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Abstract

Sequencing in all areas of the tree of life has produced more than 300,000 cytochrome P450 

(CYP) sequences that have been mined and collected. Nomenclature has been assigned to more 

than 41,000 CYP sequences and the majority of the remainder has been sorted by BLAST 

searches into clans, families and subfamilies in preparation for naming. The P450 sequence space 

is being systematically explored and filled in. Well-studied groups like vertebrates are covered in 

greater depth while new insights are being added into uncharted territories like horseshoe crab 

(Limulus polyphemus), tardigrades (Hypsibius dujardini), velvet worm (Euperipatoides_rowelli), 
and basal land plants like hornworts, liverworts and mosses. CYPs from the fungi, one of the most 

diverse groups, are being explored and organized as nearly 800 fungal species are now sequenced. 

The CYP clan structure in fungi is emerging with 805 CYP families sorting into 32 CYP clans. 

More than 3000 bacterial sequences are named, mostly from terrestrial or freshwater sources. Of 

18,379 bacterial sequences downloaded from the CYPED database, all are greater than 43% 

identical to named CYPs. Therefore, they fit in the 602 named P450 prokaryotic families. 

Diversity in this group is becoming saturated, however 25% of 3,305 seawater bacterial P450s did 

not match known P450 families, indicating marine bacterial CYPs are not as well sampled as land/

freshwater based bacterial CYPs. Future sequencing plans of the Genome 10K project, i5k and 

GIGA (Global Invertebrate Genomics Alliance) are expected to produce more than one million 

cytochrome P450 sequences by 2020.
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1. Introduction

The first full-length cytochrome P450 sequences rat CYP2B1 and CYP2B2 were published 

in 1982 by Fujii-Kuriyama, et al. [1] and also by Waxman and Walsh [2]. Earlier partial 

sequences were determined by protein chemical methods (Botelho, et al. 1979 [3] and 
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Ozols, et al. 1981 [4]. Thirty-five years later we have more than 300,000 P450 sequences 

and this number is expected to reach one million in four years. Such riches were not 

anticipated in the 1980s. Early genome sequencing focused on model organisms. The first 

microorganisms were somewhat disappointing since E. coli had no P450s and baker’s yeast 

had only three (CYP51, CYP56 and CYP61). This rarefied status did not last long. Today we 

have >62,000 bacterial CYPs and >85,000 fungal CYPs identified in public and confidential 

databases. Currently, ~11,000 of these are named. Animals have more than 13,000 named 

P450s and plants have over 16,000. As the practicing member of the Standardized 

Cytochrome P450 Nomenclature Committee, it has been my task and privelege to assign 

names to this family of genes. Much of the resulting information is posted to the 

Cytochrome P450 Homepage [5], but a large part is treated as confidential and is not posted 

until published.

The breadth and depth of sequencing projects determines the coverage of P450 sequence 

space. A major contribution has come from the 1KP one-thousand plant transcriptome 

project [6–9]. More than half of the known CYP sequences (171,000) were produced from 

this project that has sequenced ~1200 plant transcriptomes from algae to angiosperms. 

Another “thousand” project is the One Thousand Fungal Genomes Project from JGI [10]. 

The project had 759 fungal genomes in the Mycocosm database on Feb. 21, 2017 [11]. 

Searching for the P450 Interpro code IPR001128 as a keyword for any genome in the set 

will find all the P450 sequences. Based on current findings ~100,000 P450s are expected in 

these fungal genomes once the 1000 genomes are complete (estimated by the end of 2017). 

Three additional sequencing projects are the i5k (5,000 arthropod genomes project), the 

Genome 10K (10,000 vertebrate genomes project) and GIGA (Global Invertebrate Genomics 

Alliance for 7,000 non-arthropod invertebrate genomes). The value of genome sequencing as 

a unifying biological principle is discussed by Richards [12].

For gene family studies these projects provide a window on the evolution of the family. In 

the case of P450s the evidence suggests one or two present-day P450s already existed in the 

earliest Eukaryote, probably a CYP51 and soon after a CYP61/CYP710. Deep branching 

eukaryotes like Trypanosoma, Leishmania and Euglena have from 2–4 CYPs, which include 

CYP51 and CYP710. These P450s are part of the sterol biosynthesis pathway that defines 

eukaryotic membranes. CYP61/CYP710 a sterol C22-destaurase is found later in the same 

pathway and has been lost in animals. From these primordial sequences and some that are 

not known today, all other eukaryotic P450s evolved (allowing for some lateral transfers like 

CYP55 from a bacterial CYP105 family member). Our task is to take all the available 

sequence data and reconstruct as much as feasible the evolutionary history of the family. 

There are approximately 60 eukaryotic lineages of which plants, animals and fungi are the 

best known (Margulis and Schwartz 1998 [13]). Each lineage may begin with the primordial 

P450(s) and run the tape anew along each line. So we may have 60 different billion-year 

experiments to examine. This paper presents new progress in a few limited areas of plants, 

animals, fungi and bacteria to see how the quest is coming along.
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2. Materials and methods

2.1 Bird sequences

Sequences for five bird genomes (chicken, zebrafinch, turkey, flycatcher and duck) P450s 

were obtained from Ensembl using Biomart searching for the genes matching PFAM 

PF00067. Kiwi, chimney swift and medium ground finch P450s were obtained from 

GenBank by searching the protein section for “species[orgn] AND P450 NOT reductase”. 

Additional searches were done by BLAST searching for specific sequences not found by the 

more general method. Analysis of human P450s have identified a set of 66 loci where P450 

genes and/or pseudogenes are found. These loci are highly conserved among birds. Each of 

these loci was checked on the UCSC genome browser for P450 content by obtaining the 

DNA sequence covering that region and blastx searching it against a large set of named 

vertebrate P450 protein sequences (currently 4,222 sequences). In this manner all P450 

sequences including pseudogenes could be found for each species.

2.2 Naming of bird sequences

Once sequences were identified they were batch BLAST searched against the named P450s 

from vertebrates to identify the family and subfamily each sequence belonged to. The 

alignments were examined to make corrections to the sequences if they were missing exons 

or had insertions like retained introns. This was especially needed for the pseudogenes to 

account for frame shifts and stop codons in the sequences. The names were based on 

sequence relatedness to named vertebrate P450s.

2.3 Panarthropod sequences

I maintain a large collection of insect and other invertebrate P450s as part of my curatorial 

duties for naming P450s from all species. Recent progress has permitted the sequencing of 

deep evolutionary branches on the panarthropod tree including horseshoe crab (Limulus 
polyphemus), velvet worm (Euperipatoides rowelli) and a tardigrade (Hypsibius dujardini). 
Methods similar to those described for birds were used to obtain the P450s from Limulus. 

GenBank was searched for Limulus[orgn] AND P450 NOT reductase. Sequences recovered 

were batch BLAST searched against named insect sequences (currently 9,125 sequences) or 

invertebrate sequences (currently 2,206 sequences). Sequences were assigned to known 

families if they were >40% identical over full length or near full length. Other sequences 

were assigned to new families based on their clustering on trees and their percent identity to 

each other. Sequences alignments were examined to look for regions that were missing or 

were not matching well. These regions were improved by BLASTX searching the DNA 

against similar sequences. The list of P450s was compared against known lists from other 

arthropods. Any sequences that were missing but expected such as the Halloween genes and 

highly conserved genes like CYP4Gs and CYP15, CYP18, CYP20 etc. were searched for 

specifically by BLAST searching.

The tardigrade (Hypsibius dujardini) has been sequenced [14] (ensembl.tardigrades.org) and 

it has a searchable web site at http://badger.bio.ed.ac.uk/H_dujardini/search/all_searched#. 

This site was searched for P450 returning 720 hits (both nucleotide and protein) 358 protein 

sequences were recovered. These 358 were in duplicate giving 179 unique protein 
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sequences. Each sequence was present in two entries such as snap_masked-nHd.

2.3.scaf02184-processed-gene-0.7-mRNA-1 and nHd.2.3.1.t17128-RA presumably 

representing the gene and the transcribed version of the gene. These 179 were batch BLAST 

searched against named P450s. Bacterial contamination (two sequences) and fungal 

contamination (one sequence) was removed. One bacterial sequence was 43% identical to 

Ardenticatena strain Cfx-K (Bacteria; Chloroflexi), but only 27% identical to the best animal 

P450 match. The second bacterial sequence was 47% identical to CYP1214A8 

Acidobacterium capsulatum and only 30% to an animal P450. A duplicated copy of NADPH 

cytochrome P450 reductase was removed and a methyltransferase-like protein was removed. 

Fused P450 sequences were split. Multiple sequences belonging to the same gene were 

joined leaving 124 sequences, 54 are less than 450 amino acids long. Sequences were 

revised based on BLAST alignments.

Velvet worm (Euperipatoides_rowelli) has a genome project but it is not very contiguous yet 

so P450s were analyzed using transcriptome sequences supplied by Lars Hering and Georg 

Mayer. The process for these sequences was different, The DNA sequences were formatted 

for BLAST searching on NCBI stand-alone BLAST software. A P450 search set was 

prepared that has good representation of P450 families in insects and other arthropods. This 

search set was used to batch BLAST search the transcriptome sequences for hits. Once hits 

were found these DNA sequences were translated and BLAST searched against the named 

set of P450s from insects and other invertebrates to identify family membership. Novel 

sequences <40% identical to named P450s were assigned to new families.

2.4 Spider sequences

Two spider genomes were analyzed for P450s: the wolf spider (Pardoas pseudoannulata, 

confidential, not included here) and the common house spider (a part of the i5k project). 

P450s available in the protein section of GenBank were obtained by the search Parasteatoda 
tepidariorum[orgn] AND P450 NOT reductase (334 sequences). Only four sequences 

seemed to be false positives. There were sequences from two Bioprojects, a transcriptome 

project PRJDB4182 and a genomic project PRJNA316108. Because of this there are some 

duplicate sequences of 97–100% identity between the two projects. There are ~137 unique 

P450s. Sequences were compared to the wolf spider sequences and named based on 

sequence similarity.

2.5 Alignments and trees

Protein sequences not including pseudogenes or short sequences were aligned using 

CLUSTAL Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). The NJ phylogenetic tree 

produced at the same site was used. The tree was midpoint rooted, drawn in Figtree v1.3.1 

and labeled in Adobe Illustrator CC. After making hundreds of trees of cytochrome P450s 

for many years, the trees produced in this manner are very consistent. The same CYP clans 

are always found and sequences sort into CYP families that are reproducible when 

previously named sequences from other species are included as markers.
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2.6 Plant sequences from the 1KP project

P450s were recovered from the 1KP data in two rounds. The first round used the 1KP 

Orthogroups Extractor, A web api available at http://iptol-api.iplantcollaborative.org/

onekp/v1. MCL clustering had been performed previously on 22 annotated plant genomes to 

cluster the sequences into 53,136 orthogroups and 6,054 super orthogroups [15]. The 1KP 

transcriptome data were mapped onto these orthogroups as described [16]. The orthogroup 

extractor allowed queries of these orthogroups with seed sequences used in their 

construction. By querying the data with the seed sequence gene IDs orthogroups could be 

retrieved. Approximately 100 tomato P450 Soly (Solanum lycopersicum) IDs from all CYP 

plant families were used as seed sequences to recover P450s from 86 orthogroups. These 86 

orthogroups contained 153,374 P450 sequences. The second round of P450 recovery used a 

different method. The MCL clustering data had been created by setting seven levels of 

stringency in the clustering algorithm[6]. The end result at the lowest stringency was super 

orthogroups. By searching the super orthogroup locations of the first 86 orthogroups two 

super orthogroups appeared to contain all the P450 sequences. The majority of P450s were 

in super orthogroup 9 and CYP74s that are highly divergent sequences were partly in super 

orthogroup 9 and also in super orthogroup 122. When these were downloaded a total of 490 

orthogroups were obtained that had P450 sequences. There were an additional 36,061 

sequences in this new data set. After combining the two sets and filtering to remove 

duplicates in more than one orthogroup and screening to detect and remove fungal, insect 

and other contamination 171,940 plant P450s remained. These sequences were sorted by 

their phylogeny into nine taxa for further analysis. The nine taxa are algae, liverworts, 

hornworts, mosses, lycophytes, ferns, gymnosperms, non-eudicot angiosperms and eudicots.

Analysis of 175 short eudicot P450s that were less than 40% identical to named P450s was 

performed. By BLAST searching the 1KP set, best matches were found to full length 

sequences that had already been assigned to a family. In some cases there was almost 100% 

identity. The majority of sequences could be assigned to families this way. The remaining 

sequences were mostly mid-region pieces. These were BLAST searched against the named 

P450 set and if all 40 top hits were to the same family it was assumed that the fragment 

belonged to that family. Three sequences were found to be contamination and they were 

removed.

To complete CYP family discovery and naming in this gymnosperms, 15,594 gymnosperm 

sequences were batch BLAST searched against the named plant P450s now including the 

families added from liverworts and hornworts. Only 714 were <40% identical to named 

P450s. The blastclust algorithm (part of the NCBI stand alone blast software) was used to 

cluster these sequence into seven groups. The largest group was assigned to CYP947. One 

hundred sequences from this family were named and added to the searchable plant BLAST 

file. The set was re-searched against the modified set to find any other members of CYP947. 

The procedure was repeated for each of the seven groups. Any singletons were searched at 

the end after adding all other named gymnosperm sequences to the searchable file.

1KP data is BLAST searchable at https://db.cngb.org/blast4onekp/blast with a login 

required.
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2.7 Bacterial sequences

58,854 Bacterial RefSeq sequences were downloaded and batch BLAST searched against 

the 2,979 named bacterial and 64 archaeal sequences, using NCBI’s stand alone BLAST 

software.

3. Results and discussion

3.1 Birds

The complete sequencing of 48 bird genomes from 35/40 orders was accomplished in 2015 

[17]. This was followed in the same year by deep sequencing of selected genomic regions in 

198 birds covering all 40 bird orders [18]. Now, there is a bird 10K project B10K to 

sequence all 10,500 bird species [19]. Eight bird genomes from five orders have had their 

P450s analyzed. The deepest branching birds are the Palaeognathae, (includes kiwi, 

ostriches and relatives). The brown kiwi Apteryx australis has had its P450s named. The 

next branch on bird phylogeny is the Galloanserae or landfowl (Galliformes) and waterfowl 

(Anseriformes). Two Galliformes species chicken (Gallus gallus) and turkey (Meleagris 
gallopavo) as well as one Anseriformes species the mallard duck (Anas platyrhynchos) have 

been included. Most modern birds (33 orders) are in a large clade called Neoaves. Chaetura 
pellagica (chimney swift) is the only Apodiformes (swifts, hummingbirds, nightjars and 

relatives) species included here. Three Passeriformes or perching bird species: collared 

flycatcher (Fidcedula albicollis), zebrafinch (Taeniopygia guttata) and one of Darwin’s 

finches the medium ground finch (Geospiza fortis) have had their P450s named. Bird 

phylogeny is quite complex and the reader is referred to [18] for more details and a beautiful 

phylogenetic tree.

The birds are remarkably similar as seen in Suppl. Table S1 (Bird P450s compared). There is 

a core set of 46 CYPs shared by nearly all of the birds. This is a smaller CYPome than seen 

in mammals and there are almost no gene blooms. The one exception is in chicken that has 

five CYP2Js and one pseudogene. Turkey has three CYP2Js and nine pseudogenes. All other 

birds have CYP2J19. The Passeriformes birds the finches and the flycatcher also have a 

CYP2J40 not seen in other bird orders. The CYP2J19 gene was identified as the gene 

responsible for red colored plumage in red factor canaries and red beaks and legs in 

zebrafinches via production of ketocarotenoids [20, 21. The ortholog was also identified in 

turtles that produce red retinal oil droplets to aid in color vision [22].

An unexpected finding is the absence of three CYPs found in most other vertebrates. 

CYP8A, CYP11B and CYP27B are missing in 7/8 bird genomes except CYP27B is found in 

the chimney swift. CYP1C1 is also missing in Neoaves after Anseriformes, but only four 

species have been examined so far. Kiwi has pseudogenes of CYP8A and CYP27B and a 

functional CYP11B gene. These absences point to gene losses after other birds diverged 

from Palaeognathae. There might be concern that these genes are missing by chance. The 

contig N50 for each genome is published at NCBI for each genome project. Bird contig 

N50s range from 17,252 for kiwi to 410,964 for collared flycatcher. The fact that 

pseudogenes or full length sequences of these three genes were found in the kiwi with the 

lowest contig N50 reduces the likelihood of absence by chance. The mouse lemur 
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Microcebus marinus assembly 1 had a contig N50 of 3,511. Assembly of P450 genes was 

fragmentary but 1:1 orthologs of P450s could be found even if they were not complete. 

These included CYP8A1, CYP11B1, CYP11B2 and CYP27B1. CYP8A1 is prostacyclin 

synthase also called PTGIS. Prostacyclin regulates blood hemostasis and acts in opposition 

to CYP5A1-derived thromboxane A2. It was noted in the 1980s that prostacyclin was not 

found in chicken aorta, a tissue normally a rich source of this molecule[23]. It has been 

noted that PGE1 and PGE2 have the ability to function like prostacyclin in birds[24]. 

Notably also in the glucocorticoid synthesis pathways, the CYP11B gene is found only in 

kiwi, but not in other birds. CYP11B1 is key in the biosynthesis of the glucocorticoids 

cortisol and corticosterone, while CYP11B2 is aldosterone synthase. Birds make 

glucocorticoids, so the absence of the CYP11B genes is puzzling. There must be an 

alternative enzyme to replace CYP11B [25]. CYP27B is a more complicated case since that 

gene is seen in chimney swift and Pseudopodoces humilis (Tibetan ground tit). CYP27B1 or 

25-hydroxy vitamin D3 1-alpha hydroxylase, is missing from most of the birds. The 1, 25 

dihydroxy vitamin D3 isoform is important for calcium homeostasis. The absences of these 

genes suggest bird physiology has some significant differences from mammalian physiology.

3.2 Panarthropods

Much progress had been made in insect P450s since the completion of the Drosophila 

genome in 2004 [26]. Insects are part of the arthropods (insects, crustaceans, myriapods 

(centipedes and millipedes) and chelicerates (spiders, ticks, mites and the horseshoe crab)). 

The phylogeny extends farther as panarthropods by adding in the sister group of velvet 

worms and finally tardigrades or waterbears (Figure 1). Eighty seven panarthropod genomes 

have had their P450s named (Table 1). At the base of this group the velvet worms and 

tardigrades are considered to be ‘living fossils’ [27, 28]. Comparison of these deepest 

branching members to each other and insects can give a window into what the node 

organism for this clade was like. One emerging feature is the loss of P450 clans along the 

lineage leading to insects. Note that tardigrades and velvet worms have seven P450 clans, 

including CYP51, a CYP20 and a CYP26 clan member. CYP51 is lost on the branch leading 

to the arthropods. CYP20 and CYP26 vanish between myriapods and crustaceans. Though 

the substrate for CYP20 is not known, CYP26 acts to inactivate retinoids by hydroxylation. 

Insects seem to have altered their use of retinoids by loss the CYP26 clan.

To look in a little more detail Figure 2 is a tree that includes the CYPs from horseshoe crab 

Limulus polyphemus and a tardigrade Hypsibius dujardini. The tardigrade has only one 

member each in the CYP51 clan, the CYP26 clan, the CYP20 clan and the CYP4 clan. It has 

two sequences in the mito clan and one of these is CYP315, the Halloween gene shadow that 

is the final step on the path to ecdysone. CYP314, the shade gene that produces 20-

hydroxyecdysone, was not found. Yet the tardigrade molts. No CYP family in Limulus has 

more than seven sequences. Though it is possible that Limulus experienced gene losses to 

achieve a low CYP count, I favor the opposite view that Limulus is closer to the node 

organism in having a lower number of P450 genes.

Most of the CYP2 clan P450s in the tardigrade fall on two branches with 15 and 48 

sequences, indicating large gene blooms. Only three other tardigrade branches are found in 
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the CYP2 clan with only one, two or three sequences each. This may mean that the node 

organism had only a few CYP2 clan P450s that underwent dramatic expansion. The 

tardigrade CYP3 clan has nine sequences on this tree in three CYP families. The data 

supports a view that the node panarthropod genome had seven P450s clans and possibly only 

1–4 P450s per clan. This organism may have had only a dozen P450s. Limulus on the other 

hand is more typical. It has the Halloween genes CYP302, CYP307, CYP314, CYP315 and 

CYP18 for 20-hydroxyecdysone catabolism.

The velvet worm P450s have been assembled from transcriptome data provided by Lars 

Hering and Georg Mayer [29]. A tree including Limulus, tardigrade and velvet worm 

sequences along with some additional sequences to define the families is included as Suppl. 

figure S1. In both figure 2 and Suppl. Figure S1 the CYP2 clan makes up more than half the 

sequences. Velvet worm has a 41 sequence gene bloom in the CYP2 clan and three smaller 

expansions in the CYP2, CYP3 and CYP4 clans with 9–11 sequences. Limulus does not 

have gene blooms.

The common house spider Parasteatoda tepidariorum was mined for P450s as part of the i5k 

project. These sequences are shown in Figure 3. No CYP20 or CYP26 sequences were found 

even though these are present in Limulus, a more primitive Chelicerate. The sequence 

diversity in this spider is somewhat limited since there are some large CYP families. The 

CYP2 clan has three of these families CYP3001 (29 CYPs), CYP3304 (40 CYPs) and 

CYP3306 (21 CYPs) in Figure 3. The CYP41 family in the CYP3 clan has 40 sequences in 

the tree. The CYP4 clan is made up entirely of subfamilies of the very divergent CYP4 

family. Among the conserved CYP sequences house spider has CYP18, CYP302, CYP314 

and CYP315. It may be significant that no CYP4G sequences were found. CYP4G codes for 

the genes used by insects to make cuticular hydrocarbons. It is thought that water proofing 

was an essential factor of emerging onto the land. Spiders are proposed to have made the 

water to land transition independently of insects and so the waterproofing biochemistry is 

probably different.

Figure 4 shows the number of panarthropod CYP sequences per genome sorted by 

phylogeny. There is a saw tooth pattern. Each taxon has a range of P450 genes. The low end 

is generally 50 or less. Diptera exceed this and they also have the highest number of P450s 

observed in an animal (Stomoxys calcitrans the stable fly has 215 CYPs). The Ixodes 
scapularis tick is also an outlier with 206 CYPs. The body louse Pediculus humanus 
currently has the fewest at 36, but lower numbers are anticipated from unpublished genomes. 

The larger number of CYPs in some species is due to gene blooms but it is not clear what 

triggers a bloom. The Ixodes tick only eats blood meals, so the diet cannot be responsible for 

the high number of CYPs. This tick may be exposed to chemicals in its environment as it 

crawls through leaf litter and up the stalks and leaves of plants to find a host.

3.3 Plants: Liverworts, hornworts and gymnosperms

The 1KP thousand plant transcriptome project is headed by Gane Ka-Shu Wong in Alberta, 

Canada with sequencing done by BGI in Shenzhen, Guangdong, China. The sequence data 

included 1171 unique species in 916 genera and I added 19 additional species already 

annotated for P450s to the data (Suppl. Table S2). After following the protocols outlined in 
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Materials and Methods more than 171,000 sequences were obtained (Table 2). Sequence sets 

from each taxon were batch BLAST searched against all named plant P450s (~7,500 

sequences at the time of searching). The data was imported to a spreadsheet and sorted by 

percent identity (largest to smallest) to find those sequences <40% identical to named P450s. 

These would be the candidates for new P450 families or contaminants.

The ultimate goal for categorizing all these sequences would be to name them all. That task 

is quite large. A simpler option would be to find all the novel CYP families in each taxon 

without necessarily naming all the sequences. The ranking by best hit percent identity as 

described above provides the starting point for this effort. Those sequences above 40% 

identity to a named sequence should belong to that CYP family. There are some caveats 

regarding shorter sequences that require some scrutiny when short sequences are between 

40–55%. However, it is possible to take all sequences below 55% identity to a named P450 

and Blast search them against each other to find family clusters of >40% sequence identity. 

This is essentially what the Blastclust algorithm does but the results are not so clean that 

total reliance on this algorithm will give satisfactory results. Some manual checking is 

needed.

To illustrate the procedure the eudicot group of 112,018 sequences was examined. Since 

most named P450s are from the eudicots only 175 sequences in this group were below 40% 

identity. Nearly all were short pieces from the N-terminal or middle region before the I-

helix, a poorly conserved region. These sequences were analyzed as described in Materials 

and methods. The result was impressive in that there were no new families found in more 

than 112,000 new eudicot plant sequences. This same procedure could be applied to the 

eight remaining taxa, thus defining all the plant P450 families.

Liverworts and hornworts were the two smallest taxa, so they were chosen first to find all the 

new CYP families and then to name all the sequences. After binning the most diverse 

liverwort sequences by sorting them into family related groups 2,422 liverwort sequences 

from 22 different species were named. Some sequences had more than one transcript with 

different IDs. After subtracting the duplicate names 1,827 unique liverwort sequences 

remain. Figure 5 shows all eleven P450 clans and 39/69 CYP families found in liverworts. 

This tree features Marchantia polymorpha and Marchantia paleacea. 48 liverwort CYP 

families were not seen in other taxa at the time liverworts were named. Some of these 

families are expected to be found in other groups like moss, hornworts or lycophytes, since 

liverworts are the first of the lower plant taxa to be named. Liverworts are one of the earliest 

land plants so the distribution of P450s among the clans is of interest. Figure 6 shows a 

comparison between liverwort and named angiosperm CYPs by clan. They are highly 

similar except angiosperms have lost the CYP746 clan. The transition from water to land set 

the P450 composition and it has changed relatively little since.

Hornworts initially had only 185 sequences, but the 1KP project added six more hornwort 

species later in the project. An exhaustive BLAST approach was used to find all the P450s 

from these eight species of hornworts. This yielded 2,165 P450 sequences. An approach like 

the one used for liverworts was able to bin these into families and subfamilies, though not all 

of them have been named. Thirty eight new CYP families were found in hornworts, 
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demonstrating that it is significantly different from other plant CYPomes. The CYP85 clan 

is expanded compared to liverworts and the CYP71 clan is reduced (Figure 6). Hornworts 

have retained the CYP747 family seen in green algae.

The methods used in liverworts, hornworts and eudicots can be applied to each plant taxa in 

turn to define all the CYP families in plants. Algae will be particularly challenging due to 

the high biodiversity. Land plants have mosses, lycophytes, ferns, gymnosperms and non-

eudicot angiosperms remaining. Considerable progress has already been made with 

gymnosperms from sequencing pine and spruce genomes. The details of the approach used 

for gymnosperms is described in Materials and Methods. Since two large conifer genomes 

had been named already, only 13 new CYP families were found. To be confident that no 

gymnosperm families were missed a total of 1,030 lowest percent identity sequences were 

named.

3.4 Fungi

Cytochrome P450s in fungi are extremely diverse, possibly more so than in any other 

phylum. Even though Saccharomyces cerevisiae has only three P450s and four 

Schizosaccharomyces species have only two, other fungi have >1% of their genomes as 

P450s. The saw tooth pattern observed before in Panarthropoda (Figure 4) is also 

characteristic of fungi (Figure 7). Many species have over 200 CYPs and at least one 

Sphaerolobus stellata the cannonball fungus [30] has 601 cytochrome P450 genes, with 564 

found in Dendrothele bispora (both in Agaricomycotina). The number of CYP families is 

also quite large (currently 805), more than seen in bacteria. The saw tooth pattern conveys 

two points about P450s in fungal genomes. These genes are luxury genes with the exception 

of CYP51 and CYP61 in sterol biosynthesis. Even Agaricomycotina has some members 

with very few P450s (as low as 4–5 CYPs). Yet some Agaricomycotina species explode their 

P450 content. In contrast, Saccharomycotina is definitely frugal with their P450s, usually 

less than 10 but never more than 26. There appears to be a brake on gene expansion in 

Saccharomycotina. This has been noted by others [31].

Sphaerolobus stellatus seems so unusual that the sequences were checked for fragmented or 

incomplete genes. Figure 8 shows the 601 sequence lengths in a histogram. Nine are fusion 

proteins that belong to the known fused P450 family CYP505 (P450 on the N-terminal) and 

four sequences belong to the P450 fusion family CYP6005 (P450 on the C-terminal). These 

are legitimate longer P450s. One long sequence is actually two P450s fused together. About 

300 are complete or nearly complete sequences. The graph has a long tail tapering to about 

50 amino acids. Examination of the 216 sequences shorter than 250 amino acids shows 78 

are N-terminal up to about the C-helix, 63 are mid region up to about the PKG motif and 89 

are C-terminal from about PKG to the end. None were false positives. The shorter sequences 

may be pseudogenes or some of them might be partial genes that could be combined with 

others to make complete sequences. There may be about 400 full-length sequences after 

such combination. The S. stellatus genome is not highly fragmented. The contig N50 is 

19,443, long enough to cover fungal P450 genes (1,500–3,000bp). so the high gene count is 

not an artifact.
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Diversity in fungal genomes is being explored by JGI in the 1KFG the One Thousand 

Fungal Genomes Project [10,11]. This project is now more than three quarters complete with 

771 genomes sequenced. Seventy five of these genomes and an additional 28 fungal 

genomes have had their P450s named (103 species). P450s from 796 genomes have been 

downloaded (Suppl. Table S3) giving a total of 85,103 fungal P450 sequences, of which 

7,925 are named. BLAST searching of 52,582 sequences from 571 genomes has been 

performed against ~7,900 named fungal P450s. The BLAST output from these first 571 

genomes showed an unexpected result. Only 14% of these sequences (7,513) were below 

40% identical to named P450s. This is still a large number but 86% belonged to existing 

CYP families. Only 0.5% were false positive hits that were not P450 sequences. To define 

the total number of P450 families in fungi these 7,513 sequences will have to be analyzed as 

described earlier for plant taxa. Then the newer genome sequences will also have to be 

examined. It is probable that the number of fungal P450 families will exceed 1000.

P450 clans are deep branching clades on phylogenetic trees that form natural divisions 

among the P450 sequences from one kingdom. Members of a clan always cluster together on 

trees even though the relative position of branching of the clans can vary. Animals have only 

11 clans and multicellular land plants also have 11. A few more plant clans (CYP745, 

CYP747) will be added as green algae are included. Plant and animal clans only overlap in 

CYP51 and CYP74 clans and the CYP74 overlap is probably due to a lateral transfer, not to 

a common ancestral sequence in the node organism. In fact all Eukaryotes are expected to 

share the CYP51 clan, allowing for some losses in a few groups like arthropods, nematodes, 

tunicates, etc. Fungi make up the third large eukaryotic phylum to be well sampled by 

genome sequencing. The fungal CYP clan structure is more complex and these branches 

have not all been defined yet. An early attempt to define fungal clades was conducted by 

Deng, et al., 2007 [32]. They used 376 P450s from diverse fungal species and made a solid 

attempt to define families. Their families differ from the P450 nomenclature families, but 

there is some strong congruence. However, with tens of thousands of sequences another 

approach needs to be made besides making a single master tree. A more recent attempt was 

produced by Moktali et al., 2012 [33]. These authors made use of a fungal P450 database 

and algorithms to define clans. There is significant overlap in their clans and my own set but 

they are not exactly the same.

Figure 9 shows a base set of 184 P450s to begin to define the fungal P450 clans. This tree 

has 17 clans and one lone sequence CYP5346A1, normally in the CYP54 clan. These 17 

clans can be considered as a base to which new clans can be added. Sequences that are 

<40% identical can be added to the tree in batches of about 100 sequences at a time to see 

where they sort. Sequences that fall in new deep branches between existing clans are 

candidates for new clans. Clans cannot be defined by percent identity cutoff as has been 

done for families and subfamilies. The percent identity begins to lose defining power as it 

dips below 30%. For example CYP4B1 from mammals can be 28–30% identical to some 

plant sequences and some fungal sequences, though these sequences are not in the same 

clans. How can one define a clan? The clans are a reproducible outcome of clustering 

algorithms that use scoring matrices to align sequences and then produce a hierarchical tree 

based on a difference matrix representing the similarities between all of the sequences. The 

fact that the same clusters are seen in hundreds of trees indicates that the clustering 

Nelson Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



algorithms are extracting a pattern from the sequence data that is reproducible. What is not 

reproducible is the final connectivity of the deepest branches. This is variable from tree to 

tree. Where the reproducible clusters end and the variablity begins in the deepest branches is 

the de facto definition of a clan.

Looking at the Figure 9 tree in more detail, note in clan 7 that there are two animal CYP7 

sequences from human and fugu. These sequences fall inside this clan and give it their name. 

Clans are named for the lowest numbered family member in this case CYP7.

Opisthokonta is made from the sister groups animals and fungi. Therefore, it might be 

possible that the Opisthokonta common ancestor had a CYP7-like sequence that gave rise to 

both animal and fungal CYP7 clans. Alternatively, there could have been a lateral transfer to 

move the clan between species. Lateral transfers are known to happen in fungal P450s since 

the CYP55 fungal sequences are derived from bacterial CYP105 sequences [34]. The 

CYP55 clan is not included in this tree but it is on a distinct branch of its own.

A 2013 compilation made by adding sequences to the base tree in Figure 9 included 611 

families in 26 fungal clans (Suppl. Table S4). As further documentation, A 296 sequence 

tree with 20 clans including the CYP5108, CYP5224, CYP5225 and CYP5226 clans is 

provided as Suppl. Figure S2. Note in this tree the CYP51 and CYP61 clans are split though 

they were joined in Figure 9. Five clans of the original 26 are not shown in either of these 

two trees. These are CYP55 (1 family), CYP645 (2 families), CYP5189 (2 families), 

CYP5241 (1 family) and CYP6003 (1 family). In March 2017, 177 new fungal families were 

added to the tree in Suppl. Figure S4 in two batches to assign clans. A total of 168 new 

fungal families were assigned to clans (shown as red font in Suppl. Table S4). Currently, 

779/805 fungal CYP families are assigned clan membership. 26 families were represented 

by pseudogenes or short sequences only and these could not be assigned. Thirty two CYP 

clans were defined, including six new clans but three of these are singletons and do not have 

strong evidence to support them (Suppl. Table S4). As the number of fungal CYP families 

begins to plateau as the sequence space is more fully sampled the absolute number of fungal 

CYP clans will become known.

3.5 Bacteria

Bacterial P450s were among the first to be sequenced and the first to have crystal structures 

determined. Some bacteria have no cytochrome P450s and some have 50 or more (Frankia 
sp. EAN1pec 50 CYPs, Mycobacterium vanbaalenii PYR-1 51 CYPs, Streptomyces 
RK95-74 52 CYPs), Streptomyces clavuligerus ATCC 27064 58 CYPs and Streptomyces 
rapamycinicus NRRL_5491 61 CYPs). For comparison humans have only 57 CYPs. The 

diversity among bacteria is legendary so the diversity of P450s was expected to be extremely 

high, even higher than that of fungi. A total of 2,979 bacterial and 64 archaeal CYP 

sequences are named in 602 prokaryotic CYP families (Suppl. Table S5) but sequencing is 

much faster with bacteria so many more sequences are in the databases. The CYPED 

(Cytochrome P450 Engineering Database) has 18,379 bacterial CYPs. Some effort has gone 

into naming of metagenome samples to cover the biodiversity of bacterial CYPs. Because of 

that all of the CYPED sequences were found to fit in existing P450 families, defying 

expectations of high diversity. The majority of these sequences were from land or freshwater 
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samples, so to test the diversity of marine bacteria, 3,305 P450 sequences from the Sorcerer 

II Global Ocean Sampling Expedition were compared to the named set. The result was 25% 

were <40% identical, indicating that the diversity in the marine bacteria is much higher or 

less well sampled than the CYPED sequences. Even so, there appears to be a trend toward 

saturation as most new bacterial sequences seem to fit in existing families.

A search of GenBank’s protein section with the query “bacteria[orgn] AND P450 NOT 

reductase” returned 223,600 hits. Experience with this database suggests that both RefSeq 

and original entries are included so that would reduce this number by half. Still that would 

be over 100,000 sequences. Even the RefSeq number given in the Source Databases link on 

the left of the page shows 58,854 hits. Of these 14,454 are from Mycobacterium and 13,530 

are from Streptomyces and these are already well sampled in the named P450 set. A total of 

2,181 of the RefSeq sequences were 100% identical to named P450s and 5,094 sequences 

were >99% identical to named P450s. Less than 1% or 437 sequences had no BLAST hits 

and were considered false positives. After removal of those and some additional false 

positives 58,336 sequences remained. The sequences and their best BLAST hit are presented 

in Suppl. Table S6 Only six % (2,268 sequences) were below 40% identical to named P450 

sequences. In this group 209 are also <100 amino acids long and may be false positives. 

Ninety four % of the sequences are >40% identical to named P450s. This supports the 

earlier conclusion drawn from the CYPED set of sequences that the diversity of bacterial 

P450s has been well sampled excepting the marine bacteria.

3.6 P450 statistics

Table 3 shows the number of cytochrome P450 sequences currently named and the number 

in my collection but not yet named. The number of CYP families in each taxon is also given. 

Due to some families being present in more than one taxon, the total number of 2,252 CYP 

families is less than the sum of the nine taxons. Over 41,000 sequences are named. A total of 

nearly 350,000 sequences have been mined from various databases described earlier. The 

Genome 10K project claims that it will sequence 10,000 vertebrates by 2020 [35]. Assuming 

~75 P450s per vertebrate genome will add 750,000 more sequences, easily exceeding one 

million.

4.0 Conclusions

The annotation of cytochrome P450 sequences is a project I have undertaken for 30 years 

[36]. At first, the task was open-ended and of unknown scale. Today the framework for a 

comprehensive nomenclature is in place. Clans define the deepest branching clades of P450s 

followed by CYP families. Clan nomenclature was introduced in 1998 [37] and 1999 [38] to 

“indicate relationships that lie outside the family designations.” In practical terms this means 

that some CYP families shared a common ancestor recently enough that they still cluster 

with each other on phylogenetic trees. These relationships are exclusive in that members of 

one clan do not cluster with members of a different clan when both are present. The clan 

concept works well within kingdoms. Ruggiero et al., 2015 recognize 34 animal phyla. 

Animal CYP clans cross these boundaries [39]. The clans from different kingdoms when 

mixed still sort into consistent distinct clusters on trees. Mixing 314 sequences from 9 plant 
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clans and 10 animal clans produced 18 distinct clans in a single tree (data not shown). 

CYP51 from plants merged with CYP51 from animals to make one clan. None of the other 

clans merged. Animals and fungi (termed Opisthokonta) are closer relatives than plants but 

they do not appear to share clans either, with exception of CYP51 and a possible lateral 

transfer of CYP7. The lack of shared clans between animals and fungi, even though they are 

sister groups speaks to the timing of clan formation. Clans presumably formed after these 

kingdoms separated. Berbee and Taylor, 2010 date the animal fungal divergence at about 1 

billion years, so clans seem to be the product of gene divergence within the sub-billion year 

time scale. Any branch on the tree of life that is older than animal/fungi should have 

independently evolved clans of P450s derived from whatever P450s existed in the ancestor 

of each group.

The number of vertebrate and even animal clans is fixed at 11 and is unlikely to change. The 

last animal clan was CYP74 added in 2008 [40]. The number of vertebrate families is also 

stable at 19, with the last family detected CYP16 being added in 2010. The land plants 

appear to have 11 clans as well but more families. The last land plant clan identified was 

CYP746 found in moss in 2006 but first observed in Chlamydomonas [41]. The discovery of 

all these plant groups is moving forward thanks to the 1KP project. Soon all the clans and all 

the common families should be known in plants. There is always room for new genus 

specific families, but these should not change the overall landscape of the sequence space. 

Even fungi and bacteria are yielding to the sequence onslaught.

The dark matter of P450 is currently in the protozoa. Only 602 P450 sequences have been 

named in protozoa. Partly this is due to a lack of sequencing in these organisms and partly it 

is due to few P450s being found in some species. More than half of the known sequences 

(356) were analyzed from 13 oomyctes (Stramenopiles) [42]. Studies on the eukaryotic 

branching pattern at the deepest nodes are resolving the evolutionary history of eukaryotes 

[43–46]. Five Supergroups have been defined and refined: Opisthikonta, Amoebozoa, SAR 

(Stramenopiles, Alveolates, and Rhizaria), Archaeplastida and Excavata. Opisthokonta 

(animals and fungi) are united with Amoebozoa. SAR has now joined with Archaeplastida 

(green plants, red algae and gluacophytes). Together with Excavata and a set of lesser known 

enigmatic orphan taxa, these three megagroups are being examined further to define their 

ultimate branching order and the root to the tree of eukaryotes. Two groups claim to have a 

fully resolved tree and their root positions agree [47,48 ] Since these branches are ancient it 

is expected that each deep branch has evolved P450s independently from a core set of P450s 

in the earliest node organism. How many P450s were in these ancestors? To quote 

Feyereisen “The number and identity of common CYP ancestors is unknown, and in fact, 

unknowable, and only an estimate of the minimal number can be made…” [49]. Our ability 

to recognize ancient P450s over newer (post-kingdom) P450s depends on their conservation 

of sequence. CYP51 has preserved its function and sequence over very large time periods so 

that distant protist branches such as Euglenozoa have clear CYP51 members. Another 

candidate for this ancient status is CYP710/CYP61. This is the C22-desaturase enzyme of 

sterol biosynthesis whose function is experimentally known in fungi as CYP61 and in plants 

as CYP710. Some protists have CYP710 as well (Euglenozoa: Leishmania, Trypanosoma, 

Euglena; Amoebozoa: Acanthamoeba). Since this gene is downstream of CYP51 in sterol 

biosynthesis in can be argued that it evolved later and probably from a CYP51 duplication. 
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The fungal clans CYP51 and CYP61 often group together. Barring multiple lateral transfers, 

these two genes were present in the last ancestors of plants, fungi and some protists. How 

many others could have been present? There may have been more than two but their 

sequences have not been preserved to the present day. Their lineages may have been lost or 

their sequences could have changed to the point that they can no longer be recognized across 

kingdoms.

In some cases evolution resulted in gene loss leading to no P450s in lines like Giardia 
intestinalis, Plasmodium falciparum (malaria) and Encephalitozoon cuniculi (all parasitic). 

In other cases expansions have occurred as in the ciliates Tetrahymena thermophila (48 

CYPs) and Paramecium tetraurelia (22 CYPs). Since ciliate organisms do not use sterols in 

their membranes except when available from the diet they have lost CYP51 and make 

hopanes like tetrahymenol instead [50]. Their P450s are unique to their own line. This will 

probably be the case for most eukaryotic deep lineages. Of the original LECA (Last 

Eukaryotic Common Ancestor) CYPome, only CYP51 and CYP61/CYP710 are 

recognizable in modern times. Any other CYPs that may have been present in the LECA are 

now extinct or evolved into new families that are not traceable back to the Eukaryotic root.

A method has been described here to systematically find all the P450 families in large sets of 

P450 sequences from a single taxon like gymnosperms or liverworts. Application of this 

method to algae, moss, lycophytes, ferns and non-eudicot angiosperms in the near future 

should complete the discovery of all P450 families in plants. Another process for finding and 

defining new CYP clans in fungi with more than 85,000 sequences is being applied. Even 

this most diverse group of P450s is showing the trend toward saturation, with relatively few 

sequences belonging to the <40% sequence identical group. This number will fall toward 

zero as the data from the one thousand fungal genomes project is analyzed. Insects are 

moving forward with the i5k project and nearly 70 species have been analyzed for their 

P450s. With more than one million species the insects will be a rich vein to mine in the 

future. One can expect saturation of the sequence space as the insect biodiversity is sampled. 

Non-insect invertebrates are only beginning to be explored [51 Goldstone, this issue] and 

much work remains to be done in this area. The GIGA compilation of genomes should be 

quite helpful as raw material for future progress. Bacteria are surprisingly well sampled with 

94% of GenBank RefSeq P450s falling in named P450 families. More work will need to be 

done on marine bacteria and the microbiomes from inside animal’s guts. Much diversity is 

still expected as the sources of bacteria broaden beyond soil and freshwater. If P450 

diversity is like a jigsaw puzzle being assembled, the picture has become quite clear in some 

areas, while it is still terra incognita in a few less frequently visited regions. Of course, this 

refers to the sequences only. The function of P450s is more difficult to determine and much 

less is known about function. At least in 2017 we know the scope of the project and can 

perhaps see the border pieces being inserted for parts of the sequence diversity puzzle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ~350,000 cytochrome P450 sequences are collected from public and private 

sources.

• P450s from panarthropods horseshoe crab, velvet worm and a tardigrade are 

anlayzed.

• The P450s from a first spider genome are named.

• Progress is presented on naming P450 clans in fungi.

• Methods are described for finding all P450 families in any taxa 

(gymnosperms, etc).
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Figure 1. 
A schematic tree showing the relationships of the major taxa in the panarthropoda. The chart 

on the right shows the presence of clans in these groups.
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Figure 2. 
CYPs from the horseshoe crab Limulus polyphemus and a tardigrade Hypsibius dujardini. 
The spokes are colored to indicate CYP clan and the tip labels are colored blue for 

tardigrade and orange for the horseshoe crab Limulus. A few other sequences are included to 

clarify the branching pattern. This is an NJ tree made using CLUSTAL Omega (http://

www.ebi.ac.uk/Tools/msa/clustalo/). The tree was drawn in Figtree v1.3.1 and labeled in 

Adobe Illustrator CC. Tardigrade gene model IDs are given in Suppl. Table S7. Sequences 

are included in Suppl. Sequence file 1.
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Figure 3. 
House spider tree. The spokes are colored to indicate the four CYP clans. This tree was 

made as described in Material and Methods. It is a midpoint rooted NJ tree. Sequences used 

are in Suppl. Sequence File 4. Accession numbers are in Suppl. Table S8.
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Figure 4. 
Distribution of numbers of P450s in 87 panarthropods by phylogeny
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Figure 5. 
Liverwort tree showing representative sequences and featuring Marchantia polymorpha 
(green labels) and Marchantia paleacea (red labels). The spokes are colored to show CYP 

clans. Liverworts = Mpa Marchantia paleacea; Mpo Marchantia polymorpha; Me 

Marchantia emarginata; Pn Porella navicularis; Pp Ptilidium pulcherrimum; Pa Plagiochila 
asplenoides; Rb Riccia berychiana; Cc Conochephalus conicum; Ply Pallavicinia lyellii; Tl 

Treubia lacunose; Sch Schistochila sp.; PE Pellia cf. Epiphylla; Other species = Php 

Physcomitrella patens (moss); Selm Selaginella moellendorffii (lycophyte); Nen Nelumbo 
nucifera (sacred lotus); Cycas Cycas rumphii (cycad); Met Medicago trucatula; Pinus or 

Pinu Pinus taeda; Picea Picea glauca; Picsi or Pics Picea sitchensis; Gmax Glycine max 
(soybeans); rice Oryza sativa; Pop Populus trichocarpa; Antik Antirrhinum kelloggii; Vv 

Vitis vinifera; Pyrus Pyrus communis (Pear); Gink Ginkgo biloba. Sequences used are in 

Suppl. Sequence File 5.
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Figure 6. 
Pie chart showing the size of the P450 clans in Liverworts compared to Angiosperms and 

Hornworts
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Figure 7. 
Distribution of the numbers of P450s in 570 fungi by phylogeny
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Figure 8. 
Sphaerobolus stellatus P450 length of sequences in decreasing order. Sequence lengths were 

averaged in groups of 20.
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Figure 9. 
Fungal clan tree. The sequences used in this tree are provided in Suppl. Sequence File 2.
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Figure 10. 
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Figure 11. 
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Table 1

Panarthropod genomes sequenced with CYPomes analyzed.

Insects CYPomes complete Sequences

Lepidoptera (moths, butterflies) 20 1692

Hemiptera (bugs) 15 1231

Coleoptera (beetles) 14 1278

Diptera (flies, mosquitos) 11 1390

Hymenoptera (bees, wasps, ants) 8 678

Phthiraptera (body louse) 1 36

         total 69 6305

Crustaceans (copepods 5, amphipods 1, Daphnia 1) 7 397

Myriapods (centipedes 1, millipedes 1) 2 114

Chelicerates (spiders 2, mites 4, ticks 1, horseshoe crab 1) 8 711

Onychophorans (velvet worm) 1 94

Tardigrades (water bear) 1 124

         total 87 7745
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Table 2

1KP P450 sequences in nine different plant taxa.

Taxa P450 sequences after removal of 
contamination and duplicates*

Fungal contaminant sequences Insect contaminant sequences

1 Algae 4,837 17 (0.3%) 0

2 Liverworts 2,422 540 (22%) 12 (0.5%)

3 Mosses 3,963 118 (3.0%) 26 (0.7%)

4 Hornworts 185 2 (1%) 0

5 Lycophytes 2,561 49 (1.9%) 4 (0.2%)

6 Ferns 8,977 21 (0.2%) 26 (0.3%)

7 Gymnosperms 15,954 65 (0.4%) 8 (<0.1%)

8 non-Eudicot Angiosperms 21,023 20 (0.1%) 56 (0.3%)

9 Eudicots 112,940 170 (0.2%) 222 (0.2%)

Total 171,940 1002 (0.6%) 354 (0.2%)

*
duplicates means sequences with the same name found in more than one orthogroup.
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