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Table S1. The number of morphospecies and individual specimens therein, and the number of successful 
cox1 barcodes available as bait sequences, grouped by family. 
  

Superfamily Family Morphospecies Individuals
PCR success 

(morphospecies)

PCR success 

(individuals)

Archostemata Cupedidae 1 1 0 0

Caraboidea Carabidae 9 45 7 24

Scirtoidea Scirtidae 3 3 3 3

Bostrichoidea Anobiidae 4 5 2 3

Staphylinoidea Staphylinidae 27 50 21 32

Byrrhoidea Ptilodactylidae 6 20 6 17

Buprestoidea Buprestidae 7 14 6 10

Elateroidea Eucnemidae 6 8 5 7

Elateroidea Lycidae 4 4 3 3

Elateroidea Lampyridae 1 2 1 2

Elateroidea Elateridae 7 13 6 10

Cleroidea Cleridae 3 5 3 4

Cleroidea Malachiidae 1 1 0 0

Cleroidea Prionoceridae 1 1 1 1

Cucujoidea Coccinellidae 11 21 9 19

Cucujoidea Corylophidae 4 6 3 4

Cucujoidea Discolomatidae 4 8 4 6

Tenebrionoidea Aderidae 4 4 2 2

Tenebrionoidea Anthicidae 4 6 4 5

Tenebrionoidea Ciidae 1 1 1 1

Tenebrionoidea Melandryidae 1 1 0 0

Tenebrionoidea Mordellidae 5 6 4 4

Tenebrionoidea Tenebrionidae 9 44 6 30

Tenebrionoidea Zopheridae 2 2 2 2

Cucujoidea Nitidulidae 2 2 2 2

Cucujoidea Erotylidae 4 5 4 5

Chrysomeloidea Cerambycidae 6 14 4 12

Chrysomeloidea Chrysomelidae 19 58 14 38

Cucujoidea Phalacridae 3 4 2 2

Curculionoidea Anthribidae 9 17 9 15

Curculionoidea Attelabidae 4 9 4 7

Curculionoidea Brentidae 2 2 1 1

Curculionoidea Curculionidae 33 87 19 51

Histeroidea Histeridae 2 2 1 1

[unknown] [unknown] 3 6 2 4
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Table S2. The mitochondrial genomes used in this study for filtering mitochondrial sequences (n=245), the 
mitochondrial tree-of-life for beetles (n=240, 10 protein-coding genes required, unused sequences 
highlighted in grey), and the tree-of-life under reduced reference taxon sampling (n=34, highlighted in blue). 
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Figure S1. Raw contig length distribution for the Celera Assembler and IDBA-UD assemblies, and the non-
redundant set generated by merging these in Geneious. The number of contigs longer than 15 kb that could 
be circularised in each case is shown within the corresponding circular arrow. 
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Alignment Length as a Percentage of Contig Length Alignment Length as a Percentage of Contig Length
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Supplementary Information S1. Choice of BLAST alignment length cut-off when filtering contigs against 
MitoDB. 
 
The 1 kb threshold was chosen as a good balance between the correct retention of contigs for the inclusion 

in later analyses, and the loss of shorter contigs that are truly mitochondrial but do not contribute to the final 

dataset. Determining what is a “true” mitochondrial contig without a closely related reference sequence can 

be challenging and we aim to include only the most plausible and informative contigs in the final dataset. To 

illustrate this we present an analysis based on the blastn results for the Celera Assembler contigs against 

MitoDB. Here we look at the alignment length as a proportion of contig length, with the assumption that true 

mitochondrial contigs are likely to have proportionately longer hits to the MitoDB sequences than non-

mitochondrial contigs. Three different alignment length cut-offs are tested (100 bp; 500 bp; 1 kb). Figure A 

indicates that a short alignment length cutoff of 100 bp retains large numbers of contigs that are unlikely to 

be mitochondrial as the BLAST alignments to the database are short relative to their total length (0-40%). 

From Figure B we can see that those contigs are also, on average, quite short (<3kb). Including these 

contigs will likely increase downstream processing complexity with minimal gain in aligned data as most, if 

not all, will be non-mitochondrial. In contrast, Figure A indicates that alignment length cutoffs of 500bp and 1 

kb give very similar alignment proportion profiles, except that with a 1 kb cutoff you retain overall a lower 

number of contigs, especially in the 90-100% aligned category. This suggests that there are a large number 

of contigs retained by the 500 bp cutoff that have long alignments relative to their lengths (i.e. are probably 

mitochondrial) but are <1kb in total length. This is reinforced by the low average length of the contigs in this 

category in Figure B. We can therefore estimate there are at least 250 mitochondrial contigs of 0.5-1kb from 

this assembly that we have missed from our analysis (this set has a mean length of 713 bp). Simultaneously, 

the 500 bp cutoff retains two contigs of 9kb with alignment proportions of <10%. BLASTing these on the 

NCBI website indicates that they are bacterial but there are no highly similar matches. Using a 1 kb cutoff 

has correctly filtered these out, but at the cost of losing a large number of short contigs. Given that our aim is 

to retain contigs that can ultimately be included in the phylogenetic analysis, the loss of these short contigs is 

not problematic for this study as they would not have met the 2 kb (including nad4l) criterion.  
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Supplementary Information S2. The effect of quality control on the IDBA-UD assembly. 
 
The IDBA-UD assembly statistics and mitochondrial contig length distributions following two different quality 

control procedures are outlined in the tables below.  In addition, we made comparisons between the circular 

genomes from the two assemblies.  Out of 45 mitogenomes found following QC-2, 39 are >99.9% identical 

to ones from QC-1. The remaining 6 are circular versions of >15kb linear contigs from QC-1 (at >99% 

identity i.e. they assemble slightly better under QC-2). 9 of the 10 remaining circular contigs from QC-1 are 

recovered >10kb at >99% identity under QC-2. The final one was recovered at 100% identity within the 

PCGs but there are differences in the control region. The contigs from QC-1 were retained for analysis. 

 
 
Assembly statistics 

IDBA-UD 
Assembly 

Contigs N50 Maximum 
contig length 

Mean contig 
length 

Total assembly 
length 

QC-1
a
 12588 794 19201 830 10457969 

QC-2
b
 10851 837 19044 867 9412984 

 
 
Mitochondrial contig length distribution 
 

IDBA-UD 
Assembly 

1-5 kb 5-10 kb 10-15 kb >15 kb (circular) 

QC-1
a 

424 41 18 81 (49) 

QC-2
b 

421 45 22 74 (45) 

 
 
  
                                                      
a Prinseq-lite: minimum length 150 bp; trim 3’ bases below Q20; minimum mean quality Q25; no Ns; both 

reads per pair must pass QC. Total number of pairs passing QC: Short insert library 846,156; Long insert 
library 1,260,119. 
b Prinseq-lite: minimum length 150 bp; trim 5’ and 3’ bases below Q30; minimum mean quality Q30; no Ns; 

both reads per pair must pass QC. Total number of pairs passing QC: Short insert library 690,388; Long 
insert library 1,131,850. 
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Table S3. Statistics derived from mapping quality controlled reads to the non-redundant contigs (n=429) with 
five programs using default settings for paired reads. Additionally SMALT was tested with a requirement for 
98% identity under otherwise default parameters. 
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Figure S2. The variability 
in mapping quality for a 
single contig. Quality-
controlled reads were 
mapped against all 
non-redundant 
contigs. This example 
shows the coverage 
and mean pairwise 
identity of the reads at 
each position for the 
longest contig (19,382 
bp). All programs 
introduced gaps into the 
contig and coverage 
always decreases at the 
edges. In all cases there 
is a region of <10x 
coverage in the control 
region. This may 
indicate misassembly, 
although both 
assemblers 
reconstructed this region 
identically.  BWA-MEM 
and SMALT map the 
largest number of reads 
but the coverage is 
highly uneven. For the 
other four examples the 
coverage maps are 
similar and more even, 
although Bowtie 2 and 
BBMap introduce a large 
number of gaps into the 
contig and many 
positions have low 
pairwise identity 
between reads (i.e. 
many disagreements). 
BWA-backtrack and 
SMALT (mapping at 
98% identity) give a 
very similar result and 
are likely to be the 
best representation of 
the assembly, although 
the number of reads 
mapped is likely to be 
conservative. 
 
 
 
 

Software Mean Coverage (s.d) No. reads mapped % Mismatch No. gaps in contig 

Bowtie 2 39.60 (12.80) 3240 0.9 1493 

BWA-backtrack 38.77 (12.75) 3284 0.5 10 

BWA-MEM 45.06 (22.88) 7001 0.6 49 

BBMap 42.98 (NaN) 3342 6.3 2773 

SMALT 52.69 (47.19) 10324 2.6 1057 

SMALT (98%) 35.36 (12.36) 2884 0.3 5 
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Figure S3. Coverage plots derived from mapping quality controlled reads with SMALT at 98% identity.     
A. Percentage of bases in non-redundant contigs for the given coverage (maximum of 50X shown). B. 
Percentage of bases in non-redundant contigs with at least the given coverage (maximum of 50X shown – 
13% of bases have >50X coverge). C. Mean coverage of mitochondrial contigs from the CA assembly 
plotted against contig length. D.  Mean coverage of mitochondrial contigs from the IDBA-UD assembly 
plotted against contig length. E. Mean coverage of mitochondrial contigs from the non-redundant set plotted 
against contig length. 
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Figure S4. The number of protein-coding genes contributed to the final alignments per contig, for all 429 
contigs in the non-redundant set. Approximately the same number of contigs contributed a single gene 
sequence (120) as the full complement of 13 mitochondrial protein-coding genes (112). Overall, contigs 
contributing 1-3 protein-coding genes made up 15.65% of the nucleotide matrix whilst those contributing 11-
13 made up 70.32%. 
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Figure S5. The mitochondrial tree-of-life for beetles under reduced taxon sampling. Maximum clade 
credibility consensus tree from Phylobayes analysis of 34 complete mitochondrial genomes published on 
GenBank (listed in Supplementary Table S2) and 124 novel 10+ protein-coding gene contigs from this study. 
Reference sequences are labelled with accession number and species name. Novel contigs are labelled with 
the most precise available taxonomic identification – species labels with numbers (and any below family-
level without numbers) derive from morphospecies identifications based on bait sequences, whilst species 
labels with letters derive from contig position in the full beetle phylogeny (Figure 2), requiring monophyly with 
named reference sequences. Node labels are posterior probability values. 
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Supplementary Information S3. Failure to assign two contigs to correctly to family under requirement for 
monophyly with the Mito240 set. 
 
The reliability of phylogenetic assignment relative to the fully identified Mito240 sequences was tested using 

the 96 10+ contigs that could be linked to specimens and family-level identification via the cox1 barcodes. In 

the analysis with Mito240, 73 contigs were correctly assigned to family and a further 23 contigs to 

superfamily.  In all but one of the latter cases, the failure to make a taxon assignment to family level was due 

to limited representations of small families (e.g. in Cleroidea). The exception to this was a single contig 

linked to Anthicidae via a bait sequence, which was placed as sister to Mycetophagidae (and therefore 

correctly classified as Tenebrionoidea under the requirement for strict monophyly) in spite of the formation of 

an otherwise monophyletic Anthicidae clade containing two reference sequences and one baited contig 

containing all protein-coding genes.  One remaining contig could only conservatively be assigned to 

suborder as it was not placed within a named clade, but both its position and bait identification were 

consistent with assignation to the phylogenetically isolated superfamily Scirtoidea. 

 
 
 
 
Supplementary Information S4. PCR primers and conditions used to amplify DNA barcodes (cox1-5’). For 
specimens that did not amplify at the first attempt (with COIF2/R2), and second attempt was made with 
LCO/HCO. 
 
PCR primers 
 

Attempt Primer Primer sequence 5’  3’ 

1 
COIF2 

COIR2 

TCTACYAATCATAAAGATATTGGTAC 

ACTTCTGGATGACCAAAGAATCA 

2 
LCO 1490 

HCO 2198 

GGTCAACAAATCATAAAGATATTGG 

TAAACTTCAGGGTGACCAAAAAATCA 

 
 
PCR conditions with Promega GoTaq Green Master Mix 
 

Step Temp. (°C) Time No. of cycles 

Initialisation 95 2 min 1 

Denaturation 

Annealing 

Extension 

95 

40 

72 

30 sec 

30 sec 

45 sec 

37 

Final Extension 

Final Hold 

72 

4 

5 min 

∞ 
1 
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Table S4. Programs and settings used for mitogenome assembly. 
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Script 1. FastqExtract.pl – extract paired FASTQ reads based on BLAST output (i.e. filter FASTQ file 

using BLAST results). 
 
Use concatenated BLAST results (tabular format) from R1 and R2 to run the script twice, once for each. 
 
print "what is the name of the BLAST output file?\n"; 

$blastIn = <STDIN>; 

chomp $blastIn; 

print "what is the name of the raw reads file?\n"; 

$filename = <STDIN>; 

chomp $filename; 

print "what is the read identifier (first 6 header characters, not inc @)?\n"; 

$idf = <STDIN>; 

chomp $idf; 

 

#INPUT: 

 

$fastq = $filename; 

open(FASTQ, "<$fastq") or print "could not open file $fastq";  

 

#HEADERS: 

 

$headers = $blastreader; 

chomp $headers; 

open(HEADERS, "$headers") or print "could not open file $headers";  

@headers = <HEADERS>; 

close HEADERS; 

 

foreach $head(@headers){ 

if($head =~ m/\w/){  

@head = split(" ", $head);  

 

#add to hash 

$headers{$head[0]}=1} 

} 

 

$outfile = "$fastq\.out"; 

 

open(OUTFILE, ">$outfile") or print "could not open file $outfile";  

 

######################################## 

 

open(FASTQ, "<$fastq"); 

while(<FASTQ>){ 

$line = $_; 

 

if($flag == 1){$flag = 2; print OUTFILE $line;} 

elsif($flag == 2){$flag = 3; print OUTFILE $line;} 

elsif($flag == 3){$flag = 0; print OUTFILE $line;} 

 

 elsif($line =~ m/$idf:/){ 

 @line = split(" ", $line);  

 $line[0] =~ s/\@//ig; 

 

  if(exists $headers{$line[0]}){ 

  ++$counter; $flag = 1; 

  print "$counter\:\t\t$line";  

  print OUTFILE "$line";  

  } 

 } 

} 

close OUTFILE; 
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Script 2. Re-pair quality controlled reads from Prinseq. 
 
Source: http://www.bigsa.org.au/node/92 (Last accessed 02/09/2013) 
 
Requires cdbfasta from http://sourceforge.net/projects/cdbfasta/ 
 
Where in_R1.QC.fastq and in_R2.QC.fastq are quality controlled FASTQ files from Prinseq: 
 
#concatenate R1 and R2 

cat in_R[12].QC.fastq > in.QC.fq 

 

#convert IDs to older Illumina format(needed for the awk script below) 

cat in.QC.fq | awk '{if (NR % 4 == 1) {split($1, arr, ":"); printf 

"%s_%s:%s:%s:%s:%s#0/%s\n", arr[1], arr[3], arr[4], arr[5], arr[6], arr[7], substr($2, 1, 

1), $0} else if (NR % 4 == 3){print "+"} else {print $0} }' > in.QC.nwblr.fq ; 

 

#use cdbfasta to index the files 

cdbfasta -Q in.QC.nwblr.fq 

 

#retrive list of IDs 

cdbyank in.QC.nwblr.fq.cidx -l > in.QC.ids 

 

#retrieve list of IDs for paired reads 

awk -v sep="/" '{ if ((sep_i=index($0,sep)) > 0) { name=substr($0,1,sep_i-1); 

suffix=substr($0,sep_i); } else { name=$0; } if (r[name]) { print name r[name]; print $0; 

delete r[name]; } else { r[name]=suffix; }}' in.QC.ids > in.QC.paired.ids 

 

#make an interleaved FASTQ file for paired reads 

cdbyank in.QC.nwblr.fq.cidx < in.QC.paired.ids > in.QC.paired.fq 

 
  



Supplementary Data  Crampton-Platt et al. 

 

 22 

Script 3. cove_output.pl – generate tRNA annotated GenBank format files from COVE output files. 

 
use Bio::SeqIO; 

 

#Remove some (old) files first 

@tempfiles = glob("*.tmp"); 

foreach $tempfile(@tempfiles){unlink $tempfile;} 

 

#The COVE output files to process 

@files = glob("*.out"); 

 

#Directory to store resulting GenBank formatted output files 

mkdir(GB); 

 

foreach $file(@files){ 

 open(FILE, "$file") or print "could not open $file"; 

 @data = <FILE>; 

 close FILE; 

   

foreach $line(@data){ 

 

#new model -> hash,sort and start again   

   if($line =~ m/Model/){ 

    @allKeys = keys(%hash); 

    @allKeys = sort{ $a <=> $b} @allKeys; 

 

#select one with highest value, but only if above ##40##  

    $highest = pop(@allKeys); 

    $value = $hash{$highest}; if($highest > 40){ 

    $order{$value} = ("$model\t$highest"); 

   }   

 

#select penultimate one for Ser and Leu ##two tRNAs for each##   

   if($model =~ m/Leu/){ 

    $highest = pop(@allKeys); 

    $value = $hash{$highest}; if($highest > 40){ 

    print "$model\t$highest\t$value\n"; 

    $order{$value} = ("$model\t$highest");}  

   } 

   if($model =~ m/Ser/){ 

    $highest = pop(@allKeys); 

    $value = $hash{$highest}; if($highest > 40){ 

    $order{$value} = ("$model\t$highest");}  

   } 

   %hash = ""; 

   @line = split("\:", $line); 

   $model = $line[1]; chomp $model;  

   print "$model\n"; 

  }  

  elsif($line =~ m/version/){next;} 

  elsif(($line =~ m/^ /) || ($line =~ m/^1/)){ 

   $line =~ s/^1/^ 1/ig; #waarden, vul de hash  

   ++$counter; @line = split(" {1,8}", $line);  

 

#tRNA positions, add counter to make unique 

   $position = "$line[2]\_$line[3]\_$counter";   

 $hash{"$line[1]"} = "$position"; 

  }  

  else{next;} 

 } 

  @allKeys = keys(%hash); 

  @allKeys = sort{ $a <=> $b} @allKeys; 

  $highest = pop(@allKeys); 

  $value = $hash{$highest}; if($highest > 40){ 

  $order{$value} = ("$model\t$highest");} 

  %hash = (); 

  @allKeys = keys(%order); 

  @allKeys = sort{ $a <=> $b} @allKeys; 

  $file2 = $file;   
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  $file2 =~ s/out/tmp/ig; #temporary file 

  $file3 = $file; 

  $file3 =~ s/.out//ig; #base name of genbank flat file 

 

#change to GenBank flatfile format 

  $seq_in = Bio::SeqIO->new('-file' => "$file3", '-format' => "fasta"); 

  $seq_out = Bio::SeqIO->new('-file' => ">>$file2", '-format' => "genbank"); 

  while($inseq = $seq_in->next_seq){$seq_out->write_seq($inseq); 

  open(OUTFILE, ">>GB\/$file3.gb"); 

 

open(FILE, $file2); 

@data = <FILE>; 

close FILE; 

 

#Add the tRNA annotations to the GenBank flatfile format 

foreach $line(@data){  

if($line =~ m/FEATURES/){ print $line; print OUTFILE $line; 

 

  foreach $key(@allKeys){ 

    if($key == "_"){next;}else{     

    @key = split("_", $key); $trna = $order{$key}; $trna =~ s/ 

//ig; @trna = split('.cm', $trna); 

 

    if($key[0]<$key[1]){print OUTFILE "     tRNA            

$key[0]..$key[1]\n                     \/gene=\"$trna[0]\"\n";} 

 

if($key[1]<$key[0]){print OUTFILE "     tRNA            complement\($key[1]..$key[0]\)\n                     

\/gene=\"$trna[0]\"\n";} 

 

}}}else{print OUTFILE $line;}} 

 

close OUTFILE;  

 

# 

 

system("dos2unix -u GB\/$file3.gb -o"); 

 

  %order = (); 

  $counter = 0; 

} 
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Script 4. add_start_stop.pl – add a 1bp tRNA annotation to the start and end of each GenBank 

formatted sequence. 
 
 
@files = glob("*.gb"); 

foreach $file(@files){ 

open(FILE, "$file"); 

@data = <FILE>; 

close FILE; 

 

$file =~ s/gb/genbank/ig; 

open(OUTFILE, ">$file"); 

 

foreach $line(@data){ 

 

if($line =~ m/LOCUS/){ 

print OUTFILE $line; 

@line = split(" ", $line); 

$end = ($line[2]);} 

 

elsif($line =~ m/FEATURES/){ 

print OUTFILE $line; 

 

print OUTFILE "     tRNA            1..1\n                     \/gene=\"startmarker\"\n"; 

print OUTFILE "     tRNA            $end..$end\n                     

\/gene=\"endmarker\"\n"; 

 

$end = 0;} 

 

else{print OUTFILE $line;} 

 

} 

} 
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