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additional gene models. Phylogenetic analyses place the A-
and c-Mybs of lampreys in strongly supported clades (fig.
2B). Thus, we infer that the common ancestor of these two
species of lampreys had at least three different Myb paralogs,
similar to the common ancestor of gnathostomes, and that a
future assembly of the sea lamprey genome will probably in-
clude a full copy of the lamprey B-Myb gene. Like in gnathos-
tomes, there is also some level of conserved synteny among
the lamprey Mybs. The lamprey A-Myb gene is flanked by
copies TRIM55 in the two lampreys (fig. 4). From a structural
standpoint, lamprey Mybs encode proteins that have the three
repeats that correspond to the DNA-binding domain on the N-
terminal region and the two C-terminal regulatory domains,
and the lamprey c-Myb also encodes for a CTAD (fig. 4, sup-
plementary table S4, Supplementary Material online).

Synteny Resolves Orthology among Lamprey and
Gnathostome Mybs

Our combined phylogenies of lamprey and gnathostome
Mybs place 1) gnathostome A- and B-Mybs as sister clades
in @ monophyletic group, 2) lamprey c-Mybs as sister to
gnathostome c-Mybs in a clade labeled as vertebrate c-Myb
that received moderate support in BA and ML, 3) lamprey A-
and B-Mybs in a clade supported in BA, and 4) vertebrate c-
Mybs as sister to the clade joining lamprey A- and B-Mybs with
moderate support (supplementary fig. S1B, Supplementary
Material online). Genomic comparisons reveal patterns of con-
served synteny between the Myb genes of gnathostomes and
lampreys: There is a TRIM55 gene linked to the A-Myb para-
logs of cyclostomes and gnathostomes, and there is an AHI1
paralog linked to the c-Myb paralogs of most gnathostomes
and the sea lamprey. Thus, orthology for the c-Myb paralogs
of gnathostomes and lampreys is resolved by phylogenetic,
synteny, and structural analyses, but this is not the case for
the A- and B-Myb genes of lampreys and gnathostomes.
Topology tests reject a tree where A-Mybs of vertebrates are
forced together as sister to the c-Myb clade (P ~ 0.047 in AU
topology test, fig. 2B).

We speculate that the observed discrepancy between syn-
teny and phylogeny is probably due to the extreme GC-,
codon, and amino acid composition bias observed in lampreys
(Smith et al. 2013). Notably, phylogenetic and synteny discrep-
ancies have also been observed in the case of the KCNA and
Globin X paralogs of gnathostomes and cyclostomes (Qiu
et al. 2011; Schwarze et al. 2014; Opazo et al. 2015).
Because the biases listed above are not likely to affect synteny,
we infer that the A- and c-Myb paralogs of lampreys and
gnathostomes are orthologous, where the cyclostome A-
Myb secondarily lost its CTAD. In addition, given that the
single-copy Myb gene of invertebrates and the B-Myb of
gnathostomes appear to be functionally equivalent
(Davidson et al. 2005) and that the gnathostome B-Myb para-
log appears to be essential (Tanaka et al. 1999), we

hypothesize that the remaining lamprey paralog corresponds
to this gene. The corresponding evolutionary scenario is
shown on figure 1B.

Myb Expression Varies along the Vertebrate tree

Previous studies suggest that the three Myb genes show dis-
tinct temporal and spatial patterns of expression, which are
associated with their different biological functions. In mam-
mals, c-Myb is primarily expressed in the immature hemato-
poietic cells (Gonda et al. 1982; Westin et al. 1982; Duprey
and Boettiger 1985), whereas A-Myb is predominantly ex-
pressed in the male germ cells and breast epithelial cells of
pregnant mice (Mettus et al. 1994; Toscani et al. 1997). Thus,
c-Myb and A-Myb are tissue restricted in their expression. On
the other hand, B-Myb expression has been recorded in mi-
totically active cells of all tissues (Nomura et al. 1988; Mettus
et al. 1994; Trauth et al. 1994; Sitzmann et al. 1996).

To gain an evolutionary perspective on patterns of gene
expression of vertebrate Mybs, we first focused on compar-
ing the abundance of reads corresponding to each of the
three Mybs in RNA-seq data from gnathostomes.
Specifically, we compared the abundance of reads mapping
to A-, B-, and c-Myb genes in brain, heart, kidney, liver,
muscle, ovary, spleen, and testis from elephant shark, spot-
ted gar, tilapia, coelacanth, western clawed frog, chicken,
gray short-tailed opossum, and human. Our RNA-seq com-
parisons between the three different Myb paralogs within
species revealed that, as expected, the B-Myb paralog
was the most abundantly expressed in most gnathostomes
(fig. 5). Comparisons among the different tissue samples in-
dicate that with few exceptions, the three gnathostome
Mybs were most highly expressed in the gonads and that
patterns of gene expression were variable among the differ-
ent species. A-Myb was preferentially expressed in the testis,
but in almost all species, B- and c-Myb were highly expressed
in the testis as well, with the exception of elephant shark and
spotted gar. Low levels of A-Myb expression were previously
reported in mouse ovaries, brain, and spleen (Mettus et al.
1994), and we found high expression of A-Myb in ovaries
and testis for elephant shark and in the brain and heart of
spotted gar. The strong expression of gnathostome A-Myb in
testes is consistent with experimental data from mice that
show its involvement in spermatogenesis and piRNA biogen-
esis. Similarly, the high expression of elephant shark c-Myb in
spleen is in agreement with its function in hematopoiesis.
Comparisons of flanking sequences suggest that the expres-
sion pattern similarities between A- and c-Myb are not driven
by the shared presence of putative regulatory elements.
We failed to find conserved noncoding elements among
the different human Myb paralogs, as there were no se-
guence similarities among any of the 5'-UTRs; however,
there were ~300bp shared between the A- and B-Myb
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flanking sequences, corresponding to insertions of an Alu
repetitive element.

We then used real-time gPCR to estimate transcript abun-
dance of the Myb paralogs in the Japanese lamprey, to pro-
vide a first glimpse of expression patterns of this gene family in
lampreys and compare it to gnathostomes. Our analyses indi-
cate that the three lamprey Mybs are most heavily expressed
in the notochord, with lower levels of expression in kidney and
ovary. The Japanese lamprey B-Myb gene was expressed in
testes but at relatively lower levels, and similarly, A-Myb was
detected at low levels in the liver. Thus, our results suggest
that the Japanese lamprey Mybs have patterns of expression
(fig. 5) that are markedly different from the gnathostome
paralogs.

Evolution and Functional Differentiation of Vertebrate
Mybs

Integrating phylogenetic, synteny, structural, and expression
data from elephant shark, lampreys, plus a representative
sample of bony vertebrates, we were able to shed light on
the early stages of evolution of the vertebrate Myb paralogs. In
our unconstrained trees, we found that 1) all vertebrate Mybs
were monophyletic relative to invertebrate Mybs, 2) both lam-
preys and gnathostomes have three different Myb paralogs in
their genomes, 3) c-Mybs share some synteny, the presence of
a central domain and were placed in a monophyletic clade, 4)
lamprey and gnathostome A-Mybs are linked to copies of
TRIM55, but lamprey A-Myb apparently lacks a CTAD, and
5) gnathostome and lamprey Mybs have distinct patterns of
gene expression that are not shared between the groups.

If we restrict our analyses to gnathostome Mybs, results are
straightforward: All three Mybs fall in strongly supported
monophyletic clades, which are also supported by synteny
and structural analyses, with some conservation in gene ex-
pression patterns. Integrating lamprey Mybs required the use
of synteny to resolve orthology for A-Mybs, and the assump-
tion that B-Myb is essential to gnathostomes to suggest the
third Myb paralog in lamprey is orthologous to B-Myb. Under
this assumption, our analyses would indicate that 1) the Myb
repertoire of vertebrates was established early in their evolu-
tionary history, prior to divergence between lampreys and
gnathostomes; 2) the genes have conserved their syntenic
position in the corresponding genomes, 3) the functional dif-
ferentiation of these genes occurred separately in gnathos-
tomes and lampreys, and 4) the A-Myb of lampreys
probably lost the CTAD secondarily (fig. 1B).

The model outlined by Davidson et al. (2005, 2013, fig. 1A)
postulates that the Myb paralogs derive from the two rounds
(2R) of WGD early in the evolution of vertebrates. In agree-
ment with this prediction, there is extensive shared synteny
between the gnathostome Myb paralogs, and the three
human Mybs are located in regions of the genome that can
be traced back to linkage group four in the inferred karyotype

of the common ancestor of amphioxus and human (Putnam
et al. 2008). The 2R model predicts the presence of four sep-
arate vertebrate paralogs per invertebrate gene. However,
because of extensive gene loss after WGD, this is seldom
the case (Dehal and Boore 2005). In the case of Mybs and
the flanking coduplicated gene families, duplications map to
the deepest branch of the vertebrate tree we could identify
(supplementary fig. S2B, Supplementary Material online). The
EYA gene family conforms to the 4:1 prediction from the 2R
of WGD, but the Myb, PLAG, and SKG gene families show a
3:1 ratio of vertebrate to invertebrate genes which would re-
quire the secondary loss of one of the resulting paralogs to
reconcile our data with the 2R model. Taken together, our
analyses support the role of the 2R of WGD as the source of
the vertebrate Myb paralogs. In addition, our model extends
and refines the one proposed by Davidson et al. (2005, 2013)
to include cartilaginous fish and lampreys in addition to bony
vertebrates and provides a more complex picture of the evo-
lution and functional differentiation among the paralogs
(fig. 1B), where distinct expression patterns evolved indepen-
dently in lampreys and gnathostomes, and even among
gnathostomes, we found lineage-specific differences in this
regard.

From a physiological standpoint, our analyses suggest that
patterns of expression of the Myb paralogs are not conserved
between lampreys and gnathostomes and probably indicate
that different functional roles evolved independently in these
two groups. All the Myb paralogs in gnathostomes are most
heavily expressed in gonad tissues and expression varies
among species (fig. 5), whereas the Myb paralogs of the
Japanese lamprey are most abundantly expressed in the no-
tochord. The clearest evidence of a difference in functional
role between lamprey and gnathostome Mybs comes from
the A-Myb paralog, which is involved with several testis-
specific functions in gnathostomes but not expressed in the
testes of Japanese lamprey. These results would suggest
that the involvement of the A-Myb paralog with spermato-
genesis and the pachytene piRNA pathway is likely to be a
gnathostome-specific innovation.

In vertebrates, piRNAs are broken into two groups,
prepachytene piRNAs and pachytene piRNAs. Prepachytene
piRNAs are expressed in premeiotic and early prophase 1
germ cells and play a role in TE expression regulation (Aravin
et al. 2007), similar to the role piRNAs play in Drosophila
(Brennecke et al. 2007). However, pachytene piRNAs
become expressed in the pachytene stage of prophase 1
through maturation and are mostly derived from intergenic
transcripts regulated by A-Myb (Li et al. 2013). The latter
piRNAs appear to have a role regulating and eliminating
gene transcripts from the cytoplasm, in a manner resembling
that of the miRNA pathway (Gou et al. 2014). Given that A-
Myb is a driver of the production of pachytene piRNAs in
mature testes, we would predict this class of small RNAs
would be absent from lampreys. This difference might be
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related to the secondary loss of the CTAD by the A-Myb pro-
tein of cyclostomes. Thus, our analyses would suggest that
gnathostome and cyclostome Mybs have evolved different
functions, despite a common evolutionary origin. Further, it
remains to be checked whether the B-Myb paralog of lam-
preys is also functionally equivalent to the single copy Myb
gene of invertebrates, as is the B-Myb gene of gnathostomes,
or whether the two lamprey paralogs without a CTAD, A- and
B-Myb, have partitioned that functional role in a different
manner. Unlike most gnathostomes, cyclostomes retain the
notochord as adults, and the high expression of the cyclo-
stome Myb paralogs in the notochord might be related to
this retention.

Hidden paralogy or the differential evolution of the gene
complements of cyclostomes and gnathostomes from a
common ancestor represents an important challenge when
reconstructing the phenotype of their common ancestor
(Kuraku 2013). Our results illustrate an additional facet of
this challenge, as a conserved set of paralogs have evolved
specialized functional roles independently in cyclostomes and
gnathostomes. As a further note of caution, it is worth point-
ing out that lampreys might have undergone an additional
round of WGD after divergence from gnathostomes (Mehta
et al. 2013), which might present an additional layer of diffi-
culty in reconciling our phylogenetic and synteny analyses. A
more detailed analysis of the evolution of cyclostome Mybs,
including hagfish genomes, might result in alternative expla-
nations for the observed patterns of relationships between
lamprey and gnathostome Mybs.

Supplementary Material

Supplementary figures S1-S2 and tables S1-54 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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