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Synthetic biology is science or technology concerning
layers of life such as individuals, organs, cells. In this
field, components of a layer are combined to construct
a system in the upper layer. This paper focuses on
studies, at a layer related to gene recombinant experi-
ments, modifying genes and combining multiple genes.
By introducing research accomplishments in synthetic
biology such as gene networks and synthesis of the
whole genome, this paper explains how synthetic bi-
ology is an extension of conventional gene engineering
and the field of interdisciplinary open innovation. The
risks of synthetic biology and risk reduction methods
are also introduced.
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1. Introduction: Synthetic Biology as an Exten-
sion of Breeding and Gene Engineering

Wild flora and fauna have been bred from ancient times
for producing and improving their domesticated counter-
parts — animals and grain with characteristics desired by
breeders (Figs. 1(a) and (b)). In the process of breeding,
variants of organisms emerged by natural-occurring muta-
tions or DNA recombination through sexual reproduction.
From those variants, specific individuals with the desired
features were selected. In the sexual reproduction of do-
mesticated ones, individuals with specific characters were
mated. Breeding thus included design process. Explo-
ration efficiency of searching variants with desired char-
acteristics was also improved by preparation of a large
number of variants which are artificially increased its mu-
tation rate by addition of medication or irradiation of ra-
dioactive ray.

Conventional genetic recombination experiment, which
extends mating using biotechnology, inserts foreign genes
into a host organism (Fig. 1(c)). Discussion arose about
whether increased variations due to new gene combina-
tions of the host genome and foreign genes threatened hu-
man society and about what benefits this technology of-
fers. Guidelines for genetic recombination experiments
were established after a moratorium and the Asilomar
Conference in February 1975. As one result, inserting
a human insulin gene into nonpathogenic Escherichia coli
hosts made it possible to mass-produce insulin, generating
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medical treatment benefits [1]. In contrast, however, in the
case of genetically modified plants for increasing yield by
producers and nursery companies, which required insert-
ing genes of pest-killing toxins or herbicide tolerance pro-
teins into host crops, raised widespread objections from
consumers about the risks involved.

Once a technology for site-directed mutation of DNA,
as opposed to random mutation, was established, this
DNA manipulation technology allowed protein engineer-
ing to modify amino acid sequences based on with 3D
protein structure information. This enabled researchers
to assign designed characteristics to proteins more effec-
tively than random mutation (Fig. 1(d)). An enzyme gov-
erning chemical reactions in organisms accommodates
a substrate molecule and catalyzes reactions against the
substrate similar to combining a lock and a key, an en-
zyme had a 3D structure for binding to the specific key
substrate molecule. Applying protein engineering to en-
zymes changes the form of locks and allows reactions to
new substrate molecules. Protein engineering also broad-
ens application area of enzymes. Natural enzymes have
such limitations as being active only under certain reac-
tion conditions, e.g., a certain temperature range. The ap-
plication of protein engineering provides fat-degradation
enzymes which work under low-temperature conditions
or conditions including bleach. These enzymes are added
to detergent and utilized.

In many cases, however, desired functions cannot be
obtained by site-directed mutations in protein engineer-
ing, so researchers developed evolutionary molecular en-
gineering (Fig. 1(e)) as a sort of “molecule breeding.”
Expressions used to explain breeding are directly appli-
cable to this method. In evolutionary molecular engi-
neering, variants of genes are prepared by artificial muta-
tions or artificial DNA recombination. From those vari-
ants, specific gene variants with desired characteristics
were selected. By artificial DNA recombination of genes,
the genes with the desired characteristics were mated.
Through this process, evolutionary molecular engineering
is used to explore variations more effectively than could
be done through conventional breeding. This is because
breeding must deal with “losing” individuals with no mu-
tation in intended genes, whereas mutations may occur in
genes not intended to mutate; mutations are introduced
to the whole genome as the sum of genes in the case of
breeding. If mutations are introduced to individuals in
breeding so that a mutation appears in the intended gene
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Fig. 1. Biotechnology development. Synthetic biology is an
extension of breeding and conventional gene engineering.

of almost all individuals, mutations would be also oc-
curred in most of the other genes in the genome. This
method would be impractical, however, because an or-
ganism could not survive when it has mutations in most
of the genes. In the case of evolutionary molecular en-
gineering, meanwhile, mutations are concentrated in spe-
cific genes. This gives evolutionary engineering the ad-
vantages of producing mutants with desired characteris-
tics more easily, in the current situation of a limited num-
ber of mutant individuals to be evaluated. The promotion
of evolutionary cycles of selection enabled by introducing
further mutations into obtained mutant genes can, more-
over, generate mutants with more desired characteristics.
Another strong point of the evolutionary engineering is
that this technology has made it possible to combine sin-
gle genes of 3 or more mutant individuals [2], whereas
natural mating creates a new variation by combining sin-
gle genes of 2 mutant individuals

For developments in preparation for new variations in
DNA sequence, synthetic biology seeks design strategy
for mutations and mating (Fig. 1(f)). The development of
variations by combining multiple genes in synthetic biol-
ogy is considered as an extension of breeding and conven-
tional gene engineering. When individual gene products
are compared to machine tools, gene-recombinant cells
containing multiple foreign genes are utilized as if they
were factories where multiple machine tools cooperate to
produce items. The introduction of mutations is also im-
portant for adjusting individual machines to the system of
a factory as a whole. We will discuss, in the same line in
this paper, synthetic biology and part of conventional gene
engineering both of which insert multiple foreign genes,
though conventional one had problems in research effi-
ciency. We will then introduce a new technology for syn-
thesizing long-chain DNA as a basal technology which
provides materials with any variations of combined genes.
Extension of this technology created genome DNA that
codes information on the whole virus or cell. The in-
tended virus or cell has then reconstituted from public
information by introducing this artificial genomic DNA
to a different cell. Finally, we will summarize the risks
of synthetic biology and safety measures using synthetic
biology.
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2. Reconstitution of Organisms from Public In-
formation

Because processing of biological polymers such as
DNA, RNA, and protein has become increasingly easier,
experiments on system reconstitution by biological poly-
mers in test tubes or cells have been frequently performed
based on public information. This trend includes the sci-
entific significance for understanding biological systems
and the engineering significance for constituting and uti-
lizing modified biological systems. When technology for
reconstituting the same systems as natural ones is estab-
lished, reconstituting experiments are also meaningful in
the engineering field because modified biological systems
could also be easily constituted by the same method.

Both of analytical approach that investigates individ-
ual functions of components separately and constitutive
approach that fulfills original functions by combining in-
dividual components appropriately are mutually and in-
extricably linked in understanding of systems, in biol-
ogy as well as in other scientific fields. In conventional
1970s biochemistry, the reconstitution of biological poly-
mer complexes in transcription and translation promoted
life science. On a par with this, reconstitution experi-
ments done on sub-systems of life in the 21 century hold
a prominent position in the life science. Specifically, it
is highly significant that reconstitution was achieved for a
system formed by interactions between different biologi-
cal polymers in a solution. Protein synthesis systems, for
example, are the most significant basic function of cells
and complex systems in which more than 100 types of bi-
ological polymers cooperate in a solution. Takuya Ueda
at University of Tokyo reconstituted protein synthesis re-
actions in test tubes by combining individually purified
biological polymers [3]. Reconstitution experiments are
progressing regarding the biological clock adversely af-
fected by jet lag, for example. It was thought that reaction
networks for biological clocks were, in many cases, in-
cluded feedback systems involving complex protein syn-
thesis. By adequately mixing 3 different proteins, how-
ever, Takao Kondo of Nagoya University showed that the
reaction of the biological clock can be reconstituted in test
tubes even in the absence of protein synthesis. Research
on reconstituting mammalian phosphorylation signaling
system in yeast cells is also progressing.

Reconstituting a partial system of a whole life sys-
tem in test tubes is not alone: synthetizing entire virus
with infection ability has also been studied without us-
ing “live” parent viruses. Two instance of this synthe-
sis include a study synthetizing virus by reaction in test
tubes without using host cells and a study reconstituting
virus with infection ability from virus DNA synthetized
based on electronic information. A group at RIKEN led
by Shigeyuki Yokoyama and Hiroaki Imataka (currently
at the University of Hyogo) recently modified the cell-free
preparation method of virus particles infective in mam-
mal cultured cells. Their group added RNA that codes
Encephalomyocarditis virus genes to extract of cultured
human cells [4]. Early instances of virus preparation us-
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ing similar cell-free systems include the synthesis of the
polio virus in 1991 by Echard Wimmer et al. of New York
University [5]. They further indicated that a virus can be
reconstituted, even in the absence of the original virus par-
ticle, simply by using public information on 7500-letters
virus-genome sequences of the polio virus [6]. This study
described synthesis of long-chain DNA that codes the
virus by combining short-chain DNA synthetized by us-
ing organic chemistry. A similar example of virus synthe-
sis, in 2003, taken from public information is the case of
a virus infective in bacteria (5386 letters), supported by
U.S. public funds. In addition, regarding the 1918 Span-
ish influenza virus, Yoshihiro Kawaoka at University of
Tokyo focused on the fact that virus gene sequence in-
formation was obtained from dead tissue even though the
virus itself no longer survives, synthetizing virus RNA
from the sequences information. He also showed that
highly virulent virus was obtained by introducing RNA
into appropriately modified cells [7]. The Kawaoka and
Foucher teams applied similar technology and showed
that viruses mutated to become able to show respiratory
droplet transmission between mammals, in mutants of the
highly pathogenic avian influenza virus [8, 9].

A study by a Venter team in 2010 reconstituted an en-
tire cell from electronic information [10]. They recon-
stituted, based on genome information, the Mycoplasma
mycoides genome DNA in yeast by combining DNA out-
sourced to a custom-gene-synthesis company. Because
the company processed DNA by combining chemically
synthetized DNA, artificial genome DNA was processed
without using genome DNA molecule of original organ-
isms as a template, unlike in genome replication in a cell
that requires template DNA molecule. By introducing
the reconstituted genome DNA into closely related My-
coplasma, M. capricolum, the organism was successfully
“hacked” by the M. mycoides synthetic genome DNA in
the following process. Two genome DNA molecules co-
exist temporarily in the host cell to which the foreign
genome is introduced. Because the growth rate of cells
in the coexisting state is slow, 2 types of cells missing
one of the genomes, namely 2 types of cells with the host
genome and cells with the synthetic genome, are gener-
ated when culture is continued. Only cells with the syn-
thetic genome are selected because the synthetic genome
includes antibiotic-resistant genes. In these cells, almost
all of the cytoplasm is initially occupied by the proteins
generated by the host genome and resultant compounds,
but they are gradually replaced by materials generated by
the introduced genome, finally producing cells that have
the origin of the sequence information of the synthetic
genome, as designed. This study is significant in creat-
ing a modified single-celled organism with genome se-
quence specified by researchers. Towards this creation
concerning million-letter genome DNA, gradual progress
in conventional technology on DNA manipulation results
in the 2 key technologies: technology for synthetizing
long-chain DNA and that for introducing such long-chain
genome DNA into closely related single-celled organ-
isms. In that study, this gradual progress exceeds the
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Fig. 2. Flow and choke points in synthetic biology. In

synthetic biology that integrates information and materials,
choke points (dots-lined ellipses) exist on the conduct of bio-
logical experiment and the supply of long-chain DNA as ex-
perimental material. Supply of long-chain DNA is detailed
later. DNA and its materials can be bought from supplier
companies (bold up-arrows). Instead, technician or machine
having professional technics indicated as bold down-arrows
is needed on each reaction step.

threshold value, 1 million letters, in the length of DNA.
As a result, revolutionary engineered organism emerged:
DNA-dependent organisms are created even in the ab-
sence of transmission of genome DNA molecules form
its parents.

3. System Modeling and Database: Elements of
Open Innovation in Synthetic Biology

For construction of engineered biosystem in cells, most
synthetic biology researches design new combination of
genes described in genome interpretation information on
various organisms, and prepare DNA molecule which has
the sequence of the combination of the genes (Fig. 2). As
a result of introducing this DNA molecule into microbes,
it becomes possible to utilize cells as factories combining
proteins that are coded by individual genes. The following
section introduces the importance of open innovation, in
the process of synthetic biological research, that bridges
biology and other scientific fields.

When a new network is being constructed by combin-
ing multiple genes each of which has protein-coding se-
quence and regulatory sequence for production control of
the protein, not only selecting combinations of proteins
but programming regulatory sequences is important. A
cell may be compared to a factory equipped with mul-
tiple machine tools. The adjustment of operation rates
for individual machine tools is required in a factory de-
pending on the supply and demand of materials. If all
machine tools in a factory operate at full capacity, inter-
mediate products would pile up or become insufficient in
a certain step, resulting in inefficiency of the whole sys-
tem. It is vital to keep the amount of proteins in cells
within an appropriate range by controlling protein pro-
ductions to have proteins work properly when construct-
ing a new network in cells. For natural life that consists
of multiple genes, control information regarding protein
productions is described in the genome as the integral of
the gene network so that changes in external environments
are addressed. Here, when constructing an artificial net-
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work by accumulating genes from various organisms, the
Universal genetic code allows the same DNA nucleotide
sequence in a host organism to produce a protein with the
same protein amino-acid sequence with the donor organ-
ism. A new production control information network for
the engineered biosystem, however, must be created to
address changes in external environments and to keep an
appropriate amount of each protein.

In creating an appropriate network for protein produc-
tion control, biological findings are not sufficient and a
design scheme based on control engineering findings be-
comes important. Production control information, as well
as amino acid sequence information on proteins, is coded
on sequence information described in 4 types of letters of
ACGT on DNA. Production control includes information
on conditions under which a production switch is on or
off, and that on the maximum extent of production. Be-
cause possible DNA sequence varieties are too many to
create a production control network for proteins in a hit-
or-miss fashion by a brute force manner, it is essential
to design artificial networks by combining control engi-
neering and biology findings. An early synthetic biology
study was praised for its new explanation of behaviors of
a designed biological network, by combined viewpoints
of biological experiments and mathematical model of the
network, where mutual suppression showed either bista-
bility or monostability depending on a small difference in
a parameter defined by DNA sequence [11].

When a gene network is designed with production con-
trol programmed, the use of prediction results of simu-
lation based on mathematical models is important. The
mechanisms of embryo development and iPS transforma-
tion are explained by an analogy in which balls roll on a
“landscape” with valleys branching downwards [12]. The
author recently constructed a gene network that programs
gene expression states in live cells as if balls rolled on
the landscape, where position of each ball, a cell, indi-
cated the gene expression state of the cell and commu-
nication intensity state between cells [13]. In this move-
ment, temporal change in cell-cell communication inten-
sity between cells, corresponding to slope inclination of
the landscape, is the key for the rolling movement of the
balls. In order to adjust the movement, computer simula-
tion can arbitrarily specify individual parameters, such as
the cell-cell communication strength and protein produc-
tion rates. On contrary, properties in a biological polymer
network in a living cell cannot be arbitrarily set at specific
values though the properties can be set in certain extents.
Significant processes for the completion of our landscape
study were therefore to select feasible networks by com-
puter simulation before biological experiments. In this
case, feasible networks meant those with a wider range
between minimum and maximum values of parameters
for the designed movements of the balls. The importance
of mathematical models is also advocated in design of ar-
tificial networks producing compounds in bioindustry.

Establishment of a database containing properties for
combining sequences that specify protein sequences and
production controls is also important for synthetic biol-
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ogy. Information for combining electronic circuit parts
such as transistors is shown on catalog sheets. In con-
trast, a database established in genome projects and other
omics studies indeed includes data for understanding in-
dividual genes and their interaction but often lacks data
for constructing a network by artificially combining indi-
vidual genes. Parts Registry! is published as a database
specializing in synthetic biology. The database, in a Wiki
format, unfortunately contains information with less relia-
bility, while DNA sequences that were validated by a third
party are increasing. Such database improvement associ-
ated with increased reliability is progressing and utilized
in a student competition in synthetic biology described
below.

4. Radical Modification of Biological Polymer
System

Synthetic biology is also applied to research for mod-
ifying common frameworks of lives. Modification of the
genetic coding system, which converts genetic informa-
tion on DNA to functional information on a protein, is ex-
plained as an example. Nucleotide sequence information
described in 4 letters of ACGT in chain molecule DNA is
converted to amino acid sequence information on a pro-
tein molecule that is synthetized by combining 20 types
of amino acids in a chainlike fashion. Each protein exerts
its specific function by forming specific cubic structure
corresponding to its amino acid sequence. Groups led by
Shigeyuki Yokoyama and Peter Schultz made it possible
to use 21 types of amino acid at the same time by adding
biologic polymers with modified functions to protein syn-
thesis systems in test tubes and cells [14]. Hiroaki Suga at
University of Tokyo is deploying research focusing on the
use of multiple amino acids other than 20 types of natu-
ral ones at the same time [15]. In turn, the author’s group
recently created protein synthesis systems reducing types
of amino acids [16]. This research is attracting attention
as new approaches answering the question “Why do all
forms of life use 20 amino acids in common?” by real-
izing “possible forms of lives,” but they are beyond the
focus of this paper. Refer to the literatures for detailed
information on these approaches [17].

Once synthesis of biological polymers with arbitrary
sequence becomes possible, it is natural that a study con-
cept arises for fulfilling new functions using different
combinations of biopolymers other than combinations in
natural lives. One extreme example is the study of DNA
computers that solves sample problems in information
science such as Hamilton path problem, a search to draw
a picture with a single stroke, using DNA [18, 19]. This
study, started in the 1990s, supported by DARPA of the
U.S. and a large grant in aid for scientific research from
Japan. Trends in such studies continue in this century fo-
cusing on the idea that biological polymers are composing
life, which includes autonomous reaction systems. Thus,
by new combinations of biological polymers, recent con-
structions of artificial autonomous systems accomplished

1. http://partsregistry.org/Main_Page [accessed May 10, 2013]
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multiple steps of reactions which proceed autonomously
after preparation of reaction solution [20]. Trends of con-
struction of autonomous biosystems are not limited to the
pure information sciences. Researchers are trying to ex-
ploit the high affinity of biological polymers with natu-
ral living-systems including human being. The creation
of micrometer-scale drug delivery systems, i.e., microma-
chines, is being planned to produce drugs at appropriate
timing when a lesion is detected in an organism.

5. Commissioned/Custom Synthesis of Long-
Chain DNA and Functional Evaluation of
Genes: Choke Point of Technology Manage-
ment and Development

Although synthetic biology is progressing smoothly
in the direction of easily producing networks combin-
ing genes by integration of scientific technologies in vari-
ous fields, the difficulties in participating in this progress
would be synthesis of long-chain DNA that codes the
gene network and functional evaluation of the network
(Fig. 2). Even if DNA sequences to be combined are
obtained from a published database, the actions of pro-
totype systems combining these sequences are predicted
by modeling, and system parameters are tuned to design
DNA sequences likely to be activated, so the artificial net-
work cannot be introduced into cells without obtaining
long-chain DNA with their sequences. Similarly, with-
out experimental equipment evaluating such functions, re-
searchers cannot obtain data required for publishing pa-
pers, receiving patents, and developing products.

DNA synthesis combining nucleotides is achieved not
only by biochemical reactions based on enzymes called
DNA polymerase as in cells but by organic synthesis.
The biochemical reaction is known as replication because
DNA is required for use as the template to be copied. For
the enzyme that accurately copies a genome consisting of
several thousand genes, it is easy to copy a single gene al-
though more than 1000 letters must be combined to copy
a gene. Until recently, obtaining genes thus requires to ex-
tract the genome DNA of organisms or to share genome
DNA extracted by other researchers. In sharing, material
transfer agreements were commonly entered into between
the organizations that researchers were affiliated with. In
contrast, DNA processing by organic synthesis produces
arbitrary DNA or RNA molecule sequences because tem-
plate DNA is not necessary. With this advantage, the ge-
netic code table was determined, in 1960s, by synthetizing
RNA with various sequences combining 3 nucleotides.
By mechanizing repetitive operations in polymerization
reactions, it was also made possible to synthetize DNA
molecules with sequences input to a computer. Some bio-
logical laboratories had this kind of machines in the early
1990s, but outsourcing DNA synthesis became a standard
practice except in laboratories that chemically synthetize
special nucleotides other than ACGT. This was the re-
sult of the emergence of commissioned/custom synthe-
sis companies and lower costs due to price competition.
The processing of long-chain DNA combining more than
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200 nucleotides is difficult, however, in the case of or-
ganic synthesis. This is because, even when the yield rate
of organic synthesis is 99% per nucleotide, the rate for
100 nucleotide length is 37%(= 0.99'%). Similarly, that
for a 1000 nucleotide length is less than 0.01%. In ad-
dition, the probability of containing incorrect nucleotides
is approximately 1% to 0.1% per nucleotide due to the
contamination of solution or protective group required for
chemical synthesis not having been removed. This er-
ror rate is significantly higher than that of DNA synthe-
sis by biochemical reactions. Thus complementary pros
and cons in DNA preparation are seen between enzyme
reactions and organic chemical reactions.

In the last decade, researchers have easily obtained
long-chain DNA having more than 1000 nucleotides
with arbitrary sequences by outsourcing to commis-
sioned/custom synthesis companies because of techni-
cal progress and price competition among commissioned
synthesis companies. Such long-chain DNA encoding a
gene is created by biochemically combining short DNAs
prepared by organic synthesis reactions. In 1972, the first
artificial gene, is shown be active on organisms; the gene
encodes tRNA whose length is shorter than that of a pro-
teins. In addition, researches have been reported about
the synthetizing of protein genes by combining chemi-
cally synthetized DNA. With progress in commissioned
synthesis of long-chain DNAs, a 1000 nucleotide length
gene that codes proteins is currently supplied for less than
US$500 dollars. In this competition on gene synthesis,
important technological developments are the simultane-
ous synthesis of various kinds of DNA in small amounts
and the removal of DNA molecules when base substitu-
tion has occurred.

In synthetic biology combining design and biological
experiments, the “choke point” of study resides in the fact
that actual materials must be dealt with. In other words,
biological experiments are conducted in 2 study steps out
of 3 as follows:

(1) design sequences for artificial gene circuits;

(2) obtain long-chain DNA molecules with the se-
quences;

(3) evaluate functions of the artificial gene circuits by
introducing the obtained long-chain DNA into cells.

The restriction on step (3) is that a few personnel with
expertise in individual objective materials are necessary.
The restriction on step (2) is significant so this step should
be focused on when dual use is considered. Long-chain
DNA molecules corresponding to genes and gene cir-
cuits are obtained by outsourcing to commission synthesis
companies, whereas creation by individual personnel and
laboratories is ineffective (Fig. 2). The system, operated
by major commissioned companies, for rejecting the com-
missioned synthesis of genes thought risky against human
society is therefore a means for ensuring the safety of syn-
thetic biology. Nonetheless, synthesis of a gene from pub-
lic information without committing to the restriction of
necessary outsourcing is ineffective but possible if a large
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number of short DNA species can be obtained as parts of
the gene. Such short DNAs can be synthetized, without
outsourcing, using an automatic DNA synthesis machine
or manual synthesis by a large group of trained person-
nel. While specialized techniques are required for organic
manual synthesis, it will be easy to obtain short DNA us-
ing the automatic machines which can currently be gained
through net auction. Obtaining special reagents for DNA
synthesis is also an additional restriction in both manual
and automated cases, but this restriction is relatively in-
significant for the manual synthesis case. This is because
such personnel are able to prepare the special reagents us-
ing simple reagents, whilst the special reagents must be
purchased from reagent makers in the case of DNA syn-
thesis by the machine run by a molecular biologist.

This choke point in gene synthesis should be focused
on as a measure against dual use emerged due to accu-
mulation of knowledge and technologies of synthetic bi-
ology. Potential problems caused by synthetic biology are
divided into unintended accidents and malicious creation.
Malicious creation by personnel who do not have “live”
parent pathogens is probably re-synthesis of viruses or
small-scale modification of bacteria and viruses because
the number of genes currently accumulated in artificial
gene network design is still 30 or fewer. It is very diffi-
cult to regulate attempts by the malicious using existing
laws or guidelines regarding recombinant DNA experi-
ments corresponding to step (3). Thus attempts for long-
chain DNA synthesis required for the malicious creation
should be screened or searched.

6. Risk Reduction Using Synthetic Biology
Techniques

To address unexpected accidents that might occur when
studying synthetic biology, synthetic biology technolo-
gies as such may be a measure for reducing risks. Be-
cause long-chain DNA with arbitrary sequences are pro-
cessed using chemically synthetized DNA, not only se-
quences necessary for gene network functions but in-
formation such as an operating manual of the functions
or creator names can be written as sequences readable
by others. In fact, information including web addresses
is written in artificial bacteria created by Venter et al.
Should recombinant organisms be leaked, creators would
be asked for measures against using such information.

Taking this concept one step further, if design informa-
tion for gene networks with problems is made available by
indicating project numbers of recombinant experiments
applied beforehand, the problem would be handled im-
mediately. Application forms are archived based on laws
or regulations by recombinant DNA committees for each
institution or department, so the numbers should indicated
in long-chain DNA, as a first step of safety improvement.
For recombinant DNA experiments conducted both by
public research institutes such as universities and by pri-
vate companies, archives of experiment application forms
are desired assuming disclosure by a public information
entrustment system when accidents occur as a result of
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the experiment.

Modification of genetic codes is also a future measure
for reducing the possibility of unexpected accidents. Un-
expected activities of a recombinant organism that unex-
pectedly could change its genome are a threat. These un-
expected changes take two forms. One is that by mutation
in cells. The other is that by the horizontal transfer of
genes from other organisms, which is known to be com-
mon in the wild microbes and can make more consider-
able changes in cell characteristics than the mutation. As
well as the horizontal gene transfer, genetic engineering
currently easily introduces genes derived from other or-
ganisms into cells and makes them produce proteins from
the genes. This is based on the fact that the genetic code
for producing proteins from DNA is universal. On con-
trary, when DNA from other organisms is introduced to
modified cells with different genetic codes, functioning
proteins cannot be produced [16], and thus the probability
of unexpected changes decreases. The possibility of acci-
dents by artificial genetic network is thus reduced when
researchers use combination of a cell with a modified ge-
netic code and DNA corresponding to the modified code.

7. Risk Reduction by Interaction with Society:
International Competition of Undergradu-
ate Students

To handle malicious creation using synthetic biology
techniques, it is important that there are persons both in
the biological field and in other fields of society, in addi-
tion to deals based on technologies and laws, who know
what can be done using current technologies. A student
competition is introduced here as a measure for enlight-
enment and human resource development. International
genetically engineered machine competition iGEM) is an
international synthetic biology competition played by un-
dergraduate students. Although this iGEM competition
has similarities to robot contests, iGEM does not mean the
battle between recombinant organisms in Colosseum; this
would not be permitted by regulations. In iGEM competi-
tion, experimental results based on ideas of students from
around the world are gathered in Boston to determine
who is best. Typical seasonal activities include organiz-
ing teams in spring, undertaking preliminary research on
various themes focusing on summer vacation, conducting
experiments during summer vacation, and preparing for
presentations in September. The number of team mem-
bers varies with the school, but 10 may be good because a
student in a too large team tends to lose his/her active par-
ticipation. Teachers provide advice on project progress
so ideas from students are expressed in experiments, and
have the students observe various regulations of experi-
ments.

A wide variety of projects are based on innovative ideas
of students. Many application-oriented projects have been
planned, e.g., creation of sweeper bacteria which absorb
heavy metal and aggregate by themselves to be collected,
optimization of reaction by arranging an enzyme group on
a scaffold, design of repair bacteria for cracks detected in
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concrete, and the development of virus particles for use in
drug delivery systems.

Not only for biology field but for other fields of so-
ciety, education in iGEM competition for students pro-
vides human resource who pay attention to dual use of
synthetic biology. Not a small number of students par-
ticipated in synthetic biology iGEM competition, which
accepts interdisciplinary undergraduate student teams, get
employed in special fields other than biology in Japan and
overseas. Such future communication among iGEM ex-
participants in different fields would effectively increase
security by indirect ways against biological threats. Co-
operation between those in biological fields and those in
security organizations is also important. The FBI of the
US participated in iGEM competition as a sponsor and
held a seminar on awareness and responsibility of a per-
son who knows well synthetic biology. Another measure
to increase the number of people who know what can be
done using synthetic biology is that those who involved
in synthetic biology transmit current situations in the field
to society through media such as science cafes. In iGEM,
transmission to society is also an item evaluated in com-
petition, and several interesting activities are observed. In
the science café planned by iGEM participants and the
author, for example, general public participants were di-
vided into groups of 4-6 and each group presented their
imaginary product developed by synthetic biology. Re-
sponding to this presentation, other teams commented on
risks and ethical problems. The team presented improved
plans based on comments on their project. This all meant
that a simulated research cycle was experienced. Through
these processes, participants shared the recognition that
criticisms in synthetic biology are divided into those that
researchers can address and those they cannot. As a re-
sult, if constructive criticism leading to modifications in
research for reduced risk are given to researchers from
society in actual research, progress in science and tech-
nology can be expected based on cooperation between so-
ciety and researchers.

In conclusion, means are needed for informing the pub-
lic of what is possible and the risks now existing in syn-
thetic biology. The author hopes that this paper will help-
ful in this purpose.
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