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Abstract

Polyploidy or whole genome duplication (WGD) is a major contributor to genome
evolution and diversity. Although polyploidy is recognized as an important component
of plant evolution, it is generally considered to play a relatively minor role in animal
evolution. Ancient polyploidy is found in the ancestry of some animals, especially fishes,
but there is little evidence for ancient WGDs in other metazoan lineages. Here we use
recently published transcriptomes and genomes from more than 150 species across the
insect phylogeny to investigate whether ancient WGDs occurred during the evolution of
Hexapoda, the most diverse clade of animals. Using gene age distributions and
phylogenomics, we found evidence for 18 ancient WGDs and six other large-scale bursts
of gene duplication during insect evolution. These bursts of gene duplication occurred
in the history of lineages such as the Lepidoptera, Trichoptera, and Odonata. To further
corroborate the nature of these duplications, we evaluated the pattern of gene retention
from putative WGDs observed in the gene age distributions. We found a relatively
strong signal of convergent gene retention across many of the putative insect WGDs.
Considering the phylogenetic breadth and depth of the insect phylogeny, this
observation is consistent with polyploidy as we expect dosage-balance to drive the
parallel retention of genes. Together with recent research on plant evolution, our
hexapod results suggest that genome duplications contributed to the evolution of two of

the most diverse lineages of eukaryotes on Earth.

Introduction

Genome duplication has long been considered a major force of genome evolution and a
generator of diversity. Evidence of paleopolyploidy is found in the genomes of many
eukaryotes, such as yeasts, teleost fishes, and plants (1-4). Polyploid speciation is
perhaps most important among plants where nearly 73 of contemporary vascular plant
species have recently duplicated genomes (5, 6). All extant seed plants have also

experienced at least one ancient WGD (7, 8), and many flowering plants have undergone
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multiple rounds of paleopolyploidy (2, 3, 9). The creation of new genes (10, 11), higher
turnover of genome content (12, 13), and increased rates of adaptation (14) following
polyploidy have likely contributed to the diversification of flowering plants (12, 15).

In contrast to plants, polyploid speciation among animals is generally regarded as
exceptional (16, 17). The most well known polyploidization events in animals are two
rounds of ancient WGD (the 2R hypothesis) that occurred in the ancestry of all
vertebrates (18, 19). However, most known cases of polyploidy in animals are found
among parthenogenetic and hermaphroditic groups (17, 20). If paleopolyploidy is indeed
fundamental to the evolution of animal life across deep time, as it is in plants, we would
expect to find WGDs throughout the most species-rich animal lineages: molluscs and
arthropods. Little is known about ancient WGD among invertebrates, but there is
growing evidence for paleopolyploidy in molluscs (21) and chelicerates (22-24). There is
no evidence of paleopolyploidy among Hexapoda, the most diverse lineage of animals on
Earth. Only 0.01% of the more than 800,000 described hexapod species (25) are known
polyploids (17, 20). However, until recently there were limited data available to search
for evidence of paleopolyploidy among the hexapods and other animal clades. Thus, the
contributions of polyploidy to animal evolution and the differences with plant evolution
have remained unclear.

To search for evidence of WGDs among the hexapods, we leveraged recently
released genomic data for the insects (26). Combined with additional data sets from
public databases, we assembled 128 transcriptomes and 27 genomes with at least one
representative from each order of Hexapoda (SI Appendix, Dataset S1). We selected data
from chelicerates, myriapods, and crustaceans as outgroups. Ancient WGDs were
initially identified in the distributions of gene ages (Ks plots) produced by DupPipe (27,
28). We also used the MAPS algorithm (8) to infer WGDs or other large-scale genome
duplications that are shared among descendant taxa. MAPS uses multi-species gene
trees to infer the phylogenetic placement of significant bursts of ancient gene
duplication based on comparison to simulated gene trees with and without WGDs.

Simulations were conducted with GenPhyloData (29) with background gene birth and
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death rates estimated from WGDgc (30) for each MAPS analysis (Dataset S3-S4).
Analyses of synteny within the Bombyx mori genome (31) provided additional evidence
that significant duplications inferred by our MAPS analyses may result from large-scale
genome duplication events. We also compared the synonymous divergence of putative
WGD paralogs with the orthologous divergence among lineages to place inferred
genome duplications in phylogenetic context. Potential ancient WGDs detected in our
gene age distributions were further corroborated by analyses of biased gene retention

across 20 hexapod genomes.

Results
Inference of WGDs from Gene Age Distributions

Our phylogenomic analyses revealed evidence for WGDs in the ancestry of many
insects. Peaks of gene duplication consistent with WGDs were observed in the gene age
distributions of 20 hexapod species (Fig. 1, SI Appendix, Fig. S1-S4, and Table S1). Each
of the inferred WGDs was identified as a significant peak using SiZer and mixture
model analyses (SI Appendix, Fig. S1, Table S1, Dataset S2). Fifteen of these appear as
phylogenetically independent WGDs because the sampled sister lineages lack evidence
of the duplications (Fig. 2, SI Appendix, Fig. S1-S4). In two cases, multiple sister lineages
contained evidence for paleopolyploidy in their Ks plots. All sampled species of
Thysanoptera contained evidence of at least one peak consistent with paleopolyploidy in
their Ks plots (Fig. 1B, SI Appendix, Fig. S2I-K). Analyses of orthologous divergence
among these taxa indicated that the putative WGD peaks are older than the divergence
of these lineages, and we currently infer a single, shared WGD in the ancestry of
Thysanoptera. Similarly, multiple taxa in the Trichoptera had evidence for WGD(s) (SI
Appendix, Fig. S10-R, and Fig. S20-R). Analyses of orthologous divergence indicated
that each of these putative WGDs occurred independently (SI Appendix, Fig. S50 and P,
and Table S2). A MAPS analysis also supported the independence of these WGDs and
found evidence for a deeper duplication event shared among all the sampled

Trichoptera (SI Appendix, Fig. S6Y and Table S3).
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Overall, our analyses of gene age distributions found evidence for 18 independent
paleopolyploidizations in the ancestry of 14 orders of hexapods (Fig. 2, SI Appendix, Fig.
S7). We observed evidence for ancient WGDs in diverse lineages of hexapods including
springtails, beetles, ants, lice, flies, thrips, moths, termites, sawflies, caddisflies,
stoneflies, and mayflies. Some of these WGDs were of relatively modest synonymous
divergence and may be correlated with the origins of families or clades of genera, such
as the inferred paleopolyploidization in Trichocera saltator (Fig. 1D). However, many of
these putative WGDs appear to have occurred early in the evolution of different
hexapod orders with relatively high synonymous divergence among paralogs. For
example, applying the Drosophila synonymous substitution rate of 5.8 X 10~
substitutions/synonymous sitef/year (32) to thrips, we estimated that the thrips
duplication occurred approximately 155 MYA based on the median paralog divergence
of the WGD. However, if thrips have a slower rate of evolution than Drosophila, then this

WGD would be older.

Phylogenomic Inference and Simulation of Ancient Large-scale Genome Duplications
Given the depth of the phylogeny, there may be many WGDs or other large-scale
genome duplications in the ancestry of hexapods that do not appear in Ks plots due to
saturation of substitutions. We conducted 33 MAPS (8) analyses of 111,933 nuclear gene
family phylogenies to infer large bursts of gene duplication deep in the history of all
major clades of hexapods (SI Appendix, Fig. S6 and Dataset S3). By examining shared
gene duplications from multiple species, MAPS increases the signal of deep
duplications and provides more resolution than a single species analysis. Overall, we
found 25 branches in 22 MAPS analyses that contained at least one branch with
significantly more shared gene duplications than expected compared to the null
simulations (SI Appendix, Fig. S8 and Dataset S3). To further characterize these
significant gene bursts, we simulated an additional set of gene trees with a WGD at the
phylogenetic location of the duplication bursts in these 22 analyses. We found that 14 of

the 25 bursts of gene duplication were statistically consistent with our positive
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simulations of WGDs (SI Appendix, Fig. S9 and Dataset S4). Six of these large-scale
genome duplications had robust and consistent evidence across all MAPS analyses (Fig.
2, SI Appendix, Fig. S6, Table S3 and Dataset S3-S4). These included large-scale genome
duplications in the ancestry of Odonota, Lepidoptera, and Trichoptera. We also
observed seven episodic bursts of gene duplication in the insect phylogeny that had
varying levels of significance across different MAPS analyses (eg. Coleoptera,
Hymenoptera (in part) and Hemiptera (in part); Fig. 2, SI Appendix, Fig. S6-7 and
Dataset S4). Although there was conflict among our analyses as to whether these seven
events were statistically consistent with large-scale genome duplications, they do reflect
significant increases in gene duplication at these locations in the insect phylogeny.
Considering the putative ancient nature of the MAPS inferred duplications, most
are likely too saturated to appear in any of our Ks plots. Saturation of substitutions
diminishes the signature peaks of polyploidy in Ks plots, and WGDs with a peak of Ks >
2 may become difficult to detect (28, 33, 34). To confirm that we should not expect to see
these six large-scale genome duplications in Ks plots, we tested if the ortholog
divergence among these lineages was Ks > 2. As expected, the median ortholog
divergence was Ks > 2 (SI Appendix, Fig. S5 and Table S2). Thus, all six of the large-scale
genome duplications inferred with MAPS are likely too saturated to appear in Ks plots.
Synteny provides perhaps the most compelling evidence to characterize ancient
genome duplication events. Although there are a number of high quality hexapod
genomes, there are few high quality genomes in the clades where we inferred ancient
duplications. The genome of Bombyx mori (31), the silkworm moth, is one of the few
genomes that is reasonably well assembled and has an ancient large-scale genome
duplication based on our MAPS analyses (SI Appendix, Figs. SSAA and S9AA, Dataset
S5). If this ancient duplication involved structural duplications, as with a WGD or other
large-scale chromosomal duplication event, then we expect to find a significant
association of syntenic chains with the MAPS paralogs in the genome of B. mori. Using
CoGe’s SynMap tool (35), we identified 728 syntenic chains that included 2210 genes (SI

Appendix, Fig. S11). To test the significance of this association, we used a statistical
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approach similar to a method developed to find evidence of paleopolyploidy from
synteny in linkage mapping data (36). We found that significantly more syntenic
chains—83 chains—were associated with our MAPS paralogs than expected by chance
(chi-square test p-value = 0.0001). Although many of these syntenic chains are small, this
is not unexpected given the quality of the B. mori genome assembly and the potential age
of this duplication event. Thus, these results are consistent with some type of ancient

duplication event in the ancestry of the Lepidoptera.

Biased Gene Retention and Loss Following Inferred WGDs

Given the rarity of polyploidy among insects and the fact that no ancient WGDs
have been previously observed in the clade, we further characterized the nature of these
putative WGDs. A common signature of paleopolyploidy is the biased retention and loss
of genes relative to the background pattern of gene turnover. Surviving paralogs from
ancient WGDs are often enriched with idiosyncratic gene ontology (GO) categories in
plants (28, 37-40), yeasts (41), and animals (1, 42, 43). Among the many hypotheses to
explain the retention of paralogs (44-46), the dosage balance hypothesis (DBH) is the
only hypothesis that predicts the parallel retention and loss of functionally related genes
following WGDs across species (45, 47, 48). The DBH predicts that genes with many
connections or in dosage sensitive regulatory networks will be retained in duplicate
following polyploidy to maintain the relative abundance of protein products.
Conversely, these same genes will be preferentially lost following small-scale gene
duplications to prevent the disruption of dosage (45). Thus, if the signatures of gene
duplication observed in the insects are the result of WGDs, we expect to find a biased
pattern of retention and loss that may be shared among the putative insect WGDs.

To test for biased gene retention and loss among our inferred WGDs, we used a
HMMR based approach to annotate the genomes or transcriptomes of 20 hexapod and
one outgroup species with the D. melanogaster Gene Ontology (GO) data (49). Paralogs
were partitioned from the putative WGDs inferred in Ks plots by fitting a normal

mixture model to the distributions (SI Appendix, Table S5). Using the numbers of genes
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annotated to each GO category, we performed a principal component analysis to assess
the overall differences in GO category composition among all genes in the
genome/transcriptome and paralogs retained from each putative WGD (Fig. 3, SI
Appendix, Dataset S7). These categories of genes formed non-overlapping clusters in
the PCA. Notably, the GO composition of WGD paralogs from each species formed a
narrower confidence interval than the entire transcriptomes/genomes. Significant
differences (p < 0.001) between the GO composition of these two groups were also found
using a chi-square goodness of fit test. Paralogs from WGDs across all 21 species
demonstrated biased patterns of gene retention and loss (Fig. 3, SI Appendix, Fig.
S13-S14). Consistent with our PCA, many of the same GO categories were significantly
over- and under-represented among the genes maintained in duplicate from the putative
insect WGDs. For example, over 50% of our sampled species had paralogs from the
ancient WGDs that were significantly enriched for RNA metabolic processes, nucleus
component, DNA binding function, and nucleobase-containing compound metabolic
process(SI Appendix, Fig. S13). Similarly, many GO categories were significantly
under-retained among the paralogs of ancient WGDs (SI Appendix, Fig. S13). Over half
of our sampled species demonstrated significant under-retention of genes associated
with oxidoreductase activity, hydrolase activity, electron carrier activity, peptidase
activity, and proteolysis. Although there is some noise in the patterns of gene retention,
this may not be surprising given the great divergence of many species from the
annotation source, Drosophila, and the phylogenetic scale of the hexapods. Considering
the great diversity of these lineages, the convergent pattern of gene retention and loss is

consistent with our expectations following polyploidy.

Discussion

Our analyses provide the first evidence for paleopolyploidy in the hexapods.
Combining our gene age distribution and phylogenomic analyses, we found evidence for
24 significant, episodic bursts of gene duplication in the insects. Although some of

these duplication events may result from other mechanisms of gene duplication, they
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appear to be consistent with WGDs inferred using similar approaches in plants (28, 50,
51) and animals (1, 24). Of these bursts, 18 were detected as peaks in gene age
distributions that are characteristic of ancient WGDs in 14 hexapod orders (Fig. 2, SI
Appendix, Table S3). Genes retained in duplicate from these 18 putative WGD events
had a shared pattern of biased gene retention and loss, an expected result of
paleopolyploidy but not other types of gene duplication (44, 45). An additional six
large-scale genome duplication events were inferred deeper in the phylogeny of insects
using phylogenomic analyses. These six duplications were consistent with simulated
WGDs at these locations in the insect phylogeny. Many phylogenomic analyses use a
single value of gene duplication number per branch to diagnose a WGD (52, 53).
However, variation in branch lengths and gene birth/death rates may confound these
phylogenomic inferences of gene duplication (54). The number of duplications on a
given branch is expected to covary with branch length. Without taking into account
branch length variation, the number of duplications may appear to change dramatically
from branch to branch. Our use of simulated gene trees with both null and positive
simulations of WGDs should provide a more robust inference of large-scale genome
duplication events that is less sensitive to branch length variation than previous
approaches (8, 52, 53). Although many of these inferred duplications are consistent with
simulated WGDs, we refer to them here as large-scale duplication events given the
phylogenetic depth and difficulty assessing their nature with other methods. Notably,
we do find statistical evidence from analyses of synteny in the B. mori genome that a
duplication in the ancestry of the Lepidoptera likely involved structural duplication
rather than just gene duplication alone. However, more complete genomic analyses are
needed to confirm the nature of these duplication events.

Our analyses of GO categories revealed a largely convergent pattern of biased
gene retention and loss following genome duplication in multiple species of insects.
Based on the dosage balance hypothesis (DBH), we expected to observe biased retention
and loss of similar GO categories following WGDs rather than other types of gene

duplication events (44, 45). Our observation across multiple species is consistent with
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post-polyploid genome evolution because dosage-balance may drive the convergent
retention of genes. Although neo- and subfunctionalization are also important in
duplicate gene retention, only the DBH predicts a convergent pattern of gene retention
following polyploidy across multiple species (44, 45). Thus, the signal of convergent gene
retention is consistent with our inference that they were likely WGDs. This biased
pattern was also found among WGD paralogs in an outgroup species, Ixodes scapularis
(deer tick), and suggests that it may be consistent across arthropods. Previous studies in
plants have found that similar functional categories of genes have been maintained
following different genome duplication events (38, 40), although there are often
idiosyncratic patterns observed across families (28, 37, 38). The 20 insect transcriptomes
included in our GO category analyses represent diverse hexapod (SI Appendix, Fig. S13)
orders whose divergence times far exceed most previously studied plant examples. At
least among the arthropods, our analyses suggest that biases in duplicate gene retention
may be maintained over hundreds of millions of years. A potential explanation for the
long consistency of this pattern is that insects have experienced a limited number of
ancient WGDs that may influence large-scale shifts in gene network relationships. Most
hexapod species included in our analyses only had one round of genome duplication,
whereas nearly all flowering plants have likely experienced at least three rounds of
paleopolyploidy(2).

Our discovery of WGDs and other large-scale genome duplications in the
ancestry of hexapods raises many questions about the role of gene and genome
duplication in plant and animal evolution. It has long been known that polyploidy is
rarer in animals than in plants (16, 17). Mueller hypothesized that sex chromosomes are
barriers to polyploidy in animals (16, 55). Although our sample size is limited, we
observed some patterns in our data set consistent with this hypothesis. For example, we
observed more putative WGDs in the Trichoptera, with Z0 sex-determination, relative to
its sister lineage, the Lepidoptera, which mostly has a ZW system (56, 57). Although we
had a small sample size for each lineage, this observation is expected because WGD will

cause less disruption of dosage compensation in Z0 compared to ZW systems (16, 17).
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More refined placement and denser sampling of ancient WGDs in insects will provide a
new opportunity to test Mueller's classic hypothesis. Similarly, a recent study proposed
that the phylogenetic distribution of ancient WGD among plants may be a by-product of
asexuality rather than an intrinsic advantage of polyploidy itself (58). Given the diversity
of insect sexual systems, a better understanding of ancient WGDs in insects would
provide an improved context for testing this hypothesis in other eukaryotes. Our results
also lend support to long-standing hypotheses that gene and genome duplications are
important forces in animal evolution (19, 59) in insects such as the expansion of Hox
genes in the Lepidoptera (60) and during the co-evolutionary radiation of pierid
butterflies and the Brassicales (10). Our observation of numerous episodes of
duplication in the hexapod phylogeny raises the possibility that large-scale duplications
may be associated with the evolution of novelty and diversity across the insect
phylogeny, including additional duplication driven co-evolutionary interactions with
plants. Further phylogenomic sampling of insects will likely reveal more
paleopolyploidy and other large-scale genome duplications. Large sequencing projects
such as 1KP (61), 1KITE (26), and i5K (62) will improve our ability to place these events
in the plant and hexapod phylogenies. As it stands, our results indicate that large-scale
gene and genome duplications have occurred during the evolution of the most diverse

clade of eukaryotes.

Materials and Methods
Data sampling

We compiled a phylogenetically diverse genomic dataset that comprised every
hexapod order and outgroups from related arthropods (SI Appendix, Dataset S1). These
data included 119 transcriptomes and 25 genomes for hexapods, as well as nine
transcriptomes and two genomes from the Chelicerates, myriapods, and crustaceans as
outgroups. We downloaded 128 published transcriptome assemblies from the GenBank
Transcriptome Shotgun Assembly database (TSA), and 27 published genomes from

multiple genome databases (SI Appendix).
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DupPipe: inference of WGDs from paralog age distributions

For each data set, we used our DupPipe pipeline to construct gene families and
estimate the age of gene duplications (27). We translated DNA sequences and identified
reading frames by comparing the Genewise alignment to the best hit protein from a
collection of proteins from 24 metazoan genomes from Metazome v3.0. For each node in
our gene family phylogenies, we estimated synonymous divergence (Ks) using PAML
with the F3X4 model (63). For each species, we identified ancient WGDs as significant
peaks of gene duplication in histograms of the age distribution of gene duplications (Ks

plots) using mixture models (64) and SiZer (65).

MAPS: phylogenomic inference of large-scale genome duplications from nuclear gene trees
To infer large-scale genome duplications, we used the Multi-tAxon
Paleopolyploidy Search (MAPS) tool (8), a gene tree sorting and counting algorithm. We
translated each transcriptome into amino acid sequences using the TransPipe pipeline
(27). Using these translations, we performed reciprocal BLASTP searches for each
MAPS data set with an E-value of 10e-5 as a cutoff. We clustered gene families from
these BLAST results using OrthoMCL v2.0 with the default parameters (66) and only
retained gene families that contained at least one gene copy from each taxon. We used
SATé for alignment and phylogeny reconstruction of gene families (67). The best scoring
SATE tree for each gene family was used to infer large-scale genome duplications with

MAPS. Results of all 33 MAPS analyses are provided in Dataset S3.

Syntenic analysis of Bombyx mori

To validate our MAPS inferences of large-scale genome duplications in the
Lepidoptera, we examined the the Bombyx mori genome (31) for syntenic evidence of
duplication (SI Appendix, Figs. S6AA-S9AA). SynMap on the CoGe platform (35) was
used to identify syntenic regions. We used blastp with E-value cutoff of 10e-5. Quota

Align Merge was selected to merge syntenic chains and other parameters were set as
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default. Synteny was detected with a minimum of three genes to seed a chain and a

Manhattan distance of 40.

Estimating orthologous divergence to place large-scale genome duplications in relation to
lineage divergence

We estimated ortholog divergences among major hexapod clades to place
large-scale genome duplications in relation to lineage divergence (SI Appendix, Table
S2). We used the RBH Ortholog pipeline (27) to estimate the median ortholog divergence
between 24 species pairs (SI Appendix, Fig. S5 and Table S2). The median ortholog
divergence was used to estimate the lower bound of paralog divergence for shared

ancient large-scale genome duplication events.

Gene Ontology (GO) annotations and paleolog retention and loss patterns

We used the best hit with length of at least 100 bp and an E-value of at least 0.01
in phmmer (HMMER 3.1b1) for Gene Ontology (GO) annotation. For each species, we
assigned paralogs to ancient WGDs based on the Ks ranges identified in mixture model
analyses (SI Appendix, Table S5) (28, 64). We evaluated the overall differences between
the genome/transcriptomes and WGD paralogs by performing a principal component
analysis (PCA) using the rda function in R package vegan (68). We also tested for
differences among GO annotations across the inferred WGD events using chi-square

tests (SI Appendix, Fig. S13-S14).
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Fig. 1. Inferring ancient WGDs and large-scale genome duplications. Histograms of
the age distribution of gene duplications (Ks plots) with mixture models of inferred
WGDs for (A) Baetis sp. (Ephemeroptera); inferred WGD peak median Ks = 0.83. (B)
Gynaikothrips ficorum (Thysanoptera); inferred WGD peak median Ks = 1.73. (C) Menopon
gallinae (Psocodea); inferred WGD peak median Ks = 0.80. (D) Trichocera saltator
(Diptera); inferred WGD peak median Ks = 0.59. The mixture model distributions
consistent with inferred ancient WGDs are highlighted in yellow. (E) MAPS results from
observed data, null and positive simulations on the associated phylogeny. Percentage of
subtrees that contain a gene duplication shared by descendant species at each node,
results from observed data (red line), 100 resampled sets of null simulations (multiple
black lines) and positive simulations (multiple gray lines). The red oval corresponds to
the location of an inferred large-scale genome duplication event in Lepidoptera.
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Fig. 2. Placement of inferred ancient genome duplications on the phylogeny of
Hexapoda. Red circles = WGDs in hexapods inferred from Ks plots; Orange circles =
WGDs in outgroups inferred from Ks plots; Blue diamonds = large-scale genome
duplications inferred by MAPS analyses; Empty squares = episodic bursts of gene
duplication with varying levels of significance across different MAPS analyses. Hexapod
phylogeny adapted from Misof et al. 2014. The Solenopsis invicta (Hymenoptera) WGD
inferred by Ks plot is not included on this phylogeny. Images of Raphidioptera,

Coleoptera, and Neuroptera credit to Tang Liang, Zichen Wang and Zheng Li. Other
images are in the public domain (Table S6).
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Fig. 3. Principal component analysis of the GO category composition of all genes in
each genome/transcriptome and WGD paralogs. Red circles = number of genes
annotated to each GO category in the whole genome or transcriptomes. Black circles =
number of WGD paralogs annotated to each GO category. Ellipses represent the 95%
confidence interval of standard deviation of point scores.

22


https://doi.org/10.1101/253609
http://creativecommons.org/licenses/by/4.0/

