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General Introduction

Species-specific behaviors are shaped by evolutionary forces to adapt to
environment diversity (Crews, 1997; Katz & Harris-Warrick, 1999). As an important
factor for species co-occurrence, species-specific behavior contributes to a variety of
inter- and intra-specific interactions including communication, sexual selection and
predator avoidance (Tinbergen, 1963; Krebs et al., 1978; Lingle, 1992). Species-
specific behavior exists in most animal taxa, such as alarming gaits behavior between
deer species (Lingle, 1992), pair-banding behavior between vole species (Winslow et
al., 1993), and different courtship song behavior between Drosophila species (Wheeler
et al., 1991). Figuring out the physiological and molecular difference in the neural
systems that induced species-specific behavior between closely related animal species
can help to understand how the neural mechanisms regulate behavior (Crews, 1997;

Katz & Harris-Warrick, 1999).

Evolutionary pressures shape organisms to produce species-specific behavior during
speciation, which suggests neuronal changes exist among evolutionally closely related
species (Searcy & Andersson, 1986; Crews, 1997). The nervous system incorporates
the changes to generate novel species-specific behavior during speciation (Tierney,
1995; Katz & Harris-Warrick, 1999). The differences in structure and development of
neural circuits among evolutionally closely-related species are the basis for species-
specific behavior formation. Such structural and developmental differences can be
caused by the genetic difference in closely related species (Young et al., 1997; Lim et

al., 2004; Reaume & Sokolowski, 2011; Bendesky et al., 2017; Chandra et al., 2018).
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With development and application in the life science of genomics, finding out the
genetic differences which induced species-specific behavior between closely related
species is possible to explore the mechanisms of animal behavior on the molecular level
(Reaume & Sokolowski, 2011; Bengston et al., 2018). Genomic researches of species-
specific behavior have been performed in some animal species (Ahmadiyeh et al., 2005;
Weber et al., 2013; Ding et al., 2016; Bendesky et al., 2017). For example, the sin and
pulse song, two features of species-specific courtship song of Drosophila simulans and
D. mauritiana, were correlated with different genomic locus (Ding et al., 2016). In
addition, quantitative trait locus (QTL) mapping found that species-specific nest
digging behaviors of two closely related mice species, Peromyscus polionotus and P.
maniculatus, were highly associated with a few genome regions (Weber et al., 2013).
These two studies narrow down the candidate genomic regions by using backcross
hybrid offspring between closely related species. F1 hybrids between closely related
species are also useful to select candidate genomic regions related to species-specific
behavior. For instance, genes related with parental nest building behavior were figured
out by using biased allele expressed genes in F1 hybrid comparing with QTL mapping
and species differentially expressed genes (Bendesky et al., 2017). Furthermore, the
allelic expression ratio in the F1 hybrid and expression ratio between their parental
species can be used to evaluate the transcription regulatory difference between closely
related species (Wittkopp et al., 2004; Signor & Nuzhdin, 2018). These studies
suggested that genomic analysis utilizing hybrid offspring is powerful to explore

genes/genome alleles which contributed to species-specific behavior formation.



The structural and developmental differences in the neural circuits between species
are mainly caused by the expression difference of orthologous genes in conserved
neural circuits (Seeholzer et al., 2018; Ding et al., 2019). Previous research found that
different expression levels of orthologous genes between closely related animal species
induced species-specific behavior. For instance, the vasopressin la receptor (V1aR)
gene show different expression levels in the ventral pallidum which induced species
difference in pair-bonding behavior between monogamous (Microtus ochrogaster) and
polygamous (M. pennsylvanicus) vole species (Insel et al., 1994; Young et al., 1997;
Young & Wang, 2004). Further research found that the different length of
microsatellites at the upstream of the VV1aR changes the gene expression level, which
in turn generates different behavioural traits between the two vole species (Hammock
& Young, 2005). These issues suggest that gene transcriptional regulatory difference
which induced species different expression patterns of orthologous genes potentially
contributes to the generation of species-specific behavior. Gene expression is driven by
transcriptional regulatory elements which mainly contain two kinds, cis- and trans-
regulatory elements (Wray et al., 2003; Wittkopp, 2005; Bryois et al., 2014).
Transcriptional regulatory divergences of closely related species could induce the
expression level difference of orthologous genes in the brain (Wittkopp et al., 2004;
Carroll, 2005; Signor & Nuzhdin, 2018). Orthologous genes in closely related species
are inherited from their ancestral species, while cis- and/or trans- elements may change
during evolution among species (Fig. 1-1A). Such mutations can affect transcription

initiation, transcription rate, and transcript stability which induced species-specific



expression patterns (Carroll, 2005; Wittkopp et al., 2008; Signor & Nuzhdin, 2018).
Mutations such as single nucleotide polymorphism (SNP) and insert and deletion
(indels) in the cis- sequence could induce expression level difference of orthologous
genes (Wray et al., 2003; Wittkopp et al., 2004). Trans-regulatory elements are genes
that regulate the expression of distant genes through an intermolecular interaction. The
different expression levels or amino acid substitutions of trans-regulators can drive
different expression levels of their downstream genes between closely related species
(Wray et al., 2003; Wittkopp et al., 2004). However, little is known about how
transcriptional regulatory divergence contributes to the generation of species-specific
behavior, especially for learned behavior, by changing the expression level of

orthologous genes.

There are more than 4,000 songbird species in the world and they produce species
unique songs which play important roles for mating interaction and habitat declaring
(Marler & Slabbekoorn, 2004; Brenowitz & Beecher, 2005). Species-specific birdsongs
are complex vocal signals acquired through vocal learning, which makes songbird
species become an excellent model to explore the mechanism for vocal learning
behavior (Jarvis, 2004; Mori & Wada, 2015b). The species-specific songs as an
important characteristic of speciation raised along with the evolution of songbird
species (Jarvis, 2004). The species-specific songs are developed and produced by
conserved neural circuits called the song pathway in the brain of songbirds (Fig. 1-1B).
The song pathway consists of two major neural circuits: the anterior forebrain pathway

(AFP) and the vocal motor pathway (Nottebohm et al., 1976; Scharff & Nottebohm,



1991; Zeigler & Marler, 2008). There are two features of birdsong, the sound
characteristics of song elements (syllables) featured as “syllable acoustic”, and the
arrangement of each song syllable order featured as “syllable sequence”. The AFP
contributes to song learning and vocal plasticity during song development, but it is not
crucial for the production of the bird’s learned song (Bottjer et al., 1984; Scharff &
Nottebohm, 1991). Species-specific songs of adult songbirds are produced by the vocal
motor circuit of the song pathway. The robust nucleus of arcopallium (RA) and the song
nuclei HVC (as a proper name) in the vocal motor circuit control the syllable acoustic
and sequence features of birdsong, respectively (Nottebohm et al., 1976; Hahnloser et
al., 2002; Sober et al., 2008). Both acoustic and sequence of the birdsong show species-
specific differences, which suggests that the structure and physiological activity of RA
and HVC are different among songbird species. That further meant these two nuclei
could be important for determining species-specific song traits of adult songbirds.
However, how the transcriptional regulatory differences of orthologous genes in the
vocal motor pathway induce species differential expression which driven species-
specific songs among songbird species is still unknown. Concerning this question, |
hypothesized that gene expression difference induced by cis- and/or trans- changes in
HVC and RA among songbird species is one of the potential reasons for the generation
of species-specific birdsong. Identification of the transcriptional regulatory divergence
which induced gene expression difference in the motor pathway can enhance our
understanding of the molecular mechanisms for species-specific vocal learning

behavior.



Based on the above information, | predicted that orthologous genes with different
expression levels are regulated by cis- and/or trans-regulatory divergences among
songbird species in HVC and RA. To verify this hypothesis, | used zebra finch (ZF;
Taeniopygia guttata), owl finch (OF; T. bichenovii) and their reciprocal first-generation

(F1) hybrids to analyse gene expression difference and regulatory divergence.

In Chapter I, | examined differences in song phenotypes between ZF and OF. To
test whether the song difference between ZF and OF was genetically constrained, |
analysed the vocal learning behavior of ZFs and OFs which were tutored by conspecific
and cross-specific songs. To identify genes with potential contribution to the generation
of species-specific songs, | analysed gene expression differences between ZF and OF

in both HVC and RA.

In Chapter 11, | analyzed the expression ratio between parental species (ZFs and
OFs) of all detectable genes and the allelic expression ratio in the F1 hybrids.
Depending on these two sets of values, | identified cis- and/or trans-regulatory
difference between ZF and OF. To explore the biological function of genes with cis-
and/or trans-regulatory divergences, | performed function analysis of genes belongs to

all categories of regulatory divergence.

In Chapter 111, depending on the candidate upstream regulators of trans-regulated
different genes in RA, | performed a correlation analysis in F1 hybrids between
parameters of acoustic and sequence features and ASE, or expression level of the most

significant candidate trans-mediator, BDNF. To test the expression level of BDNF



maintaining species-specific songs, | further performed pharmacological over-
activation of BDNF receptor and RNA-seq (RNA sequencing) of the song nucleus RA

of adult ZFs.

Based on the results obtained through a set of experiments, I will discuss the
potential contribution of cis- and/or trans-regulatory differences for the generation of

species-specific vocal learning behavior among songbird species.



Chapter I

Species difference in song phenotypes and gene
expression in the motor song nuclei between

zebra finch and owl finch



1.1 introduction

Different expression of orthologous genes is thought to underlie phenotypic
differences between species, which allows us to study how the genomic mutation affect
the evolution of closely related species. The evolution of distinct phenotypic traits
between different taxa, such as anatomical, physiological, and behavioral
characteristics are induced by the co-function of different expressions of orthologues
genes (Rifkin et al., 2003; Brawand et al, 2011). Past studies reported that gene
expression differences between closely related species in the nervous system caused
species-specific behavior (Insel & Shapiro, 1992; Young et al., 1997; Bendesky ef al.,
2017; Tamvacakis et al., 2018). Identifying such genes showing differential expression
in the nervous system between closely related species allows us to figure out which

genes might regulate species-specific behavior.

Like human, songbirds possess vocal learning ability to acquire vocalizations
through imitation, not as instinct development (Jarvis, 2004; Marler & Slabbekoorn,
2004). The analogous neural pathway for human speech and birdsong made songbirds
excellent model to explore the physiological and molecular mechanisms of vocal
learning behavior (Jarvis, 2004; Pfenning et al., 2014; Mori & Wada, 2015b). More
than 4,000 songbird species produce species-specific songs by conserved neural circuits,
called the song pathway (Marler & Slabbekoorn, 2004; Brenowitz & Beecher, 2005).
Candidate genes for regulation of species-specific vocal learning behavior can be found
by analyzing genes with different expression in the song pathway between closely

related species. Zebra finch (ZF; Taeniopygia guttata) and owl finch (OF; T. bichenovii)
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are two closely-related species of oscine songbirds which were diverged about 6.5
million years ago (Hooper & Price, 2015). These two species share overlapping habitats
in the north and west of Australia (Immelmann & Cayley, 1982; Forshaw & Shephard,
2012). Songs of these two species show species-specific differences in both syllable
acoustics and sequence which make them be good candidates for the research of
species-specific vocal learning. A previous study explored an expression difference in
muscarinic acetylcholine receptor 2 (CHRM?2) in a motor song nucleus HVC of the
song pathway among songbird species including ZF and OF (Asogwa et al., 2018).
However, no research has been performed about the gene expression difference
between songbird species at global transcriptome level. In the song pathway, HVC and
RA song nuclei of the motor pathway contribute to regulating learned song patterns of
adult songbirds (Nottebohm et al., 1976; Hahnloser et al., 2002; Sober et al., 2008).
Figuring out the different expression of orthologous genes in HVC and RA between ZF
and OF is helpful to understand the molecular mechanism of species-specific vocal

learning behavior.

In this chapter, I first compared the song phenotype between ZF and OF which
were tutored with conspecific and cross-specific songs to test whether species-specific
songs affected by genetically constrained or not. To explore how many genes showing
different expression between ZF and OF, I performed transcriptome analysis between

ZF and OF in HVC and RA.
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1.2 Materials and Methods

Animals

Zebra finches (ZF; T. guttata) and owl finches (OF; T. bichenovii) were obtained
from our breeding colony at Hokkaido University and local breeders. Reciprocal F1
hybrids were bred by pairing ZF and OF in our lab at Hokkaido University (Fig. 1-2).
All birds were constantly maintained with food and water available ad libitum under
13/11 light/dark photoperiod. The sex of chicks was determined by previously reported
method (Wada ef al., 2006; Soderstrom et al., 2007). Chicks of ZF and F1 hybrids were
fed by both parents until 10-20 dph (days post hatching). Males of parents were
removed to prevent chicks listening father’s song. Female of parents and chicks were
moved in a sound-attenuation box and mothers were moved out until chicks fledged
(around 35 dph). OF chicks were hand-raised after hatching until they could feed
themselves (3040 dph). After fledging, juveniles were subsequently housed in
individual isolation boxes and then individually housed in a sound-attenuating box
containing a mirror to reduce social isolation (Gallup & Capper, 1970). Animal
experiments were performed following the guidelines of the Committee on Animal
Experiments of Hokkaido University which based on national regulations for animal
welfare in Japan (Law for the Humane Treatment and Management of Animals; after

partial amendment number 105, 2011).
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Song recording and analysis

Male juveniles were isolated in sound-attenuation boxes (cage size: 37x42x44 cm;
box size: 44x53x55 cm) after fledging (36-48 dph). Bird songs were acoustically
recorded and saved by microphone (SM57, Shure) connected computer with Sound
Analysis Pro software (Tchernichovski et al., 2000). ZF and OF chicks were tutored by
conspecific or cross-specific songs depending on the purpose. F1 hybrids were tutored
by combined ZF and OF songs. Tutor songs were played back 10 times a day (5/5
morning/afternoon) at 55-75 dB from a speaker (SRS-M30, SONY) passively

controlled by Sound Analysis Pro software.

Acoustic and sequence features of ZF and OF songs analysis were performed. For
acoustic score feature analysis, 500 syllables were randomly selected from the song of
ZF and OF individuals. A total of 10 acoustic features were measured which contain
syllable duration, inter-syllable gap duration, mean pitch, pitch goodness, Wiener
entropy, entropy variance, mean amplitude modulation (AM), AM variance, mean
frequency modulation (FM), and FM variance (Tchernichovski et al., 2000). Statistical
analysis was performed for these 10 acoustic features between ZF (n = 6 each,
conspecific tutored; n = 4 each, cross-specific tutored) and OF (n = 6 each, conspecific
tutored; n = 3 each, cross-specific tutored) songs by one-way ANOVA. For sequence
feature analysis, we performed syllable similarity matrices (SSM) analysis depending
on the published method (Imai ef al., 2016). Motif pattern and repetition pattern of ZF

(n =6 each, conspecific tutored; n = 4 each, cross-specific tutored) and OF (n = 6 each,
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conspecific tutored; n = 3 each, cross-specific tutored) songs were calculated and

performed statistical analysis by one-way ANOVA.

Brain tissue sample and RNA extraction for RNA-seq

Whole brain sampling. Adult ZF and OF male individuals (ZF: n=4, 234-786 dph;
OF: n=4,>180 dph) were isolated in sound-attenuation boxes more than one day before
sacrifice. All birds were sacrificed under silent and dark condition. Whole brains were
frozen on dry ice immediately and stored at -80°C until RNA extraction. Total RNA
was isolated using TRIzol Reagent according to manufacturer’s protocol (Invitrogen)

and were treated with RNase-free DNase.

Laser capture microdissection (LCM) of HVC and RA. Adult ZF, OF and F1 hybrid
individuals (ZF: n=4, 138-305 dph; OF: n=4, >180 dph; ZO: n=4, 152-174 dph; OZ:
n=4, 150-279 dph) were isolated in sound-attenuation boxes and sacrificed under
silence and dark condition. Whole brains were removed into Tissue-Tek OCT and
rapidly frozen on dry ice, then stored at -80°C until section. Brain section and LCM
were performed by the previously reported method (Mori & Wada, 2015a). Briefly, the
whole brains were serially cryosectioned with 14 pm thickness onto handmade
membrane slides and performed Nissl staining to confirm the presence and boundaries
of HVC and RA. HVC and RA were microdissected using a laser capture microscope
(Arc-turusXT; Arcturus Bioscience) with setting parameters as follows: spot diameter,
100 pm; laser power, 80 mW; and laser duration, 80 ms. The captured tissues were

dissolved into RLT buffer (Qiagen) with B-mercaptoethanol (Wako) and then stored at
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-80 °C until RNA extraction. Total RNA was purified using a column-based method
(RNeasy Micro kit; Qiagen) and treated with DNase in the column to avoid

contamination of genomic DNA.

RNA-seq library construction and sequencing

RNA integrity number (RIN) and concentration of whole brain total RNA were
measured by Bioanalyzer 2100 (Agilent Technologies) to make sure the high quality of
total RNA used for library construction (RIN: 9.3-9.6). After treating with RNase-free
DNase, the total RNA was used for library construction by using TruSeq DNA Sample
Prep Kits (Illumina). All libraries were sequenced using Illumina Hiseq2500 platform

for 150 bp paired ends sequencing.

For HVC and RA tissues, RIN and concentration were measured by Bioanalyzer
2100 to guarantee the RNA quality (RIN: 5.2-8.1). Purified total RNA (1-2 ng) of RA
and HVC were used to synthesize first strand cDNA by previously described method
(Sasagawa et al., 2013). The PCR amplification condition is: 14 cycles of 98°C (10 s),
65°C (15 s), 68°C (5 min). Amplified cDNA samples were purified by PCR purification
column (MiniElute PCR Purification Kit; Qiagen). The concentrations and smearing
patterns of cDNA samples were checked by Bioanalyzer 2100 to make sure the quality
of cDNA. Amplified cDNA samples were fragmented using a DNA Shearing System
LE220 (Covaris) and then purified by column. After the end repair of DNA fragments,
adaptors were ligated and amplified using a ligation based Illumina multiplex library

preparation method (LIMprep) with a KAPA Hyper Prep Kit (Nippon genetics) and 10
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PCR cycles. All libraries were sequenced by using Illiumina Hiseq2500 platform for
150 bp paired-end sequencing. The library construction and sequencing steps were
performed at Suzuki laboratory in the Tokyo University as a support by the Grant-in-

Aid for Scientific Research on Innovative Areas ‘Genome Science’.

All NGS data of whole brain, HVC and RA samples were updated to DDBJ

Sequence Read Archive (DRA005548 and DRA002970).

Read mapping and quantification of gene expression level

Reads with low quality and the adaptor sequence in the NGS raw data of all HVC
and RA samples were removed by using Filter FASTQC (Simon, 2010). Clean reads
were mapped to reconstructed ZF genome by TopHat2 (Kim et al., 2013). Cufflinks
software (Trapnell et al., 2010) was used to evaluate expression levels of each gene by
calculating RPKM (Reads Per Kilobase per Million) value of HVC and RA samples of
ZF and OF. During RPKM calculation, new genome annotation GTF (Gene Transfer
Format) file of ZF which improved by Hayase et al. (Taeniopygia guttata
taeGut3.2.4. .76.gtf) was used (Hayase et al., 2018). After getting the RPKM value of
ZF and OF individuals, species-differently expressed (SDE) genes between ZF and OF
were identified by using R package DEseq?2 (Love et al., 2014) (adjusted p-value < 0.05,

Benjamini-Hochberg’s procedure).
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1.3 Results

Species-specific song phenotypic differences between ZF and OF were genetically

constrained

First, I compared the song features of ZF and OF reared with conspecific song
tutoring in our breeding colony to confirm whether a laboratory-controlled environment
could maintain species-specific song features. I compared the songs of the two species
regarding syllable acoustics and sequential features (12 parameters; See the Materials
and methods) at the adult stage (Fig. I-3A) and identified significant differences in six
acoustic syllable parameters (i.e., syllable duration, inter-syllable gap duration, entropy
variance, amplitude modulation [AM] variance, mean frequency modulation [FM], and
FM variance) and in syllable sequence features (motif and repetition transition rates) (n
= 6 birds each, p <0.01, one-way ANOVA) (Fig. I-3B, 3C, and Fig. [-4A). The results
showed that the range, but not the pattern, of each acoustic feature’s distribution
overlapped between ZFs and OFs (3,000 syllables from n = 6 birds each and 500
syllables/bird) (Fig. I-4A), thus suggesting that the species differences in the syllable
acoustics were not caused by physical species-specific constraints in the peripheral

vocal organs.

To examine the genetic contribution on the regulation of species-specific song
features of ZF and OF, I performed cross-species song tutoring experiments for both
ZF and OF juveniles. Under the cross-species song tutoring condition, juveniles heard

only the counter-species songs as tutor songs. By comparing with songs from
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conspecific and cross-species song tutoring conditions, I found that song tutoring
effects on most of the song parameters, including syllable sequence and acoustics
(entropy variance, AM variance, mean FM, and FM variance). However, excluding AM
variance, other all song parameters retained species specificity (ZF n = 4, OF n = 3;
one-way ANOVA, p < 0.05) (Fig. I-3B, 3C). In line with this result, I performed
principal component analysis (PCA) to investigate the song feature distribution of
conspecific and cross-species song tutored birds by reducing the dimensionality of the
syllable acoustics and sequential features. I observed that clusters were separable by
species but not by song tutoring conditions (Fig. I-4B). As many studies in songbirds
reported (Marler & Peters, 1977; Eales, 1985; Clayton, 1989), these results also indicate
that song learning of these two species is implemented based on the species-specific

genetic constraint.

Species differentially expressed (SDE) genes in both HVC and RA

To investigate the genetic reason inducing species-specific songs, I analyzed gene
expression levels in HVC and RA between ZF and OF. Clean reads (33.5 — 47.0 Mb)
were mapped to the ZF reconstructed genome and Reads Per Kilobase per Million
mapped reads (RPKM) was calculated to estimate the gene expression level. As a result,
11,501 and 11,487 genes in HVC and RA were identified as genes with detectable
expression levels in either ZF or OF (average RPKM = 1). Statistical analysis was
performed to compare the expression level between ZF (n = 4) and OF (n =4) in HVC

and RA. A total of 333 and 374 genes showed significantly differential expression in
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HVC and RA, respectively, between ZF and OF (p-value adjusted by the Benjamini-
Hochberg method; p < 0.05) (Fig. I-5A). These results showed expression differences
of orthologous genes existed in song nuclei of the motor pathway, which could be the

potential reason for the generation of species-specific songs between ZF and OF.

Sequence and acoustic features of songs were controlled by HVC and RA,
respectively (Nottebohm et al., 1976; Hahnloser et al., 2002; Sober et al., 2008). To
investigate how many species differential expressed (SDE) genes were uniquely
expressed in HVC and RA, I compared the SDE genes between HVC and RA. Only
123 (ZF expressed higher) and 51 (OF expressed higher) SDE genes were shared by
HVC and RA, respectively (Fig. I-5B). There were more than 65% of SDE genes exist
alone in HVC or RA, which showed the expression of such SDE genes were also

regulated in a brain region specific manner.
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1.4 Discussion

Species-specific animal behavior is one of important phenotypic traits between
closely related species during speciation, which play roles for reproduction and habitat
use (Krebs et al., 1978; Searcy & Andersson, 1986). Past researches had found different
expression levels and patterns of orthologous genes in neural system induced species-
specific behavior between closely related species (Young et al., 1997; Seeholzer et al.,
2018; Ding et al., 2019). In this chapter, I analyzed the vocal learning behavior of two
closely related songbird species, ZF and OF, and found that their songs were
significantly different both in acoustic and sequence features. To explore the genetic
reason of the species-specific vocal learning behavior, I explored gene expression
differences in song nuclei of the motor pathway and found 333 and 374 SDE genes in

HVC and RA, respectively.

ZF and OF juveniles tutored by conspecific songs showed significant differences in
acoustic and sequence features of songs, as well as tutored by cross-specific songs (Fig.
I-3). These results were in line with previous research (Marler & Peters, 1977; Eales,
1987; Clayton, 1989; Nelson, 2000; Fehér et al., 2009) and suggested that vocal
learning behavior of ZF and OF were genetically constrained. Male songbirds display
territorial and courtship behavior by singing songs in nature (Sossinka & Bohner, 1980;
Williams, 2004; Fujita et al., 2011). Species-specific features of the birdsong are
important signals for intra- and inter-species identification of songbird species during
the territorial and courtship behavior in the wild (Krebs et al., 1978; Williams, 2004;

Fujita ef al., 2011). ZF and OF shared overlapping inhabits in the north and west of
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Australia (Forshaw & Shephard, 2012), which means juveniles of ZF and OF can hear
songs of adult males of both species during song development. The genetic constraint
of species-specific vocal learning behavior of juvenile ZFs and OFs is benefited to learn

the conspecific song during song development avoiding heterospecific song learning.

One interesting finding in this chapter is that more than half of SDE genes between
ZF and OF were not shared by HVC and RA (Fig. I-5). This result suggested that the
SDE genes showed brain region-specific expression in the song pathway. In the motor
pathway, HVC and RA contribute to regulation of syllable sequence and acoustic of
songs, respectively (Nottebohm ef al., 1976; Hahnloser et al, 2002; Marler &
Slabbekoorn, 2004; Sober et al., 2008), which may be caused by SDE genes showing
brain region-specific expression. There are multiple subpopulations of neurons in the
HVC (Hahnloser et al., 2002; Kozhevnikov & Fee, 2007) and RA (Spiro et al., 1999;
Leonardo & Fee, 2005). In addition, previous research found that different cell types in
the brain of mammals showed different gene expression patterns (Raff et al., 1979;
Zeisel et al., 2015; Rosenberg et al., 2018). In my experiment, however, [ used LCM to
sample the HVC and RA tissues, which mixed all subpopulations of the neurons
together to perform RNA-seq. The technique limitation of LMC led to losing cell type
information of SDE genes. In the future research, performing single-cell RNA-
sequencing (scRNA-seq) and figuring out SDE genes between ZF and OF in each cell
type of HVC and RA may help to explain why SDE genes show brain region-specific
expression. The results of scRNA-seq will also be helpful to understand the molecular

mechanism of species-specific songs on single cell level.
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1.5 Figures
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Figure I-1: Cis- and/or trans-regulatory changes during evolution in song pathway

(A) During evolution, transcriptional regulatory changes between closely-related
species. Red circles and triangles: orthologous transcription factors in ancestral and
evolved species; Blue and orange squares: the cis-sequence of orthologous gene in
ancestral and evolved species; Black arrows: different thickness to show different
expression levels of orthologous genes in ancestral and evolved species.

(B) Schematic showing the song pathway for vocal learning and production in the
songbird brain. The posterior motor pathway and the anterior forebrain pathway
(AFP) are represented as red and gray lines, respectively. HVC (used as a proper
name); RA, the robust nucleus of the arcopallium; Area X, Area X of the basal
ganglia; DLM, dorsal lateral nucleus of the medial thalamus; LMAN, lateral
magnocellular nucleus of the anterior nidopallium; nXIlIts, tracheosyringeal part of
the hypoglossal nucleus. Axes indicate brain orientation: a = anterior, p = posterior,
d = dorsal, v = ventral.
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Figure I-2: Reciprocal F1 hybrid between ZF and OF and genomic construction.

F1 hybrids were bred between zebra finch (ZF) and owl finch (OF). Squares
under birds represent genome composition of reciprocal F1 hybrids between ZF
(orange) and OF (blue). ZO represents F1 hybrid offspring between ZFQ x OFJ.
OZ hybrids are the opposite. Male F1 hybrids share identical sets of auto- and sex-

chromosomes.
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Figure I-3. Species difference in song phenotype between ZF and OF

(A) Typical examples of songs from ZFs and OFs which were reared with conspecific

(B)

©

song tutoring and cross-species song tutoring. Orange solid and blue dotted lines
represent the motif and repetitive structure of syllables, respectively.

Species differences in syllable sequence of ZF and OF songs. (left) Syllable
similarity matrices (SSM) for songs produced by ZFs and OFs which were reared
with conspecific song tutoring and cross-species song tutoring. (Right) Motif and
repetition indices of ZF and OF songs (Mean+ SE; “Con™: n = 6 each from
conspecific song tutored ZF and OF; “Cross”: n =4 and 3 from cross-species song
tutored ZF and OF, respectively; one-way ANOVA, *p < 0.05, **p < 0.01). Each
dot corresponds to individual birds.

Species differences in syllable acoustics (syllable duration, inter-syllable gap
duration, entropy variance, AM variance, mean FM, and FM variance) of ZF and
OF songs (Mean+SE; “Con’: n = 6 each from conspecific song tutored ZF and OF;
“Cross”: n =4 and 3 from cross-species song tutored ZF and OF, respectively; one-
way ANOVA, p* < 0.05, **p < 0.01, p*** < 0.001). Each dot corresponds to

individual birds.
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Figure I-4: The similar distribution range of syllable acoustic traits between ZF
and OF.

(A) The distribution of syllable duration, inter-syllable gap duration, entropy variance,
AM variance, mean FM, and FM variance from ZF and OF which were reared with
conspecific song tutoring (total 3,000 syllables from n = 6 birds each and 500
syllables/bird).

(B) PCA of'the song features of ZFs and OFs reared under conspecific and cross-species
song tutoring conditions (“Con”: n = 6 each from conspecific song tutored ZF and

OF; “Cross”: n =4 and 3 from cross-species song tutored ZF and OF, respectively).
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Figure I-5. Species-differentially expressed (SDE) genes in HVC and RA
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(A) Species-differentially expressed (SDE) genes in HVC and RA. Orange and blue

colored spots represent significantly higher expression in ZF or OF, respectively.

Grey spots mean no significant expression between ZF and OF. (R DEseq2 package;

corrected with Benjamini-Hochberg’s method, p < 0.05).

(B) Venn diagram representing number of genes in HVC and RA, which were

differently expressed between ZF or OF.
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Chapter I1

Regulatory divergence influenced gene
expression differences between zebra finch and

owl finch in the vocal motor pathway
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2.1 Introduction

Species-specific birdsongs are produced by conserved song pathways in songbird
species (Nottebohm et al., 1976, Marler & Slabbekoorn, 2004). Species-specific songs
are characterized by syllable sequence and acoustics, controlled by HVC and RA in the
motor pathway, respectively (Nottebohm et al., 1976; Hahnloser et al., 2002; Sober et
al., 2008). Previous studies have shown genes (such as forkhead box protein P2, FoxP2
and muscarinic acetylcholine receptor 2, CHRM2) with species-differential expression
in song pathway of songbirds (Haesler ef al., 2004; Wada et al., 2013b; Asogwa et al.,
2018). In Chapter I, I found that genes were differentially expressed in HVC and RA
between ZF and OF as the SDE genes. However, the regulatory mechanism that induces
differences in gene expression is not understood. To the best of my knowledge, there is
no research to explore how transcriptional regulatory difference affects on the evolution

of species-specific birdsong in songbirds.

Differences in gene expression are caused by cis-regulatory changes that affect
transcription initiation, transcription rate, and/or transcript stability, or frans-regulatory
changes that modify the activity or expression of factors that interact with cis-regulatory
sequences (Wittkopp et al., 2004; Carroll ef al., 2013). During evolution, mutations in
cis- and trans-elements could have changed the expression levels of related genes in
evolved species as shown in Fig. I-1A (Wittkopp ef al., 2004; Mack & Nachman, 2017).
The F1 hybrids between closely related species are good models to estimate cis- and/or
trans- changes during speciation, because the two alleles inherited from both parents

share same transcriptional environment in the cell nuclei of F1 hybrids. Therefore, cis-
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difference between parental species could be identified by comparing allelic expression
levels of genes in F1 hybrids (Fig. II-1). Moreover, comparison of the allelic expression
ratio in F1 hybrids and expression ratio of orthologous genes between parental species
could estimate frans-regulatory difference (Fig. II-1) (Wittkopp et al., 2004; Wittkopp,
2005; Mack & Nachman, 2017; Signor & Nuzhdin, 2018). Such strategy has been used
in some species to explore cis- and/or trans-regulatory difference between closely
related species in Drosophila, mice, birds, and wasps (Wittkopp et al., 2004; Goncalves
et al., 2012; Davidson & Balakrishnan, 2016; Wang et al., 2016). However, how cis-
and/or trans-regulatory mutation affects species-specific behaviors, especially learned
behaviors and the brain region specific regulation between closely related species are
still unknown. Identification of cis- and/or trans-regulatory differences driving species-
specific gene expression in the song pathway among songbird species may enhance
understanding of how songbirds produce species-specific song using conserved neural
circuits. In addition, elucidating cis- and/or frans-differences in the song pathway of
songbirds may further illuminate the molecular mechanism of vocal learning in
songbirds. Previous work of Dr. Wada lab found that reciprocal F1 hybrid songbirds
between ZF and OF can be bred under laboratory conditions (Fig. I-2). The F1 hybrid
songbird is good model to identify transcriptional regulatory divergence between ZF
and OF. As the strategy introduced above, the parental expression ratio of each gene
can be calculated as RPKM values as shown in Chapter 1. Meanwhile, the allelic
expression ratio of each gene in F1 hybrids can be calculated by counting the number

of mRNA molecular which transcribed from ZF and OF allele. Using the two values
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(parental expression ratio and allelic expression ratio in F1 hybrid) of each gene, cis-

and/or trans-regulatory difference between ZF and OF can be identified.

In this chapter, I evaluated the cis- and/or trans-regulatory differences between ZF
and OF in both HVC and RA using strategy in Fig. II-1. Firstly, the allelic expression
ratio in F1 hybrids between ZF and OF were calculated utilizing species-specific single
nucleotide polymorphisms (ss-SNP). By comparing parental expression ratio and allelic
expression ratio of each gene, I identified cis- and/or frans-regulatory difference
between ZF and OF, in both HVC and RA. Since HVC and RA playing different roles
for the adult song of songbird (Nottebohm et al., 1976; Hahnloser et al., 2002; Sober et
al.,2008), I compared the cis-, trans-, and both cis- and trans-regulatory different genes
between HVC and RA. To examine the biological function of transcriptional regulatory
different genes, I performed functional analysis of cis-, frans-, and both cis- and trans-

regulated genes between ZF and OF in both HVC and RA.
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2.2 Materials and methods
Calculation of gene expression ratios between parental species

I estimated the expression level of each gene in HVC and RA of each animal (ZF: n
=4; OF: n = 4) with the RPKM values shown in Materials and methods of Chapter 1.
The average expression level of each gene was calculated using the average RPKM
values of each gene which were defined as follows.

_ (A1+A2+A3+A4) B — (B1+B2+B3+B4)
o 4 o 4

A

Where A1, Az, A3, and A4 and Bi, B2, B3, and B4 represent the RPKM value of
orthologous genes in each ZFs and OFs, respectively. Gene expression ratios between
parental species were calculated as X = log>(A/B), where X is the parental expression
ratio between ZF and OF; A and B are the average expression ratios described above.

Examples of the parental expression ratio calculation were shown in Fig. I1-2A.

Identification of species-specific single nucleotide polymorphisms (ss-SNPs)

NGS raw data of ZF and OF whole brain samples were filtered by removing adaptor
and low quality reads using Trimmonatic software (Bolger ef al., 2014). Clean reads of
ZF and OF whole brain samples were mapped to the ZF reference genome which was
downloaded from Ensembl (Taeniopygia guttata.taecGut3.2.4). Ss-SNPs were
discovered from the mapping result and were defined as following rules: the base
variants were same in all individuals of a species but different from the base found in

all individuals of another species. SNPs in individuals of same species were shield to
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same base for both ZF and OF reconstructed genome DNA. The positions with ss-SNP
of ZF genome (Taeniopygia guttata.taeGut3.2.4) were replaced by ZF type and OF type
SNP to make ZF version and OF version reconstructed genome. MUMmer software
(Delcher et al., 2003) was used to identify ss-SNPs by performing alignment sequence

of each chromosome of the reconstructed ZF and OF genome.

Analysis of allelic specific expression (ASE) genes in F1 hybrid

To determine the allelic origin of reads, mapping results of HVC and RA of F1 hybrid
individuals were used for the following analysis depending on the user guide of
SNPsplit software (Krueger & Andrews, 2016). Firstly, bases at the ss-SNP position of
reconstructed ZF genome were replaced by character ‘N’ to make N-marked genome.
Secondly, the clean reads of HVC and RA (ZF, OF and F1 hybrids samples) individuals
were mapped to the N-marked genome by TopHat2 (Kim ef al., 2013). Lastly, SNPsplit
software was used to distinguish reads from ZF or OF allele depending on the
discovered ss-SNP information. The reads numbers of each ss-SNP were counted by

using samtools (Li ef al., 2009) based on the results of SNPsplit.

I performed quality control of the genes used for allelic expression ratio analysis in
HVC and RA of F1 hybrids. Thresholds were set as follows. 1) For each ss-SNP site in
HVC and RA of ZF, the percentage of reads transcribed from ZF allele should more
than 98% (vice versa in OF HVC and RA samples) to double check the veracity of
identified ss-SNP. 2). The reads number of each ss-SNP site should be more than 5. 3)

Median value of RPKM of 16 individuals (ZF: n=4; OF: n=4; ZO:n=4; OZ: n=4)
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should be more than 10. Genes with at least one ss-SNP which passed the above
threshold were used for allelic expression ratio calculation. A total of 5,827 and 6,328
genes passed the threshold were used for the following analysis in HVC and RA,
respectively. Allelic expression ratio was measured by d-score which was described in

previous research as the following formula (Eckersley-Maslin et al., 2014).

Reads zp, 0.

d= —
Readszpy + Reads o)

The range of d-score is from -0.5 to 0.5 which means gene bias from OF to ZF, and
d-score equal to 0 means no bias to either allele. The significant difference between
reads number of ZF and OF allele was tested by using Fisher-test which compared ZF
and OF allele reads against the average number of reads from both alleles. Genes were
defined as allelic imbalance in a F1 hybrid individual with threshold |d-score| > 0.18
and p-value < 10" (Chi-square test, FDR adjust p-values). For eight F1 hybrids (ZO: n
=4; OZ: n =4), genes with at least four F1 hybrid individuals showing allelic bias
towards either ZF or OF and no individual showing bias to the other allele was

considered as allelic imbalance gene.

Imprinting gene identification between ZO and OZ

I performed correlation analysis to test the potential of genomic imprinting in F1
hybrids using Spearman’s rank correlation of gene allelic expression ratio between ZO

(n =4) and OZ (n = 4). In addition, the differences in allelic expression ratios of each
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gene were compared between ZO (n = 4) and OZ (n = 4) hybrids using one-way

ANOVA (adjust p-value by Benjamini-Hochberg’s method).

Calculation of allelic expression ratio in F1 hybrids

Reads numbers transcribed from ZF or OF alleles of genes passed the threshold were
counted in each F1 hybrid individuals. Allelic expression ratios of F1 hybrids were
calculated as Y = logz(a/b), where Y is the allelic expression ratio between two alleles;
a and b are the read numbers of ZF allele and OF alleles in F1 hybrid individuals,
respectively. Two gene examples of allelic expression ratios calculation were shown in
Fig. II-2B. Since there was no imprinting genes in F1 hybrids, we treated ZO and OZ

F1 hybrids as the same to perform the following analysis.

Identification of cis- and/or trans-regulatory divergence between ZF and OF

Cis- and trans-effects on gene expression divergence were estimated by the scheme
described in Fig. II-1. In brief, the regulation mechanism of gene expression between
ZF and OF was (1) cis-regulatory difference, if X = Y and Y # 0; (2) trans-regulatory
difference, if X # Y and B = 0; (3) both cis- and trans-regulatory difference, if X # ¥
and Y # 0; (4) no cis- and trans-regulatory difference (i.e., conserved), if X = Y, and ¥
= (). The student’s #-test was used to determine the difference between gene expression
ratio in parental species and allelic expression ratio in F1 hybrids. The SGoF program
(Carvajal-Rodriguez et al., 2009) was employed to correct p values for multiple testing

(adjusted p < 0.05). The previous standard method for estimating regulatory divergence
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can lead to a negative correlation as an artefact when cis-estimates have any errors
(Fraser, 2019; Zhang & Emerson, 2019). To avoid this bias, first, I randomly selected
four individual F1 hybrids as a group to estimate cis-effects using their average ASE
ratio while the remaining four F1 individual hybrids were used to compare the
expression ratio between ZF and OF. For each gene, a total of 70 combinations were
constructed by randomly selection of four of eight F1 hybrid birds (n =4 each from ZO
and OZ). Thus, cis- and/or trans-regulatory identification was done for each gene for
each pair of 70 total combinations. During this cross-replicate comparison, some genes
were categorized as different transcriptional regulations due to a large variance in ASE
ratios among F1 individuals. Therefore, I finally determined which transcriptional
divergence made the main regulatory effect on each gene by two steps of statistics as
followed: (i) calculation of the difference between four categories (cis-, trans-, both cis-
and trans-, and conserved) using chi-square test (with adjust p-value by FDR < 0.05)
and (i1) a comparison of the difference between the first and second strongest regulatory
effects using a Fisher’s exact-test (adjust p-value by FDR < 0.05). If genes did not show
significance at both two tests, such genes were defined as “ambiguous” regulatory

genes (Fig. 11-3).

In addition, I performed analysis of cis- and/or #rans-regulatory divergence using a
standard method (Wittkopp et al., 2004) and compared these results with those from
the above method. The difference of the standard method from my method is that the
allelic expression ratios of all eight F1 hybrids (ZO =4, OZ = 4) were used to estimate

cis- and trans-regulatory effects. In brief, the parental expression ratio value X and the
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allelic expression ratio in F1 hybrid value Y were calculated similarly to the new method.
The average value Y of eight F1 hybrid individuals were used to compare with value X
and 0, respectively, to estimate cis- and trans-effects by the scheme described in Fig.
II-1 and Fig. I1-3 (Student’s #-test). SGoF program (Carvajal-Rodriguez et al., 2009)

was employed to perform multiple testing correction (adjust p-value < 0.05).

Functional analysis of gene group with cis- and/or trans-regulatory different genes

The function of gene groups with cis-, trans- and cis- and trans-regulatory
differences between ZF and OF in HVC and RA were annotated by Gene Ontology
(GO) analysis using a website tool, DAVID Bioinformatics Resources 6.8
(https://david.nciferf.gov) (Huang et al., 2009). GO enrichment analysis allows
elucidating the potential biofunctional significance of gene groups depending on the
pre-annotated function of each gene. Therefore, I performed GO enrichment analysis
of cis- and/or trans-regulatory different genes by using Fisher’s test (p-value was
adjusted by Bonferroni method). Since trans-regulated genes in RA were enriched the
most GO terms, I performed upstream regulation analysis for trans-regulatory different
genes in RA. Ingenuity Pathway Analysis (IPA) was employed to perform upstream
regulation enrichment analysis based on the human gene function database (Krdmer et
al., 2013). The fold change of each gene [Foldchange = log:(ZF RPKM/OF RPKM)]
and p-value (got from species differential expressed gene analysis, Fig. I-5) were used

as input parameters for IPA analysis.
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2.3 Results

Identification of ss-SNPs and allelic specific expression (ASE) genes

Depending on the sequencing results of whole brains, 2,409,063 ss-SNPs were
identified (average 2.02 SNPs/Mb) between ZF and OF. To quantify ASE genes in F1
hybrids, I figured out genes passed the threshold (ss-SNP number =1; RPKM value >
10; Read number of each ss-SNP = 5) described in the Materials and methods part.
As aresult, a total of 5,827 and 6,328 genes passed the threshold survived in HVC and
RA, respectively. To test the existence of genomic imprinting in F1 hybrid songbirds, I
performed a correlation analysis of parental allelic expression ratio between ZO (n =4)
and OZ (n = 4). The results showed that parental allelic expression ratios were highly
correlated between ZO and OZ in HVC and RA genes (Pearson correlation, » = 0.527,
p <2.2e-16 in HVC; r = 0.550, p <2.2e-16 in RA, Fig. II-4). Furthermore, statistical
analysis showed that the parental expression ratio of these genes was not significantly
different between ZO and OZ (one-way ANOVA, p-value < 0.05 adjusted by the
Benjamini-Hochberge’s method). These results suggested that there was no evidence
of parental imprinting gene exist in reciprocal F1 hybrids, which was in line with
previous research in avian species (Fresard et al., 2014). Therefore, [ used ZO and OZ

individuals equally perform allelic imbalance expression calculations.

I identified 504 allelic imbalance expression genes in HVC, which contain 402 OF
allele biased genes (OF-biased) and 102 ZF biased allele genes (ZF-biased); while 403

genes were identified as allelic imbalance expression genes, which contain 234 OF-
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biased genes and 169 ZF-biased genes in RA (Fig. II-5B, 5C). Two genes, 5-
hydroxytryptamine receptor 1B (HTRIB) and Beta-1,3-Glucuronyltransferase 2
(B3GAT?2), were shown as examples representing non-allelic imbalance and allelic
imbalance gene in Fig. II-5A, 5B. A total of 145 genes showing OF biased expression
and 50 genes showing ZF biased expression existed in both HVC and RA. However,
more than half (309 of 504 genes in HVC; 208 of 403 genes) ASE genes only existed
in HVC or RA (Fig. II-5C). These results indicate that ASE genes were brain region-
specifically regulated in the motor pathway in F1 hybrid songbirds. I then explored how
genes with allelic imbalance distribute on the entire genome including autosome and
sex chromosomes. OF allele expression-biased genes (402 and 234 genes) exist more
than ZF allele expression-biased genes (102 and 169 genes) in HVC and RA,
respectively, on the whole genome level. In contrast, such patterns were opposite on
chromosome Z (Fig. II-5D). Only 10 and 8 genes showed OF allele expression-biased,
while 26 and 29 genes showed ZF allele expression-biased on chromosome Z in HVC
and RA, respectively, which meant that the number of ZF allele expression-biased
genes were significantly higher than OF allele expression-biased on chromosome Z in

the F1 hybrids (Binomial test, p = 0.01, HVC; p = 0.0008, RA).

Transcriptional regulatory divergences existed between ZF and OF

To identify cis- and/or trans-regulatory difference between ZF and OF, I calculated
the parental expression ratios and allelic ratios of genes passed the threshold (Fig. I1-1;

Fig. I1-3; Fig. 11-6). In F1 hybrids, cis-differences inherited from two parental species
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were maintained and the expression levels of two alleles in F1 hybrid were different.
For trans- regulation different genes, frans-elements were shared in the same cellular
environment in the F1 hybrids. Therefore, the expression differences between the two
alleles were eliminated. To identify the transcriptional regulatory divergence between
ZF and OF, log2-transformed gene expression ratio between parental species [log2(A/B)]
and allelic expression ratio in F1 hybrids [logz(a/b)] were calculated as described in the
Materials and methods (Fig. II-1, I1-6). As a result, 158 (2.4% of total 5,827 genes) of
genes showed evidence of significant cis-regulatory difference, 271 (4.7%) of genes
showed trans-regulatory difference, 183 (3.1%) genes showed both cis- and trans-
regulatory difference, 4,489 (77.0%) genes showed conserved between ZF and OF, and
726 (12.5%) genes were classified as ambiguous genes in HVC. In RA, 246 (3.9% of
the total 6,328 genes), 383 (6.1%), 183 (2.9%), 4782 (75.6%) and 734 (11.6%) genes
were classified as only cis-, only trans-, both cis- and trans-, conserved and ambiguous
regulatory difference between ZF and OF, respectively (Fig. II-6A, 6B). These results
indicated that the expression of 600-800 genes (approximately 10-15 % of the
expressed genes) in the vocal motor song nuclei was modified by altered transcriptional

regulation between the two species.

Brain region-specific alternation of cis- and/or trans-regulatory divergence

In both HVC and RA, genes with trans-alternation were more prevalent than cis-
alteration. Furthermore, the majority of the genes under conserved regulation were

highly expressed in both HVC and RA [3,523 genes 0f 4,489 (78.5%) and 4,782 (73.7%)
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genes expressed in HVC and RA, respectively]. In contrast, most of the cis- and/or
trans-regulated genes were not shared between HVC and RA (Fig. I1-6B), showing a
brain region-specific transcriptional regulatory alteration. This result was similar to the
results obtained with the estimation method using the average of ASE of all F1 hybrids,

which showed similar rates of cis- versus trans-regulation divergence (Fig. II-6C).

Transcriptional regulatory changes significantly correlated with species-

differentially expressed (SDE) genes in the song nuclei

I further examined whether the SDE genes in HVC and RA were affected by the
transcriptional regulatory divergences between ZF and OF. Based on the RPKM values
of each gene expressed in ZF and OF, 333 and 374 genes showed significantly different
expression in HVC and RA, respectively, between the two species (2.9% and 3.3% of
all the genes expressed in HVC and RA, respectively) (DEseq2, p-value corrected by
Benjamini-Hochberg’s method, p <0.05; n =4 each from ZF and OF) (Fig. I-5). A total
0f 209 and 242 SDE genes in HVC and RA, respectively, passed the ss-SNPs threshold
for calculating the ASE ratio in F1 hybrids. Such SDE genes were significantly enriched
with a higher probability for cis-, trans-, and both cis- and trans-regulatory effects,
compared with those of non-SDE genes, in both HVC and RA (Fisher’s exact test, p***
< 0.001) (Fig. I1-7B). These results showed a significant association of transcriptional

regulatory changes with SDE genes in the song nuclei.
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Trans-regulatory divergence was with a predominant effect on neural function

To determine the potential function of cis-, trans- and cis- and trans- genes in HVC
and RA, I performed Gene Ontology (GO) enrichment analysis using these sets of genes.
The results showed that more GO categories were enriched for trans-regulated genes
compared to the other types of transcriptional regulatory divergence in both HVC and
RA (Fig. 1I-8). GO categories related to neural functions associated with synapse
transmission, soma to dendritic compartment, and nervous system development were
significantly enriched for RA frans-regulated genes (Fisher’s test, p-value corrected by
Benjamini-Hochberg’s method, p < 0.05). These results motivated me to focus on
altered trans-regulation in RA. To predict the potential regulatory mediators driving
species differences in the expression of trans-regulated genes in RA, I performed
upstream regulatory analyses using IPA (Krdmer ef al., 2013) and found that potential
upstream regulators that were significantly enriched. In these upstream regulators,
brain-derived neurotrophic factor (BDNF) was the most significant upstream mediator
of genes under trans-regulation in RA (Fig. II-9A), which included genes [e.g.,
glutamate decarboxylase (GAD) 2, NMDA glutamate receptor (GRIN) 2A,
neuropeptide Y (NPY), and collapsin response mediator protein (CRMP) 1] for neural
plasticity and dendritic spine development (Fisher’s exact test, p = 6.44E-07) (Fig. II-

9A, 9B).
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2.4 Discussion

In this chapter II, I identified cis- and/or trans-regulatory differences between ZF
and OF in HVC and RA. The transcriptional regulatory differences were brain region-
specifically exist, in turn, which significantly affected gene expression difference
between ZF and OF. The trans-regulatory genes were predominant than cis-regulatory
genes in both HVC and RA. Functional analysis revealed that trans-regulatory genes
were associated with synaptic formation and transmission in RA. In addition, I found
that some genes including BDNF were enriched as upstream mediators for the trans-

regulatory genes in RA.

One of my important findings in this chapter was that trans-regulatory different
genes between ZF and OF were much greater than cis- and both cis- & trans-regulatory
genes. This result was different from the previous studies that perform regulatory
divergence analysis in other species (Goncalves et al., 2012; Gomes & Civetta, 2015;
Davidson & Balakrishnan, 2016; Wang et al., 2016; Reuveni et al., 2018). In previous
studies, researchers used whole organ or whole body of animal to explore the regulatory
difference between closely related species (Gomes & Civetta, 2015 using whole body
of fruit fly, Wang et al., 2016 using whole body of wasps, Davidson & Balakrishnan,
2016 using whole brain of songbird, Goncalves et al., 2012 & Reuveni et al., 2018
using whole liver). The results of these researches showed that genes with cis-
regulatory differences were much more than trans-regulatory differences, which were
opposite with my results. The predominant trans-regulatory differences made me

speculate whether the method using the cross-replicated calculation to estimate cis-
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and/or trans-regulatory difference caused such discrepancies. Studies reported that the
traditional standard method which was used for cis- and/or frans- identification could
overestimate the cis-regulatory genes (Fraser, 2019; Zhang & Emerson, 2019). To
verify this possibility, I also used the traditional standard method to analyze cis- and/or
trans-regulatory difference between ZF and OF and obtained a similar result with the
cross-replicated calculation method (Fig. II-6C). One of the reasons why trans-
regulatory genes showed predominantly might be using of song nuclei tissues, instead
of using the whole body or whole organ. In the future, it will be necessary to perform
transcriptional regulatory analyses using whole brain or non-song nuclei tissue as a

background control between ZF and OF.

Additionally, I found that HVC and RA shared smaller numbers of genes which
showed cis-, trans-, and both cis- and trans-regulatory difference compared with
conserved genes. These results suggest that transcriptional regulatory differences
between ZF and OF were brain region-specific appearing in HVC and RA. Why did
genes show brain region-specific transcriptional regulatory differences even the
genome sequences between HVC and RA are the same in one species? One reason may
be that HVC and RA play different roles for regulating the species-specific song traits
(Nottebohm et al., 1976; Hahnloser et al., 2002; Sober et al., 2008). First, trans-
mediators show different expression levels between HVC and RA, such genes can
induce gene expression differences of downstream genes. In line with this, previous
research already found that genes including transcription factors showed brain region-

specific expression in the song pathway of songbirds (Asogwa et al., 2018; Hayase et

43



al., 2018). Secondly, epigenetic modification, such as DNA methylation, of the cis-
DNA sequence of singing related genes may become different between HVC and RA
during song development. Memory and learning progress normally accompany
epigenetic changes in the cis- sequences which include DNA methylation and histone
post-translational modifications (Levenson & Sweatt, 2005; Peixoto & Abel, 2013).
The epigenetic modification causes DNA compaction and relaxation that induce to gene
transcriptional repression and activation in the neural system of animals (Korzus et al.,
2004; Martin & Sun, 2004; Kim & Kaang, 2017). For example, cis-regulatory
differences could be due to the difference of methylation in the upstream DNA sequence
between closely related species (Wang et al., 2016). In future research, it will be
essential to figure out the epigenetic difference of the whole genome between HVC and
RA in both ZF and OF. For instance, we can analyze the difference in DNA methylation
state between HVC and RA by performing whole genome bisulfite sequencing.
Therefore, the understanding of brain-region specific transcriptional regulatory
divergences is a potential chance to deeply understand the molecular mechanism of

species-specific vocal learning.

To the best of my knowledge, this is the first study to use the cross-replicated method
to perform cis- and/or trans-identification. I defined a group of genes as “ambiguous”
genes that were not revealed by the traditional calculation method. About 10% of all
expressed genes in HVC and RA were categorized as “ambiguous”. Ambiguous
regulated genes could have resulted from intraspecies genomic variations, such as

intraspecies SNPs and indels (insert and deletion). In Dr. Wada’s lab, we found that F1
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hybrids showed a wide range of individual differences in learned song structure under
the same tutoring condition. The potential contribution of ambiguous genes for the song

variability of F1 hybrids may be a crucial research topic in the future.

In this chapter, I found that many genes were regulated with allelic imbalance
expression in HVC and RA of F1 hybrid (Fig. II-5). Interestingly, the number of ZF
allele expression-biased genes are significantly higher than OF allele expression-biased
genes on chromosome Z in F1 hybrids (Fig. II-5D), which suggested cis-regulatory
differences on the chromosome Z enhanced gene expression of ZF alleles or inhibited
the gene expression of OF alleles on the chromosome Z. A potential reason might be
difference in DNA methylation state between ZF- and OF-alleles (Teranishi ez al., 2001;
Wright et al., 2015). Such cis-regulatory difference could induce differential expression
of genes on chromosome Z between ZF and OF. Previous studies found that genes
located on sex chromosomes play potential roles for singing behavior in songbird
species (Tomaszycki et al., 2009; Itoh et al., 2011). My results suggested that species
differential expressed genes which were regulated by cis-regulatory differences on
chromosome Z might be important candidate genes for species-specific songs between

ZF and OF.
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2.5 Figures
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Figure II-1: Strategy to identify cis- and/or trans-regulatory difference between

ZF and OF.

Classification of species differences in cis- and/or trans-regulations based on the

comparison of relative gene expression ratio between parental species and the allelic

expression ratio in their F1 hybrids. For each gene, “A” and “B” represent gene

expression levels in ZF and OF, respectively. “a

2

and “b” are gene expression levels

from ZF and OF alleles, respectively, in F1 hybrids. “A/B” and “a/b” are the expression

ratios between parental species and allelic expression ratios in F1 hybrids, respectively.
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Figure II-2: Species differences in gene expression between ZF and OF and allele

specific expression in F1 hybrids.

(A) Examples of species differences in gene expression between ZF and OF. (Left

(B)

panels) Expression levels of Glutamate receptor, ionotropic, kainate 1 (GRIK1),
Ras-related protein Rab-5A (RABS5A), and LIM domain only protein 7 (LMO7) in
song nucleus RA of ZFs and OFs. Gray boxes represent the position of exons for
each gene. Dark blue peaks below exons represent read density. (Right panels)
Gene expression levels in ZF and OF and the average expression ratio between ZF
and OF. Each dot represents RPKM value for each individual. Data are Mean +
SEM. (n = 4 birds each; one-way ANOVA, *p < 0.05, ***p < 0.001, n.s.: not

significant).

Examples of allele specific expression in F1 hybrids. (Upper panels) Allelic
expression ratios in F1 hybrids at species-specific SNPs (ss-SNPs) of RASGEF1B
and HTR1B in the song nucleus RA. Dark blue peaks below exons represent read
density. White bars in the dark blue-colored peaks represent ss-SNP positions. Pie
charts of each ss-SNP represent the percentage of transcribed read numbers from
ZF (orange) and OF (blue) alleles. (Bottom panels) the percentage and ratio of
parental species-allelic expression of RasGEF domain family, member 1B
(RASGEFI1B) and HTR1B in OZ and ZO F1 hybrids. Each dot represents average
allelic expression ratios of all species-specific SNPs in one individual (n = 4 birds
each, mean). Orange and blue-colored bars represent the values from ZF and OF

alleles, respectively. Data are Mean + SEM (n = 4 birds each).
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Figure II-3: Workflow of dada analysis for SDE genes and transcriptional

regulatory divergence between ZF and OF.

Experimental workflow for the calculation of species-differently expressed genes

and characterization of transcriptional regulatory divergence
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Figure 11-4. No genomic imprinting genes in reciprocal F1 hybrids of ZF and OF
Correlation analysis of genes between OZ and ZO. Scatter plots of allelic
expression ratios of 5,827 and 6,328 genes in HVC and RA, respectively, of OZ and

Z0 hybrids (Pearson correlation coefficient).
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Figure I1-5: Allelic imbalance genes in HVC and RA in F1 hybrids.
(A) Two gene examples in RA showed how to define allelic imbalanced expression

genes (HTR1B) and allelic expression unbiased gene (B3GAT2).

(B) Scatter plot of allelic expression in each animal’s HVC and RA. Different colors of
dots represent different F1 hybrid individuals. Plots located in the area with light
green or orange background mean genes significantly biased to OF or ZF

respectively.

(C) Venn diagram showed gene number which was ZF-biased and OF-biased genes in

both HVC and RA, respectively.

(D) Distribution of allelic imbalance expressed genes on three auto-chromosomes and
chromosome Z in HVC and RA of F1 hybrids. X-axis represents the gene position
of each chromosome. Y-axis represents average of d-scores (ZO: n =4; OZ: n =4)
of each gene. Orange and blue squared plots represent ZF-biased and OF-biased

genes, respectively.
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Figure II-6. Classification of transcriptional regulation divergence between ZF

and OF.

(A) Heatmaps of gene expression in ZFs and OFs, and allelic expression ratios in F1
hybrids for cis-, trans-, and both cis- and trans-regulated genes in song nuclei HVC
and RA (blue-red colored). Comparison between species-different gene expression
(A/B) and allelic expression ratios in F1 hybrids (a/b) in heatmaps (Dark brown-
light yellow colored). “A” and “B” represent RPKMzF average) and RPKM(oF average),

[1P4]

respectively. “a” and “b” represent Reads (zr alele) and Reads (oF alele), respectively.

(B) Numbers of gene obtained by the new method classified as cis-, trans-, both cis-

and trans-, conserved, and ambiguous regulation in HVC and RA.

(C) Numbers of genes obtained by the traditional standard method classified as cis-,

trans-, both cis- and trans-, conserved regulation in HVC and RA.

54



>

Allele specific expression ratio in F hybrids

log:[Readser ateielf Readsior aneer]

HVC

@

w

Allele specific expression ratio in F: hybrids
log:[Readsir aneiei/ Readsior aneicy)
w

@

2

RA

SDE genes
® cis-
® trons-

cis- & trans-
non-SDE genes
o gis-

trans-
cis- & trans-

Wcis-

conserved

(%)

100

Probability

.-

~
[

w1
=]

o
wn

HEk

Wtrans-
ambiguous

cis- & trans-

-6 - 0 3 6
Expression ratio between parental species
log> [RPKMizr)/RPKMior)]

-6 -3 0 3
Expression ratio between parental species
log, [RPKM (zr}/RPKM(0F)]

0 non-SDE
genes

SDE
genes

non-SDE
genes

SDE
genes

HVC

RA

Figure II-7: Cis- and trans-regulatory effects on species-differential expression.

(A) Scatter plots of expression ratios between ZF and OF (X-axis) and allelic expression

ratios in F; hybrids (Y-axis) for genes showing differential expression between

species. Blue-, red-, and orange-colored spots: cis-, trans-, both cis- and trans-

regulated genes, respectively. Filled spots correspond to species-differentially

expressed (SDE) genes.

(B) Cis- and trans-effects on the expression of species-differentially regulated genes.

The percentage of cis-, trans-, both cis- and trans-, conserved, and ambiguous

transcriptional regulatory genes in the SDE and non-SDE genes (Fisher’s exact test,

wx%p < 0,001).
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Figure II-8: GO enrichment analysis of regulatory different genes.

(A) Gene ontology (GO) enrichment analysis of the cis-, trans-, and both cis- and trans-
regulated genes in HVC and RA. The size of circle represents the number of genes
assigned to each GO term. Red lines represent p-value for significant enrichment
(Fisher’s exact test, p-value adjusted by Benjamini-Hochberg’s method, p < 0.05).

(B) The bar graph shows the numbers of enriched GO terms of each category of

regulatory different genes.
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Figure II-9: Upstream regulatory molecular enrichment analysis of #rans-

regulatory genes in RA.

(A) Top 7 candidate upstream mediators for trans-regulated genes in RA.

(B) Gene-gene connections for the top 7 candidate upstream genes. Colored genes are
trans-regulated genes in RA. Solid and dotted lines represent directed and

undirected regulation, respectively, between connected genes.
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Chapter I11

A potential contribution of BDNF expression on

the generation of species-specific birdsongs
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3.1 Introduction

More than 4,000 species of songbird produce species-specific unique songs as a
function of the conserved song pathway (Nottebohm et al., 1976; Marler &
Slabbekoorn, 2004; Brenowitz & Beecher, 2005). There are many genes that are
regulated by singing activation or development of song in song nuclei of the song
pathway. (Jarvis et al., 1998; Haesler et al., 2004; Wada et al., 2006; Hayase & Wada,
2018; Hayase et al., 2018). However, little is known about how the genetic difference
between songbird species in the song pathway contributed to species-specific vocal
learning behavior via species-specific gene expression level/pattern in the song

pathway among songbird species.

The post-genomic era focuses on elucidating the function of genes (Eisenberg ef al.,
2000; Pandey & Mann, 2000; Husi & Grant, 2001). Identifying, narrowing down, and
verifying the importance of candidate genes in animal behavior is one of the key
research directions of neuroscience and neuroethology in the era. In Chapter I1, I found
that the existence of RA trans-regulatory genes between ZF and OF correlated with
neural functions and identified some candidates as upstream mediators for the trans-
regulatory genes in RA (Fig. I1-9). These upstream mediators may contribute to
differently regulate their downstream genes to produce species-specific vocal learning
behavior between ZF and OF. Furthermore, I identified the brain-derived neurotrophic
factor (BDNF) as the most significant upstream mediator that could be responsible for
trans-regulatory difference in RA between ZF and OF (Fig. II-9A). BDNF, a member

of the neurotrophin family, plays an important role in memory and cognition by binding
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to tropomyosin receptor kinase B (TrkB) receptor (Lu, 2003; Kowianski et al., 2018).
The expression level of BDNF is regulated by neural activity and the protein is
transported and secreted to the downstream neural pathway (Altar et al., 1997). In
recent years, studies have elucidated the potential function of BDNF related to vocal
learning behavior in songbirds. The expression level of BDNF mRNA in the song
pathway was increased by singing (Li et al., 2000; Wada et al., 2006). Furthermore, the
expression level of BDNF in the song nuclei, such as Area X, HVC, and RA,
dynamically changed during song development (Akutagawa & Konishi, 1998). Based
on this information, I hypothesized that the difference of BDNF could differently
regulate the downstream genes expression in RA between ZF and OF as a trans-
regulatory mediator, which play important roles in the regulation of species-specific

songs.

There are two possible mechanisms by which BDNF could induce trans-regulatory
differences in RA between ZF and OF. First, gene mutation might have caused amino
acid substitutions in the BDNF protein between ZF and OF and consequently affected
its ability to bind on the TrkB receptor. Secondly, expression differences in the BDNF
mRNA in HVC neurons projecting to RA, or in RA neurons themselves could have
affected the probability to bind to the TrkB receptor. I first tested whether amino acid
substitution or expression level differences of the BDNF gene existed or not between
ZF and OF. For this purpose, I cloned BDNF genes from ZF and OF and other species
to explore whether amino acid substitutions generally exist among songbird species.

Secondly, I examined the potential species-different expression level of the BDNF
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mRNA between ZF and OF under silent and singing conditions. To test the contribution
of amino acid substitution and expression level difference of the BDNF gene to the
species-specific songs, I performed correlation analyses between singing phenotypes
and allelic imbalance ratio or expression level of the BDNF gene by utilizing F1 hybrids.
Furthermore, to verify the potential BDNF function for regulation of species-specific
songs as a trans-regulatory mediator, I performed microdialysis with a selective agonist

of BDNF receptor TrkB, 7,8-Dihydroxyflavone (7,8-DHF) into the RA of adult ZFs.
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3.2 Materials and methods

Clone of the BDNF gene from different songbird species

To compare the amino acid sequence of BDNF protein in multiple songbird species,
I cloned the BDNF gene from 8 species of songbirds. Total RNA was extracted from
whole brain tissues of ZF (7. guttata, n = 14), OF (I. bicherovii, n = 14), star finch
(Neochmia ruficauda, n = 3), cherry finch (N. modesta, n = 3), Bengalese finches
(Lonchura striata domestica, n = 3), spice finch (L. punctulata, n = 3), Java sparrow (L.
oryzivora, n = 3), and canary (Serinus canaria, n = 3). Total RNA was transcribed to
cDNA using Superscript Reverse Transcriptase (Invitrogen) with oligo dT primers. The
cDNAs were amplified by PCR using oligo DNA primers directed to the start and stop

regions of ZF BDNF. The sequences of primers were as follows.

Forward: 5’-ATGACCATCCTTTTCTTTACTA-3’

Reverse: 5-CTATCTTCCCCTTTTAATGGT-3°

PCR products were ligated into the pPGEM-T Easy plasmid (Promega). The cloned
sequences were searched using NCBI BLAST/BLASTX to compare with homologous

genes in other avian and mammalian species.

RI In-situ hybridization and quantification of BDNF mRNA expression level

35S-labeled UTP was used to synthesize riboprobes from the SP6 (Roche)
transcription promoter site of pPGEM-T Easy plasmid with ZF BDNF gene insert. RI in-

situ hybridization procedures were used as previous research (Wada et al., 2013a). ZFs

62



and OFs were sacrificed after singing 3 hours. Whole brains were frozen in OCT
compound on dry ice immediately and stored at -80°C. The brains frozen in OCT
compound were sectioned with 12 pum thickness. Brain sections were fixed in 3%
paraformaldehyde/phosphate-buffered saline (PBS), washed 3 times in 1x PBS,
acetylated, washed in 2x SSPE, dehydrated in ascending ethanol concentrations (50, 70,
90, and 100%), and then air-dried. Riboprobe (10° CPM) was mixed with 120 pl
hybridization solution to cover the brain sections. Sliders were put into an oil bath for 14 hours
at 65°C. After hybridization, hybridization solution was rinsed by 2x SSPE, 50% formamide
in 2x SSPE, 0.1xSSPE twice and dehydrated in increasing ethanol concentrations (50,
70, 90, and 100%)), air-dried. BioMax MR film (Kodak, USA) was covered on the brain
section for 1 week, and then development. Photos of developed X-ray films were taken
under a microscope (Z16 Apo, Leica) which connected to CCD camera (DCF490, Leica)
with Leica Application Suite, v3.3.0 (Leica). Light and camera settings were the same
for all images to ensure unbiased comparison. Photos were converted to grayscale, and
mRNA expression levels were quantified as mean pixel intensities using Adobe

Photoshop CS2 (Adobe Systems, USA).

Correlation analysis between song phenotypes and expression level or allelic

expression ratio of BDNF in F1 hybrids

RPKM values of the BDNF gene in RA of each F1 hybrid individual were calculated
depending on the read mapping result. Allelic expression ratios of BDNF in each F1

hybrid were got from the result of allelic imbalance analysis result in Chapter II. Since
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there were 5 acoustic (syllable duration, inter-syllable gap duration, entropy variance,
mean frequency modulation [FM], and FM variance) and 2 sequence (motif and
repetition transition rates) parameters showed significant difference both in con-
specific and cross-specific tutored ZF and OF (Fig. I-3B, 3C), I performed correlation
analysis between expression level or allelic expression ratio and the 7 song parameters

(Pearson’s correlation).

Pharmacological manipulation in RA of adult ZF's

Custom microdialysis probes were built using a microdialysis membrane
(SpectralPor, in vivo microdialysis hollow fiber, Outside diameter = 216 um, total
weight < 0.035g) attached to a drug reservoir, as previously described (Andalman &
Fee, 2009). I implanted probes bilaterally at positions adjacent to RA using stereotaxic
coordinates. Before setting the probe, spontaneous neural activity was measured to
verify the location of RA. Following surgery, the reservoir was filled every morning
with saline until the bird began to sing consistently and its phonological and syntactical
features were confirmed not to be damaged by probe implantation. To verify the
position of microdialysis probes, tetrodotoxin (TTX, 612 uM) was infused into one
side of RA and a hemi-RA inactivation-induced song change was confirmed. The 7, 8-
DHF (10 pg/uL in 0.9% NaCl, pH 7.4-7.6, Santa Cruz; n = 5 birds), or saline (n = 3
birds) were then continuously infused during the day. The dosage of 7,8-DHF was
chosen on the basis of previous in vivo studies (Blugeot et al., 2011; Devi & Ohno,

2012). The manipulated birds were allowed to move freely in a sound attenuation
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chamber and the song of each individual was recorded over 10 days after the initiation
of drug infusion. Probe position was evaluated post mortem by histological staining of

tissue sections.

Golgi staining and determination of dendritic spine density

To investigate whether 7,8-DHF infusion affected the morphology of neurons, I
performed Golgi staining for the 7,8-DHF (n = 3) and saline (n = 3) infused birds, as
described by sliceGolgi Kit (Bioenno Tech). Shortly to say, birds were anesthetized
under the silent and dark condition and perfused with 1x PBS. Brains were sampled
and sectioned at 100 pm thickness. Sections were fixed in a fixative solution for 3 hours
and then immersed section into impregnation solution for 5 days. Thereafter, sections
were stained and washed. Subsequently, sections were dehydrated in ethanol and xylene
and covered slip using the Permout® mounting medium. Photos of stained sections
were taken by using BZ X710 Microscope (Keyence) at 100x magnification. Z stacked
images were formed using 100 sections with 20 um depth. 6 dendrites from 3 ~ 4
neurons were selected from each bird to count the number of dendritic spines. Dendritic
spines were classified as previous research (Spacek & Harris, 1997; Tyler & Pozzo-
Miller, 2003) as follows: type A (Dendritic spine with longer spine neck, mushroom
shape); type B (dendritic spine without spine neck, stubby shape). The density of each

type of dendritic spine was calculated as the number of spines per micrometer.
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Sampling of RA tissue and next generation sequencing

To prepare the library for next generation sequencing, I sampled the RA tissue of
saline or 7,8-DHF infused birds and extracted total RNA. Whole brains were frozen in
OCT compound on dry ice immediately. Brains were serially cryosectioned at 20 um
thickness onto handmade membrane slides and stained in Nissl to confirm the presence
and boundaries of RA. RA tissues were microdissected using a laser capture microscope
(Arc-turusXT; Arcturus Bioscience) settings as follows: spot diameter, 100 pm; laser
power, 80 mW; and laser duration, 80 ms. Captured tissues were dissolved in RLT
buffer (Qiagen) with f-mercaptoethanol (Wako). Total RNA was purified based on the
manufacturer’s instruction using Agencourt AMPure XP (BECKMAN COULTER).
RIN value and RNA concentration were measured using a Bioanalyzer 2100 (Agilent

Technologies).

Quartz-seq was performed to amplify the total quantity of nucleate by following the
previous research (Sasagawa et al., 2013). Extracted total RNA (1 ng) from RA (7,8-
DHF, n = 3; Saline, n = 3) were used to synthesize first strand cDNA. The PCR
amplification condition was: 18 cycles of 98°C (10s), 65°C (15s), 68°C (5min).
Amplified cDNA samples were purified by using PCR purification column (MiniElute
PCR Purification Kit; Qiagen). The concentrations and RIN value of cDNA samples
were checked using Bioanalyzer 2100 (Agilent Technologies) to check the quality of
amplified cDNA. Amplified cDNA samples were fragmented using a DNA Shearing
System LE220 (Covaris) and then purified using column. Following end repair of DNA

fragments, adaptors were ligated and amplified using a ligation-based Illumina
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multiplex library preparation method (LIMprep). All libraries were sequenced using the
[Mlumina Hiseq2500 platform for 150 bp paired-ends. The library construction and

sequencing steps were performed at Novogene, Bejing.

Gene expression quantification of RA

After sequencing, raw data were filtered to remove low quality reads. Filtered clean
reads were mapped to the reconstructed zebra finch genome (see material and method
in Chapter I) using TopHat2 software (Kim et al., 2013). RPKM values of all genes in
each individual were calculated to estimate the gene expression level using Cufflinks
software (Trapnell et al., 2010) based on the new GTF file (see in material and method
in Chapter I). Differentially expressed genes between the control and 7,8-DHF infused
birds were identified by using R package DEseq2 (Love et al., 2014). Significantly
different expressed genes between the control and 7,8-DHF infused birds were defined

as genes with a foldchange of more than 4 and p-value less than 0.05.
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3.3 Results

Amino acid substitutions exist in the BDNF protein among songbird species

To figure out the candidate mediator for trans-regulatory genes in RA, I performed
upstream mediator enrichment analysis in Chapter II. I found that BDNF was the most
significant enriched mediator (Fig. II-9A) which might regulate 21 trans-regulatory
different genes in RA (Fig. III-1A). To test the possibility of existence of the amino
acid substitution in BDNF between ZF and OF, I performed sequence assembly of the
BDNF gene from the RNA-seq results to compare the amino acid sequences between
ZF and OF (n = 4, each). There were two amino acid differences (Ser45Arg in the
prodomain and Thr143Met in the NGF domain) in BDNF protein between ZF and OF
(Fig. III-1B). In addition, to test whether such amino acid mutation commonly existed
among songbird species or not, I cloned the BDNF coding sequence from a total of 8
species of songbirds (zebra finch, owl finch, star finch, cherry finch, Bengalese finch,
spice finch, Java sparrow, and canary). After sequencing, I transformed the mRNA
sequences into protein sequences and aligned the protein sequences among the 8 species.
A total of 6 amino acid substitutions (five amino acid changes located in the predomain
and one in the NGF domain) were found in the BDNF protein among the 8 songbird
species, showed that amino acid substitutions in BDNF have repeatedly occurred with

song species through evolution (Fig. I11-2).
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Different expression level of BDNF mRNA between ZF and OF in the motor pathway

The different expression levels of the BDNF gene between ZF and OF might be a
reason that induced BDNF to be a trans-regulatory mediator. To exam whether the
expression level of BDNF between ZF and OF were different or not, I evaluated the
expression level of BDNF mRNA in HVC and RA between ZF and OF using the
expression data from RNA-seq in Chapter I. As the result, expression levels of BDNF
mRNA were significantly different in HVC between ZF and OF under silent condition
(student’s z-test, p < 0.05) (Fig. III-1C). Even though expression level of BDNF in the
whole brain and RA did not show significant differences between ZF and OF, the
expression levels of BDNF showed same trends that higher expression levels in OF

than ZF.

Previous research showed that singing behavior increased the expression level of the
BDNF mRNA (Li ef al., 2000; Wada et al., 2006). To examine the potential species
difference in BDNF expression level induced by singing behavior, I performed in-situ
hybridization of BDNF mRNA for ZF and OF brains under both silent and 3 hours
singing conditions. The expression levels of the BDNF mRNA in both HVC and RA of
OFs were significantly higher than ZFs under both silent and 3 hours singing conditions
(Student’s #-test, p <0.05) (Fig. I11-3). In contrast, such different expression levels were
not found in the surrounding non-song nuclei area of HVC and RA (e.g., caudal
nidopallium and archopallium, respectively) (Fig. III-3). These results showed that
expression levels of BDNF mRNA were significantly different between ZF and OF both

in HVC and RA under both silent and singing conditions, which further support the idea
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that expression level of BDNF may play an important role as trans-regulatory mediator

for maintaining species-specific features of the adult song.

Song phenotypes had a higher correlation with the expression level of the BDNF

mRNA than amino acid substitutions in F1 hybrids

To examine whether the putative trans-regulatory effects are mediated by amino acid
substitution or difference in the expression level of BDNF, [ used F1 hybrids to perform
correlational analyses between song phenotypes and ASE ratios or RPKM values of
BDNF. ASE ratios were calculated depending on the expression levels of ZF and OF
allele, which reflected the percentage of BDNF protein with ZF or OF amino acid
sequence in F1 hybrids. In addition, the RPKM values quantified the mRNA expression
level of the BDNF gene. The transcriptome analysis in F1 hybrids showed that F1
hybrids possessed a wide range of individual differences in the ASE ratio and
expression level of BDNF mRNA in HVC and RA (Fig. III-4A). Furthermore, F1
hybrids acquired individually-unique songs with a wide range of ZF- and OF-biased
features, even though they were tutored with both ZF and OF songs (Fig. I1I-4B). I
performed correlation analyses between ASE ratios or expression levels of BDNF and
5 acoustic (syllable duration, inter-syllable gap duration, entropy variance, mean
frequency modulation [FM], and FM variance) and 2 sequential (motif and repetition
transition rates) parameters of the song, which were identified as species different song
parameters (Fig. I-3). I found that only one parameter, entropy variance of syllables,

showing significantly correlated with the ASE ratio of BDNF in RA (» = 0.800, p =
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0.017, Pearson’s correlation) (Fig. III-4C). In contrast, the expression level of BDNF
mRNA in HVC significantly correlated with two acoustic and two sequential song
parameters in F1 hybrids [acoustics: syllable duration (» = —0.862, p =0.006) and
entropy variance (r = —0.822, p = 0.012); sequence: motif (» = —0.762, p = 0.028) and
repetition (» = 0.729, p =0.040), Pearson’s correlation] (Fig. III-4C, D). These results
suggest that the expression level of BDNF mRNA in HVC, not amino acid substitutions,
being the most likely RA trans-acting mechanism that regulated expression difference

in the downstream genes between ZF and OF.

Pharmacological activation of BDNF receptors in RA altered species-specific song

features in male ZF adults

The correlation analyses in F1 hybrids suggested that differences in the expression
level of BDNF in HVC and RA should contribute to generating the trans-regulatory
function for species-specific songs between ZF and OF. To test this idea, I performed
local infusion of a BDNF receptor tropomyosin receptor kinase B (TrkB) agonist 7,8-
DHEF, into RA of adult ZFs (Fig. II1-5), using microdialysis probes. Then, I evaluated
the effects of receptor activation on song structure. Similar to a previous report
(Kittelberger & Mooney, 2005), ZF songs changed after over-activation of BDNF
receptor, with a lower consistency in syllable transition during the early stage (~ 5 days
after drug infusion). However, following continuous infusion for up to 2 weeks, adult
structured songs gradually changed phonologically and sequentially leading to the loss

of ZF species-specific features and getting close to OF song features (Fig. I11-6).
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Although syllable sequence (i.e., motif and repetitive indexes) and some acoustic
parameters (inter-syllable gap duration, entropy variance, and FM variance) were
changed to be similar with OF song features by the infusion of 7,8-DHF, other acoustic
parameters (syllable duration and mean FM) were still maintained with ZF-specific
traits (Fig. III-6C,E), indicating that manipulating the activation of BDNF receptors
did not simply cause a completely atypical song structure, but rather changed some
species-specific song features. These results suggested that a precise amount of BDNF
contributes to the maintenance of species specificity in the ZF song, supporting our
earlier finding that BDNF is a potential regulatory mediator of the RA trans-regulated

genes associated with the generation of species-specific song.

Over-activation of BDNF receptor changed the expression level of putative trans-

regulated downstream genes in RA

A total of 21 trans-regulatory genes were predicted as downstream genes of BDNF
by IPA analysis (Fig. III-1A). To verify the reliability of predicted downstream genes,
I performed RNA-seq using RA tissues of control and 7,8-DHF infused birds whose
songs were degraded at two weeks of the agonist infusion. The RPKM values of each
gene were calculated to estimate its expression levels. I found that a total of 11,655
genes expressed in RA (RPKM >1). Among these genes, 570 genes were identified as
differentially regulated with more than 4-fold changes between the control and 7,8-
DHF infused birds (DEseq2, p < 0.05). Of the differentially expressed 564 genes, 6 of

21 putative downstream trans-regulated genes of BDNF had significantly altered
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expression by over-activation of BDNF receptor (Fig. III-7). This result further
supported the finding that the expression level of BDNF was a potential regulatory

mediator of the RA trans-regulated genes.

Over-activation of BDNF receptor changed the morphology of dendritic spines in the

RA neurons

Since over-activation of the BDNF receptor altered the species-specific songs of
zebra finch adults, I then investigated whether over-activation of the BDNF receptor
affected the dendritic spine morphology of neurons in RA by Golgi staining of control
and 7,8-DHF infused birds. Following on previous studies (Spacek & Harris, 1997;
Tyler & Pozzo-Miller, 2003), I defined two types of the dendritic spine: type A with
longer spine neck and type B with short or no spine neck (Fig. III-8A). I found that the
density of type A dendritic spine decreased after the over-activating of the BDNF
receptor. On the other hand, the density of type B was increased after the over-activation
of the BDNF receptor (Fig. III-8B). These results suggest that over-activation of the
BDNF receptor altered the song phenotypes by affecting the synapse morphology or
transmission of RA neurons which interconnected with HVC projected neurons in zebra

finch adults.
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3.4 Discussion

In this chapter IlI, | tested whether expression level difference or amino acid
substitution of BDNF gene could be the key factor for generating different trans-
regulatory effects between ZF and OF. By focusing on F1 hybrids, | found that the
difference in BDNF expression level between ZF and OF had a greater association with
species-specific song phenotypes than amino acid substitutions. BDNF is a secretory
cell signalling protein that regulates neural differentiation and neural plasticity in
vertebrates (Barde et al., 1982; Leibrock et al., 1989; Lu, 2003). Previous studies
showed that singing behavior enhances the expression level of BDNF in the HVC
neurons projecting to RA in songbirds (Li et al., 2000; Wada et al., 2006), suggesting
that BDNF protein produced in HVC neurons may be transported and secreted to RA
to regulate synaptic plasticity of RA neurons. Short-term injection of BDNF protein
itself into RA of adult zebra finch resulted in juvenile-like songs with variability in
sequential and acoustic features (Kittelberger & Mooney, 2005). In my study, local
infusion of BDNF receptor agonist 7,8-DHF into RA of adult ZF induced severe
degradation of species-specific song features at both acoustic and sequence levels (Fig.
111-6). The RNA-seq results confirmed that the expression level of six predicted
downstream genes of BDNF changed after 7,8-DHF infusion (Fig. 111-7), suggesting
that BDNF is a trans-regulatory mediator whose expression level may be crucial for
maintaining species-specific adult songs. These results suggest the expression level of
BDNF in HVC neurons projecting to RA, were critical for maintaining the dendritic

spine morphology of neurons in RA. Previous research found that RA receives a direct
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projection from two song nuclei, HVC and LMAN (Nottebohm et al., 1982; Doupe &
Konishi, 1991). In my study, | could not provide direct evidence that the expression
level of BDNF in HVC neurons projecting to RA but not in LMAN neurons projecting
to RA play roles for the species-specific song. In future research, it is necessary to over-
express BDNF mRNA in HVC and LMAN separately and verifying how it effects the

song of adult ZF is needed.

Over-activation of the BDNF receptor not only degraded the song of adult ZF but
also changed the song features to be similar with OF songs (Fig. 111-6 C, E). These
results suggested that the molecular or morphological characters of neurons in the RA
of ZF adults were changed and tend to OF patterns after the over-activation of the
BDNF receptor. Consistent with this result, the expression level of around 80%
predicted downstream genes of BDNF (foldchange > 2) in the RA of ZF tend to OF
expression levels after 7,8-DHF perfusion (Fig. 111-7). Similar to the RNA-seq results,
it can be predicted that the morphological characteristic of RA neurons might change
to OF like after over-activation of the BDNF receptor even I don’t know the result of
Golgi staining of RA in OF. The Golgi staining results showed that the density of type
B dendritic spines was significantly increased after over-activation of the BDNF
receptor (Fig.111-8), which was in line with previous research (Tyler & Pozzo-Miller,
2003). Previous research showed that short and stubby spines (type B) are with higher
synaptic strength than spines with long and narrow necks (type A) (Segal et al., 2000;
Nimchinsky et al., 2002). Meanwhile, the synapses with type B dendritic spines are

more mature and stable than type A which play critical roles for learning and memory
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(Bourne & Harris, 2007; Harris & Spacek, 2016; Gipson & Olive, 2017). That means
interactivities of RA neurons were increased and then changed the adult song structures
of ZF by over-activation of the BDNF receptor. Similar to the molecular changes,
morphological characteristics of RA neurons in ZF may change to OF-like by BDNF
receptor over-activation, which suggested that the percentage of type B spines is higher
in RA neurons of OF adults than ZF adults, which may be one of the important reasons
inducing species-specific songs. However, there are multiple cell types of neurons in
the RA of songbirds (Spiro et al., 1999; Leonardo & Fee, 2005; Olveczky et al., 2011).
Therefore, it is necessary to identify TrkB-specific expressed neurons in RA since only
such neurons are stimulated by BDNF releasing. In the future, performing single-cell
RNA sequencing to identify TrkB-specific expressed neurons in RA and comparing the
morphological difference of such neurons between ZF and OF would be essential to
further understand how the expression level of BDNF contribute to species-specific

songs.

Although differences in the concentration of BDNF protein in RA was important for
species-specific songs between ZF and OF (Fig. 111-6), the possibility that amino acid
mutations in BDNF protein should not be ruled out for the evolution of species-specific
vocal learning behavior. Interestingly, BDNF polymorphisms (Val66Met; rs6265)
affect the intracellular trafficking and reduces the activity-dependent secretion of
mature BDNF (Chen et al., 2004). Furthermore, BDNF polymorphisms cause dendritic
spine density alternation, memory formation, and extinction (Egan et al., 2003; Giza et

al., 2018). In this chapter, | found 6 amino acid polymorphisms among 8 species of
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songbird (Fig. 111-2). In the future, it is necessary to verify the contribution of
polymorphisms in BDNF protein to species-specific vocal learning behavior by gene
manipulation. For example, perform overexpression of BDNF protein with OF amino
acid sequence in the HVC of ZF adults by virus injection and investigate how the song

of ZF adults was affected.
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3.5 Figures
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Figure 111-1: BDNF is candidate as an upstream mediator for trans-regulated

genes

(A) Gene-gene connections for downstream genes of BDNF. Pink-coloured genes are
trans-regulated genes in RA. Solid and dotted lines represent directed and
undirected regulation between connected genes, respectively.

(B) Alignment of the amino acid sequences between ZF and OF. Numbers at the top
are the amino acid positions. Red numbers represent mutation positions.

(C) Differences in the expression level of BDNF in HVC, RA, and whole brain between
ZF and OF. Coloured bars represent average RPKM values of BDNF in HVC, RA
and whole brain of ZF and OF; each dot is the RPKM value for each individual.

(Data: Mean =SEM; n = 4 each; student’s t-test, *p < 0.05, n.s: no significant)
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Figure 111-2: Species differences in the amino acid sequences of BDNF.

Right: The phylogenetic tree was adapted from a previous research (Imai et al.,
2016). Lines for each species represent the amino acid residues which is conserved
among species. Amino acid residues on the lines meant position with mutations. One
mutation position with diagonal separated two amino acid residues meant animal

individuals were heterozygote at this position.
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Figure 111-3: Expression level of BDNF in HVC and RA under singing condition.

(A) Examples of whole brain, HVC, and RA images, showing expression of BDNF in
ZF and OF at the condition of silence and 3 singing hours. Scale bars are 1 mm
(left panes) and 0.2mm (right panel). White signals: BDNF mRNA.

(B) Expression level of BDNF mRNA in HVC, RA, and their respective surrounding
areas [caudal nidopallium (cN) and archopallium (A), respectively) of ZF and OF
at the condition of silence and 3 hours undirected singing (n = 4 each). Coloured
bars are average values of BDNF mRNA expression in HVC, RA and surrounding
areas. Each dot is the BDNF mRNA expression level of each individual. (Data:

Mean =SEM; n = 4 each; Student’s t-test, **p < 0.01, *p < 0.05, n.s: not significant)
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Figure 111-4: Correlation between individual variation in the expression level of

BDNF and species-biased song features in F1 hybrids

(A) Individual variation in BDNF mRNA expression level and ASE ratios between F1
hybrids individuals.

(B) Individual variation in learned songs in F1 hybrids tutored with ZF and OF songs.
Orange solid and blue dotted lines represent the motif and repetitive structures of
song, respectively.

(C) Heat maps showing correlation p-values between BDNF expression level or ASE
ratios and species-biased song phenotypes in F1 hybrids.

(D) Correlations between BDNF mRNA expression in HVC and species-biased song
features (syllable duration, entropy variance, motif, and repetition) among F1

hybrid individuals.
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reservoir

Figure 111-5: Untethered microdialysis probe for pharmacological manipulation
of BDNF receptors in RA
(A) Photograph of homemade microdialysis probe.

(B) A zebra finch with microdialysis probes bilaterally implanted in RA.
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Figure 111-6: Effects of BDNF receptor agonist infusion into RA on species-
specific song features.

(A) Songs before and after infusing BDNF receptor agonist, 7,8-DHF. Typical
examples of songs from control and 7,8-DHF infused birds. Orange solid lines
represent the motif structure of ZF songs.

(B) Examples of changes in syllable sequence between pre- and post-infusion. Syllable
similarity matrices (SSM) for a pair of songs produced by control and 7,8-DHF
infused birds.

(C) Changes in the frequency of motif and repetition in songs at pre- and post-infusion
stage [control ZF n = 3, ZF with 7,8-DFH infusion (7-10 days) n = 5, normal OF n
= 6; paired t-test for pre- and post-infusion ZF; Unpaired t-test for post-infusion
ZF and OF, p* < 0.05]. Each dot corresponds to individual birds.

(D) Examples of changes in syllable acoustics at pre- and post-infusion. Scatter plots
indicate the distribution of 150 syllables (mean frequency versus syllable duration)
for control and 7,8-DHF infused birds.

(E) Changes in syllable acoustics (syllable duration, inter-syllable gap duration, entropy
variance, mean FM, and FM variance) of songs at pre- and post-infusion stage
[control ZF n = 3, ZF with 7,8-DFH infusion (7-10 days) n = 5, normal OF n = 6;
paired t-test for pre- and post-infusion ZF; Unpaired t-test for post-infusion ZF and
OF, p** <0.01, p* < 0.05, n.s.: no significant]. Each dot corresponds to individual

birds.

85



15

10 . .:';

log.[RPKM(7,8-DHF)]

o S &% GRIN2A
2 £ SNpy

oy

{58

Z SFRP2

5 5 10 15
log:[RPKM(Control)]

Figure 111-7: Differentially expressed genes in RA after 7,8-DHF infusion.

Scatter plot indicating gene expression (RPKM value with log2-transformed) in
RA of control (X-axis) and 7,8-DHF infused birds (Y-axis). Dashed lines represent the
boundary of 4-fold expression difference. Gray dots represent not significantly different
expression between control and 7,8-DHF infused birds. Darker gray-colored dots are
significantly different expressed genes with more than 4-fold change between control
and 7,8-DHF infused birds. Red-colored dots are trans-regulated downstream genes of

BDNF (Fig. 111-1A).
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Figure 111-8: Density of dendritic spines in RA neurons of control and 7,8-DHF

infused birds.

(A) Photograph of two types of dendrites. Upper panel represent the types of spines:
spines with mushroom shape were defined as type A and stubby shape as type B,
which used filled arrowhead and empty arrowhead in the down panel; Scale bar =
Sum

(B) Bar graph showing differences in the density of dendritic spines between control
and 7,8-DHF infused birds. (Data: Mean + SEM; student’s t-test, p** < 0.01,

pr** < 0.001].
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General discussion

Like human speech, birdsong is a motor skill that is acquired through vocal learning
(Marler & Slabbekoorn, 2004; Brenowitz & Beecher, 2005; Mori & Wada, 2015b). The
parallel neural pathways of vocal learning with human, made songbirds good models
to explore the mechanisms of vocal learning (Jarvis, 2004). Songbirds produce species-
specific songs using a conserved song pathway (Nottebohm et al., 1976; Doupe &
Konishi, 1991), suggesting that vocal learning among songbirds species is regulated
under genetic constraint. However, it is largely unclear how the difference in gene
expression, especially how differences in gene transcriptional regulation induced
species-specific songs among songbird species. In my PhD study, | used zebra finch,
owl finch, and their reciprocal F1 hybrids to analyze the gene expression and
transcriptional regulatory differences in HVC and RA of the motor pathway. In
Chapter I, | revealed that singing behaviors were significantly different between ZF
and OF under conspecific and cross-specific song tutoring. 333 and 374 genes were
differentially expressed between ZF and OF in HVC and RA, respectively, of the vocal
motor pathway. More than 65% of the species differential expressed (SDE) genes only
existed in either HVC or RA, which showed brain region-specific regulation. In
Chapter 11, I revealed the existence of transcriptional regulatory differences in HVC
and RA between ZF and OF. Results showed that 2.4% and 3.9% of genes were cis-
regulatory different, 4.7% and 6.1% of genes were trans-regulatory different, 3.1% and
2.9% genes were both cis- and trans-regulatory different between ZF and OF in HVC

and RA, respectively. The trans-regulatory genes were more frequent than other forms
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of transcriptional regulatory divergences, such as cis- and cis- and trans- regulation, in
both HVC and RA. In addition, the results of functional analysis showed that RA trans-
regulated genes were enriched in neural functions. BDNF, one of candidate upstream
mediators of the RA trans-regulated genes, had the highest possibility to mediate the
trans-regulated genes which were responsible for species-specific songs. In Chapter
I11, | verified the function of BDNF as an RA trans-mediator for the generation of
species-specific songs. First, difference in the expression level of BDNF, but not amino
acid substitutions in the protein, was responsible for the trans-regulatory differences
between ZF and OF. | performed over-activation of BDNF receptors in RA of adult ZF,
resulting in an altered species-specific song feature. These results suggested that
transcriptional regulatory divergences inducing species differential expression were

crucial for the formation of species-specific songs among songbirds.

Potential possibility of transcriptional regulatory divergences at different

development stages of birdsong among species

Birdsong is acquired through vocal learning with three stages, subsong, plastic song,
and crystalized song, during development after hatching (Marler & Slabbekoorn, 2004;
Brenowitz & Beecher, 2005). Previous studies have shown that gene expression levels
in the song system changed dynamically through song development (Akutagawa &
Konishi, 1998; Haesler et al., 2004; Asogwa et al., 2018; Hayase & Wada, 2018;
Hayase et al., 2018). For example, the previous study found muscarinic acetylcholine

receptor 4 (CHRM4) gene show different expression levels in HVC during song
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development (Asogwa et al., 2018). In addition, expression levels of some clusters of
genes were affected by age and singing experience in both HVC and RA (Hayase et al.,
2018). These researches suggested that the importance of the potential transcriptional
regulatory difference uniquely existing at subsong and plastic song stages which
contribute to the generation of the species-specific songs should not be ignored.
However, in this study, | analyzed the transcriptional regulatory divergence in the motor
pathway only at the adult song stage after song crystallization between adult ZF and
OF. It is still worthwhile to identify transcriptional regulatory differences between ZF
and OF at subsong and plastic song stages since these developmental stages were
crucial for the generation of species-specific songs during song development. In future
research, it is essential to identify new cis- and/or trans-regulatory elements by
performing transcriptional regulatory divergence analysis in the subsong and plastic

song stages.

Transcriptional regulatory divergence in the anterior forebrain pathway (AFP)

The anterior forebrain pathway (AFP) is essential for song learning at the juvenile
stage and generation of vocal fluctuation at the adult stage, but not for the production
of acquired song (Bottjer et al., 1984; Scharff & Nottebohm, 1991; Doupe et al., 2005).
There is no direct evidence showing that the AFP plays a role in the acquisition of
species-specific songs of songbirds. However, the potential contribution of the AFP to
species-specific songs should be considered. This is because the lesion of Area X, a

basal ganglia nucleus in the AFP, resulted in the development of unstable species-
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specific motif structure in the ZFs (Scharff & Nottebohm, 1991). Previous research
found that different expression levels of orthologous genes in certain brain region
induced species-specific behaviors (Insel & Shapiro, 1992; Young et al., 1997). In
songbirds, some genes show different expression levels in the AFP, such as FoxP2 gene
in Area X of Bengalese finch strains (Haesler et al., 2004; Wada et al., 2013b) and
5HT1B in LMAN among songbird species (Wada unpublished data). Transcriptional
regulatory differences in the AFP which induce the different expression of orthologous
genes among songbird species should play an important role in the generation of
species-specific songs. In future research, exploring the transcriptional regulatory
divergence in AFP among songbird species is essential since the AFP is important for

song learning and plasticity.

Transcriptional regulatory divergence among multiple songbird species

| analyzed transcriptional regulatory divergence between two closely related
songbird species, zebra finch and owl finch. These two species diverged about 6.5
million years ago (Forshaw & Shephard, 2012; Hooper & Price, 2015) and can get
reciprocal F1 hybrids making them be suitable models to analyze the transcriptional
regulatory divergence that may underlie species differences in learned behavior. There
are more than 4,000 songbird species in the world (Marler & Slabbekoorn, 2004;
Brenowitz & Beecher, 2005), and it is possible to get F1 hybrid offspring between many
songbird species (Immelmann & Cayley, 1982). Therefore, it is possible to analyze

conserved or unique transcriptional regulatory changes among other songbird species
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by utilizing multiple F1 hybrids by adaptation of the same strategy described in this
thesis (Fig. 11-1). The sequencing and annotation of the genome of a crowd of avian
species including songbird species have been conducted or recently ongoing (Zhang et
al., 2014; Koepfli et al., 2015). Additionally, the genome information of two songbird
species, zebra finch and Bengalese finch, are already published and can be used for the
genomic analysis (Warren et al., 2010; Colquitt et al., 2018). Thus, the F1 hybrids
between zebra finch, Bengalese finch, and their closely related species can be used to
explore the transcriptional regulatory divergences among songbird species (Fig. 1V-
1A). By comparing the cis- and/or trans-regulated genes among multiple songbird
species, it is possible to elucidate sets of genes with consistent transcriptional regulatory
differences (Fig. 1V-1B). The cis- and/or trans-regulatory element of these genes may
play crucial roles in the evolution of species-specific songs. It remains unclear how
species-specific songs structure evolved among songbirds species during evolution
(Jarvis, 2004; Marler & Slabbekoorn, 2004). Unraveling the crucial mutations in cis-
and/or trans- element by transcriptional regulatory divergence analyses among multiple
songbird species may help to understand how genomic mutation contributed to the

evolution of species-specific songs.
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Figure of general discussion
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Figure IV-1. Research plan of transcriptional regulatory divergence among

multiple songbird species.

(A) F1 hybrid can be bred between multiple songbird species under laboratory
condition. Cis- and/or trans-regulatory difference can be identified between
multiple songbird species.

(B) Genes with consistent transcriptional regulatory differences can be identified by
comparing results of cis- and/or trans-regulatory difference analysis between

multiple songbird species.
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