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Abstract

The purpose of this dissertation was to understand how changes in short-term
ecological factors have lead to long-term evolutionary consequences, with a particular
focus on the diversification of herbivorous insects and the plants they feed on. I begin
with a general discussion of current theory on how changes to a species’ niche, or general
way of life, can shape evolutionary processes across a broad diversity of organisms,
including adaptation, selection, diversification, and hybridization. Additionally, I discuss
two important and unresolved questions specifically regarding the diversification of
herbivorous insects and discuss how the subsequent three dissertation chapters attempt to
address these areas of investigation. In Chapter 1, I investigate the evolutionary history of
Neotropical moths in the hyperdiverse genus Eois (Geometridae), with an emphasis on
documenting the roles of host conservatism, geography, and elevation in promoting
diversification. In Chapter 2, I examine the evolution of secondary defense chemistry in
one clade of Piper plants (Radula), the predominant genus that Fois caterpillars feed on.
Finally in chapter 3, I elucidate patterns of novel host using Californian butterflies and
exotic plants as a model system in an effort to determine the characteristics of herbivores
that promote host shifting, which is typically the predominant mechanism by which

diversification is thought to occur in herbivorous insect lineages.
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Introduction ~ Shifting ecological niches and their evolutionary
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Evolutionary consequences of shifting ecological niches

Within On the Origin of Species, Darwin (1859) highlighted the role of
ecologically relevant differences in promoting natural selection and subsequent
diversification, which has been a commonplace topic of evolutionary investigation ever
since. Divergent ecological selection is now known to promote rapid ecological
speciation over short time spans (Nosil 2012), resulting in the genesis of ecologically
differentiated forms from a common ancestral form. One hallmark example is from
stickleback fishes, where divergent selection on individuals occupying limnetic and
benthic ecological niches has resulted in replicated divergence in multiple postglacial
lakes in North America (Rundle et al. 2000). Similarly, selection acting on Timema
walking sticks feeding on different host plants has led to two morphological phenotypes;
each morph is best camouflaged on its respective host plant due to differences in host
morphology (Gompert et al. 2014; Soria-Carrasco et al. 2014). In addition to adaptation
to the niche itself, ecological selection can also act on a species’ phenotype depending on
the species composition found within a given community, as seen in North American
velvet ants. These wingless wasps form one of the world’s largest mimicry complexes,
consisting of hundreds of species from multiple genera that fit into one of eight distinct
color patterns (i.e., mimicry rings) (Wilson et al. in press). The mimetic fidelity of velvet
ant species within a mimicry ring (i.e., how well species are adapted to the ring’s mean
phenotype) is hypothesized to largely depend on the diversity of other mimicry rings

within a community (Wilson et al. 2013). More specifically, ecological selection is



thought to promote imperfect mimicry in highly diverse communities because imperfect
mimics gain a benefit from matching multiple phenotypes, while higher mimetic fidelity
is favored in less morphologically diverse velvet ant communities (Wilson et al. 2013).
While ecological divergent selection is now known to be a strong driver of speciation
across a number of lineages (Nosil 2012), it is important to note that other evolutionary
processes promoting diversification are still influential in many of these systems, such as
geographic effects. Future studies investigating the interactions between isolation by
distance and isolation by environment (e.g., Wang et al. 2013) are still needed to fully
understand the role that changes in a species niche play in diversification.

Ecological changes in niches are also thought to play a large role in driving
diversification across deeper evolutionary scales. For adaptive radiations, which are
characterized by the rapid multiplication of ecologically differentiated forms, ecological
opportunity is thought to promote diversification by allowing a species to utilize a novel
adaptive zone (i.e., a set of available niches that a species can utilize) (Simpson 1953;
Schluter 2000; Losos 2010; Yoder et al. 2010). Simpson (1953) originally highlighted
three routes to ecological opportunity, each associated with a change in a species’ niche:
colonization of a novel habitat, escape from antagonists, and the utilization of a novel
resource type. Following each scenario, speciation is thought to be facilitated via
divergent selection acting on individuals occupying different niches (Schluter 2000).
Much work has been committed to understanding whether divergent ecological selection
within an adaptive radiation results in a pattern where closely related organisms share
similar niches or morphologies (i.e., phylogenetic signal; Blomberg and Garland 2002) or

whether these traits evolve convergently, resulting in the pattern of distant relatives



sharing more similar traits. Numerous examples of convergent evolution have been
documented across a variety of lineages, including Anolis lizards (Mabhler et al. 2013),
cichlid fishes (Muschick et al. 2012), and diurnal velvet ants (Wilson et al. in press), with
strong ecological selection acting on lineages occupying alternate niches invoked as an
active process driving diversification.

Shifting ecological factors have also been implicated in changing rates of gene
flow among closely related species. Altered hybridization rates can occur in response to
biotic changes to an environment, often in the form of shifting species assemblages. For
instance, the rates and outcomes of hybridization among multiple western North
American sucker species (Catostomus sp.) largely depends on which species occur within
a given river drainage (Mandeville et al. 2015). More specifically, the native
flannelmouth sucker (C. latipinnis) and the introduced white sucker (C. commersoni)
hybridize extensively in the Little Sandy River; however, hybridization between these
two species is dramatically reduced in the Big Sandy River where the longnose sucker
(C. catostomus) has also been introduced (Mandeville et al. 2015). Numerous other
examples of introduced species hybridizing with natives have been documented, often
resulting in the introgression of introduced alleles into native species. Introgression of
alleles can lead not only to morphological changes and reduced fitness in some cases
(Muhlfield et al. 2009), but also has sparked a political and philosophical debate
regarding the conservation of native species that contain exotic alleles (Fitzpatrick et al.
2010). Changes to a species’ abiotic environment are also known to influence the rates
and outcomes of hybridization among closely related species. For example, changes in

species ranges in response to climate change can result in the formation of a new hybrid



zone, as has been reported in North American flying squirrels (Garroway et al. 2010).
Furthermore, existing hybrid zones can shift geographically to match changing climates,
in some cases resulting in differential introgression of alleles between the species (Taylor
et al. 2014). Fluctuating weather patterns can also affect hybridization rates indirectly by
altering the local abundances of parental species (Jahner et al. 2012). Finally, it is worth
noting that both biotic and abiotic environmental changes can increase hybridization rates
so dramatically that reproductive barriers between diverges species completely break
down, potentially resulting in speciation reversal (Seehausen et al. 1997, 2008; Taylor et

al. 2006).

What are the relative roles of biotic and abiotic changes in shaping long-term

evolutionary processes?

It is clear from the examples above that both biotic and abiotic changes to a
species’ niche that occur during an ecologically relevant time scale can ultimately lead to
profound evolutionary consequences. However, examining biotic and abiotic forces
separately for a system might be misguided, as these forces are often not mutually
exclusive from one another. While abiotic changes might directly promote evolution in a
species, there often is an associated indirect effect on other biotic factors within the
environment. This interplay between abiotic and biotic forces was readily apparent in the
evolution of Eois, a hyperdiverse genus of Neotropical moths (Geometridae) that are host
specialists on chemically well-defended plants in the genus Piper (Piperaceae). The

evolution of Eois is characterized by repeated radiations associated with the colonization



of a novel host plant species, geographic area, or elevational band (see Chapter 1).
Furthermore, trait differences found among Fois sister species are typically differences in
host plant species, though some sister species also vary in geography or elevation (see
Chapter 1). In sum, the results from Eois suggest that both biotic and abiotic changes to
species niches during the evolution of the genus have led to diversification and that these
niche changes are also associated with more recent divergence among sister species. For
herbivorous insects, a widespread comparison of studies that find a strong role for host
associated differentiation with studies examining lineages where host associated
differentiation is not thought to play a role (e.g., in grass-feeding Lepidoptera; Jahner et
al. 2015) could lead to better inferences about the relative roles of biotic and abiotic

processes in shaping diversification and other evolutionary processes.

What factors explain the variation in changeability found across species and lineages?

There is widespread variation in the propensity to change ecological niches found
both within and among lineages of herbivorous insects. In these diverse lineages, the
colonization of a novel host plant has long been characterized as a shift to a novel
ecological niche, allowing for subsequent diversification via divergent ecological
selection (Ehrlich and Raven 1964). An understanding of the factors that promote host
shifts is critical for a thorough understanding of evolutionary processes occurring at short
time scales and macroevolutionary time scales. Interactions between native insects and
exotic host plants represent a good system to understand variation in the ability to utilize

a novel niche. For a set of 70 Californian butterflies that are known to utilize exotic host



plants, more generalist butterflies (in terms of native diet breadth) were more likely to
utilize more exotic hosts (Chapter 3 / Jahner et al. 2011). This result is not surprising, as
one might expect that species with a more constrained host range would be less likely to
utilize a novel host. Additionally, more widespread Californian butterflies were more
likely to utilize novel hosts, and this effect was stronger than the effect of native diet
breadth (Chapter 3 / Jahner et al. 2011).

At deeper evolutionary scales, it is also possible to examine the propensity for
lineages to change niches by estimating the amount of phylogenetic signal found across a
phylogeny for a given trait. Phylogenetic signal is a pattern where closely related taxa
typically share more similar traits than distant relatives (Blomberg and Garland 2002).
For herbivorous insects, it has long been documented that lineages typically consume
closely related plants with a similar chemical profile (Ehrlich and Raven, 1964), a pattern
often referred to as host conservatism and also consistent with strong phylogenetic signal.
For caterpillars in the genus Eois (described above), I found strong phylogenetic signal in
host use, with lineages typically consuming host plants from within the same clade of
Piper, the primary host genus for Eois (Chapter 1). Additionally, geography and
elevation also displayed similarly strong phylogenetic signal across the phylogeny
(Chapter 1). These results suggest that niche shifts associated with host plants, elevational
bands, or novel geographic regions were relatively rare throughout the evolutionary
history of the genus, but also that these shifts were often followed by diversification.

Similarly, most of the variation in secondary defense chemistry for host plants is
thought to be partitioned predominantly among clades (i.e., phylogenetic signal), as

opposed to within clades, though the evolution of secondary chemistry has been



examined in few lineages (Johnson et al. 2014). However, the evolution of secondary
chemistry across plants in the Piper clade Radula was characterized by high lability in
traits (Chapter 2). These results provide an interesting dichotomy to the high degree of
phylogenetic signal found for Eois, suggesting that rapid diversification in highly diverse
lineages can be associated with species with either highly conserved or highly changeable
niches. It is possible that these patterns are not entirely independent of one another, as
evolutionary changes in the host plant chemistry could cascade up into higher trophic
levels to affect the evolution of host use in the Eois herbivores (Forister and Feldman
2011). For instance, a lack of phylogenetic signal in host plant chemistry among closely
related plants might promote host specialization, especially if closely related plants are
more likely to contain a chemical profile that is intolerable to an insect herbivore. This
dynamic would contribute to structuring the global pattern of high specialization in diet
breadth found in herbivorous insects (Forister et al. 2015) How this interplay between
lability in host chemistry might affect host conservatism and patterns of specialization
across local and global scales remains an open question, and should be investigated in a

variety of other plant-insect systems.
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Abstract

Adaptive radiations are thought to be stimulated by the colonization of a novel
adaptive zone, such as an unoccupied habitat or unutilized resource type. For most
herbivorous insects, the predominant mechanism of diversification is assumed to be a
host shift onto a novel host plant lineage. However, other drivers of diversification also
likely play an important role in shaping the evolutionary history of diverse lineages,
especially in groups residing in regions with complex geological histories. In this study,
we evaluated the contributions of host plant clade, geography, and elevation in shaping
diversification in Eois (Lepidoptera: Geometridae), a hyper-diverse genus of Neotropical
moths. Evolutionary relationships among 109 individuals were reconstructed using one
mitochondrial gene (cytrochrome ¢ oxidase subunit I) and two nuclear genes (elongation
factor 1-alpha; wingless). As a complementary approach, an additional phylogeny was
constructed from a genotyping-by-sequencing dataset encompassing 8,556 single
nucleotide polymorphisms from 152 individuals. Both sequencing methodologies yielded
similar topologies and strongly clustered individuals by host clade, geography, and
elevation. While diversification of basal lineages often coincided with host clade shifts,
the evolutionary history of Fois coincided strongly with major geological events, such as
the rise of the Andes Mountains and the closure of the Central American Seaway.
Overall, patterns of diversification in Eois are consistent with the perspective that shifts

across multiple adaptive zones have driven diversification in this hyper-diverse lineage.
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INTRODUCTION

Adaptive radiations are some of the most notable examples demonstrating the
potential for ecological processes to shape long-term evolutionary dynamics (Simpson
1953; Schluter 2000). These systems are characterized by the rapid diversification of
ecologically differentiated species, occasionally resulting in convergent evolution of
similar forms in distant lineages (Muschick et al. 2012; Mabhler et al. 2013; Wilson et al.
2015). Adaptive radiations can be stimulated by ecological opportunity associated with
the invasion of a novel adaptive zone (Simpson 1953; Losos 2010; Yoder et al. 2010),
often via dispersal into a previously unoccupied habitat or island (e.g. Lerner et al. 2011;
Haines et al. 2014). Additionally, ecological opportunity can arise from the development
of a key evolutionary innovation that allows for the colonization of a previously
unutilized resource type (e.g. Hodges and Arnold 1995; Martin and Wainwright 2011).
For instance, North American crossbills (Loxia) have morphologically specialized bills
that are adept at opening the cones of conifers, and specialization of bill types on
different conifer cone morphologies has led to rapid diversification (Parchman et al.
2006). While the role of ecological opportunity in driving diversification has been
identified for many adaptive radiations, a comparison of multiple adaptive zones (i.e., a
set of available niches that a species can utilize; Simpson 1953) has only been attempted
in a few of the most well-studied groups (e.g. Givnish et al. 2009; Mahler et al. 2013). In
this study, we tackle a hyper-diverse tropical radiation ripe for such investigation.

For herbivorous insects, we tend to assume that host plant lineages are the most
important adaptive zone promoting diversification (e.g. Mitter et al. 1988; Fordyce 2010),

which is readily apparent in hypotheses explaining the extreme diversity of phytophagous
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insects and the plants they feed upon (Ehrlich and Raven 1964; reviewed by Janz 2011).
In fact, the dominant paradigm is called the escape and radiate hypothesis, which posits
that insect lineages often diversify on novel lineages of host plants after developing
physiological adaptations to mitigate plant defenses (e.g. Wheat et al. 2007; Edger et al.
2015), suggesting a strong role for adaptive processes. However, one of the central
patterns that led to the formulation of the escape and radiate hypothesis is that groups of
closely related herbivores typically eat similar host plants (e.g. Janz et al. 2001; Stone et
al. 2009; Wilson et al. 2012; Nylin et al. 2014; reviewed by Winkler & Mitter 2009), a
pattern referred to as host conservatism. While host conservatism could be indicative of
widespread ecological adaptation on related hosts, it is also an expected outcome of non-
adaptive allopatric differentiation combined with strong phylogenetic niche conservatism
(Wiens 2004). Despite the widespread evidence for host conservatism in herbivorous
insect radiations, few studies have explicitly examined the relative importance of host
conservatism and geographic differentiation for diversification (e.g. Becerra 1999;
Condamine et al. 2012).

The Neotropical moth genus Eois (Lepidoptera: Geometridae) represents an ideal
system for delineating the effects of host conservatism and geography for diversification
of herbivorous insects. More than 250 species of Eois have been formally described, but
the true diversity of the genus is estimated at more than 1,000 species in the Neotropics
alone (Brehm et al. 2011). Eois caterpillars are highly specialized feeders, typically
feeding on only one or two species (Connahs et al. 2009) from the genus Piper
(Piperaceae), though associations have also been documented on other plant genera

(Strutzenberger et al. 2010). Previous molecular investigations of Eois have reported host
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plant conservatism, with lineages of related caterpillars consuming similar hosts
(Strutzenberger et al. 2010; Wilson et al. 2012). Differences in elevational distributions,
especially associated with the Andes Mountains, are also thought to promote
diversification in Eois (Strutzenberger & Fiedler 2011), resulting in elevationally
stratified communities of Fois (Rodriguez-Castaneda et al. 2010). Overall, two of the
most important drivers of diversification in Eois that have been documented thus far are
Andean uplift and the diversification of Piper, both of which occurred during the period
with highest rates of Eois diversification (Strutzenberger & Fiedler 2011).

While many patterns of host-associated diversification have been documented in
previous molecular analyses of Fois (e.g. Strutzenberger et al. 2010; Wilson et al. 2012),
these studies largely included specimens from only three collection locations (Southern
Ecuador, Central Ecuador, and Costa Rica) even though Eois can be found in the
Neotropics from southern Mexico to northern Argentina (Brehm et al. 2011). This
distributional range spans regions that have been dramatically affected by complex
geological change during the past 50 million years, including the rise of the Andes
Mountains (Hoorn et al. 2010) and the closure of the Central American Seaway that
separated North and South America (Montes et al. 2015). These geological features have
been implicated in shaping the phylogeographic histories of numerous Central and South
American organisms from a variety of taxonomic groups (Hoorn et al. 2010; Turchetto-
Zolet et al. 2013; Bagley and Johnson 2014) and have likely also impacted the
evolutionary history of Eois. In this study we examine the phylogenetic relationships of
Eois from across the Neotropics to investigate the roles of host conservatism, geography,

and elevation in structuring patterns of diversification in Eois across the Neotropics.
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Specifically, we test the predictions that 1) diversification is typically preceded by shifts
in host plant clade, geography, or elevation; 2) host clade is the strongest force promoting
differentiation, especially for ancestral nodes; and 3) recent diversification predominantly
has occurred following shifts in geography or elevation. While our focus in this study is a
broad-scale analysis of factors that could be involved in diversification (sensu Ehrlich
and Raven 1964), we also consider the possibility that the same factors could be

important at a small scale for the differentiation of sister species.

METHODS
Specimen collection

Eois caterpillars and moths were collected from sites in eight Central and South
American countries or dependencies (Fig. 1A; Table S1), including individuals from the
two sites previously examined by Wilson et al. (2012): Yanayacu Biological Station in
Ecuador and La Selva Biological Station in Costa Rica. Sampling sites were selected to
maximize the geographic, elevational, and host plant diversity of Eois. Specimens were
collected via one of three methods: plot-based collecting, general collecting, or light
trapping. Plot-based collecting involves searching for caterpillars on all Piper leaves in
10m diameter plots for one hour (see Rodriguez-Castaneda et al. 2010 for additional
details) and is typically utilized at permanent sites. This method standardizes sampling
effort when comparing ecological data across sites (e.g., Dyer et al. 2007; Forister et al.
2015). In contrast, general collection involves walking along transects and searching all
encountered Piper plants for caterpillars. Caterpillars were either immediately preserved

in ethanol or were reared to adult moths using standard protocols (Gentry and Dyer 2002)
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to collect emerging parasitoid flies and wasps and for taxonomic identification. For each
individual caterpillar, host plant specimens were also collected for identification and
assignment to one of the eight Neotropical Piper host clades (roughly equivalent to a
subgenus; Jaramillo et al. 2008; Fig. 1B). We were unable to assign host plant
associations for adult moths collected via light trapping. In this study, we examined host
conservatism at the clade level instead of the species level (e.g. Wilson et al. 2012)
because we do not have genetic data for every host species and we were focused on broad
scale patterns of evolution associated with the utilization of a novel host lineage (sensu

Ehrlich and Raven 1964), rather than the effects of utilization of closely-related species.

Sanger sequencing

Eois DNA was extracted using Qiagen DNeasy Blood and Tissue kits (Qiagen
Inc., Germantown, MD) and quantified using spectrophotometry. One mitochondrial
gene (cytochrome ¢ oxidase subunit I, COI) and two nuclear genes (elongation factor 1-
alpha, EF1-a; wingless, WG) were amplified using PCR (see Table S2 for PCR primers
and Table S3 for PCR protocols). Successfully amplified individuals were sequenced in
both directions using an ABI 3730 DNA Analyzer (Applied Biosystems Inc., Foster City,
CA) at the Nevada Genomics Center (Reno, NV, USA). Sequences were visually
inspected and aligned in Sequencher 4.10.1 (Gene Codes Corp, Ann Arbor, MI) and
submitted to Genbank.

Phylogenetic trees were first constructed for all three genes individually using
Bayesian inference as implemented in MrBayes 3.2.3 (Ronquist et al. 2012). We were

unable to exclusively use nominal taxonomy as a guide for the exclusion of duplicate
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samples from phylogenetic analyses because cryptic genetic diversity has been reported
in a number of tropical Lepidoptera lineages (e.g. Hebert et al. 2004; Burns et al. 2008).
Furthermore, many of our samples were collected as caterpillars, which cannot be
reliably identified to species at the larval stage (Wilson et al. 2012), and not reared to
adulthood. Therefore, we only included individuals in phylogenetic reconstructions if
they were different from one another in at least one of the following aspects: collection
locality, host plant, morphology, nominal taxonomy, or genetic sequence. Models of
evolution were selected by comparing AIC likelihood scores in jModeltest 2.1.5 (Darriba
et al. 2012) for those models available in MrBayes. Based on the results from model
selection, the GTR+I+G model of evolution was implemented for phylogenies
constructed from nuclear genes (EF1-a and WG), while the HKY+I+G model of
evolution was selected for the mitochondrial tree (COI). In addition to single gene trees, a
phylogeny was constructed with all genes concatenated using a GTR+1+G model of
evolution in an effort to fully resolve the topology. In order to root each tree, three
outgroups were selected from a recent phylogenetic tree of the family Geometridae
(Sihvonen et al. 2011): Asthena albulata, Operophtera brumata, and Poecilasthena
pulchraria. All MrBayes analyses were run for two independent runs using 4 chains (3
heated and 1 cold) for 5,000,000 Markov chain Monte Carlo (MCMC) iterations. Chains

were sampled every 2,500 MCMC iterations and a 25% burn-in was employed.

Genotyping by sequencing
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As a complementary approach to traditional Sanger sequencing, we also
constructed reduced-representation genomic libraries for Illumina sequencing using a
genotyping-by-sequencing (GBS) approach (Parchman et al. 2012; Jahner et al. in
review). DNA from the same extractions described above was cut at non-targeted sites
throughout the genome using two restriction enzymes, EcoRI and Msel. Each individual
Eois specimen was assigned a unique 8-10 base pair identifier to allow for highly
multiplexed sequencing. Each DNA fragment was ligated to two adaptors: an EcoRI
adaptor containing the Illumina adaptor, the individual’s unique barcode, and bases
matching the restriction enzyme cut site, and an Msel adaptor containing bases matching
the cut site and the opposite Illumina adaptor. DNA libraries were amplified using PCR
and fragments were size selected using a Blue Pippin quantitative electrophoresis unit
(Sage Science, Beverly, MA). DNA was sequenced on two lanes of an [llumina HiSeq
2500 at the University of Texas Genomic Sequencing and Analysis Facility (Austin, TX).

Contaminant DNA (PhiX, E. coli), low quality fragments, and aberrant reads were
filtered out of the Illumina dataset prior to assembly. In addition, we used a custom Perl
script to correct single-base errors in barcode identifiers and to remove fragments
containing Illumina adaptor fragments. A file was constructed with the unique barcode
identifier inserted as the fastq identifier for each DNA fragment. We used SeqMan ngen
software (DNASTAR Inc., Madison, WI) to construct an artificial reference genome from
a subset of 25,000,000 DNA fragments, using a minimum match percentage of 93 and a
gap penalty of 25. Contigs in the artificial reference genome were only included if they
contained a minimum of 10 reads and 84-88 base pairs (over-assembled contigs were also

removed). All other reads not included in the initial subset were subsequently aligned to
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the artificial reference genome using the aln and samse algorithms in bwa (Burrows-
Wheeler Aligner; Li and Durbin 2009).

We used samtools and bcftools (Li et al. 2009) to identify single nucleotide
polymorphisms (SNPs) and to quantify the number of variable reads at each locus. For
each individual, a genotype likelihood was calculated using bcftools (Li et al. 2009) for
each genotype at every locus. These genotype likelihoods were stored in Variant Call
Format (VCF) as composite genotype likelihoods, which account for uncertainty
associated with sequencing errors and coverage, for use in subsequent analyses. SNPs
were included in our analyses if only one alternative allele was present and if minor allele
frequencies were greater than 5%. In addition, if fewer than 70% of Eois individuals
contained at least one read at a locus, the SNP was excluded from analyses. The neighbor
joining tree was constructed to characterize the relationships among Eois individuals
included in GBS sequencing using the bionj function (Gascuel 1997) in the ape package
(Paradis et al. 2004) in R v3.0.1 (R Core Team 2013), with the outgroup selected based
on results from the Sanger sequencing results describe above. As a complementary
approach, we also summarized genotypic variation across individuals using principal

component analysis (PCA), implemented with the prcomp function in R.

Analyses of trait evolution

All analyses of trait evolution were conducted using both the concatenated and
GBS trees. We first employed maximum likelihood to reconstruct ancestral character
states for two discrete traits (Pagel 1994), country and host plant clade, to investigate

patterns of diversification in Eois. An equal rates transition model was selected for
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character reconstruction over a symmetric or all rates different model because the latter
two models produced unreliable standard error estimates. Reconstruction was performed
using the ace function of the ape package in R. In addition, we tested if host clade,
country, and elevation (as a categorical trait; Fig. S1) were clustered non-randomly using
three complementary analyses: parsimony score (PS; Slatkin & Maddison 1989),
association index (Al; Wang et al. 2001), and maximum monophyletic clade size (MC;
Parker et al. 2008). While PS and Al calculate a degree of clustering for an entire trait
across a phylogeny, MC is a measure of clustering for each alternative trait state (e.g.,
Peru; Radula; mid elevation) (see Parker et al. 2008 for a detailed review of all three
metrics). To test the null hypothesis that traits (PS and Al) and alternative trait states
(MC) are randomly distributed across the phylogeny, observed values were compared to
estimates from 1,000 tree-shuffling permutations. For all categorical analyses, elevation
was categorized as low (<1,000m), medium (1,000-2,000m), and high (>2,000m) based
on the elevational distribution of sampled individuals (Fig. S1). PS, Al and MC values
were calculated using the Bayesian Tip-Association Significance Testing (BaTS)
software (Parker et al. 2008)

To test whether closely related Eois specimens share similar elevational
distributions (as a continuous trait), we estimated two complementary metrics of
phylogenetic signal, A (Pagel 1999) and K (Blomberg ef al. 2003) using the “phylosig”
function of the phytools package (Revell 2012) in R. Phylogenetic signal refers to the
tendency of closely related individuals to share similar trait values than more distant
relatives (Blomberg & Garland 2002). Values of A, a measure of the covariance among

traits with respect to phylogenetic signal, range from zero (no signal) to one (strong
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signal) (Pagel 1999). In contrast, K is calculated as the ratio of observed phylogenetic
signal versus the expected signal under a model of Brownian motion, with values ranging
from 0 to oo (values of K < 1 represent weak or absent signal) (Blomberg et al. 2003). We
tested if estimates of A were significantly different from 0 using a log-likelihood test
comparing the observed estimate to an estimate of A from a phylogenetic tree constrained
to have A=0. Significance for K was inferred by comparing the observed estimate to 1,000

tip-shuffling permutations.

Results
Sanger Sequencing

We sequenced a 617 bp COI fragment, a 679bp EF1-a fragment, and a 463bp WG
fragment for 109 Eois individuals. The single gene trees were unable to fully resolve the
phylogenetic history of Fois, especially along the backbone (Fig. 2). The COI gene tree
provided the least phylogenetic resolution of the three genes, yielding almost no
information regarding the backbone structure. In contrast, deeper resolution was found in
the nuclear gene trees (EF1-a and WG), though each tree contained a large polytomy
(Fig. 2). All three trees recovered a basal group composed of individuals feeding on the
oldest Neotropical Piper clade, Schilleria (labeled “A” in Fig. 2). Some discordance was
found across trees with regard to the placement of the “B” group, which was basal in the
EF1-a tree and more apical in the WG tree, but these nodes did not receive strong support
(Fig. 2). In general, the “C”, “D”, “E”, “F”, and “G” groups were composed of roughly
the same individuals across the three gene trees, but the relative placement of these

groups was unresolved due to the large polytomies.
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Concatenation of the three genes resolved most of the nodes in the phylogenetic
tree (Fig. S2) and clustered Eois individuals more strongly by country, elevation, and host
clade than any of the single gene trees (Fig. 3). This qualitative assessment was
confirmed by the estimates of Al and PS, as all three traits were significantly clustered on
the phylogeny for both metrics (Table 1). For alternative trait states, the MC analysis
revealed that all country, host clade, and elevation alternative states were significantly
clustered on the concatenated tree, except for the Isophyllon clade (N = 2) (Table 2).
Finally, estimates of phylogenetic signal for the elevational distribution of Eois were
significantly greater than zero for both estimates (A = 0.998; P < 0.001; K =0.148; P =

0.001), though the K estimate was weak.

Genotyping by sequencing

[llumina sequencing yielded approximately 302 million sequences from the 152
Eois individuals. The artificial reference genome was constructed from the alignment of
7,529,213 reads during de novo assembly, forming 243,102 contigs. For neighbor-joining
tree construction, we used 8,556 SNPs that had at least one read in >70% of individuals
and minor allele frequencies greater than 5%. The GBS neighbor-joining tree (Fig. 4)
yielded a similar topology to the concatenated tree (Fig. 3) and also strongly clustered
individuals by country, geography, and host clade (Table 1). The major difference in
topologies involved the placement of the small group labeled “C” in Fig. 2; “C” was
placed sister to “D” in the concatenated tree (Fig. 3), while the GBS tree recovered “C”

as sister to the “F” and “G” groups (Fig. 4).
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All countries included in the MC analysis with at least three individuals were
significantly clustered on the GBS tree, as well as all host clades except Pothomorphe
(Table 2). However, only the low elevation category displayed significant clustering in
the GBS dataset (Table 2). Estimates of elevational phylogenetic signal for the GBS tree
(A=0.908; P <0.001; K =0.093; P=0.001) were similar in magnitude to estimates from
the concatenated tree. The first two PCs explained 18.59% and 5.68% of the variance in
genotype likelihoods, respectively. The PCA was generally unable to delineate groups of
individuals by country, host clade, or geography (Fig. 6), which is not surprising given
the broad convergence in traits across the Eois phylogeny (Figs. 3 & 4). However,
individuals from a few categories did cluster together strongly in PC space, including

French Guiana, Panama, Peru, Peltobryon, Schilleria, and high elevation (Fig. 6).

Discussion

In this study, we reconstructed four phylogenies from traditional sequencing
methods (Figs. 2 & 3), as well as a phylogeny using a GBS approach (Fig. 4), to
characterize the drivers of adaptive radiation in a hyper-diverse genus of Neotropical
moths. Similar topologies were recovered for both datasets (Figs. 3 & 4) and individuals
were clustered together by three traits hypothesized to be associated with diversification
in herbivorous insect lineages: host plant clade, geography, and elevation (Tables 1 & 2).
Despite the relatively low number of SNPS (N = 8,556) we recovered due to the high
sequence divergence found across the genus, the concordance in both topology and
patterns of trait evolution suggests that GBS protocols might be an extremely useful

alternative to more traditional phylogenetic sequencing methods (e.g. Wagner et al. 2013;
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Ebel et al. 2015). Overall, the evolutionary history of Eois is characterized by shifts in
host clade, geography, or elevation, followed by subsequent diversification (Figs. 3 & 4).
The patterns of adaptive radiation in Eois are thus consistent with the escape and radiate
hypothesis (Ehrlich and Raven 1964) and, in a broader sense, ecological opportunity
promoting diversification across multiple adaptive zones.

The results from the phylogenetic reconstruction of host clade use in Eois
conform to the expectations of an escape and radiate mechanism of diversification
(Ehrlich & Raven 1964). Within most large lineages, host clade is highly conserved
(Figs. 3 & 4) suggesting that major host clade shifts likely occurred early in the
diversification of Eois and were followed by diversification of lineages feeding on the
same host clade. These results support the hypothesis of Wilson et al. (2012), who
posited that Neogene diversification of Eois was spurred by host shifts, largely coinciding
with the diversification of Piper. In addition to finding support for host clade shifts
driving Neogene diversification, a number of sister species pairs differed in host clade
(Figs. 3 & 4), indicating that this mode of diversification is still an active process in some
Eois lineages. This result is somewhat unexpected given the extreme host specificity of
Eois, where each species typically consumes only one or two species of Piper (Connahs
et al. 2009), because diet breadth is positively correlated with the propensity to utilize
novel hosts in other lineages (Jahner et al. 2011). Finally, many of the most basal
individuals on the trees consumed plants in Schilleria (Figs. 3 & 4), the most basal
Neotropical Piper clade (Fig. 1), consistent with codiversification of Eois and their host

plants.
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The oldest Eois lineages are comprised mostly of individuals found in present day
Panama (Figs. 3 & 4), which is surprising given that most of Panama was thought to be
submerged under the Central American Seaway (CAS) that divided North and South
America until the middle Miocene (~13-15 Ma) (Montes et al. 2015). This result suggests
that either ancestral lineages of Eois dispersed into Panama following the closure of the
CAS or that the closure of the CAS was dynamic, with areas of present day Panama
remaining above sea level and acting as refugia until the final closure. Evidence
supporting the latter scenario (complex closure of the CAS) has also been reported in a
phylogenetic reconstruction of North and South American bees in the genus Diadasia,
which found evidence for dispersal between the two continents approximately 15-20.5
Ma (Wilson et al. 2014). The geographic distribution among more apical Eois lineages
does not suggest the CAS has been a recent barrier to dispersal, with repeated changes in
geographical distribution between Central and South America found throughout the
phylogenies (Figs. 3 & 4). Despite the high number of geographic shifts among lineages,
country was significantly clustered for both datasets (Tables 1 & 2), suggesting that Eois
lineages often diversify in relatively close geographic proximity, though geographic
shifts are also associated with recent diversification (Fig. 5).

The distribution of elevational ranges across the phylogenies supports a low-
elevation origin of Eois followed by the subsequent repeated colonization of higher
elevations (Figs. 3 & 4). This pattern is readily apparent in the GBS tree, where the large
majority of basal individuals occupied elevations lower than 1,000m (Fig. 4). Elevational
clustering is less pronounced in the Sanger dataset, where a higher number of mid-

elevation individuals were found interspersed in lineages of low-elevation individuals in
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the basal portions of the tree (Fig. 3). Previous molecular clock analyses have found
results suggesting that much of the diversification in Eois coincided with increased
Andean uplift, particularly in the Neogene (Strutzenberger & Fiedler 2011), which is
consistent with our results. It is important to note, however, that the genus Piper also
rapidly diversified during the rise of the Andes (Wilson et al. 2012), so uplift likely
triggered accelerated Eois differentiation both directly through the genesis of novel
habitats and indirectly by promoting host plant diversification. For Eois caterpillars, low
and high elevations can be considered different ecological niches because attack rates
from natural enemies (e.g. predatory ants or parasitoid flies and wasps) are greater in low
elevations (O’Donnell & Kumar 2006; Connahs et al. 2009; Rodriguez-Castaneda et al.
2011), resulting in stratification of Eois communities across elevational bands
(Rodriguez-Castanieda et al. 2010). Thus, the colonization of a higher elevational band
followed by diversification could have been driven by ecological opportunity (Losos
2010; Yoder et al. 2010), with high elevation species likely released from the strong
enemy pressures characteristic of the lowlands. Overall, the patterns of elevational
differentiation add to the growing list of studies documenting the role of elevational
gradients in driving diversification of butterflies and moths around the world (e.g., Elias
et al. 2009; Karl et al. 2009; Casner & Pyrcz 2010; Jahner et al. 2015)

While the majority of sister species pairs found in the GBS tree differed in at least
one trait (host species, country, or elevation band), 15 of the pairs were invariant (Fig. 5).
One explanation for the apparent lack of trait differentiation is that diversification
between these pairs is still incipient, and differentiation has not yet occurred in the traits

examined in this study. Another possibility is that our categories might be too coarse-
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grained to distinguish the differences among closely related individuals. Alternatively,
other traits that were not investigated in this study could also play a role in driving
diversification in Eois. For instance, phytochemical variation across Piper, the primary
host plant genus, is highly variable even between closely related species (Jahner et al. in
prep). Thus, Eois may be diversifying along a phytochemical niche axis not quantified
here, which would also support the perspective that diversification in this group is driven
by ecological opportunity associated with multiple adaptive zones synergistically. It is
important to note that while we have found strong evidence for shifts in traits promoting
diversification, the strong phylogenetic clustering of Eois with shared traits (Tables 1 &
2) is also evidence for phylogenetic niche conservatism (Wiens 2004), which could
explain differentiation in the sister pairs with invariant traits. It is highly likely that both
niche conservatism and shifts in adaptive zones are important in driving more recent
diversification in Eois.

In this study, we investigated the roles of host conservatism, geography, and
elevation in driving the diversification of a hyper-diverse genus of specialized moths. Our
results align with the expectations originally outlined by Ehrlich and Raven (1964),
namely that rapid diversification of insect lineages feeding on similar hosts are often
preceded by shifts to novel host lineages. However, our results also support an equal role
for shifts in geographic and elevational distributions in driving diversification, with
recent diversification between a number of sister species associated with a shift in host
species, country, or elevational band (Fig. 5). These findings suggest that future studies

examining diversification in herbivorous insects must account for geographic and
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elevational patterns in addition to host use patterns, especially for lineages with

distributions residing in regions with geologically complex histories.
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Table 1. Observed Association Index (Wang et al. 2001) and Parsimony Score
(Slatkin and Maddison 1989) measurements of trait clustering were compared to
expected values from 1,000 tree-tip shuffling permutations to test the null
hypothesis that traits were randomly distributed across phylogenies. Both
analyses were conducted on country, host clade, and categorical elevation traits
using both datasets (Sanger sequencing and GBS). Significant clustering was
inferred if P < (.05 (denoted by bold text).

Dataset Trait  Analysis Observed Expected Mean (95% CI) P

Sanger Country Al 2.63 9.37(8.18-10.51)  <0.001
PS 33 57.47 (54 - 61) <0.001

Clade Al 2.72 8.93 (7.74-10.05)  <0.001

PS 29 53.79 (50 - 57) <0.001

Elevation Al 2.77 8.51 (7.25 - 9.80) <0.001

PS 31 53.74 (49 - 58) <0.001

GBS  Country Al 3.47 10.93(9.50- 12.22)  <0.001
PS 38 72.60 (68 - 77) <0.001

Clade Al 3.93 1131 (9.92-12.59)  <0.001

PS 44 73.62 (70 -77) <0.001

Elevation Al 4.19 10.10 (8.47-11.58)  <0.001

PS 40 68.62 (63 - 74) <0.001
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Table 2. Results from the maximum monophyletic clade (MC) size analyses (Parker et
al. 2008), which tested the null hypothesis that alternative states for the traits country,
host clade, and elevation were distributed randomly across the Eois phylogeny. A
separate analysis was run for each trait, in which the observed MC was compared to a
null MC from 1,000 tree randomizations for each alternative state. Significant clustering
of traits (denoted by bold text) was inferred for alternative states that rejected the null
hypothesis (P < 0.05). Both analyses were performed using phylogenies created from

the Sanger sequencing (concatenated tree) and GBS datasets. The results from

alternative states that were comprised of a single individual (Sanger/Country: Mexico;

Dataset Trait Alternative State N Observed MC  Null MC P
Sanger  Country Argentina 3 2 1.02 0.020
Colombia 11 3 1.30 0.015
Costa Rica 26 11 2.10 <0.001
Ecuador 49 10 3.33 <0.001
French Guiana 5 2 1.05 0.049
Panama 8 4 1.14 <0.001
Peru 6 2 1.09 0.087
Host Clade  Isophylion 2 1 1.00 1
Macrostachys 20 4 1.80 0.006
Peltobryon 8 5 1.15 <0.001
Pothomorphe 6 4 1.07 <0.001
Radula 54 7 3.67 0.015
Schilleria 5 5 1.05 <0.001
Elevation Low 39 6 2.70 0.008
Medium 42 6 2.85 0.015
High 28 4 2.19 0.027
GBS Country Argentina 3 1 1.01 1
Costa Rica 43 9 2.47 <0.001
Ecuador 69 8 3.64 0.010
French Guiana 4 2 1.02 0.021
Mexico 2 1 1.00 1
Panama 16 4 1.41 0.002
Peru 15 3 1.38 0.026
Host Clade  Hemipodium 3 2 1.01 0.010
Macrostachys 28 4 1.94 0.010
Peltobryon 10 7 1.16 <0.001
Pothomorphe 9 2 1.12 0.120
Radula 73 17 3.89 <0.001
Schilleria 9 3 1.13 0.004
Elevation Low 62 10 3.35 0.002
Medium 57 5 3.01 0.073
High 33 2.12 0.193
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Figure Legends

Fig. 1. Eois caterpillars and moths were collected (A) from eight countries across the
Neotropics, including (B) individuals feeding on all New World Piper clades (topology

from Jaramillo et al. 2008). Colors match those used in Figs. 3, 4, & 6.

Fig. 2. The evolutionary relationships of 109 Eois were reconstructed using one
mitochondrial gene (COI) and two nuclear genes (EF1-a; WQG). Individuals not identified
to species are labeled as either rare or common (depending on how many individuals
were collected), followed by the host plant species name. Additional individual collection
information can be found in Table S1. Node support values are listed for nodes with
posterior probabilities >0.90. Nodes labeled with letters are discussed more thoroughly in

the main text.

Fig. 3. The distribution of geographic, elevational, and host clade variation is displayed
across the concatenated phylogeny (COI; EF1-a; WG). Individuals not identified to
species are labeled as either rare or common (depending on how many individuals were
collected), followed by the host plant species name. Additional individual collection
information can be found in Table S1. Pie charts display the results of ancestral state
reconstructions for (A) country and (E) host clade for each node. The bars in the center of
the figure display current tip states for (B) country, (C) elevation, and (D) host clade. See

Fig. S2 for node support values.
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Fig. 4. The distribution of geographic, elevational, and host clade variation is displayed
across the GBS neighbor-joining tree. Individuals not identified to species are labeled as
either rare or common (depending on how many individuals were collected), followed by
the host plant species name. Additional individual collection information can be found in
Table S1. Pie charts display the results of ancestral state reconstructions for (A) country
and (E) host clade for each node. The bars in the center of the figure display current tip

states for (B) country, (C) elevation, and (D) host clade.

Fig. 5. (A) A histogram displays the number of sister-species pairs from the GBS dataset

that vary by zero, one, two, or three traits (country, elevation, and host species) (total N =
44). (B) For each trait, the number of sister species pairs that share (grey) or differ (black)
by country, elevation, and host species are displayed. Six pairs are not displayed for the

host species comparison because the host species identity could not be determined.

Fig. 6. Results from the PCA of genotype likelihoods of 8,556 SNPs from the 152
individuals included in the GBS dataset. Values for each individual are colored by
country, host clade, and elevation. PC1 and PC2 explained 18.59% and 5.68% of the

variance in genotype likelihoods, respectively.
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Figure 6
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Table S1. Collection data for each Eois individual included in this study, including collection locality, collection country, elevation, host plant species, and host plant clade. Individual labels match the labels found in Figs.

3 & 4 in the main text. For each analysis (Sanger and GBS), included individuals are marked with a “1”, while excluded individuals are marked with a “0”.

Label Species Sanger GBS Country location Elevation (m) Host plant Host clade
E sp 1 Eois sp. 0 1 Mexico Varacruz, Instituto de ecologia AC 1300 Unknown Unknown
E sp 4 Eois sp. 1 1 Mexico Varacruz, finca aluja zimpizahua 1100 Unknown Unknown
E paraviolascens_7 Eois paraviolascens 1 0 Ecuador Yanayacu 2163 Unknown Unknown
E paraviolascens_8 Eois paraviolascens 1 1 Ecuador Yanayacu 2163 Unknown Unknown
E nr catana 11 Eois nr. catana 1 1 Panama Barro Colorado Island 85 Piper aequale Schilleria
E nr catana 14 Eois nr. catana 0 1 Panama Barro Colorado Island 85 Piper aequale Schilleria
E nr catana 19 Eois nr. catana 1 1 Panama Barro Colorado Island 85 Piper schiedeanum Schilleria
E paraviolascens 21 Eois paraviolascens 1 1 Panama Barro Colorado Island 85 Piper aequale Schilleria
E paraviolascens_22 Eois paraviolascens 1 0 Panama Barro Colorado Island 85 Piper aequale Schilleria
E cancellata 26 Eois cancellata 1 0 Ecuador Yanayacu 2163 Piper schupii Radula

E cancellata 27 Eois cancellata 1 1 Ecuador Yanayacu 2163 Piper schupii Radula

E rare crassinervium 28 Eois sp. 0 1 Ecuador Yanayacu 2163 Piper crassinervium Radula

E ignefumata 29 Eois ignefumata 0 1 Ecuador Las Palmas 1851 Piper kelleyi Macrostachys
E viridiflava 30 Eois viridiflava 0 1 Ecuador Mirador 2428 Piper kelleyi Macrostachys
E nr viridiflava 31 Eois nr. viridiflava 1 1 Ecuador Sierra Azul 2231 Piper kelleyi Macrostachys
E filiferata 33 Eois filiferata 1 1 Ecuador Yanayacu 2163 Piper lanceifolium Radula

E nigrinota 35 Eois nigrinota 0 1 Ecuador Yanayacu 2163 Piper cf. brevispicum Unknown
E jifia 36 Eois jifia 0 1 Ecuador Yanayacu 2163 Piper perareolatum Radula

E tertulia 38 Eois tertulia 0 1 Ecuador Yanayacu 2163 Unknown Unknown
E golosata_39 Eois golosata 0 1 Ecuador Yanayacu 2163 Unknown Unknown
E rare baezanum_ 40 Eois sp. 1 1 Ecuador Yanayacu 2163 Piper baezanum Radula

E rare obtusifolium 41 Eois sp. 1 1 Ecuador Jatun Sacha 414 Piper obtusifolium Macrostachys
E rare lanceifolium 43 Eois sp. 1 1 Ecuador Yanayacu 2163 Piper lanceifolium Radula

E cervina 44 Eois cervina 1 1 Ecuador Yanayacu 2163 Piper perareolatum Radula
E_auruda 45 Eois auruda 1 1 Ecuador Yanayacu 2163 Piper baezanum Radula
E_arenacea 46 Eois arenacea 1 1 Ecuador Yanayacu 2163 Piper lacunosum Radula

E fucosa 47 Eois fucosa 1 1 Ecuador Yanayacu 2163 Piper perareolatum Radula
E_common_stellipilum_49 Eois sp. 1 1 Ecuador Shiripuno 200 Piper stellipilum Peltobryon
E_common_stellipilum_50 Eois sp. 1 1 Ecuador Shiripuno 200 Piper stellipilum Peltobryon
E rare musteum 51 Eois sp. 1 1 Ecuador Shiripuno 200 Piper musteum Peltobryon
E _common_stellipilum 52 Eois sp. 1 1 Ecuador Shiripuno 200 Piper stellipilum Peltobryon
E _common_carpinteranum_58 Eois sp. 1 1 Costa Rica Tapanti - Sendero Arboles Caidos 1291 Piper carpinteranum Radula
E_common_carpinteranum_60 Eois sp. 1 1 Costa Rica Tapanti - Sendero Arboles Caidos 1291 Piper carpinteranum Radula

E _common_crassinervium_64 Eois sp. 1 1 Costa Rica Tapanti - Sendero Arboles Caidos 1291 Piper crassinervium Radula
E_common_carpinteranum_68 Eois sp. 1 1 Costa Rica Tapanti - Sendero Arboles Caidos 1291 Piper carpinteranum Radula

E rare xanthostachyum 70 Eois sp. 1 1 Costa Rica Tapanti - Sendero Arboles Caidos 1291 Piper xanthostachyum Radula

E _common_crassinervium_73 Eois sp. 0 1 Costa Rica Tapanti - Sendero Oropendola 1291 Piper crassinervium Radula

E sp 75 Eois sp. 1 0 Costa Rica Tapanti - Sendero Oropendola 1291 Piper sp. Unknown
E_common_epigynium_76 Eois sp. 1 1 Costa Rica Tapanti - Sendero Oropendola 1291 Piper epigynium Radula
E_common_capacibracteum 78 Eois sp. 0 1 Costa Rica Tapanti - Sendero Oropendola 1291 Piper capacibracteum Radula
E_common_epigynium_79 Eois sp. 1 0 Costa Rica Tapanti - Sendero Oropendola 1291 Piper epigynium Radula
E_common_capacibracteum_ 81 Eois sp. 1 1 Costa Rica Tapanti - Sendero Oropendola 1291 Piper capacibracteum Radula
E_common_capacibracteum_85 Eois sp. 0 1 Costa Rica Tapanti - Sendero Oropendola 1291 Piper capacibracteum Radula
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Piper schiedeanum
Piper umbricola
Piper umbricola
Piper sublineatum
Piper hispidum
Piper machadoanum
Piper auritum

Piper auritum

Piper cenocladum
Piper lanceifolium
Piper lanceifolium
Piper kelleyi

Piper kelleyi

Piper baezanum
Piper kelleyi
Unknown

Piper kelleyi
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Radula
Macrostachys
Isophyllon
Isophyllon
Macrostachys
Schilleria
Unknown
Radula
Radula
Radula
Radula
Macrostachys
Enckea
Radula
Radula
Radula
Radula
Radula
Unknown
Radula
Radula
Radula
Macrostachys
Macrostachys
Radula
Radula
Unknown
Unknown
Pothomorphe
Schilleria
Radula
Radula
Radula
Radula
Peltobryon
Pothomorphe
Pothomorphe
Macrostachys
Radula
Radula
Macrostachys
Macrostachys
Radula
Macrostachys
Unknown
Macrostachys
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E nr necula 478 Eois nr. necula 1 1 Ecuador Yanayacu 2163 Piper kelleyi Macrostachys
E _nympha 603 Eois nympha 1 1 Costa Rica La Selva 50 Piper cenocladum Macrostachys
E nympha 612 Eois nympha 1 1 Costa Rica La Selva 50 Piper cenocladum Macrostachys
E olivacae 648 Eois olivacea 1 1 Ecuador Yanayacu 2163 Piper crassinervium Radula

E rare arboreum 683 Eois sp. 0 1 Peru Jenaro Herrera Research Center 91 Piper arboreum Hemipodium
E rare arboreum_ 685 Eois sp. 0 1 Peru Jenaro Herrera Research Center 91 Piper arboreum Hemipodium
E rare stellipilum_686 Eois sp. 0 1 Peru Jenaro Herrera Research Center 121 Piper stellipilum Peltobryon

E rare_aduncum_ 688 Eois sp. 1 1 Peru Jenaro Herrera Research Center 114 Piper aduncum Radula

E rare crocatum_ 694 Eois sp. 0 1 Peru Wayquecha BS 2981 Piper crocatum Radula

E rare crocatum_ 699 Eois sp. 1 1 Peru Wayquecha BS 2960 Piper crocatum Radula

E rare cinereoramulum_ 711 Eois sp. 0 1 Peru Manu Road 2220 Piper cinereoramulum Radula

E rare_aduncum_ 725 Eois sp. 0 1 Peru Posada San Pedro Lodge 1398 Piper aduncum Radula

E sp 762 Eois sp. 1 1 Peru Posada San Pedro Lodge 1382 Piper sp. Unknown

E _common_lineatum 776 Eois sp. 1 1 Peru Posada San Pedro Lodge 1428 Piper lineatum Radula

E _common_lineatum 802 Eois sp. 0 1 Peru Posada San Pedro Lodge 1428 Piper lineatum Radula

E _common_lineatum 803 Eois sp. 0 1 Peru Posada San Pedro Lodge 1428 Piper lineatum Radula

E _common_lineatum 806 Eois sp. 1 1 Peru Posada San Pedro Lodge 1428 Piper lineatum Radula

E rare lechlerianum 815 Eois sp. 1 1 Peru Salvacion 491 Piper lechlerianum Radula

E rare asclepiadifolium 820 Eois sp. 0 1 Peru Salvacion 482 Piper asclepiadifolium Peltobryon

E rare crassinervium 821 Eois sp. 0 1 Panama Estacion Fortuna 1265 Piper crassinervium Radula

E rare umbellatum 828 Eois sp. 1 1 Panama Parque Nac Baru 1900 Piper umbullatum Pothomorphe
E rare fimbriulatum 832 Eois sp. 1 1 Panama Cerro Campana 820 Piper fimbriulatum Macrostachys
E rare fimbriulatum 833 Eois sp. 1 1 Panama Cerro Campana 820 Piper fimbriulatum Macrostachys
E rare fimbriulatum_ 835 Eois sp. 0 1 Panama Cerro Campana 820 Piper fimbriulatum Macrostachys
E rare colonense 836 Eois sp. 0 1 Panama Parque Soberania 130 Piper colonense Radula

E rare schiedeanum 837 Eois sp. 0 1 Panama Parque Soberania 130 Piper schiedeanum Schilleria

E rare aequale 838 Eois sp. 0 1 Panama Parque Soberania 130 Piper aequale Schilleria

E rare tuberculatum_ 839 Eois sp. 0 1 Panama Sendero Laguna, Gamboa 45 Piper tuberculatum Hemipodium
E rare schiedeanum 841 Eois sp. 0 1 Panama Parque Soberania 130 Piper schiedeanum Schilleria

E rare prismaticum 843 Eois sp. 1 1 Panama Llano Carti 325 Piper prismaticum Peltobryon

E rare peracuminatum 844 Eois sp. 0 1 Panama Santa Rita 250 Piper peracuminatum Radula

E rare salgaranum_ 846 Eois sp. 1 0 Colombia Cocorna 1300 Piper salgaranum Radula

E rare auritum_ 847 Eois sp. 1 0 Colombia Cocorna 1300 Piper auritum Pothomorphe
E rare scobinifolium_866 Eois sp. 1 0 Colombia Cocorna 1300 Piper scobinifolium Radula

E rare crassinervium_ 869 Eois sp. 1 0 Colombia Cocorna 1300 Piper crassinervium Radula

E rare scobinifolium_880 Eois sp. 1 0 Colombia Cocorna 1300 Piper scobinifolium Radula

E rare haughtii 891 Eois sp. 1 0 Colombia Cocorna 1300 Piper haughtii Radula

E rare gorgonillense 898 Eois sp. 1 0 Colombia Cocorna 1300 Piper gorgonillense Peltobryon

E rare gorgonillense 951 Eois sp. 1 0 Colombia San Luis 700 Piper gorgonillense Peltobryon

E rare haughtii 956 Eois sp. 1 0 Colombia San Luis 700 Piper haughtii Radula

E rare_aduncum 993 Eois sp. 1 0 Colombia San Luis 700 Piper aduncum Radula

E rare aduncum 1002 Eois sp. 1 0 Colombia San Luis 700 Piper aduncum Radula
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Table S2. PCR primers for each gene are listed. Wingless and EF1-alpha primers have universal sequencing primers attached on the ends to facilitate sequencing.

Gene Primer Sequence Reference
COI EoJoe ATT AAT TCG AGC WGA AYT AGG This study
LepR TAA ACT TCT GGA TGT CCA AA Sheffield et al. 2009
EFl-a HybAIF TAA TAC GAC TCA CTA TAG GGG AGG AAA TYA ARA ArG AAG Wahlberg & Wheat 2008
HybEFrcM4 ATT AAC CCT CAC TAA AGA CAGCVACKGTYTGYCTCA TRT C Wahlberg & Wheat 2008
Wingless HybLepWG1 TAA TAC GAC TCA CTA TAG GGG ART GYA ART GYCAYG GYATGT CTGG  Wahlberg & Wheat 2008
HybLepWG2  ATT AAC CCT CAC TAA AGA CTI CGC ARC ACC ART GGA ATGTRC A Wahlberg & Wheat 2008
Sequencing Primers ~ T7Promoter(F) TAA TAC GAC TCA CTA TAG GG Wahlberg & Wheat 2008

T3(R) ATT AAC CCT CAC TAA AG Wahlberg & Wheat 2008
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Table S3. Summary of PCR protocols and master
mix recipe for the three genes sequenced in this study.

COl EFl-a WG
DNA Volume Il 4uL 4ul
H,0 Volume 17.5uL  7.64pL  9.5uL
dNTP Volume 1uL 0.6uL  0.4puL
10X buffer Volume 2.5uL  1.5puL 2ulL
MgCl, Volume OuL OuL 2uL
Primer 1 Volume 1uL 0.5uL Ine
Primer 2 Volume 1uL 0.5uL Ine
Taq Volume IuL  0.26puL  0.1puL
Initialization time 3min 2min 3 min
Initialization temp 94°C  94°C 94°C
Denaturation time 30s 30s 30s
Denaturation temp 94°C  94°C 94°C
Annealing time 60s 30s 30s
Annealing temp 50°C  55°C 62°C
Elongation time 60s 90s 90s
Elongation temp 72°C  72°C 72°C
Final Elongation time 10 min 30 min 10 min
Final Elongation temp 72°C  72°C 72°C
Number of Cycles 40 40 40




Fig. S1
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Fig. S1. A histogram displaying the distribution of Eois individuals collected across
elevation. For categorical trait analyses, individuals were assigned to one of three

categories: <1,000m (purple); 1,000-2,000m (brown); >2,000m (green).
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Fig S2. The topology of the concatenated phylogeny (including the COI, EF1-0, and WG
genes) is displayed. Individuals not identified to species are labeled as either rare or

common (depending on how many individuals were collected), followed by the host plant
species name. Node support values are listed for nodes with posterior probabilities >0.90.
See Fig. 3 in the main text for ancestral trait reconstructions and the tip states for country,

elevation, and host clade.
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ABSTRACT

Ecological interactions between plants and the insects that feed on them are
structured by secondary chemistry, which in turn shapes long-term evolutionary patterns.
Hypotheses regarding the evolutionary interplay between plants and insects posit that
closely related plants should have similar chemical profiles, a pattern referred to as
phylogenetic signal. Previous studies have documented mixed strengths of phylogenetic
signal for a variety of compounds across different plant lineages, perhaps indicating that
the distribution of phylogenetic signal is contextual; however, most of these studies have
focused on one or two compounds, and almost none have quantified secondary chemistry
using a metabolomic approach. In this study, we generated metabolomic data from NMR
spectroscopy to investigate the distribution of phylogenetic signal in a diverse clade of
plants (Radula clade of Piper; Piperaceae) that is host to a number of specialized
herbivores. NMR spectra were generated for 48 Radula specimens and the relationships
among chemical shifts were used to delineate 14 broad chemical modules consistent with
chemical structures. In general, the evolution of secondary chemistry is highly labile in
Radula, with few traits displaying phylogenetic signal. Despite this, a number of
significant correlations among modules were recovered, suggesting that while individual
traits might not be conserved, groups of traits consistently co-occur across species. These
results demonstrate the importance of interactions among alternative defense compounds
in shaping the evolution of secondary chemistry within a rapidly multiplying lineage of

well-defended plants.
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INTRODUCTION

Secondary chemistry plays a pivotal role in structuring ecological interactions and
driving evolutionary dynamics between plants and the insects that feed on them (Fraenkel
1959; Ehrlich & Raven 1964; Berenbaum 1983; Agrawal 2011). For instance, host
chemistry mediates resource utilization in insects at a variety of stages throughout the
interaction: leaf chemistry can shape adult oviposition preferences (Thompson & Pellmyr
1991); the presence of specific chemical compounds can stimulate larval feeding (Bowers
1983, 1984); and sequestered metabolites can decrease immune function against natural
enemies (Smilanich ez al. 2009, Richards et al. 2012). In addition, certain chemical
metabolites act as highly effective selective pressures against herbivores that are not
physiologically capable of tolerating them, resulting in a world dominated by a
preponderance of specialist herbivores feeding on well-defended plants (Forister et al.
2015). As such, plants capable of developing novel chemical defenses that deter
herbivory are hypothesized to accrue higher fitness in response to enemy release (e.g.,
Berenbaum 1978), potentially resulting in the diversification of a chemically well-
defended lineage of plants (the escape and radiate hypothesis; Ehrlich & Raven 1964;
Thompson 1989; reviewed by Janz 2011).

One expectation from an escape and radiate scenario is that closely related plants
should have similar chemical profiles, presumably because all plant metabolites are built
from a few biosynthetic pathways (Agrawal 2007). This pattern, wherein closely related
taxa share more similar trait values than more distant relatives, is referred to as
phylogenetic signal (Blomberg & Garland, 2002). The advent of phylogenetic

comparative methods specifically designed to quantify phylogenetic signal (e.g., Pagel
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1999; Blomberg et al. 2003; reviewed by Miinkemidiller ef al. 2012; Kamilar & Cooper
2013) has allowed researchers to test hypotheses regarding the evolution of secondary
chemistry in a quantitative phylogenetic framework that is comparable across studies and
taxa (Agrawal 2007). Overall, many studies have reported mixed strengths of
phylogenetic signal in chemical traits, depending on the class of chemical compound
(e.g., Agrawal et al. 2009; Johnson et al. 2009b, 2014; Kursar et al. 2009; Kariho-
Betancourt et al. 2015). For example, Kursar et al. (2009) found moderate phylogenetic
signal in phenolics across the tropical tree genus /nga (Fabaceae), but not in saponins or
amino/imino acids. In a similar vein, correlations in chemical traits among species have
been documented in some lineages (e.g., Johnson et al. 2014; Karifiho-Betancourt et al.
2015), which are consistent with a hypothesis that phytochemical diversity is structured
by suites of codiversifying traits or tradeoffs among traits (positive and negative
correlations, respectively). Additionally, the bioprospecting field has recently made a
strong push to use phylogenetic comparative methods when searching for groups of
closely related plants that contain compounds of medicinal value, with a number of
studies reporting phylogenetic signal in a variety of traits (Saslis-Lagoudakis ef al. 2011,
2012; Rensted et al. 2012; Yessoufou et al. 2015).

Recent breakthroughs in metabolomic approaches now allow for the
characterization of entire suites of metabolites in plants, which is opening up a new
frontier in our ability to address long-standing hypotheses on the evolution of
phytochemistry, especially in the context of plant-herbivore interactions (Macel ef al.
2010). Such approaches are vital when examining secondary defense chemistry because

many secondary metabolites act synergistically, where mixtures of compounds have
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larger effects on herbivores than single compounds (Dyer et al. 2003; Richards et al.
2010). In addition, a focus on single compounds is likely insufficient when plants have
compounds with redundant but complementary functions (Jones & Firn 1991; Romeo et
al. 1996). In this study, we utilized nuclear magnetic resonance (NMR) spectroscopy in a
metabolomic framework (Krishnan ez al. 2005) to examine the evolution of chemistry in
Piper (Piperaceae), a hyper-diverse genus of tropical plants with a rich history of studies
examining chemically mediated plant-insect interactions (e.g., Dyer et al. 2001, 2004b;
Tepe et al. 2014; reviewed by Dyer & Palmer 2004). Specifically, the main objectives of
this study were: 1) to generate and characterize metabolomic data for a large number of
Piper species (specifically, from the Radula clade); 2) to quantify the distribution of
phylogenetic signal across phytochemical traits; and 3) to determine if suites of chemical
traits evolved in concert (positive correlations) or if chemical tradeoffs (negative

correlations) are more prominent in structuring chemical profiles.

METHODS

Study system and sample collection

Piper is known for being highly chemically diverse (Richards ef al. in review),
especially in alkaloid compounds (Gutierrez ef al. 2013) that are known to deter
herbivory (Dyer et al. 2003). To date, 112 Piper species worldwide have been chemically
profiled, yielding 667 different compounds distributed as follows: 190 alkaloids/amides,
49 lignans, 70 neolignans, 97 terpenes, 39 propenylphenols, 15 steroids, 18 kavapyrones,

17 chalcones/ dihydrochalcones, 16 flavones, 6 flavanones, 4 piperolides (cinnamylidone
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butenolides) and 146 compounds that do not fit into the major categories of secondary
metabolites (Parmar et al. 1997; Dyer et al. 2004a; Kato & Furlan 2007). Constitutive
secondary metabolites have been found in all parts of the plant, and there are countless
demonstrations of strong synergistic effects against herbivores and pathogens for all
classes of Piper compounds, especially in the amides (Dyer et al. 2004a; Richards et al.
2010). Our main goal in this study was to sample a wide range of geographic,
phylogenetic, and chemical variation within the clade Radula (see Table S1). We focused
on the Radula clade due to the high species and chemical diversity found within the
group. Overall we collected 48 Radula specimens from four countries: Brazil, Costa
Rica, Ecuador, and Panama. For chemical and genetic profiling, we selected the youngest
fully expanded leaves for collection and dried them immediately with silica gel. Voucher
specimens were pressed, dried, and deposited in one or more herbaria for future reference

and species verification (Table S1).

Chemical profiling

Leaf samples were ground to a fine powder and 2g were transferred to a screw
cap test tube and combined with 10 ml of methanol. The samples were sonicated for 10
minutes and filtered to separate the leaf material from the supernatant. This step was
repeated a second time and the supernatants were combined and transferred to a pre-
weighed 20 ml scintillation vial. The solvent was removed under reduced pressure at
30°C and prepared for NMR analysis. The crude extracts were analyzed in dueterated
methanol (CD30D) and TMS on a Varian 400 MHz solution state NMR with

autosampler. There are several advantages of using NMR in these types of comparisons
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which include: the ability to observe a wide range of compound classes in a single
analysis, non-destructive analysis, reproducibility, superior structural resolution, and
simple peak alignment. The NMR data were processed using MestReNova software
(Mestrelab Research, Spain). Spectra from the crude extracts were aligned using the
solvent peak, baseline corrected, phase corrected, and binned every 0.04 ppm from 0.5 to
12 ppm. The solvent and water peaks were removed and the binned spectra were
normalized to the total area of 100.

We analyzed binned spectral data using a weighted network approach (Horvath
2011) to identify clusters of chemical shifts that co-occur across the 48 samples for which
we had genetic sequence data. Using the WGCNA package (Langfelder and Horvath
2008) in R v3.0.1 (R Core Team 2013), we first determined the appropriate power
transformation (f3) to use in calculating the adjacency of the network (Figure S2). In using
a soft threshold, we calibrated [ for the dataset to satisfy scale-free topology in the
network. In terms of binned spectral data, this ensures that we can differentiate baseline
values from meaningful peaks. From this analysis, we used soft thresholding power 9 to
construct a network and identify clusters of co-occurring chemical shifts (modules), with
a minimum module size of 3 chemical shifts, using the blockwiseModules function in

WGCNA package in R. The network was visualized in Cytoscape (Shannon et al. 2003).

Phylogenetic analyses
The phylogenetic relationships among our samples were determined as part of a
larger study (Tepe et al. in prep) with the goal of better resolving hypothesized

phylogenetic relationships among Piper clades, including Radula (Jaramillo et al. 2008).
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Briefly, a phylogeny was constructed with an 866 base pair region of the pet4-psbJ gene
and a 694 base pair region of the /7S gene using the best fit model of evolution
(GTR+I+G) across 10,000,000 MCMC iterations in MrBayes 3.2 (Ronquist ez al. 2012).
Forty-eight plant samples from the phylogeny (47.5%; Fig. S1) had chemistry data
available for phylogenetic comparative analyses.

We used two complementary analyses to test for phylogenetic signal in the
chemical modules (i.e. clusters of co-occurring chemical shifts), A (Pagel 1999) and K
(Blomberg et al. 2003). A is a measure of the covariance among traits for tip structure,
with values ranging from zero (no phylogenetic signal) to one (strong phylogenetic
signal). In contrast, K is a ratio of the observed phylogenetic independence of traits to the
expected phylogenetic independence under Brownian motion, with K > 1 representing
signal stronger than expected (e.g., phylogenetic niche conservatism; Losos 2008) and K
<1 representing weak or absent signal (Blomberg et al. 2003; Revell ef al. 2008). See
Miinkemiiller et al. (2012) for a detailed review of different measures of phylogenetic
signal, including a discussion of strengths and weaknesses. For each chemical module,
both A and K were estimated with the phylosig function in the phytools package (Revell
2012) in R. To test if A was significantly greater than zero, log-likelihood values from the
true A estimation were compared to A estimates from a phylogenetic tree constrained to
have A=0 using a likelihood ratio test. For estimates of K, the true estimate was compared
to 1,000 tip-shuffling permutations to infer significance. Simulations of both A
(Freckleton ef al. 2002) and K (Blomberg et al. 2003) have demonstrated high power

(>90%) in detecting phylogenetic signal for phylogenies including more than 40 species.
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In addition to testing for phylogenetic signal in univariate chemical traits, we also
asked if the evolution of chemical variation was phylogenetically constrained in
multivariate space. First, we calculated a multivariate K statistic (Kmyu; Adams 2014)
designed for high-dimensional data using the physignal function in the geomorph
package (Adams & Otarola-Castillo 2013) in R. Additionally, a principal component
analysis (PCA) was implemented in R to summarize the chemical variation found within
the samples. Both A and K were estimated for the first three principal components (PCs)
using the same methods described above for univariate data.

One major concern identified in previous studies is that estimates of phylogenetic
signal can be biased if they fail to account for intra-specific measurement error for traits
(Ives et al. 2007). Despite major concerns regarding the power of Mantel tests for
phylogenetic comparative methods (Harmon & Glor 2010), simulations under scenarios
of measurement error have found instances where Mantel tests outperform K in detecting
phylogenetic signal (Hardy & Pavoine 2012). Because we were unable to account for
measurement error in our study, we utilized Mantel tests to test for a significant
relationship between phylogenetic and chemical distance using the recommendations of
Hardy and Pavoine (2012). Two measures of phylogenetic distance were used as
predictor variables: first Abouheif’s proximity (Abouheif 1999; Pavoine et al. 2008) was
calculated using the proxTips function in the adephylo package (Jombart et al. 2010) in
R, and second, the square root of patristic distance was calculated using the
cophenetic.phylo function in the ape package (Paradis et al. 2004) in R. Mantel tests
were implemented using the MRM function in the ecodist package (Goslee & Urban

2007) in R.
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We were also interested in asking if there was phylogenetic signal in the diversity
of chemical compounds across Radula. To estimate signal (A and K) for chemical
diversity, we calculated three diversity metrics, Shannon diversity (H), Shannon effective
number of chemical compounds (exp(H)), and Simpson effective number of chemical
compounds (1/D) (Jost 2006), from the binned NMR spectra data. Each diversity metric
was calculated using the entire NMR spectra, as well as using only the downfield or
upfield portions of the spectra based on chemical shift (downfield > 5 ppm > upfield).
These regions are expected to have different evolutionary histories because downfield
resonances are typically associated with deshielded carbon atoms that are indicative of
complex chemical structures, while upfield resonances are associated with aliphatic
protons that are less structurally diverse (Richards et al. in review).

Finally, we examined the relationships among chemical modules to test for
potential tradeoffs (characterized by negative correlations) and to illuminate potentially
codiversifying chemical traits (characterized by positive correlations) among modules. In
addition to calculating simple correlations among modules, we employed a phylogenetic
generalized least squares approach (PGLS; Freckleton ef al. 2002) to calculate
phylogenetically controlled correlations among modules using the pgls function in the

caper package (Orme ef al. 2013) in R.

RESULTS

Chemical profiles and phylogenetic data were analyzed from 48 specimens (see
Table S1 for sampling data and GenBank accession numbers). Based on the scale free

topology model fit from the network analyses, 14 chemical modules were selected for
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analyses, each comprising a set of at least three related chemical shifts (Fig. 1). By
examining the sets of chemical shifts associated with each module, we were able to
determine a generic chemical structure characteristic for each module a posteriori from
the NMR spectra. One network cluster containing three modules had NMR spectra
characteristic of lignans, another cluster of three modules corresponded to aliphatics, and
a cluster of two modules was characteristic of glycosylated compounds (Fig. 1). In
addition, a wide range of chemical compounds corresponded to network clusters
composed of a single module, including modules representative of prenyl groups,
flavones, and trans-cinnamates (Fig. 1).

Most of the modules lacked significant phylogenetic signal for both A and K;
however, two chemistry modules displayed weak yet significant phylogenetic signal:
Aliphatics 1 (A =0.413; K=0.194) and Lignans 3 (A = 0.242; K= 0.177) (Fig. 2; Table
S2). In addition, the Flavones module had a significant estimate of signal for A but not K
(A=0.374; K=0.095) (Fig. 2; Table S2). The first three PCs of chemistry module data
explained 27.7, 19.2, and 12.6 percent of the variance in the data, respectively. PC1 had
estimates of A significantly greater than zero (A = 0.268), but this trend did not hold for
estimates of K (K = 0.117) (Fig. 2; Table S2). The Aliphatics 1 and Lignans 3 modules
heavily loaded onto PC1 (Table S3), likely accounting for the detection of phylogenetic
signal in PC1. Phylogenetic signal was not detected by either measurement for PC2 or
PC3 (Table 1). Furthermore, phylogenetic signal was not recovered using a multivariate
K statistic (Kmui = 0.085; P = 0.544). Significant phylogenetic signal was found for only
one diversity metric, Simpson effective number of chemical compounds calculated using

the entire NMR spectra (K = 0.146; P = 0.033; A not significant; Fig. 2; Table S2). While
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patristic distance was not a significant predictor of chemical distance (Mantel R* < 0.001;
P =0.918), Abouheif’s proximity had a weak yet significant effect (Mantel R* = 0.004; P
=0.004).

Twenty-one of 91 pairwise relationships between chemistry modules were
significantly correlated using traditional correlations and PGLS models that correct for
phylogenetic independence among species (Table 1). Of these, ten comparisons were
negatively correlated and eleven comparisons were positively correlated. Except for the
Downfield module, all modules were significantly correlated with at least one other
module (Table 1). Of the three chemical modules with phylogenetic signal (Table 1; Fig.
2), Aliphatics 1 and Flavones were both negatively correlated with Lignans 3, but the

relationship between Aliphatics 1 and Flavones was non-significant (Table 2).

DISCUSSION

In this study, we were able to rapidly and efficiently generate whole-leaf
metabolomic data across a diverse plant lineage to gain a better understanding of the
evolution of secondary chemistry across the clade. By focusing on the entire
metabolomic profile of species instead of on crude classifications of compound classes,
we have been able to elucidate intricate patterns of chemical evolution that are consistent
with redundancy (Jones & Firn 1991; Romeo et al. 1996), synergy (Dyer et al. 2003;
Richards et al. 2010), and tradeoffs (Johnson et al. 2014). In addition, we were able to
use the distribution of chemical traits across species to tie metabolomic traits back to
chemical structures, allowing for finer resolution of the evolutionary relationships among

chemical traits. Few studies have used a phylogenetic comparative approach to
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understand patterns of chemical evolution across closely related plants (Johnson et al.
2014), leaving many unanswered questions yet to be explored, and future studies would
benefit from utilizing metabolomic data to investigate the evolution of chemistry and test
long standing hypotheses regarding plant-insect codiversification.

Across 48 species of Radula, the evolution of phytochemistry is highly labile as
revealed by both univariate (Fig. 2) and multivariate analyses, with only five chemical
traits having detectable phylogenetic signal (Aliphatics 1, Lignans 3, Flavones, PC1,
1/Dqy) (Fig. 2). These results are complementary to a recent study of secondary chemistry
in evening primroses (Oenothera) (Johnson et al. 2014), which also found evidence for
high degrees of phytochemical lability among species. In addition, the lack of
phylogenetic signal in chemistry across Radula suggests that the use of chemical markers
as tools for phylogenetic reconstruction, or chemical systematics (Waterman and Gray
1987; Waterman 2007), is likely inappropriate for species rich lineages of plants that are
phytochemically diverse. We found mixed effects of phylogenetic signal for lignans,
which are ubiquitous compounds with known antiherbivore effects (Jensen et al. 1993;
Harmatha & Dinan 2003), as only one of the three lignan modules displayed phylogenetic
signal (Fig. 2). Additionally, 7Trans-Cinnamates are key structures found in Piper amides
that are some of the best characterized secondary compounds with antiherbivore effects
in Piper (e.g., piplartine and cenocladamide) (Dyer et al. 2003), but this chemical module
was highly labile across Radula (Fig. 3). Similarly, the Prenyl Groups module did not
display significant phylogenetic signal, despite being known precursors of chemical
compounds with strong antiherbivore effects in Piper species (Jeffrey et al. 2014). Based

on the distribution of phylogenetic signal across chemical modules, we are currently
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unable to identify a definitive link between the degree of phylogenetic signal and
potential antiherbivore effects.

Despite the preponderance of highly evolvable phytochemistry across species in
Radula, a number of correlations among these traits were discovered (Table 1), also
consistent with the results of Johnson et al. (2014). This presents an interesting
dichotomy of the evolution of chemical variation within versus among species, where
perhaps there are a few combinations of chemical traits that confer success, but these
combinations are evolutionarily labile from species to species. Of the three lignan
modules, Lignans 1 and 3 were both significantly correlated with Lignans 2 using
traditional correlations and PGLS (Table 1). Similarly, Alipathatics 1 and 3 were
correlated with Aliphatics 2 using both approaches (Table 1). These positive correlations
among structurally similar modules likely are a result of these chemical structures being
constructed from the same biochemical pathways. On the other hand, aliphatic and lignan
modules were typically negatively correlated with one another (Table 1). This result
demonstrates the power of this approach to detect meaningful differences in chemical
structures across modules because chemical shifts associated with lignans and aliphatics
are considered orthogonal; lignans are composed of unshielded and unsaturated
hydrogens, while aliphatic hydrogens are shielded and saturated. Overall, many of the
correlations among modules are indicative of structural differences; however, these
correlations are also consistent with the hypothesis that phytochemical defense is shaped
by tradeoffs (Johnson et al. 2014), synergy (Dyer et al. 2003; Richards et al. 2010), and
redundancy (Jones & Firn 1991; Romeo et al. 1996) among alternative defensive

compounds.
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Prior studies have identified a number of issues that could affect estimates of
phylogenetic signal in comparative studies (reviewed by Kamilar & Cooper 2013), which
are important to discuss within the context of this study. First, the phylogeny of Radula is
not entirely characterized, so incomplete taxon sampling and unresolved tree structure
could have influenced our results. However, we made great effort to sample species from
across the entire known phylogeny of Radula (Fig. S1) to reduce our sampling bias as
much as possible. Furthermore, simulations using incompletely resolved phylogenies
(i.e., weak node support) to estimate signal have actually overestimated signal (Davies et
al. 2012), perhaps making our finding of rampant chemical lability more conservative. In
addition, we were unable to quantify the measurement error associated with the chemical
traits within species (e.g., Johnson et al., 2014), which can decrease the statistical power
for detecting phylogenetic signal (Blomberg ef al. 2003; Ives et al. 2007; Hardy &
Pavoine 2012). We attempted to account for this by conducting Mantel tests (which
yielded similar results), as they have been demonstrated to be more robust in detecting
phylogenetic signal than K under some scenarios (Hardy & Pavoine 2012).

It is also possible that environmental effects on our chemical traits potentially
could bias estimates of phylogenetic signal and correlations (Ives et al. 2007). Despite
this, secondary chemistry traits have been consistently shown to have relatively high
heritability measurements - nearly twice as large as estimates for other plant functional
traits (Geber & Griffen 2003; Johnson ef al. 2009a) - which somewhat lessens the
potential for environmental effects to skew our results. While estimates of chemical
heritability are unavailable for the Radula species included in this study, we have no

reason to expect that Piper species deviate from the patterns of high chemical heritability
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found in other plant lineages. It is worth noting, however, that while mean heritabilities
of chemical compounds are often large, estimates for individual compounds can vary
widely across compounds that are from the same branch of a chemical pathway (Caseys
et al. 2015).

Our results yielded mixed support for the expectation that groups of closely
related plants should have similar chemical profiles (Ehrlich and Raven 1964): while
individual compounds classes rarely displayed phylogenetic signal (Fig. 2), suites of
codiversifying chemical classes were often correlated with one another (Table 1). It is not
entirely clear how these dynamics might affect codiversification in plant-insect
interactions. In an escape and radiate scenario, phytochemical variation is thought to be
largely partitioned among clades, suggesting that herbivores should be able to readily
consume all of the plants within a phytochemically similar lineage. In contrast, host
shifting between closely related plants might be more difficult in lineages characterized
by high chemical lability, which would perhaps select for herbivore specialization (e.g.
Forister et al. 2015). Finally, it is important to recognize that the strength of phylogenetic
signal depends on phylogenetic scale, as deeper lineages can be readily characterized by
their chemical makeup (Fraenkel 1959). A thorough understanding of how phylogenetic
scale interacts with the continuum between chemical lability and constraint is needed

before plant-insect coevolutionary theory can advance.
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Table 1. Traditional correlations (lower triangle) and phylogenetic generalized least squares models (upper triangle; f-coefficients from models reported) were used to test for
relationships among chemical traits. Significant tests (o = 0.05) are denoted with bold text.
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Glycosylated Compounds -0.09 0.235 - -0.67 -0.535° -0.254 -0.401 -0.137 0.134 -0.128° -0.124° 0.046 -0.022 -0.069
Unknown Aromatics -0.511 0.187 -0.196 - 0.287° 0.400° 0.463 0.068 -0.117 0.005 0.002 0.018 -0.295 -0.03
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Downfield 0.042 -0.187 0.048 0.013 0.003 -0.114 -0.044 -0.071 0.085 -0.055 0.152 - -0.956 -0.151
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* Significant pairwise relationships among chemical traits using both traditional correlations and phylogenetic generalized least squares models.
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Figure Legends

Fig. 1. A network displays the relationships among each binned chemical shift. The
number within each node represents a unique chemical shift (ppm) and each edge depicts
pairs of chemical shifts that often co-occur in NMR spectra. Chemical shifts with the
same color belong to the same chemical module. Chemical shifts from the Background
module were not included in network analyses for ease of visualization, as these chemical
shifts are highly interconnected with all modules and greatly outnumber other chemical

shifts.

Fig. 2. The distribution of phylogenetic signal across 26 chemical traits is displayed for
two complementary estimates, A and K (panels A and B, respectively). Estimates for the
14 chemical modules are shown in black, the 3 PCs are shown in white, and the 9
diversity metrics are shown in gray. Chemical diversity was calculated using three
metrics [Shannon diversity (H); Shannon effective number of chemical compounds
(exp(H)); Simpson effective number of chemical compounds (1/D)] using the entire
NMR spectra (total), as well as for subsets including only the upfield and downfield
ranges of the spectra (down > Sppm > up). Asterisks denote significant estimates of

phylogenetic signal (o = 0.05).

Fig. 3. The distribution of chemical variation in five traits (Aliphatics 1, Lignans 3,

Flavones, Prenyl Groups, Trans-Cinnamates) across the phylogeny of Radula is
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displayed. Module colors match those from Fig. 1. Each species value for a chemical trait
was divided by the maximum trait value to standardize values for easy visualization.
Significant estimates of both A and K were found for Aliphatics 1 and Lignans 3, but
estimates for Flavones were only significant for A (Fig. 2; Table S2). See Fig. S1 for

additional information about the phylogenetic tree structure, including node support.
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SUPPLEMENTARY MATERIAL

Chapter 2 ~ Phylogenetic signal and the evolution of secondary
chemistry in Radula (Piperaceae): persistent trait correlations

despite rampant trait lability
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Table S1. Collection information for each Radula specimen included in this study, including GenBank accession numbers for the /7S, petd, and psbJ
genes. Codes for duplicated species names match those from Fig. 3 in the main text.

Species Code Country Year Collector Voucher (herbarium) ITS petA-psbJ
P. arcteacuminatum Trel. 3534 CostaRica 2012 E.J. Tepe E.J. Tepe 3534 (CR) KT007500 KT030286
P. baezense Trel. YY1 Ecuador 2012 AE.Glassmire  A.E. Glassmire (QCNE) KT007501 KT030287
P. boquetense Yunck. 3991 Panama 2013 E.J. Tepe E.J. Tepe 3991 (PMA) KT007502 KT030288
P. bredemeyeri J.Jacq. 3495 CostaRica 2012 E.J. Tepe E.J. Tepe 3495 (CR) KT007503 KT030289
P. cf. callosum Ruiz & Pav. 3490 CostaRica 2012 E.J. Tepe E.J. Tepe 3490 (CR) KT007543 KT030291
P. chimonanthifolium Kunth K-1960 Brazil 2014 M. Kato M. Kato K-1960 (SPF) KT007504  KT030290
P. chrysostachyum C.DC. 3482 CostaRica 2012 E.J. Tepe E.J. Tepe 3482 (CR) KT007505 KT030292
P. colonense C.DC. 3502 CostaRica 2012  E.J. Tepe E.J. Tepe 3502 (CR) KT007506 KT030293
P. concepcionis Trel. 3990 Panama 2013 E.J. Tepe E.J. Tepe 3990 (PMA) KT007507 KT030294
P. crassinervium Kunth K-1954 Brazil 2014 M. Kato M. Kato K-1954 (SPF) KT007508  KT030295
P. culebranum C.DC. (1) 3413 CostaRica 2012 E.J. Tepe E.J. Tepe 3413 (CR) KT007509 KT030296
P. culebranum C.DC. (2) 3527 CostaRica 2012 E.J. Tepe E.J. Tepe 3527 (CR) KTO007510 KT030297
P. culebranum C.DC. (3) 4005 Panama 2013 E.J. Tepe E.J. Tepe 4005 (PMA) KT030329 KT030298
P. cyphophyllum C.DC. 3444 CostaRica 2012 E.J. Tepe E.J. Tepe 3444 (CR) KT007511 KT030299
P. epigynium C.DC. 3457 CostaRica 2012  E.J. Tepe E.J. Tepe 3457 (CR) KT007512 KT030300
P. friedrichsthalii C.DC. 131 CostaRica 2000 E.J. Tepe E.J. Tepe 131 (CR) KT007513 KT030301
P. gaudichaudianum Kunth K-1949 Brazil 2014 M. Kato M. Kato K-1949 (SPF) KT007514  KT030302
P. glabrescens (Miq.)C.DC. 4022 Panama 2013 E.J. Tepe E.J. Tepe 4022 (PMA) KTO007515 KT030303
P. goesii Yunck. K-1964 Brazil 2014 M. Kato M. Kato K-1964 (SPF) KT007544 KT030304
P. hispidum Sw. (1) 3430 CostaRica 2012 E.J. Tepe E.J. Tepe 3430 (CR) KT007516 KT030305
P. hispidum Sw. (2) 3496 CostaRica 2012  E.J. Tepe E.J. Tepe 3496 (CR) KT007517 —

P. hispidum Sw. (3) 3509 CostaRica 2012 E.J. Tepe E.J. Tepe 3509 (CR) KT007518 KT030306
P. hispidum Sw. (4) 3537 CostaRica 2012  E.J. Tepe E.J. Tepe 3537 (CR) KTO007519 —

P. lagoense C.DC. K-1944 Brazil 2014 M. Kato M. Kato K-1944 (SPF) KT007520 KT030307
P. lanceifolium Kunth 184 CostaRica 2000 E.J. Tepe E.J. Tepe 184 (CR) KT007521 KT030308
P. longicaudatum Trel. & Yunck. 1578 Ecuador 2006 E.J. Tepe E.J. Tepe 1578 (QCNE) KT007522 KT030309
P. lucigaudens C.DC. 3993 Panama 2013 E.J. Tepe E.J. Tepe 3993 (PMA) KT007523 KT030310
P. malacophyllum (C.Presl.) C.DC.  K-1945 Brazil 2014 M. Kato M. Kato K-1945 (SPF) KT007524  KT030311
P. mollicomum Kunth K-1942 Brazil 2014 M. Kato M. Kato K-1942 (SPF) KT007525 KT030312
P. mosenii C.DC. K-1948 Brazil 2014 M. Kato M. Kato 1948 (SPF) KT007526 KT030313
P. ottoniifolium C.DC. 4011 Panama 2013 E.J. Tepe E.J. Tepe 4011 (PMA) KT007527 KT030314
P. peracuminatum C.DC. 3433 CostaRica 2012  E.J. Tepe E.J. Tepe 3433 (CR) KT007528 KT030315
P. polytrichum C.DC. 3965 Panama 2013  E.J. Tepe E.J. Tepe 3965 (CR) KT007529 KT030316
P. pseudogaragaranum Trel. 4063 Panama 2013 E.J. Tepe E.J. Tepe 4063 (PMA) KTO007530 KT030317
P. pubistipulum C.DC. 4027 Panama 2013 E.J. Tepe E.J. Tepe 4027 (PMA) KT007531 KT030318
P. silvivagum C.DC. 3523 CostaRica 2012 E.J. Tepe E.J. Tepe 3523 (CR) KT007532 KT030320
P.sp. (1) 3536 CostaRica 2012  E.J. Tepe E.J. Tepe 3536 (CR) KT007545 KT030327
P.sp. (2) 4056 Panama 2013 E.J. Tepe E.J. Tepe 4056 (PMA) KT007534 KT030321
P.sp. (3) 4996 Ecuador 2011 J. Homeier J. Homeier 4996 (LOJA) KT007533 KT030319
P.sp. (4) K-1978 Brazil 2014 M. Kato M. Kato K-1978 (SPF) KT007536 KT030323
P. sp. (5) K-1983 Brazil 2014 M. Kato M. Kato K-1983 (SPF) KT007537 KT030322
P. tectoniifolium Kunth K-1958 Brazil 2014 M. Kato M. Kato K-1958 (SPF) KT007535 —

P. tonduzii C.DC. 3532 CostaRica 2012 E.J. Tepe E.J. Tepe 3532 (CR) KT007546 KT030328
P. urostachyum Hemsl. 3535 CostaRica 2012  E.J. Tepe E.J. Tepe 3535 (CR) KTO007538 —

P. viachicoense Yunck. 4051 Panama 2013 E.J. Tepe E.J. Tepe 4051 (PMA) KT007539 —

P. vicosanum Yunck. K-1966 Brazil 2014 M. Kato M. Kato K-1966 (SPF) KT007540  KT030324
P. xanthostachyum C.DC. 3542 CostaRica 2012  E.J. Tepe E.J. Tepe 3542 (CR) KT007541 KT030325
P. zacatense C.DC. 3438 CostaRica 2012 E.J. Tepe E.J. Tepe 3438 (CR) KT007542 KT030326




Table S2. Summary statistics from two tests of phylogenetic signal, A (Pagel 1999)
and K (Blomberg et al. 2003), for 26 chemistry traits. The three diversity metrics

(Shannon diversity [H]; Shannon effective number of chemical compounds

[exp(H)]; Simpson effective number of chemical compounds [1/D]) were
calculated using the entire NMR spectra (t), as well as using only the upfield (u)
and downfield (d) portions of the NMR spectra. For each estimate of A, the log-

likelihood (LL) of the true estimate was compared to the log-likelihood of a

constrained model (where A=0) using a likelihood ratio test to determine if A is
significantly larger than zero. For each estimate of K, significance is inferred by
comparing the true estimate to 1,000 tree tip permutations. Significant signal is

denoted with bold text and asterisks (o = 0.05).

Trait A LL  LL (A=0) P K P
Aliphatics 1 0413 454 42.8 0.024* 0.194 0.004*
Aliphatics 2 0.144 448 442 0.273  0.079  0.655
Aliphatics 3 0 41 41 1 0.082 0.586
Background 0 38.4 38.4 1 0.082 0.579
Downfield 0 19 19 1 0.054 0.937
Flavones 0374 -455 -47.8 0.031* 0.095 0.362
Glycosylated Compounds 0 -25.9 -25.9 1 0.066 0.847
Glycosylated Phenols 0 -57 -57 1 0.1 0.309
Lignans 1 0 -92.1 -92.1 1 0.082  0.59
Lignans 2 0.096 -59.9 -60.2 0.462 0.106 0.267
Lignans 3 0.242  -26 -28.3 0.033* 0.177 0.016*
Prenyl Groups 0 -27.4 -27.4 1 0.113  0.177
Trans-Cinnamates 0 -48.7 -48.7 1 0.067 0.831
Unknown Aromatics 0.097 -48.5 -49.1 0.271 0.067 0.828
PC1 0.268 -98.2 -100.6  0.030% 0.117 0.129
PC2 0 -91.9 -91.9 1 0.083 0.581
PC3 0.112 -81.3 -81.7 0.384 0.091 0.419
H 0 -7.8 -7.8 1 0.108 0.208
exp(H)q 0 -163.3  -163.3 1 0.12  0.101
1/Dyy 0.483 -191.4 -191 1 0.146  0.033*
H) 0 -5.1 -5.1 1 0.121 0.119
exp(H)a 0 -144.1  -144.1 1 0.132  0.093
1/Dyg) 0 -162.6  -162.6 1 0.141 0.135
Hw) 0 -6.8 -6.8 1 0.091 0.449
exp(H)q) 0 -155.5  -1555 1 0.097 0.325
1/Dy) 0309 -179 -178.6 1 0.12  0.096
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Table S3. Loadings for the PCA summarizing chemical modules in multivariate space.

Module PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PCl11 PC12 PC13 PC14
Aliphatics 1 0.385  0.254 0 0.229  -0.135 0.114 0 -0.209 -0.485 -0.251  0.132 0 0.253 0.518
Aliphatics 2 0.35 -0.258  -0.121  0.322  -0.235 -0.208 -0.148  0.209 0.116  -0.102 0 0 -0.686  0.163
Aliphatics 3 0.306  -0.383 0 0.115  -0.263 0 0 0.353 0.304 0.227  -0.232 0 0.568 0.147
Background 0.158 -0.343 -0.213  -0.403 0 -0.239  -0.151 -0.544 0318 -0.166  0.341 0 0.13 0.102
Downfield 0 0 0.301 0.269 0296  -0.795 -0.166 0 -0.113 0 0 -0.152  0.167  -0.122
Flavones 0.105 0 -0.554  -0.302  0.131 -0.22 0.277 0381 -0.318 -0.349 0 -0.183 0 -0.171
Glycosylated Compounds  -0.124  0.429 0 -0.384  0.107 -0.144 -0366  0.363 0.287 0 0 0 0 0.513
Glycosylated Phenols -0.242 0 -0.402 0 -0.366 0 -0.575 0 -0.277  0.313 0.203 0 0.14 -0.24
Lignans 1 -0.344 0 -0.297  0.245 0 -0.199  0.491 0 0.106 0.371 0.277  -0.303 0 0.35
Lignans 2 -0.321 0 0.278  -0.131 -0.463 -0.289  0.266 0.165  -0.135 -0.244  0.137 0.525 0.104 0.139
Lignans 3 -0.272  -0.32 0.35 -0.199  -0.278 0 -0.148 0 -0.188  -0.169 0 -0.684  -0.138 0
Prenyl Groups 0 -0.488 0 -0.162  0.395 0 0 0 -0.427 0363  -0.171 0.27 0 0.371
Trans-Cinnamates -0.378 0 -0.299  0.269 0 0 -0.1 -0.3 0.133  -0.339  -0.653 0 0 0.144

Unknown Aromatics -0.279  -0.244 0 0.366 0.391 0.219  -0.176  0.291 0.138  -0.394  0.448 0 0.178 0




Figure S1

XP_cabagranum_3531
il o xP_asymmetricum_3447

P_sp_3536
1k P_tonduzii_3532

P_goesii_4131

P_callosum_cf 3490

P_tucumanum_4080

P_translucens_4123

xP_consanguineum_546

P_barkleyi_4061

xP_holdridgeanum_4196

xP_peltatum_2
g P_arboreum_2

1 b xP_cenocladum_3999
078 P_permucronatum_4139
r[ xP_maranyonense_3034

071 P_phytolaccifolium_MAJ599
0.5& P_truman_yunckeri_3027
g P_bredemeyeri_3495

1 I{ xP_cyanophyllum_3427

0.96% P_pseudofuligineum_AB710
P_remotinervium_547

091

xP_trichoneuron_549
P_amplum_4109
P_vicosanum_4132
099) P_glabrescens_4022
1 [ P—latibracteum_4050
1 & P_pubistipulum_4027
p== P_lacunosum_3052
= P_baezanum_2958

0.81

0.99 [ P_sp 4126
e P_stiliferum_2355

0.99
P_crassinervium_3463
{ P_crassinervium_4122
'k p_ineolatifolium_1621
P_friedrichsthalii_131
o0ss] 1™ P_lanceifolium_1

5 P_sp_4056
'%P,boquetensejsam
P_carpinteranum_3516
0.92]  P_cyphophyllum_3444
1 & P_viachicoense_4051

P_peracuminatum_3433
P_colonense_3502
097k P_zacatense_3438

P_culebranum_3527
P_culebranum_4005
078 pm P_culebranum 3413

0.82 | P_jacquemontianum_4151

0.99® P_urostachyum_3535
P_brachypodon
P_oxystachyum_2727
P_bullosum_1405
0.58& P_dryadum
P_concepcionis_3990
P_ottoniifolium_4011
P_schuppii_1562
P_arcteacuminatum_3534
P_xanthostachyum_3542
P_sp_2959
P_longicaudatum_3036
P_sp 4142
P_acutifolium_2883

0.99 0.75

P_aduncum_597
P_chimonanthifolium_4128
P_mollicomum_4110

1 p= P_glabratum_CD10888

1 P_secundum_3032

0.89k P_umbricola_3543
P_baezense_2950
r— P _hieronymi_4081
— P_hispidum_2246

1 [r—P_hispidum_3476
P_immutatum_1590
pr— P_napopastazanum_1589
P_pseudogaragaranum_4063
r— P _silvivagum_3523

053 [ P_gaudichaudianum_4093
095k P_sp 4147
P_lineatum_2281
—1[ P_subflavispicum_2346
P_sanctifelicis_1
_052[ P o 1619, OrngoSep
1= P_hispidum_3430
—E P_abajoense_AB1250
1& P_rugosum

P_gaudichaudianum_4117
P_lagoense_4112
P_mosenii_4116
P_malacophyllum_4102
P_malacophyllum_4113

1 E
1
P_chrysostachyum_3482
062! P_epigynium_3457

P_hispidum_3496
P_hispidum_3509
P_hispidum_3537

1 P_lucigaudens_3993
P_persubulatum_4068
P_polytrichum_3965

P_sanctifelicis_3415
P_villiramulum_4031



96

Fig. S1. A phylogenetic tree depicts the evolutionary relationships from all Radula
species for which genetic data has been accumulated (Tepe et al. in prep). Individuals that
were included in this study’s analyses are labeled in red text. Posterior probabilities are

listed for each node to indicate support.
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Abstract: The study of host shifts by herbivorous insects has played an important role in
evolutionary biology, contributing to research in coevolution, ecological speciation, and
adaptive radiation. As invasive plants become more abundant in many ecosystems, the
potential for exotic host use by native insects increases. Graves and Shapiro (2003) have
documented exotic host use by 34% of Californian butterflies, suggesting that the plants
and butterflies of California might be an important model system for the colonization and
utilization of novel resources. In this study, we analyze relationships among geographic
range, native diet breadth, and the use of exotic hosts for Californian butterflies and
skippers (Lepidoptera). Geographic range and, to a lesser extent, native diet breadth are
significant predictors of exotic host use, with positive correlations found both before and
after phylogenetic correction. These results give insight into the process of insect host
range evolution, as geographically widespread generalists have an apparently greater
tendency to utilize novel hosts than geographically constrained specialists. Increasing
occurrences of exotic host use are expected and those species not capable of shifting to
non-native hosts are likely to have higher vulnerability to extirpation and extinction in the
future.

KEY WORDS: Diet breadth, geographic range, independent contrasts, oscillation

hypothesis

INTRODUCTION
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Interactions between herbivorous insects and exotic plants have become model
systems in a number of areas of evolutionary biology, from the study of diversification to
rapid adaptation associated with anthropogenic environmental change (Drés and Mallet
2002; Matsubayashi et al. 2009). In a few well-studied examples, hosts shifts involving
exotic plants have resulted in speciation (e.g. Rhagoletis flies shifting from hawthorn to
apple trees; Feder 1998; Feder and Forbes 2008), the evolution of feeding morphology
(e.g. Leptocoris bugs adapting to balloon vine; Carroll 2008; Carroll et al. 2005a), and
shifts in oviposition behavior (e.g. Euphydryas butterflies and exotic Plantago hosts;
Singer et al. 1993; Singer et al. 2008). A shift to an exotic host has also been associated
with an escape from natural enemies (Papilio machaon aliaska caterpillars on novel
Asteraceae hosts; Murphy 2004), as well as an increased reliance on a protection
mutualism (Lycaeides melissa caterpillars with ants on alfalfa; Forister et al. 2011).
Outside of these detailed studies, we have much to learn about the frequency with which
native insects utilize exotic plants, the potential for host shifts, and the conditions which
either constrain or promote the colonization of exotic hosts (Thompson 1998; Strauss et
al. 2000).

An understanding of conditions associated with insect host shifts is also important
in light of the oscillation hypothesis (Janz and Nylin 2008), which has been recently
proposed as an explanation for herbivorous insect diversification through alternating
periods of dietary specialization and generalization within lineages. According to the
oscillation hypothesis, an expansion of host breadth in a previously specialized taxon is
associated with an increase in geographic range, which facilitates subsequent local

adaptation to new hosts, specialization, and ultimately diversification. Mechanisms of
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specialization have been studied, including trade-offs in feeding efficiency and
limitations in neural capacity (Bernays 2001; Fox and Morrow 1981; Janz and Nylin
1997; Nylin 1988). What has been less investigated is the relationship between host
breadth and geographic range, though the recent finding of a positive correlation between
host range and geographic range in the butterfly subfamily Nymphalinae provides
support for the oscillation hypothesis (Janz and Nylin 2008; Slove and Janz 2011).

The butterflies, skippers, and plants of California provide an excellent system to
study the colonization of novel plants, as at least 34% of Californian butterfly species
have been reported as utilizing non-native plant species (Graves and Shapiro 2003). In
this study, we use exotic host plant records from Graves and Shapiro (2003) in
combination with native host data and published geographic ranges for 70 species (five
families) of butterflies and skippers to investigate relationships among exotic host use,
native host range, and geographic range. In particular, we ask if geographic range size
and native diet breadth are significant predictors of exotic host use using both raw and
phylogenetically-corrected data.

MATERIALS AND METHODS
Study Organisms

Seventy species of butterflies (Papilionoidea) and skippers (Hesperioidea)
reported by Graves and Shapiro (2003) as having exploited native plant species were
included in this study. These species include representatives of five Lepidopteran

families: Hesperiidae, Lycaenidae, Nymphalidae, Papilionidae, and Pieridae.

Data Collection
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Graves and Shapiro (2003) conducted a literature review and interviewed
Californian lepidopterists to produce a list of known exotic host plants for Lepidoptera
found in California. In the list of exotic hosts reported by Graves and Shapiro (2003),
each host record for every butterfly and skipper was assigned a confidence level ranging
from “high” to “unlikely”. Exotic hosts were only included in our study if the records
were reported with a “high” or “moderate” level of confidence. Graves and Shapiro
(2003) classified “high” confidence as host records that are “well documented” in
California and “moderate confidence” as host records that “seemed reasonable given
known foodplants of the butterfly and distributions of both butterfly and plant” in
California. Plant hosts with lower confidence levels were excluded from this study
because Graves and Shapiro (2003) deemed these records “unlikely” and their inclusion
could have overestimated exotic diet breadth in our study. All exotic host records are of
caterpillar feeding, as “oviposition only” records were not included in this study. Note
that the records reported by Graves and Shapiro (2003) are associations between
Lepidopterans and exotic hosts that do not necessarily imply successful utilization by a
butterfly or skipper, since herbivorous insects have been known to oviposit on plants that
are ultimately lethal to their offspring (Keeler and Chew 2008). Thus, we are examining
associations between native butterflies and exotic hosts without knowing which plants are
viable hosts. Nevertheless, the association is of inherent interest and represents the first
stage of contact between native insects and exotic plants, even if the association is
detrimental or transient in some unknown proportion of cases. Butterfly and skipper
species with zero exotic host plant records were excluded from this study (11 species)

because we were only interested in species reported to have utilized exotics.
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Native diet breadth was recorded as the number of native plant genera used by
caterpillars, based on observations of one of us (A.M.S.), and from field guides (Garth
and Tilden 1986; Scott 1986); see Appendix S1 for native and exotic diet breadths. Body
size was originally included as a potential predictor of exotic host use due to previous
findings documenting adult body size as a predictor of butterfly extinctions (Koh et al.
2004); however, associations with body size were weak and non-significant and are not
discussed further.

Geographic range size was calculated using county records obtained from Opler
et al. (2010); see Appendix S1. Specifically, we calculated the total square kilometers for
occupied counties for each species. County records were used in this study due to their
availability for the contiguous 48 states (Opler et al. 2010). Range sizes from the
continental United States were used instead of Californian range sizes under the
assumption that butterfly exotic host shifts occur throughout the United States, and
Californian shifts are just one subset. Furthermore, using county records for the 48 states
avoided artifacts associated with range records restricted to California. For example, a
species with a continent-wide distribution might only occur in a small part of California;
including county records from the 48 states allowed us to properly record such a species
as widespread (records are also available for Canada and Mexico, though the very large
counties in parts of these countries might exaggerate geographic range). This
methodology is supported by the results of Hawkins and Porter (2003), who found that
relationships in butterfly richness are conserved when sampling across geographic scales.

Phylogenetic data and independent contrasts
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As no comprehensive phylogenetic hypothesis exists for North American
Lepidoptera, mitochondrial DNA sequences from a portion of the cytochrome oxidase
subunit I region (COI) were used to construct a phylogeny to be used in the generation of
independent contrasts. COI sequences were selected for use because they were available
for most species included in this study. Sequences were preferentially chosen from
GenBank in order to have the most complete COI sequences possible; see Appendix S1
for accession numbers and for criteria in choosing accessions. Sequences were aligned
with Clustal as implemented in Sequencher 4.10.1. Being a single, rapidly evolving
marker, COI data is not equally informative at all taxonomic levels (Forister et al. 2008);
therefore, a phylogeny was constrained in BEAUti 1.6.1 by creating monophyletic taxon
sets based on previously reported phylogenetic hypotheses (Drummond and Rambaut
2007). Two separate trees were constrained for analysis due to recent hypotheses of the
family level relationships of Lepidoptera; see Appendix S1 for methods used in
constructing constraints. Using the constrained trees and COI data, Bayesian searches
were performed in BEAST 1.6.1 using a GTR + Invariate + Gamma substitution model
(Drummond and Rambaut 2007); see Appendix S1 for a figure of one phylogeny used.
Phylogenetic independent contrasts of range size, native host breadth, and exotic host
breadth were calculated using the APE package in R 2.11.1 (Felsenstein 1985; Paradis et
al. 2004; R Development Core Team 2010).

Analyses

To address our central question regarding relationships among geographic range,

native host breadth, and the number of exotic hosts colonized, we conducted analyses in

two phases: first using raw data (prior to phylogenetic correction), then using data
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following phylogenetic independent contrasts. For both sets of analyses (before and after
phylogenetic correction), we used simple linear models in which the response variable
was the number of exotic hosts colonized and the predictor variables were geographic
range and native host breadth (the number of native genera). To investigate colonization
dynamics that might be affected by the diversity of hosts used, analyses were performed
using (as the response variable) log-transformations of four taxonomic indices: number of
exotic species, number of exotic genera, exotic species multiplied by genera, and exotic
genera multiplied by families. For the models involving un-corrected data, we also
included family as a categorical variable, and investigated interactions between family
and both of the predictors (family is not a relevant category for the data following
phylogenetic correction). Following phylogenetic corrections, data were highly
leptokurtotic and were normalized with Johnson Su transformations (Slifker and Shapiro
1980). All linear models were calculated in JMP 8.0.

To account for the relatedness of exotic plants with native hosts, another set of
analyses was done with exotic plants categorized as congeneric, confamilial (but not
congeneric), or non-confamilial relative to the herbivore’s native host range based on the
methods of Connor et al. (1980). For example, the report of Lycaeides melissa using the
plant Medicago sativa (Fabaceae) was categorized as confamilial because L. melissa does
not have native Medicago hosts, but does have native hosts in Fabaceae. All plant
taxonomy was determined using the USDA plants database (http://plants.usda.gov/).
Each exotic host record was then ranked by relatedness to native hosts (congeneric = 1;
confamilial = 2; non-confamilial = 3), and the taxonomic isolation of exotic hosts for

each butterfly or skipper was calculated as the mean rank of all reported exotic hosts
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from Graves and Shapiro (2003). A linear regression was used to investigate the
relationship between geographic range and the taxonomic isolation of exotic hosts
utilized.
RESULTS

Geographic range and native host plant breadth are both significantly associated
with the number of exotics colonized, and this is true both with the raw data before
phylogenetic correction and with the data subsequent to correction (raw data is shown in
Fig. 1). For the uncorrected data, 36% of the variation was explained in the number of
exotic host species used by the 70 included butterfly and skipper species (R* = 0.36; Fe.63
=5.96; P <0.0001). Geographic range and native host breadth were both significant
predictors, with standardized beta coefficients of 0.45 (F; 63 = 16.74; P =0.0001) and
0.30 (F163 = 8.27; P =0.0055) respectively (beta coefficients are coefficients from linear
models that have been calculated in units of standard deviations to facilitate comparisons
among predictor variables measured on different scales, such as geographic range and
native host range (Zar 2010, pg. 433)). Interactions between family and both geographic
range and native host breadth were not significant and were dropped from the model. The
main effect of family was similarly not significant (F4¢3 = 0.78; P = 0.54). The two
predictor variables of geographic range and native host breadth were also not
significantly correlated with each other (Spearman’s rank correlation: p = 0.06; P = 0.65).
Finally, we found no relationship between geographic range and the taxonomic isolation
of exotic hosts relative to native host breadth (R* = 0.0003; F, 63 = 0.02; P = 0.88) (this
relationship was not tested using phylogenetic independent contrasts). In other words,

while more widespread species are more likely to colonize more new hosts, these hosts
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are not more likely to represent major host shifts (e.g. to new families). Similar results
(i.e. associations between geographic range, native host use and exotic host use) using
uncorrected data were found across analyses for all taxonomic indices of exotic host use;
see Appendix S2 for results from linear models for all indices (as explained above, other
indices included the number of exotic genera, the number of exotic species multiplied by
the number of exotic genera, and the number of exotic genera multiplied by the number
of exotic families).

The phylogenetically corrected linear model including geographic range and
native host breadth accounted for 37% of the variation in exotic host use (R* = 0.37; F1.45
=18.97; P <0.0001). Geographic range and native host breadth remained significant
predictors of exotic host use after phylogenetic correction. Geographic range had a
standard beta coefficient of 0.51 (F; 66 =26.31; P <0.0001) and native host range had a
standard beta coefficient of 0.27 (F; ¢ = 7.44; P = 0.0082). As with the analyses using
raw data, the effect of geographic range on exotic colonization is greater than the effect
of native host breadth (judged by beta coefficients). Qualitatively similar results were
found with phylogenetically corrected data from all phylogenies; see Appendix S2 for
results from all constraints using number of species and number of genera to quantify
exotic host use.

DISCUSSION

These results reveal a potentially simple facet of the evolution of host range
expansion: geographically widespread species colonize more exotic hosts. This pattern
holds across taxonomic families, which suggests a simple biological mechanism by

which greater exposure to exotic hosts provides greater opportunities for successful
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colonization. We also find that species with a broader native host range have colonized
more exotic hosts, which is perhaps less surprising than the association between
geographic range and the number of exotic hosts colonized. These findings support
earlier results of Carroll et al. (2005b) who found that the most polyphagous and
geographically widespread Australian soapberry bug colonized the most exotic plants.
This suggests that relationships among geographic range, native host range, and exotic
host use might be important in many phytophagous insect groups. When comparing the
relative importance of geographic range and native host breadth for predicting exotic
colonizations, we find that the former (geographic range) is a stronger predictor
(standardized beta coefficients discussed above; also see Fig. 1). Furthermore, it is
important to note that geographic range and native diet breadth are not correlated with
one another (p = 0.06).

The result that generalists are more likely to shift to exotic hosts than specialists
also complements previous research by Parker and others, who reported that generalist
herbivores have a higher preference for and can confer more damage to invasive species
than specialists (Parker and Hay 2005; Parker et al. 2006). The phytochemicals in plants
that butterflies use as cues to pick oviposition sites might be partly responsible for this
pattern. Herbivores are more likely to colonize plant species if they have already
encountered the plants and associated phytochemicals or if the hosts are utilized by
closely related species (Janz et al. 2001; Liu et al. 2005); therefore, herbivores with small
ranges are less likely to colonize exotic plants with unfamiliar suites of phytochemicals
that are not present in their geographic range (Cappuccino and Arnason 2006). In

contrast, herbivores with large geographic ranges are potentially more likely to shift to
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exotic hosts because they have a greater probability of having previously encountered a
wide array of plants and phytochemicals (of course, this would not necessarily be true of
species with large ranges but small distances travelled by individual insects).

In addition to being generally consistent with the oscillation hypothesis of
herbivorous insect diversification (Janz and Nylin 2008), our results including exotic host
species provide a valuable complement to the positive correlation between butterfly
geographic range and diet breadth reported by Slove and Janz (2011). We assume that the
geographic ranges of the butterflies in our study have been relatively static compared to
the recent invasion of exotic plants in California. Thus the finding that geographically
widespread butterflies colonize more exotic hosts than more localized species suggests a
direction of causality in which wide geographic range can influence host range
expansion. Future research in this area could profitably focus on the mechanistic factors
that promote the expansion of geographic range and host breadth using butterflies and
skippers in California as model systems. Potential promoters of specialist host expansion
include mutations for generalist behavior and phenotypic plasticity on novel hosts
followed by genetic accommodation (Nylin and Janz 2009; Weingartner et al. 2006).

Up to two-thirds of the 2000 plus endemic plants found in California are projected
to undergo range reductions greater than 80% of their current range over the next 100
years (Loarie et al. 2008). A reduction in the abundance and availability of native plants
to herbivores combined with an accelerating rate of invasion by exotic species into
California (Cohen and Carlton 1998) creates strong evolutionary and ecological pressures
selecting for exotic host use in herbivorous insects. The effects of these forces should be

most apparent in urban areas where native plants experience elevated extinction rates
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(Hahs et al. 2009). In fact, some urban Californian butterflies are now entirely dependent
on exotic host plants for larval development (Shapiro 2002). For species unable to shift to
exotics, this extirpation of native hosts might exacerbate the combined negative effects of
habitat loss and climate change (Forister et al. 2010). However, herbivorous insects are
not equally prone to extinction, as generalists had lower extinction rates during the
Cretaceous mass extinction than specialists (Labandeira et al. 2002). The same pattern
can also be found in the current mass extinction, with coextinction proneness positively
correlated with the degree of specialization between an organism and its hosts (Dunn et
al. 2009). As native plants rapidly disappear, widespread generalists are more likely to
colonize exotic hosts and are less likely to experience coextinction with their traditional
host plants than localized specialists.
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Figure Legend

Fig. 1. Predictors of exotic host use for the 70 species of Lepidoptera included in this
study. Data are presented (without phylogenetic correction) for the relationships between
the number of exotic host genera used and (a) geographic range (y = 0.348 + 1.024¢7(x))
and (b) native diet breadth (y = 0.423 + 0.454(x)). Symbols indicate taxonomic families
as follows: filled triangle, Pieridae; filled circle, Papilionidae; filled square, Hesperiidae;

open triangle, Nymphalidae; open circle, Lycaenidae.
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Appendix S1. Criteria for selecting sequences, methods for the construction of
constraint trees, GenBank accession numbers of COI sequences used, raw ecological

data used for phylogenetic independent contrasts, and a figure of one phylogeny used.

A complete mitochondrial COI sequence was the first criterion in selecting accession
numbers for included species (by complete we refer to all of the 658bp fragment that is
commonly sequenced in DNA “barcoding” studies). If a complete COI sequence was
unavailable for a species, a congeneric species with a complete sequence was selected. If
a congeneric sequence was unavailable, recently published Lepidopteran phylogenies
were used to determine the closest related genus with a complete, available sequence (see
below). For the following species, a closely related genus could not be determined from a
recently published phylogeny so closely related genera were selected based on
recommendations from A. D. Warren: Brephidium exilis, Hemiargus ceraunus, and
Hemiargus isola; see Table S1 for substitutions. If a species had a complete sequence
available while another species within the same genus did not, the same sequence was
used for both species (6 species).

To ensure that known relationships within Rhopalocera (butterflies and skippers)
were included in the tree, a backbone was constructed using previously published
phylogenies. Three separate trees were constructed for analyses due to recent publications
describing new hypotheses of the family level relationships in the Lepidoptera. The first
tree was constructed with a family constraint of Hesperiidae + (Papilionidae + (Pieridae +
(Nymphalidae + Lycaenidae))) (Scoble 1986; Wahlberg et al. 2005a), the second tree

with a family constraint of Papilionidae + (Hesperiidae + (Pieridae + (Nymphalidae +
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Lycaenidae))) (Mutanen et al. 2010; Regier et al. 2009), and the third tree with no
constraints between any species in the tree. The moths Spodoptera frugiperda
(Noctuidae) and Rhodoneura aurata (Thyrididae) were used as outgroups, with the
relative positions of Noctuidae and Thyrididae to Rhopalocera based on the phylogeny of
Mutanen et al. (2010). Outgroups were not included in subsequent phylogenetic
independent analyses.

Known relationships within Hesperiidae families and tribes were added to the
backbone structure of the first two constraint trees using data from Warren et al. (2008).
Similarly Chew and Watt’s (2006) and Zakharov et al.’s (2004) phylogenies were used to
create structure within the Pieridae and Papilionidae respectively. Wahlberg et al.’s
(2003) phylogeny was used for the subfamily structure within Nymphalidae, and genus
level relationships within the subfamily Nymphalinae (Nymphalidae) were determined
using Wahlberg et al. (2005b). Species in Lycaenidae were grouped by tribe using Pierce
et al. (2002) and subfamily relationships were based on the hypothesis of Pohl et al.
(2009). A polytomy existed within the genus Lycaena (Lycaenidae) due to the
availability of only one adequate COI sequence for the five included species in the genus.
Since polytomies violate requirements for calculating independent contrasts in APE, a
topology for Lycaena was constructed using Pratt and Wright’s (2002) phylogeny of

North American coppers.
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Table S1. Geographic ranges, host plant range (native and exotic), and accession numbers for sequences
used in the study. Ecological data are not listed for Rhodoneura aurata and Spodoptera frugiperda
because they were outgroups in phylogenetic trees and not included in analyses.

GenBank GenBank Geographic  Native Exotic Exotic Exotic
Species in Tree Species Used Accession Range (km?) Genera Species Genera Families

Aglais milberti Aglais urticae HQO003952 3712903 1 1 1 1

Agraulis Agraulis GU333740 2235231 0 5 1 1
vanillae vanillae

Anthocharis Anthocharis HQO003961 445076 2 1 6 1
lanceolata cardamines

Anthocharis Anthocharis HQO003961 527521 1 10 6 1
sara cardamines

Atalopedes Atalopedes GUO089672 3973089 7 6 3 2
campestris campestris

Brephidium Zizeeria knysna AY556972 2299429 2 4 1 1
exilis

Calpodes Calpodes GU149470 612568 0 1 1 1
ethlius ethlius

Colias Colias GU089776 2136723 1 2 5 1
alexandra philodice

Colias Colias GUO089775 6701999 5 12 4 1
eurytheme eurytheme

Colias Colias GU089776 5484106 0 6 1 1
philodice philodice

Copaeodes Ancyloxypha GU089635 1296154 3 1 5 1
aurantiaca numitor

Cupido Cupido GU089786 3887564 5 12 2 2
comyntas comyntas

Danaus Danaus DQO071865 2431890 1 2 1 1
gilippus gilippus

Danaus Danaus DQO018954 6463445 1 1 2 1
plexippus plexippus

Epargyreus Epargyreus GU089841 4690602 3 2 1 1
clarus clarus

Erynnis Erynnis tristis GU155965 1707483 5 3 1 1
Sfuneralis

Erynnis tristis Erynnis tristis GU155965 827632 1 1 6 1

Euchloe Euchloe HQ004469 2096686 1 10 2 1
ausonides ausonia

Euchloe hyantis ~ Euchloe HQ004469 396868 2 2 4 3

ausonia

Euphydryas Euphydryas AF187752 2531086 4 5 1 1
chalcedona chalcedona

Euphydryas Euphydryas AF187765 1729953 5 2 1 1
editha editha

Eurema nicippe  Eurema nicippe GU089560 3405383 2 1 1 1

Glaucopsyche Glaucopsyche FJ808850 3614616 4 4 2 1
lygdamus lygdamus

Heliopetes Heliopetes GU155986 1448470 2 3 1 1
ericetorum laviana

Hemiargus Leptotes HQO004616 1164793 2 1 3 1
ceraunus pirithous

Hemiargus Leptotes HQO004616 3066053 2 5 2 1
isola pirithous

Hesperia Hesperia GU096951 233198 8 2 1 1



comma
Hesperia
lindseyi
Hylephila
phyleus
Junonia coenia
Leptotes marina

Lerodea eufala
Lycaeides
melissa
Lycaena
cupreus
Lycaena editha

Lycaena
helloides
Lycaena
rubidus
Lycaena
xanthoides
Nathalis iole
Nymphalis
antiopa
Ochlodes
sylvanoides
Panoquina
panoquinoides
Papilio
cresphontes
Papilio
eurymedon
Papilio
multicaudatus
Papilio rutulus
Papilio zelicaon
Phoebis agarithe
Phoebis sennae
Pholisora
catullus
Phyciodes
mylitta
Pieris napi
Pieris rapae
Plebejus acmon
Plebejus
saepiolus
Poanes melane
Polites sabuleti

Pontia beckerii

Pontia
occidentalis

Pontia protodice

comma
Hesperia
comma
Hylephila
phyleus
Junonia coenia
Leptotes
pirithous
Euphyes peneia
Lycaeides idas

Lycaena
virgaureae
Lycaena
virgaureae
Lycaena
virgaureae
Lycaena
virgaureae
Lycaena
virgaureae
Nathalis iole
Nymphalis
antiopa
Ochlodes
sylvanus
Panoquina
lucas
Papilio
cresphontes
Papilio rutulus

Papilio
multicaudatus
Papilio rutulus
Papilio zelicaon
Phoebis agarithe
Phoebis sennae
Staphylus
vulgata
Phyciodes
mylitta
Pieris napi
Pieris rapae
Plebejus acmon
Plebejus
saepiolus
Poanes zabulon
Polites
themistocles
Pontia beckerii
Pontia
occidentalis
Pontia protodice

GU096951
AF170859

GU089962
HQ004616

GU155412
HQ004993

HQ004693
HQ004693
HQ004693
HQ004693
HQ004693

AY954569
HQ004859

HQ004883
GU155448
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Pontia sisymbrii  Pontia beckerii EUS583849 2529265 3 3 2 1
Pyrgus albescens  Pyrgus GU090161 1099034 2 1 1 1
communis

Pyrgus Pyrgus GU090161 5278007 2 9 5 1
communis communis

Strymon melinus ~ Strymon melinus ~ GU162902 5800493 6 18 10 3

Thorybes Thorybes GU089293 3829092 3 4 3 1
pyvlades pyvlades

Urbanus proteus  Urbanus proteus ~ GU155717 805402 4 3 2 1

Vanessa Vanessa AY788685 3022944 3 9 4 1
annabella annabella

Vanessa atalanta  Vanessa atalanta  HQ005255 6277217 1 6 6 1

Vanessa cardui Vanessa cardui HQO005264 5985080 11 38 27 10

Vanessa Vanessa GU091474 5075311 3 1 1 1
virginiensis virginiensis

Rhodoneura Rhodoneura FJ500897 N/A N/A N/A N/A N/A
aurata aurata

Spodoptera Spodoptera GU090723 N/A N/A N/A N/A N/A
frugiperda frugiperda
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Spodoptera_frugiperda
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Fig. S1 A phylogenetic tree utilized in
calculating phylogenetic independent
contrasts. Family level relationships were
created using constraints based on the
hypotheses of Scoble (1986) and Wahlberg et
al. (2005). The tree is rooted with outgroups
Rhodoneura aurata (Thyrididae) and
Spodoptera frugiperda (Noctuidae).
Lepidopteran families are coded by color,
with Hesperiidae colored green, Papilionidae
purple, Pieridae yellow, Nymphalidae red,
and Lycaenidae blue. _
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Appendix S2.  Criteria for selecting sequences, methods for the construction of constraint trees,
GenBank accession numbers of COI sequences used, raw ecological data used for phylogenetic

independent contrasts, and a figure of one phylogeny used.

To investigate the effects of the taxonomic relatedness of exotic plants used by butterflies
and skippers, four different indices were used to quantify exotic plant use. The four indices
(number of species, number of genera, number of species multiplied by number of genera, and
number of genera multiplied by number of families) were selected to summarize four levels of
plant taxonomic relatedness. Qualitatively, all four taxonomic indices yielded similar results in
linear models as response variables with geographic range and native diet breadth (log-
transformed number of native genera) as predictors (Table S2).

To account for recent hypotheses of Lepidopteran phylogeny, phylogenetic independent
contrasts were performed using three separate phylogenies using the number of exotic species and
the number of exotic genera as separate response variables (see Appendix S1 for details on the
construction of phylogenies). Qualitatively similar results were found across phylogenies and
response variables, suggesting that the relationships among geographic range, native diet breadth,
and exotic host use in Californian Lepidoptera hold regardless of phylogeny and method of
quantifying exotic host use. For simplicity and brevity, only results from the model using the
number of exotic species and the phylogeny based on the hypothesis of Scoble (1986) and

Wabhlberg et al. (2005) are reported in the text.
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Table S2. Results from analyses using number of species, number of genera, and the following
indices: species multiplied by genera (taxonomic index 1), and genera multiplied by families
(taxonomic index 2) as units quantifying exotic host plant use. R, F, and P values are reported for
the overall models with geographic range, native diet breadth, and Lepidopteran family
(categorical variable) predicting exotic host use. Standardized beta coefficients and F values are
reported for the continuous individual predictor variables (geographic range and native diet
breadth) and F values are reported for the categorical variable (family). Significance of the linear
model and individual variables is represented as * = P < (0.05; ** = P <0.01; *** P <0.001. The
butterfly species Vanessa cardui was removed from the analyses using the taxonomic indices 1
and 2 as an extreme outlier.

Model Geographic Range Native Diet Breadth Family
Indice R2 F(6 63) Std. Beta F(l 63) Std. Beta F(l 63) F(4 63)
Number of 0.36  5.96%** 0.45 16.74%** 0.30 8.27%* 0.78
Species
Number of 0.38  6.49*** 0.41 14.39%%* 0.38 13.22%%* 1.16
Genera
Taxonomic 0.34  5.26%** 0.44 15.26%%* 0.30 7.48%* 1.12
Index 1
Taxonomic 0.35  5.61*** 0.41 13.54%%* 0.32 8.95%* 1.24

Index 2
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Table S3. Phylogenetic independent contrast results from the three phylogenies analyzed with number
of exotic species and number of exotic genera used as separate response variables. The first tree was
constrained based on the phylogenies of Scoble (1986) and Wahlberg et al. (2005), the second tree on
the hypotheses of Mutanen et al (2010) and Regier et al. (2009), and the third tree was not constrained;
see Appendix S1 for more details on constraints used. R’ F, and P values are reported for the overall
models with geographic range and native diet breadth predicting exotic plant species use. Standardized
beta coefficients and F values are reported for the individual predictor variables (geographic range and
native diet breadth). Significance of the linear model and individual variables are represented as
*=P<0.05; **=P<0.01; *** P<0.001. For the response variable number of exotic genera using the
phylogeny based on Mutanen et al. (2010) and Regier et al. (2009), the significance of the individual
predictor native diet breadth was P = 0.070.

Model Geographic Range Native Diet Breadth
Phylogeny 1{2 F(2 66) Std. Beta F(1 66) Std. Beta F(l 66)
Number of Exotic Species
Scoble (1986); 0.37 18.97%%* 0.51 26.31%%* 0.27 7.44%*
Wahlberg et al. (2005)
Mutanen et al. (2010); 0.35 18.05%** 0.51 26.10%%* 0.25 6.07*
Regier et al. (2009)
No Constraint 0.44 26.44%%* 0.58 39.08%** 0.26 7.57%*
Number of Exotic Genera
Scoble (1986); 0.35 17.72%%* 0.53 28.10%** 0.20 4.04%*
Wahlberg et al. (2005)
Mutanen et al. (2010); 0.37 19.21%%* 0.56 31.64%** 0.18 3.40

Regier et al. (2009)
No Constraint 0.38 20.24%%** 0.56 32, 15%%* 0.20 4.07*%
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