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Abstract

The successful completion of the Human Genome Project and other sequencing projects opened the door for another quantum
jump in science advancement. The most important public sequence databases are doubling in size every 18 months. By revealing
the genetic program of many organisms, these efforts endow biologists with the ability to study the basic information of life in toto
as an initial step toward a comprehensive understanding of the complexity of entire organisms. We review the area of synthetic
biology, defined as the making and use of biosystems founded on the chemical synthesis of the coding DNA (and potentially
RNA). The recent developments discussed here introduce a rich source of oligonucleotides to the field: in situ synthesised
microarrays, which in fact represent nothing else but matrix nucleic acid synthesisers. With this new way of producing the
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ligonucleotides used in the making of synthetic genes in a very cost-effective manner, the field of synthetic biology can be
xpected to change dramatically in the next decade. Synthetic genes will then be the tools of choice to obtain any sequence at
ny time in any laboratory.

2006 Elsevier B.V. All rights reserved.
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1. Introduction

The successful completion of the Human Genome
Project and many other sequencing projects opened the
door for another quantum jump in science advance-
ment. New genome sequences are being finished almost
daily, and many more will be forthcoming as we
continue to add species from the evolutionary tree.
This dynamic development already reminds some
(Myhrvold, 2005) of Moore’s law governing informa-
tion technology. Moore’s law is the empirical observa-
tion that at our rate of technological development, the
complexity of an integrated circuit with respect to min-
imum component cost will double in about 24 months.

The most important public sequence databases are
doubling in size every 18 months.

With all this information in hand, researchers have
only just begun to think about new biological ques-
tions they can ask. By revealing the genetic program
of many organisms, biomedical science has been trans-
formed, endowing biologists with the ability to study
the basic information of life in toto as an initial step
toward a comprehensive understanding of the complex-
ity of entire organisms. To work on the systems biology
level will lead to a deeper understanding of life and have
many important implications for the health care sector,
the biotechnology industry and our environment.

2. A definition of synthetic biology
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synthetic genes goes back another decade. The first
functional synthetic gene was made and published in
1964 by a research team led by H.G. Khorana, as part
of their work on the elucidation of the genetic code
(Khorana, 1968; Agarwal et al., 1974; Khorana, 1965).
The gene carried the code for the tyrosine transfer RNA
and was successfully tested in bacteria after being built
from basic chemicals.

Others have later optimised and perfected the chem-
ical synthesis of nucleic acids (Beaucage, 1993) and
automated the complete process (Lashkari et al., 1995).
For the two decades from 1980 to 2000 the predomi-
nant applications of the vast majority of the synthesised
oligonucleotides were use as primers for PCR (Mullis
et al., 1986) and sequencing (Sanger et al., 1977) as
well as site-directed mutagenesis (Flavell et al., 1975;
Gillam and Smith, 1979). During the 1990s, a growing
number of biochip applications was added, (Schena et
al., 1995; Fodor et al., 1991).

DNA recombination technology, at some point
increasingly supported by PCR, mutagenesis and
related methods, was faster and more cost effective
then the creation of synthetic genes, and shaped the
field of molecular biology. Synthetic genes played
a minor role in the molecular biology laboratories,
though they were always recognised as valuable tools.
They sometimes might be the only accessible source for
the desired DNA, as in cases where the natural DNA
may be unavailable to the experimenter or the desir-
able DNA has never existed. Also, sequences that are
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The purpose of this review is a discussion of
nother side of genomics: synthetic biology or “Syn-
io”, with special emphasis on recent developments
hat promise a major breakthrough. We define synthetic
iology as the making and use of biosystems founded
n the synthesis of the coding DNA (and poten-
ially RNA) based upon chemically synthesised nucleic
cids oligonucleotides of programmable sequences.
he recent developments discussed here make use of
rich source of oligonucleotides: in situ synthesised
icroarrays, which in fact represent nothing else but
atrix nucleic acid synthesisers.
Synthetic biology is older than recombination tech-

ology. While the latter has been developed in the early
970s (Smith and Wilcox, 1970; Jackson et al., 1972)
fter the successful discovery and use of sequence spe-
ific restriction enzymes and ligases, the making of
educed rather than experimental (e.g. resulting from
rotein sequencing or representing a new fusion of gene
omains) can be made that way. Generally, synthetic
enes are especially useful, if it is desired to re-engineer
he target sequence, either the coding region or regula-
ory signals of importance (protein initiation, ribosome
inding sites, promoters, and the like), and to alter the
odon usage for a particular host or model organisms.
ast but not least, synthetic genes allow the efficient
onstruction of a family of related, but different con-
tructs, with permutations at special regions of interest.
ltimately, synthetic genes allow complete flexibil-

ty of target sequence design and obviate intermediate
teps often needed to get to a desired sequence by
loning and recombination technology.

The creation of synthetic genes is based on a simple
oncept: the target DNA is produced by programmed
hemical synthesis of short oligonucleotides (typically
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25–70 bases long): a combination of these oligonu-
cleotides is dictated by specific hybridisation, from
which longer DNA molecules are created by liga-
tion, PCR, and a combination of the two methods
(LCR). Using the ligation experimental scheme, there
are two different approaches for the assembly of syn-
thetic genes:

1. Synthesising the complete sequence (both strands)
and ligating the backbone.

2. Synthesising part of the sequence while leaving
gaps in the fragile hybrid, and filling the gaps by
employing a DNA polymerase enzyme.

In the first approach, already used and optimised by
Khorana and his team, a series of sequentially overlap-
ping oligonucleotides are synthesised (Au et al., 1998).
The sequences are selected with the gap in one strand
bridged by an oligonucleotide of the other strand, so
by simple hybridisation the precursor of the double
stranded target DNA molecule containing nicks on both
strands is formed. The nicks are then sealed in a reac-
tion with DNA ligase to catalyse the formation of the
phosphodiester bonds between the 5′-phosphate of one
oligonucleotide fragment and the 3′-hydroxyl terminus
of the adjacent oligonucleotide fragment.

The second approach (Dillon and Rosen, 1990)
makes use of a template-directed and primer-dependent
5′- to 3′-synthesis reaction of a DNA-polymerase. The
set of oligonucleotides is chosen such that after end
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Two recent projects are of special significance. One
is the chemical synthesis of poliovirus cDNA that
directly led to the generation of infectious virus in
the absence of natural template (Cello et al., 2002).
Although the basic methodology is the same as the ones
described above, it is the scope of the work that has
created some discussion in the field. Simply by using
a sequence stored in silico, Cello et al. were able to
re-create an infectious virus. In principle, this method
could be used to synthesise other viruses with similarly
short DNA sequences. This includes viruses that could
be considered to be potential bio-warfare agents, like
Ebola virus. The poliovirus itself is not an effective bio-
logical weapon, but the experiment shows the potential
of synthetic genetic engineering and also highlights one
of its problems.

The other important project – or series of projects –
is the creation of a minimal genome, ultimately made
fully synthetically (Hutchison et al., 1999; Smith et al.,
2003). A minimal genome is the smallest set of genes
an organism needs to live in a particular environment.
While most microbes have hundreds or thousands of
genes, some use only a fraction of these at any one
time, depending on their surroundings. The smallest
genomes known only contain a few hundred genes. It
is hoped that once the smallest set of genes is defined
– as somewhat like a bottom line – one has a pow-
erful model system at hand to create new functional
microorganisms, for purposes such as energy genera-
tion or bioremediation.
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nnealing of the oligonucleotides, the polymerase uses
eoxynucleotide triphosphates to fill the gaps. Any nick
n the resulting, double-stranded DNA is later sealed by
NA-ligase. The length of the oligonucleotides used

ends to be longer than in the Khorana method, and as
n advantage one does not have to cover the complete
equence by the synthetic oligonucleotides, thus reduc-
ng cost. On the other hand, the frequency of mutations
an be higher using this approach, due to the DNA
olymerase.

Several modifications and improvements of these
asic strategies have been tested and published to date
Stemmer et al., 1995). In all methods, the total length
f the genetic element was restricted by the produc-
ion costs of the necessary oligomers when made using
he standard automated synthesisers, and by the logis-
ics accompanied with the handling of the multitude of
ifferent molecules.
The field is advancing in other aspects as well. Sev-
ral sources are available for gene design software
Hoover and Lubkowski, 2002; Rouillard et al., 2004;
ayaraj et al., 2005), so the groundwork of disassem-
ling a particular sequence to optimised short oligonu-
leotides is no bottleneck and should foster the spread
f synthetic gene production.

. New sources for oligonucleotides

One major bottleneck, however, remains to be
olved: a source for the necessary oligonucleotides
hat is quicker and cheaper than the current stan-
ard DNA synthesisers. Several promising concepts
merged recently, all based on an especially rich source
or the large number of different molecules that is
equired for synthetic genes (Weiler and Hoheisel,
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Fig. 1. Schematic illustration of microarray-based DNA synthesis. (A) The major features of the microfluidic chip. used in Tian et al. (2004)
and Zhou et al. (2004). (B) Ligation or PCR approaches for long DNA synthesis. (C) The procedure used for synthesis of long DNA using
array-derived oligos.

1996; Richmond et al., 2004; Zhou et al., 2004; Staehler
et al., 2003; Tian et al., 2004): in situ microarray synthe-
sis. With this new way of producing oligonucleotides
in a cost-effective manner, the field of synthetic biol-
ogy can be expected to change dramatically in the next
decade (Fig. 1).

In a series of recent papers, several groups have
published the use of array-derived oligonucleotides for
synthetic biology purposes. Richmond et al. (2004)
combined the Maskless Array Synthesiser (MAS) con-

cept (Singh-Gasson et al., 1999) with a chemically
labile linker. The oligonucleotides (up to 70 mers) cre-
ated in situ on the microarray could be eluted by adding
a cleaving reagent. To cope with the small amount of
each oligonucleotide, they employed an amplification
step that was made possible by adding to each oligonu-
cleotide sequence a flanking generic primer sites of 15
bases. A simple PCR of the eluted oligonucleotides
led to sufficient amounts of material for subsequent
steps. The primer sequences were cleaved of by includ-
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ing a restriction enzyme site. By such means, a set of
40 mer oligonucleotides was produced as an ingredi-
ent for a gene assembly. A first proof of principle of
the complete process of amplification and assembly of
chip-eluted DNA (AACED) resulted in a 180 bp DNA
sequence that was verified qualitatively by restriction
analysis. If the AACED will be extended to the full
potential of the MAS platform, a single chip could
potentially lead to the assembly of 15 Mb of DNA.

A second paper presents the use of a microfluidic
synthesiser platform to make the oligonucleotides
(Zhou et al., 2004). The microarrays were created
in situ within small reaction chambers by combi-
nation of standard DNA synthesis chemistry and
photo-generated acid activation (Gao et al., 2001),
termed PicoArray synthesis. The authors synthesised
30 or 45 mer oligonucleotides and constructed several
genes by using an approach of ligation followed by
PCR with primers specific for the respective ends of
designated sequence stretches. Interestingly, Gao et
al. already employed the microarray for more then
the synthesis alone. They additionally introduced a
point check hybridisation to a complementary second
microarray as quality control method. The genes were
made in two steps: first, a set of intermediate sequence
stretches of several hundred base pairs was assembled.
Then several of these fragments were joined to form
the target sequence. As an especially convenient
functional assay, they chose the green fluorescent
protein gene (742 bp) and report fluorescence of E.
c
g

g
t
t
P
t
b
i
w
b
e
l
a
e
c
T

sequence, the authors developed a method using array-
derived oligonucleotides again: in addition to the set
of oligomers coding the target sequence, called con-
struction oligonucleotides, they synthesised and eluted
a second set of so called selection oligonucleotides.
Each of these molecules was half of the full-length
of the respective construction oligonucleotide and
linked to a biotin moiety to support known extraction
protocols. Construction and selection oligonucleotides
were used for a downstream selections step. The
two sets were hybridised to each other and perfectly
matching pair purified using the biotin moiety. This
new approach even outperformed PAGE purifica-
tion, giving a lower mutation rate at one error per
1394 bp.

4. Conclusions

With the use of array-derived oligonucleotides the
field of synthetic biology has discovered a new source
for the most important ingredient, the coding oligonu-
cleotides. As a result of this, development costs of
synthetic genes will drop significantly and their use
spread in consequence. Also, one can then expect
new applications to emerge. Church and co-workers
already mentioned new biochemical activities of the
engineered proteins and novel self-replicating systems
(Tian et al., 2004).

At the same time, complementary DNA technolo-
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oli clones that were transfected with the synthetic
ene.

Tian et al. (2004) showed the assembling of all 21
enes (also in a form of 14.6 kb operon) that encode
he proteins of the E. coli 30 s ribosomal subunit,
aking the system to the next level. They employed the
icoArray synthesis platform and announced to test

he MAS platform in ongoing work, therefore using
oth array-derived oligonucleotide sources established
n the previously discussed publications. Their process
as similar to AACED and included a PCR step
ased on common flanking primer sites. As control
xperiments, they showed a chip with covalently
abelled oligonucleotides still on the chip, the chip
fter cleavage and elution, and a hybridisation of the
luted oligonucleotides to a second, complementary
hip (similar to the methods in Zhou et al., 2004).
o reduce the rate of mutations in the final target
ies will be developed or employed for synthetic biol-
gy applications. One important example is sequenc-
ng. With the cost of the oligonucleotides being reduced
y three orders of magnitude, the downstream steps
uch as cloning, quality control and sequencing will
ecome the major cost factors for synthetic genes. This
ight fit very well with recent developments in the
eld of high-performance sequencing (Shendure et al.,
004) that promise to lower the cost per base by a
actor of 10 in the mid term range. If one of the suc-
essful novel sequencing tools is combined with the
rray-derived oligonucleotides, one can envision such
iniaturising technologies will drive another dramatic

ecrease in price and increase in speed and turnover. As
ome of the advanced sequencing methods include the
se of microarrays themselves, hybridisation based or
ia sequencing by synthesis, the array is used at more
hen one point of the process chain.
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The downstream processing will benefit from opti-
misation and fine tuning work. A promising approach
includes the use of mutation detection proteins (MutS
from T. aquaticus) (Carr et al., 2004; Binkowski et
al., 2005) to deplete hybridised oligomer sets of mis-
matched pairs. Error rate reduction of more than 15-
fold was reported.

The further development of synthetic biology will
most likely see two trends: for once, longer sequences
will be synthesised and utilised in innovative appli-
cations. A small community of advanced academic
laboratories are likely to lead, among them the ones
referred to in this review. As a second trend, however,
we expect that the array-derived oligonucleotides will
continue to be optimised in quality and in the formats
for use to become standard reagents in the daily work
of life science researchers around the globe. Given the
unique properties of oligonucleotides, i.e. they can be
easily duplicated, amplified, extended in length and
detected at low abundance or even at single molecule
level, new applications will emerge in areas which have
not seen the role of oligonucleotides. Within 10–20
years, synthetic genes will be the tools of choice to
obtain any sequence at any time in any laboratory.
This evolution will be very beneficial for all areas of
molecular biology. Eventually, synthetic genes could
replace recombination technology for most purposes.
We witness a huge asymmetry between the amount of
sequence information available in databases and its util-
isation in practical experiments. Investigating a gene’s
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