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The globin family of genes and proteins has been a recurrent object of study for

many decades.

This interest has generated a vast amount of knowledge.

How-

ever it has also created an inconsistent and confusing nomenclature, due to the
lack of a systematic approach to naming genes and failure to reflect the phyloge-
netic relationships among genes of the gene family. To alleviate the problems
with the existing system, here we propose a standardized nomenclature for the o
and B globin family of genes, based on a phylogenetic analysis of vertebrate o and
B globins, and following the Guidelines for Human Gene Nomenclature.
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In the o and B globin families, there have been exten-
sive gene duplications and functional divergences (Hard-
ison 1998), shown in Figs 1 and 2, respectively. The
structure of these gene families reflects both early dupli-
cation events and recent tandem duplications within
organismal lineages (i.e., en bloc duplications) (Efstratia-
dis et al. 1980, Czelusniak et al. 1982, Proudfoot et al.
1982, Goodman et al. 1987, Flint et al. 1988).

As has been the custom with many gene families, the
different globin genes were given names following the
order of letters in the Greek alphabet. However, the
nomenclature system adopted for the o and B globin fam-
ilies does not reflect their complex evolutionary history
through gene duplication and often makes it difficult to
distinguish between paralogs and orthologs.

Many problems affect the current nomenclature system
of the o and B globin gene families. In B globins, some
of the names given to these genes are assigned with
respect to functional analogy (developmental stage during
which they are expressed), instead of relating to evolu-
tionary origin. For example, the so-called y globins in
artiodactyls are expressed during the fetal stage of devel-
opment even though they originate from the adult-
expressed B globin gene, and therefore should be referred
to as B globins (Schimenti and Duncan 1985). In both
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the o and B globins the current nomenclature does not
account for gene linkage order on the chromosome, and
the tandem organization of the cluster, which arose due
to en bloc duplications, is not reflected by superscripts
assigned to different genes (Tables 1 and 2, respectively).
A particular point of confusion stems from some ortholo-
gous P globin genes having a different name in different
species. For example,  globin is called B in primates
and vin cows (Hardies et al. 1984, Schimenti and Duncan
1985). A similar situation occurs in o globins, where the
mammalian { globin and the avian 1 globin are ortholo-
gous but have different names (Cooper et al. 2006). For
both o and B globins there is an inconsistent use of sub-
scripts and superscripts (Tables 1 and 2, respectively).
For example, in the case of B globins, linkage order in
rodents is given by cardinal numbers whereas in artiodac-
tyls both roman numbers and letters are used (Hill et al.
1984). B globin pseudogenes are also afflicted by an
inconsistent system, as such genes are sometimes pre-
ceded by the letter y, and in other cases referred to by
their assigned Greek letter, as in the case of 6 or 1 (Good-
man et al. 1984, Hardies et al. 1984, Hardison and Mar-
got 1984, Hayasaka et al. 1992). This inconsistency
makes it difficult to distinguish functional genes from
nonfunctional copies. Nomenclature problems are most
severe in rodent and artiodactyl B globins, as both groups
have undergone en bloc duplications, resulting in tandem
copies of paralogous genes (Hill et al. 1984, Schimenti and



368

G. AGUILETA et al.

HBA-T3 (cu1) Sminthopsis
HBA-T1 (03) Sminthopsis

HBA-T2 (02) Sminthopsis HBA (o) globins

HBG (&) Human
_[-_E HBG (&) Horse
HBQ (&) Rabbit

HBA (o) Dasyurus
HBA (c.WMacropus

HEQ (8) globins

HBG (&) Macropus
HBA (cu)Horse
HBA (o) Goat

HBA-T3 (e ) Human HBA () globins

HBA (o) Rabbit
HBA-T1 (A1) Mouse

HBA (&) Chicken
[ HBA () Salamander

L HBA (ou) Xenopus
HBK (cD) Cow
HBK (D) Pig

HEK (oD) Cat HBK () globins

] HBM () Human
HBK (cD) Sminthopsis

HBZ-T1 () Human
HBZ —T2ps (y)Human
HBZ ()Horse

HBZ-T1 (1) Rabbit
HBZ () Mouse

HBZ () Macropus
HBZ () Sminthopsis
HBP (m) Chicken

[~ HBA (o) Yellowtail

HBZ (£) globins

Fig. 1.

L HBa (o) Saimon

Proposed phylogeny showing the evolutionary history of the vertebrate o globin gene family through gene divergence

and en bloc duplication. The tree represents the phylogeny recently proposed for vertebrate o globin genes by Cooper et al.

(2006).

We used the o globin genes from Yellowtail and Salmon as outgroup in order to root the tree.

Genes are assigned

both the traditional name, in parenthesis, and the new name under our proposed nomenclature system. Circles represent
gene duplication events and squares show en bloc duplication events.

Duncan 1985). The current nomenclature system for the
B globin family is thus acutely confusing.

In an attempt to alleviate the problem, we propose a
revised symbolic system for the genes of the vertebrate o
and P globin families, which follows the Guidelines for
Human Gene Nomenclature (Wain et al. 2002). In our
proposed revision, HB stands for hemoglobin; HBB for the
B globin gene in hemoglobin and HBA for the o globin
gene in hemoglobin. Furthermore, E is for €, H is for 1,
K s for x, D for §, G for y, W for o, R for p, P for n, M for
K, Q for 6, and Z for {. The lowercase letters “ps” at the
end of the symbol designate a pseudogene. The symbol
-T followed by a number indicates that the gene is part of
a known tandemly duplicated gene block and the number
corresponds to the linkage order within the block accord-
ing to the 5’ to 3’ orientation. Previously approved sym-
bols already exist for human and mouse genes, which are
consistent with our proposed system for globins (see http:/
/www.gene.ucl.ac.uk/nomenclature for the Human Nome-

nclature Database, and http:/www.informatics.jax.org/
for the Mouse Genome Informatics). Three substantial
modifications should be noted. First, artiodactyl genes
previously referred to as y in cow, sheep, and goat now
have symbols that identify them as part of the B globin
clade, and are thus changed to HBB (Table 1). We make
this change because we believe the names should accu-
rately reflect their evolutionary origins (Fig. 2) rather
than a function analogous to other globins which are
members of the y clade. Second, we assign mouse genes
BhO and Bhl the symbols HBE-T2 and HBG-T1, respec-
tively, identifying them as part of the € and 7 clades to
which they belong, and indicating their linkage order in
their respective tandem arrays on the chromosome (Table
2). Third, we assign the name HBK (K for x), to the
globin lineage o, which has been shown to be an ortholog
in birds, reptiles and mammals (Cooper et al. 2006)
(Table 1). We retain the traditional names, oo (HBA) and
B (HBB) globin, for the entire gene families. We list the
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Fig. 2. Proposed phylogeny showing the complex evolutionary history of the eutherian B globin gene family through gene

divergence and en bloc duplication.

The tree represents the accepted phylogeny for eutherian B globin genes (Hardison

1998). In the cases where gene relationships were not resolved we collapsed the branches (e.g., globin genes originated by en
bloc duplication events share a single node).
tree. Genes are assigned both the traditional name, in parenthesis, and the new name under our proposed nomenclature
system. Circles represent gene duplication events and squares show en bloc duplication events.

Table 1. Revised Nomenclature for the o globin gene family

Species Existing symbols Proposed symbols

Fish o, B HBA, HBB

Amphibians o, HBA, HBB

Aves o ot HBK, HBA, HBP

Sminthopsis ¢, o, yo3, a2, yal, 8, ® HBZ, HBK, HBA-T1ps, HBA-T2, HBA-T3ps, HBQ, HBW
Didelphis ¢, ¢ P a3, 02, al, 6, ® HBZ-T1, HBZ-T2, HBK, HBA-T1, HBA-T2, HBA-T3, HBQ, HBW
Macropus ¢, ¢ o al, 0,0 HBZ-T1, HBZ-T2, HBK, HBA-T1, HBQ, HBW

Rabbit ¢1,0,0 HBZ-T1, HBA, HBQ

Mouse ¢, aAl, 6 HBZ, HBA-T1, HBQ

Rat ¢, 0aAl, 0 HBZ, HBA-T1, HBQ

Artiodactyls ¢, o, o, 6 HBZ, HBK, HBA-T1, HBQ

Cat ¢, o, 0 HBZ, HBK, HBQ

Human ¢, v, o, u, ya3, 02, o1, 61  HBZ-T1, HBZ-T2ps, HBK, HBM, HBA-T1ps, HBA-T2, HBA-T3, HBQ-T1

We used the B globin gene from Zebrafish as outgroup in order to root the
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Table 2. Revised Nomenclature for the B globin gene family

Species Existing symbols Proposed symbols
Zebrafish o, B HBA, HBB
Xenopus o, B HBA, HBB
Chicken P, B, e HBR, HBB, HBE
Marsupial M Y o HBE, HBB, HBW
Rabbit g7 yo, P HBE, HBG, HBDps, HBB
Mouse v, Bho, phl, Bh2, ph3, f1, p2 HBE-T1, HBE-T2, HBG-T1, HBD-T1, HBD-T2, HBB-T1, HBB-T2
Rat 1, 1, v2, wy3, wPp, "B HBE-T1, HBG-T1, HBG-T2, HBG-T3ps, HBBps, HBB-T1
Goat e, e, yp¥, B, HBE-T1, HBH-T1, HBD-T1ps, HBB-T1,
el eV, yp?, B4, HBE-T2, HBH-T2, HBD-T2ps, HBB-T2,
e', ", ypY, BF, v HBE-T3, HBH-T3, HBD-T3ps, HBB-T3, HBB-T4
Sheep e, e, yp', B°, HBE-T1, HBH-T1, HBD-T1ps, HBB-T1,
el eV ypl, B4, HBE-T2, HBH-T2, HBD-T2ps, HBB-T2,
e', 'L yp™, BF, v HBE-T3, HBH-T3, HBD-T3ps, HBB-T3, HBB-T4
Cow e ey B HBE-T1, HBH-T1, HBD-T1ps, HBB-T1,
el, el yl, 'l y HBE-T2, HBH-T2, HBD-T2ps, HBD-T3ps, HBB-T2
Galago e, 7 ym, 8, B HBE, HBG, HBHps, HBD, HBB
Human e, G, A, ym, 3, B HBE, HBG-T1, HBG-T2, HBHps, HBD, HBB

former and newly proposed symbols for the individual
genes in Tables 1 and 2. We believe the standardized
nomenclature proposed here for the o and B globin genes
is more transparent with regard to the complex ortholo-
gous and paralogous relationships among o and B globins.
Moreover, we expect this system will lead to easier and
more precise communication of results of o and 3 globin
research. An important advantage of the proposed nome-
nclature system for the o and B globins is that it conveys
information about the linkage order in the chromosome.
This information is relevant when new globin genes are
identified, as the location in which they are found,
relative to the other linked globins, can clarify the origin
of the genes and their homologous relationships. For
instance, the linkage of the o and B globins in a single
chromosome in fish and amphibians provides evidence
that the two gene families evolved by a tandem duplica-
tion event (Jeffreys et al. 1980). In the linked cluster of
o and B globins, o globins typically reside on the 5 end
and [ globins are located on the 3’ end of the cluster. In
birds and mammals, the two gene families are unlinked
in separate clusters including differentially expressed
genes (Hardison 1998).

A mechanism for the generation of the present day o
and P globin clusters in birds and mammals has been pro-
posed that involves a possible translocation or chromo-
some duplication of the locus containing both gene
clusters, followed by the silencing of the linked o or 8
globin genes (Jeffreys et al. 1980, Hardison 2001). Sup-
port for this hypothesis would come from the identifica-
tion of possible “fossil” o globins on the 5’ end of the B

globin cluster, or the discovery of “fossil”  globins on the
3’ end of the o globin cluster (Wheeler et al. 2004). The
recent discovery of the ® globin gene in marsupials
(Wheeler et al. 2001), which is a B-like globin gene pre-
sent in the o globin cluster, would arguably be an exam-
ple of such a “fossil” gene (Wheeler et al. 2004). As more
hemoglobin genes are identified from different vertebrate
species, it is likely that more linked members of the o and
B globin clusters will appear. In order to have a clearer
picture of the origin and homologous relationships of
these genes, a nomenclature system should be adopted
that explicitly makes reference to their linkage order in
the globin cluster. It is possible that updates on the
order and numbering of genes within the cluster might
become necessary if new genes are identified that disrupt
the previously known linkage order.

We note that the proposed nomenclature system for the
o and B globins may help to make communication easier,
particularly in studies of these genes at the gene family
level, where homologous relationships can be obscured by
an inconsistent nomenclature. However, other nomen-
clatures may also apply if globins are studied at, for
example, the level of protein structure. In this case, it
may be more convenient to divide globin proteins into
structural classes. There are two structural classes that
encompass the plethora of globins discovered to date,
namely, the 3/3, and the 2/2 helical sandwich structures
(Vinogradov et al. 2005). Furthermore, there are three
major globin lineages: (i) the 3/3 plant and metazoan
globins, single-domain globins, and flavohemoglobins; (ii)
the 3/3 globin-coupled sensors and protoglobins found in
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bacteria, and (iii) the bacterial, plant and ciliate 2/2
globins (Vinogradov et al. 2006). Our proposed nomen-
clature is not inconsistent with such a structure-based
system; indeed, we predict that such systems would be
complementary, as they portray information relevant to
different levels of evolutionary divergence (i.e., deep ver-
sus shallow) among members of the globin family.

With the advent of mass sequencing efforts it has
become essential that gene names take into account the
complexity of gene family architecture and evolutionary
relatedness across species, as well as gene expression and
gene interactions. Having a common basis for assigning
names and symbols to genes in gene families facilitates
data mining through automated algorithms, thus aiding
a comprehensive depiction of gene relationships within a
larger cellular and genomic context. Also, a comprehen-
sive and explicit nomenclature system is essential for reli-
able gene identification and annotation. We have entered
the era of automated analysis of large-system data, e.g.,
genomics, metagenomics, proteomics, etc.; hence, revision
of those nomenclature systems known to obscure evolu-
tionary and functional relationships among genes is war-
ranted, if not already overdue.
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