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Abstract

How are complex, learned behaviors - such as the ability to speak and sing - encoded in our genes, and
how did they evolve? Human speech is dependent on our ability to learn and control our vocalizations, a
process that is poorly understood at the molecular level. Further, this trait is exceedingly rare in the
animal kingdom, and notably absent even in our closest primate relatives, as well as in rodent laboratory
models. | sought to gain insight into the neural and genetic bases for vocal learning by performing a
series of comparative experiments across more than 50 avian species. This involved devising novel
computational analysis pipelines, adapting laboratory practices to a field setting, and contributing
extensively to our knowledge of neuroanatomical gene expression and regulation in birds. Broadly,
these findings have sought to explore three possible mechanisms for the evolution of a new brain circuit
to control a complex sensorimotor task. First, | performed extensive annotation and comparison of avian
genomes, in order to demonstrate the existence of novel genes found uniquely in songbirds. | found that
some of these were active specifically in the song system, suggesting that brain structures for vocal
learning can evolve partially through larger processes of genomic evolution, such as gene duplication by
chromosomal reshuffling. Second, | showed that the three lineages of birds that share vocal learning
behavior—parrots, songbirds, and hummingbirds—also share expression of a ‘core’ set of genes in brain
areas critical for the production of learned vocalizations. Intriguingly, | also discovered that a fourth
group of birds related to parrots and songbirds, where there is mixed evidence for vocal learning, shares
expression of some of these core sets, suggesting that vocal learning might evolve in a ‘stepwise’
manner. Third, | identified gene regulatory elements associated with differential expression in select
vocal learning nuclei in zebra finch. By comparing regulatory elements shared with chicken, | showed
that some of these gene regulatory motifs may be broadly conserved in birds, whereas others were
found only in finch. This suggests that new brain structures for behavior could emerge both through the
evolution of new gene regulatory associations, as well as through co-opting preexisting ones. In sum,
this work provides a roadmap for integrating knowledge from genomics, gene expression analysis,

neuroanatomy, physiology, and phylogenetics to provide novel insights into the evolution of behavior.



1 Introduction

1.1  Models for the study of vocal learning

Human language is, arguably, the defining trait of our species. It has been theorized to have been
the evolutionary driver of some of our most essential characteristics. Our exceptionally expanded
cortex, advanced theory of mind, capacity to organize into complex societies, and ability to pass
on individual knowledge of essential survival skills such as tool-making, have all been suggested to
be by-products of the evolution of language [1-4]. Thus, to gain insight into the biology of vocal
learning is to peer through a window into the very nature of what makes us human.

To understand the bases for human language, as with any other human trait, the search
must begin with our closest non-human relatives: the Great and Small Apes and other non-human
primates. Attempts to identify proto-linguistic features of non-human primate communication
stretch back nearly a century, ranging from long-term studies of behavior in naturalistic settings to
misguided attempts to rear individual Great Apes in human families in order to determine
whether any latent linguistic capability may be present [5-7]. Perhaps the most elucidating line of
research is that on Great Ape gestural communication, in which the capacity for symbolic and
even semantic communication has been suggested [8-11]. On the other hand, studies of Great
Ape vocal behavior have failed to reveal any vocal behaviors that are dependent on learning or
that change meaningfully over the course of development [5, 12]. Some recent studies have
reported a limited capacity of Great Apes to use naturally occurring calls differentially depending
on behavioral context and audience [13-17]. However, these represent examples not of learned
vocalizations but of learned contextual usage of an unlearned call [18, 19], not unlike the manner
in which domestic dogs learn to use their unlearned but naturally variable barking to coax the

provision of food out of its owner.



Beyond humans, we can find only a few examples of vocal learning— the broader biological
term for learned, imitative vocal behavior that provides the basis for human speech acquisition
[18-21]. It has been perhaps most convincingly and elegantly demonstrated in cetaceans [12, 22],
although strong signatures of learning have also been found in the social vocalizations of bats [23,
24]. Anecdotal evidence has been presented of vocal imitation in elephants [25] and pinnipeds
[26, 27]. In all of these cases, the underlying brain circuitry and molecular mechanisms are
unknown. Further, invasive mechanistic studies of vocal behavior in mammals are either not
tractable experimentally (e.g., cetaceans, pinnipeds, elephants, humans) or not well-characterized
in terms of learned vocal behavior (e.g., bats [23]), and traditional experimental organisms like
rodents and non-human primates appear to have no capacity for vocal learning [28].

Of more than 30 extant orders of birds, vocal learning has been conclusively
demonstrated in just 3 lineages: songbirds, parrots, and hummingbirds (Figure 1, [20, 29]).
Previously, these three lineages of avian vocal learners were thought to be only distantly related
[30]. The implication of this was that vocal learning had evolved three times in birds,
independently, presenting a classic case study of the convergent evolution of a behavioral trait
[20]. However, advances in molecular phylogenetics overturned this thinking, when it was
conclusively demonstrated that parrots and songbirds represented near sister taxa, with only the
non-learning suboscine passerines to separate them [31, 32]. Thus, it may be possible that vocal
learning has evolved only twice in birds—once in hummingbirds and once in the last common
ancestor of parrots and songbirds. A more detailed exploration of these possibilities is presented

in Chapters 3 and 5.
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Figure 1. Phylogeny of major extant avian lineages. Lineages in blue possess the behavioral trait of vocal
learning its attendant neural circuitry, known as the song system. Suboscine passerines, in red, possess
mixed evidence of learned vocal behavior (see Chapter 3 for further discussion). Lineages in black are
thought to be vocal non-learning. Phylogeny adapted from Jarvis et al, 2014 [33].

The study of important songbird models, including the canary (Serinus canaria), zebra
finch (Taeniopygia guttata), and European starling (Sturnus vulgaris), has contributed
tremendously to our understanding of sexual dimorphism in behavior and its correlates in the
brain, the role of sleep in neuroplasticity and memory integration, the discovery and study of adult
neurogenesis, and, perhaps most of all, the neurobiology of vocal learning [34, 35]. Songbirds
possess complex syringeal morphology to control this behavior, not found in non-learning birds
[36-38]. This mirrors the human condition, where our descended larynx shows morphological
adaptations for fine control not found in non-human primates or, it has been proposed,

Neanderthals [39].



As with human infants, a songbird that must learn its vocalizations from a tutor in much
the same way a child learns to speak by copying adults [18, 40]. Without this input during a critical
period, either through isolation from a tutor or deafening, the bird will not be able to learn
species-typical song [18, 41]. Further, when cross-fostered by tutors from a similar species,
songbirds will learn the song of their adoptive parents, just as a child born of Swedish parents
would learn Finnish if adopted by a Finnish family [42]. This is a hallmark feature of vocal learning.
In vocal non-learning animals, all species-typical vocalizations develop normally in deafened or
isolated animals, and cross-fostered animals fail to learn the vocalizations of their adoptive tutors
[43-45]. As in humans and cetaceans, these learned vocalizations are transmitted culturally, across
successive generations [18, 46].

Essential to their usefulness as a behavioral model, model songbirds thrive in captivity [47]
and readily learn species-typical vocalizations in a laboratory setting [48-50]. Although no animal
model perfectly replicates all aspects of human language, songbirds present an excellent, well-
studied starting point in the search for the neural and genetic basis of vocal learning, the substrate

for human speech acquisition [34, 35, 51].

1.2  The neural basis for vocal learning

Vocal behavior requires the coordinated activity of vocal-motor and respiratory centers in the
midbrain and medulla that are present in all vocalizing vertebrates—from mammals and birds to
fish—whether or not they are vocal learners [36, 52-55]. In addition to these structures, all vocal
learning birds (songbirds, parrots, and hummingbirds) have been demonstrated to possess a set of
discrete, interconnected nuclei that appear to be devoted solely to vocal learning, termed the
song system (Figure 2) [41, 56, 57]. Although less well-studied in parrots and hummingbirds, in

songbirds the presence of a song system has been demonstrated to be broadly conserved across



the taxon [58-61]. All other vocal non-learning birds examined thus far (e.g., suboscine Passerines,
swifts, owls, doves, and fowl) appear to lack these areas [40, 56, 57, 59, 62-69]. On the basis of
extensive cytoarchitectonic similarities and extensive shared gene expression, it has been
determined that these nuclei fall within avian pallial brain areas homologous to mammalian
cortex, basal ganglia, and thalamus [70, 71]. This is an important distinction, as the presence of
forebrain vocal areas implies that these structures represent an avian equivalent of cortical and
basal ganglia circuitry that in mammals is associated with complex sensorimotor learning. Thus,
vocal learning birds have cortical and basal ganglia control over their vocalizations, a feature

analogous to humans that is clearly absent in vocal non-learning birds.
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Figure 2. Simplified schematic of the Zebra finch nuclei specialized for vocal learning and their connections.
Red projection: the posterior vocal motor pathway for vocal control, originating in HVC, in yellow,
continuing to RA, in orange, to the hindbrain vocal motor nuclei, in black. Blue projection: the anterior
forebrain pathway for vocal learning, originating in HVC, which projects to a set of interconnected nuclei
(Area X, LMAN, DLM) analogous to mammalian cortical-basal ganglia-thalamo-cortical loops for
sensorimotor learning. Abbreviations: DLM, medial part of the dorsal lateral nucleus of the thalamus; LMAN,
lateral magnocellular nucleus of the anterior nidopallium; HVC, proper name; nXllts, tracheosyringeal
portion of the hypoglossal nucleus; PAm/RAm, nucleus para-ambiguus/retroambiguus; RA, robust nucleus
of the arcopallium.
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Elements of the vocal control circuit appear to be functionally analogous to human speech
production areas, including Broca’s Area, and decades of research on the songbird vocal control
circuit have produced insights into the functional organization of pathways for the acquisition and
production of learned vocalizations [20, 21]. In songbirds, the vocal control circuit is comprised of
two pathways: first, a vocal-motor pathway, essential for the production of learned vocalizations
[72, 73] (Figure 2, in red), and second, an anterior forebrain pathway (AFP), essential for the
learning and maintenance of imitative vocal behavior[74-76] (Figure 2, in blue).

The vocal motor pathway consists of a pre-motor vocal nucleus (HVC), which projects to a
vocal-motor cortical area (RA), which projects to vocal centers in the midbrain (DLM) and medulla
(nXlits, RAm/PAm) [41, 59]. Direct corticospinal projections, such as those from RA to nXllts, have
been shown in mammals to be critical for controlling movements requiring exceptional skill and
flexibility, as well as enabling volitional control of movement [77, 78]. Notably, direct corticospinal
vocal-motor connections do not appear to exist in non-learning birds or non-humans primates [79-
82].

As a bird sings, each RA projection neurons fires in a unique, highly stereotyped bursting
pattern that is tightly time-locked to specific song motifs [83]. Interestingly, it has been shown
that these firing patterns are ‘replayed’ in RA as the bird sleeps [84], and that this replay and its
effects on synaptic plasticity are necessary for song learning [85, 86], lending unique insight into
the role of sleep in learning [87].

The AFP is comprised of a set of interconnected nuclei (Area X to LMAN to DLM to Area X),
analogous to mammalian cortical-basal ganglia-thalamo-cortical sensorimotor loops [65, 88, 89].
This analogy is also functional, as the AFP is also essentially a circuit for the learning of a complex
sensorimotor sequence [90-92]. The AFP is especially active in driving neuroplasticity during the

zebra finch subsong period, a critical period for sensory template acquisition and vocal motor



practice akin to the babbling phase of human speech development [93, 94]. This knowledge
motivated renewed interest in the role of the human basal ganglia in speech, yielding further
insight into the neural basis for language acquisition [21].

The premotor vocal control nucleus HVC represents the main premotor nucleus of the
adult song system, containing cells critical to the neural encoding of learned song, and
representing the main entry point for auditory information that provides song performance
feedback to the system [95, 96]. HVC is a nodal area in the songbird brain, as it is the origin for
both the learning and motor pathways, two distinct neuronal populations that project to the
motor output nucleus, RA (HVC-RA), or to the AFP basal ganglia nucleus, Area X (HVC-X) [97, 98].
These projection neuron types are highly distinct in terms of their electrophysiology, cellular
morphology, dynamics of replacement in adulthood, and gene maker expression [99-103]. These
neurons fire sparsely as the bird vocalizes, with any particular HVC projecting neuron bursting only
once per song [95, 104]. Electrophysiological recordings reveal that as a population, these neurons
propagate calcium-mediated excitatory bursts along a synaptically connected chain [105].
However, to what degree these bursts function as a sort of simple clock to control the timing of
song [106] or provide a feedforward model of the sequence of motor gestures underlying song
[107] remains to be resolved. Both types of projection neurons are required for the production of
learned vocal behavior, as has been demonstrated through selective lesioning as well as electrical
and optogenetic inactivation experiments [108, 109]. HVC-RA neurons undergo adult
replacement, their precursors migrating into the nucleus from the subventricular zone [110-112].
This adult neurogenesis is androgen-dependent, providing a neuroanatomical and molecular
mechanism for the seasonal neurogenesis observed in wild songbirds, where HVC is observed to

double in size and cell density during the breeding season [72, 98].



1.3  The molecular and genetic basis for vocal learning
Speech production impairments disrupt the lives of millions of individuals. Ranging from mild
stuttering to complete speech loss, the cost these disabilities incur in terms of lost productivity
and therapeutic care is estimated at US$30 billion to $154 billion [113]. At present, our
understanding of the genetic basis of speech acquisition, which could lead to improved treatments
and therapies for communication disorders, is poor. A significant genetic component to vocal
learning has been demonstrated through studies in both humans [114] and zebra finch [115, 116],
which indicate that variation in the propensity to learn song and language is highly heritable. Only
a handful of genes involved in vocal motor production have been identified by costly genome-
wide association studies in humans with language disorders. Most famously, mutations to the
transcription factor FOXP2 result in significant language impairments [117]. A handful of additional
genes have been tied to the delayed language acquisition observed in association with autism
[118, 119] and stuttering [120]. Although studies of these rare mutations are of value in
demonstrating the link between single genes and language, they represent an inefficient strategy
for determining the full molecular pathways supporting speech, which are likely to involve large
networks of genes acting in concert in discrete centers of language production in the brain [121].
Although long held as the choice animal model of human speech production, it has only
recently been demonstrated that specific elements of the songbird vocal control circuit are not
only functionally analogous to human speech production areas, but also exhibit shared gene
expression with their human counterparts [122]. This has motivated extensive efforts to
characterize the molecular and genomic substrates of the song system, including the sequencing
of the zebra finch genome [123]. Genomics and large-scale brain gene expression studies using
microarrays and in situ hybridization (ISH) have identified hundreds of markers of the vocal control

system of songbirds [124-127]. Some of these genes are under strong evolutionary pressure in



songbirds [128-130], with several being prominent markers of song nuclei, a subset showing
selective expression in sparse cell populations [128].

Interestingly, the human language-linked gene FOXP2 is also a marker of select song
system nuclei in songbirds, parrots, and hummingbirds, in analogous locations within homologous
brain divisions [131-133]. Further, knockdown of FOXP2 in songbird Area X appears to
detrimentally affect birds’ ability to accurately learn a tutor’s song [134]. A critical regulatory
target of FOXP2, CNTNAP2, is also expressed differentially in the zebra finch song system [135,
136]. In human studies, it has been suggested that CNTNAP2 is the primary effector of the deficits
observed in patients with disabling FOXP2 alleles — mutations in CNTNAP2 result in profound
language deficits similar to those observed in FOXP2 patients [118, 137], but even CNTNAP2
variant alleles found in healthy populations have been shown to affect performance on language-
related tasks [138]. Songbird researchers have noted differential expression and protein
abundance of CNTNAP2 in song nuclei, including RA [135]. This suggests that transcriptional
regulatory networks play a critical role in the normal function of vocal learning circuits. However,
to date, only one attempt has been made to study the large-scale regulatory dynamics in the song
system, which revealed transcriptional mechanisms underlying song-activated gene transcription

[139].



2  The role of novel genes in the evolution of vocal learning

2.1 Background

The completion of the Zebra finch genome in 2010 [123] made it possible to search for genomic
features that might be unique to songbirds. In addition to vocal learning, passerines are
distinguished by a number of traits including their distinctive foot anatomy adapted for perching,
an altricial pattern of offspring growth, and an exceptionally high metabolic rate [140, 141]. The
emergence of novel genes has been shown to provide a genetic substrate for lineage-specific
adaptations and the evolution of new functional traits [142, 143]. It is thus possible that novel
genes might also be associated with the evolution of characteristic songbird traits like vocal
learning. The initial comparative analysis between Zebra finch and chicken (Galliformes: Gallus
gallus), a previously sequenced non-learning species [144], led to the identification of candidate
novel gene duplications and expansions in Zebra finches [123]. However, without additional
genomes that span the large phylogenetic distance between Galliformes and Passeriformes, it was
impossible to conclude whether these features are specific to Zebra finch, or originated more
basally in finches, oscines, Passeriformes, or elsewhere within Neoaves. Moreover, it has not been
determined whether these genomic features are associated with vocal learning and related
circuitry, or with other phenotypic differences between oscines and non-oscines. In the few cases
where this question has been examined, there is only very limited evidence of regional or
differential gene expression in the brain [123, 145].

A requirement for accurate comparative genomics is the generation of well-curated sets
of 1-to-1 orthologs among the organisms being compared. Obtaining the true set of orthologs is
an ongoing problem, and many genomes remain partial and/or insufficiently annotated, in part
due to errors by ab initio gene predictive algorithms to identify all exons of a given ortholog, even

when these are present in the genome assembly [146]. These issues have led to erroneous
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annotations of Zebra finch models as novel, non-detection of orthologs that are in fact present in
the assembly, and erroneous conclusions about gene duplications and expansions [128]. Thus, the
search for genomic features unique to Zebra finches, or more broadly to songbirds, and that may
relate to their distinct traits, is still very incomplete.

Here, | curated the Zebra finch Ensembl gene models annotated as novel or duplicated, as
well as several previously identified novel expansions in the Zebra finch genome (Supplementary
Figure 3 in [123]), and then determined their presence or absence in 45 recently sequenced, high-
coverage (30 — 120X) genomes spanning the avian phylogeny (phylogeny and genomes described
in [33, 147]). As a result, | have identified a set of genes that are clearly novel in songbirds, and
provide evidence for chromosomal rearrangement as a potential mechanism for their origin. | also
show that some of these genes are expressed in the brain, and that a small subset are
differentially expressed in song nuclei relative to surrounding areas, representing molecular
specializations of the songbird vocal control system; others are expressed in various non-neural
tissues. In contrast, | found that several hundred putative, previously reported novel songbird
gene models [145] represent artifacts, previously known genes, or genes that are present in non-
songbird species. These results provide an approach for improved genome annotation, as well as
identifying novel targets for investigating genes unique to a lineage or trait, including vocal

learning and its associated brain circuitry in songbirds.

2.2  Results & Discussion

| implemented a comprehensive and exhaustive annotation pipeline to identify genes that evolved
in songbirds subsequent to their divergence from all other birds. Specifically, | first focused on the
best-annotated songbird species, the Zebra finch, retrieving all Zebra finch Ensembl gene models

annotated as novel, duplicated, or expanded (>7,000 models, €59), and removing models Ensembl

11



considered to have orthologs in other species (n = 5,459), as well as those mapped to
chromosome Unknown (n = 1,179), which were likely to represent allelic variants. The mRNA and
protein sequences of the remaining models (n = 876) were aligned using the BLAST-like alignment
tool (BLAT) to chicken, currently the best-annotated avian species, and Zebra finch, and synteny
for all hits of sufficiently high score was verified to identify conserved orthologs. Loci present in
Zebra finch but not chicken were then aligned to additional genomes—turkey (Meleagris
gallopavo), lizard (Anolis carolinensis), frog (Xenopus tropicalis), Zebrafish (Danio rerio), mouse
(Mus musculus), and human (Homo sapiens)—to distinguish songbird novel genes from losses in
the galliform lineage (i.e., lost in chicken and turkey genomes only).

| found a distinct group of putatively novel or duplicated genes in Zebra finch that do not
present an ortholog in Ensembl (e75) and NCBI databases (n = 61). This included several expanded
gene families located on various Zebra finch chromosomes, suggesting that they do not represent
local assembly artifacts. | added to this group a set of genes (n = 13) previously reported as
expanded in Zebra finch (Supplementary Table 3 in [123]), and an additional set of duplicated loci
that lack a predictive model (n = 17), detected in the course of BLAT-alighments during the
candidate novel gene curation analysis.

To determine whether these genes represented true novel genomic features unique to
and shared across songbirds, | conducted BLAST searches of 48 avian genomes, including 45 newly
sequenced species, representing a broad sampling that covers all major extant radiations of avian
diversity (complete list of species and genome assembly in [33, 147]). This provided an initial
confirmation of the existence of genes unique to songbirds. However, as the BLAST output was to
unannotated scaffolds, putative songbird novel gene sets were analyzed in more detail using
custom optimized BLAT-alignment algorithm and syntenic analysis in the IGV browser (see

Methods). This novel gene-finding strategy was applied to a subset of the new avian genomes:

12



two additional songbirds, the Medium ground finch (Geospiza fortis) and the American crow
(Corvus brachyrhynchos); a suboscine passerine, the Golden-collared manakin (Manacus
vitellinus); a basal passerine, the Rifleman (Acanthisitta chloris); and the Budgerigar (Melopsittacus
undulatus), a parrot, the sister taxon to Passeriformes. This analysis allowed me to discard
spurious hits from the BLAST search. In some cases it also allowed for the identification of the
“parent” gene, shown through syntenic conservation to be orthologous between songbirds and
non-songbirds, and which underwent duplication to give rise to the novel genes. Confirmed novel
genes were categorized into several subsets based on their presumed phylogenetic origin (Table 1,
column 2).

| discovered 10 genes that are present in the 3 songbird species studied and absent in all
45 avian non-songbird and 4 non-avian organisms examined, thus representing novel genes that
are unique to songbirds. These included 7 cases of gene duplication resulting in a single novel
paralog unique to songbirds and 1 case where the gene duplication resulted in two songbird-
specific novel paralogs (Table 1; paralogs more generally conserved in passerines or unique to
Zebra finch are also included). In some cases the parent gene is known (novel gene names have a
terminal ‘L), in others the parent gene could not be established (gene names have a dash and
number). | also identified a novel gene which appears to have arisen de novo in songbirds.
Altogether, the parent genes and the expanded and de novo novel loci comprise a total of 38
genes (Table 1). | describe here their characterization, followed by further details on the general

curation effort.
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Gene Phylogeny Gene location Brain-derived | Non-brain Non-brain
name ¥ ESTs ESTs RNA-SEQ
A4GALT-related*
A4GALT-1 | SONGBIRDST | chrlA:65,194,903- No No None
65,195,964
A4GALT-2 | SONGBIRDST | chrlA:65,202,780- No No None
65,203,835
A4GALT-3 | SONGBIRDST | chrlA:65,210,658- No No None
65,211,719
CASC1-related
CASC1-1 SONGBIRDSt | chr1A:65,157,078- FE723736V, JV165872, Embryo,
65,159,677 DVv948439 V165873 spleen,
testes
CASC1-2 SONGBIRDSt | chrlA:66,373,778- DV948439 V184784, Embryo,
66,384,478 V165872, liver,
V165873 muscle,
testes
FN3KRP-related
FN3KRP ALL BIRDS* chr18:6,574624- DV959265V No Embryo
6,580,544
FN3KRPL1 | SONGBIRDS | chrZ:24,858,422- No No Embryo,
24,862,943 liver, skin
FN3KRPL2 | PASSERINES | chrZ:69,583,022- DV955139v, JV168705V, | Embryo,
69,590,574 FE727948V, V168706V, | liver,
DV955139v JR864904V | spleen,
testes
HYDIN-related*
HYDIN ALL BIRDS* chr11:5,451,491- No No Liver,
5,475,997 muscle,
skin,
spleen
HYDINL1 SONGBIRDS chr11:16,377,691- No JV172391 Muscle,
16,404,553 skin,
spleen
HYDINL2 PASSERINES chr11:16,633,304- No No Liver,
16,663,944 muscle,
testes
HYDINL3 ZEBRA FINCH | chr11:17,005,696- No No Muscle,
17,033,616 testes
HYDINL4 ZEBRA FINCH | chr11:18,229,584- No No None
18,238,051
HYDINLS ZEBRA FINCH | chr11:19,907,326- No V172391 Testes
19,914,490
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Gene Phylogeny Gene location Brain-derived | Non-brain Non-brain
name ¥ ESTs ESTs RNA-SEQ
NOVEL (TMRA)
TMRA SONGBIRDS | chrl1A:66,486,182- CK302958V JV159445v, | Embryo,
66,494,397 JV159451v | liver,
muscle,
spleen,
testes
RIOK2-related
RIOK2 ALL BIRDS* chrZ:24,872,816- DV956882V V172474V, | Embryo,
24,883,105 JR863880V | liver,
muscle,
skin,
spleen,
testes
RIOK2L SONGBIRDS chrz:69,578,247- No No Skin
69,578,886
RNF4-related*
RNF4 ALL BIRDS* chr4:62,477,216- DV951366V V183872V, | Liver, skin,
62,484,738 JR867734V | testes
RNF4L1 SONGBIRDS chr4:8,201,210- No No None
8,201,765
RNF4L2 PASSERINES chr4:20,660,938- No No None
20,751,958
RNF4L3 PASSERINES | chr4:22,411,072- No No Embryo,
22,433,579 muscle,
skin,
spleen
RNF4L4 ZEBRA FINCH | chr4:22,445,102- No No Testes
22,478,943
RNF4L5 ZEBRA FINCH | chr4:22,507,187- No No Muscle,
22,517,977 spleen
RNF4L6 ZEBRA FINCH | chr4:22,538,729- No No None
22,547,838
RNF4L7 PASSERINES chr4:41,650,214- No No None
41,650,348
URB1-related
URB1 ALL BIRDS# chr1:97,555,543- FE722167V No Embryo,
97,592,096/ liver,
chrl_random:362,665 muscle,
-365,267 skin,
testes
URB1L1 ZEBRA FINCH | chr1A:60,924,812- CK301434, No Embryo,
60,941,816 CK303889, liver
DV957700
URB1L2 ZEBRA FINCH | chr1A:63,520,638- CK301434, No None
63,528,208 CK303889
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Gene Phylogeny Gene location Brain-derived | Non-brain Non-brain
name ¥ ESTs ESTs RNA-SEQ
URB1L3 SONGBIRDS chr5:4,764,796- CK301434, No Skin
4,772,823 CK303889,
DV957700
URB1L4 ZEBRA FINCH | chr7:1,064,071- No No None
1,065,024
URB1L5 ZEBRA FINCH | chr23:2,319,460- DV957700 No Liver,
2,335,606 muscle,
spleen,
testes
YTHDC2-related*
YTHDC2 ALL BIRDS* chrz:21,509,497- No No None
21,511,474
YTHDC2L1 | SONGBIRDS | chr2_random:378,730 | CK309358V No None
-383,125
YTHDC2L2 | ZEBRA FINCH | chr3_random:766,156 | No No None
-785,803
YTHDC2L3 | PASSERINES | chrZ:10,792,293- No V174477, Embyro,
10,809,782 V177272 liver,
muscle,
spleen
YTHDC2L4 | ZEBRA FINCH | chrZ:29,309,810- No No Embryo,
29,332,222 liver,
muscle,
skin,
spleen,
testes
YTHDC2L5 | ZEBRA FINCH | chrZ:55,988,800- DV947064V V174477V Embryo,
56,020,229 liver,
muscle,
skin,
spleen,
testes
YTHDC2L6 | ZEBRA FINCH | chrZ:57,443,052- No No Embryo
57,444,728

Table 1: Families of genes where at least one member has been determined to be present uniquely in all
songbirds. Tandem duplicates, where clear orthology cannot be determined, are distinguished with dashed
numbers (e.g., CASC1-1, CASC1-2). Other duplicates are named after being ‘like’ their parent gene (e.g.,

RIOK2L). Chromosomal locations refer to the zebra finch genome (taeGutl). Expressed sequence tags (ESTs)
providing evidence of gene expression in the brain [57, 81, 82] and RNA-seq data derived from other tissues
[27] are from zebra finch, non-brain ESTs are derived from Dark-eyed junco [37]. ¥: Gene symbols have been
corrected based on my curation of Ensembl annotation, *: Gene family previously reported as being
expanded in Zebra finch, : Parent gene, t: Parent gene cannot be determined, V: EST is specific to this gene
locus.
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Association of novel genes with genomic rearrangement sites

To determine whether the identified novel songbird genes are located close to regions of
chromosomal instability in birds, | first generated a map of the sites of avian syntenic disruption
(SD) likely representing chromosomal breakpoints, by comparing the syntenic order of Zebra finch
vs. chicken genes using SyntenyTracker [148]. | manually verified the consistency of the synteny
groups with previous reports [123, 149], using my curated Ensembl models to allow for a more
precise identification of genes in the vicinity of the SDs. | also analyzed chromosomes 11-28 and Z,
which were not included in previous studies (Table S1.6). Finally, | examined the syntenic
arrangement of these blocks in several outgroups (lizard, mouse, human) to distinguish SDs that
are specific to the chicken lineage, where the flanking regions of Zebra finch blocks are either
identical or highly similar to those in non-avian species (highlighted in pink in Table S1.6), from SDs
specific to the songbird lineage, where the flanking regions of Zebra finch blocks differ from that
of the other species examined (highlighted in blue-green in Table $1.6). Compared to previous
studies [123, 149], this analysis resulted in a refined and comprehensive list of SDs representing

likely chromosomal breakpoints specific to the songbird lineage (Table S1.6).
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Figure 3. Example of songbird novel and duplicated genes associated with regions of syntenic disruption.
Chromosomal maps of the syntenic order of genes in chicken (chrl) compared to Zebra finch (chrlA) reveal
that songbird-unique novel (TMRA, in orange) and duplicated/expanded genes (CASC1, A4GALT; in red) are
located in chromosomal regions containing syntenic disruptions (SD) that are unique to the songbird lineage
(i.e., the syntenic flanking genes in Zebra finch are different from those in other avian and non-avian
species). Small black up/down arrows next to each gene indicate orientation on the minus/plus strand of
DNA. Line colors denote genes in rearranged syntenic blocks, with shaded regions representing apparent
chromosomal inversions.
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Next, | examined whether novel songbird genes as well as their parent genes map within
or near songbird lineage-specific SD sites. | found that 6 of 10 novel genes are present at the start,
end, or within SD regions (position of SDs indicated in Table S1.6). This suggests that a large
proportion of the duplication events that gave rise to novel genes seems to have occurred in
regions of chromosomal instability. Two regions were associated with multiple duplication events:
a chromosomal inversion in chrlA (expansions of A4GALT and CASC1, and occurrence of TMRA;
Figure 3), and a chromosomal rearrangement on chrZ (associated with the expansions of FN3KRP
and RIOK2). Interestingly, most of the putative de novo novel (n = 6 of 8) and ~50% of the
duplicated (n = 18 of 32) genes that are not unique to songbirds (found in subsets of songbirds, all
passerines, or other Neoaves; Table S1.5) are also located within or close to SDs, supporting the
association between chromosomal breakpoints and the emergence of novel genomic features in

non-songbirds as well.

Predicted protein analysis of songbird-unique genes

We assessed the potential function of novel songbird genes by examining the predicted protein
domains of the largest open reading frame. These were obtained either from the Zebra finch
Ensembl model, or by mapping the Zebra finch parent gene and its chicken ortholog onto the
novel gene locus, in cases where an Ensembl model for the novel duplicate was absent or
incomplete (in the latter case noting the possible occurrence of additional unmapped
exons/domains in nearby regions). | then compared the predicted domains between parent and
duplicate genes to identify potential changes in function. As an outgroup to birds, | verified the
domain organization of the parent genes in humans, where gene predictions are often more

complete than in other vertebrates.
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In one case, | found one gene where the duplicate copies are nearly identical. The A4GALT
expansion consists of 3 complete tandem copies; all contain a glycosyltransferase DXD-sugar
binding motif and an alpha 1,4-glycosyltransferase domain, the latter involved in protein
glycosylation. Due to high conservation, it is hard to determine which copy is orthologous to the
ancestral A4GALT. For the remaining gene families, | found differences in domain annotation
between the duplicate and parent genes, with some genes representing partial copies and others
gaining additional exons.

For RIOK2, the parent gene contains a RIO-like kinase, a RIO2 kinase N-terminal domain, a
winged helix domain that confers DNA binding properties, and a coiled-coil domain, indicative of a
function in the regulation of gene expression. The model-less RIOK2L contains only the coiled-coil
domain, and thus is a partial duplicate. Since there are no sequence gaps upstream of the model,
the missing N-terminal domains and exons cannot be in a gap. Interestingly, RIOK2L overlaps with,
and is antisense to, one of the 3’-splice variants of FN3KRPL2.

As in the chicken and human orthologs, FN3KRP and its duplicate paralog present in all
passerines (FN3KRPL2) contain six exons, and the predicted large fructosamine-3-kinase domain
that covers most of the open reading frame is indicative of a role in deglycation and functional
activation of proteins protective against hyperglycemia. FN3KRPL2 has additional downstream
exons, part of several transcripts that are alternatively spliced in the 3'UTR region of this gene.
The copy specific to songbirds (FN3KRPL1), however, lacks the amino-terminus exon (~45 aa
residues) of the parent gene. Since there are no sequence gaps upstream of this locus where that
exon might be located, this copy is partial, with a likely disruption of the main functional domain.

Both copies of CASC1 in songbirds lack a coiled-coil domain close to the amino-terminus

present in the chicken and human orthologs. However, since the predicted peptides lack a starting
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codon, this domain may be present in the gaps upstream to the models. Furthermore, CASC1-1 is
shorter than CASC1-2, consisting only of the 282 amino acid residues at the carboxy-terminus.

As in chicken and human, the parent URB1 gene in songbirds contains a predicted
nucleolar pre-ribosomal-associated protein 1 domain close to the amino-terminus and an
armadillo (ARM-) like fold involved in interactions with other proteins and nucleic acids. The
expanded set of duplicate URB1 copies do not contain either of the domains above, although in
some cases the missing domains might be hiding in gaps.

In the case of the YTHDC2 expansion, the expanded set includes several copies that are
differently shared across species, and which display marked changes in the predicted structure
across the different copies (Figure 4A). In human and chicken, the parent gene contains several
domains (R3H, DEAD, Ank_rpt, HELICc, HA2, OB-fold, YTH) involved in functions like binding to and
inducing conformational changes in single stranded nucleic acids (RNA or ssDNA). In songbirds it is
highly truncated (YTHDC2, Figure 4B), lacking most predicted domains. The songbird-unique
duplication (YTHDC2L1, Figure 4B) also lacks all domains except the HA2 and OB-fold. The
alignment of an EST containing a polyA at this locus confirms that the sequence is complete at the
3’ end, thus this copy lacks the YTH domain. All 3 songbirds contain relatively complete copies of
the gene that lack the amino-terminus (~74 residues) but contain most other domains of the
parent gene at different syntenic locations (e.g., YTHDC2L5 in Zebra finch, Figure 4B). Overall,

these observations suggest continued expansion of this gene following divergence of songbirds.
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Figure 4. Syntenic and protein functional domain analysis of YTHDC2L1 and YTHDC2L5. (A) Schematic
representation of conserved chromosomal loci in avian and non-avian vertebrate species showing the
relative position of YTHDC2L1 (in red), a novel expansion of YTHDC2 that is only present in songbirds.
Adjacent genes are indicated in black. The chromosome or scaffold number is indicated beneath each
species common name. (B) An alignment of the protein family domains predicted for amino acid sequences
derived from Chicken YTHDC2, the orthologous YTHDC2 “parent” gene in Zebra finch, as well as the copies
of YTHDC2 that are only present in songbirds (YTHDC2L1), and Zebra finch (YTHDC2L5). Specific protein
family domains predicted by InterProScan5 are aligned relative to Chicken YTHDC2, and are indicated by the
various colored symbols. YTHDC2 and YTHDC2L1 lack nearly all of the major protein family domains that are
characteristic of YTHDC2. In contrast, YTHDC2L5 appears to be a nearly complete copy of YTHDC2.
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All HYDIN-related copies are partial compared to the parent gene in chicken and human,
which contains a predicted PapD-like domain related to periplasmic chaperoning function, and a
P-loop NTPase domain thought to be involved in modulating conformational changes in other
proteins. The Zebra finch HYDIN parent gene contains only a short fragment of the parent gene
and has no predicted model; all other duplicates contain truncated portions of the 5’ part of the
parent gene. Because these loci are flanked by gaps and several unassembled sequences (chrUn)
contain portions of the gene, some of which close to the 3’ end, several assembled loci may be
partial due to assembly incompleteness. | also note that the alignment scores of the chicken
parent gene and songbird-expanded copies are rather low, reflecting considerable divergence.

Similarly to the orthologous gene in chicken and humans, RNF4 and its duplicates in
passerines each contain a predicted single RING finger motif close to the carboxy-terminus.
However, the songbird-specific copy and one of the copies shared by passerines are truncated,
lacking most of the 5’ half of the gene. Low alignment scores of these duplicates point to
significant divergence from the parent locus.

We identified one novel gene (ENSTGUG00000012248) with no identifiable parent gene
that appears to have arisen de novo in the songbird lineage. Its only trace outside of songbirds is in
the form of a short, truncated segment of one of its coding exons in the correct syntenic position
in two non-songbird species (Peregrine falcon and Bar-tailed trogon, data not shown). Its
predicted protein (330 aa) contains a putative amino-terminus cytoplasmic domain, three
transmembrane domains, and a carboxy-terminus extracellular domain, the latter with a putative
C-type lectin domain (Figure 5). Thus, it appears to encode a polytopic transmembrane a-helical
protein, suggesting a role related to the cell surface, possibly involving carbohydrate binding
activity. Due to a gap in the Zebra finch genomic sequence, this analysis required sequencing an

ESTIMA cDNA, CK302958, the longer of two brain-derived cDNAs that map specifically to this locus

23



(complete sequence submitted to GenBank, accession ID:KM520127). Results were confirmed by
comparing cloned cDNAs from the Dark-eyed junco, another songbird species [150]. Based on its
predicted structure and discrete expression in the song nucleus RA (see below), | annotated this

gene TMRA (transmembrane protein of the robust nucleus of the arcopallium).
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Figure 5. Schematic model depicting the predicted structure of songbird novel gene TMRA in the plasma
membrane. Protein functional domain analysis (InterProScan5) predicts the protein coding sequence of

TMRA contains three transmembrane spanning domains connected to an extracellular C-type Lectin-like
(CLEC) domain that is typically associated with carbohydrate binding.

Expression analysis of songbird-unique genes

To gain insights into the possible function of the identified novel songbird genes, | performed an
expression analysis using both publicly available expressed sequence tags (ESTs) and RNA-seq data
[123, 150] from brain, liver, muscle, skin, spleen, testes, and whole embryo of Zebra finch and an
additional songbird species, the Dark-eyed junco; as well as in situ hybridization of Zebra finch
brain sections. The results fell into several categories (Table 1): songbird novel genes with no

evidence of expression in these tissues (A4GALT, RNF4L1), expressed in non-brain tissues only

24



(FN3KRPL1, HYDINL1, RIOK2L), expressed in multiple tissues including brain (CASC1, TMRA,
URB1L3), and one gene with expression detected solely in the brain (YTHDC2L1). In the case of
A4GALT, | found no evidence for expression of either the parent gene or the duplicate copy unique
to songbirds in these tissues. In contrast, for all other novel genes, | find that transcriptional data
reveal differential tissue expression of parent and novel genes, suggesting functional
differentiation among loci (Table 1).

In some cases, songbird novel genes show more limited expression than their parent
genes. Songbird-unique gene HYDINL1 has lost expression in liver relative to parent gene HYDIN.
For the RIOK2 and RNF4 gene expansions, | found evidence of expression in brain and other
tissues for the parent genes, but limited (RIOK2L, expressed only in skin) or no expression
(RNF4L1) of the songbird duplications (Table 1). In both cases, | was unable to detect parent gene
expression in the brain by in situ with probes from brain-derived cDNAs, suggesting that
expression levels are either very low and/or brain state-dependent.

In other instances, the songbird duplication was expressed in additional tissues beyond
those of the parent gene, as in the case of FN3KRPL1, which is expressed in liver and skin, as well
as sharing expression in embryo with parent gene FN3KRP (Table 1). Several brain-derived ESTs
map specifically to parent gene FN3KRP and to passerine duplicate FN3KRPL2, thus both loci are
transcriptionally active in the brain. Interestingly, several transcript variants for FN3KRPL2 differ
on the length of the 3’UTR region. In situ hybridization revealed that FN3KRP and FN3KRPL2
expression, including several transcript variants for the latter, is uniformly low throughout the
brain, including nuclei of the song system (data not shown). In contrast, there was no evidence

that songbird-specific FN3KRPL1 is transcriptionally active in the brain.
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With URBI1, | found further evidence of expressional divergence. RNA-seq showed the parent gene
to be expressed widely in embryo, liver, muscle, skin, and testes; whereas expression of songbird
duplicate URB1L3 was only detected in skin (Table 1). In situ hybridization revealed uniform brain
expression of the parent gene and duplicate copies (Figure 6A). However, due to cross-alignment
of probes, | cannot unequivocally assign cDNAs from the duplicate copies to a specific locus. At
higher resolution, the labelling of both parent and duplicate genes is cellular, but rather than
displaying the cytoplasmic pattern typical of most mRNAs, expression is concentrated within

nuclei, consistent with nucleolar localization (Figure 6B).

Figure 6. Expression of URB1 in the adult male Zebra finch brain. (A) Photomicrograph of in situ
hybridization showing uniform expression of URB1 in the pallium. (B) High-power view reveals URB1
enrichment in individual pallial neurons. Note that in several of the cells indicated by the arrowheads the
intracellular labelling appears more robust in the nucleus than in the surrounding cytoplasm, forming a
pattern reminiscent of a fried-egg. Scale bars: 10 um.
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In the case of CASC1-1 and CASC1-2, RNA-seq revealed shared expression in embryo and
testes, with CASCI1-1 also expressed in spleen and CASC1-2 detected in liver and muscle (Table 1). |
identified two Zebra finch brain cDNA clones, FE723736 and DV948439, associated with CASC1-1
and CASC1-2. FE723736 aligns completely (98.1% identity) to exons 2-5 of the 5-exon CASC1-1. It
also aligns well (98.9% identity) to CASC1-2, but this alignment is partial, since the CASC1-2 locus
lacks the 100 bp 4" exon predicted in CASC1-1 and present in FE723736. Thus, FE723736 is
transcribed from CASCI-1, indicating that this gene is unequivocally expressed in the brain. In
contrast, Zebra finch clone DV948439 aligns completely with high scores to both loci, thus we
cannot establish from which locus it is transcribed. Because we cannot exclude the possibility that
both clones are transcript variants from CASC1-1, we cannot conclusively establish whether
CASC1-2 is transcriptionally active in the brain. Since | used high stringency hybridization
conditions, and these clones are relatively small, | predicted that | might detect differences in their
brain distributions, if present. Indeed, these clones displayed partially overlapping but distinct
patterns. DV948439 revealed strong labelling throughout the brain, including the pallium,
thalamus, and both granular and Purkinje cell layers of the cerebellum (Figure 7A). The
distribution and density of labelled cells in the pallium was uniform, but the relative level of
expression varied from cell to cell (Figure 7B,C, left panels). Fiber tracts and white matter were
devoid of signal, suggesting the probe is detecting transcripts that are not expressed in glia, but
cells in walls of the lateral ventricles were strongly labelled (Figure 7D, left panel). In contrast,
FE723736 revealed specific expression in the cells that define the ventricular wall (Figure 7B,D,

right panels), and in large neurons within the globus pallidus (Figure 7C, right panel).
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FE723736

Figure 7. Differential expression of
CASC1 genes in song nucleus
LMAN of the adult male Zebra
finch. (A) Photomicrograph of an in
situ hybridization conducted with a
probe (DV948439) that is not locus
specific reveals expression of
CASC1-1 and/or CASC1-2
throughout the brain (See
Additional file 1: Figure S3 for
details). The approximate positions
for the photomicrographs shown
in panels B-D are depicted by the
black squares. (B-D) CASC1-1/2
mRNA is highly expressed in song
nucleus HVC (B, left panel), the
globus pallidus (C, left), and
ependymal cells of the lateral
ventricle (D, left; arrowheads). In
contrast, CASC1-1, revealed by a
probe that is specific to this locus,
is differentially expressed in
ependymal cells of the lateral
ventricle (B, right panel), large
likely GABAergic cells in globus
pallidus (C; right), and ependymal
cells of the fourth ventricle in the
midbrain (D, right). The dashed
rectangles in B indicate the
approximate positions of the high-
power photomicrographs depicting
labelled cells in the globus pallidus.
Anatomical abbreviations: HVC,
proper name; GP, Globus pallidus;
St, striatum; v., lateral ventricle.
Scale bars: 100 um.



The truncated YTHDC2 parent gene lacks any EST or RNA-seq evidence of expression,
supporting the conclusion that it is functionally inactive in songbirds (Table 1). | identified several
Zebra finch brain cDNA clones that align to varying degrees to the 7 YTHDC2-related genes. Based
on alignment scores and the presence of unique exons, | was able to unequivocally assign two
clones to specific copies of YTHDC2: CK309358 aligns with 99.9% identity to songbird-unique
YTHDC2L1, including a 3’ exon that is not present in any of the other YTHDC2-related loci, whereas
DV946054 aligns with 100% identity to Zebra finch-unique copy YTHDC2L5, including a first exon
that is not present at any other loci. Thus, both YTHDC2L1 and YTHDC2L5 are transcriptionally
active. In situ hybridization reveals that YTHDC2L5 is expressed at low levels throughout the brain
(Figure 8A,B), with RNA-seq data revealing expression in all other tissues examined (Table 1). In
contrast, songbird copy YTHDC2L1 appears to be exclusively expressed in LMAN (Figure 8C), a
brain nucleus within the AFP and critical for song learning and vocal variability [93, 94]. Strongly
labelled cells are uniformly distributed in LMAN, displaying cellular labelling that is diffuse in the
cytoplasm and strong in the nucleus. The somata of labelled cells are large, consistent with
neuronal identity. The nuclear signal appears to label distinct foci, suggesting that | may be

detecting sites of active transcription (Figure 8D).
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Figure 8. Differential expression of
YTHDC2L1 in song nucleus LMAN
of the adult male Zebra finch
brain. (A) A schematic depicting a
sagittal brain section ~2 mm from
the midline shows the
approximate location of the in situ
photomicrographs presented in
panel B. (B) Photomicrograph of in
situ hybridization of songbird novel
gene YTHDC2L1 shows discrete
expression in song nucleus LMAN.
(C) Detailed view of this section
reveals that expression of
YTHDC2L1 is restricted to large
cells of LMAN, with labelled foci
evident in some cells pairs within
cellular nuclei (inset). (D) A
comparable view of paralogous
gene YTHDC2L5 shows low levels
of expression, non-differential in
LMAN. Anatomical abbreviations:
A, arcopallium; H, hyperpallium;
HVC, proper name; LMAN, lateral
magnocellular nucleus of the
nidopallium; M, mesopallium; MD,
dorsal mesopallium; MV, ventral
mesopallium; N, nidopallium; RA,
robust nucleus of the arcopallium;
St, striatum. Scale bars: 100 um in
B—D; 20 um in Cinset.
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Figure 9. Differential expression of TMRA in song nucleus RA of the adult male Zebra finch. (A)
Photomicrograph of in situ hybridization showing the distribution of TMRA expressing cells in a parasagittal
brain section that includes song nucleus RA (~2.0 mm from the midline, position indicated by inset B). (B)
High-power view reveals the enrichment of TMRA in individual cells within RA. (C) Detailed views reveal that
in some cells in RA (indicated by the arrowheads), labelling is largely restricted to nuclei, and expression is
low in the surrounding cytoplasm. Anatomical abbreviations: A, arcopallium; H, hyperpallium; M,
mesopallium; N, nidopallium; St, striatum. Scale bars: 100 um in A and B; 20 um in C.
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For the de novo gene TMRA, RNA-seq data detected wide expression in embryo, liver,
muscle, spleen, and testes; brain expression was shown by the presence of finch and junco cDNA
clones which mapped specifically to this locus (Table 1). TMRA is sparsely expressed throughout
the nidopallium, but enriched in the mesopallium (Figure 9A; mesopallium as recently defined in
[151, 152]). Most strikingly, TMRA is a prominent marker of song nucleus RA (Figure 9A,B), a
structure required for the production of learned song [59, 153]. Labelled cells have large somata,
indicating neuronal identity (Figure 9C). As with URB1 and YTHDC2, expression is enriched in
cellular nuclei (Figure 9C; arrowheads), and in many cells labelling appears focal, perhaps
indicating that the transcript is concentrated in nucleoli, or that | was detecting independent

transcriptional sites.

Curating misannotated novel genes in songbirds

Many genes in the candidate set, including those reported in previous studies (Supplementary
Table 3 in [123]), did not pass criteria for songbird-unique novel genes. | provide corrected
annotations for these false positives, based on the results of the comparative BLAT alighments and
syntenic analysis, subdividing them into several categories (Tables S.1-5).

A large set of apparent duplications consisted of typically large, multi-exonic genes where
the Ensembl prediction failed to group all exons under the same model, resulting in two or more
partial adjacent models annotated as duplicates or expansions of that ortholog (n = 203; Table S1).
Such cases were easily identified by examining the BLAT alignment to the Zebra finch genome of a
more complete ortholog from a different species such as chicken, mouse, or human (for example,
Figure S3A in Additional file 2).

Another large group consisted of separate gene pairs or sets, often members of the same
gene family, where one or more models were misidentified as a gene duplication or expansion.

These false positive duplications were found in tandem on the same chromosome (n = 90, Table
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S1.2A; for example, Figure S3B in Additional file 2), or on separate chromosomes (n = 59, Table
S1.3A). In other cases, the models represent true duplicate pairs, but these expansions are also
present in chicken and/or non-avian organisms, and thus they are not unique to songbirds (n = 97
adjacent models, Table S2B; and n = 68 models from separate chromosomes, Table S1.3B). Some
of these are also present in lizard, frog, and/or fish, but not in mouse or human, thus they appear
to be duplications that occurred in a distant vertebrate ancestor but were lost in mammals (e.g.,
MRC1-1 and MRC1-2). Other cases appear to have originated in birds, as they also occur in chicken
and/or turkey, but not in non-avian species (e.g., TTR-1 and TTR-2).

Among Zebra finch genes misannotated as novel and without identified orthologs in other
species, the vast majority consisted of short segments of known genes that were not incorporated
into the main Ensembl model, likely due to sequence gaps or regions of low assembly quality (n =
154, Table S1.4A). A smaller subset consisted of previously uncharacterized genes, described as
novel by Ensembl, but orthologous loci could be identified in chicken and/or other organisms (n =
64, Table $1.4B). Of note, some of the chicken loci in this subgroup did not have a predictive
Ensembl model but could be found at the correct syntenic location through BLAT-alignment.

A small set of candidate novel Ensembl gene models (n = 25) was found to be part of
massively expanded gene families (e.g., olfactory receptors, keratins, zinc fingers). As their
curation would require extensive further analysis to establish correct orthology, these were not
studied further. Finally, a subset of candidate novel genes (n = 28) displayed a loss of intronic
regions and had flanking repetitive elements (e.g., LTRs, LINEs, SINEs) characteristic of
retrotransposon-mediated duplication. These genes will be further reported elsewhere.

Our phylogenetic searches revealed some gene duplications present in Zebra finches but
in no other species (n = 32). While these could represent real Zebra finch-specific features, in most

cases the two genes in a duplicated pair occur in tandem, often in regions of poor sequence
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quality, flanked by gaps, and tend to have very high (>95) percent identities. They likely represent
assembly artifacts, due to improper placement of allelic variants or misassembly of repetitive
sequences. Our lab is currently generating further sequence and a new genome assembly for the
Zebra finch, and intend to further examine this subset elsewhere.

A distinct subset of novel Zebra finch genes were also present in the Medium ground finch
but not in the crow or in any other bird; they thus appear to be specific to the finch lineage (n =
17, Table S1.5A). In other cases, the genes were present in all passerines (3 songbirds, manakin,
and Rifleman) but in no other birds; they thus represent features shared among Passeriformes (n
=16, Table S1.5B). Yet other cases could be found in numerous avian species, but not chicken;
these likely originated early in the radiation of Neoaves, or represent genetic losses specific to

Galliformes (n = 7, Table S1.5C).

Discussion

My analysis identified with high certainty several songbird-unique genes, and drastically reduced
the number of genes misannotated as novel by automated detection algorithms [154, 155]. In
addition to significantly extending and improving upon previous lists of songbird novel genes [123,
145], this effort demonstrates the necessity of a systematic curation pipeline that incorporated
synteny analysis in order to accurately predict gene identity, and establishes a template for using
comparative genomics to identify novel genes in any genome. The pipeline is particularly effective
in eliminating false positive novel gene annotations by identifying orthologs undetected by
automated gene prediction algorithms due to gene model incompleteness. This effort also
illustrates how analysis of a large number of genomes can enable the discovery of genomic
features unique to specific groups and possibly associated with group-specific traits, a strategy
that will become increasingly feasible as larger collections of genomes from other animal groups

become available.
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Although in this study | have focused on the contribution of novel genes to the evolution
of the songbird lineage; other factors are likely to have played a role as well. Such factors include
differential gene substitution rates, chromosomal rearrangements, retrotransposon-related
events, and modification of regulatory regions. Several of these are being explored in companion
papers to this study [33, 147].

Lineage-specific expansions have been reported in Zebra finch versus chicken [123], but
the incorporation of 45 newly sequenced, high-coverage (30 — 120X) avian genomes as well as
representative non-avian genomes allows us to identify the specific set of duplications that arose
following the divergence of ancestral oscine passerines from their closest living relatives (i.e.,
suboscine passerines, ~32 mya), but before the songbird crown radiation which includes both
finches and crows (~20 mya) [33]. | note that this represents a high-confidence set: if these genes
were not unique to songbirds, and their absence in non-songbirds a consequence of incomplete
sequencing, | would expect them to be randomly distributed across the 45 non-songbird genomes
sequenced. Instead, | find them only in songbirds, and in none of the non-songbird species
examined. Due to my strict criteria, the list of songbird-unique genes is likely an underestimate, as
| have excluded loci not mapped to a known chromosome, due to the possibility that these
represent alleles rather than actual paralogs, as well as gene sets annotated by Ensembl as one-to-
many orthologs, which require further analysis to establish exact orthology. In addition to
identifying genes uniquely present and shared among songbirds, this analysis also reveals further
sets of lineage-specific genes which characterize finches, passerines, neoavian birds, or
Galliformes. The identification of gene sets common to these avian clades represents a significant
advance for identifying genomic innovations whose emergence may be linked to some of the

characteristic traits of these groups.
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Our identification of SDs that emerged following evolutionary divergence of Galliformes
(e.g., chicken) and Neoaves (e.g., Zebra finch) substantially improves on previous studies [123,
149] by refining the location of SD sites, identifying breakpoints on chrs 11-28 and Z, and
distinguishing SDs present in Zebra finch only, thus possibly specific to songbirds, from those
present in chicken only, and thus possibly specific to Galliformes. The fact that the majority of
novel genes, both those unique to songbirds as well as those present in other avian groups, are
located within or immediately adjacent to SDs suggests that chromosomal rearrangement is a
major mechanism for the emergence of novel genomic features in passerines and other avian
groups, as found in other lineages [156, 157]. This corroborates previous reports establishing non-
allelic homologous recombination following inter- or intra-chromosomal rearrangement as an
essential mechanism for genome evolution [158, 159]. Of note, songbird chromosomes 1 and 1A
are known to have undergone significant rearrangement, having split from chicken chromosome 1
[160], which my findings suggest has had repercussions for novel gene evolution: a single
rearrangement on Chr1A can be associated with multiple novel genes; another SD on Chrl harbors
the previously described growth hormone gene duplication (GHL) [161], which | conclude to be
passerine-specific. Related to these rearrangements, avian SDs have been previously associated
with a high occurrence of repetitive elements [149], which are thought to provide a substrate for
non-allelic homologous recombination and genomic instability [162, 163]. It is also possible that
some of the genes reported here, as well as others containing repetitive elements, may have
arisen through retrotransposon-mediated duplication mechanisms, such as 5’ transduction [164].

A major outcome of this study was the discovery that most of the novel songbird genes
are transcriptionally active, with both EST and RNA-seq data supporting differential tissue
expression of parent genes and songbird novel loci, indicating a diversification of function

following duplication. Compellingly, some novel genes’ brain expression indicates an association
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with songbirds’ neural system for learned vocalizations, suggesting that their evolution could be
related to the emergence of this characteristic songbird trait. Although other studies have
identified gene enrichments in song nuclei [126, 165, 166], this is the first report that genes found
only within the songbird lineage are transcriptionally active in these nuclei. This suggests that
certain novel genomic features of songbirds may have evolved to support the function of the
circuitry dedicated to vocal learning behavior. For other novel genes, transcriptional evidence
suggests that their function is associated with other, non-neuronal tissues, including skin, muscle,
liver, and testis. Although more targeted experimental approaches involving gene manipulations
will be required to establish the exact functions of songbird novel genes, | discuss potential
implications in the context of their predicted protein domain architecture and selective tissue
expression.

The multiple copies of A4GALT are complete duplications of the parent gene, thus this
gene expansion might represent an increase in molecular function, or a diversity of functions if
accompanied by divergent expression patterns. Although | found no evidence of expression of
these genes, in other organisms A4GALT has been implicated in glycosylation of surface antigens
related to the P blood group system, indicating that this gene and its expansion are likely related
to organs and systems outside of the range of tissues explored in these analyses [167].

Several other gene expansions (RIOK2, RNF4, URB1, HYDIN) are predicted to encode much
shorter proteins that lack specific domains compared to the parent genes, sometimes even lacking
a recognizable ORF. For these genes, there are indications of differential expression in non-brain
tissues by RNA-seq, although | cannot unequivocally demonstrate brain expression due to cross-
alignment of cDNAs to multiple loci (Table 1). These truncated genes could act as partial
competitive inhibitors of the parent gene, as seen with the human specific duplication of the

SRGAP2 gene, which in turn causes slower brain development in humans relative to other
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mammals [143]. It is also possible that these might represent pseudogenes resulting from a
complete duplication followed by a degradation of the coding sequence and loss of transcriptional
activity of one paralog. A notable exception was FN3KRP, a gene related to deglycation of proteins
and thus possibly protective against hyperglycemia [168]. FN3KRPL2, which is shared by all
passerines and complete in terms of coding domains, has even gained complexity in the form of
multiple 3'UTR variants. | also note that in some cases | found evidence of brain expression of the
parent gene only (e.g., RIOK2 and RNF4, both low to undetectable by in situ but with associated
cDNAs) or of the parent gene and its duplicates (FN3KRP, URB1). While the patterns were broad
and uniform, thus uninformative with regards to regional specializations, they establish a link to
basic, non-specialized aspects of brain function. Intriguingly, | note that two songbird novel genes
exhibit exclusive expression in skin (RIOK2L, URB1L3), a finding without clear precedent that
points to potential unexplored molecular specializations of songbirds.

There is significant sequence divergence between CASC1-1 and CASC1-2, which, along
with the differential expression patterns detected, suggests a divergence of molecular function.
The restricted expression of the CASC1-1 in the ventricular zone is intriguing, given that the parent
gene is related to the control of cell proliferation [169], and the subventricular region adjacent to
the ventricles is a site of continued proliferation of neuronal precursor cells in adulthood [170,
171]. The other transcript is broadly expressed but cannot be unambiguously linked to either
paralog. One possible interpretation is that the two paralogs have very distinct expression
patterns. In this regard, the chromosomal rearrangement that gave rise to this duplication (Figure
3) likely disrupted the regulatory promoter of CASCI1-1, leading to differences in expression
patterns. Alternatively, the two transcripts analyzed might be variants of CASC1-1, with CASC1-2

representing a pseudogene. In either scenario, further studies of the CASC1 duplication are worth

38



pursuing, and analysis of additional genes in the proximity of genomic rearrangement sites could
lead to further insights into evolving patterns of gene regulation in the avian brain.

The YTHDC2 gene expansion clearly illustrates a divergence of function across paralogs,
which differ in both structure and expression. YTHDC2 is predicted to encode a protein capable of
binding to RNA (through its YTH domain [172]) and inducing conformational changes (through its
RNA helicase activity [173]). Although the functionally complete copy YTHDC2L5 is expressed
broadly in the brain and other tissues, the songbird-unique copy YTHDC2L1 is expressed solely in
song learning nucleus LMAN in the brain, and is highly truncated relative to the parent gene,
retaining only the HA2 and OB-fold domains associated with RNA helicase activity regulation
[174]. This indicates a neofunctionalization of songbird paralog YTHDC2L1, and suggests that it
may play a role in RNA regulation in LMAN. This conclusion that will await targeted experimental
confirmation.

It is unclear how the complete TMRA arose in songbirds, but given the presence of a short,
exonic segment in the correct syntenic position in falcon and trogon, two clades recently shown to
be closely related to songbirds [33], TMRA appears to represent a de novo gene gain in songbirds
with ancestral non-coding origins, as shown previously for genes which originated de novo in
human from non-coding sequences in chimp [175]. TMRA is a remarkable marker of song nucleus
RA, suggesting a role related to the neural coding of learned vocalizations, as RA represents the
cortical output for vocal-motor control and is essential for the production of learned vocalizations
[59, 153]. TMRA is a member of the CLEC family of transmembrane protein genes, with a function
likely associated with cell surface recognition processes required for cell-cell and/or cell-substrate
interactions [176]. Although one cannot exclude the possibility that TMRA may play a role in
response to pathogens, as occurs for other members of the lectin family [177], | note that

members of some gene superfamilies related to immune system function (e.g., N-CAM) also play
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major roles in the nervous system, modulating cell-cell adhesion and interactions with
extracellular matrix that are critical for neural development and function [178].

The discovery of novel songbird genes expressed specifically in the vocal control system
provides evidence that some molecular specializations unique to this group may be associated
with vocal learning. This trait evolved in three avian lineages (songbirds, parrots, and
hummingbirds), all possessing dedicated circuits for this behavior with marked similarities in their
neuroanatomical organization [20, 56, 57]. Given these parallels, one might expect convergent
similarities in the molecular organization of these circuits. Recent evidence supports a much closer
relationship between parrots and passerines than previously recognized [32, 33], leading to the
intriguing possibility that some molecular specializations of their vocal learning circuits may have
evolved in a common ancestor. Indeed, recent studies have identified a number of shared
molecular specializations in analogous vocal control nuclei across avian vocal learners [166]. My
demonstration that songbird novel genes have been incorporated into their unique vocal control
nuclei suggests that in addition, these lineages also possess unique molecular specializations
related to their particular vocal learning circuits. These specializations could relate to neuronal
populations and connections unique to songbirds. For example, the songbird direct pre-vocal
motor cortical projection to the basal ganglia, HVC-to-Area X, is absent in parrots [179], and
possibly also in hummingbirds (Mello et al., unpublished). Alternatively, the roles played by
songbird-unique genes could be subserved by functionally analogous genes in parrots and
hummingbirds. Further study of avian vocal learners may reveal further group-specific
specializations, as well as shared molecular features that may represent fundamental

requirements for vocal learning.
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2.3 Methods

Curation of Ensembl models

We manually curated three distinct categories of gene models predicted in the genome of the
Zebra finch (taegut3.2.4) by Ensembl’s Genebuild pipeline (€59; [155]). The first set consisted of
the set of Ensembl models annotated as Uncharacterized Proteins with a status of ‘Novel” in Zebra
finch. I identified this set by retrieving the complete set of protein-coding models in Zebra finch

from Ensembl BioMart (ensembl.org/biomart/martview), and excluding all models annotated as

“Known,” models with orthologs in other species, and models placed onto ‘chromosome
Unknown,” which are thought to largely represent allelic variants. The second set consisted of all
genes identified by Ensembl as constituting Zebra finch-specific duplications based on the
presence of a hyphen and a number following the gene symbol (e.g., CASC1-1, CASC1-2). | note
that many of these genes’ status have changed to ‘novel’ or ‘uncharacterized’ protein in the latest
release (e75). The third set included in this analysis consisted of models previously identified as
belonging to expanded gene families in the initial description of the Zebra finch genome (see
Supplementary Figure 3 in [123]). Of note, | did not re-analyze the expanded gene sets for PAK3
and PIM1 that had been previously characterized [145].

To curate all three sets of genes and thus obtain a set of putative novel, duplicated, or
expanded loci, | used the following steps: 1) | retrieved the complete nucleotide and protein
sequences for each predicted model from Ensembl Biomart. 2) | BLAT-aligned [180] each model
sequence to the genome assemblies of Zebra finch (taeGutl); two galliform genomes, chicken
(galGal4) and turkey (melGall); and five non-avian genomes of each major vertebrate lineage,
namely a lizard (anoCar2), frog (xenTro3), Zebrafish (danRer7), mouse (mm10), and human (hg19)

utilizing the UCSC genomic browser (genome.ucsc.edu, [181]). 3) | manually examined all high

scoring (>50) hits within their genomic context, taking into account sequence quality and genome
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assembly gaps as well as comparing alignments to any existing annotations at these loci (e.g.,
human proteins mapped by chained tBLASTn, refSeqs from other species, and expressed sequence
tags (ESTs)). This allowed us to identify some models as being artifactual due to misalignment or
redundant alignment to known loci, excluding these from further analysis. In some cases, | also
identified previously unrecognized paralogs for which no Ensembl model is currently available.
These were added to my candidate novel gene set for further analysis. 4) To confirm the identity
of each non-artifactual BLAT alignment of the models, | conducted a syntenic analysis in the UCSC
browser, comparing the genes flanking each hit (at least three genes upstream and downstream)
in Zebra finch to all other species of interest. This allowed us to exclude models whose syntenic
placement revealed them to be known genes, including hits to known paralogs and related gene
family members. | also excluded models for which | identified orthologs in species aside from
Zebra finch, making note where possible of the “parent” gene orthologous between chicken and
Zebra finch which may have been duplicated in songbirds to give rise to the novel genes examined
further in this study (for example, see Figures 3,4A). This approach allowed us to correctly
annotate models based on a combination of sequence identity and synteny. It is also highly
sensitive in discriminating paralogs from related gene family members, and in detecting additional
loci not currently predicted by an Ensembl model. | have contacted Ensembl for incorporation of

these corrected gene annotations into a future Zebra finch genome annotation release.

Identification of songbird-unique genes

We next used a BLAST resource developed by BGI (phybirds.genomics.org.cn) to search for

evidence of the models representing candidate novel songbird genes resulting from my curation
effort (see preceding paragraph) in 45 new avian genomes (described in [33, 147], the Budgerigar

genome used is further described in [182]). This includes basal ratites, galloanseriformes, and a
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range of shorebirds and landbirds, as well as other vocal learning groups (e.g., parrots,
hummingbirds) and their sister taxa (falcons, swifts). | determined the number of hits of each
model to each of these species, and identified models where passerines possessed additional gene
copies not present in other avian species. This resource provides only the BLAST hits themselves
with no genomic context, which makes it impossible to separate true hits from alleles, as well as
to establish orthology among hits in different species. In order to address these limitations and to
precisely identify the set of novel genes which arose in the songbird lineage, | examined the
alignment and synteny of these Zebra finch models in genomes of critical comparative relevance
to my goals, namely: two songbirds, Medium ground finch and American crow; two non-songbird
passerines, Golden-collared manakin, a suboscine, and Rifleman, a New Zealand wren; and the
nearest non-passerine relative, Budgerigar. To accomplish this task, | generated provisional
annotations of these genomes by BLAT-aligning the complete Zebra finch Ensembl model set using
a standalone server-based BLAT implementation with parameters replicating the web-based UCSC
browser. | then BLAT-aligned the putative novel gene set with more sensitive parameters (e.g.,
allowing for more mismatches, returning lower-scoring alignments) in order to ensure that any
trace of these models would be detected. | also BLAT-aligned the set of orthologous parent
models from Zebra finch and chicken (in which predicted models are often more complete), in
order to detect novel genes where the Zebra finch copy may not cross-align well to the other
species due to genetic divergence. Finally, | imported these genomes and all described BLAT
alignments into the Integrated Genomics Browser (IGV, [183]), a server-side alternative to the
web-based UCSC browser. This procedure allowed us to examine the alignments of the candidate
songbird-specific novel genes within the syntenic context of these genomes, enabling us to
distinguish orthologs of known genes from novel genes. By identifying which novel loci were

present in each species, | was also able to pinpoint their phylogenetic origin. | confirmed the
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accuracy of this method for establishing phylogenetic placement by replicating the results in the
web-based UCSC browser for two species, Medium ground finch (geoFor1) and Budgerigar
(melUnd1), which became available on the UCSC site midway through the study. No discrepancies

were found between the two methods.

Detection of Zebra finch chromosomal rearrangements by alignment of homologous synteny
blocks in chicken and Zebra finch

To identify novel genes and/or duplications that might be associated with chromosomal
rearrangements in Zebra finch, | used a previously established genomics approach [149] to first
identify any breaks in gene synteny by analyzing the order of appearance of orthologous gene
pairs in the genomes of chicken and Zebra finch. To accomplish this, | used Ensembl BioMart [184]
to retrieve the complete set of 11,132 genes from Ensembl that have been predicted to be of type
“ortholog_one-to-one” in both Zebra finch (taeGut3.2.4) and Chicken (WASHUC2, May 2006). |
only included genes with known physical locations in both genomic assemblies. | then used
SyntenyTracker [148] in Orthologous Gene Pair mode with default settings (i.e., distance between
markers 1 Mb, block size 0 bp, block length 2 Mb, jumping distance 2 Mb, reference genome
““Zebra finch,” target genome ““chicken’’) to identify Homologous Synteny Blocks (HSBs) for each
orthologous chromosome pair. Here | define HSBs as a continuous block of two or more adjacent
homologous genes that appear without interruption, and on the same chromosomes in the two
species being compared. To verify the results of SyntenyTracker, and further refine the breakpoint
analysis, | also aligned the entire set of orthologous gene pairs according to their relative position
in the Zebra finch genomic assembly, and then scanned the alignments to search for cases where
two or more genes appeared with the correct gene order, but in different positions on the

chromosome (e.g., translocation), or where the gene order was reversed (e.g., inversion). |
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retrieved from Biomart a subset of Zebra finch genes, which included known and novel protein
coding genes, as well as non-coding and pseudogenes (e.g., miRNAs, snoRNAs) that have no
known orthologs in chicken. Paired orthologous and non-orthologous genes were then sorted
according to their relative chromosomal positions within the Zebra finch assembly to identify
genes lying within a predicted chromosomal “breakpoint”, or gap in genomic sequence between
two consecutive HSBs. To determine which of the syntenic rearrangements between Zebra finch
and chicken had occurred in the songbird or the chicken lineage, | also compared the syntenic
regions flanking the SD sites to mammalian species that have well-assembled and curated
genomes (i.e., mouse and humans) as well as to lizard when the corresponding regions were well-

assembled.

Protein coding domain motif analysis

To determine whether novel and duplicated genes contain or might be missing specific protein
coding domains that specify their possible molecular function, | analyzed each novel gene’s
protein coding sequences with Interproscan5 [185] using default search parameters and all
available protein domain definitions (e.g., SUPERFAMILY, SMART, PfamA, PROSITE). For genes that
had no Ensembl model, | analyzed the most complete open reading frame prediction available in
the songbird genomes. | paid particularly close attention to the duplicated genes, since any
differences between these and their parent genes would suggest a possible divergence in protein
function. Schematic representations of predicted protein domain structures were designed using

Prosite MyDomains (prosite.expasy.org/mydomains/).
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Analysis of songbird novel gene expression

To explore the expression of genes of interest, | searched for Zebra finch brain-derived cDNA
clones from ESTIMA [127], SongbirdTranscriptome.net [125], or the Rockefeller database [126], as
well as clones derived from several additional songbird tissues [150], that were aligned to novel
gene loci in the UCSC genome browser. For cases where the novel gene represented a songbird
duplication or expansion | searched for cDNAs for both the expanded copies and suspected
ortholog. To maximize the likelihood that the resulting probe would be specific to a given locus, |
selected clones containing primarily 3’-untranslated sequence, minimizing the inclusion of protein
coding regions that might be conserved among close paralogs and/or related gene family
members. In the case of TMRA, | also fully sequenced the cDNA clone to define the 3’-end of each
clone and establish the presence of a polyadenylation tag (polyA). To directly test for clone
specificity, | BLAT-aligned the complete nucleotide sequence for each clone to the Zebra finch
genome, and analyzed the resulting hits. In cases where a clone aligned to multiple loci, |
attempted to identify the locus that generated that clone by determining the BLAT query that
produced the largest alignment (e.g., number of exons) with the highest percent identity to the
aligned region, as well as identifying any locus-specific segments in the clones. Additional
confirmation of songbird novel gene expression was obtained by analyzing previously published
Zebra finch RNA-seq data from several tissues; spleen, muscle, skin, liver, testes, and whole
embryo [123]; available through NCBI with BioProject accession code PRJINA17289. Only reads

that mapped to unique locations, and which overlapped with novel gene exons were considered.

Brain preparation for in situ hybridization
This study used 10 adult male Zebra finches that were bred and housed at OHSU in accordance

with IACUC guidelines. Birds were moved into sound-attenuated chambers the evening before
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sacrifice and monitored for 1 hour following lights-on to ensure that they were non-singing to
reduce variation due to hearing- or singing-induced gene regulation in song nuclei and adjacent
regions [58, 186]. Following decapitation, brains were removed and flash frozen in Tissue-tek
embedding medium on a dry ice-isopropanol slurry in under 5 minutes to ensure sufficient RNA
quality. Brains were cut into 10 um sections on a Leica CM1850 cryostat, placed onto glass slides,
fixed for 5 minutes in a 3% paraformaldehyde fixative solution, and stored at -80°C until further

use.

Analysis of brain expression by in situ hybridization

We followed a previously established protocol for optimized detection of gene expression through
non-radioactive in situ hybridization [128, 187]. Briefly, for each brain-derived cDNA clone, |
generated digoxygenin-labelled sense and antisense riboprobes, performed in situ hybridization
using high-stringency hybridization and wash conditions (~65°C, low salinity, high pH), and
detected cellular labelling by immunohistochemical detection with alkaline phosphatase
precipitation. Replicates were run for each probe on at least two adjacent sections (n = 3 brains)
for all of the major song nuclei. Resulting high-quality sections were then imaged for digital
analysis at 0.42 um/pixel with an Olympus Nanozoomer. For each nucleus | assessed relative level
of brain expression based on visual assessment and a scoring scale from low to high. Genes that |
found to be expressed in song nuclei were qualitatively analyzed for enrichment (or
impoverishment) relative to surrounds (e.g., RA vs. arcopallial shelf) by at least two independent

observers.
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3  ‘Core sets’ of genes expressed in vocal learning circuits
3.1 Background

At present, of the three lineages of birds known to learn their vocalizations—songbirds, parrots,
and hummingbirds—only the songbird vocal learning circuit has been extensively characterized in
terms of its anatomy, physiology, and molecular features (Figures 1 and 10). Although parrot and
hummingbirds have been demonstrated to have specialized brain nuclei for vocal learning
analogous to songbird HVC, RA, and Area X, it is unclear whether the known properties of these
songbird nuclei (e.g., interconnections, cell types, and expressed transcripts) are shared more
broadly among vocal learning birds. The identification of convergent properties in these
independently evolved structures would point to fundamental molecular properties of vocal
learning circuits, lending unique insight into the neurobiology and evolution of a complex, learned
motor behavior.

Vocal pathways in parrots are comparable to those of songbirds (Figure 10). NLC and AAC
constitute a direct vocal-motor pathway from nidopallium to arcopallium to the brainstem vocal
nuclei, analogous to songbird HVC and RA, respectively, while the anterior MST and NAOM plus
thalamic DMM are organized into a cortico-basal ganglia-thalamo-cortical loop, analogous to the
songbird anterior forebrain pathway [188-192]. As in songbirds, singing-induced expression of the
activity-dependent gene EGR1 (aka ZENK) has confirmed the involvement of these nuclei in
vocalizations [56]. Budgerigars have projections that are absent in songbirds (DMm to direct
pathway nuclei, AAc-to-NAom, NAom-to-NLc) and lack an equivalent of the songbird HVC-to-X

projection (i.e., their NLC does not appear to contain NLC-to-MSt projection neurons).
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Songbird Parrot mingbird

Figure 10. Analogous song-activated brain nuclei in avian vocal learners. Schematic images depicting the
neuroanatomical locations of vocal nuclei in songbird (zebra finch, in sagittal), parrot (Budgerigar, in frontal)
hummingbird (Anna’s hummingbird, in sagittal) brain sections. Colors indicate nuclei proposed to be
analogous in function and approximate circuit location. Abbreviations, general brain regions: H,
hyperpallium; M, mesopallium; N, nidopallium; A, arcopallium; St, striatum; Cb, cerebellum; Bas, nucleus
basalis; OT, optic tectum. Abbreviations, songbird vocal nuclei: Area X, proper name; HVC, proper name,
LMAN, lateral magnocellular nucleus of the anterior nidopallium; RA, robust nucleus of the arcopallium.
Abbreviations, parrot vocal nuclei: NLC, central nucleus of the lateral nidopallium; AAC, central nucleus of
the anterior arcopallium. Abbreviations, hummingbird vocal nuclei: VA, vocal nucleus of the arcopallium;
VAN, vocal nucleus of the anterior nidopallium; VLN, vocal nucleus of the lateral nidopallium.

Using singing-induced EGR1 expression, vocal control areas were identified in the Somber
hummingbird (Aphantochroa cirrochloris) and the Rufous-breasted hermit (Glaucis hirsuta), which
both possess complex acoustic repertoires indicative of vocal learning [57, 193]. Comparable
nuclei are seen in other hummingbirds, indicating their widespread occurrence [57, 64]. They
resemble the vocal nuclei of songbirds and parrots in cytoarchitectonics and can be grouped into
anterior (VSt, VAN) and posterior-lateral (VLN, VA) sets (Figure 10). Previous work has suggested
that VAN and VA (presumed hummingbird LMAN and RA) project respectively to VA and to
brainstem areas involved in vocal-motor and respiratory control, indicating the presence of
conserved features in connectivity [64]. However, these observations are preliminary (based on
Dil in fixed tissue) and connections of VLN and VSt (presumed hummingbird HVC and Area X) were
not studied. Thus, the extent to which the circuitry of hummingbird vocal nuclei more closely
resembles that of songbird or parrots remains an open question, pending further tract-tracing

experiments.
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In addition to their anatomical similarities, the identification of shared molecular and
electrophysiological traits among avian vocal learning nuclei was suggestive of broader
convergence in the neurobiology of vocal learning. In vivo electrophysiological recordings in NLC,
the premotor vocal nucleus of parrots, revealed the presence of auditory responses, suggesting
convergence at the physiological level with songbird HVC, which is also characterized by neurons
activated by both auditory perception and vocal production [194, 195]. Early molecular studies
identified intriguing similarities and differences in neurotransmitter receptors, neuropeptides, and
sex hormone-related genes across avian vocal learners [64, 196-203]. However, the scope of these
studies was limited, pending a broader survey of molecular convergence and divergence among
avian vocal learners.

To address the possibility of convergence in the molecular properties of vocal learning
circuits, | sought to examine whether the analogous vocal control nuclei of songbirds, parrots, and
hummingbirds also share molecular markers. | define molecular markers as genes that are
differentially transcribed in select brain nuclei relative to their surrounding tissue, and that thus
might subserve the unique anatomical and physiological properties of those nuclei. For my choice
of model species, | focused on comparison of zebra finch (Taeniopygia guttata), Budgerigar
(Melopsittacus undulatus), and Anna's hummingbird (Calypte anna). These species represent the
ideal comparative models, as their vocal behavior and song nuclei have been more extensively
characterized than any other species in their clades. In zebra finches, vocal learning occurs during
an early critical period and results in a stable song that endures throughout life [91, 204-207]. This
is in contrast to open-ended learners like canaries and North American sparrows, which modify
their song seasonally [208, 209]. In Budgerigars, the best studied parrot, song is a long, complex,
multi-syllabic warble that is variable across bouts [210-213]. Budgerigars are also capable of

imitating the vocalizations of other species, including humans. When they are deafened or raised
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in acoustic isolation, the resulting song lacks the frequency spectrum and breadth of elements
found in normal song [214]. Anna’s hummingbird is a confirmed vocal learning hummingbird. Its
song contains consecutive phrases, each a series of syllables with distinct spectro-temporal
elements [215, 216] resembling the song of other hummingbirds in complexity [217, 218], but less
stereotyped than in some oscines (e.g., zebra finch). Anna’s hummingbirds do not appear capable
of the improvisation or adult learning typical of open-ended learners. Regional dialects consist of
variants in syllable spectral composition, relative position, and repetition rates [219, 220]. When
raised in isolation, Anna’s produce abnormal song that lacks species-specific traits in syllable
composition, frequency range, and phrase structure [216]. In other hummingbirds, evidence for
learning is based on individual and regional variability [221-224], or complexity in spectral and

syntactic organization [193].

3.2 Results & Discussion

In order to be comprehensive in assessing the degree of molecular similarity among vocal
learners, | chose to focus specifically on the pallial (‘cortex-like’) nuclei of the vocal motor pathway
(HVC and RA and their analogs), as these nuclei are critical for song production and their
molecular and electrophysiological characteristics have been well-characterized in zebra finch

[100, 225, 226].

Shared gene expression in songbird HVC and hummingbird VLN revealed by microarray

Our lab has previously identified neurochemical specializations of zebra finch HVC by comparing

differential expression between HVC and an adjacent nidopallial region, revealing 400+ genes to

be downregulated or enriched markers of this nucleus relative to surrounding tissue [165]. These
results were obtained using a microarray spotted with 19,213 individual cDNAs corresponding to

approximately 17,214 unique genes [127]. Our collective efforts subsequently confirmed
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differential HVC expression in songbirds of 239 of these genes through an optimized, high-
throughput in situ hybridization (ISH) protocol [187]. Results deemed by stringent criteria to be of
high quality were subsequently scanned at microscopic, subcellular resolution. As part of our lab’s
effort to compile a high-resolution zebra finch brain expression atlas resource to further songbird
research, | processed these images for clarity, uploaded them to a central database, and helped to
develop user-friendly, publicly available website (zebrafinchatlas.org). Final gene image sets (n =
447) were exhaustively annotated by myself and others in order to gain a comprehensive insight
into differential gene expression in the songbird brain, as well as establish a significance cutoff
threshold for the microarray differential expression analysis of HVC. Using this cutoff, | established
that approximately 800 genes from the microarray could be expected to represent true
differential HVC markers in zebra finch, nearly doubling the number from our previously reported
analysis of the dataset [165]. This provided a thoroughly verified reference point for my
subsequent comparative analyses.

In parallel, a differential microarray analysis of Anna’s hummingbird VLN versus an
adjacent nidopallial shelf had been run previously by our lab using an identical cDNA microarray as
was used to profile zebra finch HVC. A total of 959 cDNA spots were determined to be differential
between VLN and surrounding tissue at a false discovery rate p < 0.001. | then cross-referenced
this list against the verified HVC versus surrounding tissue microarray (1247 cDNAs) in order to
identify markers that showed significant differential expression in both HVC and VLN (209 cDNAs,
corresponding to 176 genes). Surprisingly, 148 / 176 (84%) genes were up- or downregulated in

the same direction in finch and hummingbird (Figure 11, Table S2).
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Figure 11. Conserved differential gene markers of zebra finch HVC and Anna’s hummingbird VLN, organized
by functional category. A total of 148 / 176 (84%) of markers show conservation in the direction of gene
regulation in nucleus relative to surrounding tissue (59 shared upregulation, 120 shared downregulation, 30
opposite regulation). Complete results listed in Table S2.

Among the top functional categories for shared differential markers were cell structure
(50 genes), cellular signaling (49 genes), and cell electrophysiology (27 genes), consistent with the
expected properties of a highly interconnected forebrain nucleus. A large number of genes were
associated with gene expression (37 genes), suggesting that the molecular identity of these nuclei
could be shaped in part by a critical set of constitutively expressed transcriptional regulators, a
possibility explored in more depth in Chapter 4. An additional 27 genes were involved in cell
growth, migration, and apoptotic processes, potentially providing a molecular substrate for the
adult neurogenesis and replacement observed in HVC-RA projection neurons [98], and suggesting

that hummingbird VLN could contain a cell population sharing similar properties.
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Shared gene expression in songbird, parrot, and hummingbird vocal nuclei revealed through ISH
In order to verify the shared HVC / VLN expression data identified in the microarray, assess
whether this shared expression also extended to Budgerigar, and to identify the level of conserved
expression between RA and its analogs in parrot and hummingbird, | performed extensive
comparative ISH analyses.

Beyond those markers identified in the HVC / VLN microarray study, additional markers
were selected in conjunction with a larger collaboration | participated in, with the goal of
identifying transcriptional specializations of forebrain vocal nuclei that were not only shared by
avian vocal learners, but also humans. For this analysis, additional microarray data were collected
from a large number of brain regions (all major vocal nuclei and their adjacent tissues, all major
forebrain divisions, as well as further midbrain hindbrain structures), from zebra finch, budgerigar,
and Anna’s hummingbird, as well as from two vocal non-learning birds (dove and quail), in
addition to a large transcriptional dataset from different cortical layers of 12 regions in a non-
human primate (Rhesus macaque). The zebra finch microarray data were then mapped onto the
microarray results obtained from 4 human subjects for 231 discrete brain subdivisions, performing
an ‘all-against-all’ comparison of region-specific transcriptional profiles, in order to determine
which songbird and human brain regions shared the largest degree of transcriptional similarity. In
addition to broadly conserved regions in the brainstem, these results confirmed the exceptional
shared molecular specializations between mammalian cortex and avian pallium. Remarkably,
these results also identified that the region most similar to songbird RA was the analogous
structure in humans, primary laryngeal motor cortex (LMC). Further exceptional similarity was
established between Area X and a subregion within human putamen (dorsal striatum). HVC and
LMAN did not align well to any human brain regions sampled. Finally, shared specializations of RA

/ LMC and Area X / putamen were compared to the differential expression patterns observed in
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analogous regions in the array data from vocal learning and non-learning birds and the macaque,
in order to identify transcriptional specializations of vocal nuclei shared by all four human and
avian vocal learning species, but not in the control regions of the three vocal non-learning species
(for additional details, see [166]). However, this represented an unprecedented analysis of
convergent gene expression both in scope and design, and as such it was unclear how to establish
an acceptable cutoff for significance. To this end, | attempted to confirm several of these
predicted expression specializations through an extensive comparative ISH analysis in zebra finch,
budgerigar, and Anna’s hummingbird.

| selected probes for ISH based on the quality of their sequence alignment to the
Budgerigar and Anna’s hummingbird genomes, which became available early in the study through
our participation in a large effort to sequence, assemble, and annotate the genomes of 45 avian
species [33, 147]. ISH was performed on brain sections containing vocal nuclei as well as major
brain subdivisions and nuclei of all 3 species. For each gene, ISH conditions were optimized per
species by adjusting the hybridization stringency through successive rounds of ISH (see Methods).

In sum, | was able to obtain multi-species ISH data for 18 genes (Tables 2 and 3). For the
HVC / VLN gene set (Table 2), | was able to obtain strong ISH signal for four genes in hummingbird,
CRHBP, NEFM, PVALB, and ZEB2. In all four cases, the gene was confirmed to be a shared marker
upregulated in both HVC and VLN. For two further genes from this set, CADPS2 and HPCAL1, the
probe failed to cross-hybridize to hummingbird. ISHs for these genes were subsequently run
against budgerigar, confirming shared HVC / NLC regulation in 4 / 4 genes tested (HPCAL1, NEFM,
PVALB, ZEB2 — NLC was not assessed for CADPS2 or CRHBP). These results suggest that the array
data accurately reflect the level of shared expression in these nuclei, and that these markers
appear to also be shared in the analogous nucleus in budgerigar. Thus, it is possible that these

genes represent fundamental molecular specializations of HVC-like, premotor vocal nuclei in birds.
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Cross-species ISH were attempted for 3 additional markers of zebra finch HYC—ALDH1A2,

NTS, and RGS4. In the case of ALDH1A2 and NTS, strong signal was obtained from all three species,

revealing a lack of expression in parrot NLC and hummingbird VLN —thus, these genes represent

exclusive markers of songbird HVC. RGS4 was a shared marker of HVC and NLC, but failed to

hybridize to hummingbird. Thus, for this set, zebra finch HVC marker status alone was less

successful in predicting shared regulation than the HVC / VLN microarray results.

Gene Probe EST ID Zebra finch Budgerigar Anna's hummingbird

HVC NLC (HVC-like) VLN (HVC-like)

ALDH1A2 | CK234972 yes (+) no (non-differential) no (non-differential)

CADPS2* | DV955943 yes (+) no signal no signal

CRHBP* DV955207 yes (+) no signal yes (+)

HPCAL1* | CK306795 yes (-) yes (-) no signal

NEFM* CK313443 yes (+) yes (+) yes (+)

NTS CK302282 yes (+) no (non-differential) no (non-differential)

PVALB* CK305573 yes (+) yes (+) yes (+)

RGS4 CK314393 yes (+) yes (+) no signal

TAC1 DV958953 no (non-differential) yes (+) no (non-differential)

ZEB2* DVv952827 yes (+) yes (+) yes (+)

Table 2. Markers of HVC-like nuclei revealed through comparative ISH analysis. Table cells indicate whether
the gene is a shared marker of the nucleus or not, included the direction of differential regulation, up (+) or
down (-), relative to surrounding tissue. (*) indicate genes identified as shared HVC / VLN markers by cDNA
microarray analysis.

| found that markers identified through the comparative microarray analysis of zebra finch
RA and human LMC were highly consistent with comparative ISH data (Table 3). | was able to
collect and analyze high-quality zebra finch ISH data for 11 of these genes (C1QL3, GABRB3,
GPMG6A, LINGO1, NECAB2, NEUROD6, NOL4, PLXNC1, PVALB, RTN4R, SNCA; patterns available on
zebrafinchatlas.org). | found that the finch pattern in RA confirmed the pattern from the
comparative array analysis in all but one case, NOL4. In this case, the gene was predicted to be a
downregulated marker of RA, but appeared to be downregulated in a larger portion of

arcopallium, including but extending beyond RA. | was able to obtain comparative ISH data for 5 of
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these genes (C1QL3, GPMG6A, PVALB, RTN4R, SNCA). In all 5 cases, ISH data revealed the RA/LMC

marker to be a marker of budgerigar AAC as well. In Anna's hummingbird, ISH data revealed

shared differential regulation in VA for 2 genes (PVALB, SNCA). In all other ISHs attempted in

hummingbird, the probe failed to cross hybridize. An additional four markers (GDA, NEFM, RGS4,

UNC5A) were run based on early results from the comparative RA/LMC analysis. In all four cases

the pattern in budgerigar AAC was consistent with the pattern in finch RA. In one case (NEFM), the

pattern in Anna's hummingbird VA was consistent with RA; in all other cases the probe failed to

hybridize.

The majority of the shared RA / LMC markers identified in the array study had decreased

expression relative to the surrounding regions (n = 50, 91%). Further, several shared markers,

including PLXNC1 and SLIT1, have known roles in axon guidance. This suggests that one of the

critical properties shared by LMC/RA-like structures is their specialized connectivity, perhaps

reflective of the fact that one of the defining characteristics of these nuclei is their direct

corticospinal projection to hindbrain motor nuclei for vocalization and respiration, a trait not

shared with non-learning species (see Introduction).

Zebrafinch Budgerigar Anna's hummingbird
Gene | Probe ESTID RA AAC (RA-like) VA (RA-like)
C1QL3* FE726945 yes (-) yes (-) no signal
GDA FE735906 yes (-) yes (-) no signal
GPM6A* | CK307194 yes (-) yes (-) no signal
NEFM CK313443 yes (+) yes (+) yes (+)
NOL4* CK310402 no (non-differential) not attempted not attempted
PVALB* | CK305573 yes (+) yes (+) yes (+)
RGS4 CK314393 yes (+) yes (+) no signal
RTN4R* | CK314393 yes (-) yes (-) no signal
SNCA* DV950418 yes (-) yes (-) yes (-)
TAC1 DV958953 no (non-differential) yes (+) no (non-differential)
UNC5A DV956337 yes (-) yes (-) no signal

Table 3. Markers of RA-like nuclei revealed through comparative ISH analysis. Table cells indicate whether
the gene is a shared marker of the nucleus or not, included the direction of differential regulation, up (+) or
down (-) relative to surrounding tissue. (*) indicate genes identified as shared specializations of avian RA-like

nuclei and human LMC through a large-scale comparative microarray analysis [166].
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One gene in particular, PVALB, represented an exceptional marker of both HVC-like and
RA-like nuclei in all three species (Figure 12). Its broad conservation as a marker has subsequently
been confirmed by other groups [227, 228]. PVALB encodes the calcium binding protein
parvalbumin, which is known to be associated with fast-spiking neurons and muscle cells, where it
serves as a calcium buffer to protect fast-spiking cells from cytotoxicity [227]. Its broad
conservation in multiple song nuclei in all vocal learners studied thus far suggests that fast spiking
may be a general property of vocal learning circuits, and that PVALB might thus be an excellent
first-choice marker for comparative molecular analysis of known and suspected vocal learners
whose vocal control circuits have not thus far been identified, such as bats, cetaceans, and

pinnipeds.

58



A. Songbird

.- -
.

~

Midbrain/
Medulla

C. Parrot

-
- -

-
-
.’-

Midbrain/
Medulla

Figure 12. Comparative ISH of PVALB in HVC-like nuclei. In connectivity diagrams at left, schematics show
major connections of vocal nuclei in zebra finch (A), Anna’s hummingbird (B), and Budgerigar (C). Nuclei in
the direct vocal-motor pathway are in gray and those in the anterior forebrain pathway are in white. For
songbird and parrot, arrowheads indicate projections that are confirmed to be shared (thick), confirmed to
be unique to the lineage (dashed lines), or suspected but unconfirmed (thin). In hummingbird, little is
known of song system connectivity. Cross-species ISH, in center and right panels, show a convergent pattern
of PVALB upregulation in HVC-like nuclei (center, blue arrowheads) and RA-like nuclei (right, red
arrowheads). Scale bars: 250 um.
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The case for suboscines, the outgroup of songbirds, as potential vocal learners

The discovery of core sets of markers in HVC- and RA-like nuclei across vocal learners suggests that
these gene specializations may represent fundamental molecular requirements for all vocal
learning circuits. Based on phylogeny, it is clear that in humans and hummingbirds these represent
unique evolutionary events, supporting the conclusion that they are convergent molecular
specializations (Figure 1). However, the conclusion is less clear in the comparison of parrots and
songbirds, as molecular and genomic data have demonstrated the groups to be closer relatives
than previously suspected (Figures 1, 13). This is complicated by the fact that one lineage lies
between them: the suboscine passerines, the nearest sister taxon of songbird (oscine passerines).
Suboscine passerines had previously been shown to be vocal nonlearners, based on several
results: 1) they fail to imitate the songs of closely related species in cross-fostering experiments,
developing species typical song [229]; 2) they develop species-typical song even when deafened
by total cochlear removal [45]; and 3) song nuclei are not revealed in the brains of suboscines by
sex steroid markers of songbird nuclei [230, 231]. Concluding that suboscines are non-vocal
learners, two possibilities emerge: either vocal learning evolved once in the psittacopasserae
lineage —before the last common ancestor of songbirds, suboscines, and parrots—and was
subsequently lost in suboscines, or vocal learning has evolved twice, independently in songbirds

and parrots.
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Oscine Passerines (Songbirds)

Tyrannidae* (n=13)
Rhyncocyclidae* (n=2)
Tityridae

Pipridae* (n=8)
Cotingidae* (n=2)
Thamnophilidae* (n=15)
Conopophagidae

Grallariidae
Rhinocryptidae

Formicariidae
Dendrocolaptidae*  (n=3)
Furnariidae* (n=6)

“Old World” suboscines
Acanthisittidae
Parrots

Figure 13. Schematic phylogeny of songbirds, parrots, and suboscine families. Phylogenetic relationships
after Ohlson, et al. 2013 [232]. Lineages in blue possess learned vocal behavior, including suboscine
bellbirds (Cotingidae). Tyrannid suboscines, in red, are demonstrated vocal nonlearners. All other
suboscines, in black, have not been thoroughly investigated for learned vocal behavior. (*) indicates families
from which Brazilian samples were collected, with numbers of species collected at right.

However, several important facts suggest that the conclusion that all suboscines are vocal
nonlearners has been made prematurely. First, all previously mentioned studies of suboscines
were performed on members of a single family, Tyrannidae (Figure 13, in red). New World
suboscines (Tyrannides) alone are comprised of at least 12 separate families, in addition to 4
families of Old World suboscines (Eurylaimides), and one basal passeriform family
(Acanthisittidae), altogether comprising approximately 1,000 species, one of the largest avian
suborders [232]. Considering this, the conclusion that all suboscines are non-learning based on the
study of three closely related species from just one of 17 global suboscine families, appears largely

unsubstantiated.

61



Casting further doubt, recent behavioral work has demonstrated that bellbirds (Procnias
spp.), suboscines of the family Cotingidae, appear to exhibit regional vocal dialects [233] as well as
imitating the calls of other species [234]. It was further demonstrated that bellbird songs fall into
three regional dialects, and that the dialect learned by any particular bellbird does not correlate
with its genetic relatedness, suggesting further that bellbird song variants are not inherited
genetically, but rather transmitted culturally, through learning [233]. Additionally, it has been
noted that male manakins, of the family Pipridae, appear to develop coordinated duet songs over
time for cooperative lekking displays [235]. Finally, in two further suboscine families,
Thamnophilidae and Furnariidae, males and females perform complexly timed duets, requiring a
high degree of coordination between partners [236-238]. Similar duetting behavior in songbirds
has been shown to require heavy input from the song system [239]. Thus, it stands that one
suboscine family is a confirmed vocal nonlearner, one family has been reported as a putative vocal
learner, and three further families display complex vocal behavior suggestive of a song system.

As | am exceptionally interested in the evolution of the song system, | sought to perform
an extensive survey of suboscine families to specifically address whether conserved markers of the
song system could reveal the presence of vocal nuclei in any members of this group. Identifying
which of the shared markers of songbird and parrot song nuclei also exhibited shared expression
in suboscines would inform the question of whether these represent conserved specializations
from a common ancestor (if shared), or convergent specializations evolved independent in
songbirds and parrots (if not present in suboscines).

In order to survey as many suboscine families as possible, | developed a mobile brain
dissection unit to collect fresh tissue samples in the field (see Methods). In sum, | collected 49
brain samples, representing 26 species from 7 suboscine families, comprising the largest collection

of suboscine brain material in the world (Figure 13). | then selected genetic markers to test across
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species, prioritizing genes that: i) were identified by my earlier analyses as shared song system
markers in multiple vocal learners, ii) were markers of multiple song nuclei, iii) were markers of
non-vocal neuroanatomical features (in order to discriminate potential song nuclei from these
other structures), and iii) that had coding sequence-biased riboprobes available. For my initial
study of the brain collection, | selected three species where tissue quality was high, covering the
major branches of South American suboscine diversity: the Amazonian antshrike (Thamnophilidae:
Thamnophilus amazonicus), the Helmeted pygmy tyrant (Tyrannidae: Lophotriccus galeatus), and
the Screaming piha (Cotingidae: Lipaugus vociferans). This set was also selected because it both
contained a member of the suboscine family that had been shown to be vocal non-learning
(Tyrannidae) and a member of the family reported as vocal learning (Cotingidae).

In total, | was able to determine suboscine brain gene expression patterns for 13 genes via
ISH analysis (Table 4). Of these, 7 were markers of songbird HVC (ALDH1A2, NEFM*, NTS, PVALB¥,
RGS4*, RHOB, SNCA), with three(*) of these representing genes identified as shared markers with
parrot HVC-like nucleus, NLC. | did not detect differential expression consistent with an HVC-like
nucleus in any of the three suboscine species.

| then tested 6 of the genes that | had shown to be shared markers of RA and its parrot
equivalent, AAC (Table 4, genes marked by *). In all 6 cases, these genes were differentially
expressed in an arcopallial nucleus in the suboscine tissues. Darkfield microscopy revealed the
nucleus to be localized in a similar arcopallial location as RA, at the caudal extent of a densely
myelinated fiber tract, the occipitomesencephalic tract, OM, although the nucleus appeared to be
less densely myelinated than RA (Figure 14). Nissl staining revealed the nucleus to be comprised of
a ball-like cluster of large cells, similar in size although more cytoarchitectonically diffuse than RA

(Figure 14, bottom panels).
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In the course of examining these expression patterns, | noticed shared markers of RA-like
nuclei in parrots and songbirds were also correlated with differential expression in an additional
arcopallial zone, lateral to RA, which | term ‘Alat.” In songbirds, markers of Alat exhibit somewhat
more diffuse expression borders than RA, which has starkly contrasted borders reminiscent of a
bullet-hole in ISH images (Figure 15, right panels). Markers of the suboscine RA-like arcopallial
nucleus also exhibited diffuse borders (Figure 15, left panels). In order to determine whether the
suboscine nucleus more closely resembled RA or Alat, | performed several additional ISH
experiments, including markers that were differentially expressed in RA only or Alat only (Table 4).
In 14 of 16 (88%) comparative ISH experiments performed, the differential pattern of suboscine
arcopallial domain was consistent with songbird Alat marker status, whereas it was consistent
with songbird RA marker status in only 9 / 16 (56%) of experiments. Thus, the nucleus appears to
share a higher molecular affinity with Alat than RA. However, the high degree of overlap between
RA markers and Alat markers—as well as the high correlation of these RA+Alat markers with
shared markers of songbird RA, parrot AAC, and humming VA—suggest that all of these nuclei
could have derived from a common, ancestral nucleus, a hypothesis that will be expanded on
more fully in Chapter 5.

Since these data were collected, some evidence has been published suggesting that the
Eastern phoebe possess an RA-like forebrain nucleus that projects to the hindbrain vocal motor
nuclei, and that bilateral lesion of this structure leads to subtle changes in song [240]. However,
the equivalency of this structure with songbird RA was based on the shared differential expression
of a single molecular marker, GRIK1. Importantly, no differential expression was detected in this
‘RA-like’ nucleus for PVALB, a marker | have identified as being widely shared in RA-like nuclei

across avian vocal learners, as well as a marker of the suboscine Alat that | have identified (Figure
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15). Thus, the resolution of the exact molecular identity of suboscine RA-like nuclei will depend on

the further characterization of molecular markers in additional families.

zebra finch RA marker status:

. Amazonian Helmeted Screaming
Zebra finch . :
antshrike pygmy tyrant piha

Gene Probe ID RA | Alat | Arco nucleus | Arco nucleus | Arco nucleus
SHARED: RA (-), ALAT (-)
GDA* FE735906 =) -) =)
GPMBA* CK307194 =) ) =)
SNCA* DV950418 =) ) =)
SHARED: RA (+), ALAT (+)
CNTNAP2 DVv948190 ) +) n.-d. n.-d.
NEFM* CK313443 ) +) ) (+)
PVALB* CK305573 | (+) | (+) +) )
RGS4* CK314393 +) €] ) (+)
ALAT ONLY
NTS CK302282 n.-d. | (-) -) ) -)
RA ONLY
LINGO1 CK315247 | (9 |n.-d. | n.-d.
RHOB CK308435 (+) n.-d. n.-d.
CONTROL (n.-d. in RA, Alat)
ALDH1A2 CK234972 n.-d. | n.-d. | n.-d. n.-d. n.-d.
GAD2 CK311753 n.-d. | n.-d. | n.-d. n.-d.
TAC1 DV958953 n.-d. | n.-d. | n.-d. n.-d. n.-d.
TOTALS
Suboscine ISH consistent with

zebra finch Alat marker status: 8/9 4/5 2/2
Suboscine ISH consistent with 6/9 2/5 1/2

Table 4. Comparative ISH of genes differentially expressed in arcopallial brain regions between zebra finch
and three suboscine passerines; Amazonian antshrike (Thamnophilus amazonicus), Helmeted pygmy tyrant
(Lophotriccus galeatus), and Screaming piha (Lipaugus vociferans). Table cells indicate whether gene is
upregulated (+) or downregulated (-) in specified arcopallial nucleus relative to surrounding arcopallium, or
non-differential. Blank cells indicate cases where ISH data are not yet available. Totals present number of
experiments where differential expression in a suboscine arcopallial domain was consistent with expression
in zebra finch RA or Alat out of the total number of gene markers tested in given species. (*) indicate genes
identified as a shared marker of song nuclei across multiple vocal learners. Abbreviations: Alat, lateral
domain of the arcopallium; Arco, arcopallium; n.-d., non-differential expression in nucleus; RA, robust
nucleus of the arcopallium.
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Figure 14. Comparative neuroanatomy of songbird RA (left panels) in zebra finch and a similarly located
arcopallial nucleus (right panels, proposed boundaries of nucleus indicated by a dashed circle) in a
suboscine, Amazonian antshrike (Thamnophilus amazonicus). Darkfield microscopy (top panels) reveals
myelin patterns in arcopallium, including shared connection to OM. Nissl staining (bottom panels) reveal
similar cytoarchitectonics between these nuclei, including larger cells than surround as well as a ‘ball-like’
organization. Abbreviations: A, arcopallium; OM, occipitomesencephalic tract, OT: optic tectum, RA: robust
nucleus of the arcopallium.
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Figure 15. Schematics of
sagittal brain sections and in
situ hybridization data in
Amazonian antshrike
(Thamnophilus amazonicus),
left column, and zebra finch,
right column. Red indicates
relative position of an
arcopallial nucleus in the
antshrike and RA in the finch.
ISH images correspond to the
square window. Two positive
marker genes, NEFM (A,B) and
PVALB (C,D) share
upregulated expression in this
nucleus, while a negative
marker gene, SNCA (E-F),
shares downregulated
expression.



3.3  Methods

Tissue sample collection

For budgerigar and Anna’s hummingbird samples, only male animals were selected, due to the
robust sexual dimorphism in the zebra finch song system, and since vocal nuclei have not been
verified in female hummingbirds. Budgerigars were purchased from a commercial supplier. Anna’s
hummingbirds were caught on the day of the experiment using playback of Anna’s hummingbird
song to incite territorial defense behavior in males, who were subsequently caught by a drop-net
trap. Animals were humanely sacrificed through quick decapitation. All procedures were
performed in accordance with approved IACUC protocol.

Collecting suboscine brain tissue samples of suitable quality for in situ hybridization
presented a challenge. North American suboscines have been conclusively demonstrated to be
vocal non-learning [43, 45], and South American suboscines have proven difficult to maintain in
laboratory environments (Ana Amador, personal communication). To circumvent this obstacle, |
developed a mobile dissection protocol, adjusting all necessary tools and reagents to fit in the
space of a backpack. Species were confidently identified through the assistance of a local
ornithological expert, and collected via small caliber rifle. Traditional mist-net capture was an
inappropriate alternative, as many of the birds of interest, including the Screaming Piha, live
almost exclusively in the high canopy, and other species of interest, including the Amazonian
Antshrike, seldom emerge from dense undergrowth. Further, stress from capture could result in
significant brain expression changes that would alter the results obtained via ISH. Brains were
quickly dissected (< 5 min) using sterile tools and nitrile gloves and flash frozen in a mix of dry
ice—which was contained in a small styrofoam box to limit sublimation—and isoflurane, in order
to preserve RNA from degradation. Field collection was performed preferentially in early morning

hours, comparable to our collection time for zebra finches.
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Selection of clones

For all in situ hybridizations on avian brains, we used zebra finch clones. The probes are either
derived from the Zebra finch ESTIMA cDNA clone collection (Songbird Neurogenomics
Consortium), or through RT-PCR cloning (for EGR1). Unlike in same-species hybridizations, where
3’-biased clones are preferable for their specificity, in cross-species hybridizations | favored coding
sequence clones, as gene coding regions are more likely to be conserved, resulting in stronger
probe hybridization. Selection of clones was based on the quality and specificity of the BLAT

alignment of the sequence to budgerigar and Anna’s hummingbird genomes.

Cross-species in situ hybridizations

ISH were performed as in Chapter 2, with modifications to the protocol to increase the strength of
cross-species probe hybridization. In brief, for each gene, digoxygenin-labeled antisense
riboprobes were hybridized to 10 um brain sections containing vocal nuclei as well as major brain
subdivisions and nuclei of all 3 species. Zebra finch control slides were run in parallel with all
cross-species hybridizations to ensure that failure of cross-hybridization could be discriminated
from experimental failure for technical reasons. Probes were hybridized to sections at lower
stringency (63°C) to increase the strength of probe cross-hybridization, followed by high
stringency washes and probe immunohistochemical detection. Optimized conditions were
established for each probe to preserve cellular signal while minimizing non-specific tissue staining,
decreasing stringency (60°C) for probes that failed to cross-hybridize, or increasing stringency (65 -
67°C) for probes where non-specific background signal precluded clear interpretation of the brain
expression pattern. As further specificity controls, | included hybridizations with no probe in all

experiments, as well as positive control markers with known patterns (e.g., GAD2).
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4  The role of genomic regulatory elements in the evolution
of vocal learning

4.1 Background

Genes that are co-expressed in select tissues and cell types, or that are co-expressed
under specific cellular or behavioral conditions, have been shown to be associated with genomic
regulatory mechanisms that modulate their expression at the level of the genome [241]. This
context-specific expression is largely controlled by the actions of transcription factors, which
accomplish this largely through their binding to short (6 — 12 bp), specific DNA regions, known as
transcription factor binding motifs, in order to increase or decrease the rate of target gene
expression [242]. These motifs tend to be concentrated into clusters known as promoters, located
immediately upstream of a gene’s 5’ transcription start site (TSS), or sites, as well as enhancers,
located in intronic and intergenic regions. ldentifying suites of genes whose promoters share
enriched DNA binding motifs represents a highly informative method for finding genes under
shared regulatory control, and which may be activated by and involved in similar biological
processes [241].

The songbird song system, in addition to being well-characterized in terms of its
anatomical and physiological properties, has been extensively profiled for differential expression
of molecular markers [125-127, 165, 243, 244], thus representing a neurobiological system highly
amenable to study through computational cis-regulatory analysis. However, few analyses of
songbird transcriptional regulation have taken place. With the exception of one recent study that
examined transcription factor binding in the context of singing-induced gene regulation [139], all
studies of songbird cis-regulatory elements have examined relatively small numbers (n < 20) of

promoters [245-249].
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In this work, my approach was to perform a computational promoter analysis to identify
transcription factor binding motifs associated with differential expression in the song system. By
identifying such song system-enriched motifs, | sought to also identify sets of predicted target
genes associated with each motif, as these could represent co-regulated functional pathways that
underlie the unique properties of song system nuclei. By integrating innovative molecular and
genomic techniques, | sought to critically assess the regulatory dynamics of gene expression in a
circuit devoted to learned vocal behavior. This work improves our understanding of the genetic

and neurobiological basis of vocal learning, the behavioral basis for human speech and language.

4.2 Results & Discussion

| sought to identify cis-regulatory motifs associated with the promoters of gene sets differentially
expressed in the song system that could thus subserve the unique molecular properties of song
system nuclei and cell types. For this purpose, my overall strategy was to: 1) develop an evidence-
based promoter identification pipeline and database of brain-expressed promoters in zebra finch;
2) develop a promoter analysis pipeline in order to identify motifs enriched in the promoters of
genes differentially regulated in RA versus surrounding arcopallium, or differentially regulated
between HVC-RA and HVC-X projection neurons; 3) for each enriched motif, identify target genes
on the basis of significant motif—promoter binding sites, analyzing target gene sets as potentially
co-regulated gene networks that could subserve the functional specializations of the song system;
and 4) identify whether comparable enrichments exist in orthologous gene promoters of chicken,
in order to identify whether gene regulatory pathways used by the song system are uniquely
present in songbirds or represent songbird-specific usage of broadly conserved regulatory

pathways.
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Promoters of brain-expressed genes in zebra finch

In order to identify the changes in regulatory sequence that may be associated with the co-
expressed gene networks in vocal learning circuits, | developed a computational pipeline for
promoter identification and analysis in the zebra finch. It has been demonstrated that the
accuracy of de novo promoter predictions can be greatly improved by incorporating 5’-biased
cDNA to accurately determine transcription start sites (TSSs) [250-252]. It is also well established
that different tissues differentially use distinct TSSs, which can be several hundred kb apart [253].
Thus, the study of tissue-specific gene regulation depends not only on the correct identification of
a TSS, but also that the TSS is active in the tissue of interest. With these issues in mind, |
developed a robust pipeline for promoter identification that is designed to integrate expression
data from a tissue of interest to identify true TSSs active in any specified tissue, condition, or
behavioral state of interest.

This pipeline was applied to the zebra finch genome using all available brain-derived
sequenced gene transcripts that would be expected to contain the complete 5’ end. This included
6,153 published full-length zebra finch mRNA sequences, derived from NCBI, and 9,580 5’ ESTs
derived from a study that applied RIKEN 5'-cap-trapper methodology to brain-derived zebra finch
cDNAs [125]. Using restrictive criteria, these were mapped onto the zebra finch genome, filtered
to remove artifactual alignments and alignments where >100 bp of the 5’ end of the transcript
failed to align to the genome, and assigned to genes based on my previous annotation of the
zebra finch genome (see Chapter 2). This analysis produced a set of 4,451 high-confidence TSSs
with evidence of expression in the brain. To further support that these reflected true TSSs, | also
performed an alignment of the complete chicken mRNA and RefSeq set from NCBI, where gene
annotations are generally more complete than in zebra finch, in order to confirm that brain

expression data accurately predicted 5’-most exons.
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For all subsequent promoter analyses, | defined promoters as -500 bp upstream and +50
bp downstream of the TSS, except where explicitly stated otherwise. The study of a relatively
short proximal promoter region was selected to maximize the potential for finding significant
enrichments by reducing the motif signal-to-noise ratio. Hence, although proximal promoters may
not contain all of the information required to precisely control transcription of individual genes in
time and space during development (this level of regulatory control is known to be largely
mediated through promoter—enhancer interactions [241]), analysis of promoters alone can
generate meaningful models of transcriptional regulatory networks.

A portion (7.4% of cDNAs and 5.4% of 5’ ESTs) of the expressed transcript sequences failed
to fully align to the current finch assembly, or aligned incorrectly to a paralogous gene. Of the
sequences that produced a high-scoring genomic alignment, a further 30% had to be removed as
>100 bp of their 5’ sequence ends failed to align, removing confidence in their ability to predict a
true TSS. In most cases this was due to the presence of sequence gaps in the current zebra finch
assembly (taeGutl). Thus, the number of promoters obtained stands to drastically improve as the
pipeline is reapplied to a forthcoming zebra finch assembly derived from PacBio long-read
sequence. Still, this conservative promoter set stands in contrast to the typical approach for
promoter collection, which attempts to gather the largest promoter set possible by using all in
silico—predicted gene models to generate TSS predictions. Although greatly improving the total
number of promoters available, such an approach stands to add substantial noise to any analysis
of promoters, as | found through my extensive genome annotation efforts that in silico gene
model prediction often failed to predict noncoding 1°* exons (and thus TSSs), which for some
genes can be up to 1 Mb upstream of the first coding exon[254]. Further, the pipeline employed
here takes into account only promoters with evidence of expression in the tissue of interest

(brain), thus further improving the biological meaningfulness of the final output of analysis.

73



Generation and in situ validation of song nucleus gene expression sets

To study regulatory networks active in song nuclei, | started by compiling large sets of song
nucleus marker genes, which were initially determined through analysis of ISH data generated
from our extensive efforts to characterize brain gene expression patterns in zebra finch (the ZEBrA
gene expression atlas, described in Chapter 3). The number of genes represented in ZEBrA is large
(n =500 as of writing) and, through our collective efforts, extensively annotated. | assessed the
overlap between regional markers annotated in the ZEBrA gene atlas and my brain-expressed
promoter set, and on average had promoters for approximately 50% of gene markers of the four

major song nuclei, Area X, HVC, LMAN, and RA (see Table 5).

Song nucleus | Upregulated Downregulated
Area X 23 /47 (49%) 2/7  (29%)
HVC 62 /103 (60%) 27 147 (57%)
LMAN 38/59 (64%) 25/ 42 (60%)
RA 28 /44 (64%) 28 /60 (47%)

Table 5. Promoters of song system marker genes with high quality in situ expression data. Number of
available promoters are expressed as a percentage out of the total number of annotated markers in ZEBrA
(zebrafinchatlas.org). Genes are upregulated or downregulated relative to surrounding pallial tissue.

In order to increase the number of song nucleus marker gene promoters, | reanalyzed the
results of two large microarray studies profiling differential gene expression in HVC and RA. The
first of these was an attempt to profile the cell type-specific expression of the two long-range
projection neuron classes of HVC [243]. In this experiment, the authors injected retrograde tracer
cholera toxin B (CTB) conjugated to AlexaFluor dyes into RA and Area X into three silent and four
singing birds. Approximately 2,000 retrogradely labeled HVC-RA neurons and 1,500 HVC-X neurons
were then collected through laser capture microdissection. The pooled cell type homogenates
were run on custom microarray previously generated by printing 5,000 unique, sequence-verified

cDNA clones onto glass slides [125]. A differential microarray screen was performed, contrasting
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gene expression in one cell type versus the other. After extensive annotation and validation
through qPCR, 150,350 spots successfully hybridized and a total of 1,318 spots (0.88% of all the
total) met a two-fold cutoff for differential expression. From this dataset, a small number of
differentially expressed genes were described [243, 255].

Our lab obtained the raw data from the array screen for differential HVC projection
neuron transcription, applying a strict false discovery rate cutoff of q < 0.05, resulting in a final
count of 167 cDNAs significantly upregulated in HVC-X relative to HVC-RA neurons, and 322 cDNAs
upregulated in HVC-RA relative to HVC-X. Although this provided an important source of molecular
data on these two important cell types, | discovered that many of the cDNA clones’ annotated
gene identities were inaccurate. | therefore performed a full reannotation of all differentially
expressed transcripts, using genome-wide alignment of cDNAs followed by manual synteny
verification, performed as described Chapter 2. This resulted in a curated set of 210 genes,
corresponding to 139 putative HVC-RA markers and 71 putative HVC-X markers. By cross-listing
these gene sets with my brain-expressed promoter set, | determined that promoters were
available for 108 genes from the HVC-RA set, and 61 genes from the HVC-X set (Table S3). To
further verify my brain-expressed promoter set, | performed a detailed inspection of all 210 gene
loci, verifying the presence of a true TSS in the zebra finch genome by examining the alignment of
the mRNA and 5’-sequenced EST set described previously, as well as a suite of RNA-seq data
previously generated from zebra finch brains, testes, and whole embryos[125], and a set of
h3k27ac chromatin immunoprecipitation sequencing (ChlP-seq) data, a histone mark indicating
the presence of active cis-regulatory regions [139]. These manual annotation efforts confirmed all
170 predicted promoters, as well as identified an additional 4 HVC-RA and 1 HVC-X genes with
evidence of a full promoter, establishing a 0% false positive rate and a 3% false negative rate for

the automatic promoter retrieval pipeline (Table S3).
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The clean separation of individual cell types from heterogeneous tissue is a technically
challenging process, and it is known that laser capture microdissection can sometimes result in
contaminated samples. Given the importance of having a highly accurate cell type-specific gene
promoter set, | sought to confirm the conclusions of the HVC cell type microarray by assessing the
brain expression patterns experimentally through ISH. | first assessed whether the differential
expression patterns could be confirmed through fluorescently labeled ISH onto brain sections
where cells had been retrogradely labeled from Area X or RA. Through our previous efforts, our
lab had thus analyzed 8 of the putative HVC-RA markers and 5 of the HVC-X markers. In 100% of
cases, these fluorescent ISH experiments were consistent with the patterns identified from the
microarray analysis (Figure 16, Table S3). | then sought to analyze a further set through
digoxygenin (DiG) ISH. Although this is insufficient to conclusively determine cell type-specific
expression, it can be used to distinguish neuronal expression from expression in glial or
endothelial cells on the basis of cytoarchitectonics. It also allows for an initial assessment of
cellular specificity of labeling, as HVC-X markers tend to show a pattern of expression in large,
sparse cells; whereas HVC-RA markers tend to be expressed in smaller, clustered cells (Figure 17).
In total, 74 additional brain gene ISH patterns were obtained and analyzed to determine whether
the pattern of expression in HVC was consistent with a neuronal identity, as well as with the DiG
ISH pattern of markers confirmed through retrograde labeling. In 65 cases (88%), the ISH pattern
confirmed neuronal gene expression in HVC (for example, see Figure 17). In 8 cases (11%), the ISH
pattern revealed expression in glial cells. In one case, the ISH pattern revealed an absence of gene
expression in HVC. This high rate of array—ISH consistency supports the accuracy of the results
obtained in the microarray analysis, as well as contributes additional brain expression pattern

information to support future analyses via their deposition in a public repository (ZEBrA).
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Figure 16. FISH of molecular specializations specifically expressed in HVC projection neurons. Fluorescence
ISH of gene marker of HVC-X projection neurons (UTS2D, 1% panel, blue) on sections injected with with
retrograde tracer (CTB) into RA (2" panel, green) confirms predicted cell-type specific expression of this
gene (3™ panel: merge of 1st and 2nd panels, plus propidium iodide stain in red to reveal nuclei). Abbrevs:
CTB, choleratoxin B; HVC, proper name. UTS2D, Urotensin 2B
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Figure 17. In situ hybridization of markers of HVC projection neurons. A) digoxigenin (DiG) ISH patterns of
HVC-X neuron markers confirmed through FISH on sections retrogradely labeled from Area X and RA
(ALDH1A2) are consistent with the DiG ISH patterns of additional differential HVC-X markers from the
microarray study (CADPS2), showing a pattern of upregulation in large, sparse cells in HVC. In these cases
expression in HVC as a whole is upregulated relative to surrounding nidopallial shelf. B) DiG ISH patterns of
HVC-RA neuron markers confirmed through FISH on sections retrogradely labeled from Area X and RA
(HPCAL1) are consistent with the DiG ISH patterns of additional differential HVC-RA markers from the
microarray study (PPAPDC1A), showing a pattern of upregulation in small, clustered cells in HVC. In these
cases expression in HVC as a whole is not upregulated relative to surrounding nidopallial shelf.
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In addition to HVC, | sought to analyze promoters of genes differentially regulated in RA.
For this purpose, | analyzed the results of a microarray study [139] assessing differential
expression in RA relative to surrounding ventral arcopallial tissue, which had been run on an
Agilent oligoarray containing 43,488 60-mer oligonucleotides sourced from zebra finch brain
transcripts collected by three major research efforts [125-127], representing approximately
10,000 zebra finch genes. In order to confirm the gene identity of reported differentially
expressed oligo probes, | aligned all probe sequences to the zebra finch assembly, removing those
probes which failed to map or which could not be conclusively assigned to a single gene locus. This
resulted in a final set of 521 genes downregulated in RA, and 349 genes upregulated in RA. Taking
the intersection of this set and the brain-expressed promoter collection resulted in a final set of
138 positive RA markers (RA (+)), and 212 negative RA markers (RA (-)). ISH data corresponding to
these sets were retrieved from ZEBrA, confirming the appropriate differential regulation 100% of
RA (+) markers tested (n = 11) and 83% of RA (-) markers (n =10/ 12), with two genes (MPZL1 and

KCNAB2) showing upregulation in RA rather than the expected downregulation (Table S3), ZEBrA).

Analysis of zebra finch promoters

| analyzed several general features of brain-expressed promoters in zebra finch. The results of an
analysis of the repeat content of promoter sets using Repeatmasker revealed that brain-expressed
promoters in zebra finch have high GC content (53.77% for promoters -1,000 and +500 bp relative
to the TSS) relative to the background GC content of the full genome (41.45%). This is slightly
higher than the GC content reported for the full chicken genome promoter set (51.5% [256]).
Additionally, promoters of genes differentially expressed in HVC and RA are exceptionally GC-rich
relative to the full brain-expressed promoter set (Table 6).

Analyses of vertebrate promoters, including chicken, have demonstrated that high- and

low-GC promoters, known as broad and sharp promoters respectively, are distinct promoter types
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that differ in their primary mechanism of regulatory control [253, 257, 258]. So-called GC-rich
‘broad’ promoters are known to be more widely expressed, feature more variable TSS locations,
and deprived of TATA boxes relative to ‘sharp’ class promoters, which are comparatively enriched
for TATA boxes and typically have a single TSS peak [258]. | attempted to further assess whether
any of the song system marker gene promoter sets were biased for broad versus sharp promoters.
To this end, | performed an analysis to identify localized motif enrichment for TATA box motifs
(Figure 18), which implemented an algorithm designed to identify motifs that tend to be
overrepresented in spatially conserved regions of a promoter set (CentriMo [259]). Analysis of the
full zebra finch promoter set identified a spatially conserved TATA box binding element motif peak
to be 25 bp upstream of the TSS (local enrichment p=2.2e-400, Figure 18), in keeping with the
canonical location of TATA boxes in chicken (30 bp upstream of TSS [256]) and mammals (40 bp
upstream of TSS [252]). The finding of a canonical TATA box motif peak spatially enriched in the
biologically expected location serves to further support the accuracy of the brain-expressed
promoter identification pipelines.

Approximately 16% of mammalian promoters [252, 253] and 10% of chicken promoters
[256] contain TATA boxes. | found that 10% (n = 14/138) of RA (+) gene set promoters contained
TATA boxes, in keeping with these figures. However, just 7% of all HVC-RA (n = 8/102), HVC-X (n =
4/61), and RA (-) (n = 16/212) gene set promoters contained significant TATA binding motif sites.
These data suggest that promoters of genes differentially regulated in the HVC and RA subsets
share canonical features of genes that are more widely transcribed than those of the full brain-
expressed promoter set, potentially subserving a variety of different functions, and thus requiring
complex regulatory control. Further assays of these genes’ brain-wide transcriptional patterns, as

well as a genome-wide screening assay for histone H3 lysine 4 trimethylation (H3K4me3), a mark
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associated with unmethylated CpG islands, could be used to experimentally support this

conclusion.

Full promoter set HVC-RA HVC-X RA (+) RA (-)
Promoter length |"GC Simple | GC Simple | GC Simple | GC Simple | GC Simple
(relative to TSS) | |evel repeats | level repeats | level repeats | level repeats | level repeats
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
-100, +50 63.66 9.40 66.39 11.41 70.43 11.96 62.37 9.45 63.14 10.03
-450, +100 57.58 5.78 60.19 5.84 63.11 5.03 56.34 5.78 56.76 5.51
-1,000, +500 53.77 4.27 55.57 451 56.81 3.91 52.91 4.45 52.86 4.03

Table 6. GC content and repetitive sequence in zebra finch brain-expressed gene promoters, and gene
subsets differentially expressed in the song system.

0.0020
0.0018
0.0016
0.0014
0.0012
0.0010
0.0008
0.0006
0.0004
0.0002
0.0000

Probability

-1250 -1000

EGR1 MAD162.2 p=2.2e-400

TBP MAD108.2 p=28e-43 N

-750 -500 -250

0 250

500 750 1000 1250

Position of Best Site in Sequence
Figure 18. Position of best location of TATA-binding protein (TBP) and immediate early gene EGR1

consensus motifs in brain-expressed zebra finch promoters. TSS is located at position 750. TBP peak is
located at position 725, EGR1 peak is located at position 755.

Cis-regulatory motifs enriched in promoters of song system-regulated genes

In order to identify motifs that could serve to regulate transcription in the song system, |

performed a computational analysis to identify significant associations with known transcription

factor binding motifs in song system-regulated gene sets. For this purpose, | developed a non-
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redundant database of known motifs, employed an enrichment algorithm (AME [260]) to identify
motifs significantly associated with promoter sets of interest, and finally performed a motif target
search to predict which promoters were targeted by each motif, thus building sets of gene
networks likely to be co-regulated in song system nuclei (for details, see Methods). The use of
statistical enrichment algorithms to measure transcription factor binding is considered preferable
to approaches based on counting of motif hits identified using an arbitrary cutoff for hit
significance, as it has been experimentally demonstrated that low-affinity binding sites represent a
critical regulatory mechanism in eukaryotic genomes [261, 262], and that a promoter with
multiple low-affinity motif binding sites is in many cases more likely to be bound by a transcription
factor than a promoter with a single high-affinity motif binding site [263].

For the song nucleus gene sets derived from ZEBrA (Table 5), the promoter enrichment
pipeline failed to detect significant enrichment of known motifs, likely due to the relatively small
number of these gene sets (between 2 and 62 genes each). However, the ISH data from these
gene sets represented an excellent means of validating the larger microarray-derived gene sets
analyzed subsequently.

As a result of the motif enrichment analysis of the HVC cell type and RA differential array
data, | identified 9 significant gene set—binding motif associations in HVC-RA promoters, 4 in HVC-
X promoters, 3 in RA (+) promoters, and 9 in RA (-) promoters (Tables 6, 7, S3, S4, S5). These final
numbers were the result of a motif cluster analysis. Many of the motifs initially identified as being
enriched both within and across gene promoter sets were found to be highly redundant, thus |
prepared a pairwise correlation matrix of motif similarity for all motifs enriched in a given gene
target set, in order to condense motifs enriched in redundant gene target sets (Table S4).
Collectively, these associations represent 15,160 gene-motif associations and over 48,000

individual predicted binding sites (Table S5). | describe here the overall findings, predicted song
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nucleus-specific motif-gene target pathways, and discuss the known functional associations of

these predicted co-regulated gene networks.

Brain-expressed
HVC-RA HVC-X RA (+) RA ()
TF MOTIF _ _ i ~ gene promoters
(n=102) (n=61) (n=138) (n=212) (n = 4.451)
69 47 84 139 2,899
EGR1 1.19E-02 6.65E-03 n.s. 1.91E-03
9 6 10 12 293
FOXJ3 1.52E-02 n.s. n.s. 8.91E-05
27 13 36 49 1,062
A 2.32E-03 n.s. n.s. 3.69E-04
9 12 29 35 670
NFATC2 n.s. n.s. 2.70E-03 n.s.
25 17 24 37 888
NHLH1 1.39E-02 2.07E-02 n.s. 9.14E-05
SRE 21 9 36 58 1,124
4.26E-03 n.s. n.s. 4 .92E-05
TBP 8 4 14 16 325
3.10E-04 n.s. 9.36E-06 4.70E-05
28 22 23 35 910
TCF4 4.20E-02 5.64E-04 n.s. n.s.
21 13 37 59 1,111
TFAPZE n.s n.s. n.s. 6.59E-04
5 1 7 9 174
ZFP128 n.s. n.s. n.s. 9.46E-03
75 46 84 139 2,829
ZNF410 2.76E-03 n.s. n.s. n.s.
72 41 88 142 2,867
ZNF263 2.87E-06 1.85E-02 1.53E-03 1.87E-05

Table 7. Song system gene set-associated motifs. The top number in each cell corresponds to predicted
number of significant motif—-gene promoter associations in each target gene set, determined using a false
discovery rate cutoff of p < 0.0001. The bottom number in each cell indicates motif enrichment scores for
the target gene set, reported as Bonferroni adjusted p-values. Significance of enrichment takes into account
strength of match to motif and number of hits to promoter. n.s.: non-significant, TF: transcription factor.

Immediate early gene EGR1 (aka ZENK) was significantly associated with both HVC

projection neuron promoter sets, in addition to the RA (-) set (Table 7). This represented an

expected result, given the importance of this immediate early gene in all neuronal tissues, as well

as the fact that enrichment of this motif had previously been reported for activity-dependent gene
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regulation in the song system[139]. In keeping with its known role as a core promoter-binding
element, | found EGR1 binding sites to be preferentially located in close proximity to the predicted
TSS location (Figure 18). As a key immediate early gene regulated by behavior and neuronal
activity, EGR1 has been extensively studied in songbirds, where it has been demonstrated to be
expressed in the song system in response to hearing or producing song [58, 264, 265]. Its
predicted HVC and RA target gene networks are large (Table 7, Table S5), and showed significant
functional association with biological processes involving nervous system development, axonal
projections, and synaptic activity (Table S6). EGR1 has been shown to bind to its own promoter,
resulting in a downregulation of its own activity [266]. This could serve as a potential mechanism
behind the finding that repeated exposure to song leads to a decreased induction of EGR1 over
time in zebra finch auditory cortex [267]. Supporting this hypothesis, | found a significant EGR1
binding site in its own promoter (Table S5). These confirmatory findings added validation to the
promoter motif enrichment methodologies used in this study, as well as providing song nucleus-
specific EGR1 target gene predictions that could subserve the immediate early gene response in

the zebra finch.
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Zebra finch

Brain expression

Brain expression

Brain expression

Gene gene locus evidence (ESTs) evidence (MRNAs) pattern (ISH)
chr13:18142- CK234258, CK308891, EF052676, JX296528, | activity-induced,
EGR1 21075 CK313422, DV947454, EF063681 all song nuclei
DV953620, EE061142, [264]
FE734327, FE732368
chr1:88321169- no no -
FOXJ3 88329070
chrl12:17203773- | FE728400, CK316597, AY549152, JN800730, | Area X (+), HVC
17366141 DV947108, FE19884, JN800727 (+), LMAN (-), RA
DV957717, DV948713, (+) [132]
FOXP1 FE715201, DV950234,
DV954317, DV957839,
FE736659, FE729356,
DV955340
chrUn:19118196- | no no -
NFATC2 | 19121362
could not be - - -
NHLH1 localized in
taeGutl
chr3:19786724- DVv580161, EE052995, no -
19796586 FE727176, FE731342,
SRF CK302994, DV952757,
FE723648, FE721454,
FE736908, FE736747
TBP chr3:42034996- FK818232, FE736399, no -
42043036 CK315004, FK818231
could not be - - -
TCF4 localized in
taeGutl
chr23:5575660- CK315244 no -
TFAP2E | 5505897
could not be - - -
ZFP128 localized in
taeGutl
could not be - - -
ZNF263 localized in
taeGutl
ZNE410 chr5:37744483- FE716191, CK308593, no -
37771159 CK315055, FE736371

Table 8. Evidence for brain expression of transcription factors associated with motifs enriched in HVC
projection neuron and differential RA gene sets. Genomic locations refer to zebra finch assembly taeGut1.

FOXP1 mutations in humans have been linked to intellectual disability, autism, epilepsy,

and motor delays in human, with one of its most consistent features being significant speech and

language deficits [268-273]. FOXP1 has received considerably less attention as a speech-disorder

linked gene than FOXP2, in large part due to the confound that FOXP1 variants in humans have so

far not been found that result solely in language deficits, without the presence of additional

cognitive phenotypes, supporting the conclusion that it is a key player in many neurological
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processes beyond vocal production (reviewed in [274]). Although FOXP1 is known to be
upregulated in RA and both HVC projection neurons in songbirds, FOXP2 shows no such
enrichments [132, 275]. This pattern of FOXP1 and FOXP2 brain expression has been shown to
parallel its expression pattern in humans [132]. This suggests that these two transcription factors
may play separate roles in the telencephalic circuits for vocal learning and vocal motor production
in humans and avian vocal learners, and motivates further interest in the distinct role of FOXP1 in
the production of learned vocalizations.

FOXP1 has been shown to play a role in the development of axonal projections and circuit
formation [276], and brain-specific FOXP1 deletion in inbred mice has been linked to
morphological and physiological deficits in multiple neuron types, leading to a range of behavioral
abnormalities [277]. FOXP1’s predicted target gene sets in HVC were found to have significant
functional associations with axons and vesicles, as well as GABAergic synaptic pathways (Table S6),
providing a potential molecular substrate for the morphological and physiological deficits
observed in rodent FOXP1 knockout. GABA, receptors have been shown to be necessary for
mediating the fast IPSPs evoked in HVC-X cells by both HVC interneurons and HVC-RA, which are
connected through a well-studied HVC microcircuit [278]. | found significant FOXP1 motif sites in
the promoters of GABAa receptor subunit GABRA5 and GABARAPL1, a GABA receptor-associated
gene that is a differential marker of HVC-X neurons (Table S5). This suggests a specific prediction,
that FOXP1’s deficits could in part be due to its effects on GABRA5 and GABARAPL1 expression,
which would be expected to have a disruptive effect on vocal behavior, based on its demonstrated
necessity in the physiological function of the HVC microcircuit. Based on these findings,
manipulation of FOXP1 levels in HVC represent a highly promising avenue of research, with

specific predictions | have presented as to the expected molecular and physiological outcomes.
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Predicted target genes of FOXP1 in RA were similarly associated with nervous system
function, axons, dendrites, and synapses, including GABA receptor gene GABRE (Table S6), which
was shown to be upregulated in RA in the differential microarray analysis (Table S3). Although
GABA¢ has not been specifically investigated for its role in RA, GABAergic responses have been
suggested to underlie its characteristic bursting behavior, which characterize RA's time-locked
output during song production [279].

A motif associated with SRF was significantly enriched in the HVC-RA and RA (-) promoter
sets (Table 7). SRF is expressed in the songbird brain throughout development, based on the
genomic alignment of brain-derived ESTs obtained from embryonic, juvenile, and adult brains
(Table 8). In humans, SRF is a critical transcription factor expressed throughout the body and
throughout development, with noted roles in neurons and muscle cells [280]. In addition to its
primary roles in regulating cellular growth and the actin cytoskeleton [281, 282], it is an essential
regulator in the activity-dependent immediate early gene response [283], the regulation of
miRNAs [284], the cellular response to androgen [285], and in the establishment of cortical axonal
projections [286].

SRF's role in androgen sensitivity is of especial interest in the context of the song system.
Androgens have been demonstrated to play an essential role in the sexual differentiation, growth,
and development of the song system [287-289]; and are sufficient to induce the development of a
song system and singing behavior in female canaries, who do not display singing behavior under
normal conditions [290]. Specifically, androgens are responsible for the seasonal neurogenesis and
adult replacement of HVC-RA cells [291]. Given the established importance of androgens in the
function of the song system, it was indeed surprising that | did not detect evidence of enrichment
of known androgen receptor binding motifs in song system regulated gene promoters.

Interestingly, however, evidence suggests that androgen receptor is capable of gene activation in
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the absence of a DNA binding site, through its ability to recruit SRF to promoter SRF binding sites
[285]. Thus, it may be possible that androgen partially exerts its effects in the song system through
its interactions with SRF. Supporting this possibility, predicted target genes of SRF in HVC
promoter sets were shown to be functionally associated with the response to hormones, including
androgen (Table S6). A specific prediction suggested by this hypothesis would be that inhibition of
SRF in HVC, either through genetic manipulation or pharmacological inactivation, could be
sufficient to block the adult replacement of HVC-RA neurons in response to androgen.

In a previous analysis of gene regulatory mechanisms in the zebra finch estradiol-synthetic
pathway, SRF was predicted to be present in the promoter of aromatase [248], an association
which is confirmed in the present study (Table S5). Interestingly, in the largest published study of
zebra finch regulatory networks to date [139], SRF was strongly associated with enhancers of
genes that undergo gradual downregulation in RA in response to singing. The associations shown
here, of SRF’s binding motif with genes constitutively downregulated in adult RA and differentially
enriched in HVC-RA-projecting neurons, extend these findings, indicating that SRF may perform a
variety of regulatory duties in the song system, mirroring its previously discussed involvement in
multiple mammalian regulatory processes.

The NHLH1 binding motif was found to have a significant association with both HVC
projection neuron population sets, as well as the RA (+) gene promoter sets. NHLH1 expression is
exclusive to the nervous system, and has been shown to be required for basic neuronal function in
inbred mice [292]. NHLH1 has been shown to play important, conserved roles in the neuronal
differentiation and migration across vertebrates [293-295].

Although its HVC targets were not associated with any functional enrichments, its
predicted RA target network was enriched for genes involved in neural projections, including

CNTNAP2 (Table S5). Although best known for harboring one of the most common genetic
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susceptibility variants for autism, CNTNAP2 variants are perhaps most strongly associated with
language deficits in humans [118], evidence suggests that it may be a significant downstream
effector of the language impairments associated with mutations in FOXP2 [118, 137, 138].
Songbird researchers have noted its differential expression and protein abundance in song nuclei,
including RA [135, 136]. The known importance of FOXP2, which is not differentially expressed in
RA, in the regulation of CNTNAP2 activity in speech and vocal learning strongly motivates further
study of the role NHLH1 regulation could play in modifying CNTNAP2's activities, in RA and
elsewhere in the song system.

The NHLH1 gene could not be localized in the current zebra finch assembly, which would
be required to distinguish alignment of potential brain-expressed sequences to either NHLH1 or its
related family member NHLH2. However, NHLH1 has previously been reported to be expressed in
several sites in the developing chick forebrain, hindbrain, and spinal cord [296]. A search of NCBI’s
gene sequence databases revealed predicted NHLH1 orthologs in the conserved chicken syntenic
locus for three other songbirds (Geospiza fortis, XM_005431031; Pseudopodoces humilis,
XM_005533400; Sturnus vulgaris, XM_014892715), indicating that future zebra finch assemblies
will likely provide localization of the gene.

The NFATC2 motif was found to be enriched solely in the RA (+) set. NFAT family genes
serve as transcriptional co-factors that participate in numerous developmental processes, most
significantly in axon growth and guidance [297]. NFATC2 mutant inbred mice have been shown to
present significant axon guidance defects, as well as an inability to respond to neurotrophins or
netrin-1 [298]. Supporting the association of this motif with axonal function, its gene targets in the
differential RA set were functionally associated with axons, cell-cell signaling, and nervous system
development (Table S6). Although expression of NFATC2 was not detected in the zebra finch brain

(Table 8), NFAT genes share overlapping functions and binding motifs across vertebrates [299],
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and it is possible that the enriched motif could correspond to a related NFAT transcription factor.
Interestingly, NFAT transcription factors have been shown to form cooperative protein complexes
with FOXP family members, altering their regulatory target binding preferences [300]. In a case of
NFATC2 gene disruption due to interstitial duplication, a patient presented delayed onset of
speech, although this was noted in conjunction with moderate, general neurodevelopmental
delay, in addition to cardiac and skeletal abnormalities [301]. However, the delay in speech
acquisition long outlasted the improvement in the patient’s other behavioral and motor delays,
requiring speech therapy [302].

Another motif, corresponding to TCF4, was significantly associated exclusively with
promoters of the HVC projection neuron gene sets. Human mutations in TCF4 are associated with
severe intellectual disability, psychomotor delay, epilepsy, and various growth abnormalities, in
addition to a total absence of language facility [303, 304]. In inbred mice, TCF4 has been shown to
act in concert with other transcription factors in the brain, playing a significant role in fear
conditioning and sensorimotor gating [305]. Disruption of TCF4 in cultured neurons has been
shown to disregulate axon growth and branching by abolishing the effects of hepatocyte growth
factor (HGF) [306]. Supporting a similar function in songbirds, | found TCF4 targets in HVC to be
functionally associated with axonal projections and the growth cone (Table S6), suggesting that
TCF4 could be a critical factor in the development and maintenance of long-range projections of
HVC.

The TCF4 gene is not present in the current zebra finch assembly, and could not be
associated with any data suggestive of brain expression. The TCF4 binding motif, derived from
SELEX-sequenced binding sites of human TCF4 [307], has been shown to share a similar binding

profile to several other vertebrate basic helix-loop-helix transcription factors [308]. Thus, it is
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possible that another transcription factor with a DNA recognition motif similar to human TCF4
could bind to the enriched motif identified in this study.

One motif, corresponding to ZNF263, was significantly associated with all promoter sets,
suggesting that this motif could be associated with a transcription factor that performs a more
general role in the zebra finch song system. ZNF263 is widely expressed, and has been
experimentally demonstrated to bind to more than 5,000 binding sites in human cell cultures
[309], including the CNTNAP2 promoter, an association confirmed by my data (Table S5).
Interestingly, an allele that disrupts the ZNF263 core binding site in the CNTNAP2 promoter has
been associated with autism and delayed speech onset [310]. Despite its numerous and diverse
predicted target genes in zebra finch, its predicted HVC and RA target networks were associated
with only general, non-neuron-specific cellular functions, including translation, RNA binding, and
ribosomal function (Table S6). Further, the gene itself could not be localized in the current zebra
finch assembly, precluding identification of brain-associated expressed transcripts. Zinc finger
transcription factors represent a highly expanded gene family in vertebrates [311], which presents
an impediment to confident assessment of orthology and all subsequent genomic analysis.

ZNF410 was enriched in HVC-RA gene set (Table 7), with nearly 3,000 predicted motif-
promoter binding associations across the brain-expressed promoter set (Table S5). ZNF410 has
been demonstrated in humans to be a reference housekeeping gene expressed ubiquitously
across several tissue types [312]. Supporting a similar role in zebra finches, it was found to be
transcribed in brain tissue (Table 8), and its predicted HVC and RA target gene networks were
significantly enriched for numerous general as well as neuronal functional processes, largely
overlapping with functional associations enriched in the full HVC and RA gene target sets (Table

S6).
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ZFP128, a motif with few predicted gene targets and solely enriched in the RA (-) set,
corresponds to a C2H2 zinc finger transcription factor unique to the mouse genome. Although
poorly known, the gene has been hypothesized to participate in the bone morphogenetic protein
(BMP) signaling pathway [313]. The gene could not be localized in the zebra finch assembly, and
its predicted HVC and RA targets were not significantly associated with any known functions.

Finally, a motif derived from FOXJ3 was found to be enriched in the HVC-RA and RA (-) sets
(Table 7). Although not well described, FOXJ3 has been suggested to participate in neural
development, with expression in neural crest tissues described in inbred mice [314]. Its predicted
song system gene targets were not significantly associated with any known functions, and no brain
expression was identified at its gene locus (Table 8).

Brain expression could not be detected—or assessed, in the case of genes that did not
align to the taeGutl assembly—for a number of the transcription factors whose motifs were
found to be enriched in HVC and RA (Table 8). However, it should be noted that it is possible that
these transcription factors are expressed only under developmental or behavioral conditions not
directly assessed by available transcriptomic resources. Thus, rather than being constitutively
expressed or repressed by constitutively active transcription factors, it is possible that predicted
motif target genes are instead primed to respond only under select conditions and states. Further,
functional overlap with related gene family members has been noted for many of the
transcription factors discussed, and it is possible that alternate transcription factors whose DNA
binding motifs have shifted in songbirds could be regulating the gene sets identified in this study.
Careful experimental interrogation, ideally through the use of ChIP-seq to specifically identify sites
of TF-DNA interaction, will be necessary to conclusively demonstrate the motif-gene associations

predicted in this work.
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Comparative promoter analysis between zebra finch and chicken

The finding that gene sets regulated in brain nuclei for vocal learning are associated with select
binding motif enrichments motivates an evolutionary question: are these motif—-gene set
associations also present in species that do not learn their vocalizations, that do not have a song
circuit, and that thus do not display differential gene regulation in these regions? To begin an
exploration of this new avenue of research, | attempted to test two simple models for the
evolution of region-specific expression in a lineage-specific brain region, such as a songbird vocal
control nucleus. In the first model, cis-regulatory element—gene associations are relatively fixed
over evolutionary time, and newly evolved structures (such as song system nuclei) take advantage
of preexisting transcription factor regulatory pathways. In this case, the song system gene sets
described earlier would be expected to show similar enrichments in gene sets derived from
orthologous promoters of a non-songbird avian species. In the second model, new motif—
promoter associations are established, in order for transcription factors already expressed in a
given brain region to modify the expression of genes not previously under their regulatory control.
In this case, the song system gene sets described earlier could show unique enrichments, not
observed in gene sets derived from orthologous promoters of a non-songbird. Clearly, these
simple models are not mutually exclusive, but to my knowledge, the degree to which either model
is supported by the analysis of regulatory motif conservation in brain co-expressed gene sets has
not been specifically tested. | sought to assess whether the motif enrichments linked to genes
expressed in zebra finch song nuclei also occurred in orthologous gene promoter sets in chicken, a
non vocal learner. In doing so, my goal was to assess the level of support for these two models of
the evolution of gene regulatory regions, which could have larger implications for the evolution of

the brain and behavior.
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To test the level of support for these two models, | reapplied the motif enrichment
pipeline performed previously in zebra finch to the orthologous promoter sequences of chicken,
to test whether the motif-gene set enrichments observed in zebra finch were also present in
chicken. | was able to identify orthologous chicken promoters for 4,351 (98%) of the zebra finch
brain-expressed promoter set, specifically identifying chicken orthologs for 86 of the 102 genes
(84%) in the HVC-RA set, 56 / 61 (92%) for the HVC-X set, 135 / 138 (98%) for the RA(+) set, and
200 / 212 (94%) for the RA(—) set. Overall, | found that 10 / 25 (40%) motif—gene set enrichments
were conserved between finch and chicken (Table 9). 15 / 25 (60%) of enrichments were found to
be uniquely enriched in zebra finch gene sets. In 6 cases, chicken gene sets displayed motif
enrichment that was not observed in the orthologous zebra finch gene set. In 17 cases, motifs
shared non-enrichment in both chicken and zebra finch.

Thus, the data seem to suggest that gene sets expressed differentially in the song system
display slightly more unique motif enrichments (60%) than broadly conserved enrichments shared
in chicken (40%). However, | note that the overall level of motif enrichment conservation between
finch and chicken roughly correlated with the percentage of orthologous chicken promoters
obtained and analyzed, and that in some cases the enrichment scores were near the threshold for
significance (p < 0.05), suggesting that some of the differences in gene set enrichment could
potentially be explained by lower numbers of promoters in the chicken sets relative to the finch
sets. In consideration of this, | draw the more conservative conclusion that motifs enriched in the
promoters of zebra finch song system gene sets are neither more nor less likely to be uniquely
enriched or conserved in orthologous promoters of a non-songbird. Thus, these data provide
roughly equal support for models 1 and 2, suggesting that the evolution of differential regulation
in the song system takes advantage of preexisting, broadly conserved regulatory pathways, as well

as evolving new transcription factor—gene target associations.
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Table 9. Motifs enriched in promoters of song system marker gene sets in zebra finch and chicken. Motifs

displaying shared gene set enrichment in both species indicated in yellow, motifs uniquely enriched in zebra

finch gene sets indicated in blue, motifs uniquely enriched in chicken indicated in red. Abbreviations: Chk,
chicken; Zf, zebra finch.

Previous studies provide additional support for both models. Supporting the first model, it

has been extensively demonstrated that some regulatory regions are highly conserved across

vertebrates [315], and comparative analyses have demonstrated that some predicted regulatory

motifs are broadly conserved across mammalian promoters [316]. Thus, the evolution of a novel

brain nucleus could be accomplished by altering the expression of specific transcription factors

within a brain region, in order to alter that region’s functional properties, taking advantage of pre-

existing motif—promoter associations.
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Supporting the second model, it has been shown that although gene expression across
tissues is widely conserved across vertebrates, there is little correlation in conservation of the cis-
regulatory regions of co-expressed genes, suggesting that conserved gene co-expression can be
accomplished through alternate regulatory mechanisms [317]. It is also known that ultra-
conserved noncoding regulatory regions are relatively few in number and largely associated with
enhancers rather than promoters [315]. Outside of these conserved regulatory regions, non-
coding genomic regions appear to be under low selective pressure, evolving rapidly from species
to species [123].

Further, extensive work has demonstrated the importance of endogenous retroviral
elements, or retrotransposons, in shaping the course of genomic evolution [318, 319], in some
cases through their ability to alter cis-regulatory sequences and gene expression. These elements
translocate across genomic locations in an inexact manner, and have been demonstrated to
interrupt and alter gene regulatory regions through insertion, in some cases bringing with them
genomic regulatory motifs from their original locus, in some cases with significant consequences
for gene expression [320, 321]. In my own work, | have discovered a gene duplication where one
copy exhibited altered expression relative to the other copy, and also showed evidence of
retroviral insertion into its promoter region (see discussion of CASC1 duplication, Chapter 2). Thus
one may conclude that this shuffling of regulatory regions may be a mechanism that allows new
motif-gene target promoter associations to form, potentially resulting in the large-scale

alterations in transcription that allow a new brain nucleus with specialized properties to emerge.
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2.1  Methods

Sequence Data

The genomes of zebra finch and chicken were downloaded from public databases (taeGut1, NCBI:
PRINA122047; galGal4, NCBI: PRINA13342). The complete set of publicly available zebra finch full-
length mRNAs, including all RefSeqgs, was retrieved from NCBI. All 5’-cap ESTs, which were derived
from a comprehensive set of diverse brain tissues under a range of behavioral conditions [125-

127], were also retrieved from NCBI.

Identification of brain-expressed gene promoters

In order to derive a database of all zebra finch promoters with experimental support from brain
expression studies, | first aligned the complete set of brain-derived mRNA and EST sequences to
the zebra finch genome assembly using BLAT [180], with parameters optimized for same-species
alignment as described in Chapter 2. These were then filtered so as to include only those hits
where the alighment to the genome started within the first 50 bp of the query sequence, and
represented the highest scoring alignment of each query sequence to the assembly. BLAT outputs
were then combined, converted to BED format, and curated to remove artifactual alignments
using custom scripts. Bedtools [322] was used to merge all overlapping alignments, which were
then assigned names based on the most upstream overlapping Ensembl model. A total of 525 loci
did not overlap with any Ensembl model. Ad hoc manual inspection of a sample of non-gene
overlapping alignments revealed them to largely represent IncRNAs and retroviral elements,
unsuitable for gene promoter analysis. All 153 alignments with duplicate Ensembl model names
were also manually inspected. These misannotations were found to derive from artifactual
Ensembl models, and were reannotated on the basis of sequence similarity to known RefSeqs

from other species aligned to the locus in the UCSC genome browser. This resulted in a high-
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confidence set of 4,451 experimentally supported first exon-containing loci. Finally, | used custom
scripts and implementations of the bedtools ‘slop’ and ‘getfasta’ functions [323] to generate

promoter sets according to the length specifications described in the text.

Genomic repeat content analysis
Repetitive sequence content was assessed using the RepeatMasker application

(http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker), using the more sensitive cross-
species search algorithm (cross_match), with chicken as the comparative contrast species, and

otherwise default parameters.

Microarray datasets

In order to analyze promoters of genes with HVC projection neuron-selective expression, |
reanalyzed the results of a microarray study which contrasted expression in HVC-RA and -X
neurons identified through fluorescent retrograde labeling and obtained through laser capture
microdissection [243, 255]. The results provided 324 clones from HVC-RA and 175 from HVC-X
neurons that were significantly different at a false discovery rate of p < 0.05. These were then
manually annotated using extensive cross-species alignment & synteny approach, described
previously. This condensed the set to 144 putative HVC-RA marker genes and 74 putative HVC-X
marker genes. An analysis of archival double labeling data from our lab contributed an additional 4
HVC-RA and 5 HVC-X marker genes. | then performed a manual analysis of the entire set,
considering alignments of chicken and human genes as well as 5’ ESTs, to identify genes for which
we have true first exons. | then identified the intersection of the array set and the full brain-

expressed promoter set in order to generate promoter sets for song system markers.
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In situ hybridization analysis

| performed an analysis of FISH data collected previously by our lab, in order to confirm cell type-
selective expression of HVC-RA and HVC-X markers identified by microarray. Briefly, these data
were collected by first bilaterally injecting fluorescence-conjugated cholera toxin B into Area X and
RA to retrogradely label HVC projections into these nuclei, and subsequently performing FISH of
these sections with Alexa-conjugated riboprobes to test gene markers in order to quantify the
number of cells where probe labeling co-localized with retrograde labeling from Area X and RA, in
order to identify selective markers of each projection neuron subtybe (Figure 16). DiG ISH was

performed as in previous chapters.

Transcription factor motif collection

To date, no transcription factor binding sites have been directly determined in a songbird. To
develop a suitable set of positional weight matrices (PWMs) for use in the analysis of zebra finch
promoters, | first investigated the use of a library of inferred sequence binding motifs for zebra
finch, among >300 other species (CisBP [308]). To reduce redundancy and improve species-specific
motif accuracy, the authors of CisBP attempt to link each TF present in a given genome to directly
determined PWMs from the nearest available species. However, a cutoff is imposed to limit the
allowable amount of sequence divergence in predicted DNA binding motifs between species.
Because of this, many TFs with known activity in the zebra finch song system (e.g., FOXP1) are not
represented in the database. As an alternative, | assembled a set of motifs from several vertebrate
PWM databases to cover the fullest possible range of TFs present in the zebra finch genome. This
set comprised PWMs derived from protein-binding microarrays in mouse (UniProbe[324]), high-
throughput SELEX and ChIP sequencing in human and mouse [307], and JASPAR, an extensively

curated, non-redundant motif database integrating experimental binding data from numerous
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sources [325]. In total, this PWM set consisted of 1,748 motifs, between 6 and 23 bp in width
(average width 13.2). PWMs were converted to the MEME motif format, adjusting positional
dependencies based on the background nucleotide sequence composition of the full zebra finch

promoter set.

Motif enrichment analysis

To identify binding site motifs that were associated with specific gene promoter sets of interest, |
performed a motif enrichment analysis to identify overrepresented motif—target set associations
using a threshold-free linear regression algorithm that has been demonstrated to outperform
other available algorithms for detection of motif enrichment [260]. | calculated the enrichment of
motifs from the previously constructed PWM set within each gene promoter set of interest
relative to its background promoter set. For each target gene set, a background set consisting of
all other brain-expressed promoters was first used to calculate position-specific priors, in order to
account for biased likelihood of motifs generally present in the full promoter set. Enrichment was
calculated using average odds scoring, which calculates PWM scores as odds scores for overall
probability of motif-promoter binding and averages these over the set of target promoters,
calculating the enrichment relative to the probability of finding the motifs in shuffled input
sequences, in order to prevent bias due to uneven positional dependence of background

dinucleotide frequencies.

Motif target search

As increasing the number of PWMs used to search a sequence set also increases the false
discovery rate, | sought to reduce the number of redundant motifs before performing the final
motif target searches. | used a method to generate a pairwise correlation matrix of motif similarity

for all motifs enriched in a given gene target set (MAST [326]). Motifs with pairwise correlations
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above 0.60 were considered redundant, and combined. To obtain sets of predicted gene targets of
enriched transcription factors identified through the motif enrichment and discovery analyses, the

FIMO algorithm was used [327], using a strict false discovery rate cutoff of p < 1E-4.

Functional annotation of motif target gene sets

To identify the potential function of predicted transcription factor target gene sets, | ran a gene
ontology analysis using StringDB v10.0 [328] to identify enrichments for functional associations
within gene sets using annotations from the Gene Ontology database (GO [329]) and KEGG

PATHWAY database [330].

Comparative promoter analysis

Ensembl gene IDs associated with the complete zebra finch promoter set were used to obtain the
set of orthologous chicken promoters from Ensembl BioMart [184]. To identify the level of base
conservation between zebra finch and chicken promoters, BLAT was used, with parameters
sensitized for cross-species alignment, as described in previous chapters. Chicken gene promoter
sets corresponding to those used in the zebra finch promoter analyses were constructed by
matching gene orthologs between finch and chicken. The motif discovery and enrichment
pipelines were run as before, using chicken promoter sets, to identify differences and similarities

in motif enrichment in gene sets of interest between finch and chicken.
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5 New models for understanding the evolution of a
complex behavior: a general discussion

5.1 Current models of the evolution of learned vocal behavior
Current and past models for the evolution of vocal learning have largely treated it as a binary trait,
where some species are vocal learners and the rest are vocal nonlearners, with no intermediary
species [20, 64, 331]. One of the basic tenets of Darwin’s Theory of Evolution is that evolution
results from the gradual, successive accumulation of mutations across generations [332]. It seems
improbable that the substrates for vocal learning—including a modified vocal apparatus and
multiple brain structures devoted to vocal control, which are interconnected throughout and
beyond the brain and involve the coordinated expression of thousands of genes—could have
evolved overnight, through a single or even several mutation events. Such a mechanism of origin
has been proposed for the song system by Erich Jarvis and colleagues, who suggested that vocal
learning circuits evolved at once, through the duplication of a preexisting motor pathway
exhibiting similar connectivity, as a result of gene duplication [333, 334]. Although this would
seem to contradict the generally accepted notion that the mutations that confer fitness are rare,
of small effect, and accumulate slowly over evolutionary timescales (i.e., ‘gradualism’),
subsequent evolutionary theorists have suggested the possibility of abrupt mutation events that
result in dramatic phenotypic changes, which confer extreme fitness benefits, termed ‘hopeful
monsters’ [335]. However, convincing examples of such ‘hopeful monsters’ have so far been
identified only in unicellular organisms [336].

This hypothesis has support from linguists such as Noam Chomsky and primatologists such
as Marc Hauser, who have argued that human language facility must have arisen from a single
gene event, given that many aspects of language, including certain properties of grammar, are

shared amongst humans universally and not found elsewhere in the animal kingdom [337]. This
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appears further supported by the finding that parrots seem to possess a second song system
within their song system which exhibits differential connectivity and gene expression, interpreting
this pathway as a second motor pathway duplication [228]. However, in no case has a gene or set
of genes that could result in the duplication of an entire set of brain nuclei and attendant circuitry
been identified. For now, this hypothesis rests on a ‘hopeful monster’ of unprecedented scale. It
thus seems necessary to consider hypotheses that implicate intermediate forms between vocal
learners and nonlearners.

Jarvis has proposed such a hypothesis, the “continuum hypothesis” for the evolution of
vocal learning [338]. In support of this hypothesis, Jarvis and colleagues have reported the
identification of a direct corticospinal projection to the hindbrain vocal nucleus in inbred mice,
which they propose could serve to control their ultrasonic ‘vocalizations’ [339]. Further, they
interpret their finding in a vocal non-learning suboscine, the Eastern phoebe, of a similar direct
projection from an ‘RA-like’ nucleus to the hindbrain vocal motor nucleus, as additional support
[240]. On the basis of these findings, they concluded that vocal learning behavior exists as a
continuum, where non-human primates, which lack such a direct projection [79-82], are
considered "limited vocal learners;" mice are considered "moderate vocal learners," songbirds and
parrots are considered "complex vocal learners," and humans alone are considered "high vocal
learners" [338]. Thus, they predict, vocal learning evolves by gradualism, with intermediate
species only partially learning their vocalizations.

The first issue with this hypothesis is of a more philosophical nature, as it implies that the
supposed ‘limited’ or ‘moderate’ vocal learning of mice, monkeys, and songbirds are incomplete
behaviors, imperfect versions of the implied behavioral ideal, the ‘high vocal learning’ of humans.
This thinking is not unlike the scala naturae, the ancient reasoning that placed all of creation along

a ladder, with the ‘lower’ animals firmly set below the ‘higher’ forms of Men and angels, with all of
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Creation climbing up towards the heavens. Within the realm of science, this line of thinking was
long ago superseded by the Theory of Evolution [332], and subsequent advent of modern
phylogenetic systematics, or cladistics, in which all living organisms are descended from a
common origin, constituting equal branches in a tree (or, more accurately, bush) of life [340].
Under this more nuanced understanding of evolution, where all living organisms are equally
advanced from this common origin, language referring to ‘higher’ and ‘lower’ life forms is avoided,
as it reflects misunderstanding of evolutionary theory stemming from anthropocentric bias.
Finally, it is nonsensical to consider any behavior as an incomplete behavior — all behaviors are
simply behaviors.

This vocal continuum hypothesis is more seriously contradicted by the existing data. First,
in both their demonstrations of a direct corticospinal projection in inbred mouse and Eastern
phoebe, the projection was identified on the basis of relatively few labeled fibers, was
reproducibly detected in relatively few animals with a high failure rate, and appeared highly
anatomically variable from animal to animal [240, 339]. Given that the injection target in both
cases was a very small hindbrain nucleus, and that several hindbrain nuclei receive input from
adjacent cortical motor regions to the proposed RA-like nuclei in these species, a very strong
possibility exists that adjacent nuclei were retrogradely labeled through leakage at the injection
site or through upwelling through the pipette injection column, or that axonal projection passing
through the injection site were labeled inadvertently, a common technical confound known as the
‘fibers of passage’ issue. More problematic is the fact that the vocal behavior of these particular
species has been thoroughly demonstrated as unlearned, perhaps more conclusively than in any
other species. In inbred mice, the ultrasonic ‘vocalizations’ now widely studied as a model of
human speech are not produced through the larynx at all, and thus are more accurately termed

phonations, more similar to human wheezing and coughing [341, 342]. It was further
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demonstrated that the two forms of rodent ultrasonic phonation represent by-products of either
decreased body temperature, in the case of pup ‘isolation calls’ [343], or physical activity, in the
case of the additional adult ‘call’ types [344]. The social aspect ascribed to these ‘calls’ is thus
confounded by the fact that pup core body temperature decreases with maternal isolation [343],
and that adult ‘calls’ are associated with social behaviors with a strong physical component such
as tickling, play, mating, and general locomotion [345, 346]. Most damning of all, inbred mice with
engineered deafness develop normal ‘calls’ indistinguishable in acoustic features and social
production from undeafened mice [28, 347]. It is indeed possible that mouse phonatory behavior
contains social cues, just as a cough or a wheeze could indicate respiratory illness. But the
supposition that these acoustic emissions show evidence of learning, even ‘limited learning,” has
been thoroughly disproven. Given the lack of support for the ‘continuum hypothesis,’ | propose an

alternate model for the evolution of vocal behavior.

5.2  The ‘Stepwise Hypothesis,” a new model for the evolution of vocal learning
The Stepwise Hypothesis for the origins of vocal learning posits that the complex vocal learning
behavior of humans and avian vocal learners can be seen as one step along a pathway. In contrast
to the motor hypothesis, which treats vocal learning as a binary trait, in the stepwise hypothesis
attaining the phenotype of complex vocal learning is dependent on several intermediate steps,
each conferring a unique fitness advantage. However, in contrast to the continuum hypothesis,
there is no implied elevation or directionality: each step is neither higher nor lower, and species

may ‘walk’ in any direction.
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Step 1. Innate motor variability and learned contextual usage

Most animals that vocalize are social, and this vocal behavior changes bioacoustically over a
protracted period of development, largely a by-product of the physical development of the vocal
apparatus. Domestic dogs, cats, and chimps exhibit a degree of individual call variation that is
more variable in juveniles, where the development of the vocal apparatus is still in flux. Following
this, animals can be trained to produce slightly different calls, selecting from an innate set of
developmental outcomes of the larynx or syrinx. Anecdotally, my own cat, Rhiannon, when less
than a year old, produced a variable set of ‘meow’ calls, including an infrequently produced, high-
frequency ‘coo’ call, which | found to be endearing. Through selective provisioning of treats, |
rewarded instances of ‘coo’ call production. Consequently, her rate of ‘coo’ calls increased, and all
other ‘meow’-like calls disappeared as she attained maturity. | did not myself produce the ‘coo’
call for her to imitate; thus it represented an innate, unlearned vocalization.

| propose that all current data on vocal individuality and context-specific usage in the calls
of non-human primates can be most parsimoniously explained as similar phenomena, given the
neuroanatomical and behavioral data discussed in Chapter 1. In both the example of my cat and of
social call production in Apes, this context-specific associational learning confers clear fitness
benefits, including social cohesion, alert to the presence of a predator, and procurement of a
treat. | adopt Janik and Slater’s terminology here, designating Step 1 ‘learned contextual usage’
[19], with a requirement for innate vocal variability that is generally shared among vocalizing

organisms.
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Step 2. Selection on actively injected variability

One of the most fundamental insights of Darwin’s Theory of Evolution was that variability in
phenotype is a necessary prerequisite for natural selection [332]. Indeed, as populations lose their
variation through inbreeding or strong stabilizing selection, so, too, do they lose their ability to
evolutionarily adapt to changes in their environment.

More recently, it has been demonstrated that the neurobiology of learning mirrors this
key aspect of evolution. During juvenile song learning, LMAN acts as a driver of variability,
injecting a highly variable spiking signal into the motor output nucleus RA [348]. This variability
signal has been shown to be a critical requirement for song learning [349]. Following this
observation, studies of human motor behavior have confirmed that initial motor variability
predicts subsequent ability to learn the performance of a novel motor task [350]. Integrating these
findings, | now suggest that the evolution of the ability to actively inject variability into the motor
signal represents the key evolutionary event that precedes the evolution of complex vocal
learning.

A fundamental insight in support of this step came with the discovery that the variable
food begging calls of infant songbirds share many overlapping features with adult song [351-354].
In a key study, it was shown that nestling food begging calls: 1) were more variable in males,
resemble later subsong by several spectral parameters, 2) were altered by deafening (unlearned
‘chip’ contact calls are not and female nest begging calls were not), 3) induced differential
expression of c-fos in RA (this was not the case in females, nor in the production of unlearned
contact calls), and 4) electrolytic lesion of the developing RA significantly altered the parameters
of several acoustic features of male food begging calls (lesions did not alter unlearned contact

calls, and lesions of RA in females did not alter begging calls) [351]. On the basis of these
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observations, Liu and colleagues suggested that this variability in infant food begging calls may be
a developmental prerequisite for eventual song learning [351].

In certain species, this begging has become more elaborated, where begging calls that
more closely resemble calls made by the mother result in higher food provisioning to the nestling
[352-354]. Thus there is a clear selective advantage for infants to actively inject variability into
their calls, and actively select calls that most closely resemble a tutored vocalization. Further, this
ability is mediated by a forebrain motor control nucleus with a direct corticospinal projection to
the hindbrain motor nuclei, RA. It is important to note that these vocalizations are calls, which
would emerge in some form without tutoring, but that their acoustic character is shaped through
auditory input from a tutor. | propose that this step, ‘Selection on actively injected variability,’ is a
discrete phenotypic unit with a select fitness advantage distinct from that of learned song, which
is more fully dependent on tutoring, and predict that the closer examination of variable infant
nest begging across avian phylogeny will reveal further species that possess variable, tutored

infant nest begging behavior but not learned song.

Temporal vocal learning (Step 3) versus Spectral vocal learning (Step 4)

It has been demonstrated that the learning of the temporal and spectral features of song require
separate pathways and connections [355]. As reviewed in Chapter 1, the production of a learned
vocalization is dependent on the vocal-motor pathway (HVC to RA to nXIlts). Lesioning of HVC or
RA will lead to a selective loss of learned song production, although calls will still be produced.
Although lesioning of the AFP pathway for learning in juveniles will result in an inability to learn
song, lesioning of these nuclei in adults produces little degradation in song, suggesting that once a
song has been learned, the vocal motor pathway is sufficient for its production. Further work has
demonstrated that the pathways for learning in the spectral and temporal domains of birdsong

are dissociated, and that learning in these domains can be modified selectively [355].
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Given these observations, | suggest that suboscines may represent an example of an
organism with vocal learning in the temporal, but not spectral domain. This is supported by: 1) the
fact that many suboscines exhibit complex duetting behavior, requiring temporally precise
coordination of song between males and females, and 2) my findings that suboscines share
expression in an RA-like nucleus, but do not display evidence of an HVC nor any other AFP nuclei.
All demonstrations of a lack of vocal learning in suboscines performed thus far have focused on a
lack of difference in the spectral features of song, in species that do not exhibit duetting behavior.
| predict that lesioning of the RA-like nucleus in a duetting suboscine, while not altering the
spectral features of song, would detrimentally affect the bird’s ability to modify the temporal
features of song in response to its duet partner. In this case, temporal vocal learning could confer
a unique fitness advantage—evaluation of performance by a mate—maintained by the sexual
selection pressure.

Under this interpretation, the last common ancestor of parrots, songbirds, and suboscines
was likely a temporal vocal learner, and songbirds and parrots have convergently evolved spectral
vocal learning and its underlying forebrain circuitry. This is supported by: 1) the fact that although
the position of RA is well conserved in songbirds and parrots, the position of HVC/NLC and the AFP
nuclei is drastically different (Figure 10); 2) although direct motor pathway for temporal learning is
conserved in parrots and songbirds (HVC/NLC to RA/AAC to nXlits), the other pathways of the
song system show alternate connectivity between parrots and songbirds (Figure 12); 3) my own
findings that markers of songbird RA were more broadly shared in parrot AAC than markers of
HVC / NLC (Tables 2,3); and 4) shared markers of RA / AAC are also remarkably well-conserved in
an RA-like nucleus in suboscines (Table 4, Figure 15), similar in position and cytoarchitectonics to

songbird RA (Figure 14).
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| believe these results are more parsimoniously explained by the Stepwise Hypothesis. In
this case, the evolution of an RA-like brain nucleus—which is defined by a direct corticospinal
projection onto brainstem vocal and respiratory centers and a ‘core’ set of molecular
specializations broadly shared by all vocal learning birds and humans—is a separate event
preceding the evolution of an interconnected cortico-basal ganglia-striato-cortico loop. Emerging
evidence shows that parrots, the premier vocal learners of the animal kingdom, may have an
additional AFP pathway to subserve their advanced imitative abilities [228]. This could perhaps be
interpreted as a fifth step, reflecting a level of inter-species vocal imitation that exceeds even our
own (think about how well you can imitate a parrot). However, these imitative abilities are largely
confined to the spectral domain, and reflect increasing degrees of spectral imitative ability rather
than a discrete behavioral phenotype. Thus, | classify parrots and humans both as spectral vocal
learners.

In one of the most celebrated papers on evolutionary theory since Darwin, "The Spandrels
of San Marco and the Panglossian Paradigm,” Gould & Lewontin describe the history of St. Mark's
Cathedral in Venice. Following its initial construction, structures that had been built to serve one
purpose—such as its spandrels, which were initially built for the practical purpose of supporting
the Cathedral’s massive dome—took on new and completely different purposes over time. Later
changes to the Cathedral were not accomplished through the addition of new structures, but the
extensive elaboration of preexisting structures, such as the spandrels. Similarly, in Chapter 2, | was
able to identify 10 novel genes unique to songbirds, 2 of which exhibit differential expression in
the song system. However, in Chapters 2 and 3, | also found that hundreds of genes are
differentially expressed in the song system, and that these expression patterns may be regulated
in part by taking advantage of transcription factor—gene target associations broadly conserved in

vocal learning and non-learning birds alike. It follows that although novel gene evolution appears
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to contribute to the properties of brain nuclei for vocal learning, the primary molecular identity of
these circuits emerges through incorporation of preexisting genes, as in the example of the
spandrels.

Given that the specialized properties of brain circuits evolved for vocal learning take
advantage of preexisting genes and regulatory pathways, | suggest that vocal behavior could
evolve similarly, with each ‘Step’ representing an elaboration upon preexisting behaviors and
neural circuits: spectral vocal learning can be thought of as an elaboration (the AFP) in the spectral
domain upon structures initially evolved for temporal vocal learning (RA and its corticospinal
projection), which may be a sexual selection-mediated elaboration in adults upon the tutored,
variable infant nest begging behavior of juveniles, which may be an elaboration on the
developmental plasticity and associational learning widely shared by vocalizing animals.

Viewing these data through the lens of the Stepwise Hypothesis, no step is classified as
‘incomplete.” Rather each step is associated with its own complete behavioral phenotype,
conferring unique fitness advantages. Further, the underlying brain circuitry and molecular data
suggest that the circuit does not emerge all at once, but rather through successive steps, where
preexisting genes and structures take on additional duties to support novel structures. Thus,
duetting suboscines are no more ‘on their way’ towards becoming ‘more evolved’ spectral
learners like their oscine and psittacine kin than apes are waiting for the day they will become
‘complete,’ talking humans. In the unceasing evolutionary race, where there exists no endpoint so

much as a constant pressure to outrun life’s myriad challenges, every step is as good as the next.
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6 Conclusions

6.1 Conclusions

| performed a comparative analysis of 48 avian genomes to identify genomic features that are
unique to songbirds, as well as an initial assessment of function by investigating their tissue
distribution and predicted protein domain structure. In order to facilitate these analyses, |
developed original computational tools for lineage-specific novel gene discovery that overcome
long-standing obstacles in this field by incorporating knowledge from evolutionary systematics. |
also developed extensive resources for high-throughput analyses of avian genomes. | described
and characterized 10 novel genes found uniquely in songbirds, including two with differential
activity in brain regions necessary for vocal learning. These findings support the hypothesis that
lineage-specific novel genes subserve some of the properties of vocal learning circuits.

In order to address the degree of molecular similarity among independently evolved vocal
learning circuits, | identified molecular markers—transcripts uniquely expressed in specific cell-
type populations—of vocal nuclei in a songbird, and subsequently demonstrated that a set of
these represent shared specializations of analogous vocal nuclei in a parrot and hummingbird. In a
nucleus critical for the fine motor control of learned vocalizations, these molecular specializations
are further shared with humans. The finding that core sets of genes are convergently expressed in
HVC- and RA-like nuclei across vocal learners suggests that these gene specializations may
represent fundamental molecular requirements for all vocal learning circuits

In a complementary study, | explored whether expression of song nucleus gene markers
was also conserved in suboscines, a group closely related to songbirds thought to be non vocal
learners lacking a song circuit, although limited evidence suggests some species may in fact display
learned vocal behavior. In order to complete this study, | collected high quality brain tissue in the

field (Brazil) from 49 brains from 26 species representing 7 of the 12 families of New World
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suboscines. This represents the largest collection of suboscine brain material in the world. ISH
gene expression analysis of this material largely supports the lack of song nuclei in this group,
although intriguing conserved expression is noted of several RA markers in a similarly located
arcopallial domain, which may represent evidence for molecular ‘preadaptation,’” paving the way
for the later emergence of true vocal learning nuclei, through a process that | describe as the
‘Stepwise Hypothesis’ of vocal learning evolution. Together, these findings support the hypothesis
that unrelated vocal learning groups have convergently evolved shared molecular mechanisms
within their vocal learning circuits, but also suggest that there may be specific differences that
reflect multiple evolutionary solutions to the problem of building a song circuit in the evolutionary
histories of these groups.

Finally, in order to identify the changes in regulatory sequence that may be associated
with the co-expressed gene networks in vocal learning circuits, | developed a computational
pipeline for avian promoter identification and analysis. | identified candidate vocal learning
regulatory motifs associated with differentially expressed gene sets in RA, as well as the projection
neurons of HVC. | propose that the predicted target genes of these motifs could subserve the
known molecular and physiological properties of brain nuclei critical for learned vocal behavior,
including neurogenesis, axon projection and guidance, and androgen sensitivity. These findings
support the hypothesis that genomic regulatory elements underlie regional and cell type-specific
gene expression networks in vocal learning circuits, and present a framework for understanding
how shifts in gene regulatory sequence composition could lead to the emergence of vocal learning
circuits. In sum, this work provides a roadmap for integrating knowledge from genomics, gene
expression analysis, neuroanatomy, physiology, and phylogenetics to provide novel insights into

the evolution of behavior.
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6.2 Future Directions

This work demonstrated that incorporating synteny-based methodologies into gene annotation
and novel gene finding pipelines improves the quality and reliability over purely alignment-based
methodologies. New genomic sequencing technologies substantially improve on the read length
and sequence contiguity over previous methods, and ambitious plans are underway to sequence
the genomes of tens of thousands of species, forming a more complete picture of the molecular
blueprints for life on earth [356]. The novel gene pipeline described here could be applied to
identify genomic innovations that characterize species and clades at multiple levels. By tracking
individual loci across phylogenetic trees, we might improve our understanding of general
principles that govern the expansion and contraction of gene families. As it focuses on gene loci
rather than quality of alignment, this pipeline is robust to the sometimes drastic changes in gene
exon structure and sequence composition that can occur in the course of genome evolution. This
motivates deeper integration of synteny, in addition to sequence alignment, into even routine
genome annotation pipelines.

Although | identified several novel genes unique to the songbird lineage, including two
uniquely expressed in song system nuclei, my analyses did not extend to experimental testing, to
identify the role these genes could play in vocal learning. At ~3 and 2 kb, respectively, TMRA and
YTHDC2L1 are both well under the packaging capacity limits of AAV and lentiviral vectors. Future
experiments could seek to introduce custom short hairpin RNAs to knock down expression of
these genes with high precision, and subsequently measure the effect on song learning.

The finding that unrelated vocal learners share a core set of vocal learning circuit markers
opens up several exciting avenues for future research. The first task will be to gain deeper
understanding into the molecular pathways and functions supported by these critical gene sets.

Already, others have begun investigating some of these genes, establishing their importance in the
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development of the critical cortico-spinal projections that characterize vocal learning circuits
[357]. Future work should focus on analysis of the most important functional categories
represented by these gene sets (Figure 11, Table S2), with special focus on ion channels, which
could eventually lead to molecular substrates for these circuits’ unique electrophysiological
properties. An important caveat worth noting is that all of these studies were carried out in adult
animals. Recent work has demonstrated that marker patterns in zebra finches can shift
significantly over the course of development [358]. This raises interesting questions about
whether these developmental patterns are also seen in non-songbird vocal learners. A concerted
effort to study comparative development of specialized expression in convergent song systems
could lend insight into whether there exist molecular correlates for the behavioral differences in
song learning ontogeny seen in these groups. A better understanding of the most critical
mechanisms that regulate neuroplasticity in open vs closed learners (represented by budgerigars
and parrots, respectively) could have implications for how critical periods are closed, and how
they may be reopened.

The finding that markers of song RA that are shared in its parrot analog AAC are largely
also markers of an arcopallial domain in suboscines suggests that the common origin for this
nucleus was likely present in the last common ancestor of these avian lineages. Most immediately,
there is a need to run additional ISHs in suboscines to determine whether this domain shares
more markers with songbird RA or Alat, as the affiliation with Alat described in this work was
based on a relatively small sample size. It will also be necessary to define the projection targets of
this region, through the use of anterograde tract tracing. Retrograde tract tracing from nXllts
could also be used to determine whether this or any other forebrain region contains a direct
corticospinal projection to this syringeal control nucleus. Further, it will be necessary to determine

whether this domain supports any component of vocal behavior in suboscines, especially with
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respect to temporal learning, which could be critical to the complexly timed duets of some
suboscine species [238, 359]. The possibility that vocal control pathways in suboscines represent a
sort of intermediate stage in the evolution of complex vocal learning presents a prime opportunity
to combine the work of field ecologists with molecular neuroscientists and genomicists to reveal
novel insights into the evolution of complex behavior.

The advent of high-throughput sequencing has enabled the study of large scale patterns of
gene activation in neural circuits, as well as the regulatory mechanisms that govern them.
Nevertheless, sequence gaps interrupt many promoter regions, which are notoriously difficult to
sequence due to high GC content [360], as well as artifacts of misassembly that generally plague
alignment-based analysis of genome assemblies [361]. To ameliorate these deficits, our lab and
others are in the process of preparing a new zebra finch assembly, constructed using PacBio long-
read sequencing. Preliminary analyses indicate that this assembly contains substantial new
genomic sequence, and is more contiguous than previous assemblies, filling in many of the
sequence gaps present in the current zebra finch assembly, including those that interrupt
promoters. The inclusion of additional promoters of song system markers, excluded from this
study due to poor sequence quality, would likely bolster the promoter—motif associations
presented here, as well as presenting new ones.

A primary goal for future comparative work is to apply the promoter identification and
motif enrichment pipelines described here to additional songbird species for which brain
expression data are available, such as Great Tit [362] and Canary [363], in order to identify
whether these species share the promoter—motif associations and gene target network functional
associations with those identified in zebra finch. The development of multi-species phylogenetic
footprinting approaches, similar to recent models tracing the evolution of some human-specific

regulatory elements [364], stands as an especially promising goal to distinguish zebra finch-
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specific motif—promoter associations from those shared by all songbirds. For those species
without sufficient brain transcriptome data, the highly curated gene promoter databases
developed here could be aligned to comparable sequences upstream of the orthologous genes
from the large set of avian genomes in NCBI (n=68, 9 songbirds and 59 non-songbird species). The
promoter analysis pipeline developed here could be used to identify domains that are conserved
throughout avian phylogeny, as well as determining which of the song system-enriched regulatory
motifs identified in this work represent unique, conserved enrichment in song system marker
genes across all songbirds.

This work delivers a set of highly promising candidate drivers of expression in vocal
control circuits, which could be used to design artificial promoters to confer brain region and even
cell type-selective expression to viral gene constructs. The most promising motifs, including FOXP1
and SRF, should first be validated through the use of chromatin immunoprecipitation sequencing
(ChlIP-seq) studies, which serve as an ideal means by which to experimentally assess transcription
factor binding sites, confirming TF-DNA associations presented here as well as presenting new
ones. Promoters strongly associated with song circuit-enriched motifs could then be tested for the
ability of these promoters to drive song circuit-selective expression in vivo through the use of viral
constructs. Thus, the present computational work presents preliminary findings that serve to
prioritize which specific transcription factors and tissues may represent the most promising
starting points, as well as making specific predictions about which functional associations might be

expected.
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