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INTRODUCTION

The transcription factor gene family defined by the Paired box
(Pax) DNA-binding protein domain represents an important
component of the developmental genetic tool kit that organizes
animal body plan diversity (Knoll and Carroll, 1999; Chi and
Epstein, 2002; Carroll et al. 2013). Reconstructing the
diversification of Pax gene subfamilies in relation to animal
body plan evolution has thus been of considerable interest. The
progress made over the past two decades has been relatively
incremental, however, due to the evolutionary and functional
complexity of this exceptionally modular transcription factor
gene family, as most recently summarized by Underhill (2012).
Like in the case of the much larger super family of
homeodomain transcription factors, gene tree reconstruction
approaches have been challenged by the small size of the highly
constrained Pax domain (128 amino acids). This handicap is
only mildly mitigated by the presence of additional conserved
domains in select Pax gene subfamilies, like, most dramatically,
a second DNA binding region in the form of a homeodomain
(Fig. 1). The final challenge to the reconstruction of Pax gene
trees is the dynamic of homolog loss and duplication events to
the effect that the scattered conservation of some of the
bilaterian subfamilies obscured their ancientness prior to the
advent of broader taxonomic sampling studies (Paix~ao-Côrtes
et al. 2013; Feiner et al. 2014) (Fig. 1). Given that the last
common ancestor (LCA) of protostomes and deuterostomes
represents a particularly crucial node in the tree of life, it is
important to note that studies of Pax gene family evolution
continue to differ in the recognition of subfamilies that map to
this critical juncture (Hill et al. 2010; Wang et al. 2010;
Underhill, 2012; Feiner et al. 2014; Franke et al. 2015).

The earliest studies of Pax gene diversity recognized four
subfamilies in the bilaterian LCA, named after the gene names
of their vertebrate constituents: Pax1/9, Pax2/5/8, Pax3/7, and
Pax4/6 (Fig. 1) (Breitling and Gerber, 2000; Sun et al. 2002).
Subsequent investigations of transcription factor diversity in
non-chordate deuterostomes increased this number to five,

based on the discovery of orthologs of theDrosophila Pox neuro
factor in the echinoderm Strongylocentrotus purpuratus (sea
urchin) and the hemichordate Saccoglossus kowalevski (acorn
worm) (Howard-Ashby et al. 2006; Lowe et al. 2006; Matus
et al. 2007; Freeman et al. 2008). The studies in sea urchin also
produced evidence for yet another ancient branch in the Pax
gene tree, which had first been discovered inDrosophila: that of
the eyegone (eyg) subfamily (Fig. 1) (Howard-Ashby et al.
2006; Matus et al. 2007). The eyg gene was initially
misinterpreted as a Pax4/6 subfamily member due to its
dramatic eye depletion phenotype in Drosophila and structural
similarities to the truncated Pax domain in the vertebrate Pax6
(5a) isoform (Jun et al. 1998; Pichaud and Desplan, 2002).
Although this notion persists (Tanaka-Matakatsu et al. 2015),
recent studies have revealed that eyg antagonizes rather than
promotes eye development in non-Drosophila insects (Zar-
inkamar et al. 2011) and is characterized by a canonical Pax
domain in the acorn worm (Friedrich and Caravas, 2011). The
conservation of eyg in the acorn worm in addition to sea urchin
also further cemented the bilaterian status of the Pax eyg gene
subfamily, which, however, continues to go unnoticed in recent
Pax gene family surveys (Hill et al. 2010; Wang et al. 2010;
Underhill, 2012; Franke et al. 2015). This oversight, of course, is
explained by the biasing effect of the absence of eyg in
vertebrates due to evolutionary gene loss during early chordate
evolution.

Themost recent addition to the bilaterianPax gene subfamily
repertoire has been emphasized in a study of Pax gene
conservation and expression in velvet worms, a protostome
phylum closely allied with arthropods (Fig. 1) (Franke et al.
2015). Deep sequencing of an embryonic cDNA library of the
velvet worm model species Euperipatoides rowelli uncovered
homologs of most of the above-mentioned Pax gene subfamilies
except for eyg, which was not specifically explored. Interest-
ingly, the E. rowelli transcriptome includes an additional
Pax gene that solidly groups with members of a previously
suspected subfamily (Hill et al. 2010), now designated Pax
alpha (Franke et al. 2015). Similar to the Pox neuro and eyg
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subfamilies, the latter is absent from vertebrates but is otherwise
conserved in a broad range of bilaterian lineages including non-
chordate deuterostomes (i.e., sea urchin and acorn worm)
(Fig. 1). Thus, combined, the total count of Pax transcription
factors in Bilateria now amounts to seven.

Taken together, the available data paint a more complex
picture of Pax gene organization in the bilaterian LCA than
still commonly considered (Underhill, 2012; Feiner et al.
2014; Franke et al. 2015). It further becomes apparent that
invertebrates are generally richer in ancient Pax gene
subfamilies than vertebrates, being only one subfamily short
of the complete set of bilaterian Pax genes (Fig. 1). Of note,
the Pax gene count of velvet worms might increase further,
pending the outcome of specific searches for eyg orthologs
(Franke et al. 2015).

On a final note: As Pax gene families have expanded with the
increase of studies tracking their origins, so have approaches to
naming, classifying, and archiving members of this gene family.
As a result, it has become challenging and time-consuming to
track the documentation of specific homologs. Paps et al. (2012),
for instance, list three Pax4/6 homologs and one eyg homolog in
Drosophila, while there are two Pax4/6 and two eyg homologs in
this species (Bao and Friedrich, 2009). The same study lists six
Pax genes for the sea urchin while the current sea urchin genome
database contains seven distinctPax genemodels (Cameron et al.
2009). It thus seems timely for the community to build a
consolidated Pax homolog database similar to that for
homeodomain transcription factors in order to aid future studies
of Pax gene function and diversity (Zhong and Holland, 2011).
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