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Toward the Future of Genetics --
Reflextion on the Past 20 Years
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The National Institute of Genetics (NIG) was established in Mishima in 1949 as a research institute for
“comprehensive research on principles of heredity”, under the jurisdiction of the Ministry of Education. The
subsequent rise of molecular biology allowed for cooperative development of theoretical and experimental
research at NIG, during the global shift from traditional genetics to genome analysis. Such developments in
biological research have driven researchers to substantially expand their methodologies, and NIG has been
supporting the entire scientific community as a hub for genetic research. NIG also shoulders the mission of
disseminating the knowledge of genetics. On the milestone of the 70" anniversary of NIG, Yoshiki Hotta, Yuji
Kohara, and Isao Katsura, three former Directors-General who held offices from 1997 to 2018, gathered to
reflect on dramatic changes of years past and discuss the future of genetics.
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7th Director-General of NIG (1997-2004)

Positions held include the following:

Postdoctoral Fellow (Division of Biology, California Institute of
Lecturer-Professor (Faculty of Science, The University of Tokyo,

President (Research Organization of Information and Systems

Field of specialization: behavioral genetics, developmental genetics,

Principles of genetics apply to all
branches of life sciences

Hotta: While I was studying in Medical School I was always interested in the
brain, thinking it might be interesting to study it by genes. However, Medical
Schools at that time did not teach genetics. Genetics is based on Mendel’s
laws, which are universal laws. Many genes are universally used across
multiple lineages, because all life on earth likely originated from one common
ancestor, as Charles Darwin (1809-82) predicted. I remember being impressed
that genetic perspective allows one to acquire a general overview of all
phenomena in life.

Katsura: Genetics was defined early in the twentieth century as the study of
“heredity” and “variation”. At that time, “‘variation” referred to differences in
traits observed among individuals of the same species. Thus, genetics
involved such issues as “why are the humans in various parts of the world all
different?”” With the understanding of evolution, genetics came to be regarded
as the basic principle of all life sciences; evolution is the variation of the
genome over time, and development is the formation of an organism based on
the information in the genome. Because genetic information is the most
important controller of all these factors, we cannot understand evolution and
development without examining the genome. Despite such utmost
importance, however, genetics somehow lacks “splendor” [laughter]. I think
the importance of genetics deserves more recognition.

Some biological questions, such as “how many spots does a ladybug
have?” or “how does the dragonfly wing develop?”, are accessible and
attractive to many people. Despite the fact that genetics lies at the basis of all
these phenomena, genetics lacks elements that can appeal to non-scientists;
perhaps the only exception might be the double helical structure of DNA,
which is beautiful on its own right.
Genetic  information is  often
misunderstood as being static, and
people tend to think that dynamic
phenomena, such as development,
look more interesting. At the time
when Ed. B. Lewis (1918-2004)
was carefully mapping mutations
that alter the morphology of the fly,

embryologists were completely
ignoring genetics. No one would
have imagined that the order of the
genes in Lewis’s genetic map
corresponds to the spatial order of the
body segments that those genes
specify, as well as the temporal order
in which such genes are expressed.

Hotta: It was Thomas Hunt Morgan
(1866-1945) who clearly described
this issue for the first time; he said
that the apparent complexity of life
is “an illusion due to our
ignorance!”’(*1) What is happening
during development was almost

developmental genetics did not exist
at that time; there was no bridge
between developmental biology and
genetics (*2).

Morgan’s book was published
around the time when Mendel’s laws
were rediscovered, and Morgan,
who was an embryologist, started
to unify genetics and embryology
using fruit flies. Over the following
period, however, due to technical
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8th Director-General of NIG (2004-2012)
Visiting Researcher (MRC Laboratory of Molecular Biology, UK,

Associate-full Professor (NIG, 1989-).
Since 2000 Kohara has managed four large research projects on
genome analysis. Currently Yuji Kohara is the Director of the
Database Center for Life Science (DBCLS) of ROIS and also a
specially appointed Professor at NIG.

limitations embryology did not advance as quickly as genetics did, and
researchers in these two fields became adversaries. In fact, when 1
declared to an embryologist audience around 1970 that I would start
identifying genes involved in brain development and behavior, everyone
was opposed to the idea. According to their views, embryology must be
performed by carefully observing cells under a microscope; one cannot
understand development with genes.

Of course, now every developmental biologist is using genes.
Principles of genetics are universal, and applies to all organisms — and to
all branches of life sciences. Thus, one can start from genetics and then
decide on what topic to study.

Development of DNA sequencers and
the role of NIG as a center
for deciphering the genome

Hotta: The essence of classical genetics is to carefully choose a point of
interest, such as a specific trait, and then generalize its results. In contrast,
sequencing the whole genome is a completely novel approach and
initially met with huge opposition, as one might expect; OK, DNA
sequencing can reveal amino acid sequences of proteins, but then what?
To tell you the truth, I also felt the same way [laughter]. My reaction
changed only when it became possible to isolate genes through cloning,
alter the DNA sequence, transfer the manipulated genes back into the
chromosome, and thereby examine the differences in the function.

Initially the research trend in life science was to focus on genetically
amenable model organisms such
as the fruit fly Drosophila and
nematode C. elegans. The field
gradually advanced to include
research involving mammals and
the human genome. It was the
middle of this period when I became
the Director-General of NIG. One of
the projects that I supported exploits
the genomic differences between the
common laboratory strain and an
inbred strain established from mice
collected in Mishima. Because we
now know the genome sequence of
both strains, one can study the
causal relationship between the
genome and phenotypic traits, such
as behavior.

Kohara: I started my research career
well into the era of molecular genetics,
so from the outset I have been using
model organisms, with their genome
in mind. Erwin Schrédinger (1887-1961),
a theoretical physicist, discusses in his
book “What is life? ” (1944) (*3) what
might be creating “order” in life,
considering relatively small number of
atoms in the cell. From the current
perspective, what is creating order is
the genome. I took “universality” for
granted — in every organism, everything
is inscribed in their genomes (*4).
Regarding diversity, however, there
was much to be understood: why
each organism is so different, how
they evolved to adapt to their
environments, how twins with the
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same genome could be different, and how the “epigenome” controls the
functions of genes within the genome. Moreover, computer performance
was still low at that time, and genome analysis required a substantial
amount of funds.

At the turn of the millennium (2000), genome analysis and computer
performance had developed sufficiently to allow the establishment of the
draft sequence of the human genome as well as whole-genome sequences
of representative model organisms, such as Drosophila and Arabidopsis.
It was around this time when I became the chief representative of “Four
Genome Areas” (KAKENHI [Grant-in-Aid for Scientific Research] on
Priority Areas, 2000-2004) at NIG and began to line up DNA sequencers
on my floor. Aiming to acquire two million reads annually, we
determined genome sequences of C. elegans, various ascidian species,
Japanese Medaka fish, cichlid, slime mold, barley, wheat, and others. In
terms of scale alone our work may not be as grand as those conducted in
US and Europe. Nonetheless, in Japan this could only have been done at
NIG, and indeed this project produced many high-impact papers.

Hotta: One thing that I did as the Director-General was to expand DNA
Data Bank of Japan (DDBJ), which had been operating as one of the
world’s three primary DNA databases, to establish the Center for
Information Biology and DDBJ.

Kohara: Yes. Once huge amounts of data are generated, problems
inevitably arise regarding where they should be stored and who should
manage them. Accordingly, DDBJ began to play a role in the collection
and sharing of data, leading to synergy between data production and
utilization. During my tenure I considerably improved the function of the
Center, because improving and extending research infrastructure is part
of the mission of NIG. The improvements included constructing an
easy-to-access library of software, and devising a solution for the
movement of large volumes of data. Having a supercomputer is not
enough — its software and operating environment must be continuously
updated to meet the needs of the time.

Katsura: After 2000 genome information of various organisms simply
exploded. Subsequently, the so-called “next-generation sequencers”
came into play, and everyone wanted to incorporate DNA sequencing to
their work. I remember that in 2012, right in the middle of this situation,
we replaced the old supercomputer with a modern one with user-friendly
features and improved DNA analysis software packages. It is really
terrifying to imagine what would have happened to us, if we didn’t do
what we did back then [laughter].

Hotta: It is also noteworthy that DDBJ originally launched with
international cooperation. Later DDBJ entered into a close collaboration
with the Database Center for Life Science (DBCLS) that I established
within ROIS when I was its president (2007). DDBJ also collaborates
with the National Bioscience Database Center (NDBC) of the Japan
Science and Technology Agency to develop further technologies.

Kohara: The Comparative Genomics Laboratory that you established
subsequently developed into the Advanced Genomics Center, and
provides support for genome analysis which is indispensable for
advancing life sciences today. The activities of the center include not only
reading genomes using sequencers but also bioinformatics analysis to
extract “information” or “meaning” of the data. Such integration of
production and analysis of information is another strength of NIG. Taking
advantage of such an environment I continue to support researchers who
have KAKENHI-supported projects involving genome analysis, through
the Platform for Advanced Genome Science (PAGS), which aims to
promote genome science in this country.

BRFOFREK / Future of Genetics

4



INE  FADBC By —Ic UL,

H IS EET. ARy y—ETlLi. BT
1970 FEREHFDET HARMELESLE, KEATEEORRIC, #
HEEEDIER IR ERE L TEEICHEELEL, THEFOD
% LR ZHONFTZWRASH > T EOF»6, BARAOH
WA OEALE R TNIHEVIFILWATB B TEELL, Milai
HAEDNEIRS>THEST-OD, ROERBZELBEENESWLSHF
IZHDDPENSTFTLWIRZED. FiaFalELY Y —DhhrS5HT
X/ZATY,

LREDPOAN—EHALIET, LR NO R H2 L HT
FATEAEH DI E-STVIZDT, BUMEELMAICEDSZ L%
SEFRLUTHRICEDED S, MEIFOBRBETLZ ADPFHTR OB,
T F—ORER LR TED I LB TEORBII L IZDTTH,
APBETESE, 10ERBITHEEL TINAEADE VWS FIET,
BAEGAANRALE Lz, MEICRASN 20405, EE, &R
Rt R ETHAZLLCHAERLCVET. REAMOERE
WHBKRT, JOERICOADZHERVWET,

EE : 25V AIIESBEHHISRBEOE RS, HEEOMD
BEPENENSZETLIZR, KETIE, ETHIIIVDZL VKD i
DOEPODBHD, BEAAZTNITBEZOREBTHLH LD TNE
b, HSPIOBEHOVWWECAEERWELE,

HEHEEERZOR., B - AT LM ERBOBERICZ-T,
ORI R &ty —2EDELLD, MAaELS. EA
EAMED TIN5 WEEREZERVET,

INE R, BHED BTV RITILMHBEL TR 2O TT D, 2T
W, B HHVIIETEFED, BIT LB LTIIEERVLER
127> TWET R 1989 FEDBIEIAIZA0FEDORFE T, MKHES
SRATE BRI 28R (Briickenwissenschaft) | (*5) T
BERBNALTWETH, FSIZDIHRIRXENZEEHPHEHSTHET,

JEH DBEYEH DV L0 EGBEEE AR 2 EONT
AL TVBATYT &R ZNES MM TREMEZITI 2
DI BATSDEEFICRIZVBDES S %6IE, BELZEEIR
BoTuEd. 7/ LR, ZORBICHES>STRRMICEE - BRE
T LEERRITIESTVET DS, LW LBEOREZ R
23, RELHAE EOEERNERTATHELTEP I HRIER
PEEE,PSTY,

ING BRSNS ) LOBREELTYH, HOWAEDOT TN
LDBEERVTZVATT R, ChEEDEVEREZVTTL, 267
HAZRHDIZNEVD DI, EMEHEZE OFRBOBDICMZDEE A

HAAIRERED, 821 20F —T Rl EBnEd, A
RIRTOTOADRDPSRN, thOEME-RDIETHNPHIED
HVEY, EEEPOL—HEAT, RIRITBIEMSARMEIOEET
RT)LPESEDoTVRRONH, SRIFZIC, TLUTARBIICS
Do TBEIN B EZEZTVET, DT HFOWFLMFEL TS
TR HBREFTFELTUKIEBHFICANS L, BIEFEEWVD
DIFFEFITRELHEBN LA T MR Db ORZERVET,

w7 5= R EED

BIEEADRS
EA DBEEEE VD DIRERKIEGOBIRETT S, EWHFTH>
EHALLTEZ, ZORRIIBEDS I DDV AT LIZEEZHZENT
T, EMPIHEOMEZFT—EHROTON, BEEHNTHON—
—ZFDYATLOMBEZIEAHEL T WD, DBIRE] 1X. ThEEE

BRFOFRE  Future of Genetics

Creating frontiers of Genetics:
Center for Frontier Research

Kohara: One important mission of research institutes such as NIG is to
explore and define new fields of research. NIG established a model
system for this endeavor by initiating “Laboratory for Frontier Research”.

Hotta: The phrase “for Frontier Research” means to identify research
targets outside the realm of what is currently being studied and to attract
other people into the new line of research. Young researchers run their
own labs as independent lab heads (associate professors), using support
from the whole institute. I wasn’t able to do anything beyond recruiting
one faculty member as I left soon after.

Kohara: When I was the Director-General I expanded this system into a
research center (Center for Frontier Research [CFR]), so that we can
explore frontiers in hundreds of new directions.

Katsura: Well, when I became the first head of CFR, it had only three
laboratories [laughter].

Despite its small size I believe CFR contributed to expanding the
frontiers of genetics, as well as research fields led by NIG. While NIG’s
strong points included evolution and population genetics, after the era of
Motoo Kimura (1924-1994) and Tomoko Ohta it was quite difficult to
make a breakthrough. Since the establishment of CFR in 2009, we
recruited 10 young spirited researchers to the Center, and among them
were those investigating evolution in nature. Consequently, new lines of
research were established at NIG, such as how intracellular symbiosis
began, and how ecology is related to genetics in fish.

As early as the 1990s NIG already operated with a policy of treating all
lab heads equally. Everyone can share institutional facilities and
equipment, so it is a supportive and friendly environment for young
researchers to pursue their research without being burdened by
miscellaneous tasks. When I was the Director-General, NIG’s budget
latitude was not large enough to expand CFR further. We nonetheless
continued recruiting young researchers as CFR lab heads, believing that
investing in such human resource development would bear fruit 5 or 10
years later. Indeed, many of the previously appointed faculty at the center
are now playing leading roles at NIG and other universities. I believe CFR
has been highly successful in the development of researchers of the
highest caliber.

Hotta: I completely agree with NIG’s communal atmosphere; indeed, my
first impression when I came to NIG was that the barriers between
different laboratories were extremely low. Lateral communication that is
unthinkable in universities is the norm at NIG. This, of course, is a
characteristic of genetics — I think this is the true strength of NIG.

Katsura: In order to expand the frontiers of science, transdisciplinarity is
an important aspect. I guess that’s why you founded the Transdisciplinary
Research Integration Center immediately after becoming the president of
ROIS, to foster new transdisciplinary researches.

Kohara: In fact, genome information is a very nice vehicle to cross
disciplines; we are at a point at which every research has a strong
relevance to the genome and genetics — be it molecular biology, ecology,
or archeology. Genetics is “Briickenwissenschaft (bridging science)”, as
Ei Matsunaga, the 5" Director-General, points out upon the 40"
Anniversary of NIG(*S5). NIG plays this exact role in the scientific
community.

Hotta: Yes, I completely agree that genetics or genomics act as the hub of
not just life sciences but all scientific research. But if we were to exploit
this further towards new transdisciplinary researches, what is currently
lacking at NIG might be “medicine”. Advances in genomic research
inevitably generate close relevance to medicine and medical genomics.
Thus, an environment that is fueled by collaboration with researchers in
clinical medicine is important to identify and explore new problems in
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9th Director-General of NIG (2012-2018)

Positions held include the following:

Assistant Professor (University of Basel, Switzerland, 1973-76).
Assistant-Associate Professor (University of Tokyo, 1976-91).
Professor (NIG, 1991-2009).

Field of specialization: molecular genetics of Caenorhabditis elegans,
genetics and biochemistry of biomolecular assembly.

genome science.

Kohara: In this sense it is not surprising that human genome data
occupies by far the largest part of genomic data of all organisms collected
thus far. This data ought to be utilized; after all, understanding human
beings is the ultimate interest of life scientists.

Katsura: Another point of interest, I believe, is the problem of the earth
environment. We cannot understand humans unless we compare
ourselves with other organisms that exist and existed in this environment.
This is not just a problem of ecology, but of the biodiversity within the
environment; we will be advancing our understanding on how genes and
the genome is involved in this issue. Be it medicine or the environment,
such research would encompass not only dialogues with researchers in
other fields, but also communication with society in general. I thus
believe that genetics can have a very powerful social impact.

Toward genetics beyond the big data era

Hotta: Genetics is essentially the information science of life; the entire
time period in which organisms have been evolving can be regarded as a
system of information. The way the information is processed, interpreted
and integrated is not yet fully understood. Life scientists, whether
consciously or unconsciously, are trying to unravel the secrets underlying
this system. The logic that was used to decipher those secrets — this is
what “genetics” is, and will continue to be so in the future.

Another important aspect is the rapid progress in information science
and computer technologies. This will allow information processing not
only of the genome, but also of real-time gene expression and cellular
activities such as neuronal firing in the brain. Accumulating such big
data, visualizing them, and computing their relationships is expected to
create new knowledge, e.g. in brain science. The history of science
includes many examples in which a new technology was quickly adopted
and led to the creation of new science. NIG has a special advantage in that
it is concurrently advancing three approaches hand-in-hand: experiments,
theory and database. I hope NIG will foresee what is beyond the current
advances, and will continue its evolution and development.

Kohara: The key to a better understanding of life, I believe, will be
genome, imaging, and their information analysis. An example is
single-cell analysis, where genetic information and gene expression
information of individual cells, rather than a population of cells, is
analyzed, often in combination with various data from images of
individual cells.

With respect to understanding humans, cohort studies that combine
various timeline data of individuals — such as diet, local and social
environments — and studies on the relationship between the genome and
gene expression will be actively pursued. I think NIG ought to be the hub
for those kinds of research as well.

Katsura: Imaging can be considered as a type of “sensor” — a way of
“sensing” or “measuring” some kind of biological, chemical or physical
parameters. Measuring force inside a cell is “sensing”, and examining
behavioral responses of an individual to external stimuli is also
“sensing”. Currently it is difficult to obtain such data by simple
observation. In the future, various innovative sensing methods are likely
to emerge.

Another important direction would be synthetic biology; that is,
artificially creating cells and organisms through engineering to
understand their mechanisms. Thus far genetics has capitalized on the
effects of small perturbations, such as genetic modifications. An opposite
approach — systematically design components from scratch to synthesize
a system, and examine what works and what does not — could also yield
new knowledge that may not be gained through small perturbations.
Discovering a common working principle could also be an extremely
exciting approach.
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*1 : Thomas Hunt Morgan, "The physical basis of heredity", 1919, p.15 *4 : Genome
Hitoshi Kihara (1893-1986; 2nd Director-General

*2 : Bridge between Developmental Biology and Genetics of NIG) wrote “The History of the Earth is
At NIG, establishment of the “Laboratory of Developmental recorded in the Layer of its Crust; The History of
Genetics” did not take place until 1984. Genetic studies on all Organisms is inscribed in the Chromosomes.”
developmental phenomena, however, was already done in the What he described as “chromosomes” is actually
Departments of Morphological Genetics and Physiological the “genome”. The concept of the “genome” was
Genetics. Among the research conducted in 1960s is one by formulated by Kihara.
Yataro Tajima (1913-2009, 4 Director-General of NIG) on silk ARJEE (1893-1986 BB 2T E) i3 [H#iFR D i
moth mutants that alter larval spot/appendage patterns. This RSB AV ORI EEICEESN TS S, | &F
work corresponds to Ed. Lewis’s mapping studies in Drosophila, and Weo 2O THREE NI L] EFWIRZ 615, RIFIE
connects with a landmark finding made 30 years later on the 7LD ERIEDTCETOYERTH S,

genetic control of the body plan.

BEFHIIZ1984FE D e E T [ FAEBEHFZEEM ] 3FEEL LD o7z, L *5 1 SCERE ENLBZFERFER, [B137 408 4E 5t &5E, 40th Anniversary issue],
LZOHi125, [FEEEEE] S EMEREH ] ICBOLTRARZZNHZES 1989, p.1
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%3 : Erwin Schrodinger, “What is life?”, 1944, Chapter 1,“WHY ARE
THE ATOMS SO SMALL?”
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