
The opportunities and challenges of large-scale molecular 
approaches to songbird neurobiology

C.V. Melloa,* and D.F. Claytonb

aDepartment of Behavioral Neuroscience, Oregon Health and Science University, 3181 SW Sam 
Jackson Park Road L470, Portland, OR 97239-3098, USA

bDivision of Biological and Experimental Psychology, School of Biological and Chemical 
Sciences, Queen Mary University of London, Mile End Road, London E1 4NS, UK

Abstract

High-through put methods for analyzing genome structure and function are having a large impact 

in song-bird neurobiology. Methods include genome sequencing and annotation, comparative 

genomics, DNA microarrays and transcriptomics, and the development of a brain atlas of gene 

expression. Key emerging findings include the identification of complex transcriptional programs 

active during singing, the robust brain expression of non-coding RNAs, evidence of profound 

variations in gene expression across brain regions, and the identification of molecular 

specializations within song production and learning circuits. Current challenges include the 

statistical analysis of large datasets, effective genome curations, the efficient localization of gene 

expression changes to specific neuronal circuits and cells, and the dissection of behavioral and 

environmental factors that influence brain gene expression. The field requires efficient methods 

for comparisons with organisms like chicken, which offer important anatomical, functional and 

behavioral contrasts. As sequencing costs plummet, opportunities emerge for comparative 

approaches that may help reveal evolutionary transitions contributing to vocal learning, social 

behavior and other properties that make songbirds such compelling research subjects.
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1. Introduction

Deciphering the molecular and genetic basis of learned behaviors is one of the central 

challenges in neurobiology. Through the early pioneering efforts of neurobiologists like 

Gabriel Horn, birds were shown to be highly informative model organisms with regards to 

uncovering plastic changes in the brain that may underlie learning and memory, especially 

in the context of visual imprinting (e.g., Horn et al., 2001; reviewed in Horn, 2004). These 
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early studies in birds contributed substantially to the broadly accepted notion that the laying 

down of long-lasting memories requires specific and localized biochemical and molecular 

changes in the brain. Avian studies have particularly benefitted from a relatively simpler 

brain organization than in mammals, with telencephalic pallial-areas having a nuclear and 

thus less heterogeneous spatial distribution than the mammalian cortex (Reiner et al., 2004a; 

Jarvis et al., 2005). This structural organization considerably facilitates anatomical, 

molecular and physiological studies of the avian brain. Nonetheless, the avian telencephalon 

shares with the mammalian brain the occurrence of specialized areas involved in sensory 

and perceptual processing, motor control, multi-sensory and sensorimotor integration, and 

various aspects of learning and cognition (Reiner et al., 2004a,b; Jarvis et al., 2005, 2013a). 

The analogs of thalamo-recipient cortical layers, long descending projections to sub-cortical 

targets, and intricate cortical-like microcircuitry with abundant inhibitory interneurons have 

also been identified in birds. These similarities point to conserved aspects of the functional 

brain organization of birds and mammals, and support the notion that insights on brain 

function and behavior gained from avian studies can be highly informative with regards to 

mammals, including humans.

A remarkable example is the study of songbirds, one of the few groups of organisms where 

juveniles are capable of learning their vocalizations by imitating a model, typically the song 

of an adult male, which is usually referred to as a tutor (Marler and Peters, 1977; 

Nottebohm, 1972). Songbird learning bears remarkable similarities to human speech 

learning, including the early production of immature babbling-like vocalizations (subsong), 

the requirement for auditory feedback during the sensorimotor vocal learning phase, and the 

occurrence of regional variations or dialects in the adult repertoire, characterizing a cultural 

transmission of vocal patterns (Doupe and Kuhl, 1999). Furthermore, vocal production and 

learning depend upon a set of discrete interconnected brain areas collectively known as the 

song control system (Nottebohm and Arnold, 1976), which includes nuclei in cortical-like 

areas, basal ganglia, and thalamus (Fig. 1). Different parts of this circuitry are involved in 

the production and/or learning of complex vocal patterns, as demonstrated very elegantly in 

zebra finches (authoritative reviews on the song system in Zeigler and Marler, 2004, 2008). 

Output projections from this circuitry allow for cortical-like areas to exert descending 

control over vocal and respiratory brain-stem areas, a connectivity feature that has only been 

seen in animals that have evolved vocal learning (Jarvis, 2004). This vocal control circuitry 

operates in concert with auditory processing centers, thought to be important for the 

perceptual processing and auditory memorization of song (Chew et al., 1995; Mello and 

Clayton, 1994; Bolhuis et al., 2001), which is also an essential step in songbird learning 

(London and Clayton, 2008). Besides vocal learning per se, studies of the vocal control 

system in finches and other song-bird species have contributed substantially to our 

understanding of brain sex dimorphisms, the effects of sex steroid on the brain and behavior, 

and neurogenesis and neuronal replacement in adult-hood, among several other 

contributions (reviewed in Zeigler and Marler, 2004, 2008).

The detailed knowledge available on the anatomical and functional organization of the song 

system has set the stage for defining the molecular properties of its component auditory and 

vocal control pathways, and for identifying molecular and genetic correlates of learning. 

Early efforts benefitted greatly from the analysis of a few activity-inducible genes (a.k.a. 
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immediate early genes, IEGs), including ZENK (a.k.a. zif-268, egr1, ngfia and krox-24) and 

c-fos (Mello and Clayton, 1994; Mello et al., 1992; Kimpo and Doupe, 1997 and reviewed 

in Clayton, 1997, 2000; Mello, 2002). More recently, new methods for broad scale high-

throughput analyses have drastically changed the landscape of songbird research. Here we 

review the progression of this research from its early focus on IEGs to the current emphasis 

on high-throughput approaches. We consider both the insights gained and the challenges still 

to be met in future research.

2. Lessons/insights from single activity inducible genes

IEGs are rapidly and transiently induced in activated neuronal cells, and their study, which 

traditionally uses methods focusing on single genes, has been very useful for mapping brain 

activation (Mello et al., 1992; Kimpo and Doupe, 1997; Velho et al.,2005; Park and Clayton, 

2002; Wada et al., 1521; Stripling et al.,2001; Chaudhuri and Cynader, 1993; Curran and 

Morgan, 1985; Morgan et al., 1987; McCabe and Horn, 1994; Bailey et al., 2002; Gentner et 

al., 2001; Phillmore et al., 2003). Importantly, animals are allowed to behave freely, thus 

minimizing issues related to stress or restraint. Furthermore, as one can map the entire brain 

through serial sections, this approach is unbiased, and can lead to novel and sometimes 

surprising findings. The method also allows for a direct assessment of activated cell 

populations, as well as the determination of their phenotype through multiple labelling or by 

combining gene expression with other approached such as tract-tracing. Importantly, IEGs 

like ZENK and c-fos encode transcription factors that can modify programs of gene 

expression in the activated cells (Clayton, 1997, 2000; Curran and Morgan, 1985; Morgan et 

al., 1987). Thus, mapping with IEGs like ZENK potentially reveals areas that are 

undergoing activity-induced neuroplasticity changes.

Due to a combination of all the features above, IEG expression analysis can contribute many 

important insights. In songbirds, analysis of the IEG ZENK has been instrumental for the 

identification and functional studies of brain structures that are activated in the context of 

vocal communication (Mello, 2002). Of particular interest, the act of hearing song was 

found to predominantly activate the caudomedial nidopallium (NCM) and mesopallium 

(CMM), structures subsequently shown to be part of the avian central auditory processing 

pathways (Mello and Clayton, 1994; Vates et al., 1996; Mello et al., 1998). In contrast, the 

act of singing activates IEG expression in the primary nuclei of the vocal control circuit 

(Kimpo and Doupe, 1997; Jarvis and Nottebohm, 1997; Jin and Clayton, 1997). This 

distinction, considered surprising at the time, clearly establishes distinct subsystems in the 

brain for perceiving vs. producing complex vocal signals. There is an interesting parallel in 

chicken, namely the demonstration that the IEG c-fos is induced in the intermediate medial 

mesopallium (IMM, named IMHV before implementation of the newer avian brain 

nomenclature; Reiner et al., 2004a) in the context of imprinting (McCabe and Horn, 1994), 

which contributed to solidifying the notion that this structure undergoes critical changes 

during the imprinting memory formation (Horn, 2004). Thus, findings in different avian 

species illustrate well the insights that can be gained from the expression analysis of single 

or a few genes in terms of localizing brain activation and possible sites of memory 

formation.
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The early ZENK studies in finches triggered a broad interest in using IEG mapping to 

investigate the role that modulatory influences including experience, sex and hormonal 

status, developmental stages and others factors exert on song perceptual processing and 

memorization (Stripling et al., 2001; Mello et al., 2004; Maney et al., 2006; Bailey and 

Wade, 2005; Jeong et al., 2011). Other studies revealed components of the signal 

transduction machinery involved in song-induced IEG expression in NCM and CMM, in 

particular MAP kinases (Velho et al., 2005; Cheng and Clayton, 2004; Dong and Clayton, 

2008). Manipulations of this pathway then provided highly compelling evidence that 

molecular events occurring in NCM are important for tutor song learning (London and 

Clayton, 2008). These findings helped cement a role for NCM in the auditory tutor song 

memorization, a role that had been suggested by correlative analysis of ZENK expression 

and strength of tutor song imitation (Bolhuis et al., 2000, 2001; Gobes and Bolhuis, 2007), 

as well as from electrophysiological evidence that NCM is the site of storage of learning 

dependent memory traces of the tutor song (Phan et al., 2006). Another important advance 

was the demonstration that synapsins are regulated by song in NCM and are a very likely 

downstream target of IEGs like ZENK (Velho and Mello, 2008). Recent evidence strongly 

points to noradrenergic transmission as a key regulator that triggers the gene induction 

cascade (Velho et al., 2012). Thus, neuronal stimulation by song leads to a cascade of 

molecular events, from signal transduction to early and downstream target gene activation, 

possibly resulting in long-lasting synaptic changes (Clayton, 2000; Velho et al., 2005; 

Moorman et al., 2012).

ZENK expression mapping has also provided novel and highly significant insights into the 

functional organization of vocal production pathways. For example, areas within the anterior 

forebrain pathway of the song system (Fig. 1), traditionally considered important for vocal 

learning, were shown to also be activated during singing in adulthood (Jarvis and 

Nottebohm, 1997; Jin and Clayton, 1997). This finding paralleled electrophysiological data 

demonstrating firing by neuronal cells within the basal ganglia parts of the vocal circuitry 

during singing in adults (Hessler and Doupe, 1999). These studies thus provided a much 

more accurate definition of brain areas that are activated during the active production of 

song in adults, and evidence that plasticity-related neuronal pathways remain actively 

involved in vocal control, even after the end of the critical period for vocal learning. 

Furthermore, activation of this anterior pathway was shown to be context dependent, being 

highest in contexts related to the practice of learned song, when vocal variability is high 

(Jarvis et al., 1998). These data have contributed significantly to elucidating a role of the 

basal ganglia in vocal plasticity and learning.

3. From single genes to pathways and networks

Altogether, studies of single or a few IEGs provided significant novel insights into vocal 

communication and learning in birds, but there has always been a strong suspicion that these 

early activity-regulated genes were just the tip of an iceberg. For example, many more genes 

could be temporally co-regulated with ZENK and other known IEGs, whereas yet other 

genes could be down-stream targets of early transcription factors, eventually leading to 

changes in neuronal cellular properties (Clayton, 2000; Velho et al., 2005; Lovell and Mello, 

2011). Similarly, early studies of individual molecular markers (e.g. Clayton, 1997) 
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provided only a very partial picture of gene regulation within the song control system. This 

all changed with the availability of several new molecular and genomic resources, in 

particular the construction of large libraries of annotated brain derived cDNAs/ESTs from 

the zebra finch (Wada et al., 1521; Replogle et al., 2008; Li et al., 2007), and more recently 

the closely related Bengalese finch (Kato and Okanoya, 2010), a species with a more 

elaborate syntax than the zebra finch. These libraries were deeply sequenced using 

automated procedures, and blast searches of NCBI databases were used to identify and 

annotate most of the genes and transcripts expressed in the zebra finch brain. The 

availability of these resources greatly facilitated the direct assessment of the brain 

expression of a vastly more comprehensive number of genes in a wide variety of songbird 

species, experimental paradigms, behavioral contexts, and laboratories.

As an example, the ESTIMA collection (Replogle et al., 2008) has enabled a systematic 

analysis utilizing in situ hybridization to determine the distribution of specific transcripts 

throughout the brain (e.g. Lovell et al., 2008, 2013; London and Clayton, 2010; Jarvis et al., 

2013b). These efforts in turn culminated in the construction of a molecular atlas of the zebra 

finch brain (ZEBrA; www.zebrafinchatlas.org), an ongoing and expanding effort to map the 

distribution of a large set of transcripts on serial brain sections, in registration with a 

histological atlas (Karten et al., 2013). This large-scale approach in a songbird species is 

allowing the neurochemical characterization of areas of interest (e.g. nuclei of the song 

control system), the identification of molecular signatures for various brain areas, the 

identification of subregional molecular specializations within the major avian brain 

subdivisions, and the identification of unsuspected molecular relationships between different 

areas. The utility and broad use of the mouse brain atlas from the Allen Institute, with its 

many applications and adepts, attests to the importance of generating a comparable dataset 

in birds (Ng et al., 2009; Lein et al., 2007).

Under the NIH-supported Songbird Neurogenomics Initiative (SoNG; Replogle et al., 2008; 

Drnevich et al., 2012), the ESTIMA set of cDNA clones was also used to advance a broad 

collaborative effort to apply microarray technologies across a range of research questions 

involving songbirds. A set of non-redundant clones (~18,000) was selected for the 

construction of ~1000 glass slide microarrays, and 16 different research groups were 

recruited to participate via a standardized central pipeline for data generation and analysis. 

Initial tests demonstrated the feasibility of using zebra finch microarrays to monitor gene 

expression changes in several different songbird species and experimental paradigms 

(Replogle et al., 2008), taking advantage of the diversity of songbirds to explore a broad 

range of factors affecting brain gene regulation (e.g., regulatory modules in Fig. 2).

One of the studies under the SoNG Initiative performed a comprehensive accounting of the 

genes that are regulated by song exposure in higher auditory areas. Early studies using 

double labeling approaches revealed that several inducible genes (ZENK, c-fos, arc) are 

indeed co-regulated in the same cells (Velho et al., 2005). However, microarray analysis 

revealed that several hundred RNAs changed their expression in auditory areas within 

minutes after song stimulation onset, and an even larger number showed changes a day after 

repeated exposures had created a demonstrable memory of the song (Dong et al., 2009). 

Genes that increased in expression immediately after song playback tended to encode 
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proteins involved in transcriptional control and RNA processing, whereas later changes 

occurred in genes involved in energetics and macromolecular synthesis. Interestingly, as 

many RNAs decreased as increased in response to song, with the most rapid changes 

involving ion channel genes and non-coding RNAs. An important focus of ongoing research 

is to identify mechanisms that coordinate these large-scale experience-dependent shifts in 

brain gene expression. MicroRNAs are of particular interest as they have now been shown to 

respond to song playbacks (Gunaratne et al., 2011) and to singing activity (Shi et al., 2013), 

and they can regulate the expression of multiple target mRNAs through post-transcriptional 

mechanisms. Of note, the singing-induced response is context dependent, pointing to an 

influence of social factors on the brain expression of microRNAs, an important novel insight 

contributed by songbird studies.

Other microarray studies under SoNG turned up evidence for large-scale changes in brain 

gene expression in response to other environmental, experiential and social factors. To cite a 

few examples, Mukai et al. (2009) found that the experience of a simulated territorial 

intrusion (effectively a song playback) caused changes in gene expression in the 

hypothalamus of song sparrows. The response differed in the breeding (spring) and 

nonbreeding (autumn) seasons, with 88 cDNAs showing significant interactions between 

season and the simulated intrusion. In both starlings and white-crowned sparrows, changes 

in photoperiod triggered complex gene response patterns in major telencephalic nuclei and 

hypothalamus (Thompson et al., 2012; Stevenson et al., 2012). The range of genes involved 

in these responses is wide, encompassing functions in thyroid hormone action and 

neuroplasticity, neurogenesis and angiogenesis, electrophysiology and epigenetic processes. 

Importantly, all studies under SoNG were coordinated, with samples processed and analyzed 

by a central laboratory, which facilitated a subsequent large scale meta-analysis to assess the 

relative contribution of a range of factors on brain gene expression (Drnevich et al., 2012). 

This analysis found that almost all genes in the brain vary their expression according to 

brain region, age, species and sex, with brain region acting as a dominating factor in 

differential gene expression (Fig. 2).

Microarray studies also influenced the molecular and neurochemical characterization of the 

song system. Early studies using in situ hybridization or immunohistochemistry (e.g., 

Clayton, 1997) revealed that hormone receptors, peptides, calcium binding and metabolic 

proteins are differentially expressed in different nuclei of the song system. However, these 

studies had to rely on tedious cloning efforts to obtain individual finch probes, due to poor 

cross-hybridization of mammalian probes with avian tissues, or the use of antibodies raised 

against epitopes from other species, often with no knowledge of the degree of sequence 

conservation or species cross-reactivity. The use of microarrays exponentially accelerated 

the rate of discovery. For example, a study using the SoNG microarrays revealed that 

several hundred genes are differentially expressed in nucleus HVC compared to the adjacent 

areas (dorsal nidopallium), representing molecular specializations of this song nucleus 

(Lovell et al., 2008). Many sets of markers represent novel molecular features of the song 

system related to axon guidance, cell death and proliferation, cell excitability, and others. 

Other efforts using different microarray platforms uncovered further evidence of differential 

gene expression in HVC of zebra finches (Li et al., 2007; Gunaratne et al., 2011) and 

Bengalese finch (Kato and Okanoya, 2010), greatly expanding the range of identified song 
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nuclei markers. More recently, studies using an oligonucleotide array based on the complete 

zebra finch genome annotation have shown further evidence of complex variation in gene 

expression within and across brain regions involved in song control (Hilliard et al., 2012a,b). 

Overall, these findings helped solidify the notion that song nuclei possess molecular features 

that distinguish them from the rest of the brain, suggesting that pathways and processes 

within the song system are subject to distinct regulatory mechanisms. Together with the 

ZEBrA atlas, these studies have led to a greater understanding of the molecular makeup of 

song nuclei and identified several likely candidate regulators of the distinct properties of the 

song system.

Technological advances such as microarrays, which allow for monitoring the coordinated 

expression of vast cohorts of genes, have begun to bring us closer to a more realistic view of 

how the brain changes in response to a variety of modulatory factors. Collectively, results 

from the microarray era reveal that gene expression in the brain is anything but a simple 

“housekeeping” activity, and that neural tissue is exceedingly diverse in macromolecular 

makeup. Gene expression pattern analysis is exquisitely sensitive to detecting variation in 

physiological state, developmental history, and the animal’s immediate behavioral context 

and experience (Drnevich et al., 2012; Hilliard et al., 2012a). A major challenge moving 

forward will be to find ways to understand how distinct gene expression networks emerge in 

different brain systems, and to relate variations in specific gene expression to variations in 

neurological and behavioral function. Some initial progress has been made in this direction 

by applying new statistical tools for identifying sets of genes that are expressed in similar 

patterns across complex data sets (e.g., Weighted Gene Coefficient Network Analysis; 

WGCNA; Drnevich et al., 2012; Hilliard et al., 2012b) and for integrating predicted 

regulatory relationships (e.g. predicted target genes for regulated transcription factors) into 

dynamic models of gene expression changes (Warren et al., 2010). Achieving real progress 

with these approaches, however, may require very large and dense data sets to account for 

the high cellular heterogeneity of neural tissue. As attested by the outcomes of collaborative 

microarray efforts, these are challenges that are best met with an open approach, where 

different labs collaborate to generate resources, protocols and analytical methods of 

common interest, potentiating the rate of discovery and helping the field move forward fast.

The more recent use of transcriptome analysis by direct sequencing of RNA (RNAseq) is 

another important innovation that heralds yet new waves of discovery in the field. In this 

case, tissue RNAs are extracted and used for the construction of libraries, which are then 

sequenced with next generation technologies. In other organisms, applying advanced 

analytical tools for transcript counting has emerged as quantitatively more accurate than the 

kind of data provided by microarrays (e.g. Belgard et al., 2011, 2013). Besides being more 

sensitive to gene expression changes, this approach is also less biased as it does not depend 

on having a pre-established set of probes, thus overcoming some important limitations of 

microarrays. With steadily declining sequencing costs, this approach is becoming 

increasingly attractive to a broad range of researchers. Moreover, an important hurdle for its 

use has been removed with the recent availability of avian genomes (see below). As of this 

writing, published examples of RNAseq technology in songbird research include a 

contribution to the initial genome annotation (Warren et al., 2010), the characterization of 

song-responsive microRNAs (Gunaratne et al., 2011), a profiling of gene expression in two 

Mello and Clayton Page 7

Neurosci Biobehav Rev. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



zebra finch cell lines (Balakrishnan et al., 2012), and the assembly of brain transcriptomes 

from songbird species included the violet eared waxbill (Balakrishnan et al., 2013), and 

three sparrow species (Balakrishnan et al., 2014). While still in its early days for the 

songbird research field, this kind of analysis holds great promise for further unraveling 

complex patterns of gene regulation in a tissue like the brain, and provides hope that we are 

approximating a more complete understanding of the molecular underpinnings of learning 

and memory. Overall, the challenge of efficiently handling the vast amounts of 

transcriptomics information and yet be able to extract functional correlates in a synthetic and 

comprehensible manner, for example by identifying the regulatory nodes in complex 

regulated networks, becomes increasingly more acute.

4. Avian genomes

A fundamental advance that occurred in parallel with the emergence of resources for large 

scale gene expression analysis was the sequencing and assembly of avian genomes, first the 

chicken (Gallusgallus; Hillier et al., 2004) followed by the zebra finch (Taeniopygiagutatta; 

Warren et al., 2010). The availability of these genomes, followed by annotation and ongoing 

curation efforts, provided for a first opportunity to define the complete set of genes in any 

avian species. This advance had several important implications for song-bird researchers.

For instance, applying predictive algorithms (e.g., Ensembl) to these genome sequences 

and/or mapping onto them the already well characterized orthologous genes from species 

like mouse or humans, greatly facilitated the characterization of the structure of genes of key 

interest, including the identification of exon/intron boundaries and of candidate promoter 

regions. The latter is then instrumental for defining gene regulatory elements (i.e. 

promoters). Another example is that the genome greatly expanded the usefulness of 

resources like the ESTIMA collection of cDNAs and microarrays, by allowing the mapping 

of numerous ESTs representing the 3′UTR region of transcripts which otherwise could not 

be identified through cross-species alignments with other vertebrate species due to low 

sequence conservation. The precise mapping of these previously unplaced transcripts in turn 

provided evidence for the brain expression of an even larger number of specific genes, as 

well as a larger set of useful molecular probes with defined specificity for expression 

analysis efforts like the ZEBrA atlas. Another aspect of practical importance was the 

availability of coding sequences that provide information on the conservation of specific 

epitopes that are used in other species for generating antibodies, including commercially 

available ones. The new avian genomic data have allowed researchers to make much more 

informed decisions with regards to the suitability of cross-reacting antibodies for use in 

avian tissue, and/or the need to develop antibodies against avian antigens for adequate tissue 

reactivity and specificity.

High quality genomes (i.e. genomes that have been sequenced with high redundancy to 

resolve ambiguous regions, and whose assemblies have few and/or short unsequenced gaps) 

also serve as references for rooting the complex data derived from transcriptome analysis 

(e.g. RNAseq), and open the door to tools for storing, accessing, and analyzing such data. 

Importantly, automated ab initio algorithms tend to predict the 5′and 3′non-coding regions 

poorly, and thus are usually not effective in the precise identification of transcription start 
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sites, which is crucial for accurately defining promoter regions. In this regard, transcript 

mapping provides complementary evidence that confirms and often extends the output of 

gene prediction algorithms, improving genome annotations, as attested by the mapping of 

high quality zebra finch brainc DNA/EST databases with good representation of 5′UTR 

regions (Wada et al., 1521). However, these improved cDNA libraries do not contain all 

brain-expressed genes, and not all 5′UTR regions are represented. In contrast, transcriptome 

analysis using RNAseq provides a much more in-depth coverage of transcripts and is 

quickly becoming an invaluable source of information for analysis of gene expression 

patterns and for helping establish gene structure with precision. The application of effective 

long read technology to transcriptome sequencing (e.g. PacBio, Sharon et al., 2013) will 

likely have a major further impact on these issues, especially through better resolution of 

GC-rich regions and more accurate identification of transcript variants.

Defining the complete sets of genes present in avian genomes has also allowed for the 

precise identification of the set of 1-to-1 orthologous gene sets that are present in birds in 

comparison with other vertebrate organisms, as well as across different avian species that 

are representative of different lineages. A precise definition of orthologous gene sets is a 

fundamental requirement for studies of genome evolution trying to correlate the occurrence 

of novel and/or unique genomic features with the emergence of species- or lineage-specific 

phenotypic traits. Analysis of the chicken genome indeed revealed genomic correlates of 

some avian traits, such as the absence of vomeronasal receptors, keratins, casein and enamel 

genes that are associated with characteristic mammalian traits such as the vomeronasal 

organ, hair, milk production and lactation, and teeth. In contrast, some genes expanded in 

birds, including genes with SRCR domains, and a large family of olfactory receptors, 

potentially rewriting the dogma that birds have a poor sense of smell (Hillier et al., 2004). In 

large part these were corroborated by the zebra finch genome. Comparison of chicken and 

zebra finch, on the other hand, has allowed the identification of genomic features that appear 

as songbird specific, such as management of sex chromosome gene expression, accelerated 

evolution of ion transport genes, large expansions of specific gene families, including 

kinases (e.g. PAK3), PHF7, and MHC genes implicated in a range of regulatory processes 

(Lovell et al., 2013; Warren et al., 2010; Nam et al., 2010). While these features could 

potentially relate to the occurrence of characteristic songbird traits like the presence of vocal 

learning and associated brain structures, which are absent in species like the chicken, it is 

important to realize that these finches and chicken are phylogenetically very distant and 

differ in several other respects, most notably an altricial form of post-natal development in 

songbirds, as opposed to the precocious development typical of galliformes. Further 

comparative genomics involving species that provide a more complete coverage of avian 

radiations will be needed for establishing stronger correlations between genome features and 

lineage specific phenotypic traits. The increasing availability of a number of other avian 

genomes, including species like turkey, budgerigar and Darwin’s finch, already in NCBI, 

and the upcoming genomes from other sources (http://phybirds.genomics.org.cn/) holds 

great promise in this regard.

While the genomes are a tremendously useful resource, several significant challenges still 

remain. For example, the genome sequences are not complete, and contain numerous gaps 

that often disrupt the continuity of genes and interfere with the efficacy of gene predictive 
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algorithms such as those used by Ensembl. As a result, numerous genes might appear to be 

incomplete or resemble pseudogenes, leading to erroneous annotations. In some severe cases 

of sequence disruption the gene fails to be predicted altogether, even though it is present at 

the correct syntenic location, as most effectively shown by local BLAT alignments. A 

related common issue is that many sequence gaps tend to occur in domains that correspond 

to the promoter region, likely due to the characteristic high GC content that render such 

regions particularly difficult to fully sequence. This problem considerably complicates the 

task of isolating and characterizing gene regulatory domains.

Another significant issue with the current avian genomes is the relatively frequent 

occurrence of apparent tandem gene duplications (Warren et al., 2010). These often have 

suspicious features, including the fact that one or both copies are often flanked by gaps and 

their percent identity is very high (often >98%), suggesting that they are allelic copy variants 

rather than real duplications with sequence divergence (Mello, unpublished). It seems likely 

that this kind of artifact is due to difficulties in correctly assembling regions containing 

repetitive sequences, especially when local sequence quality and/or coverage is low. Related 

problems include difficulties of assembling the small and highly repetitive W sex 

chromosome characteristic of birds, and poor mapping of genes and genome scaffolds to the 

numerous small microchromosomes that are also characteristic of birds. For example, the 

initial assembly of the zebra finch genome only defines chromosomes 1–27, with the 

remaining microchromosomes presumably represented by unassigned genome contigs 

(“chrUN”). Due to a combination of these and other factors, including the difficulties in 

correctly assembling complex heterozygous loci, gene prediction efforts using automated 

procedures are still fairly incomplete, compromising the ability to conduct accurate 

quantitative functional transcriptome analysis and comparative studies of genome evolution 

in birds.

Some of the approaches that are being taken to address these concerns include further 

sequencing with next generation technologies, gap-filling algorithms and novel assembly 

strategies. This approach has been successfully applied to improve the quality of the chicken 

genome (Galgal4; Warren, unpublished), and is now being applied to the zebra finch 

genome (Mello, Warren, unpublished). Also crucial are the efforts to manually curate the 

lists of orthologs present in avian genomes, especially focusing on candidate species-

specific novel genomic features. As a representative example, optimized curation and gene 

alignment efforts have been applied to potassium channel genes, which are of critical 

importance for regulating neuronal excitability (Gutman et al., 2005; Wei et al., 2005). The 

effort of curating this gene family in the zebra finch genome corrected several annotation 

errors due to gene misidentifications, detected previously unidentified orthologs and 

paralogs, and generated more accurate data with regards to specific members undergoing 

high selective pressure in the avian lineage. Furthermore, several family members were 

found to be differentially expressed in the song system, in some cases representing 

remarkable molecular markers of song nuclei. These findings support the notion that 

selective gene regulation likely helps modulate basic neuronal properties within the vocal 

circuitry, and suggest that the evolution of avian vocal learning systems involved modified 

regulation of the brain expression of specific ion channel genes (Lovell et al., 2013). 

Systematically applying this comprehensive approach to other gene families involved in 
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developmental circuitry assembly, neuronal physiology and behavioral regulation will likely 

bring novel fundamental insights into mechanisms that regulate the physiology and 

evolution of vocal learning and associated pathways in songbirds. Due to the large scale of 

the endeavor, conducting these efforts under a collaborative and open network is most likely 

to lead to rapid advances in this field.
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Fig. 1. 
Simplified schematic diagram showing major elements of the song control system (sagittal 

view). Auditory input pathways are shown in gray: the experience of hearing song activates 

gene expression in many of these areas. The primary motor output pathway is in blue: the 

act of singing activates gene expression in these areas. The anterior forebrain pathway 

(AFP) is shown in red: this pathway is necessary for song learning and plasticity, and gene 

activity in its component nuclei varies with context of singing. Some additional elements 

(e.g., respiratory control pathways) are not shown but may be seen in a more comprehensive 

version of this figure produced and maintained online by Heather Williams (http://

web.williams.edu/Biology/Faculty_Staff/hwilliams/Finches/circuits.html). Common 

abbreviations for the individual nuclei are used here; a full account of the circuitry is given 

in Reiner et al. (2004a). (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of the article.)
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Fig. 2. 
Normalized relative expression level for genes in Module 91 from the Songbird 

Neurogenomics Initiative meta-analysis (Drnevich et al., 2012). The figure illustrates an 

integration of data from 15 different experiments using a common microarray analysis 

pipeline. The WGCNA algorithm was used to sort ~18,000 probes into 95 modules based on 

co-expression across the 80 different treatment groups in the collected data. Each bar 

represents one treatment group from one experiment (i.e., one specific combination of 

laboratory, species, brain region, age, sex and experiential exposure). The bars are colored 

here according to tissue of origin, which helps visualize an emergent pattern in the data; the 

eigengenes consist of the sum of the vectors related to the expression levels of all genes 

within a given experiment. Of note, genes in Module 91 vary strongly according to brain 

region (p-value shown for main effect of region), with especially strong expression in Area 

X and also in lMAN, two nuclei of the anterior forebrain pathway in the song vocal control 

system (Fig. 1). Elevated expression is also seen in HVC, part of the song output control 

pathway (Fig. 1) whereas expression is notably low in the diencephalon and the shelf 

underlying HVC. There are 46 probes in this module. Gene ontology analysis revealed 

significant enrichment (FDR 0.019) for the term “dopamine metabolic process” in this gene 

set (Drnevich et al., 2012).
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