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ABSTRACT

APPRIS (https://appris.bioinfo.cnio.es) is a well-
established database housing annotations for pro-
tein isoforms for a range of species. APPRIS selects
principal isoforms based on protein structure and
function features and on cross-species conserva-
tion. Most coding genes produce a single main pro-
tein isoform and the principal isoforms chosen by
the APPRIS database best represent this main cellu-
lar isoform. Human genetic data, experimental pro-
tein evidence and the distribution of clinical variants
all support the relevance of APPRIS principal iso-
forms. APPRIS annotations and principal isoforms
have now been expanded to 10 model organisms. In
this paper we highlight the most recent updates to
the database. APPRIS annotations have been gen-
erated for two new species, cow and chicken, the
protein structural information has been augmented
with reliable models from the EMBL-EBI AlphaFold
database, and we have substantially expanded the
confirmatory proteomics evidence available for the
human genome. The most significant change in AP-
PRIS has been the implementation of TRIFID func-
tional isoform scores. TRIFID functional scores are
assigned to all splice isoforms, and APPRIS uses
the TRIFID functional scores and proteomics evi-
dence to determine principal isoforms when core
methods cannot.

INTRODUCTION

Protein coding genes generate multiple distinct transcript
species through alternative splicing (1). The predicted trans-
lated gene products––alternative splice isoforms––have
unique, but related amino acid sequences. Model genomes
are annotated with large numbers of alternative coding
transcripts, which can theoretically be translated into iso-
forms that might associate with different protein partners

(2), bind distinct ligands (3), function in specific tissues
(4) or even have completely unrelated functions (5,6). The
GENCODE v38 human reference set (7), for example, an-
notates 63,968 sequence distinct protein isoforms for 19 955
coding genes.

One unresolved issue is how many alternative transcripts
give rise to functional proteins. Although some transcript
variants have ancient origins (8) or are translated in a
tissue-specific manner (9), most alternative isoforms have
little evidence beyond their expression at the transcript level
(10,11) to support a relevant cellular role (12). Most al-
ternative transcripts are primate-derived (8,9) and the vast
majority appear not to be under selective pressure (12,13).
Reliable proteomics experiments find orders of magni-
tude less evidence for alternative proteins than would be
expected (14).

APPRIS is a database that contains annotations for alter-
natively spliced proteins for a range of model species (15).
APPRIS maps protein structure and function information
to splice isoforms and generates cross-species conservation
scores. We developed APPRIS within the GENCODE (7)
consortium, and GENCODE manual curators use informa-
tion from the database to update gene models. The func-
tional and structural information provided by APPRIS is
limited to the most reliably predicted features, including the
presence of Pfam domains (16) and highly conserved func-
tional residues (17).

The primary purpose of APPRIS is the selection of prin-
cipal isoforms for coding genes (15,18). APPRIS principal
isoforms are more than just the representative protein iso-
form for each gene; we have shown that principal isoforms
also best represent the biological reality of the cell (19,20).
Selecting a principal isoform for each gene sets APPRIS
apart from the other three databases of protein features
and annotated alternative splice variants that are currently
maintained (21–23).

We have shown that APPRIS principal isoforms coin-
cide with the main variant detected in proteomics experi-
ments (19,20) and with variants selected by Ensembl (24)
and RefSeq (25) manual annotators (19). In addition, tran-
scripts that generate APPRIS principal isoforms are under
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purifying selection while annotated alternative transcript
variants, as a whole, are not (12,13). APPRIS principal
transcripts even account for all but 0.14% of annotated
pathogenic mutations (20).

There are currently no other available methods for de-
termining principal isoforms. Although methods based on
RNAseq information have been trialled (26,27), they do
not function well (19), and have not been scaled up. Ref-
erence variants have been built into the main databases.
UniProtKB (28) display isoforms are generally the longest
known isoform at the time of their annotation. We have
shown that selecting the longest isoform has few advantages
over using RNAseq data (19). Ensembl and RefSeq together
have generated a set of semi-manually curated main tran-
scripts called MANE Select (20). These transcripts are sup-
ported by experimental evidence and are supposed to rep-
resent the biology of the coding gene, but are only anno-
tated for the human genome. APPRIS principal isoforms
are part of the input to the MANE Select curation process,
and MANE Select and principal isoforms selected by AP-
PRIS core methods agree over 97.2% of coding genes.

The presence or absence of evolutionary features is key
to determining principal isoforms in APPRIS. The greater
the cross species conservation and the more preserved struc-
tural and functional features an isoform has, the more likely
it is to be selected as the principal isoform (18,29). The
structural and functional features and cross species conser-
vation generated by the APPRIS core modules are enough
to determine a principal isoform for the vast majority of
genes, though on occasions the database has to make use of
external information to break a tie.

Here, we detail the updates to the APPRIS database since
the last publication. In addition to the many improvements
to core methods and outputs in the APPRIS pipeline, we
have added a new external machine learning method, TRI-
FID (30), to help determine Principal Isoforms when the
APPRIS core modules require a tie-breaker. As well as
its role in determining Principal Isoforms, TRIFID also
provides a relative functional score for all splice isoforms.
We have also extended APPRIS to the cow and chicken
genomes, added extensive proteomics support and incorpo-
rated AlphaFold models (31) into the Matador3D module
(29).

THE DATABASE

The APPRIS database selects a single reference isoform for
protein coding genes for a range of model species. This ref-
erence isoform, the principal isoform, is chosen using a rule-
based system that makes use of the protein structural and
functional features and cross-species alignments provided
by the core modules of the APPRIS database (29). The AP-
PRIS principal isoform is almost always the isoform with
the most cross-species conservation and the isoform that
preserves most of the conserved structural and functional
features (Figure 1).

APPRIS consists of four core modules. Matador3D maps
PDB protein structures (32) to the annotated splice vari-
ants, SPADE maps Pfam functional domains (16), and
firestar maps functionally important amino acid residues

(17). CORSAIR carries out BLAST (33) searches for ortho-
logues that align without gaps. Two further modules, not
used in principal Isoform selection, map trans-membrane
helix and signal peptide predictions to the isoforms (29).
Principal isoforms are selected in five different steps; those
that are selected by the core modules are tagged as ‘PRIN-
CIPAL:1’. In the case of a tie, APPRIS then makes use of
external data to select one of the isoforms as principal (29).
Isoforms rejected by the core modules are tagged as MI-
NOR, and those that are tied after the core modules, but
not later selected as principal, are tagged as ALTERNA-
TIVE (Figure 1).

Refinements to core modules

We have made substantial refinements to the functioning
of the APPRIS core modules in order to improve principal
isoform selection. For example, SPADE now calculates two
scores for Pfam functional domain conservation, a domain
integrity score that measures whether or not Pfam domains
are intact, and a score based on Pfamscan (16) bitscores.
The final APPRIS score is calculated in two phases: first
using the bitscore, and using SPADE domain integrity score
only if necessary to break ties.

We have made several improvements to the Matador3D
module. In particular, we updated the search databases.
First we used PDBsum sequences (34) to avoid unreliable
unstructured regions, and second we added predicted struc-
tures from the EMBL-EBI AlphaFold Protein Structure
Database (31). AlphaFold models were first filtered for
integrity; trailing unstructured regions at the N- and C-
terminals were trimmed and models with more than four
consecutive poor scoring amino acid residues inserted into
high scoring model regions were rejected (see Supplemen-
tary Materials and Figures S1 and S2 for more details).
We added AlphaFold models for the six available Bilate-
rian genomes (human, mouse, rat, zebrafish, Drosophila
melanogaster and Caenorhabditis elegans) to the Mata-
dor3D search database. The Matador3D module searches
against all AlphaFold models as if they were resolved pro-
tein structures.

TRIFID functional importance scores

We recently developed TRIFID, a machine learning-based
tool to predict the functional importance of splice iso-
forms. Alternative transcripts predicted by TRIFID to pro-
duce functionally important proteins are under purifying
selection, while low scoring alternative transcripts generally
evolve under neutral selection pressure (30). We have incor-
porated TRIFID scores into APPRIS and the gene pages
show the TRIFID score for principal and alternative iso-
forms [see supplementary materials]. TRIFID functional
importance scores are available for annotated isoforms of
all species, but at present are only available for the Ensembl
annotations. However, TRIFID scores are available for the
RefSeq human reference set, both for version 109 and for
version 105 (from build GRCh37).

The use of TRIFID in non-human species is discussed in
the supplementary materials.
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Figure 1. APPRIS annotations for ACP1 from the GENCODE v38 reference set. Panels A and B show PDB structure 4Z99, the resolved structure of
isoform A of low molecular weight protein tyrosine phosphatase (ACP1-001 in the GENCODE annotation), onto which has been mapped the effects of
alternative splicing for two different annotated isoforms, ACP1-002 and ACP1-005. Known catalytic residues are shown as red sticks, Src-phosphorylated
tyrosines are shown in green. Panel A shows variant ACP1-002, which differs from ACP1-001 by a single tandem duplicated homologous exon. Residues
identical between ACP1-001 and ACP1-002 in the exon are shown in light blue; those that differ are shown in light yellow. Catalytic and phosphorylated
residues are not affected by this exon. Panel B shows variant ACP1-005. In this case the second tandem duplicated exon is read in a different frame leading
to a premature stop codon. The unrelated sequence from the frameshifted amino acids is mapped onto the structure in light orange, but these residues are
likely to be unfolded. The remaining protein structure of ACP1-001 (shown in light pink) would be lost in this isoform, eliminating one of the catalytic
residues and both phosphorylated tyrosines. Isoforms generated from ACP1-003 and ACP1-007 swap even more of the C-terminal region of the principal
isoform for unrelated residues and premature stop codons. Both lose the same catalytic and phosphorylated residues as ACP1-005. Panel C shows the
scores from the APPRIS modules for the five isoforms. The principal isoform scores are shown with a green background, the ‘alternative’ isoform with
an orange background. The scores for variant ACP1-002 are so similar to those of the principal isoform that APPRIS has to determine the principal
isoform from external methods. ACP1-001 is chosen as the principal isoform on the strength of proteomics evidence (PRINCIPAL:3). TRIFID predicts
that ‘ALTERNATIVE’ variant ACP1-002 is highly likely to be functionally important as a protein. The remaining three isoforms lose protein structure,
functional domains and residues and have no detectable cross-species conservation. TRIFID predicts that they will not be functionally relevant at the
protein level.

Additional features for the human reference set

Isoforms from the human reference set are supported by
peptide evidence from proteomics experiments. We have
substantially expanded the proteomics coverage in the most
recent version of the human reference set by including pep-
tides identified in five different proteomics analyses (35–39).
In GENCODE v24, we mapped 147 669 peptides to the
human reference set; this has grown to 339 442 peptides
in GENCODE v38, an increase of almost 130%. This pro-
teomics data is now also used to help determine principal
isoforms where the core modules cannot determine a clear
principal isoform.

The APPRIS database now also includes a list of
known functional alternative isoforms for the human ref-
erence set. These small sets of functional isoforms came
from large-scale studies that we carried out (8,9) and
will be added to as we expand this work. The func-
tional isoforms are tied to a specific version of GEN-
CODE because identifiers sometimes change with the
version.

Beyond the core modules

Not all APPRIS principal isoforms are alike. There are five
types of principal isoforms, tagged with a score from 1 to
5. The tag depends on the method used to make the final
selection. ‘PRINCIPAL:1’ isoforms, as already mentioned,
are determined solely using information from the APPRIS
core modules, while methods external to the core modules
select the remaining principal isoform types.

APPRIS has a new selection process for the PRINCI-
PAL:2 through to PRINCIPAL:5 isoforms. For all En-
sembl annotated species, and for RefSeq versions 109 and
105 of the human reference set, APPRIS uses the TRI-
FID functional isoform score and the proteomics evidence
to break ties. The pipeline that determines the PRINCI-
PAL:2 through to PRINCIPAL:5 isoforms only activates
if the APPRIS core methods have not been able to deter-
mine a PRINCIPAL:1 isoform. Although the core meth-
ods might not have selected a principal isoform, they will
have ranked the isoforms and sorted the isoforms into
two groups: those that could be the principal isoform, and
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Figure 2. Improvements in principal isoform coverage in four model species. Bar charts showing the changes in principal isoform coverage with the
improvements to the core methods and the change to the new TRIFID-based selection process. The distribution of principal isoforms before the changes is
shown in the lighter colour (and labelled ‘Classic’) and the distribution after the changes is in darker bars (‘TRIFID’). Principal isoform types are labelled
as P:1 etc. where P:1 is short for PRINCIPAL:1. From top left, (A) human, (B) mouse, (C) chicken, (D) D. melanogaster. There were no P2 or P4 isoforms
in chicken or D. melanogaster prior to the improvements because these species are not annotated with CCDS (42) evidence. TRIFID plays no part in the
selection of P:1 isoforms, Improvements here are due to the core methods and include the effects of adding AlphaFold models. The TRIFID selection
process means that there are now very few P:5 isoforms in any species. Full details can be found in the supplementary materials.

those that cannot be the principal isoform. Isoforms re-
jected by the core methods cannot be the principal isoform.
These rejected isoforms are tagged as MINOR and play no
part in the PRINCIPAL:2 to PRINCIPAL:5 isoform selec-
tion process. The details of the PRINCIPAL:2 to PRINCI-
PAL:5 selection process can be found in the supplementary
materials.

Both the new PRINCIPAL:2 and PRINCIPAL:3 steps
are a substantial improvement on the previous selection
procedure for human genes, as demonstrated by the 10%
improvement in agreement with the MANE Select variant
(20). At present, it is only possible to determine PRIN-
CIPAL:3 for the human reference set, but using TRIFID
scores to determine PRINCIPAL:2 and PRINCIPAL:4 iso-
forms is a considerable advance for non-human species
where APPRIS was previously forced to use length as the
only tie-breaker.

Species annotated in APPRIS

Two new species have been added to the APPRIS database,
cow and chicken. This brings the number of Ensembl verte-
brate species with annotations in APPRIS to eight (human,
chimpanzee, mouse, rat, pig, cow, chicken and zebrafish)
to go with the two Ensembl versions of model invertebrate
genomes (D. melanogaster (40) and C. elegans (41)). AP-
PRIS also annotates principal isoforms for the RefSeq and
UniProtKB annotations of the human, chimpanzee, mouse,
rat, pig, and zebrafish gene sets.

Upgrades to the core methods in APPRIS, the addition
of the AlphaFold models to the Matador module and the
new TRIFID-based selection process have brought about
improvements in principal isoform coverage, particularly
in species other than human and mouse. The changes in
principal isoform coverage for human, mouse, chicken and
D. melanogaster can be seen in Figure 2. Using TRIFID
to distinguish principal isoforms reclassifies 30% of PRIN-
CIPAL:5 isoforms in cow and 40% of PRINCIPAL:5 iso-
forms in chicken (Supplementary Figure S3). The changes
in all methods can be seen in Supplementary Table S1.

Adding AlphaFold models increased the number of genes
with 3D structure coverage by 21% in D. melanogaster, just
over 14% in chicken and by 4% in human. AlphaFold
models improved PRINCIPAL:1 coverage by just one per-
centage point in cow and chicken and half a percentage
point among human genes, because there are three other
core methods besides Matador3D that determine principal
isoforms.

The clearest effect of using TRIFID as part of the selec-
tion process is that almost all of the genes with less reliably
selected PRINCIPAL:5 isoforms now have the more reliable
PRINCIPAL:2 or PRINCIPAL:4 isoforms (Figure 2).

DISCUSSION

APPRIS selects a single sequence-unique isoform to be
the representative protein for each coding gene. These
principal isoforms are chosen based on cross-species con-
servation and the presence or absence of conserved protein
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structural and functional features. Until now, large-scale re-
search projects and databases have chosen the longest CDS
as the reference variant for coding genes. We have shown
that the use of APPRIS principal isoforms substantially im-
proves on this strategy (19,20).

Experimental evidence strongly suggests that most cod-
ing genes have a single dominant protein isoform (19). Al-
though there are genes that have clear tissue-specific iso-
forms (9), most dominant isoforms appear to be dominant
regardless of cell type (19). APPRIS is the best predictor of
the main protein isoform; APPRIS PRINCIPAL:1 princi-
pal isoforms agree with the main experimental proteomics
isoform in more than 96% of comparable genes (20), and ex-
ons from principal transcripts are under selective pressure,
while alternative exons are not (12). What is more, we found
that only 48 of the almost 35 000 ClinVar (43) pathogenic or
likely pathogenic mutations we analysed (0.14%) affect al-
ternative coding exons, while the rest have their effect on
exons that code for APPRIS principal isoforms, or on con-
served non-coding regions (20).

Large-scale analyses often require a single representative
transcript or isoform for technical reasons. Since results de-
pend on the quality of input data, choosing the APPRIS
principal isoform as the main representative should be a
critical first step for any genome-wide analysis. APPRIS
principal isoforms also capture almost all pathogenic vari-
ants, illustrating the importance of using principal isoforms
in the clinical interpretation of biomedical data too.

The TRIFID functional relevance scores available via
APPRIS are important for researchers working with indi-
vidual genes: it is not always clear which splice isoform (or
isoforms) of a coding gene is functionally important, and
this will become more difficult as the number of annotated
splice isoforms grow. We have shown that the higher the
TRIFID scores for an alternative variant, the more likely it
is to be under purifying selection (30). In addition, we have
found that exons from the highest scoring TRIFID variants
are significantly more likely to have validated pathogenic
mutations, while the 85% of alternative exons from tran-
scripts with TRIFID scores of less than 0.2 have practically
no pathogenic mutations (20).

APPRIS principal isoforms and the associated annota-
tions are freely accessible through the APPRIS web page
and APPRIS WebServices (44), via the GENCODE and
Ensembl reference sets, and the UCSC gene browsers (45).

DATA AVAILABILITY

APPRIS principal isoforms, scores and the annotations
from the individual methods can be downloaded from the
APPRIS web site (https://apprisws.bioinfo.cnio.es/pub/).
Ensembl includes principal isoforms for the human, mouse,
zebrafish, rat, and pig genomes within its website, BioMart
data-mining tool, and API, and human and principal iso-
forms annotations are available in GENCODE data files.

Principal isoforms for the Ensembl reference set and the
predictions from the APPRIS core modules can be visu-
alized in the UCSC Genome Browser with the Principal
Splice Isoforms APPRIS Track Hub. Annotations are avail-
able for human, chimpanzee, mouse, rat, pig, zebrafish, D.
Melanogaster and C. Elegans.

In addition, users can extract APPRIS annotations for
specific reference sets (Ensembl, RefSeqGene, UniProtKB)
via the APPRIS WebServer and WebServices. The APPRIS
WebServices allows users to query further Ensembl verte-
brate species (44).

All APPRIS source code is available with distributed ver-
sion control in a GitHub public-repository (https://github.
com/appris/appris/). The APPRIS pipeline is executed on
Linux (Ubuntu). However, it can be run on Windows,
Mac OS X, or Unix-based systems via its Docker im-
age (appris/core). The APPRIS-Docker image (https://hub.
docker.com/r/appris/core) is stored by the software con-
tainer platform Docker in the public Docker Hub.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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D’Erchia,A.M., D’Onorio De Meo,P., Fariselli,P., Finelli,M.,
Licciulli,F. et al. (2011) ASPicDB: a database of annotated transcript
and protein variants generated by alternative splicing. Nucleic Acids
Res., 39, D80–D85.

24. Howe,K.L., Achuthan,P., Allen,J., Allen,J., Alvarez-Jarreta,J.,
Amode,M.R., Armean,I.M., Azov,A.G., Bennett,R., Bhai,J. et al.
(2021) Ensembl 2021. Nucleic Acids Res., 49, D884–D891.

25. O’Leary,N.A., Wright,M.W., Brister,J.R., Ciufo,S., Haddad,D.,
McVeigh,R., Rajput,B., Robbertse,B., Smith-White,B., Ako-Adjei,D.
et al. (2016) Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nucleic
Acids Res., 44, D733–D745.
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