creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

o 3w A} % 9] =

ri

Bioinformatic approaches
to understand macroevolution
among different vertebrate lineages

A2 EE U OE A% 3 YsE
ol g JERPusy P

2022d 8¢

Agvista vate
AEARYEHY AEARGAT
o] 3



2 AT e

SECHRIL hATIOMAL LIMIVERSTY



o 8 AL T 9] =

2

Bioinformatic approaches
to understand macroevolution

among different vertebrate lineages

A2 EE U OE A% 3 YsE
ol g% AERuEH A

20223 8¢

N&Tjsta Yate
AEARYENY AEARTAT
o]



Bioinformatic approaches
to understand macroevolution

among different vertebrate lineages

By
Chul Lee

Supervisor: Professor Heebal Kim

August, 2022

Interdisciplinary Program in Bioinformatics

Seoul National University



JEERY
S
599
I
9 9
I

AF
o] 3
baeRe A%
20223 8¢
z al (Seal)
A4 3 (Seal)
Erich D. Jarvis (Seal)
+ A 3 (Seal)
Z A9 (Seal)




Abstract

Bioinformatic approaches
to understand macroevolution
among different vertebrate lineages

Chul Lee

Interdisciplinary Program in Bioinformatics
The Graduate School

Seoul National University

Bioinformatics aims to improve the quality of life of mankind by decoding molecular
mechanisms of biological phenomena based on digitalized sequence information of
various species. It generally begins with a construction of reference genomes
representing each species and moves on downstream analyses for microevolution
within species and macroevolutions between species. Although short-read
sequencing technologies initiated genomics era, the short read assemblies had critical
problems for lower continuity and erroneous gene annotations causing mis-
interpretations. Long read sequencing technologies improved assembly continuities
fundamental to chromosome-level scaffolds and corrected false annotations.
Following up the paradigm shift from short-reads to long-reads, here, I performed a
series of bioinformatic analyses to understand macroevolutions of various vertebrate

species from reference genome construction to comparative genome approaches.
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Chapter 1 summarized the general background of this dissertation. First, it
described the paradigm shift of the reference genome constructions achieving
chromosome-scale scaffolds. Next, comparative genomic approaches for specific
traits were summarized.

Chapter 2, as a case of constructing a reference genome, illuminated a
chromosome-level reference genome of giant-fin mudskipper, an endemic species in
republic of Korea. Based on the four latest genome sequencing technologies (Pacbio
CLR, 10X Genomics linked reads, Bionano optical mapping, and Arima Genomics
Hi-C) in the international cooperation with the Vertebrate genomes project, it
improved the 100-fold longer continuity (Scaffold N50) with a total of 25
chromosomal-level scaffolds compared to that of the previous genome. In addition,
a total of 24,744 genes were annotated with Pacbio Isoseq transcriptome data.

In Chapter 3, as a case of combining the reference genome quality
evaluation method and comparative genomic analyses, a method was developed to
explore the chromosomal evolution between vertebrate species in distant lineages
focusing on the BUSCO genes. In addition, it suggested methods for detecting false
loss and duplication errors that cause problems in downstream analyses in reference
genomes of various vertebrate lineages, such as, mammals, birds, and fishes, and
revealed how those kinds of errors occurred.

In Chapter 4, as a case using the existing comparative genomic approaches,
the molecular mechanisms of terrestrial adaptation and limb emergence were
identified by applying the series of analyses for apormorphic evolution of the
monophyletic lineage of lobed-fin fishes including coelacanths and human.

In Chapter 5, as a case developing a new comparative genomic approach,
the rule of amino acid convergence was proposed and candidate genes related to
vocal learning were discovered through the multi-omic analyses for convergent
evolution between polyphyletic lineages of vocal learning bird and control groups.

Among the major findings of this study based on the bioinformatics
approaches from the reference genome construction to comparative genomic
researches, telomere sequence distributions on chromosomes and the principles of
amino acid convergence would be a standard for comparisons in various lizleages. In
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addition, the systemized comparative genomic approaches that identified candidate
genes involved in limb development and vocal learning may be utilized to discover

new candidate genes associated with various useful traits of living things in the world.

Keywords: Reference genome assembly, Vertebrate Genomes Project, False gene

losses, False gene gains, Apomorphic evolution, Convergent evolution
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Chapter 1. Literature Review



1.1. Paradigm shift in reference genome constructions

Reference genome sequences are fundamental to bioinformatic applications in
various scholar and industry fields, such as, biology, heath medicine, agriculture, and

I and

ecology. The first generation of reference genome assemblies of human
representative model species in various lineages such as Caenorhabditis elegans °,
Arabidopsis thaliana *, and Mus musculus *, were initiated with Sanger sequencing
technologies (read length 700-1000 base pair, bp) and their chromosome genetic
maps. Although Sanger-based whole genome shotgun sequencing needed huge cost
estimated as 1$/base in decade-long projects °, the pioneering reference genomes
opened genomics era with genome projects to understand micro-evolution within
each species, such as, the human 1000 genome project °.

The next generation sequencing (NGS) technologies, such as, Illumina
platform (100-150 bp), rapidly decreased sequencing cost to 1$/read based on
sequencing by synthesis. The high-throughput technologies explosively launched
international genome consortiums and genome projects to construct reference
genomes for various species or clades, such as, pig genome project 7 and Bird 10K
genome project ®. The accumulations of reference genomes provided unprecedent
opportunities to understand macroevolution across species or clades by providing
control data sets, but these shorter read assemblies without supports of chromosome
genetic maps caused lower-quality problems including erroneous fragmentations of
most chromosomes into thousands of pieces. Moreover, many genes in the short
read-based reference genomes various species which are involved in traits were
missing or duplicated totally or partially resulting in misinterpretation indistinct for
real biological variations or errors in assemblies °.

As a game changer, long-read sequencing technologies for the contig
assembly process, such as, Pacbio continuous long reads (CLR, 1000-60000bp),
hugely improved the continuity of genome assemblies with similar cost °.
Additionally, there were new technologies for scaffolding processes, such as, 10X
Genomics linked reads for phasing, Bionano optical mapping recognizing genomic

landscapes of specific sequences as a probe in long molecules from 150000 bp to



multi-megabase pairs, and Arima Genomics Hi-C replaceable for chromosome
genetic maps by reflecting 3D structures of chromosomes. By combining the above
multiple technologies including long read sequencing, Vertebrate Genomes Project
(VGP) suggested standard assembly pipelines as promising solutions towards
complete and error-free genome assemblies and successfully constructed high
quality reference genome assemblies for 16 vertebrate species achieving

chromosome-level scaffolds °.

These chromosome-scale reference genomes
provided unprecedent opportunities to understand chromosome evolution across
vertebrate lineages, so I developed a new tool to analyze and visualize chromosomal
rearrangements between species with synteny of singleton orthologous gene sets.

It was enough to demonstrate longer reads can generate longer assemblies
and to find several examples of better gene contents corrected in the new long read
assemblies which were erroneously missing or duplicated in previous short read
genome assemblies. As the first VGP collaboration in South Korea, here, I applied
the VGP standard assembly pipeline version 1.6 to generate high quality reference
genome of a Korean endemic species, Korean giant-fin mudskipper (periophthalmus
magnuspinnatus).

However, there was absent for any systemized method to evaluate gene
content quality by comparing the different versions of reference genomes of same
species. My team developed two methods by combining existing comparative
genomics approaches to detect erroneous regions not only in the prior genome
assemblies but also in the new one "2, In this thesis, I described my contributions
in both studies to generalize the tendency of false missing and duplications in other

short read assemblies of vertebrates.

1.2. Comparative genomics for specific traits
“What does make us human?” It is the main question that I had started the master

and Ph.D. courses. I believe that language and tool developments are important key
traits to build prosperous civilizations of mankind, vocal learning and limb

developments were regarded as fundamental traits of language and tool



developments, respectively.

Vocal learning is a specific ability to imitate sound of same or other species.
It is rarely observed in a few animals, such as human, some bats, dolphins, whales,
elephants, seals, songbirds, parrots, and hummingbirds '*!*, To understand how to
get vocal learning ability, there were various comparative approaches between vocal
learners and non-learners. Comparative genomic approaches could detect two major
types of variants: regulatory variants for gene expression alterations (heterometry,
heterotopy, and heterochrony) and coding variants for gene product alterations
(heterotypy) '°. As representative examples of gene product alterations related to
language and vocal learning, Lai et al. found an amino acid substitution (R553H) on
FOXP2 gene which could explain a hereditary language disorder without any
obvious neurological, anatomical, or physiological cause in KE family in United
Kingdom!'®. As a follow-up study, Enard et al. found two human-specific amino acid
substitutions on FOXP2 gene mutually exclusive to several vocal non-learning
animals, such as, chimpanzee, gorilla, mouse, and chicken !7. Over the FOXP2 gene,
Zhang et al. performed genome-wide approaches to detect amino acid substitutions
specific to vocal learning birds mutually exclusive to vocal non-learning birds, but
they did not explain direct relationships between the substitutions and vocal learning
ability 8. By considering convergence at molecular level, Parker et al. identified
convergent amino acid substitutions specific to echolocating animals which are also
regarded as vocal learners and found the convergences associated with numerous
genes for hearing or deafness '8. However, it faced critical debates for the genome-
wide convergent amino acid substitutions were frequently observed on similar
sensory genes in the closest control set '°.

To detect more reliable candidate genes and variants, here, I applied
systemized approaches for gene product alterations with multiple lines of evidence
especially for site-wise positive selection on amino acid substitutions *°. Additionally,
I attempted to discover basic rules of molecular convergences by investigating

phylogenetic features and its underlying variants at codon and nucleotide level.
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2.1. Abstract

Giant-fin mudskipper, Periophthalmus magnuspinnatus (PM), is an important
euryhaline fish for evolutionarily and ecologically. It lives endemically on coastal
mudflats of the Yellow Sea, adapted to life both in and out of water, and has a
potential as a bio-indicator to monitor environmental changes. The previous Sanger-
based reference genome of PM provided a resource to understand molecular
mechanisms of its land adaptation. However, it was too fragmented to analyse
chromosome structures. As part of the Vertebrate Genomes Project, here I generated
a de novo chromosome-scale genome assembly of PM (fPerMag1) by using multiple
sequencing technologies: PacBio CLR, 10X linked reads, Bionano optical maps, and
Arima Hi-C paired reads. [ assembled a 753 Mb genome with 25 chromosomes,
which is 100-fold more contiguous than the previous assembly. Of these
chromosomes, 60% included telomeric repeats at the 5’ and 3’ ends. I detected a total
27,880 genes based on the NCBI annotation and the additional annotation that
included long-read transcriptome data. The new fPerMagl assembly provides
unprecedented opportunities to investigate chromosomal evolution across Gobiidae

fishes.



2.2. Introduction

Mudskippers, Oxudercidae subfamily in Gobiidae family, occupy an important
ecological niche, and are therefore useful models to understand both aquatic and
terrestrial adaptations. This fish lineage has amphibious abilities, such as breathing
air and walk-like behaviour on land. On land they use their mouth and throat to
breathe, and under water they use their gills?!?2, Although their side pectoral fins are
anatomically different from limbs of tetrapod animals, it is functionally similar to
legs of human and other animals that walk upright and leap on land, including coastal
mudflats®*. Mudskippers are also regarded as important biological indicators of
pollutions in coastal ecosystems. They have high tolerance for various types of
pollutants, so they can be used to investigate the environmental pollutions of their
habitats?*.

The giant-fin mudskipper, Periophthalmus magnuspinnatus (PM), is one of
Periophtalmus species which is known to adapt primarily to terrestrial environments
compared to the other main genera in Gobiidae family* (Figure 2.1a, b). This fish
lives endemically in the Yellow Sea’®*’ (Figure 2.1¢, d). This sea has one of the
largest intertidal mudflats in the world, which is an important stopover habitat of
migratory shorebirds of the East Asian-Australasian Flyway?®. However, this species
suffers from environmental changes associated with the rapid loss of tidal wetlands®’

3031 This species could be useful to study molecular

and increased pollutants
mechanisms of adaptive traits for both land and water habitats and to use it as the
bio-indicator of changing ecosystems of the Yellow Sea. Investigations into these

areas would benefit from a high-quality reference genome sequences for the PM.
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Figure 2.1. Morphological features of the Korean giant-fin mudskipper and
sampling location. (a) Morphology of the sequenced Periophthalmus
magnuspinnatus individual (fPerMagl) with a big 1% dorsal fin and a distinct
horizontal line in the middle of 2" dorsal fin. (b) Habitat of the mudskipper nearby
a Suaeda plant (seepweed) on the mudflats of the Yellow sea. (¢, d) Geographic

locations of the individual of the fPerMagl assembly.



2.3. Materials and methods

Sample collection, species identification, and tissue isolations

Six adult PMs were caught in the Seon-Du ri 4 port, Gil-Sang myun, Gang-Hwa gun,
Incheon, the Republic of Korea (37.604181°N, 126.480635°E) based on
morphological species identification considering PM-specific features: a big 1%
dorsal fin and a distinct horizontal line in the middle of 2™ dorsal fin. I placed them
in plastic box with sea water and kept them alive for transport to the lab.

For molecular species identification of the six individuals, small Smm
chunks of the tail fins of each individual were cut, and were placed in test tubes and
then in liquid nitrogen. The fin tissue samples were rinsed with distilled water and
brought to the room temperature (25°C) for DNA extraction. Genomic DNAs were
extracted from the tail fin tissue samples using the MFX-6100 automated DNA
extraction system (Toyobo, Osaka, Japan) with MagExtractor genome DNA
purification kit (Toyobo, Osaka, Japan). The extracted DNAs were examined by
electrophoresis with 1% agarose gel, and the concentration were quantified with a
NanoVue spectrophometer (GE Healthcare, Little Chalfont, UK). Partial sequences
of mitochondrial cytochrome oxidase subunit I (COI) gene were amplified by
polymerase chain reaction (PCR) using the universal primers VF2 tl (5°-
CGCCTGTTTATCAAAAACAT-3") and FishR2 t1 (5°-
ACTTCAGGGTGACCGAAGAATCAGAA-3’) (Ward et al. 2005). PCRs were
carried out in 20 pl containing 1pl extracted DNA, 2.5U of ExTaq (Takara Bio,
Tokyo, Japan), 2 ul of 10X ExTaq buffer, 1.6 plof ANTP mixture (10 mM), and 10
pmol of each primer. Amplifications were performed using a ABI Veriti thermal
cycler (Applied Biosystems, CA, USA) in the following conditions: initial
denaturation at 94°C for 7 min, 35 cycles of denaturation at 94°C for 1 min, annealing
at 52°C for 1min, and extension at 72°C for 1min, and final extension at 72°C for 7
min. PCR products were visualized by electrophoresis with 1.5% agarose gel and
purified using a Expin™ PCR SV purification kit (GeneAll, Seoul, South Korea)

according to the manufacturer’s instructions. Purified PCR products were resolved



on an ABI 3730 automated DNA capillary sequencer (Applied Biosystems, CA,
USA) with a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems,
CA, USA).

Sequencing was performed by the sanger sequencing method, whereupon
the 650 bp fragment of COI gene was obtained from each sample. These sequences
were identified by comparing to reference sequences in the GenBank database using
BLAST algorithm (http://balst.ncbi.nlm.nih.gov.Blast.cgi). All samples had a COI
gene that exhibited high similarity with Periophthalmus magnuspinnatus
(KT951744), ranged from 99.9% to 100%.

In order to prepare tissue samples for the new genome assembly of PM, the
largest individual (length=9 cm) was selected, and the remaining fish brought back
to the habitat and released. This largest fish was anaesthetized by immersion in 0.05%
2-phenoxyethanol (>99%, Sigma-Aldrich) for 5 min. After anesthetization, the brain,
liver, gill, ovary (female), and muscle tissues were dissected as small Smm chunks
from the individual on a water-ice block, and then were frozen in liquid nitrogen
immediately. All of tissues were stored in the cryogenic refrigerator (-80°C) before
DNA and RNA extraction.

Genomic DNA extraction and sequencing libraries

I used the gill tissue to generate high molecule weight DNA, Bionano Prep™ Animal
Tissue DNA Isolation Fibrous Tissue Protocol was applied. All of genomic raw data
were sequenced by Single Molecule Real-Time (SMRT) of Pacific bioscience
(PacBio) continuous long reads (CLR)?, optical mapping of Bionano genomics™,
and HiSeq of Illumina with library constructions using linked reads of 10x
genomics®* and Hi-C of Arima genomics® by following each protocol.
Chromosome-level assembly based on 4 types of genomic data

fPerMagl genome was assembled with the VGP assembly standard pipeline version
1.6'° (Figure 2a). Based on PacBio CLR data, I generated the primary contigs (c1)
and alternative haplotigs (c2) by using FALCON?*¢ and FALCON-Unzip*’. To discard
false duplications in the primary contig set (c1—pl), I ran Purge Dups*®. Using 10X
Genomics linked reads, I generated the first primary scaffolds (pl—s1) by using
scaff10x*°. For the Bionano optical maps and the s1 assembly, I applied Bionano

¥ 3

10 A1 '_I.



Solve* with the DLE-1 one-enzyme non-nicking approach and generated the s2
assembly (s1— s2). I then aligned Arima Genomics Hi-C reads, which reflects the
3D structures of each chromosome into the genome assembly (s2—s3), to the s2
scaffolds*' and used including Salsa2** to scaffold them further. To polish any base
errors, in the s3 assembly, I applied Arrow (smrtanalysis 5.1.0.26412) with PacBio
CLR reads (s3—tl) and FreeBayes* with linked reads (t1—t2-3), respectively. The
resulting primary assembly and alternative haplotigs were named ‘fPerMag].pri.asm’

and ‘fPerMagl.alt.asm’. Lastly, I manually curated the automated assembly using

gEVAL*#  (https://vgp-geval.sanger.ac.uk/index.html) to remove remaining

contamination and false haplotype duplications. After 390 manual interventions
(break and joins) to correct structural errors, the scaffold number was reduced by
56%, increasing the scaffold N50 by 4%. The curation process identified and named
25 chromosomes-level scaffolds accounting 99.5% of the assembly sequence.
Summary plots of genome assemblies of PM

To compare fPerMagl and previous PM assemblies, a dot plot was generated with
D-genies* using the fPerMag] primary assembly as a reference, pre.PM assembly
as query, and default options. To summarize genomic features of fPerMag] assembly,
a circos plot was generated with OmicsCircos package*” in R version 3.5.3%,
Telomeres at 5’ and 3’ ends of chromosomes

To investigate telomeric repeats conserved in vertebrates®, I developed a custom
script (Python version 3.7.3) to identify the ‘(TTAGGG)n’ sequence and its
complimentary ‘(CCCTAA)n’ sequence (n>2) in the fPerMagl primary genome
assembly, with an output in ‘bed’ format. I used bedtools (v2.26.0) with the ‘intersect
—wa' option to check whether the telomeric sequences overlapped with repeat
sequences detected by RepeatMasker version 4.0.8
(https:/ftp.ncbi.nlm.nih.gov/genomes/all/GCF/009/829/125/GCF_009829125.1 {P
erMagl.pri/GCF_009829125.1 fPerMagl.pri_rm.out.gz). For chromosomal and

unplaced scaffolds with telomeric repeats, [ manually validated the telomeric repeats
by visualize of 30kbp regions on the 5° and 3’ ends of each scaffold, using IGV*°.
Transcriptomic RNA extraction and gene annotations

I applied the NCBI Eukaryotic Genome Annotation Pipeline v8.4°! without
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transcriptome data of the fPerMag1 individual. For additional annotation, I generated
PacBio [so-Seq transcriptomes of 5 type tissues (brain, ovary, muscle, liver, and gill)
of the same individual used for the fPerMagl assembly. I extracted RNA by using
the Iso-Seq SMRTbell library by following its protocol. The additional annotation
was generated by AUGUSTUS™, following the protocol for PacBio IsoSeq™. I used
default options for each step (Alternate Protocol 1: GENERATING TRAINING
GENE STRUCTURES FROM PROTEINS based on the NCBI annotation release 100,
Alternate Protocol 4: TRAINING AUGUSTUS FOR A NEW SPECIES, Alternate
Protocol 6: GENERATING HINTS FROM IsoSeq DATA, and Basic Protocol 4:
RUNNING AUGUSTUS WITH HINTYS).

Data Records

All of raw data, intermediates, and the final chromosome-level assembly of
fPerMagl assembly were deposited in the genome ark of the Vertebrates Genome
Projects (https://vgp.github.io/genomeark/Periophthalmus _magnuspinnatus/) and

the NCBI database (GCF_009829125.1).

Technical Validation

To wvalidate improvement of assembly quality of fPerMagl, [ performed
Benchmarking Universal Single-Copy Orthologs (BUSCO v5.2.2) analysis® with
following options: “-1 vertebrata odb10 -m genome -c 5 --augustus_species human”.
Code Availability

The VGP assembly standard pipeline version 1.6 is available

(https://github.com/VGP/vgp-assembly). The scripts and raw data for statistics and

the additional annotation are available at (https://github.com/chulbioinfo/fPerMagl).
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2.4. Results and Discussion

The previous PM genome assembly (GenBank: GCA 000787105.1) provided
insights into terrestrial adaptive traits of mudskippers, such as the immune system,

2555 However, the

ammonia excretion, aerial vision, and response to hypoxia
assembly has the limitation of short read and non-phased assemblies, including false
duplications and false breakages of scaffolds causing mis-annotations''>¢, As a
result, this prior Sanger-based assembly was highly fragmented with 26,060
scaffolds and a low scaffold N50 of 0.296 Mb (Table 2.1), making not suitable for
genome-wide analyses, including on structural variants at the chromosome level.
Here, I generated a De Novo chromosome-scale assembly of PM (fPerMag1,
GenBank: GCA_009829125.1) by following the Vertebrate Genomes Project (VGP)
standard pipeline v1.6'°, which uses a combination of 4 sequencing technologies:
PacBio Continuous Long Reads (CLR), 10X Genomics linked reads, Bionano
optical maps, and Arima Genomics Hi-C paired reads (Figure 2.2a, Table 2.1, 2.2).
GenomeScope®’ based kmers analyses on the 10X Genomics linked reads estimated
its genome size as ~634 Mbp, but the fPerMagl assembly is approximately ~753
Mbp. After scaffolding, I identified 25 chromosome-level scaffolds supported by the
Hi-C data, with 99.5% of the assembled bases assigned to chromosomes. The repeat
content was increased at the 5’ and 3’ ends of each chromosome, which were
conserved vertebrate telomere sequences, (TTAGGG)n* in 60% (15 out of 25) of
the chromosomes (Figure 2.2b, Table 2.3). As an example, chromosome 10 showed
long conserved telomeric simple repeats of 12 and 15 kbp at both 5’ and 3’ ends,
respectively (Figure 2.2d). On the other hand, 6 unplaced scaffolds also had
telomeric repeats at 5’ or 3’ ends (Figure 2.2b, Table 2.3) indicating that they were

not yet placed into specific chromosomes.
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Table 2.1. Summary of assembly statistics of giant-fin mudskipper genomes.

Previous PM

fPerMagl

GenBank
Accession ID
Technology
Genome
coverage
Assembly
software
Number of
contigs

N50 of contigs
(Mb)
Number of
scaffolds
N50 of scaffolds
(Mb)

Total length
(Mb)
Number of
chromosomes
Chromosome
length (Mb)
BUSCO
(n=3,354)

GCA_000787105.1

Sanger

77x

Soapdenovo v. 2.04

76,770

0.028

26,060

0.296

701.7

N/A

N/A

C:93.8%[S:93.4%,D:0.4%],
F:3.9%,M:2.3%

14

GCA_009829125.1

90x/ 962x/ 95x/ 125x

VGP standard 1.6 pipeline

822

2.3

124

329

752.6

25

749

C:96.6%[S:95.9%,D:0.7%],
F:1.2%,M:2.2%

Pacbio/ Bionano/ 10x*/ Arima Hi-C*



Table 2.2. Genomic raw data of the fPerMagl assembly.

Pacbio SMRT Bionano optical 10x Genomics Arima Hi-C*
SubReads map linked reads*
Approximate 90x 962x 95x 125x
Coverage
Download 121.200 1.419 34.457 57.519
Size (Gbp)
Download aws s3 --no-sign- aws s3 --no-sign- aws s3 --no-sign- aws s3 --no-sign-
Link SRS G request sync request sync request sync

s3://genomeark/species
/Periophthalmus_magn
uspinnatus/fPerMagl/g
enomic_data/pacbio/ . -
-exclude "*scraps.bam*

--exclude "*ccs.bam*"

s3://genomeark/spec
ies/Periophthalmus
magnuspinnatus/fPe
rMagl/genomic_dat

a/bionano/ .

15

s3://genomeark/spec
ies/Periophthalmus
magnuspinnatus/fPe
rMagl/genomic_dat
a/10x/ .

s3://genomeark/spec
ies/Periophthalmus
magnuspinnatus/fPe
rMagl/genomic_dat
a/arima/ .



Table 2.3. Summary of repeats with vertebrate telomeric sequences, (TTAGGG)n, in

fPerMagl primary assembly.

Len. of  Telomeric repeats  Telomeric repeats

Chr. Len. of scaffold (TTAGGG)n  in 30kbp at 5' end  in 30kbp at 3' end
name Scaffold name bp bp bp (# repeats) bp (# repeats)
1 | NC_047126.1 36,052,970 4,536 0(0) 0 (0)
2 | NC_047127.1 19,540,339 354 0 (0) 0 (0)
3 | NC_047128.1 36,957,123 6,984 4,579 (2) 1,374 (2)
4 | NC_047129.1 35,021,165 11,994 0 (0) 11,608 (1)
5 | NC_047130.1 34,011,676 684 0(0) 0 (0)
6 | NC_047131.1 33,835,733 1,914 5,757 21) 0(0)
7 | NC_047132.1 34,908,682 2,940 0(0) 45(1)
8 | NC_047133.1 29,687,151 462 0(0) 0(0)
9 | NC_047134.1 36,171,850 15,366 4,471 (2) 9,688 (2)
10 | NC_047135.1 36,988,977 33,756 12,250 (2) 15,743 (1)
11 | NC_047136.1 30,435,919 13,062 13,762 (1) 0 (0)
12 | NC_047137.1 19,532,153 14,568 0(0) 15,507 (1)
13 | NC_047138.1 32,620,125 14,274 1,343 (3) 0(0)
14 | NC_047139.1 32,379,725 432 0 (0) 0 (0)
15 | NC_047140.1 32,865,169 444 0(0) 0(0)
16 | NC_047141.1 33,977,497 20,886 3,580 (17) 18,997 (1)
17 | NC_047142.1 31,521,007 5,988 5,245 (4) 0 (0)
18 | NC_047143.1 28,378,236 10,572 0(0) 7,042 (1)
19 | NC_047144.1 29,583,991 1,374 0(0) 140 (3)
20 | NC_047145.1 28,068,090 5,292 0(0) 2,745 (12)
21 | NC _047146.1 33,436,419 486 0(0) 0 (0)
22 | NC_047147.1 29,018,424 402 0(0) 0(0)
23 | NC_047148.1 24,170,445 5,418 0(0) 0 (0)
24 | NC_047149.1 27,914,776 16,038 0(0) 16,596 (1)
25 | NC_047150.1 2,028,439 384 0 (0) 0 (0)
- | NW_022986699.1 63,897 15,474 10,669 (1) 4,846 (3)

- | NW_022986717.1 37,404 3,582 9,668 (35) 2,936 (14)

- | NW_022986752.1 15,992 1,338 2,751 (9) 3,832 (2)

- | NW_022986775.1 5,726 432 1,946 (7) 0 (0)

- | NW_022986778.1 3,561 828 1,200 (2) 0(0)

- | NW_022986786.1 156,916 10,512 0(0) 10,641 (1)
16 2 21



Pacblo CLR 10X linked reads Blonano optical map
FALEON:¥Linzl Scaff10x (2 rounds)

+ATTOW Solve pipeline

Purge_dups

Scaffolds: s1

Primary contigs: ¢1 Crmaps

Purge_d

Assembling/
Scaffalding

l_‘il Gapfilling /
Polishing

Purged primary: p1

ups

Solve hybrid pipeline

N-Trimming
Scaffolds: 52

Salsa2

pri.asm
altasm

t: Arow
t2: freebayes
13: freebayes

o
o

VGP prinmary asssmbly of PIf ({Pariiag )

n
R B - AT

\
i

\\1)1/

B o
‘/ e L E

19: / / ingated gezs k.4
E § & Teoner: scq. (TTAGES! ¢ x X 6
1 s 2 ¢
3 = 3 Repast ot [17kkp] | SR’ | =
: 2 [ 2 v = .
18 ( i3 q 4 @0 cenent;10<g] )
‘ b | Assently s i ;’ i i

O RECE Y ; : B

%
® N mk o omew mw o mw o wmex sen s s e
Chromoeome 10 . ) 201mb 30/mby o
Repeat with (TTAGGG)n ' | ! L ! LB
] o o s C N T
Repeattype ™
Repeat cantents (10kby 0-112%)

P ¢ P} Maduosns tidaiis cnimsa s i o sace dboiuey Coakeal o onh I S VS i " i PR .L_,._....J
5C cantonts (10K} ool 007 e A S S
Kooty op i — R T ' . m

F :
2 kb 4 kb 6 kb 8kb 10 kb 12 kb 14 kb 36,976 kb 36,980 kb 26,984 kb 36,988 kb
2 i : ‘ "
Repeat with (TTAGGG)n
Telomeric sequence _—
Repeat type ™ — e = L = — e —
(ACCCTA)n&Simple_rapeat (12,186bp) (GGTCTTIN&Sin (TTAGGG)n&Simple_rapeat (15,743bp)

Revesteonens 1oker) |, e
e § |

Figure 2.2. Workflow and summary of chromosome-level assembly of the
Korean giant-find mudskipper (fPerMagl). (a) Schematic overview of VGP
standard assembly 1.6 pipeline, modified from Rhie, et al. '°. Black boxes in the grey
shadow box indicate raw data of 4 sequencing technologies. Texts nearby strait
arrows and the ‘U’ turned arrow indicate assembling or scaffolding programs, and
polishing programs, respectively. Blue boxes with arrows indicate outputs of each
assembly step. (b) Circos plot for assembled chromosomes of the fPerMag]1 primary
assembly. From the out-layer: black numbers, chromosome names; orange bars, with
5% transparency, location of genes in the complete annotation (n= 27,880) merged
from NCBI and additional annotations; blue scale bars, sequence lengths (Mbp) of

each chromosomal scaffold; blue bars with 25% transparency, conserved qrertqbrate .
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telomere sequence (TTAGGG)n (n>=2); blue and red lines, repeat rates and GC rates
in 10Kbp window, respectively; black bar graph, rates of assembly gaps in 10Kbp
window. This circus plot was generated with the OmicCircos package *” in R version
3.5.3 8, (¢) Dotplot for the previous sanger-based assembly and the new fPerMagl
primary assembly. This plot was generated with D-genies *. (d) Chromosome 10
highlighting the conserved vertebrate telomeric repeats, (TTAGGG)n. Red triangles
indicate telomeric regions at the 5° and 3’ ends (16kb window) and zoom in below.
Blue, turquoise, and sky blue bars indicate telomeric repeat region, telomeric
sequences, and all repeats, respectively, detected by RepeatMasker. Blue and red bar

graphs indicate repeat and GC contents with 10kb windows. Black bars indicate

assembly gaps (N).
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Although the previous PM assembly aligned well to the new fPerMagl
assembly, the previous PM assembly was much more fragmented (Figure 2.2¢). The
fPerMagl assembly was 100 times more contiguous with a contig N50 of 2.3 Mbp
and scaffold N50 of 32.9 Mbp relative to a contig N50 of 0.028 Mbp and scaffold
N50 of 0.296 Mbp of the previous assembly. The improved continuity of fPerMagl
assembly was mainly based on the CLR reads for contigs and with secondaly on the
scaffolding steps with Bionano optical maps increasing scaffold N50 from 4.96 Mbp
to 25.9 Mbp (Table 2.4).

To validate quality improvements of fPerMagl assembly compared to the
previous PM assembly, I conducted BUSCO analyses®* for both assemblies. The
complete BUSCO genes increased from 93.8% (S: 93.4%, D 0.4%) to 96.6%
(8:95.9%, D: 0.7%) and fragmented BUSCO genes were decreased from 3.9% to
1.2% in the new assembly (Table 2.1).

By applying the NCBI Eukaryotic Genome Annotation, | identified 24,742
genes including 21,306 protein coding genes, but also found the previous PM
assembly had more protein coding genes, 22,256 (Table 2.5). In order to detect more
genes, | generated long read transcriptomes from multiple-type tissues of the same
individual as the fPerMagl assembly using Pacbio Iso-Seq (Table 2.6) and applied
an additional annotation using AUGUSTUS based on the transcriptome data. I
identified 3,438 additional protein coding genes supported by the RNA read mapping,
which were mutually exclusive to the NCBI annotation (Figure 2.3, Table 2.5).

I believe my high-quality assembly fPerMagl provides opportunities to
identify sequence and structural variants related to land adaptation of PM, to
compare populations of distant coastal regions to trace changing ecosystems of the
Yellow Sea, and to start cytogenomics to decode chromosomal evolution across

Gobiidae fishes.
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Table 2.4. Summary of intermediates of the fPerMagl assembly.

A bly Assembly_level Input Total # Contigs or Max N50
ID lengths # Scaffolds
cl Contigs Pacbio 979,057,940 2,488 8,646,240 1,042,800
pl Purged_contigs cl + 749,730,448 1,160 8,646,240 1,323,184
Pacbio
sl Scaffolds 1 pl+ 749,796,148 503 27,164,672 4,962,451
10x
52 Scaffolds 2 sl + 772,959,812 340 34,410,915 25,943,279
Bionano
s3 Scaffolds 3 s2+Hi- 772,995,812 279 37,210,474 31,615,909
C
tl | Polished_scaffolds 1 s3+ 773,067,407 279 37,214,669 31,618,202
Pacbio
12 | Polished scaffolds2  t1+10x 773,026,920 279 37,212,511 31,616,735
t3 | Polished scaffolds3  t2+10x 773,021,550 279 37,212,213 31,616,471
20 A xﬂ - 'NI:, | B
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Table 2.5. Summary of gene annotations of giant-fin mudskipper.

Previous PM

fPerMagl

Annotation version

Source
# transcript reads
Annotation

software

# genes
# protein coding

genes

Ensembl (ver. 105.1)

Ensembl resources
0
Ensembl Gene Annotation
(e!94) Fish Clade (Full
genebuild)
24,197
22,256

NCBI annotation (rel.100)

NCBI resources
0
NCBI Eukaryotic Genome

Annotation Pipeline (Gnome)

21

24,442
21,306

Additional
annotation
Pacbio Isoseq
163,001
AUGUSTUS

3,438
3,438



Table 2.6. Transcriptome raw data of fPerMagl assembly.

Pacbio SMRT Iso-Seq reads

Tissue
Download
Size (Mbp)
NCBI SRA

Accession

Ovary Muscle Liver Gill
22.7 50.4 18.2 29.4

SRX8147373 SRX8147372 SRX8147371 SRX8147370

22

Brain

22.3

SRX8147369
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a Chromosome 1

-

b Chromosome 1 : 23,890,984-23,938,906
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Figure 2.3. Updated gene annotation based on PacBio Iso-Seq transcriptomes.
(a) Example genes in chromosome 1 that were newly detected by the additional
annotation based on the PacBio Iso-Seq transcriptome data from 5 types of tissue of
the same individual used for the fPerMagl assembly. (b) SYCP2L gene (g1057), a
representative example on chromosome 1. Grey and green structures show annotated
genes in the NCBI annotation (release 100) and the additional annotation generated
by AUGUSTUS with PacBio Iso-Seq, respectively. Turquoises indicates mapped

reads of PacBio Iso-Seq transcriptomes of the fPerMag1 individual.
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This chapter was published in BioRxiv and Nature
as a partial fulfillment of Chul Lee’s Ph.D. program

Chapter 3. Comparative genomic approaches to detect
erroneous genes in reference genomes and to visualize

chromosomal evolutions of vertebrates
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3.1. Abstract

High-quality and complete reference genome assemblies are fundamental for the
application of genomics to biology, disease, and biodiversity conservation. However,
such assemblies are available for only a few non-microbial species. To address this
issue, the international Genome 10K (G10K) consortium has worked over a five-
year period to evaluate and develop cost-effective methods for assembling highly
accurate and nearly complete reference genomes. Here, | present lessons learned
from generating new chromosome-level reference genomes of 16 species that
represent six major vertebrate lineages. my new assemblies correct substantial errors
by adding falsely missing sequences and by removing false duplications in some of
the best historical reference genomes and can prevent misinterpretations for their
biological effects on various traits. I discover that the missing errors were related to
high GC and repeat contents leading failure of sequencing that do not originate from
individual differences. Conclusively, these false missing and duplications repeatedly
occurred in other short-read based genome assemblies of vertebrates. I reveal
chromosome rearrangements that are specific to lineages by developing a method,
ChrOrthLink. My findings provide unprecedented insights to chromosomal
evolution across vertebrate lineages and discover reasons of wide-spread false gene
losses and gains which are now rectified in the Vertebrate Genomes Project reference

genomes.

b i 211 |
25 M =T} @



3.2. Introduction

Reference genome sequences are fundamental to bioinformatic applications in
various fields, such as, biology, heath medicine, agriculture, and ecology. The first
generation of genome projects to build reference genomes were initiated with Sanger
sequencing technologies (read length 700-1000 base pair, bp) and chromosome
genetic maps for human ! and representative model species in various lineages such
as Caenorhabditis elegans *, Arabidopsis thaliana *, and Mus musculus *. About 100
reference genomes of vertebrates were published by 2010 mostly using Sanger reads.
The next generation sequencing (NGS) technologies, such as, Illumina platform
(100-150 bp), rapidly increased the throughput based on sequencing by synthesis and
gradually increased the number of published reference genomes to about 700 by
2018 8,

These accumulations of short read based reference genomes provided
unprecedent opportunities to understand macroevolution across species or clades by
providing control data sets, but these shorter read assemblies caused lower-quality
problems with fragmentation errors °. Moreover, many genes in the short read-based
reference genomes various species which are involved in traits were missing or
duplicated totally or partially resulting in misinterpretation indistinct for real
biological variations or errors in assemblies >,

As a promising solution, longer read sequencing technologies, such as,
Pacbio continuous long reads (CLR, 1000-60000bp) 2, hugely improved the

continuity in contig assembly process °

. In addition, new technologies were
developed for scaffolding processes, such as, 10X Genomics linked-reads, Bionano
Genomics optical mapping, and Arima Genomics Hi-C reads %-%5. Vertebrate
Genomes Project (VGP) attempted to suggest optimized pipelines by combining
above technologies and constructed chromosome-level reference genome assemblies
19 Tt successfully demonstrated that longer reads can generate better continuity of

assemblies.

However, it was still ambiguous whether longer reads could generate better
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gene contents of assemblies than short reads or not. Here, I developed two
systemized methods using genome-wide alignment program, CACTUS, to detect
and quantity erroneous regions in the prior genome assemblies. I also confirmed the
general tendency of false gene losses and gains in previous short read assemblies of
various species in the vertebrate lineage. Additionally, in order to find novel
discoveries for chromosome evolution based on chromosome-level reference
genomes generated by VGP, I developed a new tool to analyze and to visualize

chromosomal rearrangements across 6 major vertebrate lineages.
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3.3. Materials and methods

False gene annotation in previous assemblies of same species

I detected evidence of erroneous coding sequences in previous assemblies of the
zebra finch, platypus, and climbing perch for the genes which are related to specific
complex traits®*®” or, included in the BUSCO gene set2®2%, To identify the erroneous
annotations, such as false duplications or truncated sequences due to missamblies, I
collected exon sequences from the VGP annotation of the genes and performed
blastn v2.6.0+ searches? against both the previous and VGP assembly, with options
-task blastn, -perc_identity 90, and -evalue 0.00001. Among the hits found from the
blast search, I defined false duplications of an exon when duplicated hits within the
same scaffold were found on the previous assembly only. Also, I detected truncated
exons, where the length of the blast hit was shorter than the length of query exon.
For visualization, I used Gene Structure Display Server 2.0+ and manually
modified the display in order to handle small discrepancies between elements. For
the intuitive visualization of platypus’ vitellogenin-2 gene, I visualized only the

scaffolds with more than three blast hits of the previous assembly.

Falsely duplicated MTOR genes in other reference genome assemblies

To test for possible false duplications of the MTOR gene in other published genome
assemblies of vertebrates, I extracted 449 RefSeq annotated genomes of 330
vertebrate species from NCBI, and found 38 assemblies have the original MTOR
gene and at least 1 MTOR-like genes, respectively. I parsed the genic sequences of
each gene from each assembly, aligned them for each species by using LAST [69],
checked the MTOR-like harboring scaffolds were fully aligned to parts of the genic
region of the MTOR genes, calculated proportions (>50%) of lengths of MTOR-like
genes per scaffold with the duplicated genes, and considered the qualities and
quantities of sequencing reads used to the generate assemblies. Following the above
steps, | identified 4 assemblies of 4 species (Bubalus bubalis, Tinamus guttatus,

Scleropages formosus and Bufo gargarizans) that have scaffolds with duplicated
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MTOR-like genes. For the 4 candidate assemblies, | mapped raw sequencing reads
used to generate each assembly and applied purge dups and assessed whether they
are false duplications. I discovered 2 assemblies out of the 4 assemblies (i.e. species;
white-throated tinamou [7inamus guttatus] and domestic water buffalo [Bubalus

bubalis]), contained erroneous scaffolds with falsely duplicated MTOR-like genes.

Distinguishing falsely missing regions from individual differences versus
technical errors

To distinguish between assembly differences versus biological individual differences
for the platypus and climbing perch, I performed mapping of prior Sanger and
Illumina reads onto each VGP genome assembly by using minimap2®® (v2.22-r1105-
dirty) with the options: -ax map-pb and -ax sr for the Sanger reads of the prior
platypus and Illumina paired-reads of the prior climbing perch, respectively. I
calculated read depths of the prior reads mapped onto the VGP assemblies, and
output it in ‘psl’ format using igvtools® (v2.11.1) with the option: -count. In parallel,
to analyze prior assembly gaps, I converted cactus genome alignments formats
between the prior and VGP assemblies of each species from °.hal’ to ‘.maf”’ of ‘.psl’
by using HAL™, Using a custom python script

(https://github.com/chulbioinfo/FalseGeneLoss), | investigated proportions of

nucleotide sites of VGP assemblies homologous to missing regions in the previous
assemblies that were supported by the prior reads with 1x depth cutoff or were
aligned to prior assembly gaps (‘N”).

As a secondary measure, I searched for Benchmarking Universal Single-
Copy Orthologs (BUSCO) in the prior assemblies. I assumed that deleted regions in
highly conserved genes would more likely reflect incomplete assemblies rather than
individual differences in a species. I performed BUSCO analyses™ (version 5.2.2)
on the prior and VGP genome assemblies of platypus and climbing perch with
options: -1 vertebrata odb10 -m genome --augustus_species human. I checked the
intersections between prior missing BUSCOs and VGP complete BUSCOs,
identified overlaps between the lists of missing BUSCOs only in previous assemblies

and the lists of missing genes and missing exons, and selected representative
¥
]
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examples. Finally, I manually checked signatures of sequencing errors (depth drops
with a few mapped reads and fragmented scaffolds, respectively) as evidence to
exclude the possibility of individual differences.

For the prior missing BUSCO gene of the platypus, I analyzed basepair-wise
conservation scores calculated by Phylop based on 100-way multiz genome-wide
alignments of 100 vertebrates and confirmed the absence of matching regions in the
prior platypus assembly. Additionally, I checked GC content of COQ6 of the
platypus and other vertebrates (hg38, mm39, GCF_004126475.2,
GCF_000002295.2, GCF_004115215.2, GCF_003957565.2, GCF_007399415.2,
GCF_901001135.1, latChal, GCF_010909765.2, tetNig2, fr3, oryLat2, and
gasAcul of human, mouse, pale spear-nosed bat, opossum, platypus, zebra finch,
Goode’s desert tortoise, two-lined caecilian, coelacanth, thorny skate, tetraodon,

fugu, medaka, and stickleback, respectively) in UCSC genome browser’!.

Chromosome evolution analyses

As the species divergence were too high to generate a complete genome-to-genome
alignment, I estimated chromosome orthology between species by using BUSCO
genes. | used the BUSCO gene annotations generated using the vertebrata odb9
database for the 16 VGP species (mLynCan4, mRhiFerl, mPhyDis1, mOrnAnal,
bCalAnnl, bTaeGutl, bStrHabl, rGopEvgl, aRhiBivl, fGouWil2, fAstCall,
fArcCenl, fCotGob3, fMasArml, fAnaTesl, and sAmbRadl), and additionally
performed the same BUSCO analysis on the primary assembly of the human genome
reference (GRCh38.p12). I used ChrOrthLink

(https://github.com/chulbioinfo/chrorthlink) to identify and visualize shared

‘complete singleton BUSCO genes’, which defines 1:1 orthologous chromosomal
regions in all species. Among the total gene set, I identified 1,147 vertebrate BUSCO
genes that were present and highly conserved as single copy in all 16 VGP species
and human assemblies. The transcription start position of each gene was used to link
orthologous chromosomes between different species and visualized using genoPlotR

v3.5.372. 1 also calculated the average number of chromosomes that have orthologous

3§ 53 17
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segments between human or skate to all other lineages. All input data and scripts are

available on github: https://github.com/chulbioinfo/chrorthlink.
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3.4. Results and discussion

Erroneous gene annotations in previous assemblies compared to the new VGP
reference genomes of same species

An example of a whole gene heterotype false duplication in the RefSeq annotation
of the prior zebra finch Sanger-based reference’ is the BUSCO gene SPC25 of the
NDC80 kinetochore complex’, which correctly had only one haplotype copy in the
VGP primary assembly (Figure 3.1a and Table 3.1) and the other in the VGP
alternate assembly. The GABA receptor GABRG2 with specialized gene expression
in vocal learning circuits” had a partial tandem duplication of four of its 10 exons,
resulting in an annotated partial false gene duplication as two adjacent genes
(GABRG2 and GABRG2-like) in the prior Sanger-based zebra finch assembly
(Figure 3.1b). The vitellogenin-2 (V'TG2) gene, an important component of egg-yolk
in all egg-laying species’, was distributed across 14 contigs in three different
scaffolds, two that received two corresponding VTG2-like gene locus (LOC)
annotations and the third that was mistakenly included as part of the intron of another
gene (Calpain-13) and that had an inverted non-tandem false exon duplication (red),
all together causing false amino acid sequences in five exons (blue), in the prior
Sanger-based platypus assembly* (Figure 3.1¢). The BUSCO YIPF6 gene,
associated with inflammatory bowel disease’, was split between two different
scaffolds and, thus, not annotated and presumed to be a gene loss in the prior
Illumina-based climbing perch assembly’ (Figure 3.1b). Each of these genes is now
present on one long contig, with no gaps and no false gene-region gains or losses in
the VGP assemblies, validated in reliable blocks with support from two or more

sequencing platforms (Table 3.1).
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Figure 3.1. Example assembly errors and associated annotation errors in
previous (old) reference assemblies corrected in the new VGP assemblies. Both
haplotypes of SPC25 (a) were erroneously duplicated on two different contigs,
annotating one as SPC25-like. The 5’ end part of GABRG2 (b) was erroneously
annotated as a separate GABRG2-like protein coding gene, due to false duplication
of exons 2-5. The V'TG?2 gene (¢) was annotated on 3 scaffolds as part of 3 separate
genes, two VTG2-like and an intron of CANP13. YIPF6 (d) was partially missing in
the previous assembly due to truncated exon sequences at the scaffold ends. No gene
annotation was available for the previous climbing perch assembly. i, Gene synteny
around the VTR2C receptor in the platypus shows completely missing genes
(NUDT16), truncated and duplicated ARHGAP4, and many gaps in the prior Sanger-
based assembly compared with the filled in and expanded gene lengths in the new
VGP assembly. All examples shown here showed support from at least two
technologies across these regions, while the prior assemblies showed hallmarks of

misassembly.
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Table 3.1. Assemblies and transcripts used to find false exon duplication in previous references. All locus found here were inside a reliable

blocks.
Genome Category Previous VGP
Zebra AeeseT Taeniopygia_guttata-3.2.4 bTaeGutl_vl.p
finch (GCF_000151805.1) (GCF_008822105.2)
Gene annotation SPC25 & SPC25-like (LOC100231268) SPC25
. XM_012574872.1 (rna9554)
Fig. 3.22 Transcript ID XM_ 002198158.3 (mag550) rna-XM_012574872.2
Gene locus NC_044219.1:13,659,189-13,663,009
Reliable block na NC_044219.1:10,602,325-38,045,260
locus (Super_Scaffold_7)
Gene annotation GABRG2 & GABR2G2-like (LOC101232861) GABRG2
. XM_012575408.1 (ral12930)
Fig. 326 Transcrlpt 1D XM_012575403.1 (a12929) rna-XM_030284101.1
T Coordinates NC_044225.1:2,970,857-3,030,035
Reliable block na NC_044225.1:2,268,121-6,009,197
locus (Super_Scaffold_13)
Platypus Accession Ornithorhynchus_anatinus_5.0.1 mOrnAnal.p.vl
(GCF_000002275.2) (GCF_004115215.1)
Gene annotation VTG2-like (LOC100083241), VTiﬁtzr-(!:\ke (LOC100680960), & CAPN13 VTG2
Fig.azc  TranseriptID r;‘:{:;“,('/l—_oolo63%42259362217'.13 ma-XM_029063584.1
Coordinates NC_041731.1:103,823,950-103,887,329
Reliable block NC_041731.1:25,491,142-104,433,552
locus na (Super_Scaffold_4)
Climbing e ASM90030266v1 fAnaTesl.2
perch (GCA_900302665.1) (GCF_900324465.1)
Gene annotation None YIPF6
Transcript ID na rna-XM_026349816.1
Fig. 3.2d Coordinates NC_046630.1:1,721,730-1,724,982
Reliable block NC_046630.1:1,132,484-20,956,182
locus na (Super_Scaffold_8 ctgl)

34



Specific categories of genes have higher levels of false duplications

Out of falsely duplicated genes in the previous assemblies of zebra finch, Anna’s
hummingbird, and platypus, MTOR gene in all short read assemblies were partially
duplicated (Figure 3.2a, b, Figure 3.3a, b), which regulates growth, metabolism,
signaling, and disease with the kinase domain using ATP. Further, by applying
purge dups, I found false gene gains of MTOR in other vertebrate species genome
assemblies, including the white-throated tinamou and domestic water buffalo
(Figure 3.2¢,d). These assemblies were generated with Illumina short reads only.
Their MTOR-like harboring scaffolds and the homologous regions in original MTOR

genes showed read coverages drops to the haploid-level.
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Figure 3.2. False duplication of the MTOR gene in vertebrate assemblies. a,

Alignment dot plot of the MTOR genes in the previous and VGP assemblies of the

zebra finch. The alignment of two MTOR-like genes in the previous assembly is next

to lines L1 and L2 and highlighted in pink. b, Genome landscape of the MTOR gene

in the VGP assembly. Heterozygosity density within 500bp windows is shown at the

top. The homologous regions of the previous assembly are represented with blue bars

above each genomic position label. The falsely duplicated scaffolds including the

MTOR-like gene in the previous assembly are shown with red arrows. ¢, False gene

gains of the MTOR gene in white-throated tinamou (GCF_000705375.1) and d,

water buffalo (GCF_000471725.1) assemblies. Scaffolds with false duplications (FD)

of MTOR-like genes were aligned to parts of the original MTOR gene and indicated

as red dot boxes in each panel.
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Figure 3.3. False duplications of the MTOR gene in the prior hummingbird (a)
and the platypus (b) assemblies. Alignment dot-plot shows MTOR gene alignment
between the previous and the VGP assemblies. The alignment of the MTOR-like gene
in each previous assembly is marked by a red arrow. The blue bars represent the
exons of MTOR and MTOR-like genes. The platypus MTOR region is more repetitive

than in the other species.
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Missing genomic regions have higher GC- and repeat-content
When I separated the genomic sequences into partitions, there was a clear dramatic

higher proportion of missing sequences in CpG rich islands and repeat regions

(Figure 3.4).
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Figure. 3.4. Proportion, GC-content, and repeat-content of missing regions in
prior assemblies found in VGP assemblies. (a) Missing rates in prior assemblies

for CpG islands and non-CpG regions. (b) Missing rates in prior assemblies for

repeats and non-repeated regions.
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False gene losses in previous annotations of avian species

I next examined individual genes for various types of false gene losses, considering
biological functions and contexts. The dopamine receptor D1B gene (DRIDB also
called DRDY) is upregulated at higher levels in several vocal learning brain regions
of songbirds, hummingbirds, and humans . Previously I reported that the zebra
finch DRIDB was mis-annotated due to missing GC-rich promoter sequences,
resulting in false inference of exon and intron structure on the single exon gene '°
(Figure 3.5a, top). I identified a similar pattern of error in the prior Anna's
hummingbird assembly (Figure 3.5a, bottom). Raw read mapping of the previous
data showed that the promoter region in which a GC-rich CpG island exists was not
sufficiently sequenced in the previous assembly, and this region contained regulatory
sequences revealed by chromatin accessibility maps based on ATAC seq signals
(Figure 3.5a, top). This missing sequence affected the annotation of the DRDIB
gene in both bird species, leading to annotation of a false intron and exon in the
upstream sequence. Here I clearly identified that the zebra finch and hummingbird
DRDIB gene has a single exon, as reported in some other birds previously 7.

The second missing example is Calcium-dependent secretion activator 2
gene (CADPS2) which regulates the exocytosis of vesicles filled with
neurotransmitters and neuropeptides in neurons 7* and shows specialized upregulated
expression in several forebrain vocal learning nuclei of songbirds °. Thus, there has
been interest in identifying the regulatory region responsible for this upregulation. I
discovered a GC-rich 5’ exon and upstream regulatory region, the latter with
differential ATAC-Seq signals in the robust nucleus of the arcopallium (RA) song
nucleus versus surrounding neurons, that were missing in the prior assembly of zebra
finch (Figure 3.5b). This resulted in a false annotation of gene structure in the prior
assembly, where the first non-GC-rich intron was misannotated as the regulatory
region and two initial exons. In the Anna’s hummingbird, I identified a similar error
in the 5’ upstream part of CADPS?2 gene. The first GC-rich exon was a CpG island
that failed to be sequenced in the previous assembly (Figure 3.5b). Unlike Sanger
and [llumina platforms in the previous assemblies, all missing GC-rich regions of

the genes were newly detected in the VGP assemblies (Figure 3.5a, b).
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Figure 3.5. Effects of false gene losses in the previous assemblies on annotations
in zebrafinch and Anna’s hummingbird. DRDIB (a) and CADPS2 (b) were
missing 5 UTRs, CpG islands of promoter regions, and some coding sequence in
the prior assemblies, resulting in the false understanding of the genes’ structures and
false annotations. In the zebra finch, the missing regions of both genes are inferred
regulatory regions based on open chromatin ATAC peaks unique to Area X (AX) and

arcopallium (Arco) compared to striatum brain regions, respectively.
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False gene losses in previous annotations of a mammalian species

The ADAM metallopeptidase domain 7 (4DAM?7) gene is highly conserved across
mammals 7%, is involved in spermatozoa secretions in the epididymis, including in
platypus 77, has a metalloprotease domain regulated by several critical cysteine
residues 8. ADAM?7 in the prior platypus sanger assembly was fragmented into two
scaffolds (NC 009098 and NW_001790718) and its prior annotation falsely missed
six 5° exons, which included the critical catalytic cysteine residue (Figure 3.6,
Figure 3.7). ADAM?7 in the VGP platypus assembly includes the critical cysteine
residue (Cys50; Figure 3.7b), which is homologous with the human Cys170 and of
other mammals (Figure 3.7¢c, d). This finding indicates that erroneous fragmentation
in the prior assembly caused an annotation error for falsely missing exons with

biologically important residues.
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Figure 3.6. Effects of false gene loss in the previous assembly on annotation in

platypus. ADAM7 was fragmented on different two scaffolds and its N-terminal 6

exons were missed in the prior annotation.
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Figure 3.7. Functional domains and conserved cysteine switch of ADAM?7
missing in the prior platypus assembly. a, Protein coding region summary of
ADAM7 in the previous platypus assembly and annotation showing missing
sequences in the 5’ six exons. b, Protein summary of ADAM?7 in the VGP platypus
assembly and annotation of correcting the missing errors. ¢, Protein summary of
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in the VGP platypus (C50) is homologous to human C170 in the gene-wide peptide
alignment by Clustral W (red bold). Data collection and visualizations is from
ENSEMBL 7. d, Conservation of critical cysteine regulators located in front of the
zinc-medicated catalytic domain (reprolysin) in ADAM?7. Data visualization from

UCSC genome browser .
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Falsely missing regions distinguished from individual variations

Because the zebra finch and hummingbird prior and VGP assemblies are from the
same individuals, the missing regions in the prior assemblies compared to VGP
assemblies can’t be due to biological variation between individuals. However, for
the platypus and climbing perch, since they are from different individuals, the
missing regions in the prior assemblies could include biological variation between
individuals. I think this unlikely explains most of the missing genomic regions,
especially for the platypus, considering it would require one the prior individual
having lost over 2 chromosomes’ worth of genetic material (> 200 Mb), and
selectively in GC-rich and repetitive regions, biased towards protein coding gene
promoters. Further many of the missing regions in the prior assemblies are in
assembly gaps, supporting missing sequence as opposed to biological variation. It is
also unlikely that the platypus and climbing perch are different from the zebra finch
and hummingbird in this regard. Nevertheless, for the platypus and climbing perch I
sought additional measures to validate that most of the differences are not due to
biological heterozygosity differences of massive gene losses.

First, I found the prior raw sequence data that went into the previous
platypus and climbing perch assemblies from the NCBI trace archives, aligned them
to the VGP assemblies, and checked the prior read depths in the VGP regions
homologous to the missing regions in the prior assemblies. If the prior individual
genome had true deletions, I would expect no reads from those regions mapping to
the VGP assemblies. Additionally, if a missing region is within assembly gaps in the
previous assemblies, such gaps indicate the potential existence of the sequence in the
previous individual’s genomes. Based on above analyses for prior reads and
assembly gaps, I found 37.3% of the missing regions in the prior platypus individual
and 65.9% in the prior climbing perch individual had prior reads that mapped to the
VGP selected individuals (Figure 3.8a). However, the read depth was low on these
prior missing regions of the assembly, which could explain why they were not

assembled.
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Figure 3.8. COQ6 is an example gene that is falsely missing due to sequence and

assembly errors in a highly divergent GC-rich ortholog. a, Proportions of sites

supported by prior reads or assembly gaps in missing or existing regions in prior

assemblies. Red and black colors indicate missing and existing regions, respectively.

b, BUSCO comparisons between prior and VGP genome assemblies of platypus and

climbing perch originating from different assemblies but also different platypus
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individuals. Red color indicates the percentages of missing BUSCO genes in each
genome. ¢, Genomic features and prior read depths on the COQ6 gene and its
neighbor genes. Prior reads were generated with the Sanger platform. Prior missing
BUSCO gene, COQ6, marked as bold and asterisk with yellow highlight. d, COQ6
was highly conserved in vertebrates except in the previous assembly of platypus. e,
Missing first exon and promoter of COQ6 in the prior assembly of platypus and
several genome assemblies of birds. The GC-rich regions nearby the first exon were
regarded as promoters, based on histone modification (H3K27Ac). Filled red arrows
and red boxes indicate species with missing errors on the regions validated with data
in the UCSC genome browser. Unfilled red arrows and red dashed boxes indicate
species with candidates of missing and scaffolding errors. f-h, Missing errors
supported by assembly gaps on the 5’ GC-rich region of COQ6 in Illumina-based
genome assemblies of saker falcon, white-throated sparrow, and turkey, respectively.

Filled red arrows and red boxes indicate gaps near 5’ GC-rich regions.
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Falsely missing genes conserved in vertebrates

Next, | focused on specific genes, particularly the universally conserved single-copy
ortholog genes (BUSCO) found across all vertebrate species >*. Being “universally
conserved”, missing BUSCO genes could be regarded as more likely to be the result
of errors in assemblies rather than real biological variation. I discovered higher
proportions of missing BUSCO genes in the prior platypus and climbing perch
assemblies, supporting their lower qualities (Figure 3.8b). I examined more closely
the case of a BUSCO gene that was completely missing in the prior platypus
assembly, Coenzyme Q6, Monooxygenase (COQ6), and found that the entire gene
was present in the VGP assembly but was GC-rich in the platypus with spotty Sanger
raw read coverage in the prior assembly, indicating sequencing errors (Figure 3.8b).
The spotty read coverage also indicates that the regions of 0 coverage are unlikely
biological variations within the gene. In the 100 vertebrate UCSC genome alignment
1 the gene was more complete in 98 other species, with the exception of the horse,
due to an apparent alignment error in UCSC Genome Browser (Figure 3.8¢, Figure
3.9). Remarkably, I found the platypus has evolved a much higher species-specific
GC-content in COQ6 (Figure 3.10, Figure 3.11). I also discovered that most
tetrapods, including human, have sequence conservation with high GC content in the
1st exon of COQ6 and its promoter, supported by histone modification data (Figure
3.8d). However, Illumina-based genome assemblies of five birds (saker falcon,
white-throated sparrow, scarlet macaw, mallard duck, and turkey) missed this first
exon and the promoter. Three of these birds (saker falcon, white-throated sparrow,
and turkey) showed assembly gaps indicating absence of sequencing reads
overlapping the missing 5’ region of COQ6 (Figure 3.8e-g). Human also showed a
conserved high GC content in the promoter and 1st exon (Figure 3.10). These
findings suggest that falsely missing regions are associated with GC-rich regions
with low read coverage and/or sequence errors, of various tetrapod vertebrate
genome assemblies generated with Sanger or Illumina platforms, and that the
platypus had evolved a much higher GC-content for this gene, reducing sequencing
and assembly for the entire gene specifically in the platypus.

I previously reported on another vertebrate BUSCO gene, Yipl Domain

¥ 3
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Family Member 6 (Y/PF6), as missing two exons and the 3> UTR in the prior
climbing perch assembly '°. Here, I precisely delineated the 5' missing region (2
exons), as it was due to the gene being split on two different scaffolds
(OMLL01016988 and OMLL01012084) in the prior assembly (Figure 3.12). When
mapping prior reads from the prior individual to the VGP assembly, there were two
GC-rich regions of low coverage, one of which was not assembled, and another
region of 0 coverage without any gap in the prior assembly, which could represent a

real biological indel difference for this part of the gene between individuals.
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Figure 3.9. COQ6 and its neighbor genes in the prior horse genome assembly
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visualization from UCSC genome browser "'
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Chromosomal evolution of vertebrates

I used the more complete chromosome assemblies to determine if I could reveal new
insights into chromosome evolution among vertebrates. Given that more than 430
million years (My) of divergence among the species sequenced makes it difficult to
generate high coverage whole-genome alignments, I focused my initial analyses on
1,147 highly conserved BUSCO vertebrate genes shared among the assemblies of all
16 VGP species and the human reference (GRCh38). I found chromosome orthology
between all species, but with different proportional relationships. Human
chromosomes (1-22, and X) mapped to a lower average number of 3.7 (%1.3)
chromosomes in other mammals, compared to 5.6 (£2.2) chromosomes in the
amphibian, and to 9.6 (£3.3) chromosomes in teleost fishes (Fig. 3.13, Table 3.2).
Despite belonging to the fish lineage and having a very high repeat content, the skate
chromosome arrangement was more conserved with tetrapod vertebrates, mapping
to 2.9 (£1.4) chromosomes on average compared to 4.8 (£2.5) in teleost fishes (Table
3.3). These findings indicate that, along with the GC-content reduction, the teleost
lineage experienced more massive chromosome rearrangements since divergence
from their most recent common ancestor with tetrapods, consistent with a proposed

higher rearrangement rate in Teleostei®.
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Figure 3.13. Chromosome synteny maps across the species sequenced based on
BUSCO gene alignments. Chromosome sizes (bar lengths) are normalized to
genome size, to make visualization easier. Genes (lines) are colored according to the
locations in chromosomes of the human genome; the homologs of genes in human
chromosome 6 are in dark blue, as an example, and the other chromosomes are

lighter shades of different colors. The cladogram from the TimeTree database®
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Table 3.2. Average number of chromosome segments in each lineage and clades mapped to human and thorny skate chromosomes. For

each chromosome in the reference, number of chromosomes where identical BUSCO genes were found in the query genome assembly is shown.
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This chapter was published in Marine genomics

as a partial fulfillment of Chul Lee’s Ph.D. program

Chapter 4. Coelacanth-specific adaptive genes give
insights into primitive evolution for water-to-land

transition of tetrapods
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4.1. Abstract

Coeclacanth is a group of extant lobe-finned fishes in Sarcopterygii that provides
evolutionary information for the missing link between ray-finned fish and tetrapod
vertebrates. Its phenotypes, different from actinopterygian fishes, have been
considered as primitive terrestrial traits such as cartilages in their fatty fins which are
homologous with the humerus and femur. To investigate molecular evolution of
coelacanth which led to its divergence into Sarcopterygii, I compared its protein
coding sequences with 11 actinopterygian fishes. I identified 47 genes under positive
selection specific to coelacanth, when compared to Holostei and Teleostei. Out of
these, NCDN and 14 genes were associated with spatial learning and nitrogen
metabolism, respectively. In homeobox gene superfamily, I identified coelacanth-
specific amino acid substitutions, and also observed that one of replacements in
SHOX was shared with extant tetrapods. Such molecular changes may cause
primordial morphological change in the common ancestor of sarcopterygians. These
results suggest that certain genes such as NCDN, MMS19, TRMT1, ALX1, DLX5 and
SHOX might have played a role in the evolutionary transition between aquatic and

terrestrial vertebrates
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4.2. Introduction

Coelacanth, the name derived from its characteristic hollow caudal fin, was first
described in 1839 from the fossil records (Agassiz, 1844). Abundance of the fossils
from the Early Devonian to the Late Cretaceous sediments implied that the fish
flourished during the period. However, drastic disappearance of the post-Devonian
coelacanth fossils implies that its population rapidly declined with Cretaceous—
Paleogene (K—Pg) mass extinction. Therefore, scientific community was shocked at
unexpected report of living coelacanth Latimeria chalumnae in east coast of South
Africa in 1938, and Latimeria menadoensisin Indonesia (Erdmann et al.,
1998, Smith, n.d). Coelacanth initially gained the title ‘living fossil” after this first
observation due to its morphological similarity to its ancient form in fossil record,
and the fact that it is sole survivor in Actinistia, a group mostly consisted of fossil
lobe-finned fishes in Sarcopterygii. The term was considered appropriate for decades,
but controversy over appropriateness of the term recently have been aroused. The
morphological similarity between extant coelacanth and the fossil record had been
one of the reason why coelacanth was called ‘living fossil,” but as the diverse shape
of coelacanth was reported (Friedman and Coates, 2006, Wendruff and Wilson,
2012), coelacanth's morphological conservation has become questionable. In
addition, with coelacanth being observed in the diverse shape among the actinistians,
it was suggested that coelacanth-specific evolution has been accumulated after the
divergence from the most recent common ancestor (MRCA) of Sarcopterygii
(Bockmann et al., 2013).

For all the dispute, coelacanth gives essential information to trace back the
origin of tetrapod limbs, which is one of the key events influenced landing of
vertebrates. Coelacanth forms a clade with lungfish and tetrapods which are
classified into the sarcopterygians, sharing conserved skeletons in fleshy fins or
derivative, vertebrate limbs. Coelacanth possesses a muscular lobed-fins composed
with cartilages, including one homologous to humerus and femur which articulates

fins to pectoral or pelvic girdle, which is an intermediate form of actinopterygians
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and tetrapods (Francillon et al., 1973). The phenotype related to water-to-land
transition originates from the genetic factors shared among the sarcopterygian clade,
which makes it important to analyze its genomic sequence. As lungfish turned out to
be closer relative of tetrapods than coelacanth, it became more meaningful to analyze
coelacanth genome to investigate the first emergence of landing-related traits
different from Actinopterygii.

Comparative genomics serves as a valuable tool to find out genomic
features related to common or specific traits between different species. In coelacanth,
comparing common sequence shared with other vertebrates revealed genetic factors
that may have adaptively evolved while the landing-related traits emerged in their
MRCA. For example, island I region of the HoxD gene cluster is conserved within
Sarcopterygii but not in Actinopterygii, which has indispensable role in developing
autopod of mouse (Fromental-Ramain et al., 1996). Not only the island | region, but
also several conserved noncoding elements (CNEs) which are located in regulatory
regions of key genes for limb development such as bmp7, grem1, shh, and gli3 were
reported (Nikaido et al., 2013, Zuniga et al., 2012). Especially, based on the first
construction of coelacanth reference genome, the adaptation of vertebrates to land
environment were determined by comparing it with other bony vertebrate genomes,
such as, conserved limb enhancers in HoxD locus, amino acid differences
in homeobox genes related to organism's basic body plan between coelacanth, ray-
finned fishes, and tetrapods (Amemiya et al., 2013). In addition, one of the genes
related to nitrogen waste metabolism which may be necessary in non-aquatic
habitats, Carbamoyl phosphate synthase I (CPS1), was subjected to positive
selection on branches leading to tetrapods and to amniotes, respectively (Amemiya
etal., 2013).

By sorting out the type of point mutation whether synonymous or
nonsynonymous, ratio between the frequency of each mutation can be calculated
(dN/dS) to deduce type of selection that a gene went through (Yang and Bielawski,
2000). Synonymous substitution does not affect the phenotype, so it is free from the
selective pressure and occurs at constant rate. On contrary, frequency of

nonsynonymous mutation (dN) rises when the diversifying evolution takes place for
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example, by exposure to the new environment. In dolphin, positively selected genes
(PSGs) enriched based on branch-site model, provided better understanding for its
aquatic adaptation, like echolocation and fat storage (McGowen et al., 2012).
However, dN/dS analysis in coelacanth has been applied only to small sets of genes,
such as a gene cluster or coelacanth specific retrocopies (Du and He, 2015, Zapilko
and Korsching, 2016). In this study, | describe the result of genome-wide search of
PSGs in coelacanth associated with this species specific adaptation to the aquatic
habitat nearby the ocean floor or primordial changes of the most common ancestor
of Sarcopterygii to affect landing of tetrapods. Hierarchical clustering of the
discovered genes according to their biological function elucidated the group function
of PSGs specific to coelacanth. In particular, | observed the genes significantly
clustered into nitrogen-metabolism process which involves conversion of ammonia
into urea. Moreover, through analyzing specific amino acid substitution within genes
crucial to the limb development that is shared by coelacanth and tetrapods but absent
in ray-finned fish lineage, this study implies the importance of these genetic features

for vertebrate landing.
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4.3. Materials and methods

Reference genome sequences and tree topology

In order to investigate coelacanth-specific PSGs that may be advantageous for water-
to-land transitions of vertebrates, | collected reference genome sequences
of Osteichthyes, including coelacanth (Latimeria chalumnae), 1 holostean fish
(Lepisosteus oculatus), 10 teleostean fishes (Astyanax mexicanus, Danio rerio,
Gadus morhua, Gasterosteus aculeatus, Oreochromis niloticus, Oryzias
latipes, Poecilia formosa, Takifugu rubripes, Tetraodon nigroviridis,
and Xiphophorus maculatus), and 4 tetrapod vertebrates (Anolis carolinensis, Homo
sapiens, Pelodiscus sinensis, and Xenopus tropicalis), from BioMart in ENSEMBL
database release 86 (Yates et al., 2016) (Table 1). For building a reliable cladogram
to scan for genes under positive selection on a specific branch, I searched a golden
standard ENSEMBL tree built by using Dendroscope 3 program in ENSEMBL
Compara (Vilella et al., 2009) (Fig. 1).

6 3


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/osteichthyes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/coelacanth
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lepisosteus-oculatus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/astyanax-mexicanus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/danio-rerio
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gasterosteus-aculeatus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oreochromis-niloticus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oryzias-latipes
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oryzias-latipes
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/poecilia-formosa
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/takifugu-rubripes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tetraodon-nigroviridis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/xiphophorus-maculatus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anolis-carolinensis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/homo-sapiens
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/homo-sapiens
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pelodiscus-sinensis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/xenopus-tropicalis
https://www.sciencedirect.com/science/article/pii/S1874778716302033?via%3Dihub#bb0275
https://www.sciencedirect.com/science/article/pii/S1874778716302033?via%3Dihub#t0005
https://www.sciencedirect.com/science/article/pii/S1874778716302033?via%3Dihub#bb0245
https://www.sciencedirect.com/science/article/pii/S1874778716302033?via%3Dihub#f0005

Table 4.1. Versions of reference sequences of species.

Common Scholar name  Class Infraclass  Order Reference version

name

Amazon molly | Poecilia Actinopteri Teleosteiei ~ Cyprinodontiformes  Poecilia_formosa-
formosa 5.1.2

Cave fish Astyanax Actinopteri Teleosteiei ~ Characiformes AstMex102
mexicanus

Cod Gadus morhua  Actinopteri Teleosteiei ~ Gadiformes gadMorl

Fugu Takifugu Actinopteri Teleosteiei ~ Tetraodontiformes FUGU 4.0
rubripes

Medaka Oryzias Actinopteri Teleosteiei  Beloniformes HdrR
latipes

Platyfish Xiphophorus Actinopteri Teleosteiei ~ Cyprinodontiformes  Xipmac4.4.2
maculatus

Stickleback Gasterosteus Actinopteri Teleosteiei  Gasterosteiformes BROAD S1
aculeatus

Tetraodon Tetraodon Actinopteri Teleosteiei  Tetraodontiformes TETRAODON 8.0
nigroviridis

Tilapia Oreochromis Actinopteri Teleosteiei ~ Perciformes Orenill.0
niloticus

Zebrafish Danio rerio Actinopteri Teleosteiei ~ Cypriniformes GRCz10

Spotted gar Lepisosteus Actinopteri Holostei Lepisosteiformes LepOcul
oculatus

Coelacanth Latimeria Sarcopterygii Coelacanthiformes LatChal
chalumnae

Anole Lizard Anolis Reptilia Squamata AnoCar2.0
carolinensis

Chinese Pelodiscus Reptilia Testudines PelSin_1.0

softshell turtle | sinensis

Human Homo sapiens ~ Mammalia Primates GRCh38.p7

Xenopus Xenopus Amphibia Anura JGl 4.2
tropicalis
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Figure 4.1. Cladogram of Osteichthyes family. Bold lines in the tree indicate the
most recent ancestral branches of each lineage. Blue, skyblue, and red indicates

Teleostei, Holostei, and coelacanth lineages, respectively.
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Orthologous gene set alignments

Multiple sequence alignments of suitable coding gene sets were prepared for
detection of positive selection with the following steps. Firstly, to exclude possibility
of functional changes caused by gene expansion (gain and loss of genes), | focused
on genes that show one to one orthologues in 12 fishes. Using coelacanth genome as
a representative dataset, | found 4160 coding gene sets in ENSEMBL Biomart
(Kinsellaetal., 2011). Secondly, I filtered out 28 genes with sequence lengths which
are not multiple of 3. After filtering these genes, | aligned 4132 gene sets by using
PRANK (L6ytynoja and Goldman, 2008) with two options; ‘-codon’ for codon-wise
alignments and ‘-F’ for the most accurate alignments to identify homologous sites in
each species. Finally, to exclude regions with poorly scored alignment caused
by indels and mismatch, I trimmed 4132 alignments by using GBlocks (Talavera and
Castresana, 2007) with one option ‘-t = ¢’ for codon-wise adjustments. Finally, |
prepared conserved coding sequence alignments of 3538 genes.

PSGs specific to coelacanth

To identify genes responsible for the evolution of coelacanth, | screened for the
molecular signatures under episodic adaptive evolution. This was done by
calculating dN (number of non-synonymous substitutions per number of non-
synonymous sites of each gene), dS (number of synonymous substitutions per
number of synonymous sites of each gene), and dN/dS (ratio of number of non-
synonymous substitutions per number of non-synonymous sites to number of
synonymous substitutions per number of synonymous sites of each gene) values of
3538 orthologous genes from 12 fishes excluding 4 tetrapods as an outgroup. In order
to detect accurate selection signatures and to estimate site-wise selection on the latest
ancestral branch of each lineage of coelacanth, spotted gar, and Teleostei fishes in
the species tree (Fig. 1), ‘branch-site model’ based on ‘CodeML’ in PAML program
(version 4.8) (Yang, 2007) was performed with 3 options; ‘model = 2’ for 2 or more
dN/dS ratios for branches, ‘NSsites = 2’ to detect sites under positive selection on a
foreground branch, and ‘CodonFreq =2’ to calculate codon frequencies based on
‘F3X4’. Based on estimated parameters from the test, | compared maximum

likelihoods of null and alternative models by using likelihood ratio test (LRT,
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D =2* A l). The statistical significances were calculated by using chi-square test
and false discovery rate (FDR) was used for multiple test correction using R program
(version 3.2.3.) (Team, 2013). Consequently, | identified sites under positive
selection on each lineage with posterior probability. PSGs were detected with strict
filtering criteria (dN/dS value of class 2 of foreground branch > 1, D >0, and
adjusted p <0.05). After identification of significant PSGs, | checked posterior
probability of each gene (> 0.95) to find specific sites under positive selection (site
class 2) based on the Bayes empirical Bayes (BEB) inference. Finally, PSGs specific
to coelacanth were identified through comparing PSGs of coelacanth, Holostei, and
Teleostei.

Conserved domain search

To determine whether sites under positive selection are located in functional domains
of each gene, | performed domain analysis by using Batch web C-Search tool in
NCBI (Marchler-Bauer et al., 2011). Peptide sequences of PSGs unigue to
coelacanth were used as a query set, and following options were applied: Data source:
CDSEARCHY/cdd v3.15; Expected value: 0.01; Composition-corrected scoring:
Applied; Low-complexity regions: Not filtered.

Gene ontology analysis

To check the group functions of PSGs specific to coelacanth, | applied gene ontology
analysis with gene set enrichment tests by using DAVID functional annotation
(Huang et al., 2009). To compare with other fishes, zebrafish was used as a
representative background model. The cutoff of statistical significance of enrichment
test was applied as the default p-value < 0.1, due to the small number of coelacanth-
specific PSGs. | summarized gene ontology of biological process based on
hierarchical clustering with ‘hclust’ function in R (version 3.2.3.) (Team, 2013).
Protein-protein interaction network analysis

To investigate interactions among genes, Search Tool for the Retrieval of Interacting
Genes (STRING) online database (http://string-db.org/) was used (Szklarczyk et al.,
2014). STRING provides direct (physical) and indirect (functional) associations
among genes based on multiple resources (Szklarczyk et al., 2014). | searched

interactions between 5 genes of urea cycle and 14 coelacanth-specific PSGs of
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nitrogen compound metabolic process to generate a network with the following
options: Organism: Danio rerio; Active interaction sources: Text-mining,
Experiments, Databases, Co-expression, Neighborhood, Gene fusion, and Co-
occurrence; minimum required interaction score: medium confidence (0.4).The
network was visualized using Cytoscape 3.3.0 (Shannon et al., 2003).

Amino acid changes specific to coelacanth

Target-specific amino acid substitutions (TAAS) analysis (Zhang et al., 2014) was
conducted to find mutually exclusive amino acid substitutions between coelacanth
and other fishes. The TAAS module and a codon translator were written and
executed by Python (version 2.7.9., htttp://www.python.org). For one of homeobox
genes, SHOX, | conducted additional TAAS analysis with 100 way multiz-alignment
of 100 vertebrates (Blanchette et al., 2004) in UCSC genome browser (Meyer et al.,
2013).
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4.4. Results

Coelacanth is an important species to use for investigating the adaptation of tetrapod
to land environment. To identify genetic features which led to the evolution of
coelacanth, | investigated PSGs by scanning the whole coding regions of coelacanth
genome. Based on the Ensembl database (release 86) (Yates et al., 2016), | collected
coding sequences of coelacanth and control sets, from 1 holostean fish, 10 teleostean
fishes, and 4 tetrapod vertebrates (Table 1). The four-limbed animals were used as
an outgroup in comparative genomic approaches to understand primitive evolution
shared among finned and limbed sarcopterygians. The cladogram construction was
based on the species tree in Ensembl Compara. The cladogram construction was
based on the species tree in Ensembl Compara (Vilellaetal., 2009) (Fig. 1). Focusing
on the genomic data set of coelacanth, | searched one to one orthologues conserved
in all of 12 fishes to exclude duplicated or lost gene in Ensembl Biomart (Kinsella
etal., 2011). To match homologous codons of each gene, I aligned coding sequences
by using PRANK program (Léytynoja and Goldman, 2008). I filtered out indel and
divergent regions with poor alignment scores by using Gblocks program (Talavera
and Castresana, 2007) to prevent artifacts of dN/dS analysis due to missing data or
alignment error. After alignment and trimming of the multiple sequences, | obtained
conserved alignments of 992,062 codons in 3538 genes.

Positive selection on functional domains of coelacanth

In order to detect positive selection specifically experienced by coelacanth excluded
from ray-finned fishes, | performed dN/dS analysis using the branch-site model A in
codeML of PAML package (Yang, 2007) that can estimate the varying dN/dS ()
values among different sites and lineages. | scanned whole one to one orthologous
gene sets by focusing on the most recent ancestral branches of coelacanth and other
two fish lineages, independently (Fig. 1, see Materials and Methods). Out of 3538
genes, 2.3% (81 genes with 800 sites), 4.2% (150 genes with 829 sites) and 10.2%
(362 genes with 1039 sites) were under positive selection on coelacanth, Holostei,

and Teleostei, respectively (adjusted p-value <0.05, o, > 1, BEB > 0.95). Out of
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these genes, | identified 47 PSGs unique to coelacanth compared to holostean and
teleostean lineages (Fig. 2A). To determine if these sites were located in functional
regions in each protein, 1 conducted NCBI conserved domain search (Marchler-
Bauer et al., 2011). All of 47 PSGs specific to coelacanth consisted of 122 functional
domains. However, only 34 PSGs contained 52 domains with 159 sites under
positive selection. Out of these 34 PSGs, neurochondrin (NCDN)showed the highest

number of positively selected sites of 23 harboring in functional domains (Fig. 2B).
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Figure 4.2. Positively selected genes on Teleostei, Holostei, and coelacanth.
(A) Venn diagram of the number of genes under positive selection on each lineage
(dN/dS > 1, FDR < 0.05, Posterior probability > 0.95). Red, blue and skyblue
indicate the number of PSGs on coelacanth, Teleostei, and Holostei lineage. (B)
Distribution of posterior probabilities of dN/dS analysis on NCDN gene. X-axis:
positions in the peptide sequence of coelacanth, Y-axis: score calculated by bayes
empirical bayes (BEB); Black dash line: threshold of statistical significance
(BEB =0.95); Red bar: BEB > 0.95; Grey bar: 0.5 <BEB <0.95; Bottom of the
graph indicate the conserved domain (blue box) and sites under positive selection

(red pin: BEB > 0.95, grey pin: 0.5 < BEB <0.95).
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Functional annotation and protein network of PSGs

To estimate the function of 47 PSGs combination uniquely identified in coelacanth,
I performed functional annotation analysis by using DAVID (Huang et al., 2009).
These genes were enriched in 4 major clusters of biological processes; nitrogen
compound metabolic process (NCMP), metabolic process, spindle organization, and
cellular transition metal ion homeostasis (Fig. 3). Out of these, NCMP included
interconversion of nitrogenous organic matter and ammonium, which is a key
process in adapting to the changing environment during water-to-land transition. In
the previous study, Amemiya et al. found that CPS1 gene, which is involved in
ammonium conversion, was accelerated in of MRCA of tetrapods and MRCA
of amniotes by adaptation to land (Amemiya et al., 2013). Out of 14 PSGs of NCMP,
4 genes -DDX11, DDX49, MMS19, and TRMT1- showed protein interactions with 2
genes -ARG2 and CPS1- of urea cycle (Fig. 4). Out of these 4 genes, both of
MMS19 and TRMTL1 showed the highest numbers of residues under positive
selection on functional domains among NCMP genes. These genes were also directly

associated with ARG2 and CPS1.
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Figure 4.4. Protein-protein interaction networks among genes of urea cycle and

coelacanth-specific PSGs of nitrogen compound metabolic process. Red and
yellow circles indicate coelacanth-specific PSGs and genes of urea cycle,

respectively.
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Non-synonymous substitutions on homeobox gene superfamily

In previous study (Amemiya et al., 2013), the genetic alteration on the regulatory
regions of HOX genes, associated with morphological developments, were
investigated in order to discover molecular evolution of limb emergence in tetrapod.
However, it was not discovered that genetic alterations on coding regions causing
gene product alterations were responsible for anatomical changes of the MRCA of
lobe-finned fishes and four-legged vertebrates different from actinopterygian fishes.
dN/dS analysis explains molecular evolutionary history of coelacanth based on non-
synonymous and synonymous mutations, but it does not identify amino acid
substitutions specific to coelacanth which may lead to changed functions of the
resulting protein products. So, | conducted target-specific amino acid substitutions
(TAAS) analysis (Zhang et al., 2014) to identify coelacanth-specific variation
in homeobox gene superfamily.

Within 3538 conserved one to one orthologues, 43 genes were HOX gene
superfamily. Out of these, 40 genes showed 603 amino acid substitutions specific to
coelacanth compared to ray-finned fishes. Including 4 outgroup species in tetrapod
vertebrate lineage, | found only 35 genes which contained 300 coelacanth-specific
substitutions showing the same information as that of tetrapod. All of 35 genes did
not show strong statistical significance; however, 6 of them showed higher
likelihood values in alternative model than the null model (D > 0), which may be the
evidence of positive selection on parts of the genes. Out of these 6 genes, 3 genes
showed 4 coelacanth-specific amino acid with significant posterior probability
(BEB > 0.95). Especially, SHOX gene included the top number of amino acid
substitutions. One of the amino acid in SHOX gene, serine was shared between
coelacanth and some of tetrapod animals as opposed to that of ray-finned
fishes, leucine.

Focusing on SHOX gene, | collected and aligned amino acid sequences of
100 vertebrates (83 tetrapod species and 17 fishes including coelacanth) in UCSC
genome browser (Meyer et al., 2013). SHOX gene was present in 81 vertebrates, but

was absent in 19 species (Fig. 5). In the candidate site, all of Sarcopterygii, including
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tetrapods and coelacanth, showed different non-synonymous substitutions

(asparagine, serine, threonine, and glycine) from Actinopterygii (leucine) (Fig. 5).
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Figure 4.5. Amino acid substitutions specific to coelacanth and tetrapod
mutually exclusive to fishes on SHOX gene. Red box in peptide alignments
indicates the site with coelacanth and tetrapod specific amino acid replacement
compared to other fishes. Numbers on top of alignment indicate positions of peptide
sequence of human. In amino acid alignments and common names, green, red, and
blue indicate tetrapod, coelacanth, and other fishes, respectively. Tree and alignment

are from UCSC genome browser database (Meyer et al., 2013).
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4.5. Discussion

Coelacanth genome has been known to give insight into the process of landing in
vertebrates' evolutionary history. In the track of vertebrate's lineage showing their
transition from water to land, several important characteristics for terrestrial
adaptation appears. Reduced number of skeletal structures in limbs as they become
larger, reinforced with muscular support, is a tendency which is regarded more
beneficial by using limbs to move through tangled plants in shallow water or lifting
the body against gravity in terrestrial environment. Different from the aquatic
environment where nitrogenous wastes are excreted in form of ammonia, showing
cellular toxicity and requiring large amount of water to remove, terrestrial life-forms
should convert the ammonia into urea or uric acid, to limit the water expenditure. As
one species of sarcopterygians with such landing-related trait's appearance,
coelacanth has been researched to understand primitive evolution which makes
sarcopterygians different from actinopterygians.

In this study, | found advantageous genetic alterations of coelacanth by
using two comparative genomics approaches within bony
vertebrates, Osteichthyes (Fig. 1). Firstly, I performed dN/dS analysis to identify 47
genes with significant sites under positive selection in coelacanth compared to ray-
finned fishes, and | found NCDN gene which contained the most positively selected
sites (Fig. 2). The functional annotation for these PSGs showed significant
4 biological process clusters including nitrogen compound metabolic process with
14 PSGs specific to coelacanth (Fig. 3). Out of these 14 PSGs,
MMS19 and TRMT1 directly interact with ARG2and CPS1 related to urea
cycle (Fig. 4). Furthermore, 1 found coelacanth specific amino acid
substitutions based on TAAS analysis for 43 homeobox superfamily genes which
are known to be associated with limb emergence in tetrapods. As a result,
ALX1, DLX5 and SHOX were identified based on the LRT scores (D). SHOX gene
consisted of the highest number of sites with coelacanth-specific amino acid residues

which are estimated to have received positive selection. Moreover, one of these
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substitutions in SHOX showed coelacanth and tetrapod specific information which
is different from that of Actinopterygian lineages (Fig. 5). For the 3 phenotypes
mentioned earlier which are related with coelacanth specific genotypes, | conducted
a detailed search on biological functions.

For spatial learning, | identified neurochondrin (NCDN) showing the top
number of sites located in its functional domains (Fig. 2B). NCDN was reported as
a candidate gene involved in improved spatial learning process (Schweitzer et al.,
2006). It was suggested that modulation of NCDN residue like palmitoylation have
an essential role in its specific endosomal targeting (Schwaibold and Brandt,
2008, Shinozaki et al., 1997). | estimate that evolution of the gene including the
alteration of residues in functional domain was advantageous for coelacanth to
understand complex pattern of the marinal landform. Since coelacanth lives near the
ocean floor in the deep sea, there is a possibility that coelacanth independently
acquired the characteristic after the divergence from the tetrapods. However, if the
alteration was inherited from the MRCA of tetrapods and coelacanth relative
to Actinopterygii, it may indicate that the trait is beneficial for landing.

Under water, most fishes can easily release nitrogen wastes as ammonium
through gill. However, land animals require a safe mechanism to discharge nitrogen
wastes, for example, by excreting them as non-toxic nitrogenous organic matters. |
discovered 2 candidate genes under positive selection on coelacanth different from
ray-finned fishes, which are directly associated with nitrogen metabolism converting
ammonia into other types of nitrogen compounds. Interestingly, CPS1, a key gene in
urea cycle (Amemiya et al., 2013), was directly associated with TRMT1 as a co-
expressed gene (Fig. 4). The tRNA Methyltransferase 1 (TRMT1) is known to
regulate tRNA processing and gene expression. TRMT1 contains two major
domains: Zinc finger domainto bind tRNA and methyltransferase domain to
regulate translation of gene (Liu and Straby, 2000). Positively selected sites specific
to coelacanth on TRMT1 were located in the methyltransferase domain. | suggest
that heterotypic TRMT1 could be related to alterations of gene expression or
translation process of CPS1. On the other hand, MMS19 showed direct interaction

with ARG2 which is related to urea cycle. MMS19 nucleotide_excision
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repair homolog was involved in one of chaperones participating in the cytoplasmic
Iron-Sulfur cluster protein assembly, which is vital for all living cell (van
Wietmarschen et al., 2012). Based on the interaction between ARG2 and MMS19, |
predicted that MMS19 could affect the function of ARG2 by helping the formation
of the protein structure. However, the possibility that mutations on TRMT1 and
MMS19 affecting genes other than CPS1and ARG2 was not considered in the
current comparative genomics approach. Since coelacanth still inhabits the ocean, it
is possible for these genes of coelacanth to evolve in order to cancel out adaptive
mutation in CPS1 for energy saving by maintaining ammonia-excretion system.
Therefore, it is important to validate relationships between nitrogen waste
metabolism and these candidate genes.

Lobed-fins in coelacanth are one of the major characteristics relevant with
water-to-land transition process, their proximal domains having common ancestry
with tetrapod limbs' stylopod and zeugopod (Yano and Tamura, 2013). Coelacanth
possesses several cartilages in their fins, including a component homologous to land
vertebrates' humerus and femur, which is not found in actinopterygians. Considering
evolution of terrestrial vertebrates' limb was the result of lengthened and enlarged
lobed-fins with enlarged endoskeletons and muscular support, the difference in
appendage anatomy in coelacanth compared to actinopterygians give primary
information to date back early process of limb emergence. In the molecular level,
evolution in homeobox genes and their regulatory elements have been known to
largely participate in limb emergence, with several models explaining how the
mutation in the gene cluster made evolution in vertebrate limbs (Coates and Cohn,
1999, Tabin and Laufer, 1993). In sarcopterygians including coelacanth, HoxA and
HoxD cluster specifying segments in limb which were emerged from 4-fold
Hox gene cluster duplication followed by functional diversification, is one of the
evolution in homeobox genes related to limb emergence (Coates, 1994). Conserved
non-coding elements (CNEs) of HoxD cluster in coelacanth were analyzed to catch
variation responsible for the change in gene expression in previous study, focusing
on regulatory elements of genes (Amemiya et al., 2013). Also, T-box genes which

are group of transcription factors to control homeobox genes' expression are closely
T | ] o | |
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related to the limb evolution, as the Thx2/3/4/5 genes forms two tightly linked genes
in the evolutionary lineage (Ruvinsky and Gibson-Brown, 2000).

I focused on alteration in gene products caused by mutation in protein
coding region related to limb emergence rather than the gene expansion or change in
gene expression as mentioned above. | suggested 3 candidate genes in the homeobox
gene superfamily. The first candidate is Aristaless-related homeobox gene (Alx1),
which is related to development of craniofacial and scapular bones as the body part
‘arista’ indicates a bristle arising from its head in drosophila. Model organism
studied well to describe the gene's effect on phenotype is mouse, having abnormality
in craniofacial and scapular bones when mutation occurs, having relation with its
incomplete functioning during development as described in Mouse Genome
Database (MGD) (Eppig et al., 2014, Kuijper et al., 2005, Qu et al., 1999, Zhao et
al., 1996). Alx1 contains conserved upstream sequence that serves as a binding site
of Pbx1 and Emx2 to control scapular blade development (Capellini et al., 2010).
Also, Alx1 (Cartl) mutant mouse showed slight loss of anterior blade bone, and
truncated clavicle as Alx4 gene additionally being lost (Kuijper et al., 2005). Based
on the reported phenotypic change in scapular bones articulate with proximal limbs,
it would be worth to test whether the relationship between mutation in Alx1 and
phenotypic impact as further study.

Another candidate, DIX5 belongs to Distal-less homeobox (DIx) gene
family which is related to limb development in broad range of animals including
vertebrates (Panganiban and Rubenstein, 2002). High conservation of DIx gene
family across species suggests its crucial role in development, especially related with
appendage growth (Stock et al., 1996). Though recent studies have demonstrated
their additional developmental roles including craniofacial morphogenesis,
neurogenesis and hematopoiesis, DIX5 gene as role for normal development of limbs,
digits and other craniofacial bones like a mandible (Depew et al., 2002, Kraus and
Lufkin, 2006, Merlo et al., 2002). Coupled with DIx6, DIx5 plays vital role in
mammalian limb development, having epistasis over
Msx2 homeodomain transcription factor which also participates in the appendicular

skeletal development (Robledo et al., 2002, Vieux-Rochas et al., 201_3). Also,
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DIx5 was suggested to be a candidate gene for split hand/foot malformations (SHFM)
in human, deduced from the patients with nonsense mutation in exonic region.

Short stature homeobox gene SHOX is the last candidate, an X-linked gene
firstly described from Turner syndrome patients' distinctive abnormality, short
stature. Idiopathic short stature and shorten limbs in the patients stem
from haploinsufficiency of normal SHOX as an X chromosome becomes absent.
Critical role of SHOX in limb growth and development appears in several human
disorders with shorten, malformed limbs like Léri-Weill dyschondrosteosis, Turner
syndrome and Langer mesomelic dysplasia as the amino acid substitution or deletion
in SHOX occurs (Barca-Tierno et al., 2011, Fukami et al., 2005, Rao et al.,
1997, Superti-Furga et al., 1998). As the general feature of homeobox genes,
SHOX also shows high conservation from mammals to fish and flies. Therefore, lack
of functional SHOX protein disrupts normal bone growth in many vertebrates, not
only for human. In zebrafish, pectoral fin-bud is one of major part that SHOX is
predominantly expressed, and the blockage of SHOX expression results in disruption
in normal bone development (Sawada et al., 2015). In chicken, artificial
overexpression of SHOX in their limbs significantly increased the length of skeletal
elements (Tiecke et al., 2006) Also, considering SHOX influence the bone
development from the early stage of embryogenesis by controlling downstream
genes like CTGF and FGFR3 which are involved in limb development, mutation in
single site of SHOX gene can alter the pathway, possibly affect interaction with those
proteins (Beiser et al., 2014, Decker et al., 2011).

In conclusion, | analyzed coelacanth genome to gain insights into the
evolutionary process that affected landing of sarcopterygians compared to
actinopterygians. | tried to show that molecular evolution specific to the lobe-finned
fish different from ray-finned fishes can provide meaningful information about the
primitive evolution of sarcopterygians related to water-to-land transition. Based on
comparative genomics approaches, | identified key candidate genes (NCDN, MMS19,
TRMTL1, Alx1, DIx5, and SHOX) leading the episodic adaptive evolution for
primitive changes in the sarcopterygian clade to influence on water-to-land transition

of tetrapods. However, biological validations with genome editing technologies are
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required to verify the causality between candidate genes and change in phenotype
for adaptation in land. | expect that these novel candidates will give insights into

evolutionary history of coelacanth and tetrapod adjusting to life ashore.
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5.1. Abstract

Vocal learning, a convergent trait to imitate sounds heard and an important
component of spoken-language, is rarely observed in Mammalia and Aves.
Molecular convergences of several vocal learning mammals were already discovered,
but that of vocal learning birds still remains as an evolutionary enigma. By analyzing
avian genomes, here I investigated whether three avian vocal learning clades have
amino acid convergences that could explain their specialized trait. I identified single
amino acid variants (SAVs) of avian vocal learners and of control sets designed for
most species combinations from three independent lineages similar to vocal learning
birds, and classified SAVs into convergent and divergent SAVs (ConSAVs and
DivSAVs) by considering their ancestral substitutions. I illuminated frequencies of
ConSAVs are proportional to products of the most recent common ancestral branches,
and confirmed the number of ConSAVs of vocal learning clades in birds did not
exceed that of several control sets. I also found amino acid convergences in birds
were originated from independent nucleotide substitutions at different sites in each
codon. However, gene with ConSAVs of vocal learning birds were uniquely enriched
in ‘learning’ functions, and a subset of ConSAV genes under positive selection were
supported by specialized gene expressions in brain subdivisions. Top candidate
learning genes, including DRD B and PRKAR2B, converged on the cAMP signaling
pathway. These results provide insights into molecular mechanisms of the

convergent evolution of the vocal learning trait in birds.
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5.2. Introduction

Single amino acid variants (SAV) are one of the potential drivers of evolution for
various traits. For example, the Forkhead box P2 (FOXP2) transcription factor has
two well-known human-specific SAVs which might have been positively selected
for learning behavior related to language !, Mutant mice humanized for the two
SAVs of FOXP2 showed more advanced learning abilities 8 and alterations of
cortico-basal ganglia circuits 82, which play critical roles in spoken-language %;
and mice containing a heterozygous missense mutation that causes speech syllable
apraxia in humans also showed syllable sequencing deficits 8788,

A crucial component of spoken-language is vocal learning, the ability to
produce vocalizations through imitation, and is a convergent trait observed in only a
few animals, including songbirds, parrots, and hummingbirds among birds, and bats,
dolphins/whales, seals, elephants, and humans among mammals 1486:8%-92 Both vocal
learners and vocal non-learners share an auditory pathway that controls auditory
learning, while only the vocal learning birds and humans have been found to share a
specialized convergent forebrain pathway that controls vocal learning 14909193,
Supporting the hypothesis of independent origins of vocal learning, the recent
genome-scale phylogenetic tree reported by the Avian Phylogenomics Project
showed that the three avian vocal-learner lineages are indeed not monophyletic 9%,
Even though songbirds and parrots are relatively closely related, the closest lineage
to songbirds °, sub-oscines, is a vocal non-learning lineage

In the first genome-scale analyses for vocal learning in the avian lineage,
genes with positively selected changes in zebra finch (a songbird) compared to
chicken were identified %. Some of the positively selected genes were in ion channels,
which are known to control neurological function, behavior and disease *°. However,
the comparison was made narrowly between only one vocal learner (zebra finch)
with one vocal non-learner (chicken), which is a very distant * relative, like a

marsupial is to a placental mammal.
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The big bang of draft genome sequences of the Avian Phylogenomics
Project, consisting of 48 avian species that represent 34 orders of birds 8, provided
an unprecedented opportunity to investigate genetic features specific to polyphyletic
vocal learning clades. These studies found convergent brain gene expression
specializations in vocal-learning birds and human %1% | also found mutually
exclusive amino acid substitutions unique to vocal learners, using a novel method
(Target-specific Amino Acid Substitutions [TAAS] analysis) &. However, the study
overlooked several viewpoints reported around that time for molecular convergences
%97. jt did not separately test for convergent versus divergent amino acid
substitutions; it did not test for preponderance of convergences and divergences over
proper control sets of species; and it did not test for possible influences of close
phylogenetic relationships.

Here, | investigated basic rules of molecular convergences and their
biological functions in various combinations of avian species, including vocal
learners. | improved and developed computational methods to identify convergent
and divergent substitutions among species from polyphyletic lineages, and tested
whether vocal learning birds have more molecular convergences or divergences than
control sets. | discovered phylogenetic features associated with the number of
convergent and divergent substitutions among species beyond those of previous
studies 1*7, and the underlying nucleotide variant changes associated with these
amino acid substitutions. | found a preponderance of higher changes in avian vocal
learning clades when considering their most recent common ancestor branch lengths,
and | found an enrichment in learning functions, positive selection, and specialized
gene expression in vocal learning brain regions and the subdivisions they reside for

a subset of genes with amino acid convergences of vocal learning birds.
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5.3. Materials and methods

Multiple sequence alignments of singleton orthologous genes in birds

In my preliminary studies, the Avian Phylogenomics Project (now the Bird10K
project) defined 8,295 singleton orthologous gene sets across 48 avian species, and
constructed the phylogenetic avian family tree consisting of 34 orders %4, This 1:1
orthologous gene set was identified by reciprocal best blast hits and synteny, using
two species as a reference: chicken and zebra finch. They were then aligned across
all species using SATé+MAFFT and SATé+Prank, for both nucleotide and amino
acid sequences. Alignment frameshift errors were corrected when translating into
amino acid sequence alignments. As results, 4,519,041 amino acids and 13,557,123
nucleotides were detected as homologous sites. In my previous analyses for amino
acid substitutions, I used Gblocks * to remove poorly scored alignments with
sequence divergences and columns with gaps in at least one species included.
However, here I found that this was too aggressive, removing 65% of the whole
regions of aligned sequences. For example, vocal learner-specific amino acid
substitutions of DRDIB was excluded because of gaps in one of outgroup species
(Lizard). Therefore, I used whole regions of alignments without the trimming step in

the current study.

Detection of convergent variants

I initially developed an algorithm to find amino acid substitutions specific to a group
of species, called Target-specific Amino Acid Substitution (TAAS) analysis 8. It
could not detect insertion/deletions specific to a group of species. In this study, |
improved the algorithm of the previous analysis and applied ancestral sequence
reconstructions to find convergent variants at amino acid, codon, and nucleotide
levels, and named it as convergent variant finder (ConVarFinder). The
ConVarFinder analysis focuses on identifying molecular convergences specific to
multi-species from polyphyletic lineages, while TAAS analysis ignored

phylogenetic relationships between species of the group with an interest. First, it
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identified mutually exclusive variants at amino acid, codon, and nucleotide levels
between a target group of species relative to all other species tested (single amino
acid variant [SAV], single codon variant [SCV], and single nucleotide variant [SNV])
by analyzing each homologous site in codon sequence alignments of 48 birds. To
focus on point mutations, | excluded continuous variants potentially regarded as
structural variants. Examples of SAVs and SCVs were summarized and visualized
by using WebLogo (v2.8.2) 100.101,

Next, the mutually exclusive variants were classified as 4 types based on
equality or inequality of sequence information in each group and the type 1 and 2
variants with same sequence information and the type 3 and 4 with different
sequence information in target species were mainly classified as identical and
different variants at each level (iSAV, iSCV, iSNV, dSAV, dSCV, and dSNV). In
parallel, it analyzed evolutionary histories of the mutually exclusive variants from
ancestors to terminal taxa with their phylogenetic tree. The ancestral sequences were
estimated by RAXML (version 8.2.12) 2 for codon substitutions with ‘-f A -m
GTRCAT -p 12345’ options and for indels converted as binary sequences with ‘-f A
-m BINCAT -p 12345’ options. The RAXML usually removed the codon sites
consisting of all gaps (‘---° or ‘NNN’) in all species, so | trimmed the reduced
sequences when | merged the codon and indel sequences by using a custom python
script. Based on the ‘RAXML_marginal AncestralStates’ and
‘RAXML_nodeLabelledRootedTree’ outputs, | checked the substitutions on the most
recent common ancestral (MRCA=origin) branches of each clade of target species
and classified their evolutionary directions as convergences or divergences. The
source codes of ConVarFinder and estimated ancestral sequences are accessible at

the following link (https://github.com/chulbioinfo/ConVarFinder).

Control sets of species combinations from three independent lineages

Considering that | have 6 vocal learning species | calculated all 6 species
combinations of 47 birds in the avian family tree excluding Rifleman, which was
10,737,573 combinations. Of these, 8,239 combinations of 6 species originated from

3 independent lineages including 3 vocal learning clades (songbirds, parrots,
3 | [ i | |
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hummingbirds). From these combinations without the set of vocal learners, |
designed 2 main types of control sets: all control sets from the 8,238 set of 6 species
with 3 independent origins; and core control sets consisting of 59 possible
convergent combinations of species that have a similar phylogenetic history to vocal
learners, but contained 6 species originated from 2 clades out of 3 vocal learning

clades and 1 vocal non-learning clade.

Correlation tests

To check statistical significances of correlations between various features I

discovered in this study, such as, convergences and divergences at amino acid level

(ConSAVs VS DivSAVs), I calculated Spearman rank correlation coefficient as:
2 =my)(y' - myr)

JEO —m)? 20 —my,)?

rho =

where x’ and y' are each rank of x and y, respectively; and m,, and
m,, correspond to the means of rank(x) and rank(y), respectively. By using ‘cor.test’
function with the option method = “spearman” in R package (ver. 3.5.1), I tested
correlations between ConSAVs and DivSAVs in the multiple combinations of species
(e.g. a set of avian vocal learners, 8,238 all control sets, and 59 core control sets).
After then, I performed linear regression analysis for modeling the relationship
between ConSAVs and DivSAVs based on ‘Im’ function, and visualized it with ‘plot’,
‘points’, and ‘abline’ function in R package (ver. 3.5.1) “®. I also performed
Bonferroni Outlier Test to check whether the number of convergent variants of vocal
learners or other species combinations is an outlier, as determined by residuals from
regression model with the ‘outlierTest’ function in R package (ver. 3.5.1) *®193; option
for limitation of the max number of outliers as 3: ‘n.max=3". I applied the correlation
and outlier tests among various features including the frequencies of molecular

variants and phylogenetic features of species combinations.

Phylogenetic features related to the number of molecular convergences
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I performed multiple clade-wise comparisons of at least 3 polyphyletic clades to find
relationships between convergent variants and various phylogenetic features. Using
the branch lengths of the avian total evidence phylogenetic tree from Jarvis et al >,
I calculated four types of phylogenetic branch measures for convergent groups of
species: product of origin branch lengths (POB), product of terminal branch lengths
(PTB), distance between terminal branches (DTB), and distance between terminal
nodes (DTN). POB was calculated by multiplying lengths of most recent common
ancestral (MRCA=origin) branches of each target clade and PTB as branch lengths
of terminal taxa. DTB was calculated as a summation adding lengths of all branches
between the MRCA node of the 47 birds and each terminal taxon, whereas the DTN
was calculated as the summation between the MRCA node and the most recent
ancestral nodes of each terminal taxon. The source code to calculate each
phylogenetic feature is accessible at the following link

(Https://github.com/chulbioinfo/ConVarFinder).

PCA and ML tree analyses for Rifleman

With the SAV and ConSAYV sites found in vocal learners, Rifleman was added and
principle component analysis (PCA) was performed using the method as
implemented in JalView'™. Focusing on the 148 AVL-SAV and 24 AVL-ConSAV
sites, pairwise scores between bird species was computed by summing the
substitution scores from BLOSUMG62. Then, I performed spectral decomposition of
the score matrix to obtain principal component (PC) vector and eigenvalue of the
respective vectors. Sorting the PCs in the descending order of eigen values, I defined
the first two vectors as PC1 and PC2. The PCA biplot was computed using these two
vectors. For the maximum likelihood (ML) tree, I constructed it using MEGA ',
and selected the JTT model, on the part of the amino acid sequence alignment of all

AVL-SAV sites or AVL-ConSAV sites.

Gene ontology functional annotations and gene network analyses
To investigate if there were enriched functions of genes with molecular variants in

the vocal learning set (n=1) and control sets (n=8,238), | summarized 53,058 lists of
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genes with 1 or more variants considering combinations of 3 types (all, convergent,
and divergent variants) at 3 levels (amino acid, codon, and nucleotide levels) specific
to each set. | conducted Gene Ontology (GO) analysis by using g:Profiler (v 0.3.5.)
106 \with the default option. and ClueGO (ver. 2.3.3.) Y7 in Cytoscape 1 with the
following options: GO BiologicalProcess-GOA (released in 08.04.2016); all of GO
tree interval; all of GO Term/Pathway selection; multiple testing correction by
Bonferroni (adjusted p-value < 0.05); and default options of others. After then, |
tested whether the number of genes is correlated with the number of significant GO
terms and the significances of GO terms, by applying regression analyses using ‘Im’
function. I visualized the results with ‘plot’, ‘points’, and ‘abline’ functions in the R
package (ver. 3.5.1) 45,

After then, focusing on 2 lists enriched for learning process: AVL-ConSAV
gene list and DivSCV and DivSNV gene lists of a control set (different codon
convergences specific to Dalmatian pelican, little egret, houbara bustard, red-crested
turaco, white-throated tinamou, and ostrich), T searched networks between the
enriched genes for learning by analyzing protein-protein interactions among
convergent genes by using CluePedia ver. 1.3.3. 1% in Cytoscape 1%, selecting the
following databases: STRING-ACTIONS v10.0 (released in 07.05.2015);
activation v10.0; binding v10.0; catalysis v10.0; expression v10.0; inhibition v10.0;
ptmod v10.0, and reaction v10.0. Sequences of the convergent variants of gene lists
of vocal learners and a control set associated with learning were summarized and
visualized by WebLogo (v2.8.2) 100101,

Fixed differences of vocal learner-specific amino acid variants within
populations of zebra finch and chicken

ConVarFinder analysis was performed with the assumption that a haploid sequences
identified are representative of the species. However, variation is also prevalent
within a species. More than 20 million (20,739,045) and 1.6 million (1,661,545)
variants have been reported in chicken (n=9,586) and zebra finch (n=1,257),

4 110,111

respectively, according to Ensembl database release 8 . Hence, I performed

additional analysis to check if the AVL-SAV sequences I identified not due to within
3 | | 1|
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species variation. Local alignment was conducted for the CDS sequences containing
AVL-SAVs using BLAST (ver. 2.8.1) 2 to find the position of SAV on the
chromosome sequence of chicken (Galgal4) and zebra finch (taeGut3.2.4) according
to Ensembl database release 84''°. Fixation of sequence in a species was assessed by
comparing the chromosomic position of all AVL-SAVs with the polymorphism data
of chicken and zebra finch obtained from Ensembl dbSNP build 145 and 139 of
chicken and zebra finch, respectively ). AVL-SAVs overlapping with
polymorphism was considered polymorphic.

I also performed additional fixation analyses on several genes amplified by
PCR from red blood cells in blood of zebra finch (n = 3 males and 3 females) and
chicken (n = 3 males and 3 females). The DRDIB (=DRD5) gene was cloned from
genomic DNA by using zebra finch specific primers (forward 5’-GCC CTG CGT
CAG TGA GAC CA-3’ and reverse 5’-CCG CCA GCC CCC TGT ATG AC-3’) and
white-leghorn chicken specific primers (forward 5’-CAG ATC TCC CCC GAC CCC
GA-3’ and reverse 5’-GGC AAC AAT GCC GCC TGG AG-3’). The PCR reaction
was conducted a total volume of 20 ul containing 100 ng genomic DNA, 10x PCR
buffer, 0.4 pl ANTP (10 mM each), 10 pmol of each primer, and 0.5 U Taq
polymerase (BioFACT) in the following thermocycling conditions: 2 min at 95°C,
followed by 35 cycles of 20 s at 95°C, 40 s at 60°C, 2 min at 72°C, and, finally, 5
min at 72°C. The PCR products were cloned into the pPGEM-T easy vector (Promega)
and sequenced using an ABI Prism 3730 XL DNA Analyzer (Thermo Fisher—

Applied Bio- systems).

Positive selection on polyphyletic lineages

The dN (the rate of non-synonymous substitution), dS (the rate of synonymous
substitution) and ®» = dN/dS were estimated along each branch of the phylogenetic
tree and across sites by using the branch-site model A, implemented in codeml within
PAML ver. 4.6  with F3X4 codon frequencies. | assumed the vocal learning trait
in birds was originated from the most recent common ancestral branches of each
vocal learning clade. Log likelihood ratio test (LRT, D value) was performed to

compare the null hypothesis with a fixed ® (model 2) and an alternative hypothesis
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with an estimated @ (model 2). Orthologs with ®2 Foreground > 1 and number of
accelerated sites (BEB > 0.5) > 0 were retained (branches tested for positive selection
are referred to as “foreground” branches and all other are referred to as “background”

branches).

Out of 8,295 orthologous gene sets of 47 birds excluding Rifleman, | focused on 2
gene lists with single amino acid variants (SAVSs) specific to avian vocal learners
and the closest control set to determine adaptive evolution of those genotypes. The
data set of codon sequences of each gene list, including alignment gaps in species,
was analyzed with a codeml option (cleandata = 0) and robust cutoff of adjusted p-

value (<0.05; FDR). False discovery rates were calculated in R (ver.3.0.1)

Specialized gene expression in song learning nuclei and singing-regulated genes
| obtained and analyzed 8 gene expression profiles that overlapped with those among
the 8,295 orthologous gene set:

1) DEG_2014: A data set of 1,849 differentially expressed genes between song
nuclei (RA, HVC, LMAN, and Area X) from Whiteney et al.'** and Pfenning et al 1%,
were | selected those that had expression in one nucleus different from all others
(NUC VS other NUCs) .

2) DEG_2019: A data set of 1,148 differentially expressed genes between a song
nucleus relative to its surrounding brain region (NUC VS SUR) that were obtained
using the micro-dissected method (Gedman et al in preparation).

3) DEG_2020: A data set of differentially expressed genes obtained by the laser
capture microscope (LCM) (Gedman et al in preparation) in 5 different comparisons:
(a) 2,065 differentially expressed genes among four song nuclei (RA, HVC, LMAN,
and Area X) relative to the surrounding brain regions (NUC VS SUR), (b) 4,148
differentially expressed genes between a song nuclei relative to another song nuclei
(NUC VS NUC), (c) 3,308 differentially expressed genes between a surrounding
region of a song nucleus relative to another surrounding region (SUR VS SUR), (d)
1,942 differentially expressed genes among a song nucleus relative to the other song

nuclei (NUC VS other NUCs), and (e) 1,388 differentially expressed genes among a

1]

95



surrounding region of a song nucleus relative to the other surrounding regions (SUR
VS other SURS).

4) SRG_2014: A data set of 1,108 singing-regulated genes in zebra finch by using
microarray approaches from Whiteney et al.**4.

In brief, for specialized gene sets 3 and 4, tissue samples were collected from
4 adult male zebra finches that were kept in the dark for at least 2 hours to limit
singing behavior and movement to ensure no immediate early gene activity in the
song system or surrounding brain regions, respectively. Each brain was extracted,
bisected along the midline, and frozen in TissueTek block mold on dry ice, in <2-5
minutes to ensure high RNA integrity. For microdissected samples, brain regions
were visualized under a brightfield dissecting microscope with small scissors and
forceps. For LCM, one hemisphere/bird was sectioned on a cryostat at 12uM and
mounted on PEN membrane slides. Sections on the slides were dehydrated
visualized under an LCM microscope, and specific song nuclei and their adjacent
non-vocal motor control regions laser dissected. For both microdissected and LCM
samples, RNA was isolated from each sample using the Picopure RNA Isolation Kit,
and stored at -800C until all samples were collected. Samples were then randomized
across batches to minimize batch effects, and cDNA was generated using the
UltraLow-input RNAseq kit from Clonetech. Each library was prepped and indexed
for sequencing using the NEB Next-flex library prep kit. Sequencing was conducted
on the Nextseq 500 system from Illumina.

Quality of all raw sequence reads were verified using fastqc, trimming off
low-quality (<30) and adapter sequences using fastg-mcf. Reads were mapped using
STAR (v=2.7.2b) and counted using featureCounts (v=2.0.0). Final gene x sample
matrix was used as input for DESeq2 for differential expression analysis. Each
nucleus-surround pair had a linear model with one variable (~ spec) where “spec”
was either “center” (vocal motor nucleus) or “surr” (non-vocal motor surround).
Genes were considered differentially expressed (increased or decreased in song

nuclei versus surround) if they passed multiple test corrections (g < 0.05).
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Institutional review for animal cares and experiments

The care and experimental use of animals (zebra finch or chicks) were approved by
the Institute of Laboratory Animal Resources, Seoul National University (SNU-
150827-1) and the Rockefeller University IACUC. The experimental animals were
maintained according to a standard management program at the University Animal
Farm, Seoul National University in or the Rockefeller University. The procedures
for animal management adhered to the standard operating protocols of the laboratory

at Seoul National University, Korea or the at the Rockefeller University.
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5.4. Results

Amino acid convergences specific to avian vocal learning clades

Based on the 48 genomes of avian species ®

spanning most orders in their
phylogenetic tree **, I compared 6 species from the three vocal learning orders or
suborders (songbirds: zebra finch, medium ground finch, and American crow;
parrots: budgerigar, and kea; and hummingbirds: Anna’s hummingbird) with 41
vocal non-learning birds (Figure. 5.1A). Rifleman, a close relative of songbirds and
sub-oscines, was initially excluded because of the uncertainty of its vocal learning
ability, although assumed to be a vocal non-learner %.

To understand molecular convergences related to the vocal learning trait in
birds, I developed a new method to detect as avian vocal learner-specific convergent
variants by improving the algorithm of TAAS analysis and applying the ancestral
sequence reconstructions (Figure. 5.1B, 5.2, 5.3). I named the new approach as
‘Convergent Variant Finder (ConVarFinder)’ analysis and performed it for 4,519,041
homologous amino acid sites in multiple sequence alignments of 8,295 orthologous
genes used as a standard of core orthologous gene sets of 48 avian species ®. Out of
these homologous sites, 148 sites (0.0033%) detected in 135 genes (1.6%) contained
single amino acid variants (SAVs) of vocal learning birds mutually exclusive to vocal
non-learning birds (Table 5.1). The vocal learner-specific SAVs (VL-SAVs) were
logically classified into four types based on equality or inequality of sequence
information (SI) within each group of vocal learning and non-learning birds,
respectively (Figure 5.1B). Out of 148 VL-SAV sites, 24 sites (16%) showed
identical SAVs (iSAVs; type 1 and 2 SAVs) and 124 sites (84%) showed different
SAVs (dSAVs; type 3 and 4 SAVs) within avian vocal learners (Table 5.1). For
example, the 253" site of B3GNT2 was a Type 1 (iSAV) site with asparagine (N)
observed in all avian vocal learning species and histidine (H) in all vocal non-
learning species; while the 217% site of SMRC8 was a Type 4 (iSAV) site with
glutamine, valine, and leucine (Q, V, and L) observed in avian vocal learners and

isoleucine and alanine (I and A) in all vocal non-learners (Figure 5.1C).
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Figure 5.1. Amino acid convergences of avian vocal learning clades do not show
the top-predominance compared to control sets. (A) Avian family tree and
genomes analyzed. The branch lengths of the 48 birds is estimated from the RAXML
tree of Jarvis, et al.’*. Red, avian vocal learning lineages. MRCA (origin branch) of
each vocal learning clade is indicated as a bold red line. (B) Illustration of the four
types of single amino acid variants (SAV, sky blue-colored boxes) and their sequence
information in vocal learning birds versus vocal non-learning birds classifying them
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into identical and different SAVs (iISAVs and dSAVs, respectively). The iSAVs and
dSAVs were perfectly matched with convergent and divergent SAVs (ConSAVs and
DivSAVs) defined by substitutions at most recent common ancestral branches of
each clade of target species (Table 5.2). (C) Example cases of an convergent SAV
(ConSAV) site in B3GNT2 and a divergent SAV (DivSAV) site in SMRCS. (D)
Correlation plots between amino acid convergences (ConSAVs; y-axis) and
divergences (DivSAV; x-axis) of control species sets of 6 species originated from 3

independent lineages.
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Dopamine receptor 1B (D1B, DRD5) 3

4

Species/Abbry
1. Zebra_Finch SPDHEVATDSACELDCEGEIS
— |2, Medium_Ground-finch SPDHEVATDSACELDCEGEIS
Sg 3, American_Crow SPDHEVATDSACELDCEGEIS
ga 4, Budgerigar SPDHEAATDSACELDCEREIS
2 S, Kea SPDHEIATDSAYELDCEGEIS
G.Anna_s_Hurnming_bird SPEQEVATDSACELDCEGE IS
7, Rifleman SPDQEVATDSYCELDCEGEIS
8, Mallard_{domestic) SPDPEVATDSYCELDCEGEIS
9, Chuck-will_s-widow _(Nightjar) [SPDHE I ATDSYCELDCEGE IS
10, Emperor_Penguin PPDHEVATDSYCELDCEGEIS
11, Bar-tailed_Trogon SPDHDVYATDSYCELDCEGE IS
12, Grey_Crowned_Crane SPOHEIATDSYCELDCEGE IS
13, RhinocerosHornbill SPDHEIATDSYCELDCEGEVS
14, Red-legged_Seriema SPDHEIATDSYCELDCEGEIS
15, Turkey _Vulture SPDYEIATDSYCELDCEGEI S
16, Chimney_Swift SPDHEIVTDSYCELDCEGEIS
17, Killdeer SPDHEIATDSYCELDCEGE IS
18, Houbara_Bustard SPDHEVATDSYYELDCEGEIS
19, Rock_Pigeon_(domestic) SPDHEIATDSYCELDCEGE IS
20, Speckled_Mousebird SPDHEIATDSYCELDCEREIS
21, CommonCuckoo SPDHEIATDSYCELDCEGEIS
o |22 Little_Egret SPDHEIATDSYCELDCEGE IS
_g 23, Sunbittern SPDHEVATDSYCELDCEGEIS
§ & |24 Peregrine_Falcon SPODHEIATDS ICELDCEGEVS
gil’ 25, Northern_Fulmar SPDHEAATDSYCELDCEGEIS
g26.Fled_Jungleiowl_(Chicken) SPDPEVATDSYCELDCEGEIS
< |27, Red-throated_Loon SPDHEIATDSYCELDCEGEIS
28, Bald_Eagle SPDHEIATDSYCELDCEGEIS
29, Golden-collared_Manakin SPDOHEVATDSYCDLDCEGE IS
30, Turkey CPDPEVATDSYCELDCEGE IS
31, Carmine_Bee-eater SPDHEIATDS ICELDCEGE IS
32, Crested_Ibis SPDHEIATDSYCELDCEGEIS
33, Hoatzin SPEHEIATDSYCELDCEGEVS
34, Dalmatian_Pelican SPDHEIATDSYCELDCEGEVWVS
35, Cormorant SPDHEIGTDSYCELDCEGEIS
36, White-tailed_Tropicbird SPDHEIATDSYCELDCEGEIS
37, American_Flamingo SPDHEVATDSYCELDCEGEIS
38, Downy_Woodpecker SPDQEIATDSYCELDCEGEI S
39, Great_Crested_Grebe SPDHEIATDSYCELDCEGEIS
40, Yellow-throated_Sandgrouse SPDHE I ATDSYCELDCEGE IS
41, Adelie_Penguin SPDHEVATDSYCELDCEGE IS
42, Ostrich CPDHEIATDSYCELDCEGE IS
43, Red-crested_Turaco SPDREIATNSYCELDCEGEIS
44, White-throated_tinamou SPGREIGTDSYCELDCEGEIS
'
46, American_alligator SPEHEVATDSYCDLDCEGEIS
d—ln' "
5 3 |47 Greenlizasd =000 (- - - - - - - - - - - -mm - - -
0%46.Green_Turtle SPDHEIATDSYCELDCEGEIS
49, Human SPDGDPVAESYWELDCEGEIS

Figure 5.2. Example of a trimmed region with a low alignment score caused by

a regional deletion in an outgroup species. Note the outgroup lizard has missing

sequence, which would have caused the entire sequence be removed for all species

using G-blocks, and thus the convergent site in vocal learning birds (yellow) would

have not been disc

overed.
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Figure 5.3. Flow chart of convergent variant finder (ConVarFinder).
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Table 5.1. Avian vocal learner-specific single amino acid variants and its

supporting evidence. Partial data sheet with amino acid information.

ABCG2 ERIKV d [d 4 | L>LIVSTIV>A cDIV
ACP2 92 | D.Q EGA d |d 4 | D>D/ID>DIA>Q cDIV
AKAP1 55 | RS,Q D,H,KN,-G d |d 4 | S>SIK>Q/K>R cDIV
ALKBH4 | 195 | W,S CLLY.APF d [d 4 | S>S/S>S/W>W cDIV
ALPK1 | 675 | CVN DA-GS d |d 4 | C>CIS>VIG>N cDIV
ANKFNL | 234 | V.A GLM- d |d 4 | G>VIVSVIM>V cDIV
ANKRD16 | 234 | GSA D,-N d |d 4 | G>G/S>S/D>A cDIV
ARMC6 53 | P- Q d i 3 | P>P/P>P/P>P cDIV
ASHIL 61 | D,S R-N d [d 4 | S>S/->DIN>D cDIV
B3GNT2 | 253 [ N H i i 1 [ H>N/N>N/H>N cCON
BIRC7 11| PM LLAS-TV d [d 4 | P>PIT>MIT>M cDIV
BMP2K | 334 | -A PTN d [d 4 | ASAIT>AIASA cDIV
BRCA2 | 422 | RK,-GS | DA d |d 4 | G>R/->-/D>K cDIV
BRIPL| 913 |GT LA-FV d [d 4 | G>GIT>T/I>T cDIV
Cl2orf35 | 170 | PHY.G | EK.Q d |d 4 | P>PIQ>HIG>G cDIV
Cl120rf35 | 604 | R- E.G d [d 4 | E>-[E>-IG>R sDIV
C12orf55 315 | D,W,- C,HY,FSQ d d 4 | ->-/Y>W/->D cDIV
C3orf67 | 426 _I:'H'R’N' LILK:-PV d |d 4 | ->T/->RI->N cDIV
C8B 489 | L F,-V i d 2 | F>L/V>L/LSL cCON
C9ORF152 5 | EMTV | LK d [d 4 | 1>VIF>FILSF cDIV
CCDC13 | 216 | PK,A RT- d |d 4 | ASAIK>K/P>P cDIV
CCDC69 43 | EDS HKN-T d [d 4 | E>E/D>DIN>S cDIV
CD86 91 | PNTV |EDHK d |d 4 | K>TIV>VIH>N cDIV
CDCA7 | 256 | L,S A-PTV d |d 4 | L>LIL>LS>S cDIV
CFAP70 | 469 | GRH LA-FTMV [d [d 4 | 1>H/G>G/R>R cDIV
CFLAR | 391 |RLS IT-V d |d 4 | S>S/I>L/N1>S cDIV
CHGB | 252 | GA E.D,N d [d 4 | D>GIG>GID>G cDIV
CLBAL | 241 | G-A D,N d |d 4 | A>SAID>G/->- cDIV
CLULL | 231 | 1-V D,H,A d [d 4 | V>VIV>VID>- cDIV
COL6A3 | 171 | LT IM,- d [d 4 | M>LILSLT>T cDIV
COL6A3 | 185 | RN,Q K- d |d 4 | K>QIQ>QIN>N cDIV
COL6A3 | 1526 | LM v d |i 3 | VSL/IL>L/M>M cDIV
CXorf2l | 173 | P,T,A CF-S d |d 4 | SSTIASAIS>P cDIV
103 e’x{:f 2.7
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DERA | 252 | Y H,IN,-F i |d 2 | Y>YIY>YisY cCON
DLGAP5 | 533 | KSA ED-G d |d 4 | K>KIS>S/E>A cDIV
DNAH10 | 330 | LT,V L-S d |d 4| T>TT>TISST cDIV
DNAHI0 | 1207 | NA D.H,Q d |d 4 | N>NIN>N/P>A cDIV
DNAH10 | 2268 | N,Q CRHKYT d |d 4 | Q>QIH>NIQ>Q cDIV
DNAHIO0 | 3382 | H,T SN d |d 4 | TSTIH>HITST cDIV
DNAH3 | 2047 | Q ERKN,- i |d 2 | R>Q/Q>Q/R>Q cCON
DRC7 | 627 | D,V RKATMS d |d 4 | 1>1/S>D/1>V cDIV
DRC7 | 657 | GDH ERKNS d |d 4 | E>D/D>H/R>D cDIV
DRD5 | 416 | A LV i |d 2 | ASAIASAIVSA cCON
E2F8 | 463 | GEA H,N,-V.T.S d |d 4 | ASAIG>GIE>E cDIV
EFHB 87 | P,T.S CRHY,-GQ |d |d 4 | P>T/P>PIS>S cDIV
EFHB | 245 | PEKN | G-A d |d 4 | P>PIASDI->K cDIV
EFHB | 431 | F,Y.,S ELIA-GV |d |d 4 | L>YIF>FIA>S cDIV
EFHC1 77 | EV PT-A d |d 4 [ V>VIV>VIPSE cDIV
ENPPL | 723 | P,D,S TVA d |d 4 | S>SID>D/P>P cDIV

ENSGALT000
413 | KS RH,Y.N,- d |d 4 | $>S/S>SIN>K cDIV

00010226

ENSGALTO000
233 | D,S,Q H,K,N d |d 4 | Q>Q/R>S/D>D cDIV

00012528

ENSGALTO000
665 | V.A LM, d |d 4 | V>AIV>VISSA cDIV

00015652

ENSGALT000
652 | ZH,Y LNW-TSQ |d |d 4 | H>HIS>ZIQ>Z cDIV

00017732

ENSGALT000
9 | E-S GD d |d 4 | D>-IG>S/D>E cDIV

00025242

ENSGALTO000
902 | PEI RKATMSQ |[d |d 4 | P>P/P>I/ASE cDIV

00027531

ENSGALTO000
164 | TV P.G,A d |d 4 | P>VITSTIT>T cDIV

00030336

ENSGALTO000
82 | K.N,Q RI,D-G,S d |d 4 | K>K/IQ>QIG>N cDIV

00032705

ENSGALTO000
246 | RH,L K.Q d |d 4 | H>H/R>R/Q>L cDIV

00032989

ENSGALTO000
4 |S GRKE i |d 2 | R>S/S>S/R>S cCON

00036845
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ENSGALTO00 133 | IF LS-PV d |d 4 | F>FIL>IN51 cDIV

00037492

ENSGALTO000
00030563 87 | W,N ERK-PZQ |d |d 4 | W>W/W>WIN>N | ¢DIV
FANCI | 415 | NA 1T d |d 4 | N>NIT>A/A>A cDIV
FBX048 59 | S A i |d 2 | ->S/S>S/->S cCON
FGFBPL | 166 | M IKNA-VTS | i |d 2 | M>SM/M>M/I>M cCON
FNDCL | 1034 | S G T 1 | $>5/S>5/G>S cCON
GDPD4 | 106 | LV I- d |d 4 [ 1VISLIVSV cDIV
GDPD4 | 408 | G,S D,N d |d 4 | N>S/N>S/G>G cDIV
GDPD4 | 436 | EH,S GD,N d |d 4 | N>H/S>S/E>E cDIV
GPATCH1 | 429 | ED,- GV,SA d |d 4 | E>E/E>DIASD cDIV
GPLD1| 280 | D,-S G d |i 3 | G>DIG>-/G>D cDIV
GPR35 | 157 | D-Q EKV d |d 4 | D>D/E>Q/D>- cDIV
HAUS8 63 | GN EDS d |d 4 | S>N/N>N/G>G cDIV
HEATR6 | 400 | CPM- | NT.SA d |d 4 [ T>MIP>PIT>P cDIV
HEPH | 1098 | LA H,Y-PS d |d 4 [ F>LILSLIP>A cDIV
HMGXB3 | 269 | D E.- i |d 2 | D>D/D>D/E>D cCON
IBA57 | 267 | P LA-GS i |d 2 | S>PIP>P/S>P cCON
IBSP | 259 | N D,AS,-GV i |d 2 | D>N/N>N/N>N cCON
IFT88 | 299 | ELL,Y H-Q d |d 4 | B>E/LSUH>Y cDIV
INPPSE | 160 | G,S T-A d |d 4 | $>8/S>SIA>G cDIV
ITFG3 | 311 | D-Q ERG d |d 4 | Q>Q/Q>Q/ID>D cDIV
KCNS3 | 490 | MV.A | ITS d |d 4 [ VSVIASAIT>M cDIV
KIAAD391 | 306 | LS,A P.T.- d |d 4 [ s>S/P>L/P>L cDIV
KIAAL841 | 479 | EQ GR- d |d 4 | Q>QIE>E/G>E cDIV
KIF27 | 476 | DMV.A | EK-G d |d 4 | E>VI-AESM cDIV
LARPIB | 393 | CH,S GR- d |d 4 | C>CIG>RIR>S cDIV
LPO | 287 | DH,Q -N d |d 4 | D>DIN>Q/H>H cDIV
LRRCBA 92 | IM,S TA d |d 4 [ S>S/I>1/A>M cDIV
LRRN4 | 475 | H RFYS i |d 2 | H>H/H>H/Y>H cCON
LYVEL % | IT.Q K.YV d |d 4 | Q>QIT>T/I>1 cDIV
LZTFLL | 155 | HY,S CR.- d |d 4 | R>H/H>YIS>S cDIV
MEI4 | 255 | GR.T N,S d |d 4 [ R>RIG>G/IS>T cDIV
MFSD4B | 243 | W,S CHY d |d 4 [ W>W/S>S/Y>S cDIV
MTFRL | 103 | T P-GA i |d 2 | ASTIASTIAST SPAR
MUM1 | 123 | PF L d | 3 | F>FIF>FIF>P cDIV
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NBN 407 | L,l,- V,A d d 4 | V>II>1/v>L cDIV
NDC1 454 | LK SN d d 4 | K>K/IK>K/S>| cDIV
NOLC1 341 | P,L -Q d d 4 | P>P/P>P/Q>L cDIV
OTOA 859 | G,A F,T.-S d d 4 | ASG/IA>SAIASA cDIV
OTUD3 112 | SA T,- d d 4 | ASA/S>SIASA cDIV
PAG1 49 | YN H,-Q d d 4 | H>N/Y>YIY>Y cDIV
PDzD8 482 | T,A P,S,Q d d 4 | ASAIP>TIT>T cDIV
PHACTR2 457 | G,- EAVTS d d 4 | V>G/G>G/V>- cDIV
PIK3R4 671 | C R i i 1 | C>C/C>C/C>C cCON
PLEKHO1 229 | L, T LV,A d d 4 | T>TIT>TIV>L cDIV
PRKAR2B 2|V l,- i d 2 | V>VIV>VIV>V cCON
PTPRB 914 | KM TV,A d d 4 | KSKIM>M/IV>M cDIV
REST 617 | FY CH,G,S d d 4 | Y>YIY>YIRSF cDIV
REXO1 535 | P,S A-TGV d d 4 | S>S/A>P/S>S cDIV
RIOK1 507 | V,F,N,A E,DK,-,Q d d 4 | H>N/E>V/IV>F cDIV
RPAP1 746 | Y,-,S CRLHDAQ |d d 4 | ->-IS>S/Q>Y cDIV
SACS 2254 | I)N T,A d d 4 | T>N/N>N/T>I cDIV
SCAMP2 106 | D -N i d 2 | N>D/D>D/D>D cCON
SERPINB6 11 | I,S L,F,- A d d 4 | ->S/->S/A>I sDIV
SESN1 126 | T M,-,V,A i d 2 | ASTIASTIT>T cCON
SETD4 19 | RK -Q d |d 4 | Q>K/Q>K/Q>R sDIV
SH3BP2 217 | P,S G,TNA d d 4 | A>P/P>P/A>S cDIV
SMCR8 215 | L,V,Q LA d d 4 | Q>Q/IV>VII>V cDIV
SMPD3 307 | C Y,- i d 2 | C>C/C>ClY>C cCON
SPAG16 124 | LLKT RMV d d 4 | L>L/IKSK/IM>T cDIV
L,I,K,F,
SPART 409 M CH,)Y,-ZV d d 4 | V>L/I>I/F>L cDIV
SPG11 1876 | P,L,A C,-S,Q d d 4 | P>A/P>P/S>P cDIV
SYNJ2 | 438 [ RQ H d |i 3 [ H>Q/H>Q/H>R cDIV
TANC1 | 1619 | V LILKA-PTM [i d 2 | V>VIV>VIV>V cCON
TASOR 694 | G,P,S T,-A d d 4 | G>G/P>P/T>S cDIV
TCOF1 279 | S~V A P,.L,Q d d 4 | V>VIV>V/L>S cDIV
TCTE3 80 | E,K,N G,D,H d d 4 | D>N/N>N/G>E cDIV
TDP2 268 | E RKT.Q i d 2 | E>E/E>E/R>E cCON
TDRD9 789 | MV L,- d d 4 | V>VIM>M/M>M cDIV
TDRD9 984 | HK SD,-N d d 4 | K>K/H>H/K>K cDIV
TICRR 328 | NA LMTV d d 4 | A>AJA>AIN>N cDIV
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Tl\(;I)EMZOQ 180 | -,S N,AP,TV d d 4 | S>S/S>-T>- cDIV
TNFRSF1A 251 | RHKY | IN d d 4 | N>R/IN>K/Y>Y cDIV
D,L,R,LKA,-F,

TNS3 951 | P,E,S v d d 4 | S>S/S>E/S>S cDIV
TP5313 354 | D,QA E,R,L,K d d 4 | T>A/D>D/L>Q cDIV
TPCN2 65 | E,-N RK,T d d 4 | E>E/N>N/K>- cDIV
TPCN2 114 | K,-A E d i 3 | K>K/IA>A/E>- cDIV

TRAFD1 445 | G,P,T E,D,A,-V d d 4 | G>G/->T/IA>P cDIV
TREM2 206 | G,D,S H,-N d d 4 | G>G/S>SIN>D cDIV
TSEN2 248 | M,S R,LA TGV d d 4 | G>M/M>M/1>S cDIV
TTC37 752 | ETA D\N,-,G,S d d 4 | T>T/A>A/D>E cDIV

URB2 106 | K E.AG,Q i d 2 | K>K/K>K/E>K cCON

USP4 263 | R,S,A - T,MV d d 4 | A>SAJA>SIR>R cDIV
WDR77 284 | G,P,N R,S d d 4 | G>G/N>N/P>P cDIV
WDR78 224 | EFA P,-,S d d 4 | S>E/S>F/S>A sDIV

XPC 434 | P C.RH i d 2 | P>P/P>P/P>P cCON
ZBTB49 192 | G L,LAM,V i d 2 | A>G/IG>G/IV>G cCON
ZC3H6 1124 | P,S,A I,T,-N d d 4 | P>P/P>P/T>S cDIV

ZDHHC1 455 | F,M,S D,L,- T,V d d 4 | M>M/I>S/L>F cDIV
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Table 5.1. Avian vocal learner-specific single amino acid variants and its

supporting evidence. Partial data sheet with codon information.

c < £ 3(3|3]| 8
= 8 B s|5|5|°
5 3 ! <! 2|2 8| L
o o S S o | O | © Ia)
£ g E = glalgle
& g o o 2 = =
s | CTAGCACTG, cD

ABCG2 GAA,GTAAGA AAA ATA d|d]| 4
8 | ACA v
27 cD

ACP2 . GAT,GAC,CAG GGG,GCG,GCC,GCT,GAG d|d| 4
\
16 cD
AKAP1 s AGT,CAG,AGG AAG,CAT,AAA,---,GAT,GGT,AAT,AAC d|{d]| 4 v
58 cD

ALKBH4 s TGG,TCC TTC,GCC,CTG,CCC,TGC, TAC,TTT d|{d]| 4
v
50 | TGC,AAT,GTT,T cD

ALPK1 AGT,GCT,GAC,---,GAT,GGT d|{d]| 4
23 | GT \
70 cD

ANKFN1 0 GTG,GCG ATG,CTG,GGG,--- d|d| 4
\
70 cD
ANKRD16 0 GCC,GGC,AGC GAC,---, AAC d|d| 4 "
15 | CCA,-- cD

ARMC6 CAG d i 3
7| -CCG,CCT v
18 cD

ASH1L L GAT,AGC CGC,AAT,---, AAC d|{d]| 4
v
75 i cC

B3GNT2 , AAT CAT,CAC i d| 2
on
ATG,CCA,CCT, TCT,CTT,GTT,ATT,GCC,AGT,CTG,ACG, cD

BIRC7 | 31 d|d| 4
CCG GCT,CTC,---,ACC,GTC,ACT,ATC v
10 cD

BMP2K . ---,GCT ACC,CCT,ACT,AAC d|{d]| 4
v
12 | AAG,AGT,CGT- cD

BRCA2 GAT,GAC,GCT,GCC d|{d]| 4
64 | -- GGT v
27 cD
BRIP1 . GGG,ACT GTT,GCC,---,TTT,ATT,ATC d|d]| 4 WV
s | CCATAT,CAT, cD

C120rf35 GAA,AAA,CAA,CAG d|d]| 4
8 | GGA,CCG v
18 sD
C120rf35 0 AGA,--- GAA,GGT,GGA,GAG d|{d]| 4 "
04 TCT,TTC,TAT, TCC,TCA,CAG,TGC, TGT, cD

C12orf55 TGG,GAC,--- d|d]| 4
3 TAC,CAC (\4

b

108 A =-1



‘d-,; 2 _QI _Q‘ o o]
3 K] c! <! 21838«
o o S S 0| S| G| a7
S g = 3 glalgls
@ g o o slele|
12 | CAT,AGAACA, | GTT,AAG,CTG,AAACTC,-- cD

C3orf67 d|d| 4
76 | GAC,AAT - CCT,GTC,ATT v
14 cC

C8B TTG GTC,TTC,TTT,--- i d| 2
65 on
15 | TTC,GTAATG, cD

C90RF152 AAATTACTATTG d|d| 4
7| ACATTT \Y
64 cD
CCDC13 . AAA,CCA,GCT AGA,ACG,ACA,---,ACC d|d| 4 "
12 cD
CCDC69 , GAC,AGC,GAG AAG,CAC,AAA,---,ACC,AAT,AAC d|d| 4 "
7 | ACT.CCT,.GTT.A cD

CD86 AAG,CAT,GAC,GAG,GAT d|d| 4
1] AC v
76 cD

CDCA7 6 TCT,CTT GTT,GCT,---,CCT,ACT d|d| 4
v
14 TTC,GTT,GCC,ATG,ACG,GCT,ACT,-- cD

CFAPT70 GGC,AGG,CAC d|d| 4
05 -ACC,TTT,ATT v
1 cD

CFLAR 71 AGT,AGA,TTA GTT,ATT,---, ACC,ACT,ATC d|d| 4
v
75 cD
CHGB . GGC,GGT,GCT GAA,GAC,GAG,GAT,AAT d|d| 4 "
72 cD

CLBA1 L GGT,---,GCT GAT,AAT,AAC d|d| 4
v
69 cD
CLUL1 L GTC,---,ATC GAT,GAC,GCC,CAC d|d| 4 "
51 cD
COL6A3 L CTG,TTG,ACG ATG,---,ATC d|d| 4 "
55 cD
COL6A3 s AAT,CAG,CGG ---,AAG d|d| 4 "
45 ch

COL6A3 75 CTAATG,CTG GTG,GTC d|d| 4
v
51 | GCA,CCC,GCT, cD

CXorf21 TCT,TTC,TCC,TGC,--- d|d| 4
7| ACAACC v
75 cC

DERA . TAC CAC,---TTT,ATC,AAC i d| 2
on
5 | AAATCC,TCA, cD

DLGAPS GAA,GGA,GAC,--- d|d| 4
97 | GCT v
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cD
DNAH10 92 ACAGTGATA | TCGTCATTA - d|dla
\Y
38 cD
DNAH10 | ' | GCCAATAAC | CAA,CATCAG,GAC,CAC alalalf
68 cD
DNAH10 | | AAT.CAG AAG,TAT,CAT,CGT,TGT,ACC,CAC NN
10 cD
DNAH10 | 14 | CAT,ACC AGT,AGC,-—AAT,AAC d|d]| 4
) v
88 cD
DNAH3 | | CAACAG GAAAGG,AAG,AGA AAA — AAC aldlal
5 | GTG,GAC,GTC, | GCG,AGG,AAG,TCG,AGAATG ACG AG D
DRC7 d|d| 4
79 | ATC C,ACA,ACC v
o | GAT,.CAT,GGT, | AAG,AGT,AGA,CGT,AAA GAG AAT AA D
DRC7 d|d]| 4
69 | GAC c v
12 cC
DRDS | | GCC GTAGTT,GTG,GTC,ATC i|d]|2
on
13 cD
E2F8 | . | GCCGGT.GAA | AGT,CATACT - AAT GTCAAC aldlal
" TAT.CGG,CAT,CGT,CAG,TGC — D
EFHB TCT,ACC,CCT d|d| 4
9 _TGT,GGT Y,
73 | GAAAAA AAT, D
EFHB GCG,GCA,GCT,—,GGA d|d| 4
3| cca v
12 cD
EFHB | .° | TCTTTTTAT | GAACTTGTT,GCT - GGTATT d|d|a
v
2 cD
EFHCL | | 6TC.GAG GCC,CCC,—,ACC aldlal
21 cD
ENPPL | * | GATTCT,CCT | ACTACCGTTGCT d|d]| 4
v
ENSGALTO0 | 1, D
AAG,AGC CGC,—,AAC, TAC,AAT,CAC d|d]| 4
000010226 | 37 v
ENSGALTO0 | ¢ | GAC,CAACAG, D
AAAAAC,CAC d|d|a
000012528 | 7 | AGC v
ENSGALTO0 | 1 D
GCAGTG,GTA | CTAATGATA - TTA d|d|a
000015652 | 93 v
ENSGALTO00 | 1o | CAT,TAG,TAT,C D
TGG,AGT,CTG,CAG,-— AAT,ACT d|d]| 4
000017732 | 54 | AC v

110



(%] g % g
‘d-,; 2 ;I _Q‘ o
] 8 <! = 2l E| s
o (] o o (&) O (&) [a)
£ g 32 = glglgle
@ c o o slele|
ENSGALTO00 | ,9 | AGT,GAA,-- cD
GAT,GGT,GAC d|d]| 4
000025242 51 -GAG \4
ENSGALTO00 | 7 CAA,GCG,AGG,AAG,TCG,ATG,GCA AC cD
CCA ATT,GAG d|d]| 4
000027531 | 04 G,AAA ACAACT v
ENSGALT00 | 4 cD
GTG,ACT GCG,GCC,GCA,GGC,GCT,CCT,GGT d|{d]| 4
000030336 0 v
ENSGALTO00 | ,4 | AAA,CAACAG, | GGG,AGT,AGA,GGC,CGT,-- dldla cD
000032705 4| AAC -, GAC,GGA,GGT,ATT (\4
ENSGALTO0 | 7 D
CAT,CTG,AGG AAA,CAA,CAG d|{d]| 4
000032989 6 v
ENSGALTO0 | 14 D
AGT,AGC GAA,GGG,AGG,AGA AAA d|{d]| 4
000036845 2 v
ENSGALT00 | g cD
TTC,ATC TCT,CTT,TCC,CTG,CTC,---,CCT,GTC d|{d]| 4
000037492 7 v
ENSGALTO0 | s D
TGG,AAC AGG,AAG,TAG,CAG,---,GAG,CCG d|{d]| 4
000039593 9 \2
12 cD
FANCI " GCC,AAC ACC,--- ATC d|{d]| 4 WV
17 cC
FBX0O48 5 TCC GCC,GCA,GCG,--- i d| 2
on
» GTT,AAG,AGT,GCT,ACT,- _ cC
FGFBP1 ATG i d| 2
6 - ACC AAT,ATT,ATC on
31 cC
FNDC1 AGC GGC,GGG,GGA i d| 2
00 on
31 cD
GDPD4 6 CTC,GTC ATA,---,ATC d|{d]| 4
(\2
12 cD
GDPD4 ” AGT,GGG,AGC GAT,GAC,AAC d|{d]| 4 v
13 | AGT,GAAAGC, D
GDPD4 GAT,GGC,GAC,AAC d|d]| 4
06 | CAC v
12 GAT,GAC,“ cD
GPATCH1 GGG,GTT,AGT,GCC,GGC,GCT,GGT d|d]| 4
85 | - GAG v
83 cD
GPLD1 R GAC,---, AGC GGC,GGT,GGA d|{d]| 4 "
6 | GAT,CAA,GAC - cD
GPR35 o GAAAAA,GTC d|{d]| 4 "
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cD

HAUS8 13 GGT,AAT,AAC AGT,GAC,GAT,GAA d|{d]| 4
v
11 | CCAATG,TGC,- cD

HEATR6 GCC,ACG,AGC,GCT,ACC,AAT,ACT d|{d]| 4
% | - CCT v
2 | CTACTT,TTG,G cD

HEPH TCT,TAT,CAT,CCC,---,CCT,CCG d|d| 4
92 | CT v
80 cC

HMGXB3 GAC ---,GAG i[d]2
5 on
79 cD
IBA57 . CCA,CCG TCT,GGG,TCG,TCA,GCA,---TTG d|d| 4 "
77 cD

IBSP s AAT,AAC GCG,GTT,AGT,GGC,AGC,---,GAT,GGT d|d| 4
[\
89 cD

IFT88 5 GAACTT, TAT CAT,CAG,---,CAC d|d| 4
[\
a7 cDh
INPP5E 6 TCG,TCC,GGG GCG,GCC,GCA,ACG,ACA,---,ACC d|d| 4 "
93 cD
ITFG3 L GAC,---,CAG GGG,GAG,CGG d|d| 4 "
14 cD

KCNS3 o GCAATG,GTA TCA,ACG,ACA ATAACT d|{d]| 4
v
91 cD

KIAA0391 . GCC,TCC,CTC CCcC,---,CCG,ACC d|d| 4
v
14 cD
KIAA1841 % GAA,CAA CGA,AGA,GGC,---,GGA d|d| 4 WV
14 GCA,ATG,GAC, cD

KIF27 GAA,GGG,AAG,---,GAG d|{d]| 4
%6 | GTA v

LARP1B ” CAT,AGT,TGT AGG,GGC,---,GGA,GGT d|d| 4
v
g5 | GAT,GAC,CAG, cD

LPO AAT,---,AAC d|d]| 4
9| CAC v
27 TCG,TCC,ATA, cD

LRRC8A GCG,GCC,GCA,ACG,ACAACC d|d| 4
4| ATG v
14 cD

LRRN4 » CAT,CAC TAT,TCG,CGC, TAC,TTT d|{d]| 4
v
28 cD
LYVE1 . ACA ATA,CAA AAAAAG,GTATAT d|d| 4 "
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LZTFL1 42 CAT,TCT, TAT AGA,CGT,TGC,---, TGT d|d]| 4
\4
76 cD
MEI4 s GGC,ACC,AGG AGT,AGC,AAC d|d]| 4 "
72 cD
MFSD4B , TGG,TCT TAC,CAT, TAT,TGT d|d| 4 "
30 cD
MTFR1 , ACA,ACC GCC,GGC,CCC,GCT,--- d|d| 4 "
36 cD

MUM1 , TTC,TTT,CCT CTACTG,TTATTG d|{d]| 4
(\4
12 cD

NBN 1 ATA,---,CTG GCA,GTG,GTA d|{d]| 4
\Y
13 cD

NDC1 o ATC,AAG AGT,AAT,AGC,AAC d|{d]| 4
\Y
10 cD
NOLC1 ” CTG,CCA,CCG CAA,CAG,--- d|d| 4 "
25 cD

OTOA 75 GGT,GCT TCT,ACG,---, TTT,ACT d|{d]| 4
\2
33 cD
OTUD3 . GCC,TCC ACC,---, ACG d|d| 4 "
14 cD

PAG1 5 AAT, TAT CAT,---,CAG,CAC d|{d]| 4
v
14 cD
PDzD8 “ GCA,ACA CAA,CCA,TCA,CCT,CCG d|{d]| 4 WV
13 cD
PHACTR2 . GGG,--- GCG,TCG,GCA,GTG,GCT,ACA,GAG d|d| 4 "
cC

PIK3R4 ﬁ TGT CGC,CGT,CGG i|d]o2
N
68 cD
PLEKHO1 5 CTC,ACC GCC,GTC,ATC d|{d]| 4 v
cC

PRKAR2B | 9 | GTA ATA,--- i d| 2
N
27 cD

PTPRB 0 ATG,AAG GCG,GCA,GTG,ACG,GCT d|d]| 4
(\4
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REST 1: TTT,TAT TCT,CAT, TGC,TGT,GGT d|{d]| 4
v
16 cD
REXO1 0 TCC,CCC,TCA GCG,GCC,GCA,GTG,GCT,ACA,---,GGA d|{d]| 4 "
15 | GTG,GCG,AAT, cD
RIOK1 GAA AAG,CAG,---,GAC,GAG d|d| 4
90 TTT \Y
22 CTT,CAA,CAT,CGT,CAG,GCT,TGT,GAT, cD
RPAP1 AGT,---, TAT d|d| 4
36 CAC v
67 cD
SACS o AAT ATT ACC,ACT,GCT d|{d]| 4
v
31 cD
SCAMP2 6 GAT,GAC AAT,--- AAC d|{d]| 4
[\
33 sD
SERPINB6 L TCC,ATC TTC,GCC,CTG,CTC,--- TTATTG d|d| 4
[\
37 cC
SESN1 6 ACG GCG,GCA ATG,GTG,--- i[d]2
on
sD
SETD4 | 55 | AAG,CGG CAA,CAG,--- d|d| 4 "
64 cD
SH3BP2 . TCC,CCC GCG,GCC,GCA,GGC,ACC,ACT,AAC d|d| 4 "
ss | CAA,GTACTG, cD
SMCR8 ATA,GCG,ATT,ATC d|d| 4
3 | GTG,CAG v
91 . cC
SMPD3 0 TGC TAC,--- TAT i d| 2
on
37 cD
SPAG16 o CTG,ACG,AAG ATG,GTG,AGG d|d| 4 "
12 | CTAATG,AAA, cD
SPART GTA,GTT, TAT, TAA,CAT,--- TGT,TAC d|{d]| 4
% | TTATTTATT v
56 | GCA,CTG,CCC, cD
SPG11 TCT,CAA,TCC,TGC,--- d|d| 4
26 | CCG v
13 cD
SYNJ2 12 CAA,CAG,CGT CAT,CAC d|d| 4 "
cC
8 GCG,CCA AAG,ATG,CTG,ATC,ACG,AC
TANC1 GTG i[d]2
55 A,---,CCG
N
20 cD
TASOR % AGT,GGT,CCT GCT,ACA,--- ACC,ACT d|d| 4 "
b oy
K, L
e ]
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g3 | GTT,GCA,GTG, cD

TCOF1 CCA,CTA,CTG,CAG,CCG d|{d]| 4
5| TCA,--- v
23 cD
TCTE3 . AAA AAT,GAG GAT,CAT,GGC,GGT d|{d]| 4 "
80 . cC

TDP2 ) GAA AAA AGA,CAAACA i|d]| 2
on
23 cD
TDRD9 o ATG,GTG,GTT CTG,TTA,---TTG d|d| 4 v
29 cD

TDRD9 5% CAT,AAG,CAC AGT,---,GAT,AAT,AAC d|{d]| 4
v
98 cD

TICRR ) GCAAAT GTAATG,GTG,CTG,ACG d|{d]| 4
[\
53 GTT,GCC,GCA,CCC,ACG,GCT,CCT,ACT, cD

TMEM209 TCG,TCT,--- d|d| 4
8 AAC [\
5 | CAT,AAACGT, cD

TNFRSF1A AAT,ATC d|d| 4
1| TAT v
TNS3 28 | GAATCT, TCC,C | CTT,GCG,GTT,GCC,AGA,GCT,AAA,GAC dlala cD
51 | CC,CCG - TTT,ATC \2
10 cD
TP53I3 o GCC,GAC,CAG CTG,CGC,AAG,GAG d|d| 4 "
19 | GAAAAC,-- cD

TPCN2 AGG,AAG,AAA ACAACC d|d| 4
3| -,GAG v
34 ) cD
TPCN2 o AAA,GCA,--- GAA d i 3 WV
13 cD
TRAFD1 5 CCC,GGT,ACC GAA,GCC,GCA,GTG,GCT,GAC,--- d|d| 4 "
61 | AGT,GGT,GGA, cD

TREM2 CAT,AAT,--- AAC d|{d]| 4
6 | GAT v
74 cD

TSEN2 ) ATG,AGC GCC,AGA,GGC,GCT,ATAACC,GTCATC | d | d | 4
v
22 cD
TTC37 o GCC,ACC,GAA GGG,GGC,AGC,GAC,GGA,---,GAT,AAC d|d| 4 "
31 cD

URB2 6 AAA AAG GAA,CAA,GCA,GGA,GAG d|{d]| 4
v
78 | AGA,GCATCA, cD

USP4 GTA,ATG,ACA ATA,---,GTC,ATT d|d| 4
7| GCT v
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WDR77 82 GGC,CCC,AAT | AGG,AGT,AGA,CGT,AGC,CGC d|d]|a
v
67 sD
WDR78 | °| | GCATTC,GAG | TCGTCACCA,- alalal,
cC
XPC (1)2 ccT CGG,CAT,CGT,CGC,TGC,TGT i|d]2
N
57 cD
z8TB49 | ° | GGG,GGA GTAGTT,GCC,ATG,GCAGTGATATTA | d | d | 4
v
33 cD
ZC3H6 | *’ | GCCTCCCCC | ATT, ACCAATACTAAC ajalal|
5 | AGTATGTTT,T )
ZDHHC1 - GAC,TTG,ACC,GTC,ATT,ATC d|d]|a
63 | CC v
+ .
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Table 5.1. Avian vocal learner-specific single amino acid variants and its

supporting evidence. Partial data sheet with positive selection.

5 A=l o

g
g
ABCG2 330 | LTA ER LKV
ACP2 92 | D,Q E.GA
AKAP1 55 | R,S,Q D,H,K\N,-,G
ALKBH4 195 | W,S CLY,APF
ALPK1 675 | C,V\N DA,-G,;S
ANKFN1 234 | VA G,LM,-
ANKRD16 234 | GSA D,-N
ARMC6 53 | P- Q 1.19.E-03 13.2 588.8 0.999**
ASHIL 61 | D,S R,-N 3.24.E-01 0.8 17 0.991**
B3GNT2 253 | N H 2.75.E-01 11 3.3 0.999**
BIRC7 11 | PM ILLLAS,-T.V
BMP2K 334 | LA P,T.N 4.23.E-01 0.3 1.9 0.971*
R.K,-G,
BRCA2 422 D,A
S
BRIP1 913 | G,T LA,-FV
C120rf35 170 | PH,Y,G | EKQ
C120rf35 604 | R.- E.G
C120rf55 315 | D,W,- CH,Y,FSQ 4.19.E-02 53 31 0.512
D,HR,
C3orf67 426 L,1K,-P,V
N,T
C8B 489 | L F,-V 2.76.E-01 11 2.1 0.954*
CI90RF152 53 | EMT,V | LK
CCDC13 216 | P.KA R,T,- 1.05.E-01 3.2 30.2 0.502
CCDC69 43 | ED,S H,K,N,- T 5.00.E-01 0.0 1.3 0.510
CD86 91 | PN,TV | EDHK
CDCA7 256 | L,S A-PTV
CFAPT70 469 | G,RH LA,-F,T,MV
CFLAR 391 | RL,S 1, T,-V 6.70.E-02 41 43 0.742
CHGB 252 | GA E,D,N
CLBA1 241 | G-A D,N
CLUL1 231 | 1.V DHA
COL6A3 171 | LT 1,M,- 7.58.E-13 56.7 569.4 0.923
COL6A3 185 | RN,Q K,- 7.58.E-13 56.7 569.4 0.790
COL6A3 | 1526 | LM \Y% 7.58.E-13 56.7 569.4 0.830
CXorf21 173 | P,T,A CF.-S
117




DERA H,LN,-F
DLGAP5 533 | K,S,A E,D,-.G 3.34.E-10 443 5.9 1.000%*
DNAH10 330 | ILT.V L.-S
DNAH10 | 1297 | N,A D,H,Q
DNAH10 | 2268 | N,Q CRHK)Y,T
DNAH10 | 3382 | H,T S,-N
DNAH3 | 2947 | Q E,R,K,N,-
DRC7 627 | DLV RK,ATM,S 2.06.E-04 17.0 38 0.714
DRC7 657 | G,D,H E,R,K,N,S
DRD5 416 | A LV 2.74.E-01 1.2 37 0.500
E2F8 463 | GEA H.N,-V,T,S
C,RH)Y,-G,
EFHB 87 | P.T.S 0 1.67.E-05 22.3 49 0.963*
EFHB 245 | PEKN | G-A 1.67.E-05 22.3 49 0.983*
EFHB 431 | FY,S E.LILA-GV | 1.67.E-05 22.3 49 0.795
EFHC1 77 | EV P,T.-A 6.70.E-02 4.0 2.6 0.980*
ENPP1 723 | P,D,S TV,A
ENSGALT0000
413 | K,S RHY.N,-
0010226
ENSGALT0000
233 | D,S,Q H,K,N 6.32.E-02 44 6.4 0.986*
0012528
ENSGALT0000
665 | V.A LM, 7.45.E-03 9.2 8.8 0.672
0015652
ENSGALT0000 L.N,W,-T,S,
652 | ZH,Y
0017732 Q
ENSGALT0000
99 | E-S G,D 8.56.E-02 36 71 0.968*
0025242
ENSGALT0000 RKATM,S,
902 | P,E,I
0027531 Q
ENSGALT0000
164 | TV P,G,A 1.63.E-02 76 53 0.982*
0030336
ENSGALT0000
82 | K,N,Q RI1,D,-G,S
0032705
ENSGALT0000
246 | RH,L K.Q 2.50.E-02 6.6 11.1 0.932
0032989
ENSGALT0000
48 | S GRKE
0036845
b o S
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ENSGUALTOOOO
133 | I,F L,S,-,P,V 8.17.E-04 14.1 43.2 0.825
0037492
ENSGALT0000
0039593 87 | W,N E,RK,-,P,Z,Q
FANCI 415 | N,A I,T,- 4.93.E-02 49 49 0.943
FBX048 59 -A
ILK,NA-V, T
FGFBP1 166 | M
S
FNDC1 1034 | S G 6.37.E-02 4.3 6.7 0.981*
GDPD4 106 | L,V l,- 3.30.E-01 0.8 1.3 0.999**
GDPD4 408 | G,S D,N 3.30.E-01 0.8 1.3 0.961*
GDPD4 436 | E\H,S G,D,N
GPATCH1 429 | E,D,- G\V,SA
GPLD1 280 | D,-,S G
GPR35 157 | D,-,Q E.KV
HAUSS8 63 | G,N E.D,S
HEATR6 400 | C,P,M,- N,T,S,A 2.73.E-47 217.1 53.3 0.630
HEPH 1098 | LA H,Y,-P,S
HMGXB3 269 | D E.- 2.97.E-01 1.0 2.3 0.995**
IBA57 267 | P L,A-G,S
IBSP 259 [ N D,AS,-GV
IFT88 299 | E.LY H,-,Q 3.51.E-03 10.9 3.1 0.993**
INPP5E 160 | G,S T,-A
ITFG3 311 | D,-,Q ER,G
KCNS3 490 | M\V,A I,T,S 2.75.E-01 1.2 115 0.885
KIAA0391 306 | L,S,A P,T,-
KIAA1841 479 | EQ G,R,-
D,M,V,
KIF27 476 EK,-,G
A
LARP1B 393 | C,H,S G,R,-
LPO 287 | D,H,Q -N 3.55.E-01 0.6 1.2 0.995**
LRRC8A 92 | LM,S TA
LRRN4 475 | H R,F,Y,S
LYVE1 9% | I,T,Q K)Y,V 2.21.E-01 1.6 6.0 0.648
LZTFL1 155 | H,Y,S CR,-
MEI4 255 | GR,T N,S 4.08.E-02 5.4 5.8 0.952*
MFSD4B 243 | W,S CH)Y 2.04.E-01 1.8 6.6 0.929
119 % xﬂ ST



MTFR1
MUML | 123 | P,F L 1.97.E-02 71 40| 0.998*%*
NBN | 407 | LI- VA 1.46.E-02 79 10.0 0.947
NDCL1 | 454 | IK S,N
NOLC1 | 341 | P.L -Q 2.86.E-03 11.4 73 0.983*
OTOA | 859 | GA FT-S
OTUD3 | 112 [ SA T- 1.13.E-01 30 30 0.985%
PAG1 49 | YN H-Q 2.08.E-02 7.0 75 0.932
PDZDS | 482 | T.A P.S.Q

PHACTR2 | 457 | G- EAV.TS
PIK3R4 | 671 | C R 4.93E-02 49 104 | 0.997**

PLEKHOL | 229 | LT LV.A

PRKAR2B 32|V I- 3.57.E-06 254 2958 | 0.999%*
PTPRB | 914 | KM TVA
REST | 617 |FY CHGS
REXOL | 535 | PS A-T.GV
RIOK1 | 507 | VFNA | EDK-Q 3.61.E-03 10.8 220 0.713

CRLHDA,
RPAPL | 746 | Y-S
Q
SACS | 2254 | IN TA 5.00.E-01 0.1 13| 0.998**

SCAMP2 | 106 | D -N 6.70.E-02 41 37|  0.998%*

SERPINB6 | 111 | IS LF-A
SESNL | 126 | T M- VA
SETD4 19 | RK -0 1.78.E-01 21 39 0.931
SH3BP2 | 217 | P.S GT.NA
SMCR8 | 215 |LV.Q | ILA
SMPD3 | 307 | C Y- 3.37.E-02 6.0 143 | 0.994%*
SPAG16 | 124 | LKT | RMV 3.0L.E-01 1.0 41 0.889
SPART | 409 LIGE, CHY,-ZV

M
SPG11 | 1876 | PLA | C-SQ
SYNJ2 | 438 | RQ H
LILKA-PT,
TANCL | 1619 | V
M

TASOR | 694 | GPS | T-A 1.56.E-01 24 23 0.930
TCOF1 | 279 | S-V.A | PLQ 1.97.E-02 72 8.6 0.863
TCTE3 80 | EKN | GDH 2.21.E-01 17 21 0527
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TDP2
TDRD9 789 | MV L,- 2.43.E-01 15 2.2 0.924
TDRD9 984 | HK S,D,-,N
TICRR 328 | NJA LM,TV
TMEM209 180 | -,S N,AP, T,V
R,H,K,
TNFRSF1A 251 v I,N 3.93.E-02 5.6 35.9 0.930
D,LRILKA,-
TNS3 951 | P,E,S
FV
TP53I3 354 | D,QA E,R,L,K
TPCN2 65 | E,-N R.K,T
TPCN2 114 | K-,A E 6.52.E-02 4.2 6.7 0.982*
TRAFD1 445 | G,P,T E.D,A,-V 3.20.E-01 0.9 1.6 0.902
TREM2 206 | G,D,S H,-,N 5.00.E-01 0.1 1.3 0.791
TSEN2 248 | M,S R,LAT,GV
TTC37 752 | ET,A D\N,-,G,S
URB2 106 | K E,AG,Q
USP4 263 | R,S,A l,-T,MV
WDR77 284 | G,P,N R,S
WDR78 224 | EF A P,-,S 7.45.E-03 9.2 19.2 0.959*
XPC 434 | P CRH
ZBTB49 192 | G L,LAMV
ZC3H6 1124 | P,S,A I, T,-N
ZDHHC1 455 | F,M,S D,IL,-TV
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Table 5.1. Avian vocal learner-specific single amino acid variants and its

supporting evidence. Partial data sheet with specialized gene expression.

Symbol

ABCG2

ACP2

AKAP1

ALKBH4

ALPK1

ANKFN1

HVC Down,
LMAN Down

AreaX Up,
LMAN Down

RA Down

ANKRD16

ARMC6

AreaX Down

ASHIL

B3GNT2

Ax Up

RA Down

AreaX Up

AreaX Up

BIRC7

LMAN Down

BMP2K

BRCA2

BRIP1

C120rf35

Ax Up

C120rf55

C3orf67

C8B

CI90RF152

CCDC13

CCDC69

CD86

CDCA7

CFAPT70

AreaX Up

AreaX Up,
RA Down

CFLAR

CHGB

Down

AreaX Down, HVC
Up, LMAN Down

HVC Up,
LMAN Down

AreaX Down,

HVC Up

AreaX

Down

CLBA1

CLUL1

LMAN Up

LMAN Up
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Symbol

COL6A3

HVC_R
A Up

RA Up

CXorf21

DERA

HVC Up,
LMAN Up

DLGAP5

DNAH10

DNAH3

DRC7

DRD5

Ax Up

AreaX Up

LMAN Down

AreaX Up,
LMAN Down

AreaX Up

E2F8

EFHB

EFHC1

ENPP1

RA Up

LMAN Up,
RA Up

AreaX Down

AreaX

Down

ENSGALTO0
000010226

AreaX Up, LMAN
Up

ENSGALTO0
000012528

AreaX Up

ENSGALTO0
000015652

ENSGALTO0
000017732

ENSGALTO0
000025242

RA Up

ENSGALTO0
000027531

ENSGALTO00
000030336

ENSGALTO0
000032705

ENSGALTO0
000032989

ENSGALTO00
000036845
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Symbol

ENSGALTO00
000037492

ENSGALTO00
000039593

FANCI

RA Up

FBX0O48

FGFBP1

FNDC1

RA Up

RA Up

GDPD4

LMAN Up

LMAN Up

LMAN Up

RA Down

GPATCH1

AreaX Up

GPLD1

LMAN Up

GPR35

HAUS8

LMAN Down

HEATR6

HEPH

HMGXB3

Ax Up

AreaX Up

IBAS7

AreaX Down

IBSP

AreaX Down

IFT88

INPPSE

Ax Up

LMAN Up

ITFG3

Ra Up

KCNS3

AreaX

Down

KIAA0391

KIAA1841

LMAN Up

LMAN Up

KIF27

LMAN Down

AreaX Up

LARP1B

LPO

LRRC8A

LMAN Up

LRRN4

LYVE1

RA Up

LZTFL1

MEI4

AreaX Up

HVC Down
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Symbol

MFSD4B

Ax Up

MTFR1

LMAN Up

AreaX Down

MUM1

AreaX Down

NBN

AreaX Up

NDC1

NOLC1

OTOA

OTUD3

LMAN Up

PAG1

LMAN Up

PDZD8

AreaX Up

PHACTR2

HVC
LMAN
Up

HVC Down

LMAN Down

PIK3R4

Ax Up

AreaX Up

PLEKHO1

LMAN Down

LMAN Down

PRKAR2B

Ra Down

AreaX Up,
RA Down

AreaX Up

PTPRB

REST

AreaX Up

REXO1

RIOK1

RPAP1

LMAN Down

AreaX Up

SACS

Down

HVC Up,
LMAN Up

RA Up

SCAMP2

SERPINB6

SESN1

HVC Down

SETD4

SH3BP2

SMCR8

SMPD3

Ax Up

AreaX Up,
RA Down

AreaX Up,
RA Down

SPAG16

SPART
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Symbol

SPG11

Ax Up

SYNJ2

TANC1

HVC Up

TASOR

AreaX Up

TCOF1

Ax Up

LMAN Down

TCTE3

TDP2

TDRD9

TICRR

AreaX Up

RA Down

TMEM209

TNFRSF1A

HVC
LMAN
Up

HVC Up

HVC Up

TNS3

Ax Up

LMAN Down

AreaX Up

AreaX Up

TP53I3

TPCN2

TRAFD1

TREM2

AreaX Down

TSEN2

Ax Up

TTC37

HVC Up,
LMAN Up

RA Down

URB2

USP4

AreaX Up

LMAN Up

WDR77

WDR78

HVC Up

XPC

AreaX Up

ZBTB49

AreaX Up

ZC3H6

Ax Up

AreaX Up

ZDHHC1
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In parallel, to define the VL-SAVs as molecular convergences and
divergences by estimating those evolutionary directions from ancestral states to
existing species, I performed ancestral sequence reconstructions with the RAXML
115 Based on amino acid changes from the most recent common ancestors (MRCA)
of each vocal learning clade to 6 terminal nodes in birds, the 24 iSAVs and 124
dSAVs were classified as 24 convergent SAVs (ConSAVs; 1 simple parallel and 23
complex convergent SAVs) and 124 divergent SAVs (DivSAVs; 4 simple divergent
and 120 complex divergent SAVs), respectively (Table 5.1). As an example of vocal
learner-specific amino acid convergences (Figure 5.4A), the 103" residue of MTFR1
was a type 2 SAV site with an identical amino acid variants as threonine (T) of vocal
learners substituted from another amino acid (alanine, A) which was estimated as
MRCA sequences of three independent lineages of vocal learners. Distinguished
from a narrow meaning of ‘convergent substitutions’ that the same descendent amino
acid independently originated from different ancestral amino acids, the iSAV with
threonine (T) could be defined as “parallel substitutions’ from same ancestral amino
acid (A). To simplify this issue like the previous studies *!!6, T called the both types
of variants as molecular convergences (Table 5.1). As another example of amino
acid divergences (Figure 5.4B), the 224" site of WDR78 was a type 4 SAV site with
different SI as glutamic acid, phenylalanine, and alanine (E, F, and A) observed in
vocal learning birds and with different SI as proline, serine and deletion (P, S, and
‘-’) in vocal non-learning birds. These different amino acids (E, F, and A) were
divergently substituted from the amino acid (S) estimated as MRCA sequences of

vocal learning clades.

T
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A MTFR1 103rd B WDR78 224th
J Iy E
Identical SAV (iSAV) { Different SAV (dSAV) {
AVLs: T /'T T AVLs:E,F,A /'E BE
AVNLs: 2, G, P, AVNLs: 2, s,
al L [ 5
Convergent SAV ) Divergent SAV
(ConSAV) A\ A (DivSAV) S\ ‘
AVL clade 1: 2>T T AVL clade 1: s>E F
AVL clade 2: A>T Al AVL clade 2: s>F F
AVL clade 3: 2>T T AVL clade 3: s>a F
_ T /——A /——‘
AT A

Figure 5.4. Examples of convergent and divergent single amino acid variants
(ConSAVs and DivSAVs). (A) Example gene with amino acid convergences,
MTFRI. (B) Example gene with amino acid divergences, WDR78. The most recent
common ancestral (MRCA=origin) branches marked as bold red lines. Black arrows
indicate the ancestral substitutions at each origin branch of vocal learning clades.
Black, red, and grey characters indicate amino acid sequences of ancestors of each
MRCA node of vocal learning clades, amino acid sequences of vocal learning clades,
and amino acid sequences of vocal non-learning birds, respectively. Grey triangles
and the numebers on them indicate clades of vocal non-learning birds and the number

of species in each clade.
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Avian vocal learners did not show a preponderance of amino acid convergences
I next tested whether avian vocal learners have a higher frequency of convergent
substitutions relative to control sets of species. Considering the polyphyletic
relationship of the 6 vocal learning species examined, I designed 2 types of clade-
specific control sets (Figure 5.5): 1) all controls consisting of 8,238 different species
combinations with 6 target species from 3 independent lineages without considering
any traits; 2) Out of these 8,238 control sets, 59 core controls consisting of all
possible sets given the phylogeny with 6 target species having at least 2 vocal
learning clades and 1 non-learning clade. Out of 59 core control sets, the closest
control set for the set of vocal learning birds included songbirds and parrots as 2
vocal learning clades and swift as a vocal non-learning clade which is a close relative
species of hummingbirds. I conducted the ConVarFinder analysis for this total of
8,238 control species combinations, and identified various SAVs of each control set.

As an extension to the previous studies on convergent evolution in reptile
and mammalian lineages !>%%°7 that tested pair-wise combinations of two species, |
found strong correlations between amino acid convergences and divergences tested
in higher dimensional combinations of species (Figure 5.1D). Although higher than
the expectation according to the regression with all control sets and core control sets,
the number of convergent substitutions in vocal learning birds was not an outlier
(adjusted p > 0.05, Bonferroni Outlier Test !%) from the trend observed in the control
sets. Several outliers did exist among the control sets, with the highest residual being
32.46 in one of the all control sets (4 Passeriformes, budgerigar, and falcon), and
17.61 in a core control set (3 songbirds, Anna’s hummingbird, and 2 land fowls;
Figure 5.1D). These species combinations of 2 control sets with the highest residuals,
however, do not share any known convergent traits as far as I are aware. These
findings support that identical convergent single amino acid substitutions are
widespread, and their numbers vary in different species combinations that does not

appear to readily correlate with convergent traits.
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All
Design Calculate all combinations combination
control sets of 6 species in 47 birds sefs
(n=10,737,57
3)

Including All control 6 target species
2 vocal learning clades? sets originated from
(n=8,238) 3 clades?
Core control
sets End

(n=59)

Figure 5.5. Flow chart to design control sets.
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Amino acid convergences are associated with product of origin branch lengths
in birds

I sought a measure of molecular convergence that controls for phylogenetic
relationships. According to previous studies on mammalian or drosophila genomes
116 and vertebrate mitochondrial genomes ?’, fewer convergent substitutions are
expected with the greater phylogenetic tree branch distance. However, the
correlations found in these studies showed high variations, which makes it difficult
to identify the outliers. Here, I took into consideration for additional phylogenetic
features, including the relationship between the convergent variants versus the most
recent common ancestor [MRCA] branch of each clade (origin branches), the
terminal branches, and the nodes of the tree (Figure 5.6A). I observed strong and
significant correlations between ConvSAVs and the product of MRCA branch length
lengths (POB) for both all control sets and core control sets (Figure 5.6B). The
correlation was also observed for both SAVs and DivSAVs (Figure 5.6C, D). Much
weaker correlations of three types of SAVs were observed with the product of
terminal branches (PTB), distances among terminal branches (DTB) and terminal
nodes (DTN) than that of POB (Figure 5.6). Like the ConSAV versus DivSAV
correlation analyses (Figure 5.1D), the avian vocal learners were not a significant
outlier relative to all and core control sets in correlations between three types of
SAVs and POB (Figure 5.6). These findings suggest that POB value can largely
explain convergent variants at the amino acid level, where the longer their ancestral
branch lengths the greater frequencies of convergence amino acid variants, and that
the frequencies of amino acid convergences of vocal learning birds are under this

trend relative to other species combinations.
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Values of phylogenetic features
Figure 5.6. Amino acid convergence amount is positively correlated to the
product of origin branch lengths. (A) Four types of phylogenetic tree features:
product of origin branch lengths (POB); product of terminal branch lengths (PTB);
distance among terminal branches (DTB); and distance among terminal nodes
(DTN). In the example type of tree branches, red lines show the branches used for
the calculations and red texts show the species clades that have a convergent trait.
(B-D) Shown are regression analyses of three types of single amino acid variants
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(SAVs) for convergent SAVs (ConSAVs), divergent SAVs (DivSAVs), and total
SAVs (ConSAVs + DivSAVs) in the vocal learning set and control sets of avian

species with each type of phylogenetic features.
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Amino acid convergences can arise from complex molecular sources at codon
and nucleotide levels

To investigate what types of codon and nucleotide variants can cause SAVs, |
modified the algorithm for amino acid variants to detect single codon variants (SCVs)
made up of 3-nucleotides and single nucleotide variants (SNVs) in those codons
(Figure 5.7A, B). Similar to the SAV analysis, the codon and nucleotide variants
were classified into convergences and divergences (Figure 5.7A, B). Theoretically,
an amino acid variant can originate from single nucleotide variants at a homologous
codon position (SNV) or complex multiple nucleotide variants which are not
mutually exclusive between target and the other species groups (No-SNV) (Figure
5.7C). However, some SNVs can also give rise to no change in the amino acid,
namely synonymous substitutions (Figure 5.7D). I checked for overlaps among
variants specific to vocal learning birds and control sets to trace the source of the
convergent amino acid substitutions at the codon and nucleotide levels.

Analyzing 4,519,041 homologous codons and 13,557,123 homologous
nucleotides of the 8,295 singleton orthologous genes in birds, I found 600 SCV sites
specific to avian vocal learners (AVL-SCVs) and the SCVs were fully overlapped
with 148 SAVs and 165 SNVs (Figure 5.7E). Out of these 600 AVL-SCVs, 56
(15.7%) showed nonsynonymous SNVs and 98 (9.0%) showed complex
nonsynonymous No-SNVs, resulting in 148 AVL-SAVs among vocal learners
(Figure 5.7E). The remaining SCVs consisted of 111 (18.5%) synonymous SNVs
and 341 (56.8%) complex synonymous No-SNVs (Figure 5.7E). An example of a
AVL-SAV caused by a nonsynonymous SNV is in the 253™ codon site of B3GNT?2,
where all vocal learners had the same convergent nucleotide (A), codon (AAT), and
amino acid (Asparagine, N) sequence mutually exclusive to all vocal non-learners
(e.g. C; CAT or CAC; and Histidine, H; Figure 5.7F). An example of a AVL-SAV
caused by complex synonymous No-SAVs is the 475" site of LRRN4, where all of
vocal learners showed amino acid convergence (AVL-ConSAV) to Histidine (H),
while their divergent codons consist of CAC or CAT for vocal learners with non-
exclusive nucleotide variants for vocal non-learners (Figure 5.7F). In the all and

core control species sets with at least one SCVs (n=8,109 and 59, respectively),
§ ¥
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although I found different total numbers of SCVs and their corresponding SAVs and
SNVs, their relative proportions (%) were similar to each other and to that of vocal
learners (Figure 5.7E); about 1/3 of SAVs of control sets originated from SNVs at
each homologous nucleotide site, while 2/3 originated from complex non-exclusive
nucleotide changes at different nucleotide sites in each codon (Figure 5.7E). These
findings suggest that amino acid convergences originate not only from simple single
nucleotide substitutions at each homologous site but also from complex nucleotide
variants without any mutual exclusivity between target and the other species group.
Next, to trace evolution of molecular sources causing amino acid
convergences, | checked the proportions of amino acid convergences (ConSAVs)
originated from convergent or divergent variants at codon and nucleotide levels. For
vocal learning birds, out of 24 amino acid convergences (AVL-ConSAV) sites, 15
(62.5%) were caused by codon convergences (ConSCVs) and 9 (37.5%) codon
divergences (DivSCVs) (Figure 5.7G), while 17 (70.8%) were caused by nucleotide
convergences (ConSNVs), 1 (4.2%) nucleotide divergence (DivSNVs), and 6 (25%)
complex non-exclusive nucleotide variants (No-SNVs) (Figure 5.7H). For medians
of all and core control sets with at least one ConSAVs (n=2,826 and 53, respectively),
out of amino acid convergences of controls (Ctrl-ConSAVs), almost half and half
were caused by that of codon convergences and divergences, respectively (Figure
5.7G), while most ConSAVs (80% and 71.4%) were caused by nucleotide
convergences (ConSNV) (Figure 5.7H). These findings suggest that a convergent
feature can emerge from its underlying variants under convergent or divergent

evolution.
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Figure 5.7. Amino acid convergences emerged from complex molecular sources

at codon and nucleotide levels. (A) Concept of four types of single codon variants
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of convergent single amino acid variants (ConSAVs) explained by SCV. Left case,
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the different subsets of SCVs caused by the four types of nucleotide substitutions
outlined in (C) and (D), in avian vocal learners (n=1), all control sets of species
(n=8,238), and the core control sets (n=59). (F) Examples of identical amino acid
convergences among vocal learners (ConSAVs) originating from ConSNVs at the
same site (in B3GNT?2) or No-SNVs (in LRRN4). Red text, avian vocal learners. Sky
blue boxes, sites with SAVs; Dark sky blue box, SNV; Light sky blue boxes, SCVs.
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Various types of sequence variants are best explained by the product of MRCA
branch lengths

Next, I performed correlation tests between nine types of sequence variants (three
types of convergences [all, convergent, and divergent] at three levels [amino acid,
codon, and nucleotide]) and four types of phylogenetic features (POB, PTB, DTB,
and DTN). As expected, all nine types of convergent variants (SAVs, ConSAVs,
DivSAVs, SCVs, ConSCVs, DivSCVs, SNVs, ConSNVs, and DivSNVs) were
highly correlated with each other, in both all control sets (Figure 5.8) or core control
species sets (Figure 5.9). For the phylogenetic features, the POB showed the
strongest correlation with all variant types, where the others (DTB, DTN, and PTB)
were either weaker or not correlated at all (Figure 5.8, 5.9). Correlations were
overall weaker in the core control sets of species, presumably due to a smaller
number of species combinations than the all control sets. Like three types of SAVs
compared to POB (Figure 5.6), the residuals of the numbers of vocal learner-specific
variants at other two levels calculated from the regression line with POB values still

did not exceed in both of all and core control sets (Figure 5.8, 5.9).
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Vocal learning set (n=1) and all control sets (n=8,238)
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Figure 5.8. Codon and nucleotide variants are also proportional to the product
of origin branch lengths in all control sets. p values and Adjusted R? of correlations
are visualized at upper diagonal matrix (p<0.05%*, p<0.01**, and p<0.001***),
Histograms of frequencies of each convergent variant and values of each
phylogenetic feature are visualized at diagonal matrix. Scatter plots between
frequencies of convergent variant and values of phylogenetic features are visualized
in lower diagonal matrices. Grey, orange, and red spots indicate all control sets
(n=8,237), the set of the closest control set (n=1), and the set of avian vocal learners
(n=1), respectively. Black lines and black ‘X’ marks indicate regression lines and
outliers, respectively. POB = product of origin branch lengths, PTB = product of
terminal branch lengths, DTB = distance between terminal branches, DTN = distance
between terminal nodes, SAV = single amino acid variants, ConSAV = convergent
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SAV, DivSAV = divergent SAV, SCV = single codon variants, ConSCV = convergent
SCV, DivSCV = divergent SCV, SNV = single nucleotide variants, ConSNV =
convergent SNV, DivSNV = divergent SNV.
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Vocal learning set (n=1) and core control sets (n=59)
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Figure 5.9. Codon and nucleotide variants are also proportional to the product
of origin branch lengths in core control sets. p values and Adjusted R* of
correlations are visualized at upper diagonal matrix (p<0.05*, p<0.01**, and
p<0.001***), Histograms of frequencies of each convergent variant and values of
each phylogenetic feature are visualized at diagonal matrix. Scatter plots between
frequencies of convergent variant and values of phylogenetic features are visualized
in lower diagonal matrices. Grey, orange, and red spots indicate core control sets
(n=58), the set of the closest control set (n=1), and the set of avian vocal learners
(n=1), respectively. Black lines and black ‘X’ marks indicate regression lines and
outliers, respectively. POB = product of origin branch lengths, PTB = product of
terminal branch lengths, DTB = distance between terminal branches, DTN = distance
7

between terminal nodes, SAV = single amino acid variants, ConSAV = convergent . _ .
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SAV, DivSAV = divergent SAV, SCV = single codon variants, ConSCV = convergent
SCV, DivSCV = divergent SCV, SNV = single nucleotide variants, ConSNV =
convergent SNV, DivSNV = divergent SNV.
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Post hoc analyses of vocal learner-specific substitutions in Rifleman

Rifleman and more broadly the New Zealand Wrens, a close relative of vocal
learning songbirds, have been assumed to be a vocal non-learner®. Although
rifleman was excluded from the initial ConVarFinder search, I can ask whether its
sequences match those of vocal non-learners as assumed. I applied principal
component analysis (PCA) and phylogenetic analysis for the 148 AVL-SAV sites and
the subset of 24 AVL-ConSAV sites (Figure 5.10A, B). PC1 and PC2 accounted for
53% and 66% of the total variances of the AVL-SAV sites and AVL-ConSAV sites,
respectively. The vocal learning birds clustered away from the vocal non-learning
group as expected. For the AVL-SAV sites, rifleman clustered with the vocal non-
learners (Figure 5.10A). For the AVL-ConSAV subset, rifleman was separate from
the two groups, but was still closer to vocal non-learners (Figure 5.10B).
Phylogenetic analyses of these AVL-SAVs and AVL-ConSAVs were consistent with
the PCA results, where instead of branching with its closest relatives, the songbirds,
rifleman was on a branch outside and next to the vocal learners (Figure 5.10A, B).

These results support the assumption that rifleman is a vocal non-learner.
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Figure 5.10. Rifleman amino acid profile similar to vocal non-learning birds. (A)
Principle component analysis (PCA) and consensus tree of 148 AVL-SAV sites. (B)

PCA and consensus tree of 24 AVL-ConSAV sites. Red, avian vocal learners; Grey,

avian vocal non-learners; Purple, rifleman.
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Biological functions of genes with amino acid convergences
To investigate the biological functions of genes with various types of variants in
vocal learners and in control sets, I performed gene ontology (GO) analyses for
53,058 gene lists with 1 or more variants. Among them, at least one significant
(adjusted p < 0.05) GO term was found for 7,901 gene lists (14.9%). I further found
a positive correlation between the number of significant GO terms and the number
of genes with convergent variants in each list (Figure 5.11A); however, 1 found
weaker negative correlation between the average of adjusted p value of significant
GO terms and the number of genes with convergent variants (Figure 5.11B).

In vocal learning birds, I did not find any GO enrichment for the total AVL-
SAV gene list. However, the AVL-ConSAVs gene list was significantly enriched for
‘learning’ (GO:0007612, adjusted p = 0.042). Four genes were responsible for this
enrichment (DRDIB [also known as DRDS5], LRRN4, PRKAR2B, and TANCI,
Figure 5.11C). The amino acid convergences (AVL-ConSAVs) of DRDIB,
PRKAR2B, and TANCI also showed codon convergences (AVL-ConSCVs) in all
vocal learners, while that of LRRN4 showed different synonymous codon changes
(AVL-DivSCVs; Figure 5.11D,F). Out of the 8,238 control species combinations,
only one control had 2 gene lists with Ctrl-DivSCVs and Ctrl-DivSNVs showed
significant enrichment for ‘learning’ (GO:0007612, both adjusted p values = 0.02);
the associated set of species (Figure 5.11E) did not include any vocal learners, but
a convergent variant in LRRN4 contributed to this functional enrichment (Figure
5.11F). The findings indicate that convergent genes in vocal learners do function in

the brain and for learning.
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Figure 5.11. Genes with amino acid convergences of vocal learning birds
distinctly enriched for a biological function, learning. (A) Correlation plot
between the number of significantly enriched GO terms and the number of genes
with 1 or more variants in each species data set with 9 types (SAVs, ConSAVs,
DivSAVs, SCVs, ConSCVs, DivSCVs, SNVs, ConSNVs, and DivSNVs)
(n=53,058). (B) Correlation plot between averages of p-values of the same data sets.

(C) Gene ontology analysis for learning associated genes with amino acid
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convergences (ConSAVs) of vocal learners (adj. p < 0.05). (D) Codon and amino
acid logos of AVL-ConSAV genes associated with learning. (e) Gene ontology
analysis for learning associated genes with codon and nucleotide divergences
(DivSCVs and DivSNVs) of a control set (adj. p < 0.05). (F) Codon and amino acid
logos of Ctrl-DivSCV and DivSNV genes associated with learning.
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Fixation and positive selection of amino acid convergences in vocal learning
birds

I checked for additional evidence of whether the SAVs in vocal learners are reliable,
by checking for sequence assembly artifacts and SNPs within species. | used the
dbSNP database of a representative vocal learner (zebra finch; n =1,257 samples;
build 139) and a vocal non-learner (chicken; n =9,586 sample, build 145). At the 148
AVL-SAV sites, zebra finches showed complete fixation without any
nonsynonymous polymorphisms. However, one missense SNP was found in the
chicken OTOA gene (c.2581A>G, p.Thr861Ala) resulting in an amino acid change
identical to that of vocal learners (Figure 5.12). I also validated fixation of the
convergent substitution in DRDIB by PCR of genomic DNA and sequencing of 3
male and 3 female zebra finches and chickens (Figure 5.13). These findings indicate
that the vast majority (99.3%) of the single amino acid variants I identified in vocal
learners are the result of true species-specific variants.

In addition, to consider positive selection on the AVL-SAVs, 1 performed
dN/dS analysis with the branch-site model for SAV genes in the avian vocal learning
species and in their closest control set (songbirds, parrots, and swifts) (Figure 5.14;
Table 5.1). | found that under half of amino acid convergences showed signs of
positive selection (Likelihood ratio value (D) > 0, dN/dS (w..) values of foreground
branches >1) in the vocal learning birds (10 of 24 genes, 41.7%) and the closest
control set (12 of 26 genes, 46%), with 12.5% (3) and 23% (6) being statistically
significant, respectively (adjusted p values (FDR) < 0.05, posterior probability > 0.5).
These findings suggest that a subset of genes with amino acid convergences in
different species combinations have been positively selected whether the species
share a convergent trait or not, and it does not seem to need a greater number of

positively selected sites for the avian vocal learning ability.
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Zebra finch
dbSNP139
(n=1,257)

No variants

GCC
GCC
GCC

GCC

Conserved

Chicken
dbSNP149
(n=9,586)

No variants

GTC
GTC
GTC

GTC

Conserved

DRD18B (440th)

Species name

OTOA (861st)

CDS AA AA CDS
GCC A Zebra Finch G GGT
GCC A Medium Ground-finch G GGT
GCC A American Crow A GCT
GCC A Budgerigar A GCT
GCC A Kea A GCT
GCC A Anna’'s Hummingbird A GCT
GTT i Golden-collared Manakin T ACT
ATC | Peregrine Falcon T ACT
GTC v Red-legged Seriema T ACT
ATC | Carmine Bee-eater T ACT
GTC \ Downy Woodpecker T ACT
GTC v Rhinoceros Hornbill T ACT
GTA v Bar-tailed Trogon T ACT
Cuckoo Roller - -
GTC \ Speckled Mousebird T ACT
GTC v Barn Owl T ACT
GTC v Bald Eagle F TIT
White-tailed Eagle F TIT
GTC v Turkey Vulture T ACT
GTC ' Dalmatian Pelican T ACT
GTC v Little Egret T ACT
GTC v Crested |bis T ACT
GTC \ Cormorant T ACT
GTC ' Northern Fulmar - ---
GTC \ Adelie Penguin T ACT
GTC v Emperor Penguin T ACT
GTC % Red-throated Loon T ACT
GTC v White-tailed Tropicbird T ACT
GTC ' Sunbittern
GTC v Killdeer T ACT
GTC v Grey Crowned Crane T ACT
GTC \ Hoatzin T ACT
GTC v Chimney Swift T ACT
GTC \ Chuck-will's-widow (Nightjar) S TCT
GTC 4 Houbara Bustard T ACT
GTC 4 Red-crested Turaco T ACT
GTC % Common Cuckoo T ACT
Brown Mesite T ACT
GTC \ Yellow-throated Sandgrouse T ACT
GTC 4 Rock Pigeon (domestic) T ACT
GTC v American Flamingo - --
GTC ' Great Crested Grebe S TCT
GTC v Red Junglefowl (Chicken) T ACT
GTC \ Turkey T ACT
GTC v Mallard (domestic) T ACT
GTG ' White-throated tinamou T ACG
GIG A Ostrich T ACT

Zebra finch
dbSNP139
(n=1,257)

Mo variants
GGT
GGT
GGT

GGT

Conserved

Chicken
dbSNP149
(n=9,586)

Vocal
learner-type
variants

Ala.« GCT
ACT
ACT

ACT

Not conserved

Figure 5.12. Examples of fixed and unfixed differences within each population.

The central table indicate convergent single amino acid variants of vocal learning

birds in DRDI1B and OTOA. Numbers in parentheses indicate positions in peptide

alignments of each gene. Bold characters in the species name column indicate

representative species of vocal learners and non-learners which are marked as red

and black, respectively. Amino acid and codon column show amino acids and codons

of each species at the AVL-SAV sites of each gene. Blank and ‘- (gap)® indicate

absence of orthologous gene in the species’ genome and deletions in the species.

Under bar at the first site of the AVL-SAV site in OTOA gene of chicken indicates a

nonsynonymous SNP in chicken population (dbSNP149, number of samples =
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9,586). Except for the case of OTOA gene of chicken, all of AVL-SAV sites are
conserved within zebra finch population (dbSNP139, number of samples = 1,257)

and chicken population without any nonsynonymous substitutions.
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(p-n) Zebra finch DRD1B * (#=X)  Chicken DRD1B

,‘ CT- X1 X X_J X T X 1
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Figure 5.13. Fixed differences of the avian vocal learner-specific amino acid
convergences (AVL-ConSAVs) in DRDI1B. Shown are sequences determined from
PCR reactions from individual animals. All of 3 male and 3 female samples of zebra
finch and chicken showed fixation of the vocal learner-type codon (GCC) and vocal

non-learner-type codon (GTC) at the AVL-ConSAV site in DRD1B, respectively.
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Figure 5.14. Evolutionary models of positive selection on avian vocal learner set

and their closest relative set (Swift). (A) parsimonious hypothesis to get

independent gains of vocal learning ability for each vocal learning clade. (B)

parsimonious hypothesis for positive selection on species of the closest control set

like vocal learners’ set. Red characters indicate target species of each set. Bold

branches indicate the most recent common ancestral (=origin) branches of each clade

of target species which are assumed as foreground branches under positive selection.
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Genes with amino acid convergences are specialized in vocal learning and the
associated brain subdivisions

| next tested if the AVL-SAV genes are expressed in vocal learning brain circuits. |
analyzed 8 brain transcriptome data sets, which include genes that show singing-
regulated expression (increased or decreased) in song learning nuclei of songbirds
117 (Area X, HVC, LMAN, and RA), differential expression (increased or decreased)
in song nuclei compared to their surrounding non-vocal motor brain regions (NUC
vs SUR), one song nucleus compared among the other song nuclei (NUC vs other
NUCSs), and the surrounding regions of each song nucleus compared to the other
surrounding regions (SUR vs other SURs), from independent experimental data sets
(DEG_2014: microarray method in 2014 %17 DEG_2019: micro-dissected RNA
sequencing in 2019 8, and DEG_2020: laser capture microscope with RNA
sequencing in 2020 '%; Figure 5.15, Table 5.1). Based on above data sets, |
summarized 6 types of DEG lists: DEG 2014 and DEG 2020 of NUC vs other NUCs,
DEG 2019 and DEG 2020 of NUC vs SURs, DEG 2020 of SUR vs other SURs, and
Singing-related genes 2014. Relative to the average of all genes (8,295 avian
orthologous genes) measured, | found no enrichment of AVL-SAV genes (up to
27.3%) among the singing regulated genes or song nuclei specialized genes relative
to the surrounding brain regions, whether positively selected or not (Figure 5.16A).
However, in two independent transcriptome experiments, | found 60-100% of AVL-
ConSAYV genes under positive selection were enriched among the differentially
expressed genes in one song nucleus relative to the others, and some of those were
also enriched to a lesser degree in the adjacent surrounding brain subdivision relative
to the others (Figure 5.16A). These enrichments were not found for the AVL-
DivSAYV genes, not for any positively selected gene set in the closest related control
set (Figure 5.16A). Out of 4 song nuclei, Area X involved in song learning showed
the highest number of differentially regulated genes out of singleton orthologous
genes of birds or genes with amino acid convergences specific to avian vocal learners
in comparisons among a song nucleus and the other song nuclei (DEG_2020 of NUC
vs other NUCs; Figure 5.16B, Table 5.1).

Out of 24 AVL-ConSAYV genes, a total of 8 genes (33.3%) had _positively
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selected sites in vocal learners and differential expression specific to a song nucleus
and surrounding brain subdivision: B3GNT2, DRD1B, FNDC1, HMGXB3, MTFR1,
PIK3R4, PRKAR2B, and SMPD3 (Table 5.2). These include two genes, DRD1B and
PRKAR2B, revealed in the GO analyses for learning functions (Figure 5.11C, D).
Further DRD1B has specialized up-regulation specific to adult Area X compared to

its surrounding striatum (Figure 5.16C and Table 5.2) 19121,
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Concept to define differentially expressed genes (DEGs)

‘NUC VS NUC’ comparison ‘NUC VS other NUCs’ comparison
n=4,148 n= 1,942

@
9

exp
exp

Il |

Figure 5.15. Different concepts to define differentially expressed genes in song
nuclei. ‘NUC VS NUC’ comparison: gene supported by a significantly differential
expression between a song nucleus relative to at least one of other song nuclei. ‘NUC
VS other NUCs’ comparison: gene supported by 3 significantly differential

expression among a song nucleus relative to the other song nuclei.

155 -":rxq ""l::' L



120.0%
100.0% DEG 2014 (NUC vs other NUCs)

100.0% ——0—— DEG 2020 (NUC vs other NUCs)
=2 DEG 2019 (NUC vs SUR)

80.0%

—8— DEG2 020 (NUC vs SUR)

60.0% DEG 2020 (SUR vs other SURs)

Percent %

inging-related genes 2014
40.0% 27.3%
23.4% 24.4% 24.0% 22.0% 22.9%
149% 156% 1360 D0 181% 7 q549 167% 167% 200% 183%

—_—

200% D‘\ﬁi:% —& L ) T 1e0% RS
= — N'ﬂ_ o & /\ —+
N\

0.0%
& (ov.* S & SRS &

DRD1B
(DRD5)

[ song nucleus
in forebrain region

- DEG2020 (NUC vs other NUCs)
- Upidown expressions

of AVL-ConSAV
under positive selection (Adj p <0.05)

MIDBRAIN / AVL-ConSAV genes

trachea & syrinx  HINDBRAIN
muscles

Figure 5.16. Genes with amino acid convergences under positive selection
expressed differentially in song nuclei. (A) Proportions of singing-related genes
(SRQG) or differentially expressed genes (DEG) in song learning nuclei or adjacent
brain subdivisions of the zebra finch brain (y-axis) that have convergent amino acid
coding sequences and have been positively selected, in vocal learners and the closest
control set of species (x-axis). DEGs collected from three independent sources based
on microarray, micro-dissected RNA sequencing''®, and laser capture microscope
RNA sequencing''® data sets from 2014, 2019, and 2020 analyses, respectively. NUC
vs SUR: song nucleus compared to its surrounding non-vocal motor brain regions.
NUC vs NUC: a song nucleus compared to another song nucleus. SUR vs SUR: a
surrounding region of a song nucleus compared to another song nucleus. (B)
Songbird brain diagram showing the song learning system. Yellow, forebrain song
learning brain regions with SRG and DEGs measured. Grey, other song learning
nuclei. Grey arrows, connections between the song nuclei. Red-up arrow and blue-
down arrow indicates the numbers of the subset of AVL-ConSAV genes under
positive selection / the numbers of all set of AVL-ConSAV genes supported by up
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and down regulated expressions in ‘NUC vs other NUCs’ in the DEG 2020 data
source. (C) DRDI1B (=DRDJ5) mRNA expression pattern in zebra finch Area X and
surrounding striatum at 3 different development time points, with specialized
expression (white arrows) appearing by adulthood. Image used with permission from

Kubikova et al. '°.
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Table 5.2. Candidate genes related to the avian vocal learning trait with amino

acid convergences under positive selection supported by differential expression

on song nuclei and surrounding regions. NUC vs SUR: song nucleus compared to

its surrounding non-vocal motor brain regions. NUC vs other NUCs: a song nucleus

compared to other song nuclei. SUR vs other SURs: a surrounding region of song

nuclei compared to another song nucleus.
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5.5. Discussions

As the primary structure of proteins, amino acid substitutions can contribute to
various traits including human language '**'**. my findings give us new insights into
convergent evolution of amino acid substitutions of polyphyletic lineages in birds,
and possible influence on the convergent trait, vocal learning. | discovered
correlations between the frequency of amino acid convergence (ConSAVs) with the
product of MRCA (=origin) branch lengths (POB). These ConSAVs originate from
underlying complex variants as not only convergences but also divergences at codon
and nucleotide levels. Remarkably, although vocal learners did not have a higher
preponderance of various types of their specific variants including amino acid
convergences above background levels, | find that a subset of the ConSAYV sites and
the associated genes have been positively selected upon and have specialized
expression between different brain subdivisions. To explain my findings, | propose
a hypothesis of selection on a background of convergent substitutions for convergent
traits.

Improving the algorithm of my previous method, | developed a new method
‘ConVarFinder’ to find molecular convergences potentially associated with
convergent traits. It can detect mutually exclusive variants between target species
and the other species like previous one and includes a new function to classify them
as convergent and divergent variants based on sequence information of terminal and
ancestral nodes. Although | traced substitutions from ancestors of each clade to
terminal taxa to reflect their evolutionary histories precisely, molecular
convergences could be defined with an identical variant of terminal taxa in
polyphyletic lineages different from the sequences of the other species by focusing
on existing species. This assumption was supported by all types of identical variants
(iISAVs, iISCVs, and iISNVs) in species combinations from 3 independent clades that
| classified as convergent variants (ConSAVs, ConSCVs, and ConSNVs) by

analyzing ancestral substitutions at MRCA branches of each clade. It suggests that
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ancestral sequence reconstructions would be skipped to simplify methods to identify
convergent substitutions between independent lineages.

Our phylogenetic analyses suggest that the background level and rate of
convergent substitutions is a function of the product of substitutions rates along the
MRCA branches of each clade. Only in the MRCA analyses did | find correlations
between the phylogenetic feature, POB, and convergent variants in species from
multiple independent lineages, where other analyses and studies have attempted and
failed to find 8125127 my positive selection, functional association, and gene
expression analyses suggest that selection occurs on some of these amino acid
convergences to contribute to evolving novel, convergent traits, in my case vocal
learning. According to this hypothesis, it is not about how many genes show
convergence, but which specific genes (e.g. who) show convergence, as the most
important factor to consider.

Our findings of an association between genes with amino acid
convergences in vocal learning clades and specialized expression specific to a vocal
learning nucleus and the associated surrounding brain subdivision was both
intriguing and perplexing to us. If anything, | were testing a more logical outcome
of amino acid convergence in genes that show singing-regulated gene expression or
specialized expression in vocal learning brain regions relative to the surrounding
brain subdivisions. But the unexpected relationship with vocal learning and brain
subdivision specialization | believe is real, as | replicated multiple times, and there
is 100% overlap of the most significantly selected genes in vocal learners and brain
subdivision gene expression specificity. These findings suggest that there is selection
of protein coding sequence changes in vocal learners for a set of genes that have
brain region specific expression, particularly in the striatum. Further, one of the
striatum-specific genes, DRD1B, also had specialized up-regulation in Area X of the
striatum, suggesting further regulatory genomic region changes. Often coding and
regulatory genomic sources of trait evolution are pitted against in each other as
alternatives 128, but my findings suggest that they could synergistically influence
evolution of each other. Studies in my group are underway to find the regulatory

regions of these genes, and to determine what non-coding sequence changes are the
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cause of their specialized regulation. Based on convergent variants, positive
selection, and differential gene expression in song nuclei and the surrounding regions,
I suggest 8 key candidate genes for associations with the vocal learning ability in
birds (Table 5.2).

When searching for convergent substitutions among species, | believe my
approach of multi-wise comparisons and the product of the MRCA branch lengths
(POB) maybe more informative than past approaches. Previous studies found
correlations between convergent identical and different substitutions (previously
called convergent and divergent substitutions) between pairs of species among
reptiles % or mammals *°. | further find that such a relationship exists in higher
dimensional combinations of species from multiple independent lineages, but this
type of analyses does not control for species relationships. Several other studies
found that the rate or number of convergent substitutions decreases with increasing
genetic distance between two lineages °"116, my findings with the product of the
MRCA branch lengths in polyphyletic clades suggest that the deeper in time their
common ancestor, the more likely to find higher proportions of detectable
convergences at the amino acid, codon, and nucleotide levels. These analyses
provided a new null hypothesis of convergent evolution according to phylogeny.

The biological function of genes with amino acid convergences specific to
avian vocal learners gave us new insights into the potential molecular mechanisms
of vocal learning. The four convergent learning-related genes with AVL-ConSAV
sites includes the DRD1B dopamine receptor associated with learning '*°, and
LRRN4 that affects long lasting memory 120130 fundamental traits of vocal learning
131 TANCI1 regulates dendritic spines and spatial memory %2, At the mechanistic
level, DRD1B, through its G-protein, regulates activity of adenylyl cyclase’s
synthesis of CAMP in the cell membrane 2133, PRKAR2B, or Protein Kinase cCAMP-
dependent Type Il Regulatory Subunit Beta, is an enzyme that activates CAMP-
dependent protein kinase (PKA) inside the cell 134, Additionally, one of the most
well-known genes that PKA inhibits is involved in learning, including vocal learning
135 namely the CAMP response element binding protein (CREBL), a transcription

factor responsive to cAMP signaling via PKA, which regulates genes that converts
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short-term memories into long-term memories %, The combined findings suggest
that some genes with convergent identical amino acid changes may have a nexus at
targeting the cAMP signaling pathway associated with the vocal learning ability
(Figure 5.17).
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Figure 5.17. Candidate genes converge on Cyclic AMP-based vocal learning
pathway. Red hexagons indicate learning genes with amino acid convergences
(ConSAVs) specific avian vocal learners. Transparent red hexagons indicate muti-
cellular location of the candidate genes. White hexagon indicates vocal learning gene,
CREBI. Yellow circle indicates cyclic AMP (cAMP). Grey-scale rectangular
indicates cellular positions of the genes and cAMP. Blue rectangular indicates traits
related to learning genes. Black arrows and dashed blue arrows indicate trait-gene

relationships and trait-trait relationships, respectively.
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I analyzed the standard singleton orthologous gene sets and their alignments
of protein coding sequences in 48 avian genome assemblies generated from the
initial phase of avian phylogenetics project 8%, These short-read-based genome
assemblies do have most protein coding genes assembled, but do not have all
repetitive and GC-rich regions assembled '*’. Using multiple long-read sequencing
technologies that can correct the above errors including falsely missing genes or
exons !2, recent genome projects are generating comparably high-quality reference
genomes of various lineages. The improving and expanding genome assemblies can
give us opportunities to validate my findings for rules of molecular convergences
based on more precise orthologous gene sets in avian and other lineages.

Although my study illuminated novel findings, it spurs on ideas for future
studies. Vocal learning species could share other convergent traits besides vocal
learning 1488138139 and the identified genes could be associated with these other traits.
The basic rules of convergent evolution | discovered in protein coding regions leave
open the possibility that similar or different rules apply to non-coding regions.
ConSAVs with vocal non-learning species could be further tested with brain and
behavior studies, to see if indeed they do not have a vocal learning forebrain circuit
or advanced vocal learning behavior. | identified new candidate genes and specific
nucleotide variants that can be genetically manipulated when the technology is more
advanced 82140 to test possible causal roles in the evolution and function of vocal
learning. It will be useful to determine if the convergent rules | identified here are

specific to birds, or are more widespread across life forms.
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General discussion

This dissertation consists of a series of bioinformatic approaches from reference
genome constructions to comparative genomic analyses to understand molecular
mechanisms of macro-evolution across species in various lineages.

Reference genome assemblies are being exponentially increased through
ongoing improvements of sequencing technologies and assembly algorithms.
Although the 1% and 2™ generations of sequencing technologies had opened the
genomics era and had initiated its expansion, the previous reference genomes
generated with the short-read based reads of the Sanger and Illumina technologies
had critical problems such as, fragmentations, missing sequences, and false
duplications. The international consortium, Vertebrate Genomes Project (VGP), is
constructing the better-quality genome assemblies with combinations of recent
sequencing and assembly technologies to solve the prior errors. As the first VGP
collaboration in Republic of Korea, I generated the chromosome-scale genome
assembly satisfying the VGP-platinum-quality of Korean giant-fin mudskipper,
Periophthalmus magnuspinnatus, which is an indigenous fish in the Yellow sea.
Compared to the previous assembly (GCA_000787105.1), it achieved the 100-fold
longer continuity, corrected erroneous fragmentations, missing, and duplications of
highly conserved genes in vertebrates, and detected more protein coding genes.
Moreover, its genome sequences were approximately 753 Mbp and 99.5% of the
assembled bases were assigned to 25 chromosomes. Out of these chromosomes, 60%
included telomeric repeats at the 5” or 3 ends. The new assembly validated the usage
of the VGP standard assembly pipeline 1.6 to generate chromosomal assemblies and
introduced the improved sequencing and assembly technologies to the academic
society in the South Korea.

This kind of chromosome-level reference genomes can provide
unprecedent opportunities to investigate molecular evolution of chromosomes within
or across species. Base-wise genome-wide alignment programs detected
evolutionary breakpoints which were conserved chromosomal recombinations
specific to a same family, order or class different from their closely relative lineages.

b i 211
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However, there was a challenge to align reference genomes of distant species in
vertebrates because of their divergent sequences. To investigate chromosomal
rearrangements between species in vertebrates, I developed a new method,
Chromosomal Orthologous link (ChrOrthLink). It uses highly conserved singleton
orthologous genes detected by BUSCO analysis and traces their synteny on
chromosomes across species. | preformed the analysis for 16 vertebrates species,
visualized the chromosomal rearrangements marking singleton complete BUSCO
genes on their chromosomes, and found that tetrapod animals had chromosomal
conservations with the cartridge fish lineage compared to ray-fined fish lineage.
Although this approach has a limited resolution to analyze ‘gene-wise’ synteny
blocks ignoring their neighbor genes which are not conserved, I believe this new
strategy can make blueprints of chromosomal evolution across diverse species in
various lineages over vertebrates.

Many researchers tried to find solutions to improve qualities of genome
assemblies, but they were overlooked what genes were mis-assembled in previous
generations. | suggested a new usage of genome-wide alignments to detect various
types of errors in a genome assembly by comparing different versions of genome
assemblies of same species. I designed back-to-back studies to quantify ‘false gene
losses’ and ‘false gene gains’ of 4 vertebrate species which had previous assemblies
of same species of 1% release VGP reference genomes, and mainly contributed
following findings. Missing errors were prevalent on CpG islands and repeat regions
relative to non-CpG island and non-repeat regions. Raw-read mapping used in prior
assemblies to new assemblies can validate errors did not originated from biases of
individual differences in these genome assembly comparisons of same species. It
empathizes the necessity of preservations of raw sequencing data or bio-samples to
validate improvements of next genome assemblies in future. As examples of false
missing and false duplications, COQ6 and mTOR genes highly conserved in
vertebrates were fully or partially missing or duplicated in short-read-based
reference genomes of various species in mammals, birds, and fishes. These findings
demonstrated genomic factors causing technical limitations of previous sequencing

and assembly technologies and support the new utilizations of the comparative
11 © 1)
166 A =— T



genomic approaches to evaluate the assembly quality.

At the beginning stage of genomics, a few reference genomes of human and
model species were available to find species-specific variants in comparative
analyses to investigate molecular evolution specific to in a new genome assembly
find variants. The ongoing accumulations of reference genomes of various species
give us opportunities to understand molecular evolutions for species and lineages.
Comparative genomic approaches for accumulative genome assemblies of various
species could identify novel candidate genes associated with interesting traits, such
as the limb-emergence in the Sarcopterygii clade and vocal learning abilities in the
Aves clades.

As arepresentative candidate variant for limb emergence, I found the amino
acid substitution on SHOX gene. At the site, coelacanth had serine under positive
selection substituted from leucine of Actinopterygii species and it was shared with
several tetrapod species in Sarcopterygii. For vocal learning, 1 discovered the
convergent amino acid substitutions on DRD 1B and PRKAR2B genes unique to vocal
learning birds mutually exclusive to non-learning birds. These convergent amino
acid patterns of avian vocal learners were uniquely observed in the candidate gene.
These amino acid convergences were under positive selection and conserved within
zebrafinch population. The convergent genes of vocal learners were enriched for
learning and were supported by differential gene expression related to vocal learning
in sub-brain regions. I believe these candidates provide new insights for molecular

mechanisms to understand fundamental traits of human evolution.
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