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�lter-feeders and one detritivore) have an amino acid that is not nonpolar. Most taxa have a negatively charged 
glutamate at pos. 24, but in some cases this has been substituted with either a nonpolar (alanine in a ctenophore, 
glycine in a stick insect, Phasmatidae) or an uncharged polar amino acid (12 taxa, 9 of which are parasites). �e 
change to uncharged polar amino acid has occurred in three unrelated parasite lineages: Dicyemida, parasitic 
�atworms (glutamate in free-living trematode �atworms) and sarcoptid mites. Position 27 shows an extremely 
wide scale of variation as all amino acid groups are represented. Most dipterans have a positively charged histidine 
at this site, but otherwise the positively and negatively charged amino acids seem to be occurring notably o�en in 
parasitic lineages (11 of 23 non-dipteran taxa with charged amino acids are parasites). �e majority of metazoans 
have proline or one of the other polar amino acids at pos. 28. It has been replaced by a nonpolar AA in many 
di�erent lineages without obvious connections to any particular lifestyle. At position 69, all studied animals hold 
nonpolar amino acids except for two parasite taxa (serine in human louse, Pediculus humanus, and tyrosine in 
Dicyemida). Variation at position 73 shows no obvious connections to habitat or life history.

Beyond the patterns in variable and conserved sites examined above, sequence deletions can give valuable 
information about the protein areas necessary (and potentially unnecessary) for enzymatic function. Again, the 
vast majority of deletions observed in the Metazoa dataset were found among parasites, and again they were 
spread among several di�erent phyla (Fig.�5). For example, parasitic �atworm lineages show multiple deletions 
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Figure 2. Average amino acid frequencies in barcode sequences of Coleoptera, Lepidoptera and Metazoa 
(also presented with the densely sampled Arthropoda excluded). Both the three-letter abbreviations and the 
single-letter standard codes for the amino acids are provided. �e amino acids are grouped by their biochemical 
properties as explained in Methods. More than half of the amino acids in the protein fragment coded by the 
DNA barcode sequence are nonpolar.

Figure 3. Location of the protein fragment coded by the DNA barcoding region of the COI gene. Most of 
this fragment is located in the transmembrane part of the cytochrome oxidase (COX) protein. For reference, the 
complete COX molecule (reconstructed from cattle, Bos taurus) is shown in blue, with the barcode sequence 
indicated in orange. Note that the complete COX molecule is built of two identical sets of subunits; for clarity, 
we have here highlighted only the barcode area at the le� side of the protein from two di�erent angles, showing 
(A) a side view of the transmembrane surface and (B) a view from the mitochondrial matrix. See Methods for 
details on how the structural model was inferred.




















