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NGS & Phyloinfo in Kobe

More than just a facility

Illumina HiSeq 1500

+ Strength in ChIP-seq/ChIP-exo & non-model vertebrates

- Experienced with limited samples

- Cost-saving protocols (e.g. iMate Protocol, Tatsumi et al., 2015) ——

for LC-MS/MS

- Flexible project consultation for biologists

NGS Library Prep Hands-on tutorial
January 20/21, 2015

. o L g - Hands-on tutorials (ChlIP, data analysis, ...
Data analysis tutorial ‘Sequence Informatics Afternoon’ * Organizing meetings etc.
April 23,2014

- Facility management consultation



Biological scope

Taxon: Vertebrata
Genes: regulatory genes (TFs, signaling ligands)

What in genome allowed characters unigue to vertebrates?

e.g., organized brain, visceral organs, fins/limbs, ....

What molecular change triggered morphological evolution
in vertebrates?

Turtle shell Lamprey head Hagfish embryo
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http://gallery.nanfa.org/ Ota, Kuraku, & Kuratani

2007. Nature

https://whyevolutionistrue.wordpress.com



Orthology: thoughts and concerns

Experience through collaborations with non-experts

‘Conservation of toolkit’ overtrusted
(Sean Carroll, 2005. etc.)

Is ‘Ortholog’ a jargon?

Tree-based methods underappreciated (cf. synteny)

Why?
Inaccessibility to experts’ instructions
No established standard method for tree inference

Sequence information scattered in many DBs

Tolerant peer review system for phylogenetics



Orthology: expectations!! |‘

Phylogeny to phenotypic evolution

Inter-family co-evolution

e.g., massive loss of embryonic axis formation genes.in mammals
Kuraku & Kuratani., 2011. GBE

Application of phylogeny-based approaches

Phylogeny-based genome scaffolding
e.g., ESPRIT Dessimoz et al., 2011. Brief. Bioinfo.



Agenda

1) Revealing non-conservation of developmen

‘Cryptic pan-vertebrate genes’

=> markers for quality assessment of

2) ‘Two-round’ whole genome dupl
Warning in using lamprey genome
‘lamprey dialect’ misleading phyl

access to less incomplete predicted g



Cryptic pan-vertebrate genes analyzed by my team

Hox14 — reiner et al, 2011. J Exp Zool B & Kuraku et al, 2008. PNAS
Bmp16 - Feiner et al, 2008. BMC Evol Biol

Pax4 & Pax10 — reiner et al, 2014. GBE & Manousaki et al, 2011. Evol Dev

Mammals
Birds

Reptiles

Amphibians

Actinopterygian fish

Cartilaginous fish



Paxb6-eyeless orthology

Ectopic eyes in fly

Halder et al., 1995. Science




Limitation of conventional methods
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chromosome 6 (80.7 Mb)

) (Pax4, probably lost)
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Pax10, not a useless gene

zebrafish
pax6a

| zebrafish
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Revised Pax6-eyeless relationship

Loss of several expression domains

Pax10
Gain of pancreatic /’$ A A
expression / lineage-specific gene losses

Y
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proto-Pax4/6/10

Amphioxus

AmphiPax-6

protostome 'Pax6'’
(e.q. fly eyeless and
twin of eyeless)

Feiner et al., 2014. GBE




No loss Loss just after duplication

gene dup‘c%i

Loss long after duplication Multiple losses
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No loss Loss just after duplication

gene duplication
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Loss of canonical funtions/expressions
Hox14 — axial elements (somites, nt)

Bmp16 — DV-axis formation

Pax4 & Pax10 — CNS Multiple losses

v




Agenda

1) Revealing non-conservation of developmen

‘Cryptic pan-vertebrate genes’

2) “Two-round” whole genome dupl
Warning in using lamprey genome
‘lamprey dialect’ misleading phyl

access to less incomplete predicted g
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Cyclostomata (hagfishes and lampreys)

sea lamprey | R,
Petromyzon marinus eeleRe

Japanese lamprey

Lethenteron japonicum

By K.G. Ota, S. Kuraku and S. Kuratani

Inshore hagfish
Eptatretus burgeri




Timing of two-round (2R) WGDs

Hypothesis A Hypothesis B Hypothesis C
— human l — human 11 — human

11 — chicken l — chicken — chicken

v shark é 4 shark é D shark é
lamprey | o lamprey | S — lamprey | 9
hagfish :f;) hagfish :; hagfish :;
amphioxus amphioxus amphioxus
tunicate tunicate tunicate

Cyclostome

Gnathos

Gnathostome paralog B

Gnathostome paralog B —— Gnathostome paralog B
i Cyclostome

—— Cyclostome Gnathostorr-
N Gnathosto

— Cyclostome

Gnatho

— Gnatho_ Cyclostome

— Cyclostome

Cyclostome




Timing of two-round (2R) WGDs

Firm evidence of ‘2R’ from tetra-synteny blocks

Larhammar et al., 2002. Genome Res., etc.

Independent analyses under different methodologies

2009 | Integrative analysis (55 gene families)

Kuraku et al., 2009. Mol. Biol. Evol.

2013 | Two lamprey genomes

Petromyzon marinus (Smith, Kuraku, et al., 2013. Nature Genet)
Lethenteron japonicum (Mehta et al., 2013. PNAS)

? Phylome analysis with dense taxon-sampling ?



Timing of two-round (2R) WGDs

— Hypothesis A

— human

— chicken
11 shark
lamprey
hagfish

amphioxus

Cyclostomes

tunicate

- Mol. phylogeny of 55 gene families
Kuraku et al., 2009. MBE

- Globin gene phylogeny
Hoffmann et al., 2010. PNAS

- Sea lamprey genome analysis

Smith, Kuraku et al., 2013.
Nature Genetics

Hypothesis B

l — human

— chicken
l — shark
— lamprey
hagfish

amphioxus

Cyclostomes

tunicate

- Composition of Hox/DIx clusters
Neidert et al., 2001. PNAS
Irvine et al., 2002. J Exp Zool B
Force et al., 2002. J Exp Zool B etc

- Mol. phylogeny of 33 gene families
Escriva et al., 2002. MBE

- Amphioxus genome
Putnam et al., 2008. Nature

Hypothesis C
11 — human
chicken

—— shark

— lamprey

—— hagfish

Cyclostomes

amphioxus

tunicate

- ParaHox clusters
Furlong et al., 2007. MBE



ML BP
Bayesian PP

vertebrate visual opsins

Visual opsins

human (RHO)

chicken ;
dogfish rhodopsin
Lethenteron japonicum
Geotria australis
chicken
coelacanth
zebrafish green
zebrafish
0.52 Geotria australis

chicken
Xenopus laevis
E Atlantic cod blue
zebrafish

Geotria australis
human
chicken (OPN 1 SW)
Xenopus tropicalis UV
chum salmon
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Geotria australis
human
chickes (OPN1LW/MW)
Xenopus tropicalis red
Fugu rubripes

® |: Xeno

zebrafish
Geotria australis
Lethenteron japonicum

pus tropicalis
chicken pinopsin

—|:Petromyzon marinus P-opsin

chicken

I

Xenopus tropicalis parapinopsin

r— Ciona intestinalis Ci-opsin
' Ciona savignyi
ethenteron japonicum bistable UV pigment

Exhaustive ML, 11 OTUs
JTT+I", (0=0.92), 280 sites

1:1 relationships between cyclostome and gnathostome genes

CLCNKA

/& | FLAICDf

Kuraku et al., 2009. Mol. Biol. Evol. 26:47-
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What Characterizes ‘Cyclostomata’ ?

:x Cyclostomes

Kuraku et al., 2009. MBE; Gnathostomes

Reviewed in

_ Cyclostomes
Kuraku, 2013. Sem Cell Dev Biol

Gnathostomes

x Cyclostomes
Gnathostomes

Cyclostomes diverged
before the 2R-derived
paralogs were fully sub-,
or neo-functionalized

Cyclostomes

Gnathostomes
Cyclostome paralogs also : —>t
secondarily duplicated, <_> ; —=lll Hagfishes
lost or neofunctionalized : AI Cyclostomata
: —=mlll Lampreys

2R ‘ Gnathostomes

Cephalochordata
Urochordata




Petromyzon marinus (2n=168)

Potter and Rothwell, 1970

International consortium

Smith, Kuraku, et al. 2013
Nature Genetics

Sea lamprey genome project

Sequenced at Wash. Univ. Genome Institute

Account - Logout

/1; E.”S e”’}'b’ BLAST/BLAT | BioMart | Tools | Downloads | More v

http://www.ensembl.org/Petromyzon_marinus/Info/Index

Coding genes: 10,415

Incomplete genome assembly: Pax6 missing

Incomplete gene annotation: Fgf8/17-A missing

=> Access to the consortium gene set??



Timing of two-round (2R) WGDs

Firm evidence of ‘2R’ from tetra-synteny blocks

Larhammar et al., 2002. Genome Res., etc.

Independent analyses with different methodologies

2009 | Integrative analysis (55 gene families)

Kuraku et al., 2009. Mol. Biol. Evol.

2013 | Two lamprey genomes

Petromyzon marinus (Smith, Kuraku, et al., 2013. Nature Genet)
Lethenteron japonicum (Mehta et al., 2013. PNAS)

Analyzing systematic bias, etc.

? Phylome analysis with dense taxon-sampling ?



Lamprey genes/genomes

Protein-coding genes

High GC, long UTR, frequent simple repeats (‘QQQQ...’, ‘HHHH..., etc.)

Ambiguous orthology to gnathostome genes
cf. Bmp2/4-B, DIxA, Hh-A, HoxW10a, ....

Genomic landscape

Abundant repetitive elements including foreign Tc1 Kuraku et al., 2012
High GC in exons

Petromyzon marinus genome scaffold GL477094:170749-189720 Skbp
Lefty unknown protein

FM 1809817 Fﬁ-..“,...“” - ,"

80

GC-content
(%)
20




Peculiar nature of lamprey genes

Codon usage bias
Methods: RSCU (Sharp et al., 1986) and ENc (Wright, 1990)

sea lamprey
stickleback
Tetraodon
Takifugu
platypus
medaka
dog

human

mouse
elephant shark
zebrafish
chicken

anole lizard
opossum

X. tropicalis

Heavy use of GC-rich codons in translation

Qiu etal., 2011. BMC Genomics



Peculiar nature of lamprey genes

Amino acid composition

Methods: Correspondence analysis for frequencies of 20 amino acids

& '
magsoll @ gnathostome

dog  OPOFSUM _
i ® invertebr
_\ Zzebra finch X. tropicalis ertebrate
pig \chickeng o
humane% @- piatypus zebrafish

mouse C. savignyi_, C. intestinalis

o] o fruitfly
T. nigroviridis e F. rubripes

o ®* N. vectensis
stickleback

o S€a urchin

N
B
x
<
<
)

® amphioxus
lamprey
[ ]

0
CA Axis 1

Genome-wide deviation of ‘gene model’ in lamprey

Smith et al., 2013. Nature Genetics



Peculiar nature of lamprey genes

Unigue pattern of homopolymeric amino acid (HPAA) tracts

Amino acid comprising homopolymeric tracts
AVLIPMFWGSTCNQQYDEIKRH

sea lamprey

zebrafish ’ L_
human _“ .
£

frequency

Noro et al., 2015. BMC Evol Biol



Independent HPAA insertions can mislead phylogeny
cf. Tank EM, ...., Langeland JA. Evolution & Development 2009, 11:343-353.

Petromyzon marinus (sea lamprey) EmxA
MFQPPTKRCFTIESLVAKDGGDSVSAAATLQQQQQQQQ0Q00000QQQ0QQPAYPIPGGANPL
TCGAQPPHPFAAAAAAAAAAAASRAGMHPEL FFHDAHHLQPLLAVPAMHPSGHHHHHHLSH

HPAA PPPSLPLFGGPQGRDAISLYPWLLHRPRYLGHRYPGADGNAESLLLHSPFARKPKRIRTAF
. . SPSQLLRLEHAFEKNHYVVGAERKQLASSLSLSETQVKVWFQNRRTKYKRQKLEEEGRESP
Insertion  oKKKSSHHINRWRQATNQGSGDEIDVTSDD o o

Eptatretus burgeri (inshore hagfish) EmxA
MFQPVAKRCFTIESLVAKESDPSPNLLHVSYGGSHSGIGSVHSGPHYGPGRPGYGPHQGDL
FFPMEGVHPGPVVPVPSMASHPMTGQSLHPAPSTPLLGAPHSRDHFSLYPWLFHRPPYLGH
RFRGADGGPETLLLHGPFARKPKRIRTAFSPSQLLRLEHAFEKNHYVVGAERKQLAGSLTL
TETQVKVWFQNRRTKYKRQKMEEEGPESPHKKKGSHHINRWRLATNQSSGDEIDVTSDD

Petromyzon marinus (sea lamprey) EmxB
MFQPATTKRCFTIESLVAKDCPAPTSRSEQQQQQQQQQQHEAPLRPAALSFAGTHNHQHHQ
HQQHHHHS SASVSAAAAAAAAAAAAAAFVPAFPQPTARALYPHPAEL LYSDPGHHPGSAGG

HPAA PLQVPALPPHHHLQHSHPLFGPPQRDPMTFYPWLLNRHRYLGHRYPGPETGHEGLLFPGPL

et ARKPKRIRTAFSPSQLLRLEHAFEKNHYVVGSERKQLASSLSLSETQVKVWFQNRRTKHKR
INSErtoN ok L EEEGPDEQQKKKGTHHVNRWRMATKQPSSEDIDVTSDD

Eptatretus burgeri (inshore hagfish) EmxB

MFQPAAKRCFTIESLVAKDCPAPGGASNRPDEPLRPAALSFAGAPVHSQPGTAFMPGFAQP
AGRTLYPHADLMYPEPGPHHAASGPLPIPALPVGAHPLQPSHHPLFGPPQRDPMTFYPWLL
NRHRYLSHRYPGPDSCAESLLFPGPFARKPKRIRTAFSPSQLLRLEHAFEKNHYVVGSERK
QLASSLSLTETQVKVWFQNRRTKHKRQKLEEEGPDEHQKKKGTHHINRWRMATKQTSSEDI

DVTSEN
Noro et al., 2015. BMC Evol Biol



EmxA-B proximity supported only for lamprey

Tree inference with hagfish and/or lamprey
Various alignment and tree inference programs tested

tropical clawed frog
chicken
coelacanth
human
spotted gar
Nile tilapia
small-spotted catshark
little skate
83.-'96[ small-spotted catshark
little skate

tropical clawed frog
ml_‘——spotted gar
81/84 Nile tilapia

little skate
small-spotted catshark
spotted gar

tropical clawed frog
Nile tilapia

3239 human

59/61] chicken

58/43L coelacanth

_|j sea lamprey EmxA
51147 sea lamprey EmxB

amphioxus

sea urchin

human louse 0.1 substitutions / site

ML BP / NJ BP on heuristic ML tree

tropical clawed frog
chicken

spotted gar
Nile tilapia
small-spotted catshark
little skate
78/96— Small-spotted catshark
little skate
89/90 tropical clawed frog
spotted gar
75/86 Nile tilapia
hagfish EmxB
tropical clawed frog
.| human
chicken
'2 coelacanth
spotted gar

small-spotted catshark

 peEjittle skate

Nile tilapia
hagfish EmxA

amphioxus

sea urchin
human louse

0.1 substitutions / site

Noro et al., 2015. BMC Evol Biol



Why highly incongruent ?
Hypothesis A Hypothesis B Hypothesis C
Gnathostomes ¢O ¢ Gnathostomes O¢¢ Gnathostomes

Cyclostomes Cyclostomes Cyclostomes

1 Invertebrates 1 Invertebrates

Species tree

Cyclostome
Gnatostome b
Cyclostome

Gnatostome ¢

Gnatostiome a

[
)
:
[}
[}
O

Cyclostome
Cyclostome
Gnatostome d Cyclostome

Cyclostome Invertebrates

Systematic bias

Lamprey

Lamprey
Secondary homogenization of coding sequences in lamprey genomes

: . : i L
(GC-content, codon usage bias, amino acid composition, HPAA tracts) APy




Arising questions and concerns

Why wasn’t QfO initiated earlier?

Any clever way to cope with ‘lamprey dlalect 5 .
‘Non-homogeneous’ metho I

More taxon sampling?



mrﬁll‘ﬁﬁ

Taxon sampling

Invertebrates

Atlantic hagfish — started soon? Cyclostomes
inshore hagfish — ongoing?

sea lamprey

Arctic/Japanese lamprey

southern lamprey Mordacia mordax

pouched lamprey Geotria australis

little skate — ongoing? Chondrichthyes
cloudy catshark Scyliorhinus torazame

elephant shark

zebrafish BB -

: S AR ey 5 NN
chicken Genome size: 6.65 Gb
mammals

Species in yellow - Currently sequenced in-house



Arising questions and concerns

Why wasn’t QfO initiated earlier?

Any clever way to cope with ‘lamprey dialect’?
‘Non-homogeneous’ methods?

More taxon sampling?

Basically all cyclostome (lamprey and hagfish) genes
have ambiguity in orthology

This is also true for genes of eel, arowana, etc.
in relation to ‘3R’ (teleost fish-specific) WGD

reviewed in Kuraku, 2013. Sem Cell Dev Biol

How do we support and monitor ‘quest by non-experts’?
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