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Supplementary Information Text

Materials and Methods

1. Taxon sampling. For the 4818-gene tree (Fig. 1) we sampled 146 taxa including outgroup
species. Outgroup taxa included seven Neuropterida representing all 3 orders (Megaloptera,
Neuroptera and Raphidioptera), and four Strepsiptera representing four families. 135 Coleoptera
were sampled representing 90 families, including 118 transcriptomes and 17 genomes (or official
gene sets; OGS) (Table S3). Beetle diversification rates and the temporal and phylogenetic
locations of diversification rate shifts were estimated using a near-comprehensive family-level
timetree generated for the same 147 species as above, plus 374 additional species from ref. (1)
(521 total species in 143 families; hereafter, the 89-gene tree; Table S6; Fig. S10). See below for
more information.

2. Sample Preparation and Sequencing. Samples collected for this study were preserved in
RNAlater. See ref. (2) for details relating to extraction of total mRNA and other details
(fragmentation, construction of cDNA libraries, and tagging). All mRNA libraries except for
those of Nosodendron and Tetraphalerus were sequenced with Illumina HiSeq 2000 sequencers
(Illumina, San Diego, CA, USA) using paired-end (PE) 150 bp and 90 bp reads, following the
methods of ref. (3) and ref. (2). The genomes of Hydroscapha and Priacma were sequenced
using PE100 reads, and the genomes of Car, Mastostethus, Nanophyes, Rhynchitomacerinus, and
Synolabus were sequenced on an Illumina Hi-Seq 2500 (dual-indexed libraries; PE 250 reads).
Nosodendron and Tetraphalerus were sequenced on an Illumina Hi-Seq 3000 (dual-indexed
libraries; PE150 reads), as were the genomes of Bembidion, Eucinetus, Saphophagus, Sphaerius,
Torridincola, and Triozocera.

3. Assembly. Raw RNA-Seq reads of all IKITE samples were demultiplexed, quality checked
and trimmed. Specifically, reads with adapter contamination (minimum length of the alignment:
15 bp; at most 3 mismatches), reads with more than 10 Ns, and reads with more than 50 bp of
low-quality sequence data (i.e., Phred quality score: 2, ASCII 66 "B", [llumina 1.5+ Phred+64)
were removed following the methods of ref. (3). After this filtering, we performed a de novo
assembly of the remaining transcript raw reads for each taxon using SOAPdenovo-Trans-3 1kmer
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(version 1.01) (4) following the methods of ref. (2). In the contig forming step, linear k-mers
were merged to form edges and different edges were linked by arcs. Arcs with an abundance <
5% of the total out-degrees or < 2% of the total in-degrees were excluded. Subsequently, edges
with an average abundance >= 3 were reported as contigs. De novo genome assemblies were
undertaken using the programs SOAPdenovo?2 (5) or the CLC Genomics Workbench (QIAGEN).

4. Contamination check. We used VecScreen (http://www.ncbi.nlm.nih.gov/tools/vecscreen/)
and the UniVec database build 7.1 (http://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/)
following ref. (2) to identify and remove vector and linker/adapter contamination from our
assemblies. Cross-contamination—due to multiplex sequencing of up to 32 libraries on the same
lane on an Illumina sequencer—was evaluated using all-versus-all comparison with BLASTn+
(30) (v2.2.29) following the search strategy used by ref. (31) as implemented by ref. (14):
contigs were discarded when their coverage did not exceed more than 2x in comparison to all
other highly similar blast hits (=at least 98% identity, and a hit length of at least 180 bp). Finally,
an independent contamination check was done by NCBI upon database submission (contigs with
blast hits to non insect taxa were filtered). Most of the transcriptomes lost not more then 2% of
their sequence information through these checks (Table S4)

5. Orthology prediction. We designed a beetle specific orthologous reference gene set using
OrthoDB v7 (6, 7). Specifically, we selected the node Endopterygota in OrthoDB and used this
for clustering orthologous sequence clusters (i.e., orthologs or ortholog groups) to generate
reference gene IDs (e.g., EOG7XXXXX). We then searched for all single copy genes shared
across the gene sets for each of four reference taxa: Hymenoptera: Nasonia vitripennis (8),
Coleoptera: Tribolium castaneum (9), Diptera: Drosophila melanogaster (10), and Lepidoptera:
Danaus plexippus (11). These taxa were selected as references because they represent a broad
diversity of holometabolous insect orders and have relatively high quality annotated OGS
sequences. After obtaining the IDs for the orthologous genes shared across these 4 taxa, we
looked for additional single copy genes shared by each possible combination of 3 of the 4 taxa
that included the Coleoptera reference (7ribolium castaneum). This resulted in OrthoDB single
copy ortholog searches involving the following 3 combinations of taxa: (1) Coleoptera, Diptera,
Lepidoptera, (2) Coleoptera, Diptera, Hymenoptera, and (3) Coleoptera, Lepidoptera,
Hymenoptera. Combining the results from these searches resulted in 6034 unique single copy
reference genes. We extracted the reference genes (using EOG7 IDs) from the gene sets of these
reference species and downloaded the official gene sets that had been used from OrthoDB v7
(ftp://cegg.unige.ch/OrthoDB7/FASTA/). We manually modified the reference table
downloaded from OrthoDB to match the downloaded OGS IDs (12). This resulted in a custom-
made ortholog set including 6034 OGs that served as input for Orthograph. See ref. (12) for
further details.

We used Orthograph (12) to generate a profile hidden Markov model (pHMM) from the amino
acid (AA) sequences of each reference gene based on the OrthoDB7 EOG IDs. We then used the
Orthograph pipeline to convert nucleotide (NT) sequences to the corresponding protein
sequences using 6-frame translation in the program Exonerate (13). BLASTp was then used to
search the translated query protein sequences against the reference database. Both the pHMM
and BLAST search results were stored in a database for orthology prediction at the next
(orthograph-reporter) stage. The results from the BLAST search were checked against the
pHMM hit of the transcripts, this serving to identify the best-hit sequences for each reference
gene ID for each target taxon. The same Orthograph pipeline was used to search all genome and
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transcriptome (RNASeq) data used in our study (Tables S3 and S6) with non-strict reciprocal
searches using the defaults for all Orthograph parameters. After processing in Orthograph, 6033
of the 6034 reference genes were found in our genome and transcriptome data.

6. Multiple sequence alignment (MSA). The fasta files generated for each EOG from the
orthology prediction pipeline in Orthograph were summarized using a script from Orthograph
(12), and the resulting fasta files were saved in a folder organized by EOG ID. MSAs were then
undertaken for each EOG using the L-INS-I algorithm in MAFFT v7.130b (14). We used
Pal2Nal v14 (15) as described in ref. (3) and ref. (2) to construct a multiple codon (NT)
alignment from the corresponding aligned protein sequences after MSA masking (see below).

7. MSA masking. The alignments were checked to remove outliers following ref. (3). OGs with
putative alignment ambiguities or randomized alignment sections were identified on the amino-
acid level with Aliscore v1.2 (16-19) using the settings described in ref. (3). After generating
corresponding lists for the NT data with custom-made Perl scripts, ambiguously aligned sections
were removed from both AA and NT MSAs using the helper script Alicut
(https://github.com/PatrickKueck/AliCUT).

1215 of the 6033 genes were identified as misaligned following the methods of ref. (3) and ref.
(2) and were removed in their entirety, leaving 4818 genes. After removal of ambiguously
aligned sequence sections, alignment gaps (-) at the beginning and end of the sequences were
modified to 'X' (translational level) and 'N' (transcriptional level) for further analyses. The
resulting masked MSAs were concatenated to form a supermatrix partitioned by gene using
FASconCAT v1.0 (20), which at the same time generated information on partitioning (gene
boundaries). This was done separately for the AA and NT data, resulting in aligned
supermatrices of length 1,907,014 AA sites and 5,721,042 NT sites.

8. Assessing information content, partitioning and model selection. Information content in
each AA gene partition was evaluated using the program MARE v 0.1.2-rc (21) with default
settings. PartitionFinder 1.1.1 (22) was used to identify the best-fit cluster of partitions for the
AA dataset using the rcluster (23) option. We used the -AUTO option in RAXML v8.2.10 (24-
26) to select a best-fit model of evolution (the LG+G model), which was used for all partitions in
maximum likelihood (ML) phylogenetic analyses. We used the same partitions for the NT
dataset. The GTR+G+I model was selected as the best-fit model for additional (separate)
analyses of (a) first codon positions (C1), (b) second codon positions (C2) and (c) first and
second codon positions combined (C12). We used the corrected Akaike information criterion
(AICc) (27) implemented in PartitionFinder to establish clusters of partitions using the following
parameters: model selection = AICC; models = LG+G; branch lengths = linked; search =
rcluster, and the options: as rate = 1.0, base = 1.0, model = 0.0, alpha = 1.0 with rcluster-percent
= 0.1, using the command line script with the —raxml option. PartitionFinder suggested a total of
793 partitions containing the 4818 genes. NT based analyses were conducted using the same
partitions as the AA data

9. Phylogenetic analyses. We used RAXML v8.2.10 (26) to implement ML phylogenetic
analyses. All datasets were prepared for analysis following the methods described above and
using the partitions identified as described above using PartitionFinder. We used the LG+G and
GTR+G+I models for analysis of the AA and NT (C1, C2, C12) datasets, respectively. RAXML
does not support the application of different models to different partitions in the same analysis
for NT data, so we used the aforementioned models for all partitions in each analysis. We
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completed 10 thorough ML tree searches and 100 slow bootstrap replicates on the University of
Memphis High Performance Computing (HPC) cluster using 48 cores and 1TB Ram and on the
University of Vienna Department of Botany and Biodiversity Research supercomputer using 64
cores and 396GB Ram. The best tree was selected based on likelihood scores.

To further investigate statistical support for nodes in the beetle phylogeny that differed in the
4818-gene and 89-gene phylogenies, or higher-level relationships that lacked strong statistical
support in the 4818-gene phylogeny, we performed four-cluster likelihood quartet mapping
(FcLM) in 1Q-tree v 1.6 (28). Specifically, we addressed fourteen hypotheses relating to higher-
level relationships in beetles (Fig. S8). These were: A. monophyly of Coleoptera; B.
(Archostemata + Myxophaga + Adephaga), sister to Polyphaga; C. (Archostemata +
Myxophaga), sister to Adephaga; D. Gyrinidae sister to the remaining Adephaga; E. Scirtidae
sister to the remaining Polyphaga; F. monophyly of (Derodontidae + Clambidae + Eucinetidae),
or polyphyly of Scirtoidea; G. monophyly of (Buprestidae + Dryopidae + Heteroceridae); H.
monophyly of (Elateroidea +Notolioon [Byrrhidae] + Byrrhus [Byrrhidae]); I. monophyly of
Cucujiformia; J. monophyly of (Scarabaeoidea + Staphylinoidea); K. monophyly of (Cleroidea +
Coccinelloidea); L. (Lymexyloidea + Elateroidea + Tenebrionoidea) sister to (Phytophaga +
Cucujoidea); M. Erotylidae sister to (Phytophaga + remaining Cucujoidea); N. (Laemophloeidae
+ Monotomidae + Nitidulidae) sister to (Phytophaga + remaining Cucujoidea). (Fig. S9). For the
FcLLM analyses, we further condensed each data set to include only genes for which the targeted
groups had gene data coverage (decisive data sets). To obtain sufficient coverage for each
hypothesis, the total number of quartets calculated was 25 times the number of sequences in the
original alignment. We used the same data partitioning scheme and models that were used for
phylogenetic analysis of the AA dataset in RAXML (see above). The clustering information is
indicated in Fig. S9.

10. Fossils for calibration. We surveyed the literature of fossil Coleoptera for candidate fossil
constraints to use in divergence dating analyses, aiming to provide a balanced distribution of
calibrations across mainly higher taxa in the tree for each of the two analyses (Figs. 1 and S11).
Note that the calibration number refers to the number assigned to the fossil in Figs. 1 and S11,
and Table S5. We gathered the oldest fossil representatives of major beetle lineages (families in
most cases) and applied a more refined selection process in which we generally screened fossils
according to the criteria established by ref. (29). However, we chose to adopt a slightly less
conservative approach than the one advocated by these authors as we think that in practice
criteria 2 and 3 are difficult to apply in studies of beetle divergence dating (and insects generally)
and that in many cases authors of taxonomic descriptions nevertheless provide compelling
arguments and evidence justifying the taxonomic placement of fossil taxa. In insects,
morphological and molecular phylogenies for similar sets of taxa are rare (more common
considering overlapping representation of higher taxa) making it somewhat difficult to apply
their criterion 3 as originally described. Moreover, unlike some other groups, it is far less
common in insects for newly described fossils to be placed in a phylogeny in the original
description, also making it largely impractical at present to strictly apply their criterion 2.
Despite these factors, the variation in quality of original descriptions (and of their included
fossils) ranges from very poor and unreliable to high quality and thorough analyses (for both
fossil preservation and the documentation of characters). We selected fossils from papers
providing sufficient descriptions and discussion of characters. Fossils judged as possessing
apomorphic characters and/or a diagnostic set of characters of the respective higher taxa were
preferentially selected. In this respect we considered an absence of strong disagreement or
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uncertainty important in the selection process and made these decisions based solely on
published information (contra (30)), since publications have at least in theory been vetted by the
review process and expert opinion can be misleading if specimens in question have not been
physically studied (and, ideally, redescribed/reinterpreted).

For each selected fossil we compiled the following information (Table S5), including
information relevant to the five criteria (CR1-5) described by (29): 1) current classification; 2)
Museum index numbers (CR1); 3) locality of fossil origin; 4) a summary of the apomorphies
and/or phylogenetic justification found in original publications (CR2); 5) agreement of
morphological and molecular data when relevant (CR3); 6) details of the geological
strata/formation where a fossil was found (CR4); 7) a reference given to the age of the strata
(CRS5); 8) additional information justifying selection of a constraint; 9) upper and lower bounds
on the ages of fossil-bearing strata; notes on fossil-bearing strata gathering largely from The
Paleobiology Database (https://paleobiodb.org/). In most cases we standardized the information
on geological strata, locality and ages to that listed in The Paleobiology Database, except that the
ends of date ranges inferred by direct dating of deposits were used for upper and lower bound
values when these were available.

We applied a minimum age constraint to the node immediately descendant of the crown group to
which the fossil had been assigned, a generally more conservative approach that also in part
accounts for the difficulty in strictly applying criteria 2 and 3. We applied constraints to 18 nodes
in the 4818-gene tree (Fig. 1) and 22 nodes in the 89-gene tree (Table S5). The former analysis
included one fossil not included in the latter analysis (Cretomalthus acracrowsonarum); the
latter analysis included the same ones included in the 4818-gene tree analysis (Fig. 1; except C.
acracrowsonarum) plus five other constraints that we could add as a result of the much greater
taxon sample (521 taxa) in that analysis (see Table S5). In our MCMC analyses we also applied a
maximum constraint to the root node representing the Devonian-Carboniferous boundary (358.9
Mya) as a more conservative estimate of the origin of Holometabola (the oldest fossil of which is
Srokalarva berthei, 307-315 Mya; Table S5).

11. Divergence time estimation. The PAML package containing MCMCtree and CODEML
was employed to generate timetrees and estimated divergence times. We used the AA sequence
data and the partitioned (best) ML tree as input for our analyses. We used the approximate
likelihood method (31) in CODEML to generate the Hessian matrix (LG model, default options).
Our 4818-gene dataset was too large for divergence time analysis in PAML. Consequently, we
reduced the size of the dataset by using a matrix coverage completeness cutoff of >89%; i.e., we
used all alignment positions for which 90% or more of taxa had data. This resulted in an AA
sequence matrix containing 206,156 AA positions. Following ref. (2) we performed an
unpartitioned analysis of the resulting data. We applied fossil calibrations (Table S5) as soft
minimum ages (truncated Cauchy distributions) and used the default program settings for the
MCMCtree analysis, as recommended in the user manual. The root constraint (Table S5) was
applied as a maximum age (358 Mya). For each calibration point we used the following program
options: offset 0.1, scale parameter 1, and left tail probability 0.025. We applied a burnin of
100,000 and sampled 1,000,000 MCMC generations, sampling every 500 iterations. Four
separate MCMCtree runs were implemented on the University of Memphis HPC cluster using an
independent-rates clock with default parameter settings. We determined the resulting effective
sample sizes (ESS) for each parameter using the program Tracer 1.7.1 (32). The ESS for all
parameters was greater than 200. The correlated-rates clock option has not been tested for our
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dataset, since it has already been shown to be unsuitable for similar datasets (2, 33-35). The
resulting output files were further checked for convergence using a custom R plotting script. All
four runs were determined to have converged, with only minor differences observed between
runs.

12. Diversification rate analyses using the 89-gene tree. During the course of our analyses the
genome of Rhinorhipus tamborinensis (Rhinorhipoidea), a long enigmatic and little-known
beetle became available for study via the publication of ref. (36). We handled this genome the
same way as our other genomes and transcriptomes (e.g., processing with the Orthograph
pipeline) and subsequent new MSA, MSA filtering and partitioning, and an additional (new) ML
tree search using the resulting 147-taxon, 804 partitions containing the 4852-gene, 1,942,580 AA
alignment. This dataset differed from the original (4818-gene) alignment only by the addition of
Rhinorhipus and the unique results of the aforementioned data processing steps (resulting in
4852 genes instead of 4818 genes).

Additionally, we processed the data from (1) using the Orthograph pipeline described above.
Eighty-nine genes were shared with our 4818-gene genome/transcriptome dataset after orthology
assessment and filtering. We used PartitionFinder for partition and model selection, using the
same options as in the analysis of the 4818-gene dataset, except model selection. We evaluated
all possible models for this analysis, ultimately using IQ-TREE v1.6 (28) for partition specific
model-based ML analysis. We executed 25 ML searches and 100 bootstrap replicates using the
89-gene 521-taxon AA dataset in IQ-TREE. Divergence time analyses were performed following
the methods used in the 4818-gene analysis, with some differences in fossil calibrations on
account of the expanded taxon sample (detailed above) (Table S5). We applied a burn-in of
10,000 and sampled 100,000 MCMC generations, sampling every 2 iterations. Many nodes had
ESS values less than 200; however, the CI mean indicated convergence across the 4 runs, so we
used the mean values for the tree with the highest overall ESS values in subsequent temporal
analyses.

The timetree resulting from analysis of the 89-gene tree was used for diversification rate analyses
because it contained exemplars from more beetle families than the 4818-gene tree (19,951 AA
sites; matrix coverage completeness cutoff of >50%; 521 species, 149 families) (see Fig. S10 for
the full tree with bootstrap support). Notably, higher-level relationships in this tree were almost
identical to the 4818-gene tree, differing only in the relative placements of Coccinelloidea and
Cleroidea. The program R (37) was employed to evaluate beetle diversification rates using the
dependent packages Ape (38, 39) Geiger (40, 41) and Laser (42). We used MEDUSA in the
Geiger package (43) to estimate diversification rates and the timing of family-level branching
events in the beetle phylogeny. Values for family-level clade species richness are based on
published data from (44). Thirty-nine beetle families were added to the 89-gene timetree by
rooting each added family at a random position between the proposed subtending and descendant
nodes for a total of 188/190 described extant families (Fig. 2). Table S7 indicates which families
were added and the rationale for each placement. Only Crowsoniellidae and Jurodidae, each with
one extant species known only from their original type series, were missing from the resulting
“hybrid” timetree. In cases where a family was non-monophyletic and needed to be split into
more than one family-level clade, the number of species was split evenly across all clades for
purposes of analyzing net diversification rates.

13. Molecular phylogenetics and evolution of beetle genes encoding PCWDESs and
invertases. We used PfamScan (45) to search our transcriptome and genome sequences against a
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library of Pfam HMM. We then used SAMtools (46) to extract individual genes corresponding to
our target genes (10 families of glycoside hydrolases: GH1, GHS, GH9, GH10, GH28, GH32,
GHA43, GH44, GH45, GH438; pectinesterase (PE): pectin methylesterase CES (carbohydrate
esterase family 8), and rhamnogalacturonate lysase (PL4)) from the genome and transcriptome
assemblies. Fasta files containing all of the extracted target sequences can be found as data files
S3. We used Megan v4 (47) to check for contamination by bacterial or other sequences.

We evaluated the identity of the extracted sequences using BLASTp on the NCBI NR local blast
using BLAST+ and further evaluated some sequences using the NAL BLASTp server, which
included all of the annotated reference genomes from the Insect 5000 Genomes Project (not all
of which are in NCBI). To exclude most (but potentially not all) ‘false positives’ and spurious
matches derived from symbionts or microbes that may have contaminated the samples we
retained sequences that had matches to non-microbes and non-plants. Some sequences could not
be confidently assigned to the gene family indicated by the pfam search and were excluded from
downstream analyses. For example, we omitted 30 sequences with pfam matches to GHS5 (mostly
from Tenebrionoidea; e.g., the sequences from Bifoma) because they had stronger NCBI
BLASTp matches to exo-1,3-beta glucanases and better matches to GH1 pfam domains and thus
are unlikely cellulases.

We then gathered homologs for each gene of interest from previously published studies by
reviewing the published literature and searching the NCBI protein database for genes of interest
from each major lineage in the NCBI classification (with a particular focus on bacteria, fungi,
plants, and nematodes), and by BLASTp searching our target sequences against the NCBI NR
protein database and keeping a subset of the best hits. When possible, we retained sequences that
were identified to the species level over those that were not. The resulting sequences were
combined with our filtered pfam target sequences to produce one fasta file for each gene. Each
gene was then aligned using MAFFT (e-INSI algorithm). The resulting MSAs (one per gene)
were trimmed on the 5° and 3’ ends to reduce the amount of missing data in the matrix.

Sequences containing unusually long indels or large stretches of low quality or unaligned data
were excluded from the matrix unless they represented unique beetle taxa or other lineages that
were not otherwise represented. We also removed sequences showing less than 1% pairwise
sequence divergence and other highly redundant sequences (i.e., most isoforms) as well as highly
incomplete sequences (typically, those with less than 50% of the data present). Therefore, not all
genes present for all taxa shown in Fig. 1 were included in phylogenetic analyses. The remaining
aligned sequences were collapsed to remove alignment gaps and realigned in MAFFT (e-INSI)
in preparation for phylogenetic analysis.

ML phylogenetic analyses were undertaken using the program IQ-TREE (28). We performed 10
ML searches and 100 bootstrap replicates for each gene using the aligned AA dataset after model
test in the program IQ-TREE. We calculated transfer bootstrap expectation (TBE) values for
each node in the resulting phylogenies using BOOSTER (48) (Figs. S15-26).

Data use statement. Data on genetic material contained in this paper are published for non-
commercial use only. Utilization by third parties for purposes other than non-commercial
scientific research may infringe the conditions under which the genetic resources were originally
accessed, and should not be undertaken without obtaining consent from the corresponding author
of the paper and/or obtaining permission from the original provider of the genetic material.
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Fig. S1. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the
partitioned amino acid supermatrix (147 taxa; 4852 genes, 10 replicate ML searches), including
the taxa from Fig. S2 (the 4818 gene tree) + Rhinorhipidae: Rhinorhipus.

Fig. S2. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the
partitioned amino acid supermatrix (146 taxa, 4818 genes, 10 replicate ML searches). ML
bootstrap support values (100 replicates) are shown for each node.

Fig. S3. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the un-
partitioned amino acid supermatrix (146 taxa, 4818 genes, 10 replicate ML searches). ML
bootstrap support values (100 replicates) are shown for each node.

Fig. S4. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the
partitioned nucleotide codon 1 (C1) supermatrix (146 taxa, 4818 genes, 10 replicate ML
searches). ML bootstrap support values (100 replicates) are shown for each node.

Fig. SS. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the
partitioned nucleotide codon 2 (C2) supermatrix (146 taxa, 4818 genes, 10 replicate ML
searches). ML bootstrap support values (100 replicates) are shown for each node.

Fig. S6. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the
partitioned nucleotide codon 1 and 2 (C1+C2) supermatrix (146 taxa, 4818 genes, 10 replicate
ML searches). ML bootstrap support values (100 replicates) are shown for each node.

Fig. S7. (separate file) Summary tree showing superfamily-level clades and summarizing
statistical measures of nodal support from the six above-described ML analyses (Figs. S2-S7).

Fig. S8. (separate file) Testing of alternative phylogenetic hypotheses using four-cluster
likelihood mapping (FcLM) was undertaken for nodes representing interrelationships among
higher-level taxa in the 4818-gene ML tree (Fig. S2) that had less than maximal statistical
support (from ML bootstrapping) and/or recovered unexpected relationships. A. monophyly of
Coleoptera; B. (Archostemata + Myxophaga + Adephaga), sister to Polyphaga; C. (Archostemata
+ Myxophaga), sister to Adephaga; D. Gyrinidae sister to the remaining Adephaga; E. Scirtidae
sister to the remaining Polyphaga; F. monophyly of (Derodontidae + Clambidae + Eucinetidae),
or polyphyly of Scirtoidea; G. monophyly of (Buprestidae + Dryopidae + Heteroceridae); H.
monophyly of (Elateroidea +Notolioon [Byrrhidae] + Byrrhus [Byrrhidae]); I. monophyly of
Cucujiformia; J. monophyly of (Scarabaeoidea + Staphylinoidea); K. monophyly of (Cleroidea +
Coccinelloidea); L. (Lymexyloidea + Elateroidea + Tenebrionoidea) sister to (Phytophaga +
Cucujoidea); M. Erotylidae sister to (Phytophaga + remaining Cucujoidea); N. (Laemophloeidae



385

390

395

400

405

410

415

420

+ Monotomidae + Nitidulidae) sister to (Phytophaga + remaining Cucujoidea). For each analysis,
values at the corners indicate the percentage of fully resolved phylogenies for all possible
quartets.

Fig. S9. (separate file) Results from FcLM analyses for 14 hypotheses based on the nodes
indicated in Fig. S8.

Fig. S10. (separate file) Best tree resulting from maximum likelihood (ML) analysis of the
partitioned amino acid supermatrix (521 taxa, 89 genes, 10 replicate ML searches). ML bootstrap
support values (100 replicates) are shown for each node. Asterisks (*) indicate data generated for
the present study.

Fig. S11. (separate file) Chronogram inferred from the 89-gene dataset showing the calibration
points used in the time divergence analysis. The divergence time analysis was based on a
maximum likelihood (ML) analysis of 521 taxa and 89 genes (Fig. S10), branch lengths were
optimized and divergence times estimated using MCMCltree for all taxa and 19,951 amino acid
sites. Nodes constrained by fossil priors are indicated with numbers (see Table S5). The
calibration points and fossil ages are shown in red. Asterisks (*) indicate data generated for the
present study.

Fig. S12. (separate file) Chronogram inferred from the 89-gene dataset showing 95% CIs for
node ages estimates. Based on a maximum likelihood (ML) analysis of 521 taxa 89 genes (Fig.
S10), branch lengths were optimized and divergence times estimated using MCMCtree for all
taxa and 19,951 amino acid sites. Asterisks (*) indicate data generated for the present study.
Node ages refer to hundreds of millions of years.

Fig. S13. (separate file) Chronogram inferred from the 4818-gene dataset showing (A) mean
values and (B) 95% Cls values for node ages estimates. Based on a maximum likelihood (ML)
analysis of 146 taxa 4818 genes (Fig. S2), branch lengths were optimized and divergence times
estimated using MCMCctree for all taxa and 206,156 amino acid sites. Node ages refer to
hundreds of millions of years.

Fig. S14. (separate file) Chronogram inferred from the 89-gene dataset showing (A) mean
values and (B) 95% Cls for node ages estimates. Based on a maximum likelihood (ML) analysis
of 521 taxa 89 genes (Fig. S10), branch lengths were optimized and divergence times estimated
using MCMCtree for all taxa and 19,951 amino acid sites. Asterisks (*) indicate data generated
for the present study. Node ages refer to hundreds of millions of years.

Fig. S15. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 1 family genes in the program RAXML (10

10
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replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S16. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 5 family genes in the program RAXxML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S17. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 9 family genes in the program RAXxML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
.tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S18. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 10 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
.tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S19. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 28 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
.tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S20. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 32 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S21. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 43 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
.tre files submitted to Zenodo (10.5281/zenod0.3522944).
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Fig. S22. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 44 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
.tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S23. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 45 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
.tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S24. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for glycoside hydrolase 48 family genes in the program RAXML (10
replicate ML searches). Taxon names, ML bootstrap support values (100 replicates) and transfer
bootstrap expectation (TBE) support values (100 replicates) are available in the corresponding
tre files submitted to Zenodo (10.5281/zenodo.3522944).

Fig. S25. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for CE8 genes in the program RAXML (10 replicate ML searches).
Taxon names, ML bootstrap support values (100 replicates) and transfer bootstrap expectation
(TBE) support values (100 replicates) are available in the corresponding .tre files submitted to
Zenodo (10.5281/zenodo.3522944).

Fig. S26. (separate file) Best tree resulting from maximum likelihood (ML) analysis of aligned
amino acid sequence data for PL4 genes in the program RAXML (10 replicate ML searches).
Taxon names, ML bootstrap support values (100 replicates) and transfer bootstrap expectation
(TBE) support values (100 replicates) are available in the corresponding .tre files submitted to
Zenodo (10.5281/zenodo0.3522944).

Fig. S27. (separate file) Schematics showing annotated genomic scaffolds that contain genes
inferred to encode putative plant cell wall degrading enzymes and GH32 invertases, including
introns (when present), eukaryotic TSS, and polyA signals. The scaffolds are organized by gene
family and are shown only for exemplars from beetle families from which these genes have not
previously been reported. The scaffolds were annotated using FGENESH version 2.6
(http://www.softberry.com/berry.phtml?topic=fgenesh&group=help&subgroup=gfind). We used
the Tribolium castaneum (Tenebrionoidea: Tenebrionidae) genome as a reference for gene
prediction.

Abbreviations: CDSf - first exon (beginning with start codon), CDSi - internal (internal exon),
CDSI - last (ending with stop codon), CDSo - one (only one exon), TSS - position of
transcription start (TATA-box position and score), PolA - polyA signal.
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Table S1. (separate file) Distribution of endogenous plant cell wall degrading enzymes: GHS,
GH9, GH10, GH11 (no compelling matches in the present study), GH28, GH43, GH44, GH45,
GHA48, CE8, PL4 and GH32 invertases in beetles*.

Table S2. (separate file) Genes implicated in plant cell wall (PCW) degradation in beetles and
their enzymatic activities.

Table S3. (separate file) List of taxa used in analyses of the 4818-gene data set, indicating data
type (transcriptome or genome) and origin (current study or publicly available data).

Table S4. (separate file) Contamination check results for the 1KITE transcriptomes.

Table S5. (separate file) List of fossils and the nodes they constrained in separate divergence
time analyses of the 4818-gene data set and the 89-gene data set.

Table S6. (separate file) List of taxa used in analyses of the 521-taxon 89-gene dataset,
indicating data type (transcriptome or genome) and origin (current study or publicly available
data).

Table S7. (separate file) List of family-level clade species richness and sources cited for
placement of added taxa in the 89-gene ML tree (Fig. S2). These data were used to produce the
timetree and in the analysis of diversification rates shown in Fig. 2 in the main paper.

Table S8. (separate file) Summary of pfam results for the gene families studied for the 147 taxa
in Fig. 1 in the main paper.
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Datasets S1-S4. (separate files)

Available at Zenodo: DOI: 10.5281/zenodo.3522944

Dataset S1.

Gene trees for plant cell wall degrading enzyme phylogenetic analyses in the directory ‘Pfam
Candidate Genes trees and phy’

1. Phylip formatted files for each gene used in ML analyses.

2. ML tree files for each gene studied showing TBE bootstrap support (100 replicates)
(corresponding to Figs. S15-S26).

3. ML tree files for each gene studied showing ML bootstrap support (100 replicates) from
IQtree (corresponding to Figs. S15-S26).

Dataset S2.

Directory (Blast _10best hits Pfam_Candidate Genes) including: Blast results (10 best hits) for
all sequences extracted from the transcriptome and genome assemblies for the plant cell wall
degrading enzyme analysis in the directory ‘Pfam Candidate Genes Fas’ (before filtering).

Dataset S3.

Directory (Pfam_Candidate Genes_Fas) including: Candidate genes/transcripts encoding plant
cell wall degrading enzymes extracted from the transcriptome and genome assemblies (before
filtering).

Dataset S4.
Directory (Supermatrices_partitions) including:
e Supermatrix for Fig. 1 (amino acid and nucleotide level, PHYLIP formats) and
Supermatrix for Fig. S10 (amino acid level, PHYLIP format).
e Partition schemes for supermatrix for Fig. 1 (Fig 1 Partition finder best scheme).
e Partition schemes for supermatrix for Fig. 1 prior to Partitionfinder (AA_partitions).
e Partition schemes for supermatrix for NT prior to Partitionfinder (NT_partitions).
e Partition schemes for supermatrix for Fig. S10
(Fig_S10_ Partition_finder best scheme).
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Fig. S2. Best tree resulting from maximum likelihood (ML) analysis of partitioned amino acid supermatrix (146 taxa, 4818 genes, 10
replicate ML searches). ML bootstrap support values (100 replicates) are shown for each node.
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replicate ML searches). ML bootstrap support values (100 replicates) are shown for each node.
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Fig. S4. Best tree resulting from maximum likelihood (ML) analysis of partitioned nucleotide codon 1 (C1) supermatrix (146 taxa, 4818
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Fig. S5. Best tree resulting from maximum likelihood (ML) analysis of partitioned nucleotide codon 2 (C2) supermatrix (146 taxa, 4818
genes, 10 replicate ML searches). ML bootstrap support values (100 replicates) are shown for each node.
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Fig. S6. Best tree resulting from maximum likelihood (ML) analysis of partitioned nucleotide codon 1 and 2 (C12) supermatrix (146
taxa, 4818 genes, 10 replicate ML searches). ML bootstrap support values (100 replicates) are shown for each node.
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Fig. S8. Testing of alternative phylogenetic hypotheses using four-cluster likelihood mapping (FcLM) was undertaken for nodes representing
interrelationships among higher-level taxa in the 4818-gene ML tree (Fig. S2) that had less than maximal statistical support (from ML
bootstrapping) and/or recovering unexpected relationships. A. monophyly of Coleoptera; B. (Archostemata + Myxophaga + Adephaga), sister to
Polyphaga; C. (Archostemata + Myxophaga), sister to Adephaga; D. Gyrinidae sister to the remaining Adephaga; E. Scirtidae sister to the
remaining Polyphaga; F. monophyly of (Derodontidae + Clambidae + Eucinetidae), or polyphyly of Scirtoidea; G. monophyly of
(Buprestidae + Dryopidae + Heteroceridae); H. monophyly of (Elateroidea +Notolioon [Byrrhidae] + Byrrhus [Byrrhidae]); I. monophyly of
Cucujiformia; J. monophyly of (Scarabacoidea + Staphylinoidea); K. monophyly of (Cleroidea + Coccinelloidea); L. (Lymexyloidea +
Elateroidea + Tenebrionoidea) sister to (Phytophaga + Cucujoidea); M. Erotylidae sister to (Phytophaga + remaining Cucujoidea); N.
(Laemophloeidae + Monotomidae + Nitidulidae) sister to (Phytophaga + remaining Cucujoidea). For each analysis, values at the corners indicate
the percentage of fully resolved phylogenies for all possible quartets.
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Fig. S13. Chronogram inferred from the 4818-gene dataset showing (A) mean values and (B) 95% Cls values for node ages estimates. Based on a
maximum likelihood (ML) analysis of 146 taxa 4818 genes (Fig. S2), branch lengths were optimized and divergence times estimated using MCMCtree
for all taxa and 206,156 amino acid sites. Node ages refer to hundreds of millions of years.
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A. GH32_23_Mastostethus (Chrysomeloidea: Megalopodidae): There are two genes on this scaffold. One is
a single exon gene with coding boundaries from 831 to 2450 in the +1 frame (length 1620) that is predicted
to code for a GH32. It is a full length gene model with both start and stop codons, and it contains a
eukaryotic TSS and a polyA signal. In our phylogenetic analyses it forms a clade with other beetle GH32
sequences. The second gene model codes for a partial pantothenate kinase with two exons. This insect
gene has the start codon (CDSF; first exon), but no stop codon.
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B. C28768136_GH32_24_Nanophyes (Curculionoidea: Brentidae): This scaffold contains a complete single
exon gene with a polyA signal. In our phylogenetic analyses it forms a clade with other beetle GH32
sequences.
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CDSi

1

C. C26549544_GH32_47_Rhynchitomacerinus (Curculionoidea: Nemonychidae): This scaffold contains a
partial GH32 sequence (internal CDS). In our phylogenetic analyses it forms a clade with other beetle GH32
sequences.

PolA cosl CDSi CDSi CDsf TSS
. > 3 4
I I -
1L n n n n n L n n n L h L P
412 600 800 1000 1200 1400 1600 1758

D. C3526741_GH45_104_Synolabus (Curculionoidea: Attelabidae): This scaffold contains a 4-exon (full-
length) GH45 sequence. It also has a eukaryotic TSS and a polyA signal. In our phylogenetic analyses it
forms a clade with other beetle GH45 sequences.

PolA CDsl CDSi CDsf TSS

1 P S S S I S S P S R T |
70 400 600 800 1000 1200 1400 1600 1800 2000 2200 2419

E. C3541577_GH48_1_Synolabus (Curculionoidea: Attelabidae): This scaffold codes for a 3-exon (full-
length) GH48 and it has a eukaryotic TSS and a polyA signal. In our phylogenetic analyses it forms a
clade with other beetle GH48 sequences.
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F. C29039538_GH48_Nanophyes (Curculionoidea: Brentidae): This scaffold contains a partial GH48
sequence with a stop codon and a polyA signal. In our phylogenetic analyses it forms a clade with other
beetle GH48 sequences.
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G. C28588156_GH48_Nanophyes (Curculionoidea: Brentidae): This scaffold contains a partial GH48
sequence containing a single internal exon. In our phylogenetic analyses it forms a clade with other beetle
GH48 sequences.
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H. C26661175_GH48_44_Rhynchitomacerinus (Curculionoidea: Nemonychidae): This scaffold contains a
partial GH48 sequence and a eukaryotic TSS. In our phylogenetic analyses it forms a clade with other
beetle GH48 sequences.
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1. C26570892_GH48_43_Rhynchitomacerinus (Curculionoidea: Nemonychidae): This scaffold contains a
partial GH48 sequence. In our phylogenetic analyses it forms a clade with other beetle GH48 sequences.

Figure S27. Schematics showing annotated genomic scaffolds that contain genes inferred to encode
putative plant cell wall degrading enzymes and GH32 invertases, including introns (when present),
eukaryotic TSS, and polyA signals. The scaffolds are organized by gene family and are shown only for
exemplars from beetle families from which these genes have not previously been reported. The scaffolds
were annotated using FGENESH version 2.6 (http: ftberry.com/berry. =gfind).
We used the Tribolium castaneum (Tenebrionoidea: Tenebrionidae) genome as a reference for gene
prediction.

Abbreviations: CDSf - first exon (beginning with start codon), CDS:i - internal (internal exon), CDSI - last
(ending with stop codon), CDSo - one (only one exon), TSS - position of transcription start (TATA-box
position and score), PolA - polyA signal.



