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diversification rates seen in the Arabidopsislineage, which has
3615 species compared with 45 species in the Aethionemaline-
age. Of At- duplicate genes, both lineages share the duplication
status for 74% (53% reverted to singletons, 21% retained as
duplicates), whereas the Aethionemaand Arabidopsislineages
had 18% and 8% of these genes uniquely lost, respectively. Thus,
lineage specific loss of duplicates was inversely correlated with
shifts in diversification rates, and a putative genome-wide level of
reciprocal gene loss was estimated at less than 0.4%. We conclude
that reciprocal gene loss following the At- event was therefore not
a major contributor to diversification, as the vast majority of genes
quickly reverted to single copy status after the At- event and only a
subset of genes, such as those in the glucosinolate pathway were
retained as duplicates. Consistent with the hypothesis that retention
of duplicates after WGD is driven by selective benefits (22), pre-
vious analyses indicates a high metabolic cost of glucosinolate
production (23), a result incompatible with the retention of gluco-
sinolate duplicate being neutral.

Half a century ago, Ehrlich and Raven (1) hypothesized that
plant-insect interactions driven by diffuse coevolution over long
periods of evolutionary time could be a major source of terrestrial
biodiversity. Here, our analyses find strong support for this hy-
pothesis in the repeated escalation of key innovations and bursts
of diversification in Brassicales plants and Pierinae butterflies over
the past 80 Myr. Importantly, gene and genome duplication
events, via birth-death dynamics, have had a central role in these
macroevolutionary events on each side of the plant-insect in-
teraction. Although gene birth—-death dynamics are known to be
important in immune response and xenobiotic interactions (24,
25), our observation of similar dynamics in the nitrile-specifier
gene family of butterflies provides a much needed data point from
a novel gene family. These observed gene birth-death dynamics
suggest that allelic change within genes may not be sufficient for
long-term success during direct, as well as diffuse, coevolutionary
interactions, extending Ohno’s seminal idea on the role of gene
duplications in macroevolution (26), where evolutionary novelty
more often occurs by gene duplication rather than by allelic var-
iation of existing genes. The birth-death dynamics of certain
gene families likely also drives the coevolutionary interactions
described in other well studied host plant and herbivore systems
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(27), including between Apiaceae (Parsley family) and Papilionidae
butterflies (28) or Oecophoridae moths (29). Interestingly, the
cytochome P450 gene family appears to also play a crucial role in
these systems as in the Brassicales. For example, the biosynthesis
of furanocoumarins in Apiaceae but also the detoxification of
these compounds by both Papilionidae and Oecophoridae involve
cytochrome P450s (27). Rather than identifying patterns that are
unique to these clades, we take these findings to suggest that such
gene and genome duplication dynamics may be a general feature
of the coevolutionary interactions that generated much of the
diversity on Earth.

Materials and Methods

Transcriptomes were sequenced, assembled de novo across Brassicales, and
combined with available plant genomes to: (i) Resolve phylogenetic re-
lationships among families using 1155 single copy genes and divergence
dates estimated with fossil calibrations (SI Appendix, Text S1); (ii) detect and
phylogenetically localize two ancient whole genome duplications (SI Ap-
pendix, Text S2); and (iii) investigate the origin and evolution of glucosi-
nolate pathways (SI Appendix, Text S3). We identified shifts in speciation
rates following the origin of these traits (SI Appendix, Text S1), where
chemical complexity appears to have escalated over time, and that Brassicales-
feeding Pieridae butterflies have evolved counteradaptations from dupli-
cate genes and coradiated with plant hosts. Parallel phylogenetic and
temporal estimates of Pieridae used 7 nuclear genes and 1 mitochondrial
gene, with divergence dates estimated with fossil calibrations (SI Appendix,
Text S4). Pierinae species diversity and host-plant use were based on existing
databases (SI Appendix, Text S4). The evolutionary dynamics of the nitrile-
specifier protein were reconstructed using whole genome and transcriptome
sequencing coupled with sequence analysis of codon evolutionary dynamics,
with functional performance assayed on heterologously expressed proteins
using established methods (SI Appendix, Text S5). Lastly, comparative ge-
nomic analyses were conducted to investigate whether observed net di-
versification rate shifts could be associated with neutral gene loss events
following the most recent whole genome duplication at the base of Bras-
sicaceae (S| Appendix, Text S6).
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