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Standardized gene nomenclature supports unambiguous communi-
cation and identification of the scientific literature associated with
genes; to support the increasing number of annotated genomes that are
now available for comparative studies, gene nomenclature authorities
coordinate the assignment of approved gene names that can be readily
applied across species. Theofanopoulou et al.! propose anew nomen-
clature for the genes thatencode oxytocinand arginine vasopressinand
theirreceptors. Rather than changing to adifferent nomenclature, we
suggest minor updates to the current approved nomenclature of these
vertebrate genesto better reflect their evolutionary history. We call on
authors, journal editors and reviewers to help support communication
and indexing of gene-related publications by working with existing
gene nomenclature committees and ensuring that standardized gene
nomenclature is routinely used.

Standardized gene nomenclature provides acommon language for
the biomedical community and beyond. Gene nomenclature refers
to both the full gene name and the unique gene symbol; aliases (or
synonyms) used in published literature are also often recorded to
facilitate disambiguation, indexing and text mining. In vertebrates,
gene nomenclature committees focus on species that represent key
groups, including mammals®*, birds®, fish® and amphibians’, and coor-
dinate their efforts to ensure that approved gene names are assigned
consistently across species. Historically, mammalian and avian gene
symbols arein upper case, with the exception of rodents, which have
gene symbols in title case; by contrast, Xenopus and zebrafish gene
symbols are in lower case. These case conventions were originally
established to help researchers distinguish references to genes in
different model organisms®, and the standardized nomenclature
is widely disseminated through all of the major genomic resources
and model organism databases. Notably, this approach takes into
account genetic and evolutionary similarities in addition to func-
tion, exactly as proposed by Theofanopoulou et al.}, and many genes
are named on the basis of their homologues in yeast, flies and other
non-vertebrates. Gene nomenclature groups work closely with com-
munity experts’, researchers, clinicians, bioinformaticians and bio-
curators to ensure that the approved gene names and symbols are
informative, non-redundant and broadly applicable across diverse
biological fields of study. One rationale cited for the newly proposed
nomenclature of Theofanopoulou et al. isto create a universal nomen-
clature system that can be consistently used across vertebrates. How-
ever, such a systemis already established by the existing vertebrate
nomenclature authorities.

Theofanopoulou et al. propose a new nomenclature for the genes
thatencode oxytocin, arginine vasopressin and their receptors on the
basis of their evolutionary analysis of these genes in the context of
newly sequenced, high-quality genomes generated by the Vertebrate
Genomes Project (VGP)™°. Although we share their desire to ensure that
gene nomenclaturereflects evolutionary relationships, we believe that
the existing approved nomenclature, first established in vertebrates
30 years ago, already largely represents these relationships (Table 1).
Instead, only minor updates are needed insome species to better reflect
the orthology and paralogy between these genes (Supplementary
Information). We consider many factors when making nomenclature
decisions: structure and function of genes and gene products; evo-
lutionary history (including consideration of gene synteny); current
and historical nomenclature usage; utility of nomenclature as search
terms (including avoiding symbol clashes with other genes across the
tree of life); levels of support for nomenclature updatesin the research
community; and concordance with nomenclature guidelines in sev-
eralmodel systems (see Supplementary Information). In addition, the
current remit of the HUGO Gene Nomenclature Committee (HGNC)
includes a commitment to move towards gene-symbol stability in
humans®—especially for genes that are clinically relevant, which include
the genes encoding oxytocinand arginine vasopressin and their recep-
tors. Confusion about gene nomenclature in the medical literature
could have serious negative consequences for patient safety™.

Major revisions to approved nomenclature are considered when
the benefits clearly outweigh the downsides. Benefits caninclude the
correctionofincorrect or misleading gene nomenclature, better repre-
sentation of evolutionary relationships, standardizing nomenclature
throughout a gene family and providing nomenclature that can be
used across all vertebrate species. Theofanopoulou et al. argue that
the nomenclature of the oxytocin and arginine vasopressin genes and
their receptors merits an update for all of these benefits. We believe
that the existing approved nomenclature does not merit major revision
asitis widely used, is not incorrect or misleading in the vast majority
of vertebrate species, largely represents evolutionary relationships
(with only minor additions needed to represent subcladesin the AVPR2
subfamily) and has long been standardized across species (see Supple-
mentary Information). The drawbackis theintroduction of additional
identifiers in databases and the literature, which increases the risk of
confusiontoresearchers and readers. Unfortunately, the potential for
confusion has already been exemplified in a recent paper by Ocampo
Daza et al.?, who disagreed with Theofanopoulou et al.s assignment
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Table 1| Comparison of approved and proposed symbols
for the oxytocin and arginine vasopressin ligand and
receptor genes

Approved symbol from joint nomenclature Theofanopoulou et al.
committees proposed symbol
OXT oT

AVP vT

OXTR OTR

AVPRIA VTRIA

AVPR1B VTRI1B

AVPR2 (aliased as AVPR2A*) VTR2C

AVPR2B* VTR2B

AVPR2C* or AVPR2L VTR2A

Newly approved symbols are indicated with *.

of ABC suffixes in the AVPR2/VTR2 subfamily and therefore used the
same symbols to refer to different genes.

Theofanopoulou et al. argue that their study acts as a model
for the revision of gene nomenclature in the context of large-scale
vertebrate-sequencing projects, including the VGP. Their stated intent
is to completely revise vertebrate gene nomenclature, including that
ofhumangenes, tofully reflect evolutionary histories that are revealed
by large-scale sequencing projects. We are concerned that the authors
may not fully appreciate the level of disruption that would be caused by
major revisions to gene nomenclature on this scale. It is worth noting
that the gene family analysed in their study is relatively simple with
regard to its evolutionary history, and to perform such an analysis
for every vertebrate gene family is an inconceivably large task. Given
that over 40 years and millions of dollars of public funding have been
invested in the current standardized nomenclature projects, we pro-
pose that an overhaul of the entire system would not be a prudent use
of the limited resources we have in genomics.

Requiring scientists to consistently use approved nomenclature
avoids confusion and supports searchindexing. Although anincreas-
ing number of scientific journals mandate the use of standardized
gene nomenclature, this requirement is not always clearly stated or
strictly enforced for authors, and citing the approved gene symbol
and its associated gene ID should be compulsory in all journals. The
instructions provided by Natureto authors state that authors can “use
their preferred terminology” for genes and proteins, which enables
authors to publish novel nomenclature without first checking with the
relevantauthority. If all journals—and especially influential ones such
as Nature—weretoinsist thatauthors consult with nomenclature com-
mittees when suggesting updates, much confusion could potentially
be avoided. Unequivocally communicating about genes will facilitate
research and development in all biological and clinical fields.

We assert that the changes suggested by Theofanopoulou et al. to
the official vertebrate gene nomenclature would cause considerable
confusion with little perceivable benefit.

Our analysis of their study (Supplementary Information) demon-
strates how the integration of genomic data from a broader range of
species can help us to update and improve an already-established
nomenclature with only minor modifications. Theofanopoulou et al.
call for collaboration between the gene nomenclature committees

E32 | Nature | Vol 614 | 16 February 2023

and genomic initiatives, which we have always wholeheartedly sup-
ported. We continue to encourage researchers and communities to
collaborate with the gene nomenclature committees when proposing
nomenclature updates.

Reporting summary

Furtherinformation on experimental designis availablein the Nature
Portfolio Reporting Summary linked to this article.
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REPLYING TO F. M. McCarthy et al. Nature https://doi.org/10.1038/s41586-022-05633-w (2023)

Here wereply to points raised by McCarthy et al. in the accompanying
Comment' concerning our proposal*for an evolution-based and univer-
sal vertebrate nomenclature for the oxytocin and vasotocin ligand and
receptor families, and the principles considered for homology-based
gene nomenclatures. We strengthen our claims with additional evi-
dence and propose evidence-based criteria for homologous gene
nomenclature, in the following order of reliability: synteny, phylo-
genetic inference, sequence identity and gene function. We believe
that thetimeisripe for gene nomenclature committees and initiatives
generating high-quality assemblies to join forces in a universal gene
nomenclature committee.

Our proposed universal gene nomenclature (that is, naming) for
the oxytocin and vasotocin ligands and receptors? was based on sev-
eral criteria, including gene synteny, phylogeny, identity and func-
tion, and provides a case study that is applicable across gene families.
McCarthy et al.' argue that a standardized system of nomenclature
already exists, “first established in vertebrates 30 years ago”, and that
only minor changes are neededin this gene family, with afocus on tradi-
tion, name stability, phylogeny, identity and gene function, and with
the order of priority of evidence determined on a case-by-case basis.
We disagree with both of these claims, especially because determining
gene orthology was not fully possible until the recent availability of
high-quality genomes. Below, we discuss the principles that we suggest
should be applied across gene families and future initiatives. In the
Supplementary Information, we respond to the gene-specific claims
made by McCarthy et al.’.

In our study?, for each of the oxytocin and vasotocin ligands and
receptors, we listed two to six commonly used aliases (Table 1in
Theofanopoulou et al.?). Many of these reflect incorrect ortholo-
gies or paralogies, indicating that there was not a universally used
standard before our study, nor one that sufficiently portrayed gene
orthology. We view the vertebrate-wide gene nomenclature that
McCarthy et al.! present as “approved” in their Table 1 as newly pro-
posed. They adopted the most common gene names for mammals,
revised some on the basis of our study and others, and applied them
toall other vertebrates where possible (Supplementary Note 1). None
of the other aliases were listed, which makes the translation of find-
ings across species and the literature difficult. Furthermore, in their
newly proposed nomenclature, tradition overrides orthology and
paralogy. For example, they maintain very different names for the
genes oxytocin and vasotocin that do not echo their paralogy (that
is, oxytocin and arginine vasopressin); and for species that do not
have the arginine amino acid, they change the name to another alias
(vasopressin), but still abbreviate it to AVP. We think that allowing
tradition and stability to override naming rules of orthology and paral-
ogy could lead to confusion.

However, we believe it is possible to consider both tradition and
orthology/paralogy. For example, because vasotocinis the evolution-
arily older gene, with oxytocin resulting from alocal duplication of it?,
if we were strict with evolutionary naming, we would have renamed
vasotocinto ‘vasotocin 1’and oxytocin to ‘vasotocin 2’. But to conserve
some continuity with traditional use, we proposed the already used
‘vasotocin’ for vasopressin, to mirror the ending of ‘oxytocin’. In form-
ing this proposal, we consulted with experts, whom we acknowledged?,
and with the leaders of the Ensembl annotation team.

Valuing accuracy over tradition comes with some downsides. Per-
haps the greatest would be the effort required to ensure continuity
between previous publications and annotated genomes with the new
nomenclature. To mitigate this, we suggest a translation table from old
torevised gene names (for example, Table 1in Theofanopoulouetal.?),
whichwould be available in platforms like the National Center for Bio-
technology Information. Current committees already use such tables,
but their practices of establishing nomenclature changes are either
different than the ones we propose or not consistent with each other
(Supplementary Notes 2-4).

McCarthy et al.' also criticize our proposed two-letter symbols for
oxytocinand vasotocin (OTand VT),inthatthey give broader resultsin
aliterature search compared to three-letter symbols (such as OXTand
AVP). We agree and further argue that three-letter symbols could still
reflectan evolution-based nomenclature; for example, OTC (oxytocin)
and VTC (vasotocin). We also suggest that gene-symbol consistency
across species should be adopted in their letter capitalization. The
landscape at present, in which only some mammalian and avian gene
symbols are upper case, mouse and rat symbols are lower case except for
aninitial upper-case letter and amphibian and fish species are all lower
case, does not depictthereal orthology of these genes, and perpetuates
anthropocentric practices. In our universal nomenclature proposal?,
we suggest that gene symbols should be upper case across species.

We agree with McCarthy et al.! that for name revisions, the benefits
should outweigh the risks. We are guided by the belief that “names have
apowerfulinfluence onthe experiments we do and the way inwhichwe
think”?, and hence it is important that names do not give rise to false
expectations. For example, the binding of oxytocinto the ‘vasopressin’
receptors has been oftenidentified as surprising—something that could
be avoided with names that reflect their common origin (-tocin). This
knowledge will also be useful for medicine, so that physicians are more
aware of druginteractions between the two receptor families. Similarly,
in other gene families, McCarthy et al.' endorse a nomenclature that
differs in orthologous genes with a different function across species.
Forexample, the CSAD gene is named ‘cysteine sulfinicacid decarboxy-
lase’ in all species except chickens, in whichiit is called ‘cysteine acid
decarboxylase’. If sequence and/or function changes were routinely
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Fig.1|Family tree for genes that encode the oxytocinand vasopressin
receptors. Tree topology inferred with the phylogenetic maximum likelihood
method on an exon nucleotide alignment (MAFFT), with1,000 non-parametric
bootstrapreplicates (IQ-TREE). Bootstrap values are shown as percentages at
thebranch points. Thetreeis rooted withthe VTR geneinamphioxus. The gene
names of the current accessions (see Table 1in Theofanopoulouetal.?and

used to change gene names, then nearly all orthologous genes would
have different names across species.

McCarthy et al." decided not to suggest blanket ‘rules’ about which
factors should be weighed more heavily than others, as each case will
differ depending on the context. In our experience, not allevidence has
equalweight. For example, McCarthy et al.! did not accept our nomencla-
turein partdueto thelack of sequence-identity resolution (Basic Local
Alignment Search Tool (BLAST) analyses). However, sequence-identity
percentages do not always provide a solid basis for gene nomencla-
ture, because orthologous syntenic genes can misleadingly have higher
sequence identity with a paralogous gene (Supplementary Table 12 in
Theofanopoulouetal.?). Inaddition, McCarthy etal.! presented anamino
acid phylogeny as not being conclusive enough for some of our inter-
pretations. However, we showed? that amino acid phylogenies have low
bootstrap supportonsome branches, whereas exonic nucleotide phy-
logeniesyielded a higher resolutionthat supports our conclusions (Fig. 4
in Theofanopoulou et al.?). With more high-quality genome assemblies
generated by the Vertebrate Genomes Project (VGP) since our original
publication, we ran a new exonic phylogeny that even more strongly
supports our conclusions (Fig.1and Supplementary Notes 3 and 4).

We find** that synteny-based approaches in most cases give the
best resolution for gene orthologies and paralogies, and hence
for gene nomenclature. Wherever available, we propose using
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_911&.<

OTR (white shark); OTR (elephant shark)

Com s

OTR (coelacanth); OTR (frog)

Supplementary Tables 4a—e in Theofanopoulou etal.*for a full list of synonyms)
were written over according to our revised synteny- and phylogeny-based
orthology. Allsequences used, FASTA alignment and Newick tree files can be
accessed hereathttps://github.com/constantinatheo/universalnomenclature/.
Scalebar, 0.62 substitutions. Foradiscussion oninterchanging VTR2A and
VTR2Cnaming, see Supplementary Note 3.

chromosome-scale genomes that are highly contiguous and have a
high base-call accuracy?. When synteny is not clear, we suggest that
priority is given to nucleotide phylogenetic inference with the same
prerequisites for genome quality. In Extended Data Fig. 1and Sup-
plementary Note 5, we provide specific suggestions and caveats with
regard to our recommended practices for synteny and phylogenetic
analyses. We propose that a combination of synteny and highly sup-
ported phylogeny is the backbone of a universal gene nomenclature.
According to theguidelines forhuman gene nomenclature’, initiatives
thataimtoreviseanomenclature whentheold oneis “misleading...are wel-
comed”. We agree with this practice. However, we believe that the process
thatis used to approve those revisions should take a differentapproach to
theones proposed by McCarthy et al.' We do not think that journal editors
should require “scientists to consistently use approved nomenclature”
by alimited committee. Rather, we believe that they should allow new
usesin the light of new evidence (see checklist in Extended DataFig.1).
Moreover, the current nomenclature committees represent nomen-
clature focused on only 0.01% of the 70,000 extant vertebrates, with
genome assemblies that were much more fragmented, and with
traditions that we think need reconsideration. Although several
authors of the accompanying Comment by McCarthy et al.'are part of
arecently formed Vertebrate Gene Nomenclature Committee (VGNC),
in their database (https://vertebrate.genenames.org/) at the time of


https://vertebrate.genenames.org/
https://github.com/constantinatheo/universalnomenclature/

writing (19 November 2022) there is no inclusion of gene aliases used
inthe literature (versus Table 1in Theofanopoulou et al.?).

The high-quality genomes generated by the VGP (https://verte-
brategenomesproject.org/) and related initiatives such as the Earth
BioGenome Project (https://www.earthbiogenome.org/)®” are greatly
improving the identification of gene orthology and thereby gene
annotation, bringing about an opportunity to establish a universal
nomenclature for most genes. Our experience in these initiatives is
that existing gene annotation and nomenclature bodies are not yet
coordinated or consistentin their approaches. We envisage a universal
gene nomenclature committee that involves scientists working on
sequencing, assembly, annotation, phylogeny and genome evolution,
aswell ason the respective lineages and genes for all life.

One possible organizing principle would be to create one committee
per major lineage (for example, cyclostomes), group these as subcom-
mittees under one larger committee (for example, all vertebrate spe-
cies), group all of them under acommittee for all species of one of the
animal kingdoms (for example, eukaryotic species) and thengroup all
of them under all life. We believe that such an effort would be likely to
require changes both to infrastructure (for example, committees and
publication policies) and to the way systems operate (for example,
high-quality genomes, synteny and phylogenetics).

Reporting summary

Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All of the data used can be found in the Supplementary Notes and
in the following repository: https://github.com/constantinatheo/
universalnomenclature.

Code availability

Allthe code usedinthisstudy canbe foundinthe following repository:
https://github.com/constantinatheo/universalnomenclature.
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Matters arising

[ High-quality, Chromosomal-level genomes

[1 Species from all orders of a lineage or class

[] Examination of synteny in different gene-windows (e.g., 10, 50, 100) and
chromosomal windows

[] Caveats: consideration of divergence time when assessing robustness of synteny
conservation or when setting thresholds

SYNTENY ANALYSES

[ High-quality, Chromosomal-level genomes

[J Species from all orders of a lineage or class

[1 At least two different inferences (exonic sequences, protein coding sequences,
or full-length sequences (coding and non-coding sequences))

[] Trees rooted with an outgroup-taxa sequence

7))
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Q
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[ Caveats: bootstrap cut-off values, trees based on long vs. short sequences etc.

Extended DataFig.1|Checklist and caveats. Suggested checklistand caveats to be considered for synteny (top) and phylogeny (bottom) evidence used to
propose genenomenclature.
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Data collection We collected our data using gene sequences found in the NCBI (https://www.ncbi.nlm.nih.gov/) and Ensembl (release 105; https://
useast.ensembl.org/index.html). Genome assembly IDs and GenBank assembly accession numbers can be found in Supplementary
Table 1.

Data analysis Our exonic sequences were aligned with MAFFT (v 7) (https://mafft.cbrc.jp/8; default parameters); from this alignment, we generated a

Phylogenetic Maximum Likelihood tree using IQTree WebServer (1000 replicates) (v2.2.0), which we visualized via https://phylo.io/.
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Policy information about availability of data
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We used 17 vertebrate and 1 invertebrate species' genomes, whose IDs and GenBank assembly accession numbers can be found in Supplementary Table 1. All the NCBI/
Ensembl/Gene IDs of the genomes and genes we included in the phylogenetic tree can be found in the Suppl. Tables_TheofanopoulouMattersArising excel document All the
exonic gene sequences, alignment and Newick tree files used for the phylogenetic tree can be found here: https:// github.com/constantinatheo/universalnomenclature.
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Sample size For the exonic phylogeny we used the longest read-sequences available from species representing 10 vertebrate lineages (1 cyclostome:
sea lamprey; 2 sharks: elephant shark and white shark, 1 coelacanth: coelacanth; 1 holost fish: spotted gar; 4 teleost fishes: zebrafish,
red bellied piranha, electric eel, and blunt-snouted clingfish; 2 squamata: common wall lizard and Western terrestrial garter snake; 1 turtle:
green sea turtle; 1 frog: tropical clawed frog; 2 birds: zebra finch and chicken; and 2 mammals: human and mouse) and 1 invertebrate
(amphioxus). No sample size calculation was performed; sample size was determined sufficient in terms of quantity, since all major
vertebrate lineages are represented, and quality, since we used high-quality genomes wherever available.

Data exclusions e did not exclude any genomes of species that would have contributed further to the understanding of the evolution of the OTR-VTR
receptors.

Replication We generated a Phylogenetic Maximum Likelihood tree using IQTree WebServer (1000 replicates). All attempts for replication were
successful.

Our tests were blind in that we had not assigned specific names to the genes before our synteny analyses showed clearly which gene is

Blinding orthologous to which (Theofanopoulou et al. 2021).

Randomization = Randomization was not relevant in this study, since it is impossible to randomize the gene sequences found in a species' genome.
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