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Abstract

Recent advancements in sequencing technologies have helped to sequence the complete genomes of
many species encompassing all the kingdoms of life. However, the assembly of large and complex
genomes remains challenging. Here, I report the first genome assemblies of Amur leopard (Panthera
pardus) and Nomura’s jellyfish (Nemopilema nomurai), which were processed by different strategies
of sequencing platforms and downstream analysis methods. Genome survey results of the two species
indicate that the leopard genome is much larger than that of the jellyfish but showed a relatively low
heterozygosity. The leopard and jellyfish genomes were sequenced by the second- (Illumina short
reads) and third-generation (PacBio SMRT long reads) sequencing technologies, respectively. Recent
studies indicate that the sequencing platform has the most influence on determining the genome
assembly quality and current sequencing technologies have clear limitations. Short-read based
sequencing has a problem in resolving repeats, and long-read based sequencing is not suitable for
large genomes because it requires a high sequencing coverage (>50X) due to high error rates.
Therefore, 1 propose that a hybrid sequencing strategy is the most efficient method for reducing
sequencing and computational cost. The difference in the evolutionary positions of the two species
shows the necessity for different analytical approaches. I demonstrate that the leopard, which has an
evolutionary distance of less than 10 million years from other Felidae species, could be subject close
species comparative genomics (CSCG), such as homology-based comparative, positive selection,
unique amino acid changes, and highly conserved region analyses, whereas the jellyfish genome was
analyzed under distant species comparative genomics (DSCG), such as conserved protein domains
and absence/presence of conserved genes, because the evolutionary distance to other cnidarian
genomes was more than 200 million years. It clearly suggests that it is necessary to use radically
different strategies depending on their evolutionary positions. Through a comparison between the two
very different species, this study provides guidelines to determine the optimal strategies for a new

genome reference assembly.
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I . Introduction

DNA sequencing technologies continue to advance and offer many utilities for biological researchers.
The rapid improvement in sequencing technologies has helped to sequence many complete genomes,
including the human genome, such as the Korean Reference genome (KOREF)' and tiger, whale,
vulture, and red bat genomes in Korea?. Since Frederick Sanger invented the first chain termination
sequencing method, there have been numerous next-generation sequencers, most of which produce
only short sequences. Recently, however, very long-read based the third- and fourth-generation

sequencing technologies® have become cost-effective and useful (Table 1).

Table 1. The first- to fourth-generation sequencing technologies.

Generation Technology see;a%d Method Pros Cons
First ABI/Life 1998 CE-Sanger High accuracy. High cost of Sanger
technologies Good ability to call sample preparation;
homopolymer and Low throughput;
repeats regions
Second Roche 454 2005 Pyrosequencing.  Long reads. Useful for Relatively low
assemble the genome. throughput;
difficulties in reading
homopolymers.
Second Ilumina/ 2006 Sequencing by  Very high throughput. Short read length with
Solexa synthesis. Useful for gene relatively low quality
expression analyses. in the read ends.
Second ABI SOLID 2006 Sequencing by  Very high throughput. Long sequencing time.
ligation. Low reagent cost. Difficulty of data
analysis.
Third lon torrent 2010 Semiconductor ~ Long reads. DNA Sequential cleaning
PGM sequencing. synthesis reactions work  steps can cause
under natural conditions.  accumulation of
errors. Difficult to
read through repetitive
and homopolymer
regions.
Third PacBio 2011 Single-molecule  Very long average read High error rate.
SMRT real time lengths. No amplification
sequencing. of sequencing fragments.
Fourth Nanopore 2015 Nanopore Very long read. very fast. High indel and base
exonuclease detection error rate.
sequencing.




The sequences generated by these improved technologies enable comparative analysis by
aligning to pre-assembled genome sequence called reference genomes. However, species lacking a
genome sequence can be analyzed in two ways. The first approach is to align to the reference genome
of the closest species’. While this method is very efficient, the evolutionary distance must be close
enough to the reference genome for accurate analysis. That is, if the two species are too distantly
related then the analysis is limited to evolutionarily conserved genes. The second approach is to
assemble the genome sequence de novo®. Sequence assembly, especially genome assembly, refers to
ordering and merging short fragment of DNA sequences to reconstruct the original genome sequence.
Although genome assembly is still challenging, it is essential for comparative analysis of various

species.

The assembly quality is affected by various factors, such as heterozygosity, %GC content,
segmental duplication, whole genome duplication, repeat composition, polyploidy, and sequencing
bias. These genomic factors make genome assembly incomplete. The assembly quality is also affected
by the incompleteness of analytic tools, such as assemblers, scaffolding and gap filling tools.
Although their performance is steadily improving, it still affects the quality of assembly. After
assembling the genome sequence, quality assessment is essential prior to use for downstream analysis.
The method for assessing the quality of the assembled genome uses the number of sequences and size
of each contig and the scaffold of the assembly, the total assembled size, and the N50, a weighted
central statistical value that includes 50% of the entire assembly in a contig or scaffold that is equal to
or greater than this value. In addition, the quality of the assembled genome sequence can be assessed
using an ortholog set of genes®. This ortholog gene set is composed of single-copy genes that are
evolutionarily well-conserved and have a relatively low selection pressure. Therefore, this set of genes
allows us to assess the assembled genome that how many single copy orthologous genes are presented,
duplicated, fragmented and missed. The genome assembly at the initial stage is called the "draft
genome". There are several criteria and grades set by the Genomic Standards Consortium and Human

Microbiome Jumpstart Reference!®!!

, ranging from “standard draft” to “finished”. Most of the first
assemblies are either high-quality drafts or improved high-quality drafts (Table 2). At least an

improved high-quality draft assembly is required for comparative genomics.



Table 2. Genome assembly quality standards

Grade

Description

Standard draft

High-quality
draft

Improved high-
quality draft

Annotation-
directed
improvement

Noncontiguous
finished

Finished

Genome assembly with the minimum quality. It can be incomplete and contain
unfiltered sequences derived from sequencing contaminants.

Draft genome assembly with a coverage of at least 90% of the genome. In this
assembly, effort has been made to exclude contaminating sequences, although it
can contain sequence errors, misassemblies, and contigs with incorrect order and
orientation.

This genome assembly has undergone automated and/or manual work. It consists
of a reduced number of contigs and scaffolds. It can still contain some
undetectable misassemblies, mainly in regions of repeat, low-quality and base
errors. This standard is adequate for comparative genomics.

In this genome assembly, finishing work is targeted to clearly defined areas
identified by an automated annotation pipeline. Repetitive regions are not resolved
completely, and the assembly contains several errors, with an N50 > 50 kb.

The assembly has been subject to automated and manual improvement, and
closure approaches have been successful in almost all gaps, misassemblies, and
low-quality regions.

This genome assembly is the so-called “gold standard”. All sequences are
complete and have been reviewed. All misassemblies have been resolved
properly, and repetitive sequences have been ordered and correctly assembled.

The de novo genome assembly is accomplished by sequencing and assembling the entire

genome of a species whose whole genome sequences have not yet been identified. Therefore, the
completion of the genome assembly has several advantages that comparisons with closely related
species can reveal the biological and evolutionary meanings of the species through genomic
information. The Genome 10K Consortium was established'? in response to the increased importance
attributed to genome assembly for its role in promoting species diversity and conservation. The
project aims to address fundamental questions in disease and biology, to preserve genetic information,
and to identify species the most genetically at risk for extinction. The Vertebrate Genomes Project
(VGP), a part of the Genome 10K Consortium, also aims to generate error-free reference genome
assemblies of all 66,000 extant vertebrate species. In Korea, the Korea Post-Genome Project, a large-
scale government-sponsored project launched in 2014, is currently in the process of discovering life

resources using genomic information of animals, plants, and marine animals.



Here, I report genome assemblies of Amur leopard (Panthera pardus) and Nomura’s jellyfish
(Nemopilema nomurai), which have distinct genomic features”. Through a comparison of the two
species, | present guidelines for strategic considerations when sequencing and assembling a new
genome. The leopard genome was sequenced by Illumina short read, a second-generation technology,
and the jellyfish genome was sequenced by PacBio SMRT long read, the third-generation technology.
The genome of the leopard and jellyfish that I report here is the first published genome of species that
play a vital role in their ecosystem. Notably, the leopard is classified as an endangered species, and
the leopard genome is expected to be an important resource for coping with the endangered species.
This study also examined how the two species evolved to adapt to each environment through

comparative genomic analyses.

“This doctoral dissertation is an addition based on the following papers that the author has already
published.

Soonok Kim, Yun Sung Cho, Hak-Min Kim, Oksung Chung, Hyunho Kim, et al. Comparison of
carnivore, omnivore, and herbivore mammalian genomes with a new leopard assembly. Genome
Biology 2016, 17, 211.

Hak-Min Kim, Jessica A. Weber, Nayoung Lee, Seung Gu Park, Yun Sung Cho, et al. The genome of
the giant Nomura’s jellyfish sheds light on the early evolution of active predation. BMC Biology 2019,
17, 28.



II. Methods

2.1 Sample preparation

For leopard, the leopard sample used for a genome assembly was acquired from the Daejeon O
WORLD Zoo of Korea. We confirmed that the leopard sample was ~30% admixture with North-
Chinese leopard from pedigree information. Phylogenetic analyses on mitochondria genes of NADHS
and CYTB also verified that the leopard sample is a hybrid between Amur and North-Chinese leopards.
The four other Amur leopards and one Amur leopard cat samples were acquired from Russia and

Korea, respectively.

For jellyfish, the medusa from one Nemopilema nomurai individual was collected at
Tongyong Marine Science Station, KIOST (34.7699 N, 128.3828 E) on Sep. 12, 2013. The surface
water temperature was 24 °C. After transport to the laboratory, the medusa bell and tentacles were
dissected; and the tissues were snap frozen in liquid nitrogen and stored at -75 °C. The polyps of
Sanderia malayensis were provided by Aqua Planet Jeju Hanwha (Seogwipo, Korea). The polyps were
fed daily with freshly hatched Artemia nauplii in the animal culture room, which was maintained at
2441 °C. The metamorphosed ephyrae in the summer season were fed with Aurelia sp.1. For DNA
extraction, Nemopilema tissues were mortar-pulverized in liquid nitrogen and the powder was
homogenized in a lysis solution [2% CTAB, 1.4 M NaCl, 100 mM Tris-Cl (pH 8.0), 20 mM EDTA, 1%
B-mercaptoethanol], and incubated at 65°C for 1 h. The same volume of a
phenol:chloroform:isoamylalchol (23:24:1) mixture was added to denature the proteins and the phases
were separated by centrifugation at 12,000 rpm for 15 min at room temperature. The aqueous phase
was saved and incubated at 37°C for 1 h after RNase A (30 mg/ml) was added. The DNA was
extracted with a phenol:chloroform:isoamyl alcohol (25:24:1) mixture, a chloroform:isoamly alcohol
(24:1) mixture was added, and the samples were centrifuged at 12,000 rpm for 15 min at room
temperature. A 1/10 volume of 3 M sodium acetate (pH 5.2) and the same volume of 100% ethanol
were added into the retained aqueous phase. The precipitated DNA was washed using 70% ethanol
and re-suspended in an appropriate volume of ion-exchanged ultrapure water. The DNA quantity was

verified by the picogreen method using Victor 3 fluorometry, and agarose gel electrophoresis.

2.2 Genome sequencing and assembly

For leopard, we constructed 21 DNA libraries with different insert sizes (170bp, 400bp, 500bp, 700bp,
2 Kb, 5 Kb, 10 Kb, 15 Kb, and 20 Kb) according to the Illumina sample preparation protocol. The

libraries were sequenced by Illumina HiSeq sequencers. HiSeq2500 for short insert libraries and

5



HiSeq2000 for long-mate pair libraries were used. I applied filtering criteria (PCR duplicated, adaptor
contaminated, and <Q20 quality) to reduce the effects of sequencing errors. All filtered reads were
corrected by K-mer analysis (K=21) and were used to assemble the genome using SOAPdenovo2'.
The short insert size libraries (<1 Kb) were assembled into distinct contigs based on the various K-
mer sizes (K=27, 37, 43, 47, 53, 57, 63, 67, 73, and 77). Read pairs from all the libraries then were
used to concatenate the contigs into scaffolds step by step from short to long insert size libraries. I
closed the gaps using short insert size reads in two iterations. Only scaffolds exceeding 200 bp were
used in this step. To reduce erroneous gap regions in the scaffolds, I aligned the ~0.8x Illumina
TruSeq synthetic long reads (TSLRs) from two other wild Amur leopard individuals to the scaffolds
using BWA-MEM!* and corrected the gaps with the synthetic long reads using in-house scripts.

For jellyfish, the jellyfish genome was sequenced using the followings: Pacific Biosciences
(PacBio) single molecule real time sequencing (SMRT) reads, [llumina TruSeq synthetic long reads,
and Illumina mate-pair reads. First, the extracted genomic DNA was sequenced to a 179% average
sequencing depth of coverage using a Pacific Biosciences RSII instrument with SMRT cell 8Pac V3
and DNA Polymerase Binding Kit P6 reagents (30 SMRT cells), as a major sequencing data source
for a contig assembly. Additionally, a set of Illumina long mate-pair libraries (5 Kb, 10 Kb, 15 Kb,
and 20 Kb) was generated. Sequencing and junction adaptor contaminated, PCR duplicated, and low
quality (<Q20) reads were filtered out, leaving only highly accurate reads for genome assembly. Then,
short insert size and long insert size reads were trimmed into 90 bp and 50 bp, respectively, to remove
low quality end sequences. Also, 1.92 Gb (~9x coverage) of Illumina TSLRs was generated to correct
erroneous sequences in the PacBio long-read assembly and to close gap regions. Quality filtered
PacBio long reads were assembled into contig sequences using the FALCON assembler' with various
read length cutoffs. To construct scaffold from contigs, I aligned the Illumina long-insert size libraries
(5 Kb, 10 Kb, 15 Kb, and 20 Kb) to contig sets and constructed the scaffolds using SSPACE'. Gaps
were filled by mapping the Illumina short-insert size reads by GapCloser'®. 1 aligned TSLRs to

scaffolds to fill the gaps and to correct erroneous sequences.

Two general approaches were applied to evaluate the quality of the assembled genome. First,
a comparative matrix was constructed using general statistical values of the assembled genome and
compared with the other species genomes. The values used in the comparison were such as the total
size of the assembled genome, the number of sequences, the ratio of the gap, and N50. The second is
quantitative measures for the evaluation of genome assembly based on single-copy orthologous genes

from OrthoDB”.



2.3 Genome annotation

For leopard, the leopard genome was annotated for protein coding genes and repetitive elements. For
the annotation of repetitive elements, I scanned the leopard genome for tandem repeats and
transposable elements using Tandem Repeats Finder'’, Repbase'®, RepeatMasker', and
RepeatModeler?’. For the annotation of protein coding genes, de novo and homology-based gene
prediction were conducted. For the homology-based gene prediction, I aligned cat, tiger, human,
mouse, and dog protein sequences to leopard genome using TblastN?! with an E-value cutoff of 1E-5.
The aligned sequences were clustered using GenBlastA?? and filtered by identity and coverage of >40%
criterion. I used Exonerate software? to predict the gene structures. For the de novo gene annotation,
AUGUSTUS software?* was used. 1 filtered out possible pseudogenes (harboring premature stop-
codons), genes shorter than 50-amino acids, and single exon genes that were likely to be derived from
retro-transposition.

For jellyfish, I applied both de novo and empirical (homology- and evidence-based) gene
prediction methods. For the homology gene prediction, I searched for sea anemone, hydra, sponge,
human, mouse, and fruit fly protein sequences from NCBI database, and Cnidaria protein sequences
from NCBI Entrez protein database using TblastN?! with an E-value cutoff of 1E-5. The aligned
sequences were clustered using GenBlastA? and filtered by coverage and identity of >40% criterion. I
used Exonerate software® to predict the gene structures and exon hints were extracted using the
exonerate2hints.pl script of the AUGUSTUS program®*. For the evidence-based gene prediction, I
aligned the bell and tentacle RNA-seq reads to the repeat masked jellyfish genome assembly using the
TopHat program 2°. To remove redundantly aligned reads, I filtered the alignment results with the --
uniq option using the filterBam command of AUGUSTUS. Intron hints were generated using the
bam2hints command of AUGUSTUS. Protein-coding genes of jellyfish were determined using
AUGUSTUS with the exon and intron hints with >=30 amino acids criteria. Finally, I filtered the
protein-coding genes that had breaks in the three-letter codon frame, premature stop codons, and
ambiguous bases in the CDS. The completeness of genome assembly and gene annotation were

evaluated by the commonly used single-copy orthologous gene mapping approach.

To annotate the repetitive elements in the assembled genomes, I scanned the genome for tandem
repeats using the Tandem Repeats Finder database!’. Transposable elements (TEs) were identified
using both ab initio-based and homology-based approaches. The Repbase!'® database version 19.03
was used for the homology-based approach to identify repeats using RepeatMasker'® and RMBlast.
For the ab initio-based approach, I used RepeatModeler?.



2.4 Comparative evolution analyses

For leopard, I constructed orthologous gene families for 17 mammalian genomes using OrthoMCL
software?®. Genome sequences and protein-coding genes of human, mouse, cat, tiger, pig, cow, dog,
horse, elephant, rabbit, giant panda, polar bear, killer whale, and opossum were obtained from the
NCBI database. To calculate divergence time of the related species among mammalians, I used four-
fold degenerate sites of the single copy gene families using RelTime-CC?” with the phylogenetic tree
topology of published previous studies. The date of the node between human-dog was constrained to
97.5 million years ago (MYA) and cat-dog was constrained to 55 MYA according to divergence times
from TimeTree database®®. A gene family contraction and expansion analysis was conducted using the

CAFE program®. I used the P = 0.05 criterion for significantly changed gene families.

To generate multiple sequence alignment among ortholog genes, PRANK?* program was
used. To estimate the dN/dS ratio (»)*!, the PAML package was used. The one-ratio model, which
allows only a single dN/dS ratio for all branches, was used to estimate the general selective pressure
acting among all species. A free-ratios model was used to analyze the dN/dS ratio along each branch.
To further examine potential positive selection, the branch-site test of positive selection was
conducted®?. Statistical significance was assessed using LRTs with a conservative 10% FDR
criterion®*. When I identified shared positively selected genes (PSGs), genomes in the same diet group
(carnivores, omnivores, and herbivores) were excluded from background species; for example, I

excluded other carnivore species from the background species, when I identified PSGs of leopard.

Also, I identified species-specific amino acid changes. To filter out biases derived from
individual-specific variants, I used all of Felidae whole genome sequence data by mapping to the cat
reference genome. The mapping was conducted using BWA-MEM, and variants were called using
SAMTools program®® with the “-d 5 —D 200” options. Function altering amino acid changes were
predicted using PolyPhen-2* and PROVEAN?® with the default options. Human protein sequences
were used as templates in this step. A convergent amino acid change was defined, if all of target
species has a same amino acid in same sequence position. The herbivore- or carnivore- specific
function altered genes were identified, if all of target species has at least one function altering amino
acid change in any position and all of different diet groups (carnivores or herbivores) has no function
altering amino acid change. For functional enrichment tests, I used DAVID bioinformatics resources

by using human genes as a background®’.

To characterize genetic variation in the genomes of three mammalian families (Felidae,
Bovidae, and Hominidae), I scanned genomic regions that showed significantly reduced genetic
variation by comparing variations of each window and whole genome (autosomes only). The Bovidae
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and Hominidae genomes were obtained from the NCBI database and were mapped to cow
(Bos_taurus UMD _3.1.1) and human (GRCh38) references, respectively. Variants (SNVs and indels)
were called using SAMtools. The numbers of heterozygous and homozygous positions within each
100 Kb window (bin size=100 Kb, step size=10 Kb) were estimated by calculating the numbers of
conserved or non-conserved bases in the same family genomes. I only used windows that were
covered more than 80 % of window size by all the mapped genomes. P-values were calculated by
performing Fisher’s exact test to test whether the ratio of homozygous to heterozygous positions in
each window was significantly different from that of chromosomes. P-values were corrected using the
Benjamini-Hochberg method*®, and only adjusted P-values of <0.0001 were considered significant.
Only the middle 10 Kb of each significantly different window were considered as highly conserved
regions. For functional enrichment tests of candidate genes by all the comparative analyses, [ used the

DAVID bioinformatics resources>’.

For jellyfish, orthologous gene clustering of protein-coding genes from eleven metazoans
(Nemopilema nomurai, Hydra magnipapillata, Nematostella vectensis, Acropora digitifera,
Drosophila melanogaster, Caenorhabditis elegans, Danio rerio, Homo sapiens, Trichoplax adhaerens,
Amphimedon queenslandica, and Mnemiopsis leidyi) and one unicellular holozoan (Monosiga
brevicollis: as an out-group) was conducted using the OrthoMCL (version 2.0.9) program®. I found
306 single-copy gene families in the 12 species. To infer the jellyfish phylogeny, I used protein
sequences of 100 single-copy gene families, and the PROTCATLG model in the RAXML (version
8.2.8) program®. I also estimated the divergence time using the MCMCtree program with the
approximate likelihood algorithm by PAML package®'. The divergence date of the zebrafish-human
node was constrained to 435 million years ago (MYA) and the fruit fly-roundworm was constrained to
743 MYA based on the TimeTree database®. As expected, Nemopilema and Hydra formed a
monophyletic clade that branched off the cnidarian stem before the common ancestor of Anthozoa

arose. A gene contraction and expansion analysis was conducted using the CAFE program®.



2.5 Genetic diversity and demographic history

For leopard, the Bovidae and Hominidae genome sequences were obtained from the NCBI database,
and were mapped to cow (Bos_taurus UMD _3.1.1) and human (GRCh38) references, respectively.
Homozygous and heterozygous SNVs were called using SAMTools. Homozygous substitution rates
were calculated by dividing the number of homozygous SNVs by corresponding species genome size
(bp) and divergence time (MYA) from TimeTree database. Heterozygous SNV rates were calculated
by dividing the number of heterozygous SNVs by the reference genome size.

To analyze the demographic histories of Felidae, 1 used the PSMC program®. First, 1
extracted diploid genome sequence information from BAM files of seven big cats (three leopard, one
tiger, one lion, one cheetah, and one snow leopard) and one small cat (leopard cat) re-sequencing data
aligned to Felis_catus 8.0. To use only autosomal regions, I removed the read data aligned to sex
chromosomes and mitochondrial genomes. I used PSMC options of -N25 -t15 -r5 -p "4+25%2+4+6"
which have been previously used for great apes population history*'. Generation times and mutation

rates (per site, per year) were collected from previous studies>*.

2.6 Protein domain analyses

For jellyfish, I identified the homeobox domain regions in Nemopilema using the InterProScan
program®. The domain regions were predicted from the protein sequences using the InterProScan
program with ProDom, Hamap, SMART, SUPERFAMILY, PRINTS, PANTHER, Gene3D, PIRSF,
Pfam, ProSiteProfiles, TIGRFAM, ProSitePatterns, and Coils databases. To identify protein domains
that are specifically expanded in the Nemopilema lineage, 1 conducted Fisher’s exact test for Pfam
categories comparing in-group counts (Nemopilema) to average counts in the outgroups (all other
species in the analysis). This test was iterated over all domains, and the P-values obtained were
corrected with a 5% false discovery rate (FDR) to identify the significantly expanded domains in
Nemopilema. To visualize these expanded domains, counts were normalized by Z-score (row) and
significantly expanded domains were plotted using the heatmap function in R. ParaHox and Hox
genes were identified in Nemopilema by aligning the homeobox domain sequences of fruit fly and
human to the identified Nemopilema homeobox domains. I considered only domains that were aligned
to both the human and fruit fly. I also used this process for Hydra, Nematostella, and Acropora for
comparison. Additionally, I added two Hox genes for Hydra and one Hox gene for Acropora, which
are absent in NCBI gene sets, though they were present in previous study***>. ParaHox and Hox genes
of Clytia hemisphaerica, a hydrozoan species with a medusa stage, were also added based on a
previous study*®. Finally, a multiple sequence alignment of homeobox domains was conducted using

MUSCLE, and a FastTree*” maximum-likelihood phylogenetic tree was generated using the
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PROTGAMMAIJTT model.

Wnt genes of Nematostella and Hydra were obtained from previous studies*®*’, and those of
Acropora were downloaded from the NCBI database. Wnt genes in Nemopilema were identified by
searching for "wnt family" domain using the Pfam database. A multiple sequence alignment of Wnt
genes was conducted using MUSCLE, and aligned sequences were trimmed using the trimAl
program®® with “gappyout” option. A phylogenetic tree was generated using RAXML with the
PROTGAMMAIJTT model and 100 bootstraps.
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[II. Results & Discussion

3.1 Genome survey and sequencing

Prior to assembling the genome, genome survey was first performed by K-mer analysis’!. Genome

surveys are used to understand the complexity of the genome and to predict its size. Both the leopard

and jellyfish produced Illumina short reads, which were used for K-mer analysis (Tables 3 and 4). The

leopard genome had one K-mer peak, while the jellyfish showed two distinct K-mer peaks (Figs. 1

and 2). The double peaks in the K-mer graph mean that the heterozygosity is high. In the case of

jellyfish, the height of the first peak is similar to that of the second peak and thus shows a very high

heterozygosity. It is reported that marine organisms typically show a high level of genome

heterozygosity>>.

Table 3. Filtered IHlumina sequence information of leopard

Library Number of re:mained Trimmed read Remained Remained sequence
read pairs length total bases (bp) depth (x)

170bp L1 324,819,579 90 58,467,524,220 24.4
L2 322,720,798 90 58,089,743,640 24.2
400bp L1 463,815,627 90 83,486,812,860 34.8
500bp L1 177,877,901 90 32,018,022,180 13.3
700bp L1 247,339,040 90 44,521,027,200 18.6
L2 233,469,831 90 42,024,569,580 17.5
L1 70,512,242 50 7,051,224,200 2.9
2kb L2 78,840,634 50 7,884,063,400 3.3
L3 82,556,740 50 8,255,674,000 3.4
L1 46,062,964 50 4,606,296,400 1.9
5kb L2 55,322,387 50 5,532,238,700 2.3
L3 55,745,264 50 5,574,526,400 2.3
L1 44,225,626 50 4,422,562,600 1.8
10kb L2 35,628,557 50 3,562,855,700 15
L3 38,425,313 50 3,842,531,300 1.6
L1 25,137,484 50 2,513,748,400 1.0
15Kb L2 23,451,001 50 2,345,100,100 1.0
L3 9,374,114 51 956,159,628 0.4
L4 6,094,053 51 621,593,406 0.3
20kb L1 23,636,971 50 2,363,697,100 1.0
L2 24,209,031 50 2,420,903,100 1.0

Total - 2,389,265,157 - 158.6
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Table 4. Filtered lllumina sequence information of jellyfish

Total Read Depth
:?Zseert— Library  number of length Total bases (bp) (%, divided by ;l;o)tal depth
reads (bp) 213Mb)
L11 86,434,438 90 7,779,099,420 40.58
400bp - 81.16
L1 2 86,434,438 90 7,779,099,420 40.58
L11 21,407,082 50 1,070,354,100 10.05
5Kb - T T 20.10
L1 2 21,407,082 50 1,070,354,100 10.05
L11 1 4,1 4 .
L0Kb _ 6,094,130 50 804,706,500 7.56 15.11
L1 2 16,094,130 50 804,706,500 7.56
L1 1 9,090,529 50 454,526,450 4.27
15Kb - 8.54
L1 2 9,090,529 50 454,526,450 4.27
L11 9,965,208 50 498,260,400 4.68
20KDb - o N 9.36
L1 2 9,965,208 50 498,260,400 4.68
Total - 285,982,774 - 21,213,893,740 134.3
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Figure 1. Distribution of K-mer frequency of leopard. The x-axis represents K-mer depth, and the

y-axis represents proportion of K-mer species.
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Figure 2. Distribution of K-mer frequency of jellyfish. The x-axis represents K-mer depth, and the

y-axis represents proportion of K-mer species.

The genome size of the leopard was estimated at approximately 2.45 Gb (Table 5). This is similar to
the genome size of tiger and lion, which belonging to the big cats. The jellyfish was estimated at 220
Mb (Table 6) and showed the smallest genome size when compared to the other cnidarians such as
anemone, hydra, and coral®*>°. Given the size and complexity of the genome, the leopard was
determined to be sequenced with a short read based technology that could produce large quantities at
relatively low cost. On the other hand, the jellyfish genome was determined to be sequenced by long

read based technology due to its high level of heterozygosity.

Table 5. Estimated genome size of leopard based on K-mer frequency

K-mer size Total K-mer count Peak depth Estimated genome size
21 116,054,812,460 54 2,149,163,194
31 95,405,247,995 43 2,218,726,698
61 41,733,211,831 17 2,454,894,814
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Table 6. Estimated genome size of jellyfish based on K-mer frequency

K-mer size Total K-mer count Peak depth Estimated genome size
17 9,934,145,023 47 211,364,788
19 9,732,013,270 45 216,266,962
21 9,520,986,025 44 216,386,046
23 9,302,429,653 42 221,486,420

A sequencing strategy for genome assembly should be established based on the results of the
genome survey. Because current sequencing techniques have clear pros and cons, it is important to
choose the optimal sequencing strategy based on the characteristics of the genome. First, short-read
based sequencing technology is capable of producing a large amount of data and has a relatively low
cost (see Table 1). Also, we can try many kinds of assemblers which have been improved for a long
time. However, due to the short sequence length, this may be an inappropriate choice for the genomes
with high repeat ratio or high heterozygosity. In addition, short-read sequencing technology poses a
number of experimental problems, such as cloning, extreme GC bias, polymerase chain reaction
(PCR), and sequencing errors.

Long-read based sequencing technology is safe from sequencing biases caused by high GC
contents because the sequence length is very long, and there are no PCR steps. However, because it
requires at least 50X of long-read data to produce a high-quality genome, long-read assemblies
demand large sequencing and computational costs®’. Recent genome assembly projects using strictly
long-read sequencing approaches have thus been applied to species with small genomes, such as
viruses or bacteria®®®°. The recent release of Oxford nanopore technology has made long-read based

sequencing with affordable cost®!, but it still shows a high error rate than PacBio SMRT sequencing.
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3.2 Genome assembly

The basic strategy for de novo genome assembly for short-reads comprises three steps: i) contig
assembly, ii) scaffolding and iii) gap filling. In the contig assembly step, the short reads are
assembled as long consensus sequences (called contigs) without gaps and ambiguous bases. Then, in
the scaffolding step, the contigs are connected by mate-pair sequences. The ordered set of connected
contigs is called as a ‘scaffold’. Once the contigs are scaffolded, if there is no overlap between the
contigs then spaces called ‘gaps’ remain between them, and unknown bases and approximate
distances are estimated from the insert-size of the mate-pair reads. The gaps between the contigs are
filled by short-reads or long-reads to complete the gap regions. The gap-filling step can be performed
iteratively to improve the quality of the assembly.

Genome assembly algorithms can be divided into two types: graph method and greedy
algorithm®%3, A typical algorithm for the graph method is the de Bruijn graph method, which has
been used for the short-read assembly by converting reads to K-mers. The graph using the K-mers can
be simplified and significantly reduces the searching time for the optimal path®*®, Assemblers using
the de Bruijn graph method are SOAPdenovo2, SPAdes, and ALLPATHS-LG!3:6566,

The overlap-layout consensus (OLC) algorithm, a typical method using the greedy algorithm,
finds overlap between all reads, uses it to determine a layout of the reads, and then produces a
consensus sequence. The OLC algorithm has been used for the long-read assembly. The newbler®” and
Celera assembler® both use the OLC algorithm. Assemblers, such as HGAP and Falcon, explicitly
target the PacBio SMRT sequencing technology'. Canu and Hinge assemblers are developed for
third- and fourth-generation sequencing technologies®-"°.

It is an important step to choose assembler for the de novo genome assembly. The first option
is the sequencing platform. As mentioned above, the selection of assemblers is limited by the type of
raw data (short read or long read). The second option is to select the appropriate assembler according
to the characteristics of the genome. For example, high heterozygous genomes with short-read data
should be paired with an assembler that addresses the heterozygous regions, such as Platanus’'.
Computing resources also need to be considered. The de novo assembly requires significant
computing memory, storage, and long calculation times. In some cases, a fast or memory-efficient

assembler allows de novo assembly to be performed in a limited computing environment (Table 7).
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Table 7. Performance summary of short read assemblers.

Assembler Speed Memory requirement N50 length
Celera assembler®® slow high long
ALLPATHS-LG™ slow high long
ABySS” medium low medium
Velvet” medium medium short
SPAdes® medium low medium
SOAPdenovo2"? fast medium medium
SparseAssembler” medium low medium
SGA¢ fast medium short
MaSuRCA”’ slow high long

Lastly, we should consider the performance of the assemblers through previous benchmark
results. Assemblathon, a competition that is a periodic and collaborative effort to improve and test the
numerous assemblers, provides well-organized benchmark result in terms of the performance of the
assemblers’. In this competition, researchers assemble a given species using several assemblers and
benchmark the results. The results of the assemblies and evaluations described in Assemblathon and
Genome Assembly Gold-standard Evaluations (GAGE) suggest that one assembler may perform well

in one species but not in another species. Therefore, they recommend that use two or more

assemblers”.
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3.2.1 Leopard genome assembly

The leopard genome was assembled from a muscle sample of a female leopard from the Daejeon O-
World of Korea (Fig. 3). The extracted DNA was sequenced to 310x average sequencing coverage by
Illumina HiSeq sequencer (Table 3). Sequenced reads were assembled using SOAPdenovo2 program
into 265,373 contigs (N50 length of 21.0 Kb) and 50,400 scaffolds (N50 length of 21.7 Mb), totaling
2.58 Gb in length (Table 8).

(a) NADHS5 gene

Leopard (assembly)
— P.Pardus japonesis
P.Pardus unknown
P.Pardus orientalis dv3
Leopard (resequencing 2)
| P.Pardus orientalis dv14265
Leopard (resequencing 1)

P.Leo persica

Ptigris

P.onca

P.uncia

(b) CYTB gene
Leopard {resequencingl)
P.orientalis TypeT

Porientalis TypeA

Leopard (resequencing2)
P.pardus unknown
r Ppardus japonensis
Leopard (assembly)
P.leo persica
P.uncia
P.onca

Figure 3. Species and sub-species identification for three leopard samples. (a) NADH5 and (b)
CYTB sequences for the three leopards were generated by mapping their reads to the previously

reported mitochondrial sequences of Panthera pardus (Accession: EF551002.1).

18



Table 8. The leopard genome assembly statistics

Contig Scaffold

Size (bp) Number Size (bp) Number
N90 5,500 122,036 3,467,308 135
N80 9,132 87,540 8,979,855 93
N70 12,732 64,613 12,770,773 68
N60 16,634 47,584 18,513,618 51
N50 20,993 34,310 21,701,857 39
Longest 240,914 - 84,051,066 -
Total Size 2,478,888,723 - 2,578,022,254 -
(Tfltg'o't;';)mber ----- 265235 e 50,400
Total Number 174791 e 2,670

(>2Kb)

Additionally, 0.8 coverage of Illumina Truseq long reads (2.0 Gb of total bases) were obtained from
two wild Amur leopard individuals (Tables 9 and 10) and were used to fill and correct erroneous gap
sequences. The quality evaluation of the leopard genome was performed by comparing the basic
statistical values of scaffolds with previously published Felidae genomes and self-aligning the short
read to confirm the mapping rate. The leopard genome has been assembled with quality comparable to
the previously published Felidae genomes (Table 11). In addition, it was confirmed that about 99% or
more short read was aligned well with the leopard genome (Table 12).

19



Table 9. Sample information of wild Amur leopards and Amur leopard cat used in this study

Species Sequence ID Gender Data collection Origin
Panthera Nezhenka (Sanduga) river basin ,
pardus HiSeq2500 PPO1 M 29 Oct 2006 Nadezhdensky Region,
orientalis Primorsky Krai
Panthera Nezhenka (Sanduga) river basin ,
pardus TSLR PPO2 M 02 Nov 2006 Nadezhdensky Region,
orientalis Primorsky Krai
Panthera Malaya Ananievka (Elduga)
pardus TSLR PPO4 F 15 Oct 2007 river basin, Nadezhdensky
orientalis Region, Primorsky Krai
Panthera Bolshaya Ananievka (Elduga)
pardus HiSeq2500 PPO5  unknown 18 Oct 2008 river basin , Nadezhdensky
orientalis Region, Primorsky Krai
Prionailurus
bengalensis HiSeq2500 M N/A Republic of Korea

euptilurus

Table 10. lllumina TruSeq Synthetic Long Reads from two wild Amur leopard individuals

# Sequences 393,866
Total bases (bp) 1,999,851,886

Average length (bp) 5,077
Standard deviation (bp) 3,311
The longest length (bp) 21,607
The shortest length (bp) 1,000
N50 (bp) 8,293

GC contents 40.18%

N bases 0.00%
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Table 11. Assembly results in five Felidae genomes

Leopard Tiger Cat Cheetah Lion
Assembly level Scaffold Scaffold Chromosome Scaffold Scaffold
19 chromosomes +
# sequences 50,400 1,479 267,606 unplaced 40,077 87,873
scaffolds
Total bases (bp) 2,578,022,254 2,391,082,183 2,641,342,258 2,375,874,546 2,442,522 584
The '0”(%25; length 84,051,066 41,607,841 240,380,223 13,046,067 27,160,947
The shortest length 197 200 152 100 100
(bp)
Scaffold N50 (bp) 21,701,857 8,860,407 142,431,058 3,121,442 4,005,654
Contig N50 (bp) 20,993 30,032 43,424 28,223 20,046
GC contents 41.71% 41.40% 41.92% 41.30% 41.27%
N bases 3.85% 2.44% 1.58% 1.77% 3.32%
Table 12. Assembly quality assessment using self-alignments
Librar Number of Number of Percentage of
y filtered reads mapped reads mapped reads
170b L1 649,639,158 648,380,590 99.81%
P L2 645,441,596 644,116,197 99.79%
400bp L1 927,631,254 925,675,327 99.79%
500bp L1 355,755,802 355,021,715 99.79%
200b L1 494,678,080 493,757,237 99.81%
P L2 466,939,662 466,051,141 99.81%
L1 141,024,484 140,465,545 99.60%
2kb L2 157,681,268 157,027,375 99.59%
L3 165,113,480 164,509,242 99.63%
L1 92,125,928 91,543,490 99.37%
5kb L2 110,644,774 110,020,435 99.44%
L3 111,490,528 110,871,283 99.44%
L1 88,451,252 87,990,350 99.48%
10kb L2 71,257,114 70,805,035 99.37%
L3 76,850,626 76,376,319 99.38%
L1 50,274,968 49,404,144 98.27%
15kb L2 46,902,002 46,350,755 98.82%
L3 18,748,228 18,630,160 99.37%
L4 12,188,106 12,110,503 99.36%
20kb L1 47,273,942 46,217,382 97.77%
L2 48,418,062 47,879,499 98.89%
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3.2.2 Jellyfish genome assembly

The jellyfish genome was different from the leopard. The size of the genome is relatively small, but
its complexity is high, I expected that it is difficult to assemble with short reads, such as Illumina
sequence. Therefore, my colleagues and I decided to sequence and assemble jellyfish genome using
the following hybrid sequencing data: PacBio single molecule real-time sequencing (SMRT) reads,
[llumina Truseq long reads, and Illumina short insert-size and mate-pair reads. First, the extracted
genomic DNA was sequenced to a 179% average sequencing coverage using a PacBio SMRT long
reads (30 SMRT cells), as a major sequencing data source for a contig assembly. I obtained 11.4 Kb of
median (N50) length of quality filtered PacBio subreads (Fig. 4 and Table 13). I assembled multiple
contig sets using the Falcon assembler!® with the quality filtered PacBio SMRT subreads from a
diverse set of read length cutoffs (5 Kb, 6 Kb, 7 Kb, 8 Kb, 9 Kb, 10 Kb, and 12 Kb; Fig. 5 and Table
14).

35000
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15000

Number_of_Reads
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10000 20000 30000 40000 50000
Read_Length

Figure 4. Length distribution of PacBio SMRT reads.
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Table 13. PacBio SMRT sequence statistics.

Number of sequences 4,592,385 ea

Total bases 38,170,953,026 bp

Average length 8,311.79 bp

Longest length 50,973 bp

Shortest length 35bp

N50 11,383 bp

GC contents 38.60%

N bases 0.00%
a < - < - > PacBio long reads (~179%)
h ——— — — —

Contig N50 = 770.5 Kb

Long insert sizes
(5Kb, 10Kb, 15Kb, 20Kb)
C —— —
Scaffold N50 = 2.71 Mb, Contig N50 = 847.1 Kb

- -—
- A————————
d —_— N TSLRs long reads (~9X%)
| . |

Scaffold N50 = 2.71 Mb, Contig N50 = 849 Kb

Short insert size
(400 bp)

> r >
nONO
AP >
e nEnisd
[aNalalal

e

Figure 5. Schematic overview of the Nemopilema nomurai genome assembly process. (a)
Unassembled PacBio SMRT long reads. (b) Contig assembly using PacBio long reads and the Falcon
assembler. (c) Scaffold assembly using the Illumina mate pair libraries. (d) Gap closing using
Illumina TruSeq synthetic long reads (TSLR). (e) Substitution of common variants using the short

insert library. Red denotes common variant that is substituted in the genome.
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Table 14. Contig assembly statistics using PacBio SMRT reads.

PacBio long read length cutoffs

5Kb 6Kb 7Kb 8Kb 9Kb 10Kb 12Kb
# of sequences 2,519 2,453 2,078 1,570 1,456 1,140 1,237
Total bases 221,141,034 221,771,871 217,392,668 211,465,427 209,338,243 203,154,934 195,823,825
Longest sequence 3,777,904 3,622,163 3,634,349 5,223,426 4,088,286 4,357,459 2,392,030
Shortest sequence 2 9 2 10 14 10 26
N50 609,640 570,382 669,977 794,113 770,490 952,382 490,833
GC % 38.02% 37.99% 38.07% 38.17% 38.21% 38.20% 38.25%
N bases 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

To extend the contigs into scaffolds, my colleagues and I additionally generated a set of mate-pair
libraries (5 Kb, 10 Kb, 15 Kb, and 20 Kb; Table 4). Sequencing and junction adaptor contaminated,
low quality (<Q20) and PCR duplicated reads were filtered out and leaving only highly accurate reads
for genome assembly. Additionally, short insert size and long insert size reads were trimmed into 90
bp and 50 bp, respectively, to remove low-quality end sequences. I concatenated the contigs to
scaffolds using SSPACE'¢ and the gaps were filled by aligning the short reads using GapCloser'®. The
scaffold set that was closest to the predicted genome size with the longest N50 length was selected
and used for further analyses (Table 15). A total of 255 scaffolds were generated, totaling 213 Mb of
sequence length containing only 1.48 % of gaps with an N50 length of 2.71 Mb. Just 92 scaffolds
(N90 of 524Kb) successfully covered 90% of the jellyfish genome.

Table 15. Scaffold assembly statistics using PacBio SMRT reads and Illumina mate-pair reads.

PacBio long read length cutoffs

5Kb 6Kb 7Kb 8Kb 9Kb 10Kb 12Kb
i‘;?:fcre‘;f 527 464 465 287 255 185 321
Total bases 228,171,285 228,617,968 222,893,641  215793,878 213,630,333 206,423,756 199,029,964
Longest sequence 7,076,075 5,650,389 6,910,851 6,464,488 8,551,441 11,878,115 3,985,671
Shortest sequence 2 9 2 10 14 10 26
N50 2,266,714 2,149,743 1,759,166 2,209,994 2,711,397 3,064,082 1,204,326
GC % 38.04% 38.00% 38.08% 38.18% 38.23% 38.22% 38.26%
N bases 2.53% 2.45% 1.98% 1.53% 1.48% 1.14% 1.14%
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However, genome assemblies constructed using PacBio SMRT reads often contain erroneous
sequences (~15%), which are derived from low-quality SMRT reads®. Conversely, Illumina TSLRs
are generated by local assembly of the high-quality short reads®!. Therefore, I generated 1.92 Gb (~9x
coverage) of [llumina TSLRs (Fig. 6 and Table 16) to correct erroneous sequences in the PacBio long-
read assembly and to close gap regions. To correct base-pair level errors, I performed three iterations
of aligning the Illumina short paired-end sequence to the scaffolds using BWA-MEM'" and calling
variants using SAMtools*. Homozygous variants were substituted using an in-house script. The
quality of the assembly was evaluated by aligning the short reads onto the final scaffolds (~99% of
mapping rate; Table 17) and by comparing the assembly statistics of other metazoan species. The

jellyfish assembly showed the longest assembly continuity among the cnidarian genomes (Table 18).
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Figure 6. Length distribution of Illumina TruSeq synthetic long reads.
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Table 16. Illumina TruSeq Synthetic Long Reads statistics.

Number of sequences
Total bases

Average length
Longest length
Shortest length

N50

GC contents

N bases

345,790 ea

1,922,851,266 bp
5,560.75 bp

20,642 bp
500 bp
8,880 bp
38.04%
0.00%

Table 17. Assembly quality assessment by mapping Illumina reads to Nemopilema assembly.

Mapping rate
Assembly
400bp S5Kb 10Kb 15Kb 20Kb
Nemopilema 99.74% 99.14% 99.06% 99.02% 98.71%
Table 18. Assembly statistics of nine metazoans and choanoflagellate.
Shortest Contig
NCBI # of Total Longest Scaffold GC Gap
Phylum Species . ength N50 ) .
version  sequences bases (bp)  length (bp) (bp) N50 (bp) (bp) ratio proportion
Nemopilema
N/A 255 213,630,333 8,551,441 288 2,711,397 849,297 38.23% 1.48%
nomurai
Aurelia aurita N/A 25454 757,170,055 1,038,510 1001 121,658 14,693 37.48% 12.85%
Hydra Hydra_
20,916 852,170,992 908,834 2,000 96,317 10,112 27.57% 7.83%
vulgaris RP_1.0
Cnidaria Chytia
N/A 7,644 445210,140 2,888,473 501 366,311 3,860 35.34% 16.63%
hemisphaerica
Nematostella ASM
10,804 356,613,585 3,256,212 626 472,588 19,244 40.64% 16.61%
vectensis 20922v1
Acropora
Adig_1.1 2,421 447,497,157 2,549,845 2,003 483,559 10,915  39.04% 15.24%
digitifera
Trichoplax
Placozoa v1.0 1,414 105,631,681 13,260,704 1,000 5,978,658 190,696  32.74% 10.30%
adhaerens
Amphimedon
Porifera v1.0 13,398 166,699,561 1,888,931 633 120,365 11,710 35.83% 13.10%
queenslandica
Mnemiopsis MneLei
Ctenophora 5,100 155,865,547 1,222,598 987 187,314 11,817  38.86% 3.55%
leidyi Aug-11
Monosiga
Holozoa v1.0 219 41,709,928 3,607,471 1,005 1,073,601 48,633  54.81% 7.16%
brevicollis
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3.3 Genome annotation

Genome annotation consists of identifying genomic elements, such as, transposable elements and
protein-coding genes in the assembly. There are two major gene prediction algorithms: empirical and
ab initio methods®?. Also, the empirical method is divided into two types: homology- and evidence-
based approaches. The empirical method relies on sequence similarity for detection of homology,
while the ab initio method uses gene content and signal detection, based on hidden Markov models. In
closely-related eukaryotic genomes, empirical algorithms classify DNA regions into coding and non-
coding regions based on the assumption that coding regions are more evolutionarily conserved than
non-coding regions. If homology cannot be identified with simple sequence alignment, ab initio
approaches can be used to search the genome for consensus sequences.

The evolutionary position of leopard is very close to that of cat, lion, cheetah and tiger>83-5
Therefore, I focused on the homology-based and ab initio method for leopard gene prediction. A total
of 19,043 protein-coding genes were predicted for the leopard genome (Table 19). Additionally, I
found that a total of 39.04% of the leopard genome were repetitive elements (Table 20), which is very
similar in proportion to the other Felidae species. The GC content and distribution of the leopard
genome were also similar to those of the domestic cat and tiger genomes (Fig. 7), indicating little bias

in sequencing and assembly.

Table 19. Statistics regarding predicted protein-coding genes in leopard genome

Avg. Avg. Avg. no. Avg. Avg.

Gene set Number transcript CDS of exons exon intron

length length per length length

(bp) (bp) gene (bp) (bp)
De novo Augustus 22,542 54,517.1 1,455.5 8.9 163.0 6,691.4
Cat 19,579  47,646.5 1,690.4 10.3 164.8 4,861.2
Dog 19,890  48,904.2 1,704.6 10.2 166.9 5,000.9
Homolog Human 20,196  56,969.7 1,732.8 10.3 167.7 5,755.1
Mouse 22,065 43,752.5 1,655.5 9.6 173.3 4,774.0
Tiger 18,311  46,718.7 1,671.3 10.5 159.5 4,669.4
Final 19,043  34,265.9 1,618.4 9.4 171.6 3,947.6

27



Table 20. Statistics regarding transposable elements (TES) in leopard genome

Ab initio based Homology based Percentage of

Type (bp) (bp) Total (bp) genome (%)
DNA 14,983,643 71,213,110 74,727,059 2.90
LINE 478,274,614 508,794,720 652,640,214 25.32
LTR 42,637,550 126,147,745 131,915,892 5.12
Low_complexity 6,186,939 6,515,731 7,272,828 0.28
SINE 4,687,033 71,002,632 72,009,528 2.79
Satellite 652,202 650,297 1,251,867 0.05
Simple_repeat 44,149,867 44,928,533 48,624,207 1.89
TandemRepeat* 67,553,344 2.62
Unknown 15,308,706 758,634 16,062,533 0.62
Unspecified 389,239 389,239 0.02
Total 605,050,886 829,976,231 1,006,545,511 39.04

* TandemRepeat was separately predicted using TRF program.
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Figure 7. GC content distributions of leopard genome. The x-axis is GC proportion and the y-axis
is the proportion of the bin with the specified GC content.
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The completeness of genome assembly and annotation was evaluated by the single-copy
ortholog mapping approach’ (Table 21). The leopard genome showed the highest accuracy and longest
continuity among the Panthera species genome assemblies. Two additional wild Amur leopards from
the Russian Far East and a wild Amur leopard cat from Korea were also sequenced (Table 22), and
were used together with previously reported whole genome sequence data of other Felidae species®*

85 for comparative evolutionary analyses.

Table 21. Assembly and annotation quality assessment of leopard genome using single-copy
orthologs mapping approach

Number of single-copy

Complete (%) Duplicated (%) Fragmented (%) Missing (%) orthologs genes

Leopard 95 0.9 2.5 2.2 3,023
Cat 97 1.3 1.4 0.5 3,023
Cheetah 89 1.3 4.9 5.8 3,023
Lion 87 1.5 55 7.2 3,023
Tiger 93 0.6 4.3 2.0 3,023

Table 22. Sequencing statistics regarding two wild Amur leopards and an Amur leopard cat

Estimated Estimated
s # of raw read # of proper % of proper sequencing sequencing depth
ample . . !
pairs read pairs read pairs depth from from proper read
raw read pairs pairs
Amur leopard-01 - yq3 14 011 383,291,526 82.62 38.66 31.94
(PPO1)
Amur leopard-02 457 450 100 382,230,035 83.56 38.12 31.85
(PPO5)
Amur leopard cat 536,582,305 457,782,689 85.31 44,72 38.15
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In the case of jellyfish, the evolutionary distance to hydra, the closest genome to the jellyfish,
is about 600 million years?. Therefore, I conduct gene prediction in a different method from the
leopard. I applied both empirical (homology- and evidence-based) and ab initio methods. A total of
18,962 protein-coding genes were predicted in jellyfish by combining de novo (using tentacle and
medusa bell tissue transcriptomes; Table 23) and empirical gene prediction methods (Table 24). The
quality assessment of jellyfish assembly and annotation showed the highest recovery rates of single-

copy orthologous genes’ among all published non-bilaterian metazoan genomes so far (Table 25).

Table 23. Transcriptome sequence statistics of the jellyfish.

Number of  Read Number of % of
. . Total
Species Stage Tissue raw read length bases (bp) clean clean
pairs (bp) P reads pairs reads
Nemopilema Tentacles 30,909,026 100 6,181,805,200 29,262,691 94.7%
: Medusa
nomurai Bell 33,570,784 100 6,714,156,800 31,656,737 94.3%

Table 24. Statistics of post-filtered protein-coding gene properties in metazoans and holozoan.

Species # of protein- Avg. CDS Avg. exon Avg. intron Avg. thir.d codon
coding genes length (bp) count length (bp) GC ratio (%)
N. nomurai 18,962 1,441.3 7.5 691.0 0.444
A. aurita 25,174 1,173.9 42 1806.1 0.375
H. vulgaris 17,331 1,220.2 5.5 2,612.1 0.246
N. vectensis 24,567 1,003.0 53 795.6 0.494
A. digitifera 25,295 1,315.0 6.0 1,118.8 0.420
T. adhaerens 11,491 1,359.6 8.4 283.3 0.310
A. queenslandica 12,811 1,478.9 8.0 263.6 0.376
M. leidyi 15,922 1,385.0 5.5 884.8 0.480
M. brevicollis 9,153 1,801.0 7.5 169.3 0.650
C. elegans 20,256 1,233.5 6.1 307.2 0.405
D. rerio 25,654 1,680.8 94 2,796.9 0.547
D. melanogaster 13,864 1,603.7 4.0 973.7 0.639
H. sapiens 19,797 1,735.8 9.9 5,472.2 0.599
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Table 25. Gene-set quality assessment of jellyfish using a single-copy ortholog mapping

approach.

Complete Duplicate Fragment Missing Total
Species Count % Count % Count % Count % BUSCO

genes
N. nomurai 409  95.30% 150  35.00% 12 2.80% 8 1.90% 429
A. aurita 323 75.30% 139 32.40% 48 11.20% 58 13.50% 429
H. vulgaris 401  93.50% 129 30.10% 16 3.70% 12 2.80% 429
A. digitifera 342 79.70% 122 28.40% 65 15.20% 22 5.10% 429
N. vectensis 383 8§89.30% 133 31.00% 29 6.80% 17 4.00% 429
T. adhaerens 397 92.50% 101 23.50% 22 510% 10 2.30% 429
A. queenslandica 390 90.90% 124 2890% 24 5.60% 15 3.50% 429
M. leidyi 371 86.50% 88  20.50% 32 7.50% 26 6.10% 429
M. brevicollis 349  81.40% 8  20.00% 34 7.90% 46 10.70% 429
C. elegans 417  97.20% 105 24.50% 4 0.90% 8 1.90% 429
D. rerio 424 98.80% 156  36.40% 4 0.90% 1 0.20% 429
D. melanogaster 425  99.10% 133 31.00% 0 0.00% 4 0.90% 429
H. sapiens 426 99.30% 145  33.80% 2 0.50% 1 0.20% 429

I found that a total of 21.07% of the jellyfish genome was consisted of transposable elements,
compared to those of Hydra vulgaris (42.87%), Nematostella vectensis (33.63%), and Acropora
digitifera (9.45%) (Table 26). In general, more closely related species are expected to have similar GC
contents distribution curves. However, cnidarian species showed very different GC content
distributions (Fig. 8). The GC content of Nemopilema nomurai is slightly lower than Acropora

digitifera and Nematostella vectensis, but much higher than Hydra vulgaris.

31



Table 26. Repeat annotation of cnidarians.

Repeat type Nemopilema Nematost?lla A{:rf)pora Hydrq
nomurai vectensis digitifera vulgaris
DNA 5,440,773 55,668,977 10,897,434 173,628,759
LINE 2,291,406 7,410,687 9,107,195 122,090,336
LTR 1,740,085 8,222,409 7,747,783 7,453,663
Low complexity 269,113 380,420 637,357 6,093,798
Retroposon - 1,508 - 1,959
SINE 136,032 10,839 49,143 15,574
Satellite 33,340 9,089,245 148,098 130,167
Simple repeat 2,641,456 4,807,011 4,452,246 37,670,762
Tandem repeat 19,010,792 40,720,293 10,842,313 55,194,832
Unknown 27,423,499 3,852,181 973,386 29,189
Unspecified - 2,621,786 1,206,277 2,967,316
Total TE 45,007,573 119,934,142 42,310,111 365,319,848
Genome size 213,630,333 356,613,585 447,497,157 852,170,992
% of repeat elements 21.07% 33.63% 9.45% 42.87%
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Figure 8. GC content distributions among cnidarian genomes.
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3.4 Comparative genomics analysis of leopard and jellyfish

The basis of the evolutionary analysis is comparative genomics, which compares the genome
sequences of different species, from bacteria to humans. This process allows researchers to distinguish
between different organisms at the molecular level. Also, comparative genomics provides a powerful
tool for understanding evolutionary changes between species and helps to identify common or

conserved genes among species with genes that give unique characteristics to each species®®*’.

According to the evolutionary distance, comparative genomics can be divided into two
methods: close species comparative genomics (CSCG) and distant species comparative genomics
(DSCQ). Close species separated by about 10 million years of evolution (e.g. primates and cats) are
especially useful in finding sequence level of differences that can explain differences in phenotype.
The CSCG method has been successfully used to compare the genomes of primate, canine, feline, and
bovine animals to each other>***°, In contrast, very distant species separated by about >1 billion years
of evolution cannot compare the sequence differences for the biological features. Therefore, the
DSCG and CSCG methods require different approaches. While the CSCG method can analyze
positive selection and amino acid changes using sequence differences, the DSCG method can perform
the analysis confined to the conserved regions or a part of genes, such as protein domain sequences

and the presence/absence of genes.
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3.4.1 Comparative genomics analysis of leopard genome

The evolutionary position of leopard is very close to cat, lion, cheetah, and tiger. This enabled
comparison with Felidae species as well as with other families, such as Bovidae and Hominidae. I
performed tests for deviations in the dy/ds ratio (non-synonymous substitutions per non-synonymous
site to synonymous substitutions per synonymous site, branch model) and likelihood ratio tests
(branch-site model)*!*? to detect genes under positive selection for a diet specialized on meat. I found
that a total of 586 positively selected genes (PSGs) in the leopard genome. The leopard PSGs were
functionally enriched in GTP binding (GO:0005525, 24 genes, P = 0.00013), regulation of cell
proliferation (GO:0042127, 39 genes, P = 0.00057), and macromolecule catabolic process
(GO:0009057, 38 genes, P = 0.00096; Table 27). Additionally, 228 PSGs were shared in the Felidae
family (cat, lion, tiger, cheetah, and leopard); I defined shared PSGs as those that are found in two or
more species. The shared PSGs of Felidae were enriched in polysaccharide binding (G0O:0030247, 8
genes, P = 0.00071), lipid binding (GO:0008289, 12 genes, P = 0.0041), and immune response
(GO:0006955, 16 genes, P = 0.0052; Table 28). Since felid species are hypercarnivores®, selection of
the lipid binding associated genes may be associated to their obligatory carnivorous diet and

regulation of lipid and cholesterol homeostasis®?!.

Table 27. GO enrichment of positively selected genes in leopard

Term Count P-value FDR
GO:0031981~nuclear lumen 71 6.20E-06 0.01
GO0:0005654~nucleoplasm 47 5.00E-05 0.07
GO:0031974~membrane-enclosed lumen 81 7.56E-05 0.10
GO0:0070013~intracellular organelle lumen 78 9.49E-05 0.13
GO0:0043233~organelle lumen 79 1.15E-04 0.16
GO:0005525~GTP binding 24 1.31E-04 0.19
GO0:0032561~guanyl ribonucleotide binding 24 1.92E-04 0.28
G0:0019001~guanyl nucleotide binding 24 1.92E-04 0.28
G0:0007264~small GTPase mediated signal transduction 21 3.25E-04 0.56
GO:0042127~regulation of cell proliferation 39 5.72E-04 0.99
G0:0009057~macromolecule catabolic process 38 9.55E-04 1.64
G0:0044265~cellular macromolecule catabolic process 36 9.61E-04 1.65
GO0:0006259~DNA metabolic process 27 0.0018 3.10
G0:0000930~gamma-tubulin complex 4 0.0032 4.33
GO0:0022613~ribonucleoprotein complex biogenesis 13 0.0043 7.24
G0:0008274~gamma-tubulin ring complex 3 0.0047 6.28
G0:0000931~gamma-tubulin large complex 3 0.0047 6.28
GO:0007049~cell cycle 35 0.0053 8.74
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Table 28. GO enrichment of shared positively selected genes in Felidae

Term Count  P-value FDR
G0:0044421~extracellular region part 25 6.10E-05 0.08
G0:0009897~external side of plasma membrane 10 7.85E-05 0.10
GO:0005578~proteinaceous extracellular matrix 13 1.45E-04 0.18
G0:0031012~extracellular matrix 13 2.91E-04 0.37
G0:0005539~glycosaminoglycan binding 8  4.04E-04 0.54
G0:0001871~pattern binding 8 7.14E-04 0.96
G0:0030247~polysaccharide binding 8 7.14E-04 0.96
G0:0009986~cell surface 12 0.0011 1.44
G0:0008201~heparin binding 6 0.0032 4.17
G0:0043066~negative regulation of apoptosis 11 0.0038 6.03
G0:0008289~lipid binding 12 0.0041 5.38
G0:0043069~negative regulation of programmed cell death 11 0.0041 6.63
G0:0060548~negative regulation of cell death 11 0.0042 6.76
G0:0007346~regulation of mitotic cell cycle 7 0.0050 7.92
GO:0006955~immune response 16 0.0052 8.22
G0:0005768~endosome 10 0.0062 7.58

If adaptive evolution affects only a few crucial amino acids in a short time interval, none of
the measuring selection methods is likely to succeed to define positive selection®’. Therefore, 1
investigated target species-specific amino acid changes (AACs) with theirs effects onto protein
function using 15 felines (three leopards, three lions, three tigers, a snow leopard, a cheetah, two
leopard cats, and two cats; Table 29) and additional 13 mammalian genomes. It is predicted that 1,509
genes in the felid species had at least one function altering AAC. Unexpectedly but understandably,
the Felidae-specific genes with function altering AACs were enriched in DNA repair (GO:0006281,
41 genes, P = 0.000011), response to DNA damage stimulus (GO:0006974, 53 genes, P = 7.39x107),
and cellular response to stress (GO:0033554, 63 genes, P = 0.00016; Fig. 9; Tables 30 and 31).
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Table 29. Variants statistics regarding mapping of Felidae raw reads to the cat reference
(Felis_catus_8.0)

Species All \_/ariant Total num_ber Homozy_gous Heterozygous Indel sites
sites of SNV sites SNV sites SNV sites
Leopard 52,946,286 47,321,889 45,495,382 1,826,507 5,624,397
Amur leopard-01 52,537,072 46,988,478 45,766,378 1,222,100 5,548,594
Amur leopard-02 52,968,234 47,371,008 45,971,258 1,399,750 5,597,226
Lion 50,247,149 45,268,011 41,421,655 3,846,356 4,979,138
Lion-01 52,897,073 47,273,169 45,338,579 1,934,590 5,623,904
White lion 51,618,649 46,195,513 44,564,736 1,630,777 5,423,136
Bengal tiger 51,491,685 45,979,066 43,568,091 2,410,975 5,512,619
Amur tiger 51,057,530 45,861,367 43,157,393 2,703,974 5,196,163
White tiger 48,897,698 43,668,070 41,418,085 2,249,985 5,229,628
Snow leopard 52,483,709 46,887,759 45,770,403 1,117,356 5,595,950
I(;;E%gjgz%ts) 38,553,587 34,466,940 28,841,192 5,625,748 4,086,647
Amur leopard cat 42,502,163 37,469,246 32,982,479 4,486,767 5,032,917
Cheetah 36,987,255 32,935,228 31,790,223 1,145,005 4,052,027
I(BSORr’iPSOC3a5031) 12,295,095 10,512,963 3,609,859 6,903,104 1,782,132
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Table 30. GO enrichment of Felidae-specific genes having function altering amino acid changes

Term Count  P-value FDR
G0:0000279~M phase 63 1.96E-13 3.53E-10
G0:0022403~cell cycle phase 69 1.07E-11 1.93E-08
G0:0022402~cell cycle process 81 3.25E-10 5.85E-07
G0:0007049~cell cycle 100 8.83E-10 1.59E-06
G0:0006259~DNA metabolic process 72 5.03E-09 9.06E-06
G0:0000087~M phase of mitotic cell cycle 42 6.23E-09 1.12E-05
G0:0000280~nuclear division 41 1.16E-08 2.09E-05
GO0:0007067~mitosis 41 1.16E-08 2.09E-05
G0:0048285~organelle fission 41 3.71E-08 6.68E-05
G0:0051301~cell division 47 1.27E-07 2.28E-04
G0:0000793~condensed chromosome 28 1.69E-07 2.44E-04
G0:0006974~response to DNA damage stimulus 53 7.39E-07 0.0013
G0:0043228~non-membrane-bounded organelle 237 1.33E-06 0.0019
G0:0043232~intracellular non-membrane-bounded organelle 237 1.33E-06 0.0019
G0:0044427~chromosomal part 53 2.49E-06 0.0036
G0:0005694~chromosome 60 2.69E-06 0.0039
G0:0000278~mitotic cell cycle 50 6.70E-06 0.012
G0:0051327~M phase of meiotic cell cycle 21 8.97E-06 0.016
GO0:0007126~meiosis 21 8.97E-06 0.016
G0:0004518~nuclease activity 27 9.53E-06 0.015
G0:0006281~DNA repair 41 1.10E-05 0.020
G0:0051321~meiotic cell cycle 21 1.23E-05 0.022
G0:0000776~kinetochore 18 1.54E-05 0.022
G0:0005814~centriole 11 2.77E-05 0.040
G0:0000777~condensed chromosome kinetochore 15 2.98E-05 0.043
G0:0005819~spindle 25 6.77E-05 0.098
G0:0000779~condensed chromosome, centromeric region 15 1.35E-04 0.20
G0:0015630~microtubule cytoskeleton 62 1.45E-04 0.21
G0:0033554~cellular response to stress 63 1.61E-04 0.29
G0:0004519~endonuclease activity 18 2.16E-04 0.34
G0:0006310~DNA recombination 19 2.65E-04 0.48
G0:0044450~microtubule organizing center part 13 3.64E-04 0.52
G0:0000723~telomere maintenance 9 4.33E-04 0.78
G0:0032200~telomere organization 9 5.62E-04 1.01
G0:0070193~synaptonemal complex organization 5 6.54E-04 1.17
G0:0007130~synaptonemal complex assembly 5 6.54E-04 1.17
G0:0004896~cytokine receptor activity 12 6.80E-04 1.07
G0:0005739~mitochondrion 103 7.70E-04 1.11
G0:0000775~chromosome, centromeric region 20 8.43E-04 1.21

Table 31. KEGG pathway enrichment of Felidae-specific genes having function altering amino

acid changes

Term Count P-value FDR
hsa03450:Non-homologous end-joining 6 6.68E-04 0.81
hsa04060:Cytokine-cytokine receptor interaction 28 0.0040 4.71
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Figure 9. Felidae-specific amino acid changes in DNA repair system. Genes with Felidae-specific

function altering amino acid changes in the non-homologous end-joining (KEGG pathway map03450)

and mismatch repair (map03430) pathways are shown in red.

Interestingly, three genes (ACE2, MEPIA, and PRCP), which are involved in the protein
digestion and absorption pathway, had function altering AACs specific to Felidae species (Figs. 10—
12). I interpret this result as a dietary adaptation for high meat consumption that is associated with an
increased risk of cancer in humans®®, and that the heme-related reactive oxygen species (ROS) in meat
cause DNA damage and disrupt normal cell proliferation®*®. I speculate that the functional changes
found in DNA damage and repair associated genes help reduce diet related DNA damage in the felid
species. This possible felid’s genetic feature can lead to better understanding of human dietary and

health research®®.
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Figure 10. Felidae-specific amino acid change in MEP1A protein. Red rectangles indicate Felidae

(2 cats, 2 leopard cats, 1 cheetah, 3 leopards, 3 lions, 3 tigers, and 1 snow leopard)-specific amino

acid changes.
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Figure 11. Felidae-specific amino acid change in ACE2 protein. Red rectangle indicates Felidae (2

cats, 2 leopard cats, 1 cheetah, 3 leopards, 3 lions, 3 tigers, and 1 snow leopard)-specific amino acid

changes.
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Figure 12. Felidae-specific amino acid change in PRCP protein. Red rectangle indicates Felidae (2

cats, 2 leopard cats, 1 cheetah, 3 leopards, 3 lions, 3 tigers, and 1 snow leopard)-specific amino acid

changes.
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Conservation of DNA sequences across species reflects functional constraints, and therefore,
characterizing genetic variation patterns is critical for understanding the dynamics of genomic change
and relevant adaptation of each and a group of species”’8. Homozygous genomic regions are good
candidates for evolutionary selection that were need to adapt to environment. I scanned genomic
regions that have low level of heterozygous variants, which are strongly conserved among species
within three family: Felidae (cat, tiger, cheetah, lion, leopard, snow leopard, and leopard cat,
divergence time: ~15.9 million years ago [MYA], carnivores), Hominidae (human, chimpanzee,
gorilla, bonobo, and orangutan, ~15.8 MYA, omnivores), and Bovidae (cow, sheep, goat, water
buffalo, and yak, ~26 MYA, herbivores)*>*1%. These highly conserved regions (HCRs) represent the
reduction in genetic variation (homozygous regions shared among species belonging to the same

family; Fig. 13 and Tables 32 and 33).

a b

Felidae Hominidae Bovidae GO categories or KEGG pathways
Felidae Hominidae Proteasome

Cell cycle
Hedgehogsignaling pathway

Pathways in cancer

1,928 Synaptictransmission
Carbohydratebiosynthetic process

1,436 2,477 .

Transmissionof nerve impulse
Sensory perception of light stimulus

4,342 Axon guidance
Sterol metabolic process

986 1,533 Very-low-density lipoprotein particle

High—density lipoprotein particle
Mitochondrialpart
Cell surface receptor linked signal transduction

1,561 G-proteincoupled receptor protein signaling pathway
Sensory perception of smell

Cognition
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Z-score |

— T o
Figure 13. Highly conserved regions in Felidae, Hominidae, and Bovidae. Highly conserved
regions in the same family species were identified by calculating the ratios between numbers of
conserved and non-conserved positions. (a) Venn diagrams of genes in the highly conserved regions.
(b) Heatmap of enriched gene ontology (GO) categories or KEGG pathways in the highly conserved
regions. Z-scores for the average fractions of homozygous positions are shown as a white-to-red color

scale.
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Table 32. Variants statistics regarding mapping of Felidae raw reads to the cat reference

(Felis_catus_8.0)

Species All \_/ariant Total number Homozygous Heterozygous Indel sites
sites of SNV sites SNV sites SNV sites

Leopard 52,946,286 47,321,889 45,495,382 1,826,507 5,624,397
Amur leopard-01 52,537,072 46,988,478 45,766,378 1,222,100 5,548,594
Amur leopard-02 52,968,234 47,371,008 45,971,258 1,399,750 5,597,226
Lion 50,247,149 45,268,011 41,421,655 3,846,356 4,979,138
Lion-01 52,897,073 47,273,169 45,338,579 1,934,590 5,623,904
White lion 51,618,649 46,195,513 44,564,736 1,630,777 5,423,136
Bengal tiger 51,491,685 45,979,066 43,568,091 2,410,975 5,512,619
Amur tiger 51,057,530 45,861,367 43,157,393 2,703,974 5,196,163
White tiger 48,897,698 43,668,070 41,418,085 2,249,985 5,229,628
Snow leopard 52,483,709 46,887,759 45,770,403 1,117,356 5,595,950
'(—Segg%gjgzagte) 38,553,587 34,466,940 28,841,192 5,625,748 4,086,647
Amur leopard cat 42,502,163 37,469,246 32,982,479 4,486,767 5,032,917
Cheetah 36,987,255 32,935,228 31,790,223 1,145,005 4,052,027
?SOR“PSO(;a;O:Bl) 12,295,095 10,512,963 3,609,859 6,903,104 1,782,132

Table 33. Variants statistics regarding mapping of Hominidae and Bovidae raw reads to the

human and cow references

All variant

Total number

Homozygous

Heterozygous

Family Species sites of SNV sites SNV sites SNV sites Indel sites
Bonobo 33,290,642 30,447,841 27,915,325 2,532,516 2,842,801
Chimpanzee 37,897,572 34,600,658 28,830,656 5,770,002 3,296,914
Hominidae
Gorilla 45,198,660 41,452,878 36,172,009 5,280,869 3,745,782
Orangutan 84,426,470 78,815,738 71,088,342 7,727,396 5,610,732
Goat 111,574,672 105,750,483 99,847,134 5,903,349 5,824,189
Sheep 113,960,484 108,178,988 99,478,910 8,700,078 5,781,496
Bovidae Water
60,916,988 56,964,575 49,345,127 7,619,448 3,952,413
Buffalo
Yak 21,285,532 19,538,552 15,873,089 3,665,463 1,746,980
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A total of 1.13 Gb of Felidae, 0.88 Gb of Bovidae, and 0.93 Gb of Hominidae HCRs were
detected with significantly reduced genetic variation (adjusted P < 0.0001, Fisher’s exact test
corrected using the Benjamini-Hochberg method; Table 34) compared against other genomic regions.
Among these regions, a total of 4,342 genes in the HCRs were shared in all three families, and these
genes were enriched in many key biological functions (cell cycle, proteasome, pathways in cancer,
and Hedgehog signaling pathway; Fig. 13; Tables 35 and 36) as expected. Then, I investigated family-
specific genes (1,436 in Felidae, 1,561 in Bovidae and, 2,477 in Hominidae) in the HCRs. The
Felidae-specific genes were significantly enriched in synaptic transmission (GO:0007268, 33 genes, P
= 0.0044), sensory perception of light stimulus (GO:0050953, 27 genes, P = 0.0022), axon guidance
pathway (20 genes, P = 0.0054; Tables 37 and 37), transmission of nerve impulse (GO:0019226, 37
genes, P = 0.0054), hinting to adaptation for the fast reflexes found in cats. Interestingly, the Felidae-
specific genes were also functionally enriched for carbohydrate biosynthetic process (GO:0016051,
18 genes, P = 0.00061). This may be related to the predatory feeding pattern of felids (a meat-based
diet, so low dietary availability of carbohydrates).

Table 34. Statistics regarding highly conserved regions in Felidae, Hominidae, and Bovidae

genomes
Reference The number of windows Highly conserved windows
0, ici 1 .
genome size (>80% of sufficiently covered) (Adjusted P-value < 0.0001)
Family (excluding i i
unplaced Window Nlon q Window Nlon d P
fragments) count overlappe count overlappe ercentage
length (bp) length (bp)
Felidae  2,419,212,910 236,332 2,404,232,357 112,821 1,128,179,303  46.92 %
Hominidae 3,088,269,832 267,977 2,732,432,232 93,165 931,656,495 34.10 %
Bovidae  2,660,906,405 257,230 2,616,313,800 87,923 879,223,575 33.61 %
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Table 35. GO enrichment of shared genes in the highly conserved regions of Felidae, Hominidae,

and Bovidae. Only GO categories with P < 1.00E-08 are shown.

Term Count  P-value FDR
G0:0031981~nuclear lumen 476 8.08E-31  1.23E-27
GO:0070013~intracellular organelle lumen 557 2.53E-30 3.87E-27
G0:0031974~membrane-enclosed lumen 576 2.54E-30 3.88E-27
G0:0043233~organelle lumen 564 1.95E-29  2.99E-26
G0:0005654~nucleoplasm 307 5.02E-24 7.67E-21
G0:0030528~transcription regulator activity 470 1.84E-17 3.11E-14
G0:0045449~regulation of transcription 751 5.13E-16 1.05E-12
G0:0044451~nucleoplasm part 195 1.20E-15 1.87E-12
G0:0006350~transcription 618 1.12E-14 2.12E-11
G0:0043232~intracellular non-membrane-bounded organelle 682 1.37E-14  2.09E-11
G0:0043228~non-membrane-bounded organelle 682 1.37E-14 2.09E-11
G0:0005730~nucleolus 229 1.91E-14 2092E-11
G0:0051603~proteolysis involved in cellular protein catabolic process 215 156E-13  2.96E-10
G0:0006357~regulation of transcription from RNA polymerase Il promoter 250 2.65E-13  5.02E-10
G0:0044257~cellular protein catabolic process 215 2.77E-13  5.24E-10
G0:0043632~modification-dependent macromolecule catabolic process 206 4.50E-13  8.52E-10
G0:0019941~modification-dependent protein catabolic process 206 4.50E-13  8.52E-10
G0:0030163~protein catabolic process 218 1.32E-12  2.50E-09
G0:0045941~positive regulation of transcription 201 1.89E-12  3.58E-09
G0:0045893~positive regulation of transcription, DNA-dependent 175 3.75E-12  7.10E-09
G0:0016568~chromatin modification 114 4.37E-12  8.27E-09
G0:0051254~positive regulation of RNA metabolic process 175 8.43E-12  1.60E-08
G0:0051276~chromosome organization 176 9.51E-12  1.80E-08
G0:0010628~positive regulation of gene expression 203 1.18E-11  2.23E-08
G0:0010604~positive regulation of macromolecule metabolic process 279 1.23E-11  2.33E-08
G0:0044265~cellular macromolecule catabolic process 242 2.17E-11  4.10E-08
G0:0003677~DNA binding 643 3.42E-11 5.77E-08
GO.Or?jcﬁgiisacﬁgsmevtzggﬂlél?)trlc()):eg; nucleobase, nucleoside, nucleotide and 213 414E-11  7.84E-08
G0:0003700~transcription factor activity 303 4.91E-11  8.29E-08
G0:0010557~positive regulation of macromolecule biosynthetic process 221 4.98E-11  9.43E-08
G0:0007049~cell cycle 254 6.33E-11  1.20E-07
G0:0051173~positive regulation of nitrogen compound metabolic process 217 1.02E-10  1.94E-07
G0:0022402~cell cycle process 192 6.33E-10 1.20E-06
G0:0009891~positive regulation of biosynthetic process 227 9.19E-10 1.74E-06
G0:0031328~positive regulation of cellular biosynthetic process 224 1.07E-09  2.03E-06
GO:O;)rzé?:gtA;posmve regulation of transcription from RNA polymerase Il 135 247E-09  468E-06
G0:0009057~macromolecule catabolic process 248 2.78E-09  5.26E-06
G0:0006325~chromatin organization 136 4.91E-09  9.30E-06
G0:0005829~cytosol 359 5.49E-09 8.39E-06
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Table 36. KEGG pathway enrichment of shared genes in the highly conserved regions of Felidae,

Hominidae, and Bovidae

Term Count P-value FDR
hsa04110:Cell cycle 45 1.94E-04 0.24
hsa05200:Pathways in cancer 97 2.52E-04 0.31
hsa05211:Renal cell carcinoma 28 6.68E-04 0.83
hsa03050:Proteasome 21 7.75E-04 0.96
hsa04340:Hedgehog signaling pathway 23 0.0016 1.92
hsa04120:Ubiquitin mediated proteolysis 45 0.0018 2.18
hsa03018:RNA degradation 23 0.0020 2.50
hsa04914:Progesterone-mediated oocyte maturation 30 0.0047 5.74
hsa04114:0ocyte meiosis 36 0.0059 7.12
hsa00230:Purine metabolism 47 0.0059 7.13
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Table 37. GO enrichment of Felidae-specific genes in the highly conserved regions

Term Count  P-value FDR
G0:0006811~ion transport 84 4.56E-06 0.008
G0:0005261~cation channel activity 40 1.10E-05 0.018
G0:0046873~metal ion transmembrane transporter activity 45 1.30E-05 0.021
G0:0016892~endoribonuclease activity, producing 3'-phosphomonoesters 9 1.79E-05 0.029
G0.0iligggﬁde;r%%r:]téti::lza;?_:ﬁg;/étgér?g:]\giggz either ribo- or deoxyribonucleic 10 2.39E-05 0.038
G0:0005216~ion channel activity 49 4.01E-05 0.064
G0:0005509~calcium ion binding 95 4.36E-05 0.069
G0:0004522~pancreatic ribonuclease activity 8 4.56E-05 0.073
G0:0004521~endoribonuclease activity 13 5.51E-05 0.088
G0:0022836~gated channel activity 41  7.70E-05 0.12
G0:0022838~substrate specific channel activity 49  8.64E-05 0.14
G0:0006812~cation transport 61 9.06E-05 0.16
G0:0015267~channel activity 50 1.04E-04 0.16
G0:0022803~passive transmembrane transporter activity 50 1.11E-04 0.18
G0:0034702~ion channel complex 30 1.23E-04 0.18
G0:0030001~metal ion transport 53 1.25E-04 0.22
G0:0044459~plasma membrane part 190 1.78E-04 0.26
G0:0034703~cation channel complex 22 2.03E-04 0.29
G0:0031226~intrinsic to plasma membrane 114  2.40E-04 0.35
G0:0005887~integral to plasma membrane 111 3.46E-04 0.50
G0:0004519~endonuclease activity 18 4.14E-04 0.66
GO0:0045177~apical part of cell 26  4.28E-04 0.61
GO:0004540~ribonuclease activity 14 4.56E-04 0.72
G0:0016051~carbohydrate biosynthetic process 18 6.13E-04 1.10
G0:0015672~monovalent inorganic cation transport 37 0.0010 1.87
G0:0005886~plasma membrane 297 0.0012 1.74
G0:0050877~neurological system process 107 0.0013 2.39
G0:0016324~apical plasma membrane 20 0.0015 2.19
G0:0034637~cellular carbohydrate biosynthetic process 13 0.0017 3.02
G0:0007601~visual perception 27 0.0022 3.80
G0:0050953~sensory perception of light stimulus 27 0.0022 3.80
G0:0034706~sodium channel complex 6 0.0024 3.37
G0:0022843~voltage-gated cation channel activity 21 0.0024 3.82
G0:0004518~nuclease activity 22 0.0026 4.02
G0:0031224~intrinsic to membrane 412 0.0026 3.65
G0:0007267~cell-cell signaling 58 0.0033 5.81
G0:0031420~alkali metal ion binding 28 0.0037 5.78
G0:0055085~transmembrane transport 55 0.0043 7.45
G0:0007268~synaptic transmission 33 0.0044 7.71
G0:0019226~transmission of nerve impulse 37 0.0054 9.24
G0:0006816~calcium ion transport 19 0.0057 9.80
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Table 38. KEGG pathway enrichment of Felidae-specific genes in the highly conserved regions

Term Count P-value FDR

hsa04360:Axon guidance 20 0.0054 6.42

In contrast, the Bovidae-specific genes were enriched in cognition (GO:0050890, 113 genes,
P =2.54x10"; Tables 39-41) and sensory perception of smell (GO:0007608, 82 genes, P = 2.44x1071¢)
functions. I interpreted these functions as a herbivores’ adaptation for defense mechanisms from being

poisoned by toxic plants!'®!.

Table 39. GO enrichment of Hominidae-specific genes in the highly conserved regions

Term Count P-value FDR
GO0:0043235~receptor complex 26 5.65E-04 0.83
G0:0044429~mitochondrial part 91 6.04E-04 0.89
G0:0034364~high-density lipoprotein particle 10 8.15E-04 1.20
G0:0055085~transmembrane transport 89 9.16E-04 1.68
G0:0005887~integral to plasma membrane 160 0.0023 3.33
G0:0005886~plasma membrane 456 0.0026 3.73
G0:0033700~phospholipid efflux 6 0.0027 4.87
G0:0031090~organelle membrane 148 0.0030 4.39
G0:0005789~endoplasmic reticulum membrane 45 0.0035 5.00
G0:0016125~sterol metabolic process 22 0.0035 6.33
GO0:0034361~very-low-density lipoprotein particle 8 0.0037 5.42
G0:0034385~triglyceride-rich lipoprotein particle 8 0.0037 5.42
G0:0044432~endoplasmic reticulum part 55 0.0039 5.58
GO:0007155~cell adhesion 102 0.0039 7.05
G0:0022610~biological adhesion 102 0.0041 7.33
G0:0031226~intrinsic to plasma membrane 161 0.0041 5.96
GO0:0001570~vasculogenesis 12 0.0044 7.74
G0:0001819~positive regulation of cytokine production 20 0.0045 8.01
GO0:0004713~protein tyrosine kinase activity 31 0.0048 7.57
G0:0008092~cytoskeletal protein binding 76 0.0049 7.65
G0:0005739~mitochondrion 145 0.0052 7.45
G0:0005516~calmodulin binding 27 0.0058 9.01
G0:0005740~mitochondrial envelope 63 0.0066 9.35
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Table 40. GO enrichment of Bovidae-specific genes in the highly conserved regions

Term Count  P-value FDR
G0:0007608~sensory perception of smell 82 2.44E-16 4.00E-13
G0:0007606~sensory perception of chemical stimulus 87 3.36E-16 6.00E-13
G0:0004984~olfactory receptor activity 81 1.36E-15 2.11E-12
G0:0007166~cell surface receptor linked signal transduction 210 5.90E-13 1.06E-09
G0:0007186~G-protein coupled receptor protein signaling pathway 143 1.78E-12 3.19E-09
G0:0007600~sensory perception 111 1.02E-11 1.83E-08
G0:0050890~cognition 113 2.54E-09 4.57E-06
G0:0050877~neurological system process 137 1.70E-08 3.06E-05
G0:0005886~plasma membrane 306 1.55E-04 0.22
GO0:0044427~chromosomal part 44  9.19E-04 1.30
GO0:0030141~secretory granule 25 0.0011 1.63
G0:0000785~chromatin 26 0.0023 3.21
G0:0043120~tumor necrosis factor binding 5 0.0025 3.82
G0:0000786~nucleosome 12 0.0032 4.44
G0:0005694~chromosome 48 0.0032 4.53
G0:0004499~flavin-containing monooxygenase activity 4 0.0033 5.07
GO0:0031091~platelet alpha granule 11 0.0041 5.66
GO:0005576~extracellular region 166 0.0043 5.89
G0:0019932~second-messenger-mediated signaling 29 0.0045 7.74
GO0:0016165~lipoxygenase activity 4 0.0062 9.39

Table 41. KEGG pathway enrichment of Bovidae-specific genes in the highly conserved regions

Term Count

P-value

FDR

hsa04740:Olfactory transduction

83 1.20E-17 1.47E-14
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Carnivores tend to have smaller population sizes than species belonging to lower trophic
groups, a characteristic argued to be associated with a higher propensity for extinction!%>!%, 1 have
investigated genetic diversity (which is affected by population size) in Felidae to compare with
different dietary requirement groups, herbivores (Bovidae) and omnivores (Hominidae). The Felidae
genetic diversity (0.00094 on average), based on the heterozygous single nucleotide variation (SNV)
rates, is much lower than those of Bovidae (0.00244) and Hominidae (0.00175; Fig. 14a and Tables 32
and 33). In terms of genomic similarity, Felidae showed the closest genetic distances (0.00102 on
average), whereas larger genetic distances were detected in Bovidae (0.00133 on average) and
Hominidae (0.00141 on average); suggesting that the extreme dietary specialization in the felids
imposes similar and strong selection pressures on its members'>!%, The heterozygous SNV rates of
leopards (0.00047-0.00070) are similar to those of cheetah (0.00044), snow leopard (0.00043), and
white lion (0.00063) that have extremely low genetic diversity due to isolation or inbreeding®%>:1%4,
and smaller than those of tigers (0.00087—0.00104) and lions (0.00074-0.00148). The leopard cats
(0.00173-0.00216) show relatively high genetic diversity compared with the larger big cats, as
previously reported!®®. Additionally, the demographic histories of felid species (leopards, tiger, lion,
cheetah, snow leopard, and leopard cat) were constructed using a pairwise sequentially Markovian
coalescent (PSMC) model inference®’. The leopard cat showed a very different demographic history
from the big cats: population size of leopard cats increased between 10 million to 2 million years ago,

whereas other big cats showed a consistent population decrease (Fig. 14b).
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Figure 14. Genetic diversity in Felidae species. (a) Genetic distances and nucleotide diversities.

Sequences of Felidae, Hominidae, and Bovidae were mapped to cat, human, and cow references,
respectively. The genetic distances were calculated by dividing the number of homozygous SNVs to
the reference genome by corresponding species genome size (bp) and divergence time (MYA).
Nucleotide diversities were calculated by dividing the number of heterozygous SNVs by the genome
size. The divergence times were from TimeTree database. (b) Estimated felids population sizes.

Generation times of the leopard cat and big cats are 3 and 5 years. p is mutation rate (per site, per

year).

It is predicted that the leopards experienced a strong genetic bottleneck between 2 million to
900 K years ago, whereas other big cats did not. The three leopard genomes showed a similar
demographic history. However, over the last 30 K years, the assembled leopard genome showed an
explosion in effective population size, whereas the wild leopards did not. The relatively large effective
population size likely reflects that admixture occurred very recently between North-Chinese leopard
(P. pardus japonensis) and Amur leopard, as confirmed by the pedigree information (~30% of North-
Chinese leopard admixture) and mitochondrial sequence analyses (Fig. 3), rather than an actual
increase in population size. Snow leopard and cheetah and showed low levels of effective population

size in the last 3 million years, confirming their low genetic diversity**.
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3.4.2 Comparative genomics analysis of jellyfish genome

There are limitations in comparison with distant species. Analyzes such as positively selected genes,
amino acid change, and highly conserved regions used in the leopard evolutionary analysis are
suitable when the nucleotide and amino acid levels can be compared. In the case of jellyfish, the
evolutionary distance to moon jellyfish, the closest genome to the Nemopilema to date, is about 190
million years. Therefore, comparisons with distantly evolved species commonly use protein domain
because nucleotide or amino acid level comparisons are too different in sequence.

I found 20 significantly expanded protein domains in the Nemopilema genome. Among them,
CUB (PF00431) and Astacin (PF01400) domains are known to be associated with activation of
growth factors'® and regulating development'?’, respectively (Fig. 15). Also expanded in Nemopilema
is the ShK domain-like (PF01549), which is related to Cnidaria toxin'®. These expanded domains

were also abundantly found in the previously published Aurelia aurita transcriptome study'®.
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Figure 15. Expanded domains in Nemopilema nomurai based on Pfam domain annotation.
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A homeobox is a DNA sequence, found within genes that play an important role in the
regulation of body plan and morphogenesis in animals, fungi, and plants'!®. These sequences encode a
homeobox domain protein that consists of 60 amino acids helix-turn-helix structure, which is highly
conserved among animals. Homeobox genes encode DNA binding protein domains that are involved
in the regulation of patterns of anatomical development in animals, and there has been much interest
in understanding the early evolution of these genes in the metazoan common ancestor!'?. There has
been much debate surrounding the early evolution of body patterning in the common ancestor of
metazoan, particularly concerning the origin and expansion of Hox and Wnt gene families*!'""!12, In

total, 83 homeobox domains were found in Nemopilema, while 82, 41, 148, and 120 of homeobox

domains were found from Aurelia, Hydra, Nematostella and, Acropora, respectively (Table 42).

Table 42. Presence of Hox, Hox-related, and ParaHox homeobox domains in Cnidaria.

Species
Category Genes
Nemopilema  Aurelia  Hydra  Acropora  Nematostella
EVX o o - O O
EMX o o - O O
MOX o 0) @) O O
Hox-related GBX - - - O O
MNX - - - O O
DLX o O @) O O
MSX o 0) @) O O
GSX 0) 0) O O O
ParaHox XLOX/CDX

0) 0) - - O

(PDX)
Number of Hox genes 8 7 6 6 7

Total number of

83 82 41 120 148

homeobox domain
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Interestingly, five of the eight Hox genes in Nemopilema are of the posterior type that are associated
with aboral axis development!''? and clustered with Nematostella’s posterior Hox genes, HOXF, and
HOXE (Figs. 16—-18). Aurelia has six posterior type Hox genes but does not have the HOXB, C, D
type (HOX2 type in humans). Though absent in Acropora and Hydra, synteny analyses of ParaHox
genes in Nemopilema show that the XLOX/CDX gene is located immediately downstream of GSX in
the same tandem orientation as those in Nematostella, suggesting that XLOX/CDX was present in the
common ancestor of cnidarian and subsequently lost in some lineages (Fig. 19). Additionally, Hox-
related genes, EVX and EMX, are also present in the scyphozoans (Aurelia and Nemopilema),
although they are lost in Hydra.
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Figure 16. Multiple sequence alignment of homeobox domains for Hox and ParaHox genes with
human, fruit fly, and cnidarians.
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Figure 17. Phylogenetic analysis of Hox and ParaHox homeobox domains with human, fruit fly,

and cnidarians. Numbers on nodes denote bootstrap values based on 100 iterations.
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Figure 19. Arrangements of Hox and ParaHox genes in cnidarians. Orange denotes Hox genes,
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Given the large amount of ancestral diversity in the Wnt genes, it has been proposed that Wnt
signaling controlled body plan development in the early metazoans*®. Nemopilema possesses 13 Wnt
orthologs representing 10 Wnt subfamilies (Fig. 20 and Table 43). Notably, Wnt9 is absent from all
cnidarians, likely representing losses in the common ancestor of cnidarian. Interestingly, cnidarians
have undergone dynamic lineage-specific Wnt subfamily duplications, such as Wnt8 (Acropora,

Nematostella, and Aurelia), Wntl10 (Hydra), and Wntll, and Wntl6 (Aurelia and Nemopilema).
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Figure 20. Phylogenetic tree using Maximum likelihood of Wnt proteins.
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Table 43. Distribution of Wnt genes among cnidarians.

Cnidaria Arthropoda Chordata
Scyphozoa Hydrozoa Anthozoa Insecta Mammalia
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It has been proposed that a primordial cluster of Wnt genes (Wnt1—Wnt6—Wnt10) existed in
the last common ancestor of arthropods and deuterostomes''®. Our analyses of cnidarian genomes
revealed that Acropora also possesses this cluster, while Aurelia, Nemopilema, and Hydra are missing
Whnt6, suggesting the loss of the Wnt6 gene in the common ancestor of Medusozoa lineage (Fig. 21).
Taken together, the Nemopilema has the comparable number of Wnt and Hox genes to other
cnidarians, but the dynamic repertoire of these gene families suggests that cnidarians have evolved

independently to adapt their physiological characteristics and life cycle.

59



Primordial cluster

Homo sapiens

Bilaterian

Drosophila melanogaster
Acropora digitifera
Nematostella vectensis

Nemopilema nomurai

Cnidarian

Aurelia aurita

Hydra vulgaris

Whniti

Whnté

Wnt10

Figure 21. A primordial cluster of three Wnt gene (Wnt1-Wnt6—Whnt10) pattern of cnidarians.
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IV. Conclusions

Limitations of current sequencing techniques and analysis tools poses challenges to the genome
assembly. Therefore, it is important to understand the current technologies to establish a proper
sequencing and analysis strategy. This study presented guidelines for the sequencing platform, the
choice of assembler, the genome characteristics of a species, and comparative analysis strategies
based on the presence or absence of closely related species through the leopard and jellyfish genomes.

The first consideration is the selection of the sequencing platform that has the most
significant impact on genome assembly quality. Short-read sequencing is a cost-effective method to
produce genome assembly, but it has shown poor performance for repetitive or GC-biased regions™.
Long-read sequencing is useful for resolving those problems, and it provides more continuous
assembly than those of the short-read. This process requires high sequencing coverages (>50X) and
computational costs to make a high-quality genome®’. Given current sequencing technology, the ideal
method is a hybrid method that sequences a genome with a long-read, scaffolding it with a mate-pair

114,115

or Hi-C library , and correcting the error of the long-read with a short-read data. This method not
only benefits the quality of the genome assembly of the large genome but is more cost effective as
well. Choosing the assembler for the de novo genome assembly also deserves special consideration. I
recommend trying more than one proper assembler considering sequencing platform, genome
complexity, computing resources, and performance.

Depending on the evolutionary distance, I suggested two comparative genomics methods:
close species comparative genomics (CSCGQG) and distant species comparative genomics (DSCG). The
leopard, evolutionarily proximal to the cat, cheetah, and tiger, has a genome size and GC content
graph similar to the cheetah and tiger (Fig. 7 and Table 10). Therefore, previous studies have helped to
establish an analysis strategy for the leopard genome. Analyses of positive selection, amino acid
changes, and highly conserved regions used in the leopard are basically suitable when the nucleotide
and amino acid levels can be compared. In the case of jellyfish, by contrast, the evolutionary distance
to moon jellyfish (Aurelia aurita), the closest genome to the Nemopilema to date, is about 200 million
years. Therefore, distant species comparative genomics use the protein domains and absence/presence
of conserved genes because nucleotide or amino acid level comparisons are too heterogeneous in their
sequences (see Figs. 16 and 17).

In this study, I presented the guidelines for a de novo genome assembly by analyzing the
leopard and jellyfish genomes. The two genomes showed successful genome assembly with different
strategies. Compared to the second- and third-generation sequencing technologies used in this study,
the recently released Oxford Nanopore technology can provide high-throughput long reads at an

affordable cost®!, and Hi-C technology can be used to complete longer scaffold assembly. Moreover,
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Optical maps and Bionano technologies can achieve extended scaffolding with the correction of
missassemblies’!!®. By combining these technologies, I expect to be able to assemble a high-quality
assembly with chromosome level. I think that the development of sequencing technologies will

facilitate the discovery of new genomes, as many species have not been unveiled yet.
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Abstract

Background: There are three main dietary groups in mammals: camivores, omnivores, and herbivores. Currently,
there is limited comparative genomics insight into the evolution of dietary specializations in mammals. Due to
recent advances in sequencing technologies, we were able to perform in-depth whole genome analyses of
representatives of these three dietary groups.

Results: We investigated the evolution of camivory by comparing 18 representative genomes from across Mammalia
with camivorous, omnivorous, and herbivorous dietary specializations, focusing on Felidae (domestic cat, tiger, lion,
cheetah, and leopard), Hominidae, and Bovidae genomes. We generated a new high-quality leopard genome
assembly, as well as two wild Amur leopard whole genomes. In addition to a clear contraction in gene families for
starch and sucrose metabolism, the camivore genomes showed evidence of shared evolutionary adaptations
in genes associated with diet, muscle strength, agility, and other traits responsible for successful hunting and meat
consumption. Additionally, an analysis of highly conserved regions at the family level revealed molecular signatures of
dietary adaptation in each of Felidae, Hominidae, and Bovidae. However, unlike carmnivores, omnivores and herbivores
showed fewer shared adaptive signatures, indicating that carnivores are under strong selective pressure related to diet.
Finally, felids showed recent reductions in genetic diversity associated with decreased population sizes, which may be
due to the inflexible nature of their strict diet, highlighting their vulnerability and critical conservation status.

Condusions: Qur study provides a large-scale family level comparative genomic analysis to address genomic changes
associated with dietary spedialization. Our genomic analyses also provide useful resources for diet-related genetic and
health research.
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Abstract

predataors,

Background: Unique among cnidarians, jellyfish have remarkable morphological and biochemical innovations that allow
them to actively hunt in the water column and were some of the first animals to become free-swimming. The dlass
Scyphozoa, or true jelhfish, are characterized by a predominant medusa life-stage consisting of a bell and venomous
tentacles used for hurting and defense, as well as using pulsed jet propulsion for mobility. Here, we present the genome
of the giant Nomura's jellyfish (Nemopilerna nomural) to understand the genetic basis of these key innovations.

Results: We sequenced the genome and transcriptomes of the ball and tentacles of the giant Nomura's jellyfish as well
as transcriptomes across tissues and developmental stages of the Sanderio malayensi jellyfish. Analyses of the
Nemnopilema and other cridarian genomes revealed adaptations associated with swimming, marked by codon bias in
muscle contraction and expansion of neurctransmitter genes, along with expanded Myosin type Il family and venom
domains, possibly contributing to jellyfish mobility and active predation. We also identified gene family expansions of Wnt
and posterior Hox genes and discovered the important role of retinoic acid signaling in this ancient lineage of metazoans,
which together may be related to the unigue jellyfish body plan (medusa formation).

Conclusions: Taken together, the Nemapilerma jellyfish genome and transcriptomes genetically confirm their unique
morphological and physiological traits, which may have contributed to the success of jellvfish as early multi-cellular

Keywords: Jellyfish mobility, Medusa structure formation, Scyphozoa, de novo genome assembly

Background

Cnidarians, including jellyfish and their predominantly
sessile relatives the coral, sea anemone, and hydra, first
appeared in the Precambrian Era and are now key mem-
bers of aquatic ecosystems worldwide (Fig. 1a) [1]. Be-
tween 500 and 700 million years ago, jellyfish developed
novel physiological traits that allowed them to become
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one of the first free-swimming predators. The life cycle
of the jellyfish includes a small polypoid, sessile stage
which reproduces asexually to form the mobile medusa
form that can reproduce both sexually and asexually
(Fig. 1c) [2]. The class Scyphozoa, or true jellyfish, are
characterized by a predominant medusa life-stage con-
sisting of a bell and venomous tentacles used for hunting
and defense [3]. Jellyfish medusae feature a radially sym-
metric body structure, powered by readily identifiable
cell types such as motor neurons and striated muscles
that expand and contract to create the most
energy-efficient swimming method in the animal king-
dom [4, 5]. Over 95% water, jellyfish are osmoconfor-
mers that use ion gradients to deliver solutes to cells
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Data deposition: The octocoral whole genome and transcriptome project has been deposited at DDBVENA/GenBank under the accession
PRINAS07923 and PRINAS07943. DNA and RNA seguendng reads have been uploaded to the NCBI Read Archive under the accession

(SRRB293699, and SRRB293698 and SRRE293935, and SRR8293936), respectively. The genome assembly has been deposited at DDBIVENAY
GenBank under the accession RSEID1000000.

Abstract

Coral reefs composed of stony corals are threatened by global marine environmental changes. However, soft coral communities of
octocorallian species, appear more resilient. The genomes of several cnidarians species have been published, including from stony
corals, sea anemones, and hydra. To fill the phylogenetic gap for octocoral species of cnidarians, we sequenced the octocoral,
Dendronephthya gigantea, a nonsymbiotic soft coral, commonly known as the carnation coral. The D. gigantea genome size is
~276Mb. A high-quality genome assembly was constructed from PacBio long reads (29.85 Gb with 108« coverage) and Illumina
short paired-end reads(35.54 Gbwith 128x coverage) resulting inthe highestN50value (1.4 Mb) reportedthus far among cnidarian
genomes. About 12% of the genome is repetitive elements and contained 28,879 predicted protein-coding genes. This gene set is
composed of 34 % complete BUSCO ortholog benchmark genes, which isthe second highest value among the cnidarians, indicating
high quality. Based on molecular phylogenetic analysis, octocoral and hexacoral divergence times were estimated at 544 MY A_ There
is a clear difference in Hax gene composition between these species: unlike hexacorals, the Antp superclass Evx gene was absent in
D. gigantea. Here, we present the first genome asse mbly of a nonsymbicticoctocoral, D. gigantea to aid in the comparative genomic
analysis of cnidarians, including stony and soft corals, both symbiotic and nonsymbiotic. The D. gigantea genome may also provide
clues to mechanisms of differential coping between the soft and stony corals in response to scenarios of global warming.

Key words: soft coral, genome, octocoral, nonsymbiotic coral, cnidarian, Dendronephthya gigantea.
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SUMMARY

The greater wax moth, Galleria mellonella, degrades
wax and plastic molecules. Despite much interest,
the genetic basis of these hallmark traits remains
poorly understood. Herein, we assembled high-
quality genome and transcriptome data from
G. mellonella to investigate long-chain hydrocarbon
wax metabolism strategies. Specific carboxylester-
ase and lipase and fatty-acid-metabolism-related
enzymes in the G. mellonella genome are transcrip-
tionally regulated during feeding on beeswax. Strik-
ingly, G. mellonella lacking intestinal microbiota
successfully decomposes long-chain fatty acids
following wax metabolism, although the intestinal
microbiome performs a supplementary role in short-
chain fatty acid degradation. Notably, final wax
derivatives were detected by gas chromatography
even in the absence of gut microbiota. Our findings
provide insight into wax moth adaptation and may
assist in the development of unique wax-degradation
strategies with a similar metabolic approach for a
plastic molecule polyethylene biodegradation using
organisms without intestinal microbiota.

INTRODUCTION

In recent decades, plastics have been routinely released into the
environment via sewage treatment plants, waste disposal, and
aerial deposition, and global plastic production has expanded
tremendously worldwide (Mowack and Buchel, 2007). Plastic
disposal is one of the biggest problems facing the environment,
because vast amounts of synthetic plastic remain nondegrad-
able (Nkwachukwu et al., 2013). Plastics are synthetic polymers
composed of carbon, hydrogen, oxygen, and chloride that are
derived from multiple sources, such as petroleum, coal, and
natural gas. The most widely used plastics polymers are polyeth-
ylene (PE), polypropylene (PP), PE terephthalate (PET), polysty-
rene (PS), and polyvinyl chloride (PVC) (Wu et al,, 2017). PE,

the most common petroleum-based plastic, is widely used in
everyday life. However, the high durability and short usage
time of PE is resulting in rapid accumulation in the envirenment,
raising international interest (Ammala et al., 2011; Roy et al.,
2011; Shah et al., 2008; Zettler et al., 2013).

The potential to decompose plastics in various environments
has been studied in order to investigate biclogical degradation
as a solution to accumulating plastics in the environment
(Albertsson and Karleson, 1988; Artham et al., 200% Jones
et al., 1974; Ohtake et al., 1998; Pegram and Andrady, 1989).
Biodegradation of PE in the environment occurs mainly
through the biclogical activity of microorganisms after thermal
oxidation (Albertsson et al., 1987; Tokiwa et al., 2009). PE is de-
composed into low-molecular-weight substances such as
alkanes, alkenes, ketones, aldehydes, various alcohols, and fatty
acids (Albertsson et al., 1987, 1998; Tokiwa et al., 2009). More
than 90 genera of bacteria and fungi have been proposed to
possess the ability to break down plastics (Mahdiyah and Mukt,
2013). However, many plastic components are recalcitrant to
biodegradation by microorganisms, and the processing capacity
is a generally very slow (Singh and Gupta, 2014). Metabolism of
leng-chain hydrocarbons is the most important step in the
bicdegradation of PE. This activity has not previously been re-
ported in micreorganisms. Interestingly, naturally occurring
beeswax is a natural substance consisting of palmitoleate,
leng-chain aliphatic alcohols, and hydrocarbons. Similarly, PE
is composed of a long-chain linear backbone of carbon atorns.
The production of long-chain fatty acids and leng-chain ethanol
from beeswax is the most important process in long-chain
hydrocarbon degradation. However, the associated genes and
enzymes have not been studied in microorganisms.

Alternatively, the potential to metabolize long-chain hydro-
carbons using insects has been studied extensively, because
the erzymes and mechanisms mediating the biodegradation
of leng-chain hydrecarbons in environmental microorganisms
rernain elusive. However, Tenebrio molitor larvae (or mealworms)
from a source in Beijing showed PS-degrading capacity, and a
gut-P5-degrading Exiguobacterium spp. strain YT2 was iso-
lated. The ubiguity of gut-microbiota-dependent PS degradation
by mealworms was demonstrated later (Yang et a., 2018a
2018b). Mealworms can also biodegrade PE (Brandon et al.,
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High-coverage whole-genome sequencing data of a single ethnicity can provide a useful catalogue

of population-specific genetic variations, and provides a critical resource that can be used to more
accurately identify pathogenic genetic variants. We report a comprehensive analysis of the Korean
population, and present the Korean National Standard Reference Variome (KoVariome). As a part of the
Korean Personal Genome Project (KPGP), we constructed the KoVariome database using 5.5 terabases
of whole genome sequence data from 50 healthy Korean individuals in order to characterize the benign
ethnicity-relevant genetic variation present in the Korean population. In total, KoVariome includes
12.7M single-nucleotide variants (SNVs), 1.7M short insertions and deletions (indels), 4K structural

: variations (5Vs), and 3.6K copy number variations (CNVs). Among them, 2.4M (19%) SNVs and 0.4M

(24%3) indels were identified as novel. We also discovered selective enrichment of 3.8M SNVs and 0.5M
indels in Korean individuals, which were used to filter out 1,271 coding-SNVs not originally removed

from the 1,000 Genomes Project when prioritizing disease-causing variants. KoVariome health records

were used to identify novel disease-causing variants in the Korean population, demonstrating the valuve
of high-qguality ethnic variation databases for the accurate interpretation of individual genomes and the
precise characterization of genetic variations.

: The human reference genome' was a milestone of scientific achievement and provides the foundation for bio-

medical research and personalized healthcare®. The completion of the human genome marked the beginning of

¢ our concerted efforts to understand and catalogue genetic variation across human populations. The International

HapMap project resolved human haplotypes into more than one million common single nucleotide poly-
morphisms (SNPs) in an effort to catalogue genetic variations associated with diseases®. Subsequently, other
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Abstract

Myotis rufoniger is a vesper bat in the genus Myotis. Here we report the whole genome
sequence and analyses of the M. rufoniger. We generated 124 Gb of short-read DNA
sequences with an estimated genome size of 1.88 Gb at a sequencing depth of 66x fold.
The sequences were aligned to M. brandfiibat reference genome at a mapping rate of
96.50% covering 95.7 1% coding sequence region at 10x coverage. The divergence time of
Myotis bat family is estimated to be 11.5 million years, and the divergence time between M.
rufonigerand its closest species M. davidiiis estimated to be 10.4 million years. We found
1,239 function-altering M. rufonigerspecific amino acid sequences from 929 genes com-
pared to other Myotis bat and mammalian genomes. The functional enrichment test of the
929 genes detected amino acid changes in melanin associated DCT, SLC4542, TYRP1,
and OCAZ2genes possibly responsible for the M. rufoniger's red fur color and a general col-
oration in Myotfis. N6GAMT1 gene, associated with arsenic resistance, showed a high degree
of function alteration in M. rufoniger. We further confirmed that the M. rufonigeralso has bat-
specific sequences within FSHB, GHR, IGF1R, TP53, MDM2, SLC45A2, RGS7BP, RHO,
OPN1SW, and CNGB3 genes that have already been published to be related to bat's repro-
duction, lifespan, flight, low vision, and echolocation. Additionally, our demographic history
analysis found that the effective population size of Myofis clade has been consistently
decreasing since ~30k years ago. M. rufoniger's effective population size was the lowestin
Myotis bats, confirming its relatively low genetic diversity.
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Ancient genomes have revolutionized our understanding of Holocene prehistory and, particularly, the Neolithic
transition in western Eurasia. In contrast, East Asia has so far received little attention, despite representing a core
region at which the Neolithic transition took place independently ~3 millennia after its onset in the Near East. We
report genome-wide data from two hunter-gatherers from Devil's Gate, an early Neolithic cave site (dated to
~7.7 thousand years ago) located in East Asia, on the border between Russia and Korea. Both of these individ-
uals are genetically most similar to geographically close modem populations from the Amur Basin, all speaking
Tungusic languages, and, in particular, to the Ulchi. The similarity to nearby modem populations and the low levels
of additional genetic material in the Ulchi imply a high level of genetic continuity in this region during the Holocene,

a pattem that markedly contrasts with that reported for Europe.

INTRODUCTION

Ancient genomes from western Asia have revealed a degree of genetic
continuity between preagricultural hunter-gatherers and early farmers
12 to 8 thousand years ago (ka) (1, 2). In contrast, studies on southeast
and central Europe indicate a major population replacement of Meso-
lithic hunter-gatherers by Neolithic farmers of a Near Eastern origin
during the period 8.5 to 7 ka. This is then followed by a progressive
“resurgence” of local hunter-gatherer lineages in some regions during
the Middle/Late Neolithic and Eneolithic periods and a major contri-
bution from the Asian Steppe later, ~5.5 Ka, coinciding with the ad-
vent of the Bronze Age (3-5). Compared to western Eurasia, for which
hundreds of partial andent genomes have already been sequenced,
East Asia has been largely neglected by ancient DNA studies to date,
with the exception of the Siberian Arctic bdt, which has received at-
tention in the context of the colonization of the Americas (6, 7). How-
ever, East Asia represents an extremely interesting region as the shift
to rdiance on agriculture appears to have taken a different course
from that in western Eurasia. In the latter region, pottery, farming,
and animal husbandry were closely associated. In contrast, Early Ne-
dithic societies in the Russian Far East, Japan, and Korea started to
manufacture and use pottery and basketry 10,5 to 15 Ka, but domesticated
crops and livestock arrived several millennia later (8, 9). Because of the
current ladk of ancient genomes from East Asia, we do not know the
extent to which this gradual Neolithic transition, which happened inde-
pendently from the one taking place in western Eurasia, reflected actual
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migrations, as found in Europe, or the cultural diffusion associated
with population continuity.

RESULTS

Samples, sequencing, and authenticity

To fill this gap in our knowledge about the Nedlithic in East Asia, we
sequenced o low coverage the genomes of five early Neolithic burials
(DevilsGatel, 0.059-fold coverage DevilsGate2, 0.023-fold coverage and
DevilsGate3, DevilsGated, and DevilsGate5, <0.001-fold coverage) from
a single occupational phase at Devil’s Gate (Chertovy Vorota) Cave in
the Primorye Region, Russian Far East, dose to the border with China
and North Korea (see the Supplementary Materials). This site dates
back to 9.4 to 7.2 ka, with the human remains dating to ~7.7 ka,
and it includes some of the world’s earliest evidence of andent textiles
(10). The people inhabiting Devil's Gate were hunter-fisher-gatherers
with no evidence of farming; the fibers of wild plants were the main
raw material for textile production (10). We focus our analysis on the
two samples with the highest sequencing coverage, DevilsGatel and
DevilsGate2, both of which were female. The mitochondrial genome
of the individual with higher coverage (DevilsGatel ) could be assigned
to haplogroup D4; this haplogroup is found in present-day populations
in East Asia (11) and has also been found in Jomon skdetons in northem
Japan (2). For the other individual (DevilsGate2), only membership to
the M branch (to which D4 belongs) could be established. Contamina-
tion, egimated from the number of discordant calls in the mitochondrial
DNA (mtDNA) sequence, was low {(L87% [95% confidence interval (CT),
028 to 237%] and 0.59% (95% CI, 003 to 3753%)} on nonconsensus
bases at haplogroup-defining positions for DevilsGatel and DevilsGate2,
respectively. Using schmutzi (12) on the higher-coverage genome,
DevilsGatel also gives low contamination leves [1% (95% CI, 0 to 2%);
see the Supplementary Materials]. As a further chedd against the possi-
ble confounding effect of contamination, we made sure that our most
important analyses [outgroup f5 scores and prindpal components anal-
ysis (PCA)| were qualitatively replicated using only reads showing
evidence of postmorntem damage (PMD score of at least 3) (13), although
these latter results had a high level of noise due to the low coverage
(0.005X for DevilsGatel and 0.,001X for DevilsGate2).
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An ethnically relevant consensus Korean reference
genome is a step towards personal reference
genomes
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Human genomes are routinely compared against a universal reference. However, this strategy
could miss population-specific and personal genomic variations, which may be detected more
efficiently using an ethnically relevant or personal reference. Here we report a hybrid
assembly of a Korean reference genome (KOREF) for constructing personal and ethnic
references by combining seguencing and mapping methods. We also build its consensus
variome reference, providing information on millions of variants from 40 additional ethnically
homogeneous genomes from the Korean Personal Genome Project. We find that the
ethnically relevant consensus reference can be beneficial for efficient variant detection.
Systematic comparison of human assemblies shows the importance of assembly quality,
suggesting the necessity of new technologies to comprehensively map ethnic and personal
genomic structure variations. In the era of large-scale population genome projects, the
leveraging of ethnicity-specific genome assemblies as well as the human reference genome
will accelerate mapping all human genome diversity.
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Abstract

Background: The cinereous vulture, Aegypius monachus, is the largest bird of prey and plays a key role in the
ecosystern by removing carcasses, thus preventing the spread of diseases. Its feeding habits force it to cope with
constant exposure to pathogens, making this species an interesting target for discovering functionally selected
genetic variants. Furthermore, the presence of two independently evolved vulture groups, Old World and New
World wvultures, provides a natural experiment in which to investigate convergent evolution due to obligate
scavenging.

Results: We sequenced the genome of a cinereous vulture, and mapped it to the bald eagle reference genome,
a close relative with a divergence time of 18 million years. By comparing the cinereous vulture to other avian
genomes, we find positively selected genetic variations in this species associated with respiration, likely linked to
their ability of immune defense responses and gastric acid secretion, consistent with their ability to digest carcasses.
Comparisons between the Old World and New World vulture groups suggest convergent gene evolution. We
assemble the cinereous vulture blood transcriptome from a second individual, and annotate genes. Finally, we
infer the demographic history of the cinereous vulture which shows marked fluctuations in effective population
size during the late Pleistocene.

Conclusions: We present the first genome and transcriptome analyses of the cinereous vulture compared to other
avian genomes and transcriptomes, revealing genetic signatures of dietary and environmental adaptations
accompanied by possible convergent evolution between the Old World and New World vultures.

Keywords: Cinereous vulture, Old world vulture, New world vulture, Transcriptome, Genome, MNext-generation
sequencing
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