
Data-driven analysis of the mechanism 
of animal development

Shuichi Onami, RIKEN Center for Biosystems Dynamics Research
Koji Koyamada, Kyoto Univ, Academic Center for Computing and Media Studies





Bottleneck in multi-omics analysis

Highly automated
Objective
High throughput
Quantitative

Needs “trained” human
Poorly automated, 
subjective
low throughput, qualitative

Genome DNA

mRNA

Protein

Small molecules



Onami et al, 2001; Hamahashi et al., 2005; Hamahashi et al., 2007.

3D information of nuclei for every 20 sec

Combination of 4D imaging and image 
recognition



Data-driven modeling

Highly automated
Objective
High throughput
Quantitative

The bottleneck has been resolved

Genome DNA

mRNA

Protein

Small molecules



Single gene knockout for all 351 essential embryonic genes by RNAi
5 embryos / gene

Collection of quantitative cell division dynamics data
for gene knockdown embryos

Kyoda et al., 2013; Kyoda et al., in prep



421 phenotypic characters

1. Chromosome organization

2. DNA replication

3. Chromosome segregation
4. Generation of precursor metabolites and energy
5. Nucleus organization
6. Microtubule cytoskeleton organization involved in mitosis
7. Microtubule organizing center organization
8. Cellular respiration
9. Establishment of mitotic spindle orientation

10. mRNA processing

11. Spindle organization

12. RNA splicing

13. RNA processing

14. RNA splicing

15. DNA biosynthetic process

16. Establishment of organelle localization

17. mRNA splicing, via spliceosome

18. Gene expression

19. RNA metabolic process

20. RNA processing

21. Gene expression

23. Gene expression

22. Cell cycle process
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Clustering of phenotypic expression 
combined with GO enrichment analysis

RNA processing

Chromosome segregation
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23 basic processes



Elucidation of the sequence of phenotype expression

4D quantitative cell division data 
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Extraction of causal relationship

Kyoda et al., submitted
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Sequence of phenotype expression
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Phenotype expression network

cell stage1 1-2 2 2-4 4 4-8 8

node: phenotypic character
edge: correlation
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Phenotype expression network

cell stage1 1-2 2 2-4 4 4-8 8

node:  phenotypic character
edge:  correlation
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Position of P0 spindle

Displacement of AB nucleus

Position of P0 nucleus

Length of P0 mitotic phase

Length of AB interphase



Kyoda et al., submitted

17,129 gene functions were inferred
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Inference of genes involved in the phenotypic network



Integrated model of C. elegans embryogenesis

Development model

phenotypic interaction

Bridging biochemical network and phenotypic network.

Molecular  machine model
(Gunsalus et al., 2005)

Biochemical interactionOmics data

Quantitative dynamics data



CREST Team
Shuichi Onami, RIKEN Center for Biosystems Dynamics Research
Systems biology
• Measurement system
• Basic idea of new analysis method
• Database

Koji Kawakami, Department of Pharmacoepidemiology, Kyoto University
Applied statistics
• Generalized structural equation modeling
• LASSO and LASSO variants

Koji Koyamada, Academic Center for Computing and Media Studies, Kyoto University
Scientific visualization
• Edge concentration
• Empirical Dynamic Modeling
• Natural language processing



New measurement system

Nucleus Cell membrane



New data set of nuclear and cell shape dynamics 
Nucleus Cell membrane



4D gene expression dynamics data

knl-2::gfp gfp::pos-1chp-1::gfp gsk-3::gfp gfp::tpxl-1

Y47D3A.29::gfp gfp::capg-2 cyc-1::gfpgfp::T25G3.3

gfp::npp-6

npp-8::gfp

gfp::ima-2 mix-1::gfp gfp::lmn-1 gfp::mcm-4

mcm-2 ::gfp xpo-2_C atp-4_C

mfap-1_N eif-3.C_C zen-4_C

ran-3_N sas-4_N prp-21_N

mog-5_N spt-5_N sqv-4_N prp-31_N hcp-4_N cts-1_C lpd-5_C sur-6_N



New microscopy for mouse embryo and organoid

Collaboration with T. Watanabe T and Y. Fufuta (RIKEN)



Developmental dynamics data

Ca2+ dynamics in embryo

Ca2+ dynamics upon fertilization Ca2+ dynamics in embryo

Nuclear dynamics in embryo Cell cortex dynamics in embryo



Visual data science and its applications to C. 
elegans live imaging data

July 11, 2018
Kyoto University
Koji Koyamada
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Visual data science



Validating latent factors using
structural equation modeling (SEM)

Connecting genes and
phenotypic characters
using biclustering

Extracting special sub-stracture 
of phenotypic character network

• Onoue, Y., & Koyamada, K. (2017). Quasi-biclique Edge 
Concentration : A Visual Analytics Method for Biclustering. In 
Proceedings of IEEE Pacific Visualization 2017 (pp. 215–219).

• Onoue, Y., Ashida, Y., & Koyamada, K. (2017). Interactive 
Model Building and Visualization for Structural Equation 
Modeling. In The 14th Asian Symposium on Visualization.

Publications

cell stage1 1-2 2 2-4 4 4-8 8
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edge: correlation
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Causality exploration in the phenotypic network



• Constructing a dynamic graph by using empirical dynamic
modeling

• Enabling the identification and interpretation of system 
states via dynamic graph visualization (“snapshot to point 
approach”) and brush-link visualization.

Exploration of system states in time-series data





• Constructing a dynamic graph by using empirical dynamic
modeling

• Enabling the identification and interpretation of system 
states via dynamic graph visualization (“snapshot to point 
approach”) and brush-link visualization.

Exploration of system states in time-series data



Calcium Dynamics Phenotypic 
Feature

Time varying relationships between Ca2+

density and roundness of the two cells are 
analyzed by our visual analytics tool.

• The independent increases of interaction 
between Ca2+ density and roundness in 
each cell

• State transition in cell division phase

2D mapping of 
dynamic graph

Ca2+ Density(DA) Roundness (RA)

Ca2+ Desity(DB) Roundness(RB)

Cell A

Cell B

∂DA/∂RA

RB

DA

Scatterplot

1

2 3

1 2 3 2

Cell A

Calcium dynamics in early cell division phase

∂DB/∂ RB

∂DA/∂RA

∂DB/∂RB
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�Bao et al., 2006�

�Heldet et al., 2010�

�Kurotaki et al., 2007�

�Keller et al., 2008� �Kyoda et al., 2013��Yemini et al., 2013�

�Keller et al., 2010�

Quantitative biological dynamics data world-wide
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BDML: Biological Dynamics Markup Language

• Unified way to represent spatial 
temporal information

• Based on XML
- High extensibility
- High readability

Unified format for representing quantitative biological dynamics data

(a) (d)(b) (c) (e)
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• From molecules to cells and 
organisms

M
ea

su
re

m
en

t
Si

m
ul

at
io

n

Molecules Cells Organisms

cell line

C. elegans

C. elegans zebrafish mouse C. elegans

E. coli

monkey

C. elegans
E. coli

Molecules

Gene expression

Nucleus Behavior

Proliferation
Survival

Nucleus & 
microtubules



E. coli

(Arjunan & Tomita 2007)

C. elegans

(Kimura & Onami 2005) (Kyoda et al. 2013)

(Keller et al. 2008)

Zebrafish

(Keller et al. 2010)

D. melanogaster
(Bao et al. 2006)

Biological dynamics data in SSBD

��

C. elegans C. elegans C. elegans

(Tohsato et al., submitted)

(Bashar et al. 2012) (Cronin et al. 2005)

mouse C. elegans

Tohsato et al., Bioinformatics, 2016



M. musculus

(Susaki et al. 2014)

D. cf. damesi

(Inoue & Kondo 2016) (Inomata et al. 2013)

X. laevis

(Takai et al. 2015)

Dog derived
cultured cell

(Shirai et al. 2016)

Human derived
cultured cell

(Yonemura 2014)

Mouse derived
cultured cell

(Matsuda et al. 2015)

Hamster derived
cultured cell

D. melanogaster

(Kondo & Hayashi 2013)

Dictyostelium

Mouse
 ���	��

(Watabe et al. 2015)

(Ochiai et al. 2015)

�����	���	��

(Aoki et al. 2013)

C. elegans
�	��	��	��

(Toyoshima et al. 2016)

Mouse derived

�� �	��

(Tanaka and Fujita 2015)

�����	���	��

�Kunida et al. 2012)

SSBD has started collecting/sharing microscopy images
that have not been image processed
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http://www.eurobioimaging.eu/content-page/global-bioimaging-project
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