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Abstract

Key message Here, we provide an updated set of guidelines for naming genes in wheat that has been endorsed by
the wheat research community.

Abstract The last decade has seen a proliferation in genomic resources for wheat, including reference- and pan-genome
assemblies with gene annotations, which provide new opportunities to detect, characterise, and describe genes that influence
traits of interest. The expansion of genetic information has supported growth of the wheat research community and catalysed
strong interest in the genes that control agronomically important traits, such as yield, pathogen resistance, grain quality, and
abiotic stress tolerance. To accommodate these developments, we present an updated set of guidelines for gene nomenclature
in wheat. These guidelines can be used to describe loci identified based on morphological or phenotypic features or to name
genes based on sequence information, such as similarity to genes characterised in other species or the biochemical properties
of the encoded protein. The updated guidelines provide a flexible system that is not overly prescriptive but provides structure
and a common framework for naming genes in wheat, which may be extended to related cereal species. We propose these
guidelines be used henceforth by the wheat research community to facilitate integration of data from independent studies
and allow broader and more efficient use of text and data mining approaches, which will ultimately help further accelerate

wheat research and breeding.

Introduction

Wheat, the world’s most widely grown cereal, produces
grain that accounts for~20% of the protein and calories
consumed globally (www.fao.org; Shiferaw et al. 2013).
The sustainability of wheat yields relies on breeding, which
strives to maintain and enhance grain production by improv-
ing traits such as pathogen resistance, tolerance to abiotic
stresses, end-use quality, and yield potential, among others.
Breeders achieve these productivity gains by identifying
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genetic variation for these agronomically important traits,
with beneficial alleles being selected, and sometimes fixed,
among elite cultivars. Similarly, natural and human selection
for this genetic variation contributed to the domestication
of wheat from its wild relatives. Examples of such variation
includes the Q allele of domesticated wheat that confers a
subcompact spike with free-threshing grain, Reduced height
alleles, that decrease height and lodging by suppressing sen-
sitivity to phytohormones, and the photoperiod insensitive
alleles of PHOTOPERIOD-1 that promote flowering under
shorter daylengths (Beales et al. 2007; Debernardi et al.
2017; Peng et al. 1999; Simons et al. 2006).

The need to learn more about the genetic basis of domes-
tication and subsequent breeding has encouraged analyses
of the wheat genome. Historically, this work has included
investigation of wheat’s genetic ancestry and hybridisa-
tion of the sub-genome species, the discovery of synteny
among cereal genomes, and the development of aneuploid
lines to identify chromosomal segments containing genes
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responsible for key traits (Kihara 1944; Sears 1948, 1954;
Gale and Devos 1998; Moore et al. 1995; Tsunewaki 2015).
Traditionally, gene designations in wheat were based on
morphological or phenotypic features that were genetically
mapped as discrete genetic units or loci. Hence, a locus is
defined as a chromosomal site of variable size at, or within
which, is located a gene, a restriction site, a breakpoint, an
insertion, or other distinguishable feature (Woodhouse et al.
2021). More recently, the assembly of reference and pange-
nome sequences for wheat, its progenitors and closely related
species, and an improved understanding of gene expression
has facilitated identification of molecular sequences underly-
ing a locus (Gaurav et al. 2022; International Wheat Genome
Sequencing et al. 2018; Ling et al. 2018; Ramirez-Gonzalez
et al. 2018; Walkowiak et al. 2020). These advances have
provided an exciting step-change in wheat science and have
encouraged research to analyse gene function in wheat based
on homologues described in other species. Together with the
generation of mutant populations and improved transforma-
tion capabilities that have enhanced our ability to examine
gene function (Debernardi et al. 2020; Ishida et al. 2015;
Krasileva et al. 2017), we anticipate there will be a vast num-
ber of new loci discovered and reported in coming years.
Based on this anticipated expansion of reported loci, we
propose an updated set of guidelines for designating names
and symbols of genes for adoption by the wheat community.

This work represents a contribution to set guidelines
for gene nomenclature across the Triticeae (e.g. Triticum
aestivum, Triticum turgidum, Triticum uratu, Aegilops
tauschii, Aegilops speltoides, Triticum timopheevii and

[ Sequenced gene

Sequenced gene with
unknown function

Haplotypes

]._

Fig. 1 General process for navigating wheat gene nomenclature;
based on McCouch et al. (2008). Whereas a gene may be defined as
a segment of DNA with a known or predicted function or phenotype
and alleles may be defined as variations in a gene sequence, we have
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beyond). These guidelines follow those established for the
Wheat Gene Catalogue (Mclntosh et al. 2013), an initia-
tive established and supported by the now disbanded Inter-
national Wheat Genetics Symposium from 1968 to 2017.
The guidelines have been updated here to provide examples
to accommodate recent advances in our understanding of
wheat genomes. This organisation is consistent with previ-
ous wheat nomenclature (MclIntosh et al. 2013) and that of
rice (McCouch et al. 2008). It would indeed be desirable to
have a common language to designate the genes in wheat,
barley, oat, and rye, given the shared breeding targets for
these cereals. The close phylogenetic relationships among
the Triticeae easily allows identification of orthologues (i.e.
a homologous gene that evolved from a common ancestral
gene by speciation) and a common gene nomenclature crite-
rion could help define gene families for investigation at the
sequence and functional level.

Here, we describe the updated guidelines for the use
of gene symbols in wheat based on (i) locus designations
identified based on morphological or phenotypic features
(In “Recommended rules for symbolisation of genes confer-
ring morphological, physiological and grain quality traits,
proteins, and disease/pest resistance” section) or (ii) gene
nomenclature once the underlying gene has been identified
(i.e. cloned) and for genes identified by sequence similar-
ity with other species (often without a reported phenotype)
(In "Guidelines for nomenclature of biochemical molecular
loci in wheat and related species" section) (Fig. 1). We also
provide guidelines for the naming of related genetic entities
and macromolecules, including gene complexes (In "Gene

Locus name based on
phenotype (no sequence)

Alleles

— |

Sequenced gene with ]

known function/phenotype

| Haplotype I
l Alleles I

adopted the precedence of McCouch et al. (2008) in distinguishing
“alleles” based on function/phenotype from sequence variants or
“haplotypes”
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complexes" section), pseudogenes (In "Pseudogenes"” sec-
tion), proteins (In "Proteins" section), DNA markers (In
"Symbols for DNA markers" section), quantitative trait loci
(in "Symbols for loci and alleles controlling quantitative
characters" section), genes for reaction to pests and patho-
gens (In "Guidelines for nomenclature of genes for reaction
to pathogenic diseases and pests" section), and grain pro-
teins and enzymes (In "Guidelines for nomenclature of genes
underlying variation in proteins and enzymes" section). The
Wheat Initiative (https://www.wheatinitiative.org/), which is
supported by The Group of Twenty (G20), endorses these
recommendations and strongly encourages the wheat science
community to adopt the updated guidelines.

Recommended rules for symbolisation
of genes conferring morphological,
physiological and grain quality traits,
proteins, and disease/pest resistance

Gene name

The name should briefly describe the principal characteris-
tics associated with the phenotype rendered due to mutant or
allelic forms of the locus, e.g. genes involved in the vernali-
sation response of flowering have been named VERNALISA-
TION (VRN) and those that reduce plant height have been
named REDUCED HEIGHT (RHT). Apart from a few clas-
sic gene names (e.g. O, C, s), the use of single letter designa-
tions should be avoided.

Formatting of gene names

Roman script and Arabic numbers should be given prefer-
ence in naming hereditary factors. Symbols of hereditary
factors, derived from their original names, should be written
in italics, or in Roman letters of distinctive type.

Locus names should be written in uppercase italics (e.g.
SR9, VRN-A1); the name and symbol of a dominant or semi-
dominant allele should begin with an uppercase first let-
ter (S79a) and those of a recessive allele with a lowercase
letter (sr9 or sr9a) (for exceptions, see also special rules
for symbolising biochemical and DNA loci in “Biochemi-
cal nomenclature” and “Genes specifying the structure of
similar macromolecules” sections, and host:pathogen/pest
systems in "Guidelines for nomenclature of genes for reac-
tion to pathogenic diseases and pests" section). Similarly, for
the VRN-AI locus, the dominant or semi-dominant alleles
should be Vrn-Al and the recessive alleles should be vrn-Al.

So far as possible all letters and numbers used in sym-
bolisation should be written on one line; superscripts or sub-
scripts should be avoided, except when used to designate
wheat wild relative genomes (e.g. the EARLINESS PER SE

locus from Triticum monococcum (A™ genome) is designated
as EPS-A"1).

Symbolisation

The plus sign (+) will not be used in symbolisation of hered-
itary factors in wheat. In instances where a heterozygous
condition is being described for a single gene, or where
alleles are codominant, then the genotype should be writ-
ten with each allele separated by a slash. For example, a
heterozygous genotype at VRN-A1 should be presented as
Vrn-Al/vrn-Al; a heterozygous codominant genotype can
be presented as Sr13a/Sri3b.

Genes with similar phenotypic effects

Two or more genes having phenotypically similar effects
should be designated by a common basic symbol. Non-
allelic loci (mimics, polymeric genes, etc.) will be desig-
nated in accordance with two procedures:

i. In sequential polymeric gene series where an Arabic
numeral immediately follows the gene symbol, e.g.
SR9, SR10, SRI11.

ii. In orthologous sets where the basic symbol is followed
by a hyphen (“-”) followed by the locus designation
taking the form of the accepted genome symbol and a
homoeologous set number represented by an Arabic
numeral, e.g. VRN-AI designates the A-genome mem-
ber of the first vernalisation (VRN) set. VRN-BI would
designate the B-genome member of this first VRN set.
On the other hand, VRN-A2 designates the A-genome
member of the second VRN set. The order of these
numbers should refer to their sequence of discovery,
and if more than one set is reported in a single publi-
cation, they should follow an ascending order based
on chromosome location. Importantly, chromosome
names should not be included in the basic symbol, e.g.
VRN-A1, which is located on chromosome 5A should
not be named VRN-5A, VRNI-5A, or similar. Different
alleles, or alleles of independent mutational origin,
are designated by a lowercase Roman letter following
the locus name or number, e.g. Sr9a, Vrn-Ala (see in
“Alleles” section).

Temporary symbol designations

Where linkage data are not available or are inconclusive,
provision has been made for temporary symbols that can
be used to name loci prior to more comprehensive genetic
analyses or where appropriate germplasm is not freely avail-
able. These names shall consist of the basic locus symbol
(SR) followed by an abbreviation (maximum of 3 letters)
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for the line or stock (e.g. Fr for Federation) and an Arabic
number referring to the locus, e.g. SRFri1, SRFr2, etc., refer
to two loci for reaction to the fungus Puccinia graminis in
the wheat cultivar Federation (Fr). It is recommended that
records of other laboratories (e.g. SRFr3) be checked against
earlier numbers either phenotypically or genetically.

Inhibitors, suppressors, and enhancers

Inhibitors, suppressors, and enhancers can be prefixed by the
symbols I, Su and En, or by i, su and en if they are recessive,
followed by the symbol of the allele affected. For example,
the Pairing homoeologous 1 (Phl) locus is suppressed by
genes on chromosomes 3S and 7S of Aegilops speltoides,
and the suppressing alleles were named Sul-Phl and Su2-
Phl, respectively (Dvorak et al. 2006).

Linkage groups and syntenic regions of the genome

In wheat and related species, linkage groups and correspond-
ing chromosomes are designated by an Arabic numeral (1-7)
followed by genome designated by an uppercase Roman
letter, i.e. for hexaploid wheat of species aestivum which
contains A, B and D sub-genomes (Morris and Sears 1967,
Kihara 1944; Tsunewaki 2015), 1A-7D. This system super-
sedes the original designations using Roman numerals, i.e.
[-XXI. Chinese Spring was accepted as having the standard
chromosome arrangement. Chromosome arms (or telocen-
tric chromosome derivatives) are designated S (short) or L
(long), based on the relative arm length within the chromo-
some. In the case of equal arm length, they are arbitrarily
designated S or L based on homoeology with the short or
long arms of other chromosomes of their homoeologous
group (see Workshop I, Proceedings of the 7th International
Wheat Genetics Symposium), e.g. the arm designations for
chromosome 7D were reversed based on homoeology (Wer-
ner et al. 1992). When wheat chromosomes are represented
vertically in diagrams, the convention is to place the short
arm on top and the long arm beneath.

Genetic formulae

Genetic formulae may be written as fractions, with the
maternal alleles given first or above. Each fraction corre-
sponds to a single linkage group. For example, Aa or A/a for
a heterozygote derived from cross AA X aa with the genotype
of the female parent is written first. Similarly, a heterozygous
plant resulting from the cross between Vrn-Al and vrn-Al
can be written as Vrn-Al/vrn-Al. Linkage of loci can be
indicated by underlining, i.e. AB/ab when the dominant
alleles are in coupling, or Ab/aB when in repulsion.

@ Springer

Chromosomal aberrations

Chromosomal aberrations should be indicated by the abbre-
viations Df for deficiency, Dp for duplication, Inv for inver-
sion, T for translocation and Tp for transposition. In wheat,
there are numerous genes derived from related species by
introgression. Once present in a chromosome capable of
pairing with a wheat chromosome, those genes will be des-
ignated as wheat genes, e.g. wheat gene SR26 is present in
a chromosome 6A-6Ag translocation involving a region of
chromosome 6Ag from Thinopyrum ponticum. If the identity
of that gene in the donor species (e.g. Thinopyrum ponticum)
is known, its name should be treated as a synonym. Such
genes in different instances may reside at different locations;
one location may be taken as standard and other locations
can be considered transpositions relative to the designated
standard, e.g. when a gene does not reside in its standard
chromosome position, the new chromosome designation
may be given in brackets following the gene designation;
HP(Tp6D) could refer to a line carrying the introgressed
“hairy neck” (hairy peduncle) gene on chromosome 6D
(Sears 1967) instead of 4B, which is taken as standard
(Driscoll and Sears 1965). Alternatively, the chromosome
involved may be described as a translocation. Guidelines
for the description of translocated chromosomes both within
wheat, and between wheat and alien chromosomes, are pro-
vided in Koebner and Miller (1986).

Genome formula

The zygotic chromosome number is indicated by 2n, the
gametic number by n and the basic number by x, e.g.
2n=6x=42 for bread wheat.

Extra-chromosomal units

Symbols for genes in extra-chromosomal units (mitochon-
dria, plastids, chloroplasts) should be prefixed with a char-
acteristic, underlined, defining symbol such as Mt, Pt, or Cp
preceding the gene name.

Guidelines for nomenclature of biochemical
molecular loci in wheat and related species

Biochemical nomenclature

Biochemical nomenclature should be in accordance with the
rules of the Joint Commission of Biochemical Nomencla-
ture (JCBN) of the International Union of Pure and Applied
Chemistry. The nomenclature recommended by the JCBN
is published periodically in major international biochemical
journals, such as the Journal of Biological Chemistry and



Theoretical and Applied Genetics (2023) 136:72

Page50f16 72

the European Journal of Biochemistry. Also, for enzymes,
the publication Enzyme Nomenclature (Anonymous 1979,
1986) may be consulted. Enzymes and other macromole-
cules have both formal and trivial names. The formal name
should be given the first time a macromolecule is mentioned
in a publication; the trivial name or an abbreviated name
may be used subsequently. For example, ADH is the com-
monly used abbreviation for aliphatic alcohol dehydrogenase
(formally, E.C.1.1.1.1; Alcohol: NAD + oxireductase).

Basic symbol
Gene nomenclature for a cloned gene

The basic symbol for a gene should consist of a two-, three-
or four-letter abbreviation of the trivial name of the enzyme,
protein, or other macromolecule affected. The name should
briefly describe the principal characteristics associated with
a biochemical function of the gene product. All letters for a
gene should be uppercase and italicised and alleles should
have uppercase first letters if dominant, or all lowercase if
recessive. For example, the wheat VRN-AI locus on the
A genome is encoded by the wheat APETALA-like gene
(API-Al) (Yan et al. 2003). It is acceptable to use the locus
name to refer to the cloned gene (e.g. the VRN-AI locus is
encoded by the gene AP1-A1, but the locus name VRN-AI is
more commonly used). Proteins can be symbolised in upper-
case non-italicised style corresponding to the allele name
(SR9a, AP1-Ala). The gene name can include the genus
and species prefix when first introduced or when required
to distinguish the same (orthologous) gene from multiple
species (TaAP1-Al from T. aestivum and TtAP1-Al from

T. turgidum), but is not required for continued references to
the same gene. The associated gene model identifier (e.g.
TraesCS5A02G391700 for API-Al in the wheat reference
genome of cultivar Chinese Spring) should be included
(when available) in publications or by advice (with source
of information) to a catalogue curator. Both gene model and
transcript isoform (e.g. TraesCS5A02G391700.1) should be
written in italics. Sequence variants within genes already
named based on the plant/molecular phenotype or named
by sequence variation will be called alleles or haplotypes,
respectively (see in “Haplotypes” and “Alleles” sections).
An example is shown in Fig. 2 and Table 1.

Genes identified based on homology to other plant species

Genes identified by homology (based on shared sequence
similarity/phylogenetic analysis), and with no known asso-
ciated phenotype in wheat, should adopt the gene symbol
from the original species (Fig. 3). A two-letter prefix with
the wheat species name can be used to distinguish it from the
previously described homologous gene from another spe-
cies, but is not part of the formal gene name; the name can
include the prefix when first introduced but is not required
for successive references to the gene. Likewise, we recom-
mend, when possible, retention of the same gene number as
designated in the original species, e.g. the common wheat
(Triticum aestivum) homologues of the Arabidopsis thaliana
SEPALLATAI (SEPI) gene should be designated as SEP1-
1, SEPI-2, etc., with the A, B and D genome homeologues
designated as SEP1-Al, SEPI-B1 and SEP1-D] (e.g. Schil-
ling et al. 2020). When the gene name used ends in a number
(e.g. SEPI) and there are multiple paralogues of the gene

Locus name based on
TraesCS5A02G391700 Sequenced gene phenotype (o sequence) VRN-A1
Alleles
* AP1-Aland VRN-Alare synonyms and it is Sequenced gene with API1-A1
acceptable to use the locus name to refer to the known function/phenotype 3

cloned gene (e.g. VRN-A1vs AP1-A1)

Haplotypes are considered within publications
and should not be maintained by WGC

* Allelesare based on phenotype
Dominant allele with uppercase first letter
Recessive (or null) allele with all lowercase letters
Note that the gene name can include the genus and
species prefix when first introduced, but it is not required

Haplotypel
l Alleles I

Vrn-Alb_hZ in a specific cultivar

vrn-Ala (recessive)
Vrn-Alb (dominant, early flowering)

Fig.2 Example of a gene with known phenotype (VRN-AT) and later cloned (TauAP-A1). WGC: Wheat Gene Catalogue

@ Springer



72 Page6of16

Theoretical and Applied Genetics (2023) 136:72

Table 1 Example of gene nomenclature for the VRN-A1 locus

Name Description

VRN-Al Designation for the first locus affecting VERNALISATION response in wheat, located on the A genome (all uppercase and italics)

TaAPI-Al  Name of the gene underlying the VRN-A1 locus (RefSeqv1.1 TraesCS5A02G391700). TaAP1-Al is the first (/) wheat homologue,
located on the A genome, of the Arabidopsis APETALAI-like (API) gene (all uppercase and italics)’

apl-Ala Name of the wild-type Chinese Spring allele (a recessive allele, so lowercase first letter). Note that the allele name (vrn-Al) can

vrn-Ala also be used, and is commonly used for this gene

Vin-Alb Name of allele which affects flowering time with respect to the wild-type Chinese Spring allele (e.g. cv. “Marquis” early allele

with promoter and 5" UTR variation). The allele is a dominant allele, so an uppercase first letter is used

Vrn-A1b_h2 Name of a haplotype with sequence variants present in the Marquis Vrn-A1b allele (Chinese Spring is _i/) and which has a ver-

nalisation insensitive early flowering phenotype

VRN-A1

AP1-Al uppercase, non-italicised)

Name of the protein encoded by the VRN-AI gene. Note that again the AP1-A1 nomenclature can be used for this protein (all

"Note that the gene name can include the genus and species prefix when first introduced (e.g. TaAPI-AI), but it is not required

TraesCS7A02G319400 [

Sequenced gene ]

TaAGL12-A1 based
on phylogeny in
Schilling et al., 2021

TaAGL12-A1_h2in cv. Cadenza Hablotybes
TaAGL12-A1_h3 in cv. Claire PElp
TtAGL12-A1_m1in Kronos1258
TtAGL12-A1_m2in Kronos0223

Sequenced gene with
unknown function

]._

Fig.3 Example of a gene named based on sequence homology to
a gene from another plant species. Here, the gene model TraesC-
S7A02G319400 is named as TaAGLI2-Al, based on phylogenetic
analyses. Sequence variants are identified in two cultivars and in two

in wheat, then the paralogue number should be separated
from the gene name by a dash, e.g. SEPI-1 and SEPI-2 are
wheat homologues of SEPI from Arabidopsis. In publica-
tions referring to the same gene from multiple species, the
gene can be referred to with its genus and species prefix, e.g.
TaSEPI-1 for the SEPI-1 homologue from T. aestivum and
TtSEPI-1 of T. turgidum. This homology-based assignment
should be based on comprehensive molecular phylogenies
which shall include, as a minimum, all related wheat and
rice genes for the relevant sequence.

Priority of names

When using another species name, which name should be
used if there are different names in different species? A gene

@ Springer

* No allelesas there is no associated phenotype
* Haplotypes with unknown effect are designated _hX

* Notethat the gene name can include the genus and
species prefix when first introduced, but it is not
required.

e For induced mutant (e.g. Kronos EMS) use the *_ mX’
nomenclature where ‘X’ is a number. This could also be
written as AGL12-A1_m1 if species (T. turgidum) was
previously defined.

ethyl methanesulfonate (EMS) mutants from cv. Kronos; these are
referred to as haplotypes as they have no phenotype associated with
them

sequence might have multiple designations, for example, the
rice MADS22 gene is equivalent to the barley BM10 gene
and the maize ZMM19 gene (which underlies the TUNI-
CATE] locus). In addition, this gene sequence has previ-
ously been named as SVPI in wheat. We recommend that
when possible, a single gene name takes priority and that
alternative nomenclatures be mentioned within manuscripts
to aid in cross-species comparisons. Where possible, historic
published wheat names that have been assigned function
should have priority. Alternatively, the gene name proposed
should be based on the gene name whose functional charac-
terisation is the closest to that being studied in wheat.
Authors referring to specific wheat genes in publications
must cite the full gene name and symbol, as well as the
gene model identifier (and transcript where relevant) from
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one of the genome annotations (e.g. Chinese Spring Ref-
Seqvl.1 TraesCSXX02GXXXXXX gene models for hexaploid
wheat and Svevo v1.0 TRITDXXvXXXXXX gene models for
tetraploid wheat; Maccaferri et al. 2019). Where possible,
the gene model identifier should be from a wheat line that
contains an annotated version of the gene, where the tran-
script has been determined based on RNA-seq reads or com-
plementary DNA sequence. As the high-quality reference
genome assembly for wheat is from the cultivar Chinese
Spring, its gene model should be used if it has the functional
allele. Alternatively, if a gene is not annotated in Chinese
Spring, or if it carries a non-functional allele, then a gene
model identifier from another cultivar with a functional
allele should be used where possible (e.g. a cultivar from
the 10 + Wheat Genome Project; Walkowiak et al. 2020),
along with the relevant genome assembly accession (e.g.
GCA_900519105.1). If an altogether novel sequence is iden-
tified, this sequence should be annotated and deposited in
one of the International Sequence Database Collaboration
repositories (see www.insdc.org) with the accession number
provided in the relevant publication.

Genes specifying the structure of similar
macromolecules

Non-allelic gene loci that specify the structure of similar
non-enzymatic proteins, enzymes that catalyse the same or
similar reactions, or of similar RNA molecules should be
assigned the same basic symbol. The remainder of the sym-
bol for each such gene should be formulated in accordance
with one or other of two procedures, depending on whether
evidence is available to assign the gene to a homologous
set. Where designations extend beyond defined Triticeae
genomes, the designation can be prefixed by a species abbre-
viation, e.g. OsNAM 1 is suggested as the rice orthologue of
the wheat gene NAM-A1. Abbreviations for other species
(e.g. Ta or Tt for T. aestivum or T. turgidum, respectively)
can also be used when relevant for comparative genomics.

Genes that are members of a homoeologous set

The basic symbol should be followed by a hyphen (—), the
accepted symbol for the genome to which the locus belongs
and an homoeologous set number in the form of an Arabic
numeral. The Arabic numeral indicates the order in which
a particular gene or gene family member was identified and
should not be confused with the chromosome on which it is
found. For example, FT-Al, FT-B1, and FT-D1 designate the
A-, B-, and D-, genome members, respectively, of the first-
designated homoeologous set of wheat homologues of the
Arabidopsis FLOWERING LOCUS T (FT) gene. In the case
of a single member set, the default number is 1.

Evidence regarding phylogenetic relationships among
structural genes may be obtained by comparative studies
of: (1) nucleotide sequences and other molecular proper-
ties of genes, (2) peptide sequences, (3) physical and/or
biochemical properties of gene products, and (4) intra-
chromosomal map positions and/or physical locations of
genes in homoeologous chromosomes or segments. For an
example of criteria, see Hart (1987). The evidence used to
designate genes as members of a homoeologous set should
be stated in the publication in which symbols for the locus
are proposed.

Other loci

In the absence of evidence to assign a locus to an homoe-
ologous set, that locus should be designated in a sequential
series by an Arabic numeral. If evidence to assign the locus
to an homoeologous set is obtained subsequently, the locus
should be redesignated in accordance with the procedures
in "Genes that are members of a homoeologous set" section.
The same applies for genes identified by homology, e.g. if
two Arabidopsis SEP1 homologues are identified in wheat,
their A genome copies would be SEPI-AI and SEP1-A2.

Haplotypes

Haplotypes refer to DNA sequences of unspecified length
and may include variable upstream and downstream regions,
and these limits should be defined when reported. Haplo-
types will take the form _hX following the relevant locus
or allele designation; lowercase italicised # meaning haplo-
type, and X being a sequential numeral. Haplotypes repre-
sent sequence variants whose specific function is either (1)
unknown or (2) is associated with a specific phenotype and
hence can be related to an allele (Figs. 1, 2, 3). Haplotypes
will be considered unique to the publications or projects
from which they are reported, and lists will not be main-
tained as part of the Catalogue.

Haplotypes with unknown phenotypes

Such haplotypes should carry the uppercase italicised locus
name followed by _hX. For example, a study investigates
the allelic variation in the A genome wheat homologue of
the Arabidopsis BRASSINOSTEROID-INSENSITIVE I gene
(TaBRI-A1l). Four different sequences (haplotypes) are iden-
tified by investigating + 2 kb up/downstream of 7aBRI-A1 in
a panel of accessions. These four haplotypes, with unknown
phenotypic effects, should be listed as TaBRI-A1_hl to
TaBRI-Al_h4 (Fig. 3).
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Haplotypes associated with a specific phenotype

If a haplotype is identified and can be assigned a novel phe-
notype for a locus, then this haplotype will adopt an allele
name (see description in “Alleles” section). If additional
sequence variants are identified within a designated allele,
these should carry the relevant allele name followed by _hX,
e.g. Sr9a_hl and sr9a_hl describe the first DNA variants
within the alleles that confer resistance and susceptibility,
respectively. Rht-Ala_h3 designates the third haplotype
within the Rhr-Ala allele (see further examples in “Alleles”
section).

Alleles

Alleles are based on phenotype. Phenotypes can either be
“plant-based phenotypes”, in which case they are defined as
changes in appearance, performance or responsiveness of the
plant, or “molecular phenotypes” which are alterations in the
biochemical, molecular function or physical properties, of a
macromolecule, which is unique from the described charac-
teristics of a reference macromolecule. A “molecular pheno-
type” could include sequence variants which lead to amino
acid changes that impact on protein function, protein mass,
or electrophoretic mobility (e.g. glutenin), such as those that
are especially important for a grain quality parameter or a
particular protein (see in "Guidelines for nomenclature of
genes underlying variation in proteins and enzymes" sec-
tion). It is important to note that synonymous mutations
or polymorphisms which are used solely to discriminate
sequences with genetic markers (e.g. KASP assay) are not
considered alleles and should be designated as haplotypes.
The exception to this guideline would be synonymous muta-
tions that alter the expression of a gene, such as a microRNA
complementary site (e.g. changes that occur in Q). Similarly,
a locus containing a mutation that generates a phenotype by
disrupting a cis-regulatory region (e.g. promoter, intronic
region) can be considered an allele if the change affects gene
expression. In publications, authors should make clear the
basis of the plant or molecular phenotype that is being used
to assign an allele.

Different natural existing alleles of a gene are designated
by lowercase italic letters following the gene designation.
For example, Rht-Bla and Rht-B1b are two alleles of the B
genome copy of RHT-1. One accession should be designated
the prototype genotype for each allele discovered, since vari-
ation that has not been detected by the methods used may be
present within each allelic class. Currently, Chinese Spring
is preferred as the prototype for allele “a”. If an allele in
another genotype is found to be different from that in the
prototype genotype and is shown to underlie a morphologi-
cal/phenotypic difference with respect to the prototype “a”
allele, it should be assigned a new lowercase italic letter and
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a prototype genotype designated. When referring to alleles,
dominant, semi-dominant or co-dominant alleles should
have the locus name with the first letter in uppercase (e.g.
Rht-B1b), whereas recessive alleles, including null alleles,
should have the locus name in all lowercase letters (rht-Bla).
New alleles should be used in sequential alphabetical order.
In situations of multiple allelism, the relevant alleles with
an uppercase first letter can be used, and lowercase can be
used for the null allele, where relevant.

Given that alleles are based on phenotype, novel alleles
should only be assigned if they can be distinguished from
known phenotypes (i.e. alleles) based on a specific pheno-
typic assay. The basis of this phenotype should be explained
by authors when the allele is first described or published (e.g.
plant-based, or molecular phenotypes as outlined above).
Alternatively, if a sequence variant is identified for a known
allele, but results in the same phenotype, then this will be
designated as a haplotype within a specific allele. For exam-
ple, the red glume (RG) locus has two historically defined
alleles (Rgla=red and rglb=white). The cloning of RG
identified several haplotypes of the underlying gene (each
with a few amino acid substitutions) which all result in a
red glume phenotype. Hence these haplotypes are all within
the designated Rgla allele and should be named Rgla_hl,
Rgla_h2, etc. Likewise, multiple sequence variants (haplo-
types) were identified which result in white glumes; these
haplotypes should be named rg/b_hl, rglb_h2, etc. (Abrouk
et al. 2021).

Induced mutants and gene-edited lines

As in the case of haplotypes (In “Genes with similar pheno-
typic effects” section), induced mutant versions (e.g. EMS
mutagenesis or gene edited) of a particular locus will take
the form _mX following the relevant gene or allele designa-
tion; lowercase italicised m meaning mutant, and X being
a sequential numeral (Fig. 3, e.g. AGLI2-Al_ml, AGLI2-
Al_m2). This nomenclature should be used for the inde-
pendent mutant or gene-edited versions of a locus that are
used to confirm gene function in relation to a particular trait;
additional alleles generated by independent studies should
be numbered in a consecutive ascending order. This system
will facilitate the introduction of multiple mutant or gene
edited lines for publication, which will not be curated in the
wheat gene catalogue. Instead, we recommend that publica-
tions introducing such mutant or gene edited lines should
include a table listing the multiple mutations and alleles.
When an induced mutant has been selected from a Target-
ing Induced Local Lesions in Genomes (TILLING) popu-
lation, the mutant line should be referred to according to
its identity within the population, e.g. Cadenzal715, Kro-
nos2267. In cases where a TILLING line and its derivatives
are subsequently investigated for a phenotype of interest, the
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underlying genes can be identified as described in “Basic
symbol” section and the mutant line named according to
the guidelines at the beginning of in “Linkage groups and
syntenic regions of the genome” section. When null and
non-synonymous mutants for a given gene are first intro-
duced in a publication, the position of the original and
replacement amino acids should be written in parentheses
after the mutant haplotype identifier, e.g. vrn-Al_ml (mis-
sense, VOM) or vrn-Al_m2 (null, W91%). For mutants gen-
erated using gene-editing technology (e.g. CRISPR-Cas9,
TALENS), the bases that are altered or deleted should be
described for each line, and if editing is used to alter a spe-
cific amino acid in the encoded protein, then this information
should be provided. Given that alleles are based on plant
or molecular phenotype, and as detailed in “Alleles” sec-
tion, mutant haplotypes should only be assigned as novel
(e.g. _ml, m2) if the mutation causes a unique change in the
sequence of the locus that has not already been published
for another allele.

In situations where an induced mutant is more widely
important or used subsequently in breeding, then an allele
designation could be warranted by the WGC with the _mX
designation replaced by a lowercase letter, as described in
“Alleles” section.

Gene complexes

Gene complexes consist of functionally related genes that
are genetically closely linked. Whether composed of a few or
many genes, a gene complex should be assigned one symbol,
in accordance with the procedures described in Guidelines
for nomenclature of biochemical molecular loci in wheat and
related species” section. The individual genes that compose
gene complexes may be designated by adding a hyphen (—)
and an Arabic numeral to the locus designation. For exam-
ple, GLU-AI-1 and GLU-BI-1 designate, respectively, the
A- and B-genome genes that encode the x-type glutenin-1
proteins, while GLU-AI-2 and GLU-BI-2 designate, respec-
tively, the A- and B-genome genes that encode the y-type
glutenin-1 proteins. Different alleles of genes that are com-
ponents of gene complexes may be designated following the
system described in “Genes specifying the structure of simi-
lar macromolecules” section but with the lowercase italic
letter following the gene designation rather than the locus
designation. For example, Glu-AI-1a designates the Chinese
Spring A genome allele that encodes the x-type glutenin-1
protein.

Until recently, Triticeae enzyme and protein encoding
genes were commonly initially identified and assigned des-
ignations based on studies of aneuploid strains that lack and/
or contain extra copies of whole chromosomes or telosomes.
Consequently, evidence could be obtained for production

of two or more similar enzyme or protein promoters by one
chromosome arm without genetic evidence as to whether
the promoters are products of a single gene, of different
genes that are members of a gene complex, or of two or
more genes that are not members of a gene complex. In these
situations, only one locus designation for similar proteins or
enzymes was assigned to a chromosome arm until recombi-
nation evidence indicated otherwise. With the new genomic
resources in Chinese Spring and multiple chromosome-scale
assemblies of additional wheat cultivars or lines, researchers
should include this information in their definition of gene
complexes. Authors are expected to use these genomic tools
and should also include the criterion used to define and name
gene complexes in relevant publications.

Pseudogenes

The term pseudogene refers to a genomic sequence that
resembles another gene and is defective (i.e. the open read-
ing frame includes a premature stop codon, is truncated,
or highly degenerated compared to the functional allele(s))
(Vanin 1985; Cheetham et al. 2020). Pseudogenes may occur
singly or as a cluster close to a functional copy of the gene
(or elsewhere in the genome). Pseudogenes will take the
form _pX following the relevant locus or allele designation;
lowercase italicised p meaning pseudogene, and X being a
sequential numeral. For example, RG-BI_pI might refer to
the first documented pseudogene at the RGI (RG-BI) locus
for glume colour on chromosome 1B. It is important to note
that pseudogenes may be transcribed, and researchers should
be aware of this when naming a pseudogene. Pseudogenes
should be distinguished from alleles that involve copy num-
ber variation of genes, which should be named according to
the guidelines detailed in “Alleles” section. A pseudogene
should only be designated if it can be identified as such.

Proteins

The basic symbol for a macromolecule should be identical
to the basic symbol for the locus or loci that encode the mac-
romolecule (see in “Gene name” section) except that each
letter in the symbol should be a capital Roman letter. For a
macromolecule encoded by the members of a homeologous
set of loci, the phenotype symbol should consist of the basic
symbol followed by a hyphen and the same Arabic numeral
as in the genotype symbol, e.g. the products of the ADH-1
homeologous set of gene loci are designated ADH-1. The
protein homologues of this family should be named ADH-
Al, ADH-B1 and ADH-DI1, with no italics. For products
where there is a locus and gene name in use (e.g. VRN-AI
and API-Al), either can be used in non-italics for the protein
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name (e.g. VRN-A1, AP1-Al, see Table 1), with one version
used consistently within a given publication.

Symbols for DNA markers

This section describes nomenclature for genetic markers that
are detected at the DNA level. The most common polymor-
phisms include insertion/deletion (indel) events and single
nucleotide polymorphisms (SNPs) detected with PCR-based
assays (e.g. KASP markers), genome-wide arrays (e.g. SNP
chips) or direct sequencing (e.g. ddRAD, or skimGBS).
The guidelines also include a historical section relating to
DNA markers detected by hybridisation with DNA probes
[e.g. RFLPs (restriction-fragment-length polymorphisms)]
and by amplification with primers [e.g. RAPDs (random-
amplified-polymorphic DNAs)] and STSs (sequence-tagged
sites, including loci detected with sequenced RFLP clones,
sequenced RAPDs and clones containing micro- and mini-
satellites), and simple sequence repeats (SSRs).

Basic symbol

Given the huge numbers and the multiple types of markers
and sources that have emerged over the past few years some
general guidelines for nomenclature of markers within pub-
lications are recommended. Regardless of exact name there
are some common features that should be made available to
all researchers including:

i. Detection platform used (e.g. KASP, Illumina array,
Axiom array, skimGBS),

ii. Primer sequences (e.g. KASP) or the 100 bp sur-
rounding the SNP position (e.g. [llumina array, Axiom
array, skimGBS),

iii. Coordinates of the polymorphism which would
currently be based on the Chinese Spring refer-
ence genome assembly and gene models. As new
assemblies are published it will be important that
the accession of the cultivar coordinate system (e.g.
GCA_900519105.1) is clearly indicated in publica-
tion.

iv. Where possible, marker information should be
deposited in a publicly accessible database (e.g.
GrainGenes, EnsemblPlants, CerealsDB).

SNPs and derived markers for known protein-coding genes
Where possible, the position relative to the ATG start

codon and excluding introns should be included in the
marker name (when downstream of the start codon),
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alongside the nucleotide polymorphism. For example, a
C/T polymorphism at position 2504 bp in the GW2-BI
gene could be GW2-B1_C2504T. If there are multiple
transcript isoforms for the gene, the isoform being used
as a reference should be defined so that the position of
polymorphism within a coding sequence can be deter-
mined. In the case of small deletions, these could be indi-
cated with the start and end of the deleted sequence and
the “del” designation (e.g. a 20-nucleotide deletion in
GW2-B1 from position 53 to 72 bp could be designated
GW2-B1_53_72del. If the focus is on an amino acid sub-
stitution (e.g. a serine (S) to phenylalanine (F) substitu-
tion at position 1152 of the protein) a SNP can be named
S1152F with the original amino acid (S) written first and
the novel amino acid (F) written second, and a derived
KASP marker could be Kasp_Sr13a_S1152F. Premature
stop codons should be indicated by an asterisk (*; e.g.
GW2-B1_C2510%). In cases where amino acid names
could be confused with nucleotides (cysteine and cyto-
sine; threonine and thymine, glycine and guanine, alanine
and adenine), the three-letter code for amino acids should
be used.

SNPs and derived markers—anonymous DNA sequences

Historically, these are named based on a laboratory or pro-
ject code followed by a number maintained by that labo-
ratory, e.g. sunKasp_85 for the 85" marker maintained
by the Bariana laboratory at Plant Breeding Institute,
University of Sydney; or BA00334300 is a Bristol Axiom
Array marker available on the Axiom® Wheat Breeder's
Genotyping Array (Allen et al. 2017). Moving forward,
we propose that the nomenclature of SNPs should use the
following guidelines:

Position in name Description

1to3 Designate the reference assem-
bly that the SNP is on. CHS
stands for Chinese spring. Most
pangenomes assemblies already
have three-letter codes (e.g. JAG

for Jagger)
4to5 Sub-version of the assembly (e.g.
version 2.1 of Chinese Spring
would be designated 21 across
characters 4 and 5)
6 Understroke
7to8

9to 17

Chromosome and sub-genome

Position on the assembly with
leading zeros used to standardise
the format of positions
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For example, CHS21_6A001234567 would be a SNP
based on the Chinese Spring (CHI) version 2.1 assembly,
chromosome 6A, base-pair position 1,234,567.

Historical marker symbols

Historical marker symbols are provided here as Supplemen-
tary File 1 only as a reference and a guide to understand
older studies. Going forward, their usage is discouraged.

Symbols for loci and alleles controlling
quantitative characters

Genes identified by segregation analysis

Symbols for loci and alleles controlling quantitative charac-
ters that are identified by segregation analysis should be in
accord with the Recommended Rules for Gene Symbolisa-
tion in Wheat.

Quantitative trait loci (QTL)

QTL are loci controlling quantitative characters whose
allelic classes do not exhibit discontinuous variation or clear
segregation patterns. They are identified by association with
one or more linked markers.

Basic symbol
The basic symbol for QTL should be “Q”.
Locus symbols

The “Q” should be followed by a trait designator, a period, a
laboratory designator (see in "SNPs and derived markers—
anonymous DNA sequences" section), a hyphen (—) and the
symbol for the chromosome in which the QTL is located.
The trait designator should consist of no more than four and
preferably three letters, the first of which is uppercase.

Different QTLs for the same trait that are identified in one
chromosome should be assigned the same symbol except
for the addition of a period and an Arabic numeral after the
chromosome designation. All characters in the locus symbol
should be italicised. For example, QYId.psr-7B.1 and QYId.
psr-7B.2 would designate two yield QTL identified in chro-
mosome 7B by the John Innes Centre. On a map of 7B, these
could be abbreviated as QYld.psr.1 and QYld.psr.2.

Allele symbols

Alleles at QTL loci should be designated by a lowercase
italic letter following the locus designation.

Guidelines for nomenclature of genes
for reaction to pathogenic diseases
and pests

Locus designation

All loci will have uppercase letters; all alleles conferring
resistance (low reaction) will be designated with an upper-
case first letter, even though some might inherit as reces-
sive alleles. Moreover, the dominance of individual alleles
may vary with the environment, the genetic background
and the particular culture of the pathogen. Symbols for
disease/pest-reaction genes are used by people of many
disciplines, and since they are frequently communicated
verbally, dominance relationships are not clear. Those
resistance alleles initially designated with a lowercase first
letter have tended to be miswritten with an uppercase first
letter. For example, for Sr/7 the usually recessive resist-
ance allele Sr/7 was initially designated sr/7 but its pres-
entation in some reports was confusing.

Loci conferring multiple disease/pest reactions

Where no recombination occurs between genes conferring
resistance to more than one disease response locus, the
gene(s) segment shall be designated separately for each
one, e.g. PM1, SRI15 and LR20. Mutation and cloning
showed that PM1 is a different locus (Hewitt et al. 2021).

Reaction loci defined by recombination

Where recombination occurs between two closely linked
factors for reaction to a pathogen, the recombined “allele”
may be designated as a combination of the differently des-
ignated alleles, e.g. the recombined “allele” obtained by
combining Lril4a and Lri4b was designated as Lri4ab.
The decision as to whether a designation should be as a
combination or as separate genes shall be at the discretion
of the investigators. A maximum value of 1 crossover unit
for designation as an “allele” is suggested.

Naming corresponding genes in pathogens/pests

Although the need to consider uniform symbolisation of
corresponding genes in pathogens and pests is recognised,
no recommendations are proposed. From a wheat perspec-
tive, AvrLri4a might be acceptable, but specialists work-
ing with Puccinia triticina as a different organism might
have other opinions.
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Guidelines for nomenclature of genes
underlying variation in proteins
and enzymes

The majority of characterised proteins and enzymes in
wheat are encoded by gene sets homologous to genes stud-
ied in other species, and are therefore named according
to "Genes with similar phenotypic effects” section. The
alleles of these genes are frequently defined by molecular
phenotype (In “Alleles” section) identified using a range of
complementary techniques (including 1D and 2D protein
electrophoresis, mass spectrometry, chromatography, DNA
markers and/or DNA sequencing), given that in many
cases it is difficult to distinguish alleles using a single
method; for example (Liu et al. 2010; Igrejas et al. 2020),
different combinations of four methods (SDS-PAGE, IEF
x SDS-PAGE, MALDI-TOF-MS and PCR) were required
to distinguish alleles across the three GLU-3 loci. For a
gene category where there is a predominant phenotyping
method, this is included in the introductory paragraphs to
the sub-section and notes added only to alleles where alter-
native methods of identification were employed. Genetic
differences for functional quality properties are generally
complex and are listed under traits in the Morphological
and Physiological section of the Catalogue, although some
of the underlying genes, such as those for flour colour, are
listed in the Protein section.

In general, non-functional DNA variants (synonymous
variations in coding regions) will be designated as haplo-
types, as elsewhere in the Catalogue (_hl, _h2, etc.). In
contrast, where, for example, protein electrophoresis fails
to identify differences in mobility between bands shown
to be different by DNA sequencing, such variants could be
directly included as alleles (non-synonymous variations).
Application of an alternative definition of haplotype will
be explained by notes; for example, defining a haplotype
as a combination of alleles at more than one locus, as in
the case of (i) glutenin subunit combinations encoded by
alleles of the GLU-1-1 and GLU-1-2 loci, and (ii) allelic
combinations of the GLU-3 and GLI-1 loci.

Gene model identifiers for individual genes will be
incorporated into the catalogue. Conversely, the locus/
gene designations of the catalogue will be incorporated
into the available sequenced reference genomes, along
with the name of the gene product (e.g. high-molecular-
weight glutenin, o-gliadin, alcohol dehydrogenase). Cross-
referencing to the genetic nomenclatures of other members
of the Triticeae and beyond is encouraged.

A link of a named gene to a germplasm stock in an
international and publicly accessible GenBank as outlined
in "Germplasm" section is strongly encouraged.
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Germplasm

Wheat is an important food and industrial crop as well
as a model allopolyploid organism. Germplasm is a key
component of the Gene Catalogue, and it is expected that
the germplasm associated with any formally named gene is
clearly defined and referenced to an internationally acces-
sible germplasm collection. This collection must allow
worldwide access to the germplasm within the framework
of the Food and Agriculture Organization of the United
Nations International Treaty on Plant Genetic Resources
for Food and Agriculture. Specialists in the rusts, powdery
mildew and some other wheat diseases have adopted a
procedure of pre-publication approval of gene names and
assurance of germplasm availability as a basis for a per-
manent gene name. When specific reference germplasm
cannot be assured, proposers are encouraged to use tem-
porary names.

Discussion

These guidelines provide an updated framework for con-
sistent naming of genes and genomic regions in wheat.
These guidelines are flexible and not overly prescriptive or
static, providing a common reference point for the wheat
community. The revised guidelines aim to accommodate
historical nomenclature conventions while also adapting
to new advances in genomics and biotechnology. With
new genome assemblies and gene annotations, we urge
researchers to adopt these common standards and to pro-
vide the necessary information on the naming of genes,
alleles, haplotypes, markers, and QTL when reporting
their findings. We particularly encourage colleagues who
are new to wheat research to adopt these guidelines when
naming genes or alleles, rather than following conventions
used in other species. As new technology and biological
understanding are generated, there will undoubtedly be
further reviews and changes necessary when shortcomings
emerge and new approaches are required. These guidelines
should facilitate integration of data from independent stud-
ies, allow more efficient text and data mining approaches,
and ultimately accelerate wheat research. The Wheat Gene
Catalogue is currently hosted by KOMUGTI (https://shigen.
nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp ) and
at GrainGenes (https://wheat.pw.usda.gov/ggpages/awn/;
Blake et al. 2019), the latter also providing ongoing cura-
tion. In time, these guidelines may also be adopted by
the barley, rye, triticale, and oat research communities,
for which similar advances are being made in decipher-
ing their genome sequences; a common set of guidelines
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would help transfer knowledge between these cereals,
which share close phylogenetic relationships and share
common breeding targets. We hope these guidelines pro-
vide an informative reference for researchers during this
exciting era of wheat science, in which we believe impor-
tant advances will continue to be made in our understand-
ing of genes that control agronomically important traits.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00122-023-04253-w.
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