribution and diversity of Heliconius may be shaped by the distribution
and diversity of their Passiflora host plants. Although the co-evolution of these two
groups has been deeply studied, this question has not been tested at the geographic
level, i.e., we do not know yet whether species richness in both groups coincides
geographically and whether the spatial distribution of a butterfly and its hostplant
overlaps completely. Therefore, a master’s student (Catalina Sanchez) is currently
using data | collected during my PhD working under the supervision of Dr. Marianne
Elias in the Institut de Systématique, Evolution, Biodiversité of Paris (co-supervised
by Dr. Camilo Salazar, Dr. Andrea Paz and me). Catalina will model the distribution
of the species of Passiflora in the Americas, and her data will be used along mine
(Chapter 1) to conduct a special correlation analysis between Passiflora and

Heliconius.

Second, because data from Chapter Il did not allow me to decipher whether
autosomes 4, 9 and 14 fused with the Z or the W chromosome (or both), we just
generated new HiC data for the species where | found the SA fusions. These data
are currently being mapped to the reference genome of H. charithonia which is the
only genome that has the W chromosome assembled (kindly provided Dr. Adriana
Briscoe from UCI). These new data will allow me to find which of the two (Z or W)
chromosomes was involved in the SA fusion. Also, Dr. Camilo Salazar, Dr. Carolina
Pardo, Dr. Joana Meier and | are generating reference genomes for all species in
the sara/sapho clade at the Sanger Institute (UK). These new data will allow me to
confirm the chromosome number in each species, identify additional chromosomal
rearrangements, and test whether these rearrangements have contributed to

adaptation or speciation.
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Third, and lastly, wing colour pattern and toxicity have been explored separately in
Heliconius, but the relation of these two traits has not been simultaneously
addressed from a quantitative perspective. During my PhD | supervised
undergraduate students in the ‘Evolutionary Genomics Research Incubator’ that took
reflectance measures in all patches of colour in the wings of all individuals included
in the toxicity analyses conducted in Chapter lll. In each individual we measured at
least three points per colour patch in the forewing and the hindwing both dorsally
and ventrally, and under UV and non-UV filters. | will use these data to test whether
contrasts in colour and brightness vary geographically and, more importantly, to test

whether they vary along with toxicity (i.e, honesty of the warning signal).
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SUPPLEMENTARY INFORMATION

CHAPTER 1
Environmental drivers of diversification and

neotropical butterflies

Table S1.1 Data sources and number of records per source.

hybridization

Source Number of
records
Instituto de Ciencias Naturales, Bogota - Colombia 1726
Instituto Alexander Von Humboldt 916
Jean Francois Le Crom personal collection 636
Universidad Nacional de Colombia, Medellin - Colombia 84
Universidad del Rosario, Bogota - Colombia* 5973
Universidad de los Andes, Bogota - Colombia 1316
Rosser et al. 2012 database 58062
Mallet et al. 2007
(https://www.ucl.ac.uk/taxome/hyb/hybtab.html) 154
Massardo, M., et al, 2020; Zikan, M., et al, 2017; Brown, K.,
et al, 1973 10
Total 68,877

*2078 individuals collected for this study were deposited in this collection.

in
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Table S1.2 Hybridization cases included in this study.

INTERSPECIFIC HYBRIDIZATION

Hybridizing pair

Number of records

IrIrr rI rI rIrrIrIrrIrIIrIrIIIIIIIIIITIIITIITIIITICIX

. cydno cordula x H. melpomene melpomene

. cydno cydno x H. melpomene martinae

. cydno weymeri x H. melpomene vulcanus

. cydno zelinde x H. melpomene vulcanus

. cydno cydno x H. melpomene ca rosina

. cydno hermogenes x H. melpomene melpomene
. cydno gadouae x H. melpomene melpomene

. cydno barinasensis x H. melpomene melpomene
. cydno galanthus x H. melpomene rosina

. cydno galanthus x H. pachinus

. cydno chioneus x H. melpomene rosina

. hecale vetustus x H. melpomene melpomene/thelxiopeia
. hecale fortunatus x H. melpomene melpomene

. hecale versicolor x H. elevatus pseudocupidineus
. hecale zeus x H. elevatus perchlorus

. ethilla metalilis x H. melpomene melpomene

. ethilla latona x H. numata euphone

. ethilla metalilis x H. numata peeblesi

. ethilla narcaea x H. numata ethra

. ethilla narcaea x H. besckei

. heurippa x H. melpomene melpomene

. himera x H. erato cyrbia

. himera x H. erato favorinus

. himera x H. erato lativitta

. melpomene cythera x H. cydno alithea

. humata supetrioris x H. melpomene melpomene

. numata superioris x H. melpomene meriana

. humata aurora x H. melpomene malleti

. humata numata x H. melpomene thelxipea

. timareta florencia x H. melpomene malleti

. timareta linaresi x H. timareta florencia

. timareta linaresi x H. heurippa

. elevatus elevatus x H. numata superioris

. erato petiveranus x H. charitonia vasquezae

—_
o XN

A Ol 2 A A W R, A A A a WD R, A, O
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H. charitonia x H. peruvianus 1

. melpomene belulla x H. m. malleti

. melpomene ca rosina x H. m. vulcanus

. melpomene pleseni x H. m. malleti 9
. melpomene rosina x H. m. melpomene 20
. m. vulcanus x H. m. melpomene 2

. m. vulcanus x H. m. rosina

H. hecalesia octavia x H. hortense 1
H. hecalesia formosus x H. clysonimus montanus 1
TOTAL INTERSPECIFIC HYBRIDS 164
INTRASPECIFIC HYBRIDIZATION
Hybridizing pair Number of records

H. clysonimus clysonimus x H. cly. hygiana 13
H. cydno chioneus x H. cydno zelinde 5
H. cydno chioneus x H. cydno weymeri 18
H. cydno weymeri x H. cydno zelinde 19
H. cydno zelinde x H. cydno cydnides 17
H. cydno cordula x H. cydno wanningeri 1
H. cydno weymeri x H. cydno cydnides 466
H. cydno cydno x H. cydno hermogenes 1
H. erato chestertonii x H. erato venus 25
H. erato colombina x H. erato guarica 20
H. erato dignus x H. erato lativitta 5
H. erato hydara x H. erato lativitta 37
H. erato reductimacula x H. erato lativitta 30
H. erato erato x H. erato hydara 9
H. erato venustus x H. erato phyllis 6
H. erato microlea x H. erato luscombei 17
H. erato notabilis x H. erato lativitta 9
H. erato favorinus x H. erato emma 4
H. erato hydara x H. erato demophon 19
H. hecale holcophorus x H. h. melicerta 23
H. ismenius boulleti x H. i. metaphorus 1
H. melpomene ca rosina x H. m. martinae 10
H. melpomene melpomene x H. m. malleti 36
H. melpomene penelope x H. m. amaryllis 10
H

H

H

H

H

H

H

. humata euphone x H. numata aurora



H. numata euphone x H. numata silvana

H. elevatus elevatus x H. e. taracuanus 2
H. eleuchia eleuchia x H. eleuchia elusinus 1
TOTAL INTRASPECIFIC HYBRIDS 848
TOTAL HYBRIDS 1012
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Table S1.3 Species records used in this study, indicating the remaining data after filtering.

Total Georeferenced Records with uncertainty Records after
Species records records >1km pruning
H. antiochus 963 722 5 181
H. aoede 1745 1308 2 354
H. astraea 119 107 0 91
H. atthis 356 320 0 59
H. besckei 438 394 0 110
H. burneyi 1458 1312 11 195
H. charitonia 4254 3190 13 769
H. clysonimus 1008 907 10 251
H. congener 172 154 7 55
H. cydno 3750 2812 31 352
H. demeter 556 500 3 80
H. doris 3092 2319 14 497
H. egeria 493 443 2 84
H. eleuchia 851 765 20 156
H. elevatus 954 715 8 201
H. erato 12074 9634 186 2057
H. eratosignis 379 341 0 52
H. ethilla 1446 1084 10 539
H. godmani 59 59 1 42
H. hecale 3461 3029 23 668
H. hecalesia 1048 943 2 168
H. hecuba 528 475 19 73
H. hermathena 137 137 7 137
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. heurippa
. hewitsoni

. hierax

himera

. hortense
. ismenius
. leucadia
. luciana

. melpomene

metharme

. nattereri

numata

. pachinus

. pardalinus
. peruvianus
. ricini

. sapho

. sara

. telesiphe

. timareta

. tristero

H.
H.
Total

wallacei

xanthocles

records

species

226
216
150
178
447
1686
301
27
7672
286
13
7244
175
721
113
111
1125
3138
668
779
24
2250
974

67,865

203
194
134
160
402
1517
270
27
5665
257
13
5442
157
648
101
99
1012
2353
601
770
21
1800
876

54,392

N N ©O O -

—_—
~

190
115
150
177
132
400
89
45
1162
286
13
876
105
155
42
81
228
774
134
742
24
320
260

13,671
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Table S1.4 Relative importance of predictors (environmental variables) of the distribution of each species.

Precipitation

Precipitation of

Min temperature

Species Altitude Isothermality
seasonality coldest quarter of coldest month

H. ethilla 10.42 22.33 11.29 47.91 8.05
H. melpomene 7.84 12.81 9.17 63.00 718
H. antiochus 10.19 16.37 8.29 53.96 11.20
H. doris 9.53 16.21 14.36 48.26 11.64
H. erato 7.49 17.83 14.23 48.55 11.90
H. sara 8.59 14.55 16.89 52.18 7.79
H. hecale 13.32 18.61 1717 38.54 12.36
H. sapho 22.11 15.97 14.85 30.00 17.07
H. clysonimus 20.89 11.21 13.96 40.76 13.18
H. cydno 10.43 8.46 19.46 52.08 9.56
H. ismenius 15.52 9.83 6.72 45.15 22.77
H. eleuchia 8.26 7.93 12.74 62.47 8.60
H. hecalesia 20.14 12.83 20.63 31.01 15.39
H. hortense 11.81 20.48 14.65 36.95 16.11
H. hierax 39.80 11.78 15.63 17.22 15.57
H. telesiphe 43.00 31.99 9.20 9.96 5.85
H. congener 46.63 9.23 8.64 12.45 23.05
H. hecuba 51.47 8.35 9.30 12.78 18.11
H. himera 4410 7.94 7.88 11.01 29.07
H. charitonia 18.56 20.79 20.00 22.50 18.15
H. pachinus 8.73 13.52 53.22 14.98 9.55
H. hewitsoni 7.12 9.54 62.16 13.95 7.23
H. godmani 13.45 17.09 40.36 16.23 12.87
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H. leucadia
H. ricini
H. pardalinus
H. demeter
H. timareta
H. heurippa
H. burneyi
H. wallacei
H. aoede
H. elevatus
H. xanthocles
H. numata
H. metharme
H. eratosignis
H. hermathena
H. luciana
H. besckei
H. egeria
H. astraea
H. peruvianus
H. atthis

18.93
17.29
11.19
9.51
22.20
15.13
10.68
10.80
8.99
9.84
6.15
8.73
10.11
13.97
25.01
18.47
14.55
15.24
9.46
10.31
13.50

32.95
35.00
42.48
47.97
42.02
47.40
41.20
47.11
39.60
33.69
43.24
46.98
36.89
32.84
35.69
28.77
29.60
37.80
49.74
38.71
44.96

11.65
19.11
17.49
18.22
7.81
9.06
15.35
12.59
16.85
13.03
27.75
11.54
15.47
11.32
12.39
18.57
11.33
14.53
19.09
8.64
14.98

15.19
17.72
16.46
16.74
12.77
13.96
20.70
15.44
14.41
11.84
15.32
22.48
28.56
30.99
17.86
20.53
21.79
18.75
12.28
33.24
13.98

21.28
10.87
12.37
7.56
15.20
14.45
12.07
14.05
20.15
31.60
7.55
10.27
8.96
10.87
9.05
13.65
22.73
13.68
9.44
9.09
12.58
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Figure S1.1 Records per clade across the phylogeny of Heliconius used in this study. Numbers
indicate occurrence data per clade (which coincides with column 1 in Table S3). Hybrid records
(1,012) are not included in this figure. Phylogeny modified from Kozak et al., (2015).
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Figure S1.2 Selection of uncorrelated environmental variables.

Hierarchical clustering analysis using Pearson correlation values resulting from all possible
pairwise comparisons between the initial 20 variables. Red: variables with VIF <5 (less collinear).
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Figure S1.4 Linear regression model between phylogenetic diversity and species richness.
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Figure S1.5 Maps of diversity metrics at 5 km. (a) species richness, (b) phylogenetic diversity,
(c) phylogenetic endemism, and (d) residuals of phylogenetic diversity regressed on species
richness. Warm colors indicate higher values, while cold colors are indicative of lower values.
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Figure S1.6 Maps of diversity metrics at 10 km. (a) species richness, (b) phylogenetic diversity,
(c) phylogenetic endemism, and (d) residuals of phylogenetic diversity regressed on species
richness. Warm colors indicate higher values, while cold colors are indicative of lower values.
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Figure S1.7 R? of algorithms and ensemble machine learning models for each measure of
diversity. (a) Species richness, (b) phylogenetic diversity, (c) phylogenetic endemism, and (d)
residuals of the phylogenetic diversity/species richness regression.
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Figure S1.8 Assessment of niche similarity. Niche Overlap Test (NOT - top row) and Niche
Divergence Test (NDT - bottom row) between H. ethilla (species 1) and H. numata (species
2). (a) and (d) environmental space of species 1; (b) and (e) environmental space of species 2; (c)
and (f) difference in the environmental space (E-space) of two species and Niche E-space
Correlation Index (NECI). When NECI was higher than 0.5, we corrected species occupied niches
by the frequency of E-space in accessible environments. Significance of NOT and NDT can be
found in Table 1. Equivalency statistic and niche background statistic for each NOT and NDT can
be found in https://doi.org/10.5281/zenodo.5149294.
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Figure S1.9 Assessment of niche similarity. Niche Overlap Test (NOT - top row) and Niche
Divergence Test (NDT - bottom row) between H. erato (species 1) and H. chestertonii (species 2).
(a) and (d) environmental space of species 1; (b) and (e) environmental space of species 2; (c) and
(f) difference in the environmental space (E-space) of two species and Niche E-space Correlation
Index (NECI). When NECI was higher than 0.5, we corrected species occupied niches by the
frequency of E-space in accessible environments. Significance of NOT and NDT can be found in
Table 1. Equivalency statistic and niche background statistic for each NOT and NDT can be found

in https://doi.org/10.5281/zenodo.5149294.



CHAPTER 2

Three potential sex chromosome — autosome fusions in Heliconius butterflies

Table S2.1 Sample information and genotyping statistics. Individuals in bold were not included in the analyses due to low depth and

missing data.

high
mean missing quality
% mapping
Sequence ID taxon sex country lat lon read data per calls, % Accession Publication
depth individual QUAL genome
>30

H. antiochus

M4096 antiochus Female Colombia -4.161 -69.975 18.009 0.133 94.31 95.86 ERS14696507 This study
H. antiochus

M4097 antiochus Male Colombia -4.161 -69.975 18.776 0.133 94.39 95.91 ERS14696506 This study
H. antiochus

S$21203 antiochus Female Brazil 4736  -56.802 18.742 0.131 94.42 96.01 ERS14696505 This study
H. antiochus

S21229 antiochus Male Brazil 4736  -56.802 16.861 0.136 94.69 96.17 ERS14696504 This study
H. antiochus

S21234 antiochus Female Brazil 4736  -56.802 18.804 0.132 93.78 96.24 ERS14696503 This study
H. antiochus

S337_1 antiochus Male Brazil -13.487 61.026 18.409 0.134 92.75 96.10 ERS14696502 This study
H. antiochus

S4897 aranea Male Colombia 2583  -72.717 17.363 0.138 93.15 96.11 ERS14696501 This study
H. antiochus

R5074 aranea Female Colombia 5344 -72.422 13.198 0.148 93.35 96.94 ERS14696500 This study
H. antiochus

S9556 aranea Female Panama 8.915  -78.393 16.928 0.141 93.36 95.90 ERS14696499 This study
H. antiochus

D5208 aranea Male Venezuela 7676  -72.233 12.081 0.159 92.23 95.49 ERS14696510 This study
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H. antiochus

D5221 aranea Male Venezuela 7676  -72.233 12.470 0.154 92.05 94.72 ERS14696511 This study
H. antiochus

D5213 aranea Male Venezuela 7676  -72.233 15.565 0.150 92.00 95.60 ERS14696512 This study
H. antiochus

D5252 araneides Male Venezuela 8.111 -72.246 7.415 0.195 92.03 95.20 ERS14696513 This study
H. antiochus

D5253 araneides Male Venezuela 8.111 -72.246 13.244 0.159 91.67 95.52 ERS14696514 This study
H. antiochus

D5259 araneides Male Venezuela 10.453  -67.632 14.314 0.151 92.30 95.56 ERS14696515 This study
H. antiochus

D5270 salvini Male Venezuela 7.308  -61.472 13.431 0.150 91.73 95.34 ERS14696516 This study
H. antiochus

D5273 salvini Female  Venezuela 7.308  -61.472 11.922 0.151 92.28 96.39 ERS14696517 This study
H. antiochus

D5276 salvini Female  Venezuela 7.308  -61.472 13.028 0.149 92.02 9540 ERS14696518 This study
H. antiochus

A323 subsp nov. Female Colombia 5617  -72.300 17.027 0.138 89.63 95.57 ERS14696519 This study
H. antiochus

R1163 subsp nov. Male Colombia 2114  -74.786 14.205 0.144 92.58 96.36 ERS14696520 This study
H. antiochus

S4895 subsp nov. Female Colombia 2576  -72.714 22.068 0.130 93.16 95.74 ERS14696521 This study
H. congener

A28 aquilionaris Male Colombia 1.178  -76.665 14.054 0.146 90.42 94.60 ERS14696752 This study
H. congener

A3740 aquilionaris Male Colombia 1.803  -75.655 21.775 0.135 91.12 97.06 ERS14696753 This study
H. congener

A3837 aquilionaris Male Colombia 3498  -74.024 18.668 0.141 91.20 97.09 ERS14696754 This study
H. congener

A4278 aquilionaris Male Colombia 1219  -76.685 16.667 0.141 90.20 93.84 ERS14696755 This study
H. congener

R806 congener Female Ecuador -1.435 -78.419 13.592 0.149 91.83 97.74 ERS14696756 This study
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H. congener

R807 congener Male Ecuador -1.435 -78.419 12.981 0.152 92.35 97.93 ERS14696757 This study
H. congener

R808 congener Male Ecuador -1.435  -78.419 12.481 0.153 92.16 97.69 ERS14696758 This study
H. congener

R831 congener Female Ecuador -4.045 -78.584 10.211 0.156 89.70 93.03 ERS14696759 This study
H. congener

R843 congener Male Ecuador -4.144  -79.253 9.079 0.395 93.17 90.30 ERS14696760 This study
H. congener

S40203 congener Male Ecuador -1.070  -77.457 15.491 0.145 91.89 97.42 ERS14696761 This study
H. eleuchia

S857 eleuchia Female Panama 8.856  -79.879 17.049 0.150 93.30 97.36 ERS14696762 This study
H. eleuchia

S$2083 eleuchia Male Colombia 7.032  -73.054 19.261 0.148 93.24 97.66 ERS14696763 This study
H. eleuchia

A2458 eleuchia Male Colombia 5.079  -74.566 13.739 0.157 90.79 96.29 ERS14696764 This study
H. eleuchia

S3106 eleuchia Male Colombia 4398  -75.206 10.966 0.166 93.67 94.13 ERS14696765 This study
H. eleuchia

A3154 eleuchia Male Colombia 3.684  -76.526 17.977 0.147 90.23 96.68 ERS14696766 This study
H. eleuchia

S534 elesinus Male Colombia 3.900 -76.633 19.474 0.138 95.01 97.87 ERS14696767 This study
H. eleuchia

A3646 elesinus Male Colombia 3518  -76.757 15.840 0.146 90.60 97.15 ERS14696768 This study
H. eleuchia

A4749 elesinus Female Colombia 3.576  -76.781 14.314 0.145 89.75 97.71 ERS14696769 This study
H. eleuchia

R4864 elesinus Female Colombia 3.903 76.691 13.957 0.148 93.65 98.38 ERS14696770 This study
H. eleuchia

R4871 elesinus Male Colombia 3.903 76.691 12.870 0.151 93.36 98.20 ERS14696771 This study
H. eleuchia

S8970 elesinus Female Panama 7.549 -78.203 15.216 0.145 92.72 94.75 ERS14696772 This study
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H. eleuchia

S$2852 primularis Male Ecuador -2.443  -79.051 14.708 0.148 92.91 97.68 ERS14696773 This study
H. eleuchia

R869 primularis Male Ecuador -3.776  -79.821 11.054 0.159 92.82 97.90 ERS14696774 This study
H. eleuchia

R870 primularis Female Ecuador -3.776  -79.821 12.015 0.155 92.53 97.69 ERS14696775 This study
H. eleuchia

R887 primularis Female Ecuador -3.649  -79.766 10.494 0.162 92.45 97.78 ERS14696776 This study
H. eleuchia

R888 primularis Male Ecuador -3.654  -79.790 11.058 0.159 92.53 97.95 ERS14696777 This study
H. eleuchia

S40343 primularis Male Ecuador 0.080  -78.888 14.571 0.149 92.85 97.83 ERS14696778 This study

D3 H. hewitsoni Male Panama 7.797  -80.753 14.934 0.160 92.26 96.90 ERS14696779 This study

D6 H. hewitsoni Female Panama 7.797  -80.753 12.049 0.165 92.40 98.04 ERS14696780 This study

D7 H. hewitsoni Male Panama 7.797  -80.753 12.208 0.165 92.63 97.78 ERS14696781 This study
H. leucadia

S33 pseudorhea Peru -10.676  -75.123 16.996 0.102 94.12 97.11 ERS14696782 This study
H. leucadia

A4016 pseudorhea Female Colombia -4.133  -69.941 18.693 0.100 90.48 98.05 ERS14696783 This study

A2790 H. sapho sapho ~ Male Colombia 6.850  -73.028 17.775 0.133 90.22 91.86 ERS14696784 This study

R2794 H. sapho sapho ~ Female Colombia 6.850  -73.028 12.221 0.149 93.58 92.92 ERS14696785 This study

R4510 H. sapho sapho ~ Female Colombia 7.058  -73.383 15.252 0.138 94.14 98.22 ERS14696786 This study

R5091 H. sapho sapho ~ Female Colombia 5.840 74.839 14.137 0.141 93.86 98.26 ERS14696787 This study

R5092 H. sapho sapho ~ Female Colombia 5.840 74.839 14.571 0.135 92.87 97.98 ERS14696788 This study

R5237 H. sapho sapho ~ Male Panama 9.124  -79.488 12.956 0.145 92.91 91.76 ERS14696789 This study

R5314 H. sapho sapho Female Panama 9.124 -79.488 12.889 0.144 92.55 97.81 ERS14696790 This study

R5324 H. sapho sapho ~ Male Panama 9.124  -79.488 13.869 0.142 92.09 97.71 ERS14696791 This study
H. sapho

A3497 chocoensis Male Colombia 3.991 -76.227 14.402 0.141 90.64 98.03 ERS14696792 This study
H. sapho

A3501 chocoensis Male Colombia 3.991 -76.227 17.346 0.136 90.55 97.42 ERS14696793 This study
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H. sapho

R3510 chocoensis Female Colombia 3.849 -77.259 15.723 0.138 93.77 98.17 ERS14696794 This study
H. sapho

R3511 chocoensis Male Colombia 3.849  -77.259 13.073 0.145 93.60 98.42 ERS14696795 This study
H. sapho

A3491 chocoensis Female Colombia 3.991 -76.227 13.492 0.145 90.83 97.46 ERS14696796 This study
H. sara

A4534 brevimaculata Female Colombia 3.941 -77.365 24.550 0.039 90.63 96.14 ERS14696797 This study
H. sara

A4538 brevimaculata Male Colombia 3.941 -77.365 23.836 0.040 91.57 96.94 ERS14696798 This study

A4678 H. sara elektra Female Colombia 3.322  -76.633 24.947 0.051 90.93 97.09 ERS14696799 This study

A4680 H. sara elektra Male Colombia 3.322  -76.633 17.223 0.057 90.84 98.82 ERS14696800 This study

A4683 H. sara elektra Female Colombia 3.322  -76.633 18.660 0.055 91.96 98.07 ERS14696801 This study

S4704 H. sara elektra Male Colombia 3.322  -76.633 23.015 0.053 95.22 98.76 ERS14696802 This study
H. sara

S29 magdalena Male Panama 8.709  -79.908 19.599 0.029 94.31 98.68 ERS14696803 This study
H. sara

R31 magdalena Male Panama 8.709  -79.908 16.223 0.046 93.68 98.81 ERS14696804 This study
H. sara

R32 magdalena Male Panama 8.709  -79.908 16.791 0.045 93.15 98.69 ERS14696805 This study
H. sara

S2172 magdalena Male Venezuela 7.799  -72.199 25.416 0.046 95.25 98.86 ERS14696806 This study
H. sara

S3533 magdalena Male Colombia 5.571 -77.501 24.810 0.040 94.70 98.66 ERS14696807 This study
H. sara

A3900 magdalena Male Colombia 6.369  -77.378 20.491 0.042 91.86 98.66 ERS14696808 This study
H. sara

R4134 magdalena Male Colombia 6.446  -70.688 18.466 0.057 93.69 98.91 ERS14696809 This study
H. sara

R4186 magdalena Male Colombia 5.744  -74.229 14.595 0.048 94.31 99.03 ERS14696810 This study
H. sara

R4187 magdalena Male Colombia 5.744  -74.229 18.422 0.044 93.08 98.74 ERS14696811 This study
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H. sara

A4340 magdalena Male Colombia 6.098  -67.486 17.671 0.058 91.87 98.34 ERS14696812 This study
H. sara
S4346 magdalena Female Colombia 6.098  -67.486 17.273 0.059 95.14 98.54 ERS14696813 This study
H. sara
D5248 magdalena Male Venezuela 8.069  -72.248 14.001 0.050 91.75 96.50 ERS14696814 This study
H. sara
D5211 magdalena Male Venezuela 7676  -72.233 13.666 0.056 92.66 98.64 ERS14696815 This study
S1 H. sara sara Male Brazil -1.468  -48.440 19.233 0.058 93.48 87.39 ERS14696816 This study
S5 H. sara sara Male Peru -10.653  -75.109 15.957 0.061 94.41 77.38 ERS14696817 This study
S8 H. sara sara Male Peru -10.327  -74.943 20.504 0.056 93.97 97.85 ERS14696818 This study
S12 H. sara sara Female Brazil -4.066  -54.847 19.816 0.057 92.66 97.97 ERS14696819 This study
R15 H. sara sara Male Brazil -1.208  -54.800 14.194 0.063 93.10 98.66 ERS14696820 This study
R16 H. sara sara Male Brazil -10.891 -55.440 15.055 0.062 93.33 98.54 ERS14696821 This study
R35 H. sara sara Female Peru -5.288  -80.679 14.333 0.064 93.95 98.46 ERS14696822 This study
R36 H. sara sara Female Peru -5.288  -80.679 16.818 0.045 91.84 97.98 ERS14696823 This study
R37 H. sara sara Male Peru -5.288  -80.679 14.743 0.046 92.87 97.74 ERS14696824 This study
S1053 H. sara sara Male Colombia 4.175 -73.678 22.577 0.054 93.75 97.98 ERS14696825 This study
R812 H. sara sara Female Ecuador -3.915 -79.740 14.352 0.062 92.79 98.67 ERS14696826 This study
R820 H. sara sara Male Ecuador -2.868  -78.370 16.235 0.060 93.14 98.80 ERS14696827 This study
R828 H. sara sara Male Ecuador -4.045  -78.584 15.138 0.061 92.79 98.73 ERS14696828 This study
R3467 H. sara sara Male Colombia 1.803  -75.655 14.345 0.061 93.72 99.14 ERS14696829 This study
R3751 H. sara sara Male Colombia 1.803  -75.655 15.775 0.060 93.41 98.77 ERS14696830 This study
A4121 H. sara sara Female Colombia -3.770  -70.340 27.524 0.052 91.97 98.23 ERS14696831 This study
A4272 H. sara sara Female Colombia 1215  -76.683 18.391 0.057 92.39 98.06 ERS14696832 This study
A4343 H. sara sara Female Colombia 6.098  -67.486 19.928 0.056 91.63 98.30 ERS14696833 This study
A4489 H. sara sara Male Ecuador -1.037  -77.844 25.071 0.053 92.34 97.96 ERS14696834 This study
S21204 H. sara sara Male Surinam 4736  -56.802 20.545 0.056 94.61 98.41 ERS14696835 This study
S40219 H. sara sara Male Ecuador -1.037  -77.844 20.755 0.056 93.64 98.21 ERS14696836 This study
R871 H. sara sprucei Male Ecuador -3.767 -79.825 15.049 0.047 92.73 97.60 ERS14696837 This study
R886 H. sara sprucei Male Ecuador -3.653  -79.761 16.130 0.047 92.66 98.84 ERS14696838 This study
A3856 H. sara sprucei Female Colombia 2964  -78.182 23.720 0.033 91.74 98.77 ERS14696839 This study
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Figure S2.1 Missing data and mean depth per individual. Each species is symbolised by a
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105



35221 Hvenez_L1

H. antiochus

: H. hewitsoni

H. sapho

3106 Heeleu_L.
2083 Heeleu |
A3154 " Heeleu”|
R_4863_Heeleu_|

871 Heele:

(e

H. eleuchia

H. congener

31%5_""‘-";‘5]:“ LS H. leucadia
72 'Hsmagd'_LL15
d_L2

11"_Hvenez

sbrev_]
A4538 Hsbrev_L2
R_4590 Hsspru_L2
R”32_D_Hsmagd_L2
R”41B7 Hsmagd L1

H. sara

Outgroup

0.004
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Figure S2.14 Maximum likelihood phylogeny of chromosome 13. Bootstrap support values are
indicated at branches.
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Figure S2.17 Maximum likelihood phylogeny of chromosome 16. Bootstrap support values are

indicated at branches.
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indicated at branches.
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Figure S2.22 Maximum likelihood phylogeny of chromosome 21. Bootstrap support values are
indicated at branches.
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Figure S2.25. Local PCA in non-overlapping windows of 100 SNPs along Chr4 in H. eleuchia
and H. congener. Each group of windows in the MDS analysis (top left) is numbered and coloured
coded. Then, PCAs are shown for all windows and for each group of windows derived from the
MDS analysis (number indicated on top). In the PCAs each species is represented by a symbol,
females are coloured in red, and males are coloured in blue.
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and H. hewitsoni. Each group of windows in the MDS analysis (top left) is numbered and coloured
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Figure S2.27 Local PCA in non-overlapping windows of 100 SNPs along Chr4 in H.
antiochus. Each group of windows in the MDS analysis (top left) is numbered and coloured coded.
Then, PCAs are shown for all windows and for each group of windows derived from the MDS
analysis (number indicated on top). In the PCAs each species is represented by a symbol, females
are coloured in red, and males are coloured in blue.
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Figure S2.28 Local PCA in non-overlapping windows of 100 SNPs along Chr14 in H. eleuchia
and H. congener. (a) two-dimensional MDS plot of the distribution of 100 SNP windows along
Chr14 for the H. congener/H. eleuchia clade. Each point represents one window. The left panel
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Figure S2.30 Genome-wide divergence (FST) between pairs of subspecies of H. eleuchia, H.
congener and H. sapho. Each point represents a SOKb window. The significance threshold is set
at the top 5% of the Fst values distribution tail, and black windows are those that passed this
threshold.
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Figure S2.31 Genome-wide divergence (Dxy) between pairs of all subspecies in the sara/sapho
clade. Each point represents a SOKb window. The significance threshold is set at the top 5% of the
Fsr values distribution tail, and black windows are those that passed this threshold. Analyses for
other pairs of subspecies are shown in Figures S32 and S33.
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Figure S2.32 Genome-wide divergence between pairs of subspecies of H. antiochus. (a) Fst
and (b) Dxy. Each point represents a S0Kb window. The significance threshold is set at the top 5%

of the Fsr values distribution tail, and black windows are those that passed this threshold.
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Figure S2.33 Genome-wide divergence between pairs of subspecies of H. sara. (a) Fst and (b)
Dxy. Each point represents a S0Kb window. The significance threshold is set at the top 5% of the
Fsr values distribution tail, and black windows are those that passed this threshold.
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Figure S2.34 Standardised proportion of heterozygous sites and mean depth between sexes
on chromosome 4. Each panel corresponds to a species with the standardized proportion of
heterozygous sites shown on top and mean depth on the bottom. Each dot represents one
individual. ns= non-significant.
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Figure S2.35 Standardised proportion of heterozygous sites and mean depth between sexes
on a) 14 y b) 9 chromosomes. Each panel corresponds to a species with the standardized
proportion of heterozygous sites shown on top and mean depth on the bottom. Each dot represents
one individual. ns= non-significant.
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Figure S2.36 Standardised proportion of heterozygous sites and mean depth compared
among chromosomes in a) females and b) males of H. eleuchia, H sapho and H. antiochus
species. Each panel corresponds to a species with the standardized proportion of heterozygous
sites shown on top and mean depth on the bottom. Chromosomes with * (p < 0.01) are significantly
different from all other chromosomes.
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Figure S2.37 Proportion of heterozygous sites and mean depth between sexes in sliding
windows along chromosome 4. Each panel corresponds to a species with the proportion of
heterozygous sites shown on top and mean depth on the bottom. Each dot represents the average
of these values across all individuals per window. ns = non-significant.
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Figure S2.38 Proportion of heterozygous sites and mean depth between sexes in sliding
windows along chromosome a) 14 and b) 9. Each panel corresponds to a species with the
proportion of heterozygous sites shown on top and mean depth on the bottom. Each dot represents
the average of these values across all individuals per window. ns = non-significant.
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CHAPTER 3

Chemical defence variation in Heliconius butterflies: testing the role of mimicry rings and

ecoregions

Table S3.1 Sample information and concentration of each CNglc per sample (in ug/mg). Gyn.: Gynocardin, Dih.:

Dihydrogynocardin, Tet.: Tetraphyllin B, Epi.: Epivolkenin, Dei.: Deidaclin, Lin.: Linamarin, Lot.: Lotaustralin, Epil.: Epilotaustralin.

Total: concentration of all CNglcs combined.

ID Ring Species Subspecies Locality Gyn. Dih. Tet. Epi. Dei. Lin. Lot. Epil. Total
4128 No mimicry ring  H. antiochus antiochus Amazonas 0.00 0.00 0.00 8.02 000 477 299 044 16.23
4129 No mimicry ring  H. antiochus antiochus Amazonas 0.00 0.00 0.00 2429 000 025 0.1 0.00 24.66
4130 No mimicry ring  H. antiochus antiochus Amazonas 0.00 0.00 0.00 3240 000 0.09 0.03 0.00 3252
5029 No mimicryring  H. antiochus antiochus Amazonas 0.00 0.00 0.00 0.00 0.00 1542 6.69 0.00 2211
5030 No mimicryring  H. antiochus antiochus Amazonas 0.00 0.00 0.00 90.61 0.04 068 0.07 0.00 9141
Amazonas-

5341 No mimicryring  H. antiochus antiochus Pedrera 0.00 0.00 0.00 0.00 0.00 11.31 535 3.06 19.72
Amazonas-

5363 No mimicry ring  H. antiochus antiochus Pedrera 0.00 0.00 0.00 0.00 134 3165 19.73 16.85 69.58
Amazonas-

5364 No mimicry ring  H. antiochus antiochus Pedrera 0.00 0.00 0.00 60.04 0.00 1.78 085 0.03 62.69
Amazonas-

5383 No mimicryring  H. antiochus antiochus Pedrera 0.00 0.00 0.00 0.00 0.00 3577 19.49 10.91 66.17
Amazonas-

5384 No mimicry ring  H. antiochus antiochus Pedrera 0.00 0.00 0.00 4985 0.00 0.87 1.02 0.01 51.75

5021 Dennis-ray H. aoede bartleti Amazonas 0.00 0.00 0.00 6568 000 000 0.00 0.00 6568

5022 Dennis-ray H. aoede bartleti Amazonas 0.00 0.00 0.00 5152 000 000 0.00 0.00 5152

4208 No mimicry ring  H. charithonia bassleri Boyaca 10.26 0.00 0.00 0.00 0.00 1.89 1.61 0.07 13.84
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4209 No mimicry ring  H. charithonia bassleri Boyaca 4475 0.00 1.87 0.00 000 917 508 097 6184
4211 No mimicry ring  H. charithonia bassleri Boyaca 554 0.00 0.00 0.00 000 400 205 040 11.98
4212 No mimicry ring  H. charithonia bassleri Boyaca 19.16  0.00 0.00 0.00 0.00 4.54 1.80 017  25.66
4213 No mimicry ring  H. charithonia bassleri Boyaca 10.33 0.00 0.00 0.00 0.00 275 1.24 0.16 14.49
5588 No mimicryring  H. charithonia bassleri Boyaca 0.00 0.00 0.00 0.00 000 430 183 095 7.08
5589 No mimicryring  H. charithonia bassleri Boyaca 207 0.00 0.00 0.00 0.00 098 094 0.00 3.99
5590 No mimicryring  H. charithonia bassleri Boyaca 0.00 0.00 0.00 0.00 0.00 3.01 113  0.96 5.1
4645 No mimicry ring  H. clysonimus clysonimus Cauca valley 0.00 0.00 0.00 206 036 863 332 0.46 14.82
4646 No mimicry ring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 0.00 1.07 000 728 363 2.02 14.00
4664 No mimicry ring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 0.00 3.82 0.00 10.07 4.67 1.71 20.26
4665 No mimicry ring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 14.16 0.00 0.00 6.15 196 017 22.44
4666 No mimicry ring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 0.00 3369 000 323 040 0.00 37.31
5674 No mimicry ring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 0.00 0.00 0.00 1327 519 0.00 1846
5675 No mimicryring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 0.00 0.00 000 694 276 094 10.64
5676 No mimicry ring  H. clysonimus clysonimus Cauca Valley 0.00 0.00 0.00 4233 000 000 0.00 0.00 4233
5007 White_yellow H. cydno cydnides Caldas 0.00 0.00 0.72 0.00 184 1435 7.70 0.00 24.61
5008 White_yellow H. cydno cydnides Caldas 0.00 0.00 0.00 0.00 000 526 1.11 0.00 6.37
5010 White_yellow H. cydno cydnides Caldas 0.30 0.31 0.00 0.00 000 120 0.14 0.00 1.94
5011  White_yellow H. cydno cydnides Caldas 024 030 0.00 0.00 0.00 084 0.10 0.00 1.49
5485 White_yellow H. cydno cydnides Cauca Valley 0.00 0.30 0.00 0.00 0.00 14.51 7.87 557 28.25
5486 White_yellow H. cydno cydnides Cauca Valley 0.00 0.00 0.00 000 6.00 49 215 0.58 13.69
5487 White_yellow H. cydno cydnides Cauca Valley 0.00 1.68 0.00 0.00 0.00 10.91 472 415 21.46
5488 White_yellow H. cydno cydnides Cauca Valley 0.00 0.00 0.00 000 758 1296 650 6.70 33.73
4792 Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 0.00 000 476 203 2.64 9.42
4793 Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 000 278 957 397 0.00 16.32
4794  Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 0.00 000 626 215 0.50 8.92
4795 Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 0.00 0.00 472 269 0.22 7.63
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4796 Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 0.00 0.90 6.66 212 1.20 10.88
5666 Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 0.00 0.00 925 2.29 0.65 12.18
5667 Yellow_hindwing H. cydno weymeri Cauca Valley 0.00 0.00 0.00 0.00 0.00 1665 580 6.94 2940
5780 White H. cydno zelinde Buenaventura 0.00 0.00 0.00 0.00 0.00 2757 1245 7.11 4713
5789 White H. cydno zelinde Buenaventura 0.00 0.00 0.00 195 000 2189 799 0.00 31.83
4622 Yellow H. doris doris Cauca Valley 0.00 0.00 0.00 0.00 0.00 29.98 13.12 231 4541
4663 Yellow H. doris doris Cauca Valley 0.00 0.00 0.00 0.00 025 23.79 070 0.00 24.74
4669 Yellow H. doris doris Cauca Valley 0.00 0.00 0.00 0.00 0.00 2476 112 0.06 25.95
5537 Yellow H. doris doris Amazonas 0.00 0.00 0.00 0.00 000 728 461 024 1212
5636 Yellow H. doris doris Boyaca 0.00 13.29 0.00 0.00 0.00 5760 2493 0.00 95.82
5657 Yellow H. doris doris Cauca Valley 0.00 0.00 1.10 0.00 0.00 257 113 0.00 4.81
5012 White_yellow H. eleuchia eleuchia Caldas 0.00 0.00 0.00 0.00 000 137 095 0.68 2.99
5013 White_yellow H. eleuchia eleuchia Caldas 0.00 0.00 0.00 0.00 3.68 0.51 0.27 0.00 4.46
5014 White_yellow H. eleuchia eleuchia Caldas 0.00 0.00 0.00 0.1 0.00 0.00 0.00 0.00 0.1
5499 White_yellow H. eleuchia eleuchia Cauca Valley 0.00 0.00 444 0.00 010 235 0.38 0.00 7.27
5500 White_yellow H. eleuchia eleuchia Cauca Valley 0.00 0.00 0.00 015 7269 000 030 0.00 73.14
5501 White_yellow H. eleuchia eleuchia Cauca Valley 0.00 0.00 0.00 0.70 6764 000 035 0.00 68.68
5502 White_yellow H. eleuchia eleuchia Cauca Valley 0.00 0.00 0.00 0.09 86.58 0.11 0.40 0.00 87.18
5673 White_yellow H. eleuchia eleuchia Cauca Valley 0.00 0.00 0.00 0.00 74.51 0.00 0.00 0.00 74.51
5754 White_yellow H. eleuchia eleuchia Cauca Valley 0.00 0.00 0.00 0.00 78.61 0.00 0.00 0.00 78.61
4007 Dennis-ray H. elevatus elevatus Amazonas 0.00 0.00 0.00 0.00 0.00 3.31 1.58 0.00 4.89
4008 Dennis-ray H. elevatus elevatus Amazonas 0.00 0.00 1.32 0.00 0.00 9.61 4.69 1.88 17.50
5023 Dennis-ray H. elevatus elevatus Amazonas 0.00 0.00 0.9 0.53 0.00 9.58 1.67 1.1 13.80
Amazonas-
5329 Dennis-ray H. elevatus elevatus Pedrera 0.00 0.00 0.51 0.00 0.00 1436 9.31 496 29.14
Amazonas-
5389 Dennis-ray H. elevatus elevatus Pedrera 0.00 0.00 0.00 0.00 000 6.8 209 0.33 9.27
5514 Dennis-ray H. elevatus elevatus Amazonas 0.00 0.00 541 0.00 0.00 12.61 1.63 0.00 19.65
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4122 No mimicry ring  H. hecale holcophorus Amazonas 0.00 0.00 0.00 0.00 0.00 513 1.47 0.00 6.60
5557 No mimicryring  H. hecale holcophorus Amazonas 0.00 0.00 0.00 0.00 0.00 418 2.82 1.40 8.41
4011 No mimicry ring  H. hecale melicerta Santander 0.00 0.00 0.00 0.00 0.00 542 245 0.00 7.87
4012 No mimicry ring  H. hecale melicerta Santander 0.00 0.00 0.00 0.00 0.00 294 1.87 0.00 4.81
4207 No mimicry ring  H. hecale melicerta Boyaca 0.00 0.00 0.00 1080 000 447 209 0.00 17.36
4238 No mimicry ring  H. hecale melicerta Boyaca 0.00 0.00 0.00 784 000 575 249 0.00 16.09
4239 No mimicry ring  H. hecale melicerta Boyaca 0.00 0.00 0.00 8.05 0.00 450 1.31 0.00 13.86
4241 No mimicry ring  H. hecale melicerta Boyaca 0.00 0.00 0.00 0.05 0.00 1282 562 0.00 18.49
4242 No mimicry ring  H. hecale melicerta Boyaca 0.00 0.00 0.00 0.00 000 856 432 0.00 1289
5615 No mimicryring  H. hecale melicerta Boyaca 0.00 0.00 0.00 0.00 0.00 1547 587 0.00 21.34
5616 No mimicryring  H. hecale melicerta Boyaca 0.00 0.00 0.00 1212 0.00 10.73 6.12 148 30.44
5617 No mimicryring  H. hecale melicerta Boyaca 0.00 0.00 0.00 000 374 738 443 0.00 15.55
5787 Tiger H. hecale melicerta Buenaventura 0.00 0.00 0.00 4494 000 000 0.00 0.00 4494
5016 No mimicry ring  H. hecalesia hecalesia Caldas 0.82 0.00 0.00 0.00 0.00 142 0.21 0.00 2.45
5017 No mimicry ring  H. hecalesia hecalesia Caldas 0.00 0.00 0.00 0.00 000 564 825 0.32 14.21
5637 No mimicryring  H. hecalesia hecalesia Boyaca 0.00 0.00 0.00 13.39 0.00 1236 7.20 1.69 34.64
5479 No mimicry ring  H. heurippa heurippa Meta 0.00 024 0.00 0.00 0.00 1164 6.31 447  22.65
4236 No mimicry ring  H. ismenius ismenius Boyaca 0.00 0.00 9.56 0.00 0.00 5.11 285 0.00 17.52
4237 No mimicry ring  H. ismenius ismenius Boyaca 0.00 0.00 8.94 0.00 000 642 3.63 0.00 18.98
4575 Tiger H. ismenius boulleti Buenaventura 0.00 0.00 18.29 0.00 000 840 523 0.00 3191
4578 Tiger H. ismenius boulleti Buenaventura 0.00 0.00 15.90 000 000 729 387 0.00 27.06
4579 Tiger H. ismenius boulleti Buenaventura 0.00 0.00 22.40 0.00 0.00 5.51 2.77 0.00 30.68
4580 Tiger H. ismenius boulleti Buenaventura 0.00 0.00 18.94 0.00 0.00 1019 479 0.00 33.92
4581 Tiger H. ismenius boulleti Buenaventura 0.00 0.00 19.62 0.00 017 6.52 3.41 145 31.16
5532 Yellow H. leucadia leucadia Amazonas 0.00 0.00 0.00 0.00 0.00 0.00 843 0.00 8.43
5544  Yellow H. leucadia leucadia Amazonas 0.00 0.00 0.00 65.01 0.00 0.72 080 0.00 ©66.53
5609 Red band H. melpomene martinae Boyaca 0.00 0.00 0.00 0.00 0.00 6.16 3.70 0.00 9.86
5610 Red band H. melpomene martinae Boyaca 0.00 0.00 0.00 0.00 0.00 10.77 4.9 0.00 15.68
5611 Red band H. melpomene martinae Boyaca 0.00 0.00 0.00 0.00 000 1176 452 0.00 16.28
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Postman

4730 vyellow_ventral H. melpomene vulcanus Buenaventura 0.00 0.00 0.00 0.00 000 2175 939 0.00 31.14
Postman
4741 vyellow_ventral H. melpomene vulcanus Buenaventura 0.00 0.00 0.00 0.00 0.00 1420 6.11 0.23 20.54
Postman
4743 yellow_ventral H. melpomene vulcanus Buenaventura 572 0.00 0.00 0.00 0.00 1419 6.88 0.31 27.09
Postman
4744  yellow_ventral H. melpomene vulcanus Buenaventura 0.00 0.00 0.00 0.00 0.00 1734 7.63 0.41 25.38
4778 Postman H. melpomene bellula Putumayo 0.00 1.43 0.00 0.00 000 556 129 0.00 8.27
4779 Postman H. melpomene bellula Putumayo 0.00 1.28 0.00 0.00 000 6.70 123 0.00 9.21
Amazonas-
5388 No mimicryring  H. numata silvana Pedrera 0.00 0.00 0.00 848 0.00 464 249 1.85 17.47
Amazonas-
5392 No mimicry ring H. numata silvana Pedrera 0.00 0.00 0.00 3.33 0.00 7.48 5.21 437  20.39
Amazonas-
5422 No mimicry ring  H. numata silvana Pedrera 0.00 0.00 0.00 493 000 1206 599 450 2747
Amazonas-
5423 No mimicry ring  H. numata silvana Pedrera 0.00 0.00 0.00 3610 000 065 0.15 0.00 36.90
Amazonas-
5424 No mimicry ring H. numata silvana Pedrera 0.00 0.00 0.00 0.00 0.00 3.88 1.76 3.17 8.81
5509 No mimicry ring  H. numata silvana Amazonas 0.00 0.00 16.95 0.00 000 752 077 024 2548
5510 No mimicryring  H. numata silvana Amazonas 0.00 0.00 5.04 0.00 0.00 10.21 484 015 20.24
5511 No mimicry ring  H. numata silvana Amazonas 0.00 0.00 0.49 0.00 10.09 4.6 166 0.69 17.39
5512 No mimicry ring  H. numata silvana Amazonas 0.00 0.00 0.00 0.00 0.00 15.08 532 047 20.86
5513 No mimicryring  H. numata silvana Amazonas 0.00 0.00 0.00 0.00 0.00 1459 462 032 1953
5519 No mimicry ring  H. numata silvana Amazonas 0.00 0.00 0.00 0.00 0.00 1294 490 0.32 18.16
5523 No mimicry ring  H. numata silvana Amazonas 0.00 0.00 0.00 000 066 1176 859 5.21 26.22
5548 No mimicry ring  H. numata silvana Amazonas 0.00 0.00 0.00 0.00 0.00 1535 827 348 2710
4006 No mimicry ring  H. pardalinus butleri Amazonas 0.00 0.00 0.00 0.00 0.00 8.21 264 0.00 10.85
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Amazonas-

5330 No mimicryring  H. pardalinus butleri Pedrera 0.00 0.00 0.00 0.00 0.00 15.91 6.41 0.89 23.20
Amazonas-
5331 No mimicry ring  H. pardalinus butleri Pedrera 0.00 0.00 0.00 0.00 0.00 14.11 420 0.59 18.91
Amazonas-
5332 No mimicry ring  H. pardalinus butleri Pedrera 0.00 0.00 0.00 0.00 0.00 1059 395 0.41 14.96
Amazonas-
5333 No mimicry ring  H. pardalinus butleri Pedrera 0.00 0.00 0.00 0.00 0.93 18.01 714 037 2644
5520 No mimicry ring  H. pardalinus butleri Amazonas 0.00 0.00 0.00 0.00 0.00 17.51 783 120 26.53
5550 No mimicry ring  H. pardalinus butleri Amazonas 0.00 0.00 0.00 0.00 0.00 13.81 744 2,00 23.25
5551 No mimicry ring  H. pardalinus butleri Amazonas 0.00 0.00 0.00 0.00 0.00 3571 2111 11.02 67.84
5552 No mimicry ring  H. pardalinus butleri Amazonas 0.00 0.00 0.00 0.00 0.00 5.61 238 0.15 8.15
5786 White H. sapho chocoensis Buenaventura 0.00 0.00 0.00 16080 000 243 038 0.00 163.61
5788 White H. sapho chocoensis Buenaventura 0.00 0.00 0.00 0.00 0.00 2.21 0.67 0.82 3.70
5790 White H. sapho chocoensis Buenaventura 0.00 0.00 0.00 0.00 0.00 252 0.80 0.00 3.32
4183 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 2543 0.00 1096 550 0.00 41.89
4187 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 529 000 1472 577 0.00 2579
4231 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 3224 000 107 068 0.00 33.99
4232 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 5060 000 049 039 0.00 5147
4233 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 1820 000 138 022 0.00 1981
4374 Yellow H. sara magdalena Arauca 0.00 0.00 0.00 000 709 6.18 3.93 1.1 18.31
4375 Yellow H. sara magdalena Arauca 0.00 0.00 0.00 8713 0.09 0.01 0.04 0.00 87.28
4376 Yellow H. sara magdalena Arauca 0.00 0.00 0.00 0.01 2005 775 3.61 0.00 3142
4377 Yellow H. sara magdalena Arauca 0.00 0.00 0.00 8656 000 005 0.00 0.00 86.61
4673 Yellow H. sara magdalena Cauca Valley 0.00 0.00 0.00 4268 0.00 2644 1345 0.00 8257
4674 Yellow H. sara magdalena Cauca Valley 0.00 0.00 0.00 550 0.00 2164 1086 2.17 40.16
4683 Yellow H. sara magdalena Cauca Valley 0.00 0.00 0.00 3.91 0.00 2392 1555 10.36 53.73
4684 Yellow H. sara magdalena Cauca Valley 0.00 0.00 0.00 0.73 0.00 4.91 3.15 1.33 10.12
5571 Yellow H. sara magdalena Meta 0.00 0.00 0.00 4994 000 330 235 0.00 5560
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5572  Yellow H. sara magdalena Meta 0.00 0.00 0.00 5644 000 5.91 3.85 0.00 66.20
5573 Yellow H. sara magdalena Meta 0.00 0.00 0.00 4974 000 412 356 0.00 57.39
5574 Yellow H. sara magdalena Meta 0.00 0.00 0.00 58.21 0.00 6.08 202 0.00 ©66.32
5575 Yellow H. sara magdalena Meta 0.00 0.00 0.00 2236 000 1480 555 262 4533
5650 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 075 000 598 3.55 1.22 11.49
5651 Yellow H. sara magdalena Boyaca 0.00 0.00 0.00 0.00 0.00 13.80 459 0.00 18.39
5762 Yellow H. sara magdalena Buenaventura 0.00 0.00 0.00 4799 0.00 4493 25.21 8.21 126.33
5763 Yellow H. sara magdalena Buenaventura 0.00 0.00 0.00 7049 000 892 6.55 127 87.22
5764 Yellow H. sara magdalena Buenaventura 0.00 0.00 0.00 7579 0.00 59.24 3643 7.95 179.41
5774 Yellow H. sara magdalena Buenaventura 0.00 0.00 0.00 8454 000 725 367 0.00 9546
5775 Yellow H. sara magdalena Buenaventura 0.00 0.00 0.00 4469 000 4.71 3.39 0.00 5279
5776 Yellow H. sara magdalena Buenaventura 0.00 0.00 0.00 7694 000 4.71 3.59 0.00 8524
4347 Yellow H. sara magdalena Vichada 0.00 0.00 0.00 3797 0.00 548 384 042 47.72
4348 Yellow H. sara magdalena Vichada 0.00 0.00 0.00 5328 0.00 1186 7.11 0.69 7294
4349 Yellow H. sara magdalena Vichada 0.00 0.00 0.00 0.65 4206 153 091 0.07 4521
4350 Yellow H. sara magdalena Vichada 0.00 0.00 0.00 763 0.00 1367 799 130 30.59
4351 Yellow H. sara magdalena Vichada 0.00 0.00 0.00 0.00 2926 246 084 0.09 32.64
4352 Yellow H. sara magdalena Vichada 0.00 0.00 0.00 0.00 6168 391 227 012 67.98
4947 Yellow H. sara sara Guaviare 0.00 0.00 0.00 659 000 847 314 0.00 7757
5527 Yellow H. sara sara Amazonas 0.00 0.00 0.00 2453 000 000 613 146 3212
5538 Yellow H. sara sara Amazonas 0.00 0.00 0.00 0.00 0.00 9.09 584 042 15.35
5540 Yellow H. sara sara Amazonas 0.00 0.00 0.00 0.00 0.00 0.00 3956 16.26 55.81
5541 Yellow H. sara sara Amazonas 0.00 0.00 0.00 0.00 0.00 0.00 0.85 0.00 0.85
5542  Yellow H. sara sara Amazonas 0.00 0.00 0.00 0.00 073 2141 1925 425 4564
Amazonas-
5308 No mimicryring  H. wallacei flavescens Pedrera 0.00 0.00 0.00 0.00 0.00 1686 392 0.00 20.77
Amazonas-
5310 No mimicryring  H. wallacei flavescens Pedrera 0.00 0.00 0.00 0.00 0.00 2097 260 0.00 2357
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Amazonas-

5320 No mimicryring  H. wallacei flavescens Pedrera 0.00 0.00 0.00 0.00 0.00 17.21 3.39 0.00 20.60
Amazonas-

5342 No mimicry ring  H. wallacei flavescens Pedrera 0.00 0.00 0.00 0.00 0.00 1917 465 0.00 23.82
Amazonas-

5343 No mimicryring  H. wallacei flavescens Pedrera 0.00 0.00 0.00 0.00 093 2254 1276 10.94 4717
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Table S3.2 CNglcs identified in this study.

Sodium Formic
Retention
Cyanogenic glucoside Source adducts adducts
time (min)
(m/z) (m/z)
Linamarin Biosynthesized 2.8 270 292
Lotaustralin Biosynthesized 4 284 306
Epilotasutralin Biosynthesized 4.3 284
Deidaclin/Tetraphylin A Sequestered 4 290 316
Tetraphylin B Sequestered 1.4 310 332
Epivolkenin Sequestered 2 310 332
Gynocardin Sequestered 1 326 348
Dihydrogynocardin Sequestered 1.8 328 350
Amygdalin External Standard 5.3 480 502
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Table S3.3 CNglc profiles compared among all species tested, between all species from the

same locality, and between populations of the same species PERMANOVA).

Sum of
Comparison between R? F-value p (>F)

squares
All Species of Heliconius 66818 0.28 4.57 0.001***
Species occurring in Puerto Narino-Amazonas 13289 0.53 417 0.003***
Species occurring in Pedrera-Amazonas 3584.2 0.35 214 0.034*
Species occurring in Boyaca 6482.6 0.53 4.84 0.001***
Species occurring in Buenaventura 27181 0.54 3.94 0.012*
Species occurring in Caldas 59.486 0.21 0.83 0.541
Species occurring in Guaviare 4611.6 0.95 76.99 0.001***
Species occurring in Meta 77511 0.75 11.36 0.002***
Species occurring in Putumayo 52.288 0.87 20.13 0.100
Species occurring in Valle del Cauca 23116 0.67 13.98 0.001***
Populations of H. sara 22826 0.46 3.69 0.001***
Populations of H. erato 17981 0.3 2.11 0.028*
Populations of H. melpomene 1066.1 0.36 2.3962 0.015*
Populations of H. eleuchia 7721.2 0.6 10.73 0.026*
Populations of H. cydno 655.34 0.63 8.76 0.007**

Significance codes: 0 “*** 0.001 ** 0.01 ** 0.05‘° 0.1 *’ 1
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Table S3.4 CNglc profiles compared between species pairs (PERMANOVA).

Sum of F- p- p-

Species pairs squares values R2 value adjusted

H. antiochus vs. H. cydno 4415.52 8.71 0.26 0 0.01*
H. antiochus vs. H. eleuchia 12494.56 8.78 0.34 0 0.01*
H. antiochus vs. H. melpomene 5665.73 15.78 0.28 0 0.01*
H. charitonia vs. H. clysonimus 1011.41 3.52 0.2 0 0.01*
H. charitonia vs. H. cydno 983.88 795 0.26 0 0.01*
H. charitonia vs. H. hecale 911.54 46 0.2 0 0.01*
H. charitonia vs. H. melpomene 1880.01 15.75 0.29 0 0.01*
H. charitonia vs. H. numata 934.96 495 0.21 0 0.01*
H. charitonia vs. H. pardalinus 1254.42 7.32 0.33 0 0.01*
H. clysonimus vs. H. melpomene 1316.28 939 0.2 0 0.01*
H. cydno vs. H. ismenius 1372.52 21.34 049 0 0.01*
H. doris vs. H. eleuchia 8792.45 748 0.37 0 0.01*
H. eleuchia vs. H. erato 15183.96 11.57 0.17 0 0.01*
H. eleuchia vs. H. melpomene 13962.38 34.74 047 0 0.01*
H. eleuchia vs. H. pardalinus 9377.04 10.94 0.41 0 0.01*
H. eleuchia vs. H. sara 18780.07 13.62 0.23 0 0.01*
H. elevatus vs. H. ismenius 737.29 23.17 0.68 0 0.01*
H. erato vs. H. melpomene 4701.77 5.88 0.07 0 0.01*
H. hecale vs. H. ismenius 1391.21 10.75 0.37 0 0.01*
H. hecale vs. H. melpomene 1276.65 10.84 0.2 0 0.01*
H. ismenius vs. H. melpomene 1999.6 23.83 0.39 0 0.01*
H. ismenius vs. H. numata 1071.8 8.93 0.33 0 0.01*
H. ismenius vs. H. pardalinus 1369.39 16.82 0.55 0 0.01*
H. ismenius vs. H. sara 7546.49 6.56 0.13 0 0.01*
H. melpomene vs. H. sapho 8478.06 13.88 0.3 0 0.01*
H. melpomene vs. H. sara 17721.89 23.08 0.25 0 0.01*
H. antiochus vs. H. charitonia 3990.91 489 0.23 0.01 0.02*
H. antiochus vs. H. ismenius 4072.84 525 0.26 0.01 0.04*
H. antiochus vs. H. pardalinus 3478.46 477 0.22 0.02 0.04*
H. aoede vs. H. cydno 6347.16 81.08 0.83 0.01 0.03*
H. aoede vs. H. eleuchia 8573.75 6 04 0.02 0.05*
H. aoede vs. H. hecale 4810.32 27.84 0.68 0.01 0.03*
H. aoede vs. H. ismenius 5851.8 143.88 0.95 0.02 0.04*
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H. leucadia vs. H. sara

H. leucadia vs. H. wallacei

H. melpomene vs. H. pardalinus
H. melpomene vs. H. wallacei
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Significance codes: 0 **** 0.001 ** 0.01 * 0.05°." 0.1 "1
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Figure S3.1 Differences between the quantification of all CNglcs combined (‘CNglcs total’)
obtained from LC-qToF-MS and LC-Orbitrap-MS.
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Figure S3.2 Quantification of all CNglcs combined (‘CNglcs total’) per mimicry ring and
locality. (A) white yellow, (B) red band, (C) dennis-ray and (D) yellow. Mean concentration of
‘CNglcs total’ is shown on top of each box (numbers on squares). Significantly different
comparisons (a < 0.05) are shown.
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Figure S3.3 Variation in the concentrations of all CNglcs combined (‘CNglcs total’) within a
species ocurring in different localities. (A) H. antiochus, (B) H. hecalesia, (C) H. doris, (D) H.
hecale, (E) H. elevatus, (F) H. numata, and (G) H. pardalinus. Mean concentration of ‘CNglcs
total’ is shown on top of each box (numbers on squares).
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Figure S3.4 Non-metric multidimensional scaling (NMDS) of cyanogenic glycosides in
Heliconius comparing mimicry rings. The distance between two symbols is indicative of how
different two individuals are in the composition of CNglcs. Boxplots for both NMDS1 and
NMDS?2 show differences between mimicry rings in each axis. Asterisk (*) symbolises a p-value

<0.05.
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