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Abstract 

The ‘canonical’ protein sets distributed by UniProt are widely used for similarity searching, and functional and str uct ural annotation. For many 
in v estigators, canonical sequences are the only version of a protein examined. However, higher eukaryotes often encode multiple isoforms 
of a protein from a single gene. For unre vie w ed (UniP rotKB / TrEMBL) protein sequences, the longest sequence in a Gene-Centric group is 
chosen as canonical. This choice can create inconsistencies, selecting > 95% identical orthologs with dramatically different lengths, which is 
biologically unlikely. We describe the ortho2tree pipeline, which examines Reference Proteome canonical and isoform sequences from sets of 
orthologous proteins, builds multiple alignments, constructs gap-distance trees, and identifies low-cost clades of isoforms with similar lengths. 
Af ter examining 1 40 0 0 0 proteins from eight mammals in UniProtKB release 2022_05, ortho2tree proposed 7804 canonical changes for 
release 2023_01, while confirming 53 434 canonicals. Gap distributions for isoforms selected by ortho2tree are similar to those in bacterial 
and yeast alignments, organisms unaffected by isoform selection, suggesting ortho2tree canonicals more accurately reflect genuine biological 
variation. 82% of ortho2tree proposed-changes agreed with MANE; for confirmed canonicals, 92% agreed with MANE. Ortho2tree can 
impro v e canonical assignment among orthologous sequences that are > 60% identical, a group that includes vertebrates and higher plants. 
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omprehensive, well-curated protein sequence databases have
ransformed molecular biology. Since the early discoveries of
omology between viral oncogenes and protein kinases ( 1 )
nd also growth factor receptors ( 2 ), protein sequence simi-
arity has become the most common and most effective strat-
gy for inferring protein function. Indeed, for non-model or-
anisms, 80–100% of functional annotations in the Gene On-
ology resource ( 3 ) are inferred solely from sequence data.
ecause it is so effective, the BLAST ( 4 ,5 ) similarity search-

ng program is one of the most highly cited methods in the
iomedical literature. 
Similarity searches are usually done against reference pro-

ein databases. The UniProt Reference Proteomes (release
023_05, November 2023) provide 24 004 protein sets, about
alf from viruses (11,951), another 9793 from prokaryotes
bacteria and archaea) and 2260 from Eukaryotes ( 6 ). For
his latter set, about a third are from vertebrates (623) and
igher plants (243), groups of organisms that can produce
ultiple protein isoforms from a single gene. When multi-
le isoforms are produced by a single gene, the Reference
roteome set selects, using a Gene-Centric approach, a single
soform as ‘canonical’, i.e. the representative sequence for all
he isoforms transcribed from that gene. The selected canoni-
al proteins are distributed for sequence similarity searching,
re functionally annotated, and are characterized for domain
ontent ( 7 ). The focus on canonical sequences for functional
nd structural annotation makes canonical isoform selection
ritical. 

UniProtKB / Swiss-Prot sequences in the UniProt References
roteomes are manually curated ( 6 ), but the vast majority of
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non-model organism sequences are annotated automatically,
and, until UniProt release 2023_01, the longest isoform was
chosen as the canonical sequence. This longest-canonical rule
can produce some very non-biological results (Figure 1 ). For
example, in comparisons of mouse and rat proteins, there are
25 best pairwise alignments that are more than 99% identical
(4 that are 100% identical) but have gaps of > 50 residues.
Additionally, in release 2022_05 of the UniProt reference pro-
teomes, the best alignment of mouse bis-phosphate mutase
(UniProt accession P15327 , 259 amino-acids) to canonical
rat proteins is a 96% identical alignment with Q7TP58 , a 395
amino-acid protein, with a 104 insertion in the rat protein.
However, a rat isoform ( Q6P6G4 , 258 amino-acids) matches
the mouse enzyme without any gaps. 

Even a small fraction of incorrect canonical sequences can
dramatically reduce similarity search sensitivity, in part by
producing artifactual domain architectures ( 8 ). These artifac-
tual architectures can provide high-scoring alignment regions
in non-homologous proteins that contaminate models pro-
duced by iterative searches ( 5 , 9 , 10 ), 

The problem of length differences in closely related pro-
tein sequences has been recognized for some time ( 11–13 ),
and strategies have been developed to select representative iso-
forms to be canonical. The PALO strategy ( 11 ) builds a set of
protein isoforms that are most similar in length for evolution-
ary rate studies. This has the advantage that it is computa-
tionally efficient, but it can group together isoforms that have
different sets of exons that add up to similar lengths. 

The APPRIS database ( 12 ,14 ) annotates isoforms using a
combination of structural, domain, functional sites, and con-
servation information. In addition to annotating a principal
4. Accepted: May 23, 2024 
enomics and Bioinformatics. 
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C

Figure 1. Identity and gap lengths for pairs of mammalian, yeast, and bacterial proteomes. The complete canonical reference proteome of human 
(UniProt release 2022_05, 20 594 sequences) was compared to the canonical reference proteome of gorilla (21 783), mouse (21 968), rat (22 816), cow 

(23 844) and the canonical mouse proteome was compared to rat. In addition, the canonical E. coli proteome (4402) was compared to S. typhimurium 

( salty ) (4533) and the canonical S. cerevisiae ( yeast ) proteome (6060) was compared to S. arboricola ( sacar ) (3653). Searches used the 
Smith–Waterman algorithm and the VT40 scoring matrix, as described in Materials and Methods. ( A ) The highest scoring statistically significant hits ( E () 
< 10 −6 ) from each query longer than 100 aa are ranked by percent identity; 100 samples from that ranking are plotted for each pair of proteomes. The 
legend shows the search pair (e.g. human:gorgo , human:gorilla), the evolutionary distance between the two proteomes, and the number of queries 
that produced a statistically significant hit. Alignment pairs abo v e the dashed line at 90% identity were used in panel (B). ( B ) The alignments with > 90% 

identity are ranked from shortest to longest maximum gap length and 100 samples, plus all alignments with a maximum gap length of > 50, and the 
longest 25 gaps, are plotted. The panel (B) legend shows the total number (and percent) of alignments from panel (A) with > 90% identity. The red 
rectangle highlights alignments with gaps ≥50 aa. ( C ) Percent of alignments with a gap ≥5 residues versus percent identity. The legend shows the 
number of alignments with a gap ≥5 residues for alignments that are > 90% identical; this number corresponds to the points plotted at 95% identity in 
panel (C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

isoform, the simple identification of a ‘canonical’ isoform,
APPRIS also annotates additional isoforms as likely to be bi-
ologically significant. APPRIS currently annotates nine verte-
brate genome assemblies, as well as D. melanogaster and C. el-
egans ( appris.bioinfo.cnio.es/). In addition to APPRIS, MANE
( 13 ), a joint NCBI and EMBL-EBI annotation group, has pro-
duced a reference set of human transcripts and corresponding
protein isoforms for human genes. The MANE-select protein
set is annotated using a set of analysis pipelines and manual
curation, but is only available for human proteins. 

In this paper, we describe the ortho2tree protein anal-
ysis pipeline, which uses a gap-distance tree-based strategy
for identifying preferred canonical isoforms, and show that
it identifies canonical protein isoforms with gap distribu-
tions similar to those seen in bacteria and yeast alignments.
Bacteria do not produce protein isoforms, and fewer than
1% of yeast proteins have isoforms, so these protein align-
ments serve as a reference for the types of gaps produced
by evolutionary divergence. Thus, the alignment similarity
between ortho2tree selected isoforms and bacterial / yeast
protein alignments suggests that the selected isoforms reflect
genuine biological, rather than artifactual isoform-selection,
variation. 

Like the PALO ( 11 ) strategy that seeks to reduce length
variation, ortho2tree begins with the assumption that or-
thologous closely related proteins, e.g. proteins that have di-
verged from a common ancestor in the past 100–200 mil-
lion years (My), should align with very few long gaps. Or-
tho2tree begins with sets of orthologous proteins and their
isoforms, produces a multiple sequence alignment from those
proteins, and then creates a phenogram based only on the
gap-based distances between the orthologs. This tree is then
examined to find low-cost (similar length) clades contain-
ing sequences from the distinct proteomes. Beginning with 

8 mammals in UniProt release 2023_01, the ortho2tree 
approach has been used to modify canonical isoform for 
the UniProt reference proteome set. In release 2024_01, it 
modified canonical isoform assignments for 49 252 pro- 
teins from 35 mammals. With new strategies for comprehen- 
sive ortholog identification, we believe that the ortho2tree 
pipeline can be used to improve canonical isoform assign- 
ments for proteomes with orthologous sequences that share 
> 50% sequence identity. These groups include vertebrate 
and plant proteomes. We have begun updating plant canon- 
ical sequence assignments with Uniprot Release 2024_02,
and we look forward to extending the pipeline to vertebrate 
proteomes. 

Materials and methods 

Similarity searches 

Sequence databases were obtained from the UniProt Ref- 
erence Proteomes site ( ftp.ebi.ac.uk/ pub/ databases/ uniprot/ 
previous _ releases/release-2022 _ 05 ). 

Sequence databases were downloaded from the UniProt 
Knowledgebase in FASTA format, and then low-complexity 
regions were soft-masked using the pseg ( 15 ) program. Sim- 
ilarity searches were done using programs from the FASTA 
package ( 16 ) (version 36.3.8i, May 2023), using the VT40 

scoring matrix ( 17 ), which targets alignments that are > 60% 

identical ( 18 ). fasta36 and ssearch36 searches used the 
-M8CBl output option, which provides a compact summary 
of each alignment, including the BTOP alignment encoding 
used by the BLAST programs ( 19 ). Search results with the 
alignment encodings were parsed to summarize the gaps and 

https://appris.bioinfo.cnio.es/
https://ftp.ebi.ac.uk/pub/databases/uniprot/previous_releases/release-2022_05
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Table 1. Yield of Panther orthogroups and UniProt accessions through 
the Ortho2tree pipeline a 

Total Clade Conf. Prop. 
Groups canon. canon. canon. change 

Confirmed 11 010 75 628 53 300 53 300 –
Prop. changes 5005 35 004 26 168 – 7755 
Both conf.+prop. b 35 338 225 134 49 
Skipped c 4742 11 416 – – –
No low-cost 
clades 

3086 19 158 – – –

Total 23 878 141 544 79 588 53 434 7804 
a Analysis based on UP2022_05. 
b Groups with multiple low cost clades, both confirming canonicals and 
proposing a change. 
c Groups with sequences from < 3 proteomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ap length statistics. Divergence time estimates were obtained
rom timetree.org ( 20 ,21 ). 

he ortho2tree pipeline 

he ortho2tree analysis pipeline goes through five steps,
utlined in Figure 2 , to gather orthologous isoforms, align
hem using muscle ( 23 ), build a gap-based evolutionary tree,
nd low-cost diverse clades, and rank the low-cost clades. 

(A) Ortho2tree begins by identifying the sequences associ-
ated with each Panther orthogroup family in each of the
target proteomes. Panther assigns the canonical UniProt
accession to an orthogroup; this set of canonical acces-
sions is expanded to a complete set of canonical and iso-
form accessions using the Gene-Centric mapping (Fig-
ure 2 ). The pipeline can retrieve protein sequences us-
ing direct access to the UniProt databases or using the
UniProt web API ( 25 ). This process collects all the canon-
ical proteins, and their isoforms, for each of the target
proteomes for the 23 878 Panther orthogroups present
in the analyzed mammals (Panther v. 17, Table 1 ). These
steps are illustrated in Figure 2 A. 

(B) Once a set of sequences is collected for an orthogroup,
orthogroups with fewer than three organisms (for the re-
leases shown here) are filtered out (Table 1 , ‘Skipped’).
The sequences (canonical and isoform) are then aligned
using the muscle ( 23 ) multiple sequence alignment
program (version 3.8.31 , Figure 2 B), using the de-
fault scoring parameters, and the -maxiters 2 -
diags command line options. Next, a ‘gap-distance’
matrix is calculated from the multiple sequence align-
ment using a modified version of the BioPython (v3.8,
( 24 )) Bio.Phylo.TreeConstruction Distance-
Calculator function that only counts gapped residues.
Thus, two sequences that are 90% identical but align
end-to-end with no gaps, have a distance of zero; two se-
quences that with 100% identical amino-acids, but with
a 5 residue gap in the alignment, would have a distance
of 5 / alignment-length. 

(C) The pairwise gap-distances are then used to calcu-
late a gap-based Neighbor-Joining trees ( 26 ) using
the DistanceTreeConstructor function of BioPy-
thon (Figure 2 C). 

(D) Each Neighbor-Joining tree is then scanned to identify
low-cost clades that contain one sequence from as many
proteomes as possible (Figure 2 D). Each low-cost clade
contains only one protein sequence from each of the pro-
teomes. Examples of these clades can be seen in Figure 3 .

(E) Once low-cost multi-proteome clades have been iden-
tified, they are ranked based on: (i) the overall gap-
cost of the clade; (ii) the number of sequences; (iii)
the number of canonical sequences; (iv) the number of
UniProtKB / Swiss-Prot annotated sequences from hu-
man and mouse and (v) length consistency, clades that
have lengths very different from the median canoni-
cal lengths are down-weighted (Figure 2 E). The highest
ranked candidate is chosen first, and additional candi-
date clades are chosen if they are derived from different
sets of Gene-Centric genes ( Supplementary Figure S2 ). 

The ‘yield’ of sequences and orthogroups for the analysis of
niProt release 2022_05 (which was used to select the canon-

cal sequences in release 2023_01) is shown in Table 1 . Begin-
ing with 23 878 Panther (v. 17) orthogroups and 141 544
canonical sequences, about one-third of these orthogroups
(7828) were skipped either because they did not have proteins
from at least three different proteomes (Table 1 , ‘Skipped’), or
because the tree-building / clade-finding analysis did not find a
low-cost clade with sequences from at least three proteomes
(Table 1 , ‘No low-cost clades’). The remaining 16 050 or-
thogroups produced low-cost clades with sequences from at
least three proteomes. For 11 010 orthogroups, the best clade
contained only canonical sequences; for 5040 orthogroups,
a clade containing one or more isoforms had a lower cost
(higher score) than a clade containing canonical sequences
from the same proteomes; and 35 orthogroups produced a
clade that confirmed one set of canonicals while proposing
changes for another (e.g. Supplementary Figure S2 ). Examples
of the phenograms and their corresponding low-cost clades
are shown in Figure 3 for two Panther orthogroups. 

The ortho2tree clade ranking strategy seeks a balance
of low-cost clades (clades with sequences that align without
gaps) and increased proteome coverage. Clades must include
isoforms from at least three proteomes, but clades need not
contain isoforms from every proteome. 

During the development of ortho2tree in 2023, the code
used to find low-cost clades was improved. Figures 3–5 , and
Supplementary Figures S1 –S3 , present results using the revised
current code. Figures 6 and 7 present the numbers for the code
that was used when the releases were made. 

Source code for the ortho2tree analysis pipeline,
and documentation for its installation, is available from
GitHub ( github.com/ g-insana/ ortho2tree ) or Zenodo ( doi.
org/ 10.5281/ zenodo.11113232 ). 

Results 

10–20% of alignments between closely related 

mammalian proteins have long internal gaps 

To illustrate the problem of large alignment gaps in closely re-
lated mammalian proteins, canonical mammalian proteomes
were compared, with the percent identity and longest gap in
the highest scoring alignment displayed in Figure 1 . The mam-
mals shown in Figure 1 diverged over the past 100 million
years (My); for comparison we also aligned two bacterial pro-
teomes at the same evolutionary distance, E. coli and S. ty-
phimurium , and a pair of yeast proteomes ( S. cerevisiae and S.
arboricola ) that diverged only 14 My ago, but have very sim-
ilar distributions of protein sequence identity (Figure 1 ). The
distribution of bacterial alignment identities ( ecoli:salty ,

file:timetree.org
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://github.com/g-insana/ortho2tree
file:doi.org/10.5281/zenodo.11113232
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Figure 2. The ortho2tree analysis pipeline. ( A ) Gene-Centric groups for Panther orthologs ( 22 ) are used to extract orthologous canonical and isoform 

sequences. Panther Ortholog IDs are used to group genes among organisms; Gene-Centric groups are used to identify canonical and isoform 

sequences associated with each Panther Ortholog set. ( B ) Orthologous canonical proteins and orthologs are aligned using muscle ( 23 ). ( C ) A 

gap-distance tree (see Materials and Methods) is constructed using the BioPython3.8 ( 24 ) functions DistanceCalculator , DistanceMatrix and 
DistanceTreeConstructor . ( D ) A heuristic clade search script examines the gap-distance tree and identifies low-cost clades with sequences from 

different proteomes. ( E ) The list of low-cost clades is scored based on the number of proteomes, the cost of the clade, the number of 
UniP rotKB / Swiss-P rot entries from human or mouse, and length consistency. The highest scoring clades from each distinct gene set is then plotted on 
a tree (Figure 3 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

120 My) and yeast ( yeast:sacar , 14 My) tracks to the hu-
man:bovin (94 My), as well as the human:mouse and hu-
man:rat (87 My) identities. As expected, comparisons for
more closely related mammals ( human:gorgo , G. gorilla ,
and mouse:rat ) shift the identity distributions higher; al-
most 77% of the mouse:rat alignments are > 90% identical,
as are 97% of the human:gorgo alignments. 

While the mammalian percent identity distributions at ∼90
My look very similar to the bacterial and yeast distributions,
the gap length distributions are very different (Figure 1 B, C).
In Figure 1 B, the longest gap between the bacterial sequences
spans 8 amino-acids; for the yeast pair the longest gap is 26
residues. In contrast, among the mammalian > 90% identi-
cal alignments, gap-lengths spanning 1000–2000 residues are
found. Nonetheless, 60–80% of the mammalian > 90% align-
ments have only one or two gaps. Thus, there seem to be two
classes of mammalian alignments: ∼80% with very short gaps
that look like the bacterial and yeast alignments, and ∼20%
with much longer gaps. We believe this second class of se-
quences, with long alignment gaps, reflects incorrect choices
of canonical isoforms. 

As proteins diverge from a common ancestor, sequences
change by accumulating mutations, including both amino-
acid substitutions and insertions / deletions. When both bac-
terial and mammalian proteins have diverged to be 50–60%
identical, about half of the alignments have gaps ≥5 residues
(Figure 1 C). And, as expected, in bacterial alignments the
number of ≥5 residue gaps drops sharply as alignment percent
identity increases, so that fewer than 1% of > 90% identical
alignments have five or more gaps. A similar pattern is seen
with the yeast protein alignments, with > 90% identity align- 
ments having ≥5 gaps about 5% of the time. While mam- 
malian alignments have about the same fraction of gaps as 
yeast proteins from 50 to 80% identity; at higher identities,
mammalian alignments have 3–4 times as many ≥5 gaps, and 

about 7–10 times as many ≥10 gaps (bacterial alignments 
having no ≥10-residue gaps, 1.3% of yeast > 90% identi- 
cal alignments have ≥10-residue gaps, and 7–13% of mam- 
malian alignments have ≥10-residue gaps). The data shown 

in Figure 1 C includes all of the > 90% identity alignments, in- 
cluding the 50–80% of mammalian alignments without gaps.
We suggest that the difference between the mammalian gap 

fractions and the yeast gap fractions in Figure 1 C reflects in- 
correct canonical isoform choice, rather than a fundamental 
difference between bacterial or yeast and mammalian protein 

structural constraints. 

Isoform selection by ortho2tree 

As outlined in the Materials and Methods, the ortho2tree 
pipeline (Figure 2 ) identifies clades of orthologous proteins 
that align from end to end, with very few gaps. Although we 
stress the problem of excess internal gaps in Figure 1 and be- 
low in Figures 4 –5 , the ortho2tree pipeline assigns costs to 

both internal and end-gaps, so that members of the clades it 
selects have very similar lengths. Figure 3 shows three exam- 
ples of clades identified by ortho2tree . 

Figure 3 A shows a straight-forward example. In UniProt re- 
lease 2022_05, the cow ( BOVIN , A0A3S5ZP43 , 210 aa) and 

opossum ( MONDO , A0A5F8GE93 , 256 aa) canonical isoforms 
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sp|P11842|BOVIN [210:0]

tr|A0A5F8GE93|MONDO [256:P1]

tr|A0A3S5ZP43|BOVIN [210:P1]

sp|A2ICR5|CANLF [196:P1]

tr|H2R0F6|PANTR [196:P1]

tr|G3SGF7|GORGO [196:P1]

sp|P56374|RAT [196:P1]

sp|Q9JJV0|MOUSE [196:P1]

sp|P53673|HUMAN [196:P1]

tr_iso|A0A5F8HJK4|MONDO [106:P1]

tr_iso|E9QAS6|MOUSE [183:P1]

tr_iso|A0A3Q1LZG3|BOVIN [200:P1]

tr_iso|A0A8I3Q491|CANLF [222:P1]

tr_iso|A0A8P0PME8|CANLF [221:P1]

tr_iso|F7CJE9|MONDO [196:P1]

tr_iso|Q6DTZ8|BOVIN [196:P1]

A  PTHR11818:SF19 − 16 sequences; 8 organisms
   P1: clade organism count: 8; canonical cost: 0.241; proposed cost: 0.000

tr|A0A2I3TIW3|PANTR [693:P1]

tr|G3RGA9|GORGO [693:P1]

tr|K7E3R0|MONDO [557:P1]

sp|P0DTE4|HUMAN [527:P1]

sp|P36510|RAT [527:P1]

sp|Q80X89|MOUSE [528:P1]

sp_iso|P0DTE4−4|HUMAN [693:P1]

tr_iso|A0A140T9Z0|HUMAN [693:P1]

tr_iso|A0A5F8H4Z5|MONDO [528:P1]

tr_iso|A0A8I6GMC7|RAT [528:P1]

tr_iso|G3V687|RAT [549:P1]

tr_iso|A0A5F8HCP6|MONDO [543:P1]

tr_iso|A0A5F8H6B1|MONDO [539:P1]

tr_iso|F6ZZC2|MONDO [536:P1]

tr_iso|A0A5F8G577|MONDO [530:P1]

tr_iso|A0A5F8H9B7|MONDO [530:P1]

tr_iso|A0A5F8GJ50|MONDO [527:P1]

tr_iso|D6RFW5|HUMAN [483:P1]

tr_iso|A0A2I3TWV2|PANTR [527:P1]

tr_iso|A0A2I2ZXP7|GORGO [527:P1]

sp_iso|P0DTE4−1|HUMAN [527:P1]

tr_iso|H2R065|PANTR [527:P1]

tr_iso|A0A2I2Y424|GORGO [527:P1]

tr_iso|A0A5F8G520|MONDO [530:P1]

B  PTHR48043:SF140 − 24 sequences; 6 organisms
   P1: clade organism count: 6; canonical cost: 0.423; proposed cost: 0.011

Figure 3. Phenograms highlighting selected clades for two Panther orthogroups: ( A ) PTHR11 81 8:SF19 ( β-crystallin A4); ( B ) PTHR48043:SF140 
(UDP -glucuronosyltransf erase, E.C. 2.4.1.17). For each panel, a gap-distance based e v olutionary tree and multiple sequence alignment are shown. Each 
panel also shows the total number of canonical and isoform sequences examined and the number of organisms with a sequence in this orthogroup, 
f ollo w ed b y a list of proposed replacement (P1) clades and their siz es and costs. In the tree, blue sequences are canonical accessions; the dark er 
sp|P53673|HUMAN –> sequence in panel (A) was selected by the MANE ( 13 ) consortium. Accessions shown in red and orange are proposed to be 
changed; orange canonicals ha v e been selected by MANE. For both red and orange, there is a corresponding green isoform that is proposed to be 
canonical. Black accessions indicate canonical isoforms that are not included in a low-cost clade. Gray accessions indicate non-canonical isoforms. 
Numbers after each protein accession indicate the length of the sequence, and its assigned clade ( P1 ). This figure was drawn using the ggtree 
package for ’R’ ( 27 ). 



6 NAR Genomics and Bioinformatics , 2024, Vol. 6, No. 2 

40

50

60

70

80

90

100

0.0 0.2 0.4 0.6 0.8 1.0

fraction of alignments

pe
rc

en
t i

de
nt

ity

human:gorgo
N = 7,751
mouse:rat
N = 5,190
human:mouse
N = 5,543
human:rat
N = 4,821
human:bovin
N = 5,070
yeast:sacar
N = 3,528
ecoli:salty
N = 2,940

A. con rmed isoforms (identity)

0

1

5
10
20

50
100

0.0 0.2 0.4 0.6 0.8 1.0

fraction of alignments > 90% identical

m
axim

um
gap

length

human:gorgo
N= 7,732 (100%)
mouse:rat
N= 4,805 (93%)
human:mouse
N= 3,106 (56%)
human:rat
N= 2,729 (57%)
human:bovin
N= 3,256 (64%)
yeast:sacar
N= 1,274 (36%)
ecoli:salty
N= 1,501 (51%)

B. con rmed isoforms (gaps)

0

0.1

0.2

0.5

1

2

5

10

20

50

100

50 60 70 80 90 100

percent identity

percent of alignm
ents

w
ith

gaps 
5

human:gorgo
N(>90%)=119 (1.5%)
mouse:rat
N(>90%)=109 (2.3%)
human:mouse
N(>90%)=113 (3.6%)
human:rat
N(>90%)=120 (4.4%)
human:bovin
N(>90%)=74 (2.3%)
yeast:sacar
N(>90%)=66 (5.2%)
ecoli:salty
N(>90%)=11 (0.7%)

C. con rmed isoforms ( 5 gap count)

Figure 4. Mammalian confirmed-canonical alignments are similar to bacterial alignments. ( A ) One hundred samples of percent identity across the 5244 
pairs of sequences for which canonical changes were proposed (circles) and 100 samples from the distribution of identities shown in Figure 1 A for E. coli 
versus S. typhimurium and S. cerevisiae versus S. arboricola . ( B ) Distribution of gap sizes for the 100 samples shown in (A), plus all alignments with a 
maximum gap length > 50, and the longest 25 gaps. ( C ) The percentage of alignments with gaps ≥5 residues versus alignment percent identity for all the 
pairwise alignments shown in (A). The distributions of ecoli:salty and yeast:sacar alignments in panels A–C replot the data shown in Figure 1 . 

40

50

60

70

80

90

100

0.0 0.2 0.4 0.6 0.8 1.0

fraction of alignments

pe
rc

en
t i

de
nt

ity

human:gorgo
N = 1,970
mouse:rat
N = 1,168
human:mouse
N = 589
human:rat
N = 1,207
human:bovin
N = 1,090
yeast:sacar
N = 3,528
ecoli:salty
N = 2,940

A. canonical isoforms (identity)

0

1

5
10
20

50
100

0.0 0.2 0.4 0.6 0.8 1.0

fraction of alignments > 90% identical

m
axim

um
gap

length

human:gorgo
N= 1,966 (100%)
mouse:rat
N= 1,095 (94%)
human:mouse
N= 334 (57%)
human:rat
N= 734 (61%)
human:bovin
N= 764 (70%)
yeast:sacar
N= 1,274 (36%)
ecoli:salty
N= 1,501 (51%)

B. canonical isoforms (gaps)

0

0.1

0.2

0.5

1

2

5

10

20

50

100

50 60 70 80 90 100

percent identity

percent of alignm
ents

w
ith

gaps 
5

human:gorgo
N(>90%)=768 (39%)
mouse:rat
N(>90%)=368 (34%)
human:mouse
N(>90%)=177 (53%)
human:rat
N(>90%)=289 (39%)
human:bovin
N(>90%)=289 (38%)
yeast:sacar
N(>90%)=66 (5.2%)
ecoli:salty
N(>90%)=11 (0.7%)

C. canonical ( 5 gap count)

40

50

60

70

80

90

100

0.0 0.2 0.4 0.6 0.8 1.0

fraction of alignments

pe
rc

en
t i

de
nt

ity

human:gorgo
N = 1,973
mouse:rat
N = 1,167
human:mouse
N = 586
human:rat
N = 1,207
human:bovin
N = 1,086
yeast:sacar
N = 3,528
ecoli:salty
N = 2,940

D. proposed isoforms (identity)

0

1

5
10
20

50
100

0.0 0.2 0.4 0.6 0.8 1.0

fraction of alignments > 90% identical

m
axim

um
gap

length

human:gorgo
N= 1,969 (100%)
mouse:rat
N= 1,104 (95%)
human:mouse
N= 333 (57%)
human:rat
N= 731 (61%)
human:bovin
N= 755 (70%)
yeast:sacar
N= 1,274 (36%)
ecoli:salty
N= 1,501 (51%)

E. proposed isoforms (gaps)

0

0.1

0.2

0.5

1

2

5

10

20

50

100

50 60 70 80 90 100

fraction identical

percent of alignm
ents

w
ith

gaps 
5

human:gorgo
N(>90%)=55 (2.8%)
mouse:rat
N(>90%)=71 (6.4%)
human:mouse
N(>90%)=28 (8.4%)
human:rat
N(>90%)=59 (8.1%)
human:bovin
N(>90%)=46 (6.1%)
yeast:sacar
N(>90%)=66 (5.2%)
ecoli:salty
N(>90%)=11 (0.7%)

F. proposed ( 5 gap count)

Figure 5. Ortho2tree proposed changes reduce gaps in orthologs. ( A ) Percent identities for confirmed canonical isoform clades for the proteome pairs 
shown in Figures 1 and 4 and the E. coli versus S. typhimurium and S. cerevisieae versus S. arboricola comparisons. One hundred samples are shown 
for each proteome pair. ( B ) Distribution of the maximum gap sizes for the 100 samples shown in (A), plus alignments with gaps longer than 50 residues 
and the 25 longest gaps. ( C ) The percentage of alignments with gaps ≥5 residues versus alignment percent identity for all the pairwise alignments 
shown in (A). ( D ) Percent identity, ( E ) maximum gap lengths in > 90% identical alignments, and ( F ) percent of alignments with gaps ≥5 residues for the 
proteins plotted in panels A–C, using the alternative isoforms proposed by ortho2tree . The distributions of ecoli:salty and yeast:sacar in 
panels A–C and D–F replot the data shown in Figure 1 . 



NAR Genomics and Bioinformatics , 2024, Vol. 6, No. 2 7 

    0

1,000

2,000

3,000

4,000

20
23

_0
1

20
23

_0
2

20
23

_0
3

20
23

_0
4

20
23

_0
5

20
24

_0
1

release

ch
an

ge
s

human

gorgo

mouse

rat

bovin

canlf

mondo

pantr

felca

horse

macmu

ornan

pig

A. changes by taxon

     0

10,000

20,000

30,000

20
23

_0
1

8 
or

g.
 

20
23

_0
2

13
 o

rg
.

20
23

_0
3

13
 o

rg
.

20
23

_0
4

13
 o

rg
.*

20
23

_0
5

13
 o

rg
.**

20
24

_0
1

35
 o

rg
.

release

ch
an

ge
s

B. total changes

Figure 6. Cumulative numbers of proposed changes for the 13 Panther 
annotated mammalian proteomes across six UniProt releases. The 
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proteomes in the Panther 17 and 18 releases with UniProt release 
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ural structural variation. 
f Beta-crystallin A4 were considerably longer than the canon-
cal proteins in the other six Quest for Ortholog mammals
196 aa). In this case, both the cow ( BOVIN ) and opossum
 MONDO ) suggested canonicals have N-terminal extensions
onsistent with the 196 aa clade; the basis for these extensions
an be seen in the multiple sequence alignment to the right of
he phenogram. Figure 3 A shows a clade with zero cost; all the
embers of that clade align without gaps. (The sequences in

hat clade will have many differences, but the gap-cost strat-
gy counts only differences caused by gaps.) In the analysis of
niProt release 2022_05, about half of the clades for both the

onfirmed canonicals and those with proposed changes have
ero cost. The remaining half of the clade costs are relatively
niformly distributed between zero and 0.02, the threshold
sed to accept a low-cost clade ( Supplementary Figure S1 ). 
Figure 3 B presents a more complex canonical-isoform se-

ection. Here, the selection proposed by ortho2tree dis-
grees with the MANE canonical assignment. In Figure 3 B,
rtho2tree finds a low (but not zero) cost clade containing

soforms from all six of the organisms represented in the Pan-
her orthogroup, but where only two of the proteins in the
lade ( sp|Q80X89|MOUSE and sp|P36510|RAT ) were se-
ected as canonicals in UniProt release 2022_05. However, all
six organisms have an isoform with a length of 527–530 aa,
and the clade containing those isoforms is selected. This clade
does not contain the 527 aa human isoform P0DTE4 , which
is selected by MANE; while that isoform is the same length
as the proposed P0DTE4 - 1 isoform, it uses a very different set
of exons, which are shared only in great apes. This example
shows the advantage of multiple sequence alignment and tree-
construction; simple length comparison would not be able to
discriminate between the two isoforms. 

The ortho2tree clade-finding algorithm seeks to
identify all of the low-cost clades with non-overlapping
sets of organisms and genes. Thus, in Figure 3 A, the
tr|A0A3S5ZP43|BOVIN is highlighted as the incorrect
canonical, rather than sp|P11842|BOVIN , because the
former protein belongs to a Gene-Centric group that con-
tains tr_iso|Q6DTZ8|BOVIN , which can be placed in
the correct clade. (Both tr|A0A3S5ZP43|BOVIN and
sp|P11842|BOVIN are included in the multiple sequence
alignment because they both belong to the PTHR11818:SF19
orthogroup.) In contrast, sp|P11842|BOVIN is the only
member of its Gene-Centric group. Supplementary Figure S2
shows a case where three low-cost clades are found in 38
sequences from 7 organisms. Two of the clades, with se-
quences from 6 ( P1 ) and 7 ( P2 ) organisms, propose canonical
isoform changes; the third confirms canonical sequences
from five of the seven organisms; and each of the three
clades contains a MANE-select human isoform. By building
a multiple sequence alignment, a gap-based evolutionary tree,
and recognizing different Gene-Centric groups, ortho2tree
can make better informed canonical selections. 

Ortho2tree confirmed-canonical isoform 

alignments are similar to bacterial and yeast 
alignments 

While Figure 1 B indicates that 20–30% of mammalian pair-
wise alignments have maximum gap lengths that are consider-
ably higher than those seen in bacterial alignments, 80–90%
of the alignments have gaps shorter than five residues, and
60–80% of alignments have no gaps. This is consistent with
the observation (Table 1 ) that about 70% (11 010 / 16 015)
of the Panther orthogroups produce low-cost clades that con-
tain only sequences currently selected as canonical (confirmed-
canonical). The sequences in the ‘confirmed’ ortholog groups
tend to be slightly more similar to each other than the com-
plete proteomes (Figure 4 ); 100% of the ‘confirmed’ hu-
man:gorgo alignments are more than 90% identical, up from
97% in Figure 1 A, and 56% of the human:rodent align-
ments are > 90% identical, up from 43% for the complete
proteome. (The distribution of bacterial and yeast alignment
identities in Figures 1 , 4 and 5 are identical, because ex-
actly the same alignment data is being plotted in the three
figures.) 

When the ‘confirmed’ mammalian alignments are summa-
rized with respect to percent identity, maximum gap-length,
and number of gaps ≥5, their gap frequencies are similar to
those found in bacterial protein alignments and yeast protein
alignments (Figure 5 ). The bacterial and yeast alignments are
useful reference points, because the bacterial proteomes do not
have isoforms, while the yeast proteomes have very few (31
out of 6060 for S. cerevisiae , 6 out of 3653 for S. arboricola ).
For these proteomes, gaps in these alignments must reflect nat-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data


8 NAR Genomics and Bioinformatics , 2024, Vol. 6, No. 2 

    0

2,000

4,000

6,000

8,000

0 10 20 30
proteomes / clade

nu
m

be
r 

of
 c

la
de

s

2023_01 (8) 10,219

2023_02 (13) 10,665

2023_03 (13) 12,091

2023_04 (13*) 11,737

2023_05 (13**) 10,985

2024_01 (35) 19,110

A. all confirmed clades

0

1,000

2,000

3,000

4,000

0 10 20 30
proteomes / clade

num
ber of clades

2023_01 (8)  4,853

2023_02 (13)  6,515

2023_03 (13)  5,070

2023_04 (13*)  5,806

2023_05 (13**)  6,412

2024_01 (35) 13,048

B. all proposed clades

    0

1,000

2,000

3,000

4,000

0 10 20 30
proteomes / clade

nu
m

be
r 

of
 c

la
de

s

2023_01 (8) 8,983

2023_02 (13) 8,459

2023_03 (13) 9,525

2023_04 (13*) 9,188

2023_05 (13**) 8,737

2024_01 (35) 7,165

0

500

1,000

1,500

2,000

0 10 20 30
proteomes / clade

num
ber of clades

2023_01 (8) 3,775

2023_02 (13) 4,946

2023_03 (13) 3,889

2023_04 (13*) 4,491

2023_05 (13**) 4,927

2024_01 (35) 7,110

C. confirmed MANE good clades D. proposed MANE good clades

Figure 7. Sizes of clades used to confirm current canonical isoform assignments ( A , C ), or to propose changes in the canonical isoform ( B , D ). Each line 
(color) indicates the UniProt release also plotted in Figure 6 . Numbers in parentheses in the legend number show the numbers of proteomes used to 
construct the gap-distance trees from which the clades were identified; this is the largest possible size of a clade (also shown with the black dashed 
vertical lines). The numbers after the maximum clade size indicate the number of orthogroups that had a confirmed (A, C) or proposed (B, D) clade. 
Asterisks (*, **) indicate changes in the dog proteome mapping and the horse proteome. An additional 22 proteomes were added for release 2024_01. 
(A, B) all confirmed or proposed clades. (C, D) confirmed or proposed clades that include a human protein that was selected by MANE ( 13 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unlike the complete proteome alignments in Figure 1 B,
where > 1100 alignments have gaps ≥50 residues, the longest
internal gap in the ‘confirmed’ canonical set is 39, and there
are only 74 ( human:bovin ) – 119 ( human:gorgo ) > 90%
identical alignments with gaps ≥5 (Figure 4 C). These gap fre-
quencies are 10–20-times lower that those seen in the com-
plete proteome alignments (Figure 1 C). That the ‘confirmed’
orthologous mammalian proteins have a distribution of gap
statistics that lies between the bacterial and yeast distributions
both supports the argument that correctly annotated canon-
icals have gap distributions that look like alignments of bac-
terial and yeast proteins that do not have isoforms, and sug-
gests that the ortho2tree pipeline reliably selects canonical
sequences. 

Ortho2tree suggestions reduce alignment gaps in 

closely related proteins 

In complete mammalian proteomes, 13–19% percent of align-
ments between closely related proteins ( > 90% identical) have
gaps longer than 5 residues, 8–13% have gaps longer than
10 residues, and the longest gaps can be > 1000 residues (Fig-
ure 1 B, red rectangle). This contrasts sharply with bacterial
and yeast proteins with similar protein identity profiles. As
noted earlier, less than 1% of > 90% identical E. coli versus
S. typhimurium alignments have gaps ≥5 residues; for S. cere-
visiae versus S. arboricola , about 5% of > 90% identical align-
ments have ≥5-residue gaps. The ortho2tree pipeline pro-
poses alternative isoforms that allow closely related proteins
to align without long gaps. 
The effects of the isoform selection on gap length and gap 

number is summarized in Figure 5 , which shows that while 
the changed ‘canonical’ and ‘proposed’ isoforms have sim- 
ilar distributions of percent identity (Figure 5 A versus D),
the maximum gap length, and the fraction of sequences with 

gaps ≥5 drops dramatically in alignments of the ‘proposed’ 
isoforms (Figure 5 E, F). Like the ‘confirmed’ canonical iso- 
forms (Figure 4 ), the ‘proposed’ isoform alignments have gap 

lengths and gap frequencies that lie between the bacterial and 

yeast distributions (Figure 5 E, F). By identifying low-gap-cost 
clades, ortho2tree selects sets of canonical proteins with 

gap distributions that are very similar to gap distributions 
from proteomes that do not contain isoforms. 

ortho2tree suggests shorter isoforms 

Prior to the implementation of the ortho2tree pipeline,
for unreviewed (UniProtKB / TrEMBL) protein sequences, the 
longest sequence in the Gene-Centric group was chosen as 
canonical. Starting in 2023, UniProt is using the ortho2tree 
pipeline to select UniProtKB / TrEMBL canonicals on an in- 
creasing number of proteomes. As illustrated by the examples 
in the trees in Figure 3 , and Supplementary Figures S2 and S3 ,
this rule means that most proposed canonical sequences will 
be shorter than the previous canonical assignment of unre- 
viewed UniProtKB / TrEMBL entries. Supplementary Figure S3 

summarizes the length changes from canonical to proposed 

canonical for the changes to the five proteomes highlighted 

in Figure 1 in the analysis of UniProt release 2022_05 

data. As expected, the changes involving UniProtKB / TrEMBL 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
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unreviewed) proteins ( Supplementary Figure S3 B) produced
horter canonical proteins, with a mode change in length of
bout 30 residues. 

When changes involving UniProtKB / Swiss-Prot (reviewed)
roteins are included ( Supplementary Figure S3 A), the or-
ho2tree pipeline suggests that hundreds of canonical hu-
an and mouse proteins may be too short. In these cases, the

horter canonical isoform in UniprotKB / Swiss-Prot may have
een selected by curators because of a publication that refer-
nces that specific isoform, but ortho2tree selects a longer
soform because it is more similar to other orthologues. The
rtho2tree pipeline does not change UniProtKB / Swiss-
rot (reviewed) canonical choices; those suggestions are eval-
ated individually by curators. 

rtho2tree adjusts 5–10% of mammalian 

anonical protein selections 

he ortho2tree pipeline was first used to modify canon-
cal isoform selection from the eight Quest for Ortholog
ammals (human, chimpanzee, gorilla, mouse, rat, cow, dog,
possum) in the UniProt 2023_01 release of 22 February
023. Figure 6 shows all the changes proposed from Febru-
ry 2023 to January 2024; only changes involving unreviewed
UniProtKB / Trembl) sequences were automatically applied to
he released reference proteome. With release 2023_02, or-
ho2tree was applied to the five additional mammals an-
otated by the Panther ortholog database.( 22 ) The increase
n canlf (dog) suggestions reflects a change in canlf or-
hogroup mapping; Panther 17 (used for releases 2023_01 to
023_05) used an older version of UniProt with a different
et of dog protein accessions. For 2023_03, we constructed a
ustom ortholog mapping by transferring human Panther or-
hogroup accessions to dog proteins that were at least 50%
dentical and aligned over more than 75% of the human se-
uence, which increased the number of dog suggestions from
9 to 1291. The increase in horse suggestions reflects the
hange from Ensembl 108 to 109, which produced a differ-
nt set of horse proteins. Increases from 2023_04 to 2023_05
re due to a shift to Panther 18, which included a new set
f dog proteins. Increases in 2024_01 are due to the use of
 larger proteome set that included 22 additional mammals,
hich were assigned to orthogroups by mapping to human
roteins using the 50% identity / 75% coverage rule, as was
one earlier with dog. 
Once a new proteome is included in the analysis, the num-

er of proposed changes remains relatively constant, except
hen there are intervening changes in Panther mappings or
 new Ensembl genome version. During 2023, the number of
uggestions per proteome varied from 500–3000. (The larger
umbers in Figure 6 reflect the cumulative nature of the plot,
hanges in ortholog mappings and Ensembl versions produced
ultiple changes to the same dog and horse proteins.) The
umber of suggested changes does not correlate with BUSCO
 28 ) proteome quality scores; non-human primates (gorilla,
himpanzee, and macaque) have the largest number of pro-
osed changes. However, across the set of mammals we have
xamined, 2000 changes are proposed on average, about 10%
f the 20 000 proteins per mammalian proteome. 

rtho2tree clade sizes 

he ortho2tree pipeline does not require that every pro-
eome be included in a low-cost clade; for the releases between
2023_01 and 2024_01, it required only three organisms to be
present. Even with that modest requirement, at each release
3000–5000 orthogroups (25%) are not considered because
they contain sequences from fewer than three proteomes. Fig-
ure 7 shows how the sizes of the ‘confirmed’ and ‘proposed
change’ clades have increased over time. For all the releases,
there is a peak at three proteomes, and a second at 70–80%
of the maximum clade size. 
Ortho2tree ranks clades using several criteria: the clade

cost, the number of canonical sequences in the clade (with
higher weightings for canonicals from human, mouse and
rat), the number of UniprotKB / Swiss-Prot sequences in the
clade, and the difference in the lengths of the proposed ver-
sus canonical sequences (clades with small changes in length
are ranked lower). Thus, proposed clades often do not have
sequences from every proteome examined. The weighting sys-
tem allows ortho2tree to focus on alternate isoform selec-
tions that dramatically reduce the length discrepancies (and
thus the number of alignment gaps) between the orthologous
isoforms. Perhaps because of the evidence ranking required
by ortho2tree to select low-cost clades, ‘proposed change’
clades tend to have more organisms than ‘confirmed’ clades. 

Comparison to MANE and APPRIS 

For clades that involve human proteins, ortho2tree canon-
ical suggestions generally agree with the selections of the
MANE consortium ( 13 ). For the analysis of UniProt release
2022_05, described here in detail, confirmed clades with hu-
man sequences agreed with MANE 92% of the time; for pro-
posed changes, there was 82% agreement. As Figure 7 shows,
focusing on clades where the human selection agrees with
MANE (‘MANE good’ clades) shifts the number of proteomes
per clade higher; ‘MANE bad’ clades tend to be smaller, or
have less evolutionary support. 

We also mapped the human UniProt release 2022_05 con-
firmed clades and proposed changes to APPRIS ( 14 ). 95%
of the human accessions in confirmed clades that were la-
beled either PRINCIPAL or ALTERNATE were PRINCIPAL ;
for clades with proposed changes, 81% were labeled PRIN-
CIPAL . 88% of ‘MANE good’ proposed changes were also
labeled PRINCIPAL by APPRIS, while about 46% of ‘MANE
bad’ proposed changes are APPRIS PRINCIPAL . Thus, there
is very high agreement between our confirmed and proposed
changes with MANE and APPRIS for human proteins, which
suggests that ortho2tree suggestions for other organisms
are also reasonable. 

Discussion 

Alignments between closely related ( > 90% identical) canoni-
cal proteins from higher organisms contain a surprising num-
ber of long gaps. Here, we argue that these gaps are artifacts
of canonical isoform selection. The ortho2tree pipeline
identifies clades of orthologous isoforms that align with very
few gaps and suggests more biologically reasonable canonical
isoforms. Unlike bacterial or yeast protein alignments, high
( > 90%) identity mammalian protein alignments have large
numbers of gaps, some of which are hundreds of residues
long (Figure 1 ). The ortho2tree pipeline suggests alternate
canonical isoforms in about one-third of the ortholog fami-
lies it examines, while two-thirds are ‘confirmed’ to be con-
sistent within the orthologous families (Table 1 ). The gap-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
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5281/zenodo.11113232 . 
distributions of the ‘confirmed’ proteins are very similar to
those of bacterial proteins (Figure 4 ) and the changes sug-
gested by the ortho2tree pipeline produce protein sequence
alignments with gap distributions that lie between bacterial
and yeast alignments (Figure 5 ). We consider the bacterial and
yeast alignments a reference standard for the kinds of gaps
that are expected with sequence divergence—bacterial pro-
teins do not have isoforms, and yeast proteins have very few.
Thus, we are encouraged that the isoforms confirmed or pro-
posed by ortho2tree have similar gap properties. 

To explore the strengths and weaknesses of the or-
tho2tree strategy, it is helpful to imagine what the classi-
fication results would look like in the ideal case where ev-
ery mammal has the same set of orthologous genes. Table 1
summarizes the number of Panther orthogroups and canon-
ical proteins that were successfully classified for the first use
of ortho2tree in production. The analysis of UniProt re-
lease 2022_05 began with 141 544 canonical proteins in 23
878 orthogroups from 8 proteomes. If each of the 8 pro-
teomes contained a canonical protein for each of the Pan-
ther orthogroups, we would expect 23 878 × 8 = ∼191
000 canonical proteins; the lower 141 544 number in part re-
flects the Panther orthogroup sub-family classification; some
orthogroup sub-families are found in some of the eight mam-
mals but not in others. Because not every mammal has every
orthologous gene, there are some orthogroups that are not
found in even three mammals (Table 1 , ‘Skipped’) and others
where an alignment of the orthologs does not produce a low-
cost clade (‘No low-cost clades’). And, as Table 1 and Figure 7
show, even when there are low-cost ortholog clades, they often
do not contain a protein from every included proteome. For
both confirmed canonical selections and proposed changes,
about three-quarters of the canonicals in the orthogroup are
found in a low-cost clade (Table 1 , ‘total canonicals’ vs ‘clade
canonicals’ for both ‘Confirmed’ and ‘Proposed changes’). For
the proteins that are assigned to low-cost clades, about 10%
(7804 / 79 588) are ortho2tree proposed changes. Because
automatic changes are made only to UniProtKB / TrEMBL en-
tries, about 85% of the proposed changes were incorporated
into the next UniProt release, UP2023_01. 

In addition to protein sequences (canonical and isoforms),
the ortho2tree strategy requires an ortholog mapping be-
tween organisms, and a robust method for finding and ranking
low-cost clades. In 2023, ortho2tree analysis began with
the 8 Quest for Ortholog mammals (release 2023_01), was ex-
tended to the 13 mammals annotated in the Panther ortholog
database (releases 2023_02–2023_05), and for 2024_01 it
was applied to a further set of 35 mammals using a simple
ortholog mapping strategy: human Panther assignments were
extended to other mammalian sequences that were ≥50%
identical and aligned over 75% of the human protein length.
This strategy will allow ortho2tree to be applied to the
132 mammalian proteomes currently in the UniProt Reference
Proteome set. 

For ortho2tree to make useful canonical suggestions, it
must discriminate between alignment gaps that are artifacts
of isoform selection, and alignment gaps that result from se-
quence divergence. Figures 4 and 5 show the range of sequence
identity that ortho2tree has addressed for mammals with
our current clade-finding parameters. While the most distant
mammalian alignments share as little as 50% identity, align-
ments from the confirmed clades in Figure 4 and the pro-
posed changes in Figure 5 have higher identities, with the most
distant alignments dropping to 60% identity. Likewise, the 
overall distribution of confirmed and proposed clade align- 
ments is more identical; for the complete proteomes, 43% 

of the human:rodent alignments are > 90% identical (Fig- 
ure 1 ), while for the confirmed (Figure 4 ) and proposed (Fig- 
ure 5 ) orthologs, ∼58% meet the 90% threshold. This shift 
to higher identities in part reflects the conservative nature of 
the ortho2tree pipeline. At higher identities, gaps are pro- 
duced by isoform differences, while at lower identities, gaps 
are caused by both isoform differences and evolutionary diver- 
gence, so our conservative cost thresholds enrich for higher- 
identity alignments with isoform-based gaps. 

We believe that ortho2tree can also improve canonical 
selection in more divergent sequence sets, such as vertebrates 
and plants. Supplementary Figure S4 shows that human ver- 
sus X. tropicalis ( xentr , 340 My) alignments are consider- 
ably more divergent than human vs rodent, with about the 
same divergence as higher plants. At these higher distances,
about 50% of alignments are ∼70% identical, rather than 

90% identical. But even at 70% identity, there is a clear sepa- 
ration between the distributions of gaps lengths and frequen- 
cies in the ‘no-isoform’ bacterial and yeast alignments, com- 
pared with the much longer and more frequent gap distribu- 
tions in plants and X. tropicalis . The gap-distance strategy al- 
lows ortho2tree to focus on differences between sequences 
caused by gaps longer than a threshold, so that short gaps and 

amino-acid substitutions do not increase the measured dis- 
tance between two sequences, while highly identical sequences 
with large gaps (produced by different isoforms) end up in 

different clades. Traditional sequence difference calculation 

obscures the difference between distance that reflects evolu- 
tionary change and distance that reflects alternative isoform 

alignment. Longer gap lengths distinguish eukaryotic spliced 

isoforms from bacterial and yeast proteins, and ortho2tree 
can exploit those differences to select canonical isoforms more 
accurately. 

The central role of canonical sequences in reference protein 

databases cannot be overemphasized. Canonical sequences 
comprise the libraries used for similarity searching, and they 
form the foundation for virtually all derivative protein anal- 
yses and databases. Canonical sequences are used for struc- 
ture and function prediction, domain annotation, evolution- 
ary rate analysis, and orthology assignment. Our analysis sug- 
gests that 10–20% of canonical sequences in well-annotated 

genomes are likely misassigned; the ortho2tree analysis 
pipeline reduces those errors so that confirmed and corrected 

sequences have gaps in the ranges seen in yeast and bac- 
teria. Since the first release of corrected canonical assign- 
ments in February 2023, ortho2tree has corrected about 
50 000 proteins from 35 mammals, a number that will more 
than double in May 2024. As ortho2tree is applied more 
broadly, our ability to characterize proteins structurally and 

functionally will continue to improve. 

Data availability 

The data for the analysis of UP2022_05 QfO proteomes, dis- 
cussed in the manuscript, and the data and R scripts used 

for the creation of the figures is available from GitHub 

( github.com/ g-insana/ ortho2tree ) and from the Zenodo re- 
sources: doi.org/ 10.5281/ zenodo.10778115 and doi.org/ 10. 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data
https://github.com/g-insana/ortho2tree
file:doi.org/10.5281/zenodo.10778115
file:doi.org/10.5281/zenodo.11113232


NAR Genomics and Bioinformatics , 2024, Vol. 6, No. 2 11 

S

S

A

T  

S  

p
 

a  

G  

R  

s  

M

F

N  

l

C

N

R

 

 

1

 

 

 

 

 

R
©
T
d

upplementary data 

upplementary Data are available at NARGAB Online. 

 c kno wledg ements 

his work is supported in part by a grant from the National
cience Foundation (NSF: #1759626) to W .R.P . and by Euro-
ean Molecular Biology Laboratory core funds. 
Author contributions: W .R.P . conceived the experiments

nd developed the initial version of the ortho2tree pipeline,
.I. restructured the pipeline for integration into the UniProt
eference Proteome production process and performed exten-

ive testing. G.I., M.J.M. and W .R.P . analyzed the results. G.I.,
.J.M. and W .R.P . wrote and reviewed the manuscript. 

unding 

ational Science Foundation [1759626]; European Molecu-
ar Biology Laboratory. 

onflict of interest statement 

one declared. 

eferences 

1. Barker, W.C. and Dayhoff, M.O. (1982) V iral src gene products are 
related to the catalytic chain of mammalian camp-dependent 
protein kinase. Proc. Natl. Acad. Sci. U.S.A., 79 , 2836–2839.

2. Doolittle, R.F. , Hunkapiller, M.W. , Hood, L.E. , Devare, S.G. , 
Robbins, K.C. , Aaronson, S.A. and Antoniades, H.N. (1983) Simian 
sarcoma virus onc gene, v-sis, is derived from the gene (or genes) 
encoding a platelet-derived growth factor. Science , 221 , 275–277.

3. Gene Ontology Consortium (2001) Creating the gene ontology 
resource: design and implementation. Genome Res., 11 , 
1425–1433.

4. Altschul, S.F. , Gish, W. , Miller, W. , Myers, E.W. and Lipman, D.J. 
(1990) A basic local alignment search tool. J. Mol. Biol., 215 , 
403–410.

5. Altschul, S.F. , Madden, T.L. , Schaffer, A.A. , Zhang, J. , Zhang, Z. , 
Miller, W. and Lipman, D.J. (1997) Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic 
Acids Res., 25 , 3389–3402.

6. UniProt Consortium (2022) UniProt: the Universal Protein 
Knowledgebase in 2023. Nucleic Acids Res. , 51 , D523–D531. 

7. Paysan-Lafosse, T. , Blum, M. , Chuguransky, S. , Grego, T. , Lázaro 
Pinto, B. , Salazar, G.A. , Bileschi, M.L. , Bork, P. , Bridge, A. , et al. 
(2022) InterPro in 2022. Nucleic Acids Res. , 51 , D418–D427. 

8. Triant, D.A. and Pearson, W.R. (2015) Most partial domains in 
proteins are alignment and annotation artifacts. Genome Biol., 16 ,
99.

9. Gonzalez, M.W. and Pearson, W.R. (2010) Homologous 
over-extension: a challenge for iterative similarity searches. 
Nucleic Acids Res., 38 , 2177–2189.

0. Pearson, W.R. , Li, W. and Lopez, R. (2017) Query-seeded iterative 
sequence similarity searching improves selectivity 5-20-fold. 
Nucleic Acids Res., 45 , e46.
eceived: March 8, 2024. Revised: May 4, 2024. Editorial Decision: May 22, 2024. Accepted: May 2
The Author(s) 2024. Published by Oxford University Press on behalf of NAR Genomics and Bioinf

his is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
istribution, and reproduction in any medium, provided the original work is properly cited. 
11. V illanueva, J.L. , -Cañas Laurie, S. and Albà, M.M. (2013) Improving
Genome-Wide Scans of Positive Selection by Using Protein 
Isoforms of Similar Length. Genome Biol. Evol. , 5 , 457–467. 

12. Rodriguez, J.M. , Maietta, P. , Ezkurdia, I. , Pietrelli, A. , Wesselink, J .-J ., 
Lopez, G. , Valencia, A. and Tress, M.L. (2012) APPRIS: annotation 
of principal and alternative splice isoforms. Nucleic Acids Res , 41 , 
D110–D117.

13. Morales, J. , Pujar, S. , Loveland, J.E. , Astashyn, A. , Bennett, R. , 
Berry, A. , Cox, E. , Davidson, C. , Ermolaeva, O. , Farrell, C.M. , et al. 
(2022) A joint NCBI and EMBL-EBI transcript set for clinical 
genomics and research. Nature , 604 , 310–315.

14. Rodriguez, J.M. , Pozo, F. , Cerdán-Vélez, D. , Di Domenico, T. , 
Vázquez, J. and Tress, M.L. (2021) APPRIS: selecting functionally 
important isoforms. Nucleic Acids Res. , 50 , D54–D59. 

15. Wootton,J.C. (1994) Non-globular domains in protein sequences: 
automated segmentation using complexity measures. Comput. 
Chem., 18 , 269–285.

16. Pearson, W.R. and Lipman, D.J. (1988) Improved tools for 
biological sequence comparison. Proc. Natl. Acad. Sci. U.S.A., 85 , 
2444–2448.

17. Mueller, T. , Spang, R. and V ingron, M. (2002) Estimating amino 
acid substitution models: a comparison of Dayhoff’s estimator, the 
resolvent approach and a maximum likelihood method. Mol. Biol. 
Evol., 19 , 8–13.

18. Pearson,W.R. (2013) Selecting the right similarity-scoring matrix. 
Curr. Protoc. Bioinformatics , 43 , 3.5.1–3.5.9.

19. Camacho, C. , Coulouris, G. , Avagyan, V. , Ma, N. , Papadopoulos, J. , 
Bealer, K. and Madden, T.L. (2009) Blast+: architecture and 
applications. BMC Bioinformatics , 10 , 421.

20. Kumar, S. , Stecher, G. , Suleski, M. and Hedges, S.B. (2017) 
TimeTree: a resource for timelines, timetrees, and divergence times.
Mol. Biol. Evol., 34 , 1812–1819.

21. Kumar, S. , Suleski, M. , Craig, J.M. , Kasprowicz, A.E. , Sanderford, M. ,
Li, M. , Stecher, G. and Hedges, S.B. (2022) T imeTree 5, an expanded
resource for species divergence times. Mol. Biol. Evol., 39 , 
msac174.

22. Thomas, P.D. , Ebert, D. , Muruganujan, A. , Mushayahama, T. , 
Albou, L.P. and Mi, H. (2022) PANTHER: making genome-scale 
phylogenetics accessible to all. Protein Sci. , 31 , 8–22. 

23. Edgar,R.C. (2004) MUSCLE: multiple sequence alignment with 
high accuracy and high throughput. Nucleic Acids Res , 32 , 
1792–1797.

24. Cock, P.J.A. , Antao, T. , Chang, J.T. , Chapman, B.A. , Cox, C.J. , 
Dalke, A. , Friedberg, I. , Hamelryck, T. , Kauff, F. , Wilczynski, B. , et al. 
(2009) Biopython: freely available Python tools for computational 
molecular biology and bioinformatics. Bioinformatics , 25 , 
1422–1423.

25. Nightingale, A. , Antunes, R. , Alpi, E. , Bursteinas, B. , Gonzales, L. , 
Liu, W. , Luo, J. , Qi, G. , Turner, E. and Martin, M. (2017) The 
Proteins API: accessing key integrated protein and genome 
information. Nucleic Acids Res , 45 , W539–W544.

26. Saitou, N. and Nei, M. (1987) The neighbor-joining method: a new 

method for reconstructing phylogenetic trees. Mol. Biol. Evol., 4 , 
406–425.

27. Yu, G. , Lam, T . T .-Y. , Zhu, H. and Guan, Y.. (2018) Two methods for
mapping and visualizing associated data on phylogeny using 
ggtree. Mol. Biol. Evol., 35 , 3041–3043.

28. Simào, F. A. , Waterhouse, R.M. , Ioannidis, P. , Kriventseva, E.V. and 
Zdobnov,E.M. (2015) BUSCO: assessing genome assembly and 
annotation completeness with single-copy orthologs. 

Bioinformatics , 31 , 3210–3212.

3, 2024 
ormatics. 
nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqae066#supplementary-data

	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

