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ABSTRACT

As a key focus of synthetic biology, building a minimal
artificial cell has given rise to many discussions. A
synthetic minimal cell will provide an appropriate chassis
to integrate functional synthetic parts, devices and
systems with functions that cannot generally be found
in nature. The design and construction of a functional
minimal genome is a key step while building such a cell/
chassis since all the cell functions can be traced back to
the genome. Kinds of approaches, based on bioinfor-
matics and molecular biology, have been developed and
proceeded to derive essential genes and minimal gene
sets for the synthetic minimal genome. Experiments
about streamlining genomes of model bacteria revealed
genome reduction led to unanticipated beneficial proper-
ties, such as high electroporation efficiency and accurate
propagation of recombinant genes and plasmids that
were unstable in other strains. Recent achievements in
chemical synthesis technology for large DNA segments
together with the rapid development of the whole-
genome sequencing, have transferred synthesis of
genes to assembly of the whole genomes based on
oligonucleotides, and thus created strong preconditions
for synthesis of artificial minimal genome. Here in this
article, we review briefly the history and current state of
research in this field and summarize the main methods
for making a minimal genome. We also discuss the
impacts of minimized genome on metabolism and
regulation of artificial cell.
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INTRODUCTION

The title “synthetic biology” appeared in the literature in 1980
when it was used by Barbara Hobom (Hobom, 1980) to
describe bacteria that had been genetically engineered using
recombinant DNA technology, which was mostly synonymous
with “bioengineering”. In 2000, the term “synthetic biology”
was again introduced by Eric Kool and other speakers at the
annual meeting of the American Chemical society in San
Francisco (Rawls, 2000). Here, the term was used to describe
the synthesis of unnatural organic molecules that function in
living systems. It is close to the meaning “redesign life”
(Benner and Sismour, 2005). Now, as described by Synthetic
Biology Community (http://syntheticbiology.org/), synthetic
biology is the design and construction of new biological
parts, devices and systems, and the re-design of existing,
natural biological systems for useful purposes. This is the
simplest and perhaps the most widely accepted definition.
Synthetic biology, as a field, has developed over last
decade, hanging on the advances in biology, genetics and
genome sequencing coupled to the increase in the speed and
storage capacity of computers and the internet. One of the
key features of synthetic biology is the application of rigorous
engineering principle to biological system design and devel-
opment (Kitney, 2007; The Royal Academy of Engineering,
2009). A significant challenge to engineering in biology is the
inherent complexity of the cells in which the modified DNA is
embedded in order to produce the desired device and system.
It is important that the synthetic device or system is either
decoupled from the essential metabolic processes whose
disordered can be lethal for the cell, or does not adversely
affect these processes (The Royal Academy of Engineering,
2009). One approach to this problem is to simplify the chassis
by reducing the genome and hence the complexity of the
chassis. In accordance with this sense, minimizing the
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genome of natural bacterial is one of the key branches of
synthetic biology research (Diez et al., 2009).

Living organism contain, in their genome, genes coding for
functions that are not essential for survival under the
controlled and stable conditions. Determining and removing
these unessential genes would help to decrease undesired
interplay between device or system and chassis, and thus
increase the predictive power. The practice for estimating the
size and gene content of minimal genome have been
implemented through comparative (Mushegian and Koonin,
1996) and experimental (Hutchison et al., 1999) approaches
since the end of last century. Genome reduction projects (Yu
et al., 2002; Fehér et al., 2007) in several model organisms
were also reported in last decade. In particular, recent
achievements in chemical synthesis technology for large
DNA segments together with the rapid development of the
whole-genome sequencing, have transferred synthesis of
genes to assembly of the whole genomes based on
oligonucleotides (Gibson et al., 2008a, b), and thus created
strong preconditions for synthesis of artificial minimal genome
based on derived minimal gene sets. In this review, we
introduce the concept of minimal genome and review the
strategies for determining minimal gene sets and essential
genes. We also discuss the impacts of reduced genome on
living cell and the practical significance of an artificial minimal
cell.

THE MINIMAL GENOME CONCEPT

One of the basic purposes of the “minimal genome” research
is to find out “how many genes can make a cell” (Koonin,
2000). It is closely related to the concept of “minimal gene
set”, which seeks to estimate the smallest number of genetic
elements sufficient to build a modern-type free-living cellular
organism. However, the phrase “minimal gene set” in itself
makes no sense, except when associated with a defined set
of conditions (Koonin, 2003), such as species, environmental
conditions (e.g., culture medium, temperature, habitat) and
the purpose of the research (e.g., main for theoretical
development or for bioengineering application). It is not hard
to understand that, functional completeness may be not so
important for theoretical development, but it is really
significant for bioengineering applications. Out of survival
and developmental considerations, cells always keep some
redundant genome elements for special cases, such as
resource starvation and poor environment. For instance,
genes encoding enzymes for the biosynthesis of amino acids
should only be present in the minimal genome if amino acids
were not available in the medium. So the minimal gene set
should be defined under ideal conditions (Koonin, 2000), that
is, in the presence of unlimited amounts of all essential
nutrients and in the absence of any adverse factors, including
competition. Whereas, Foley and Shuler (2010) think that
defining such a minimal gene set required for life is necessary,

but not sufficient for synthesizing a minimal cell, especially
for a biotechnological platform cell. Functional gene
fractions should be considered when deriving a minimal
gene set.

There are currently two different ways to get a minimal
genome, bottom-up approach and top-down approach
(Szathmary, 2005). The bottom-up approach constructs an
artificial genome by using chemical synthesis method. After
the repertoire for minimal gene set was figured out, the
minimal genome could be synthesized based on this blue-
print. In contrast, the top-down approach starts from existing
organisms with the aim of simplifying their genome to a
reduced genome. Although genome minimization seems
easier than genome synthesis from scratch, when coming
to the details, they have nearly the same challenges: how to
decide which genes to delete and which ones to keep?

The naturally evolved minimal genomes may give us a
reference (Fraser et al., 1995; Wann, 2000; Gil et al., 2002) .
After entering 21th century, more and more complete genome
sequences are becoming available for a large number of
diverse bacterial species. According to statistics of GOLD
(Genome OnLine Database V3.0, http://genomesonline.org/
index2.htm) (Liolios et al., 2008), till March 18th, 2010, there
are total 6937 genome projects, and 1224 complete genomes
have been published including 1020 bacterial, 124 eukaryal
and 80 archaeal genomes. Although most bacterial possess
more than 2000 genes, the smallest bacterial genomes
contain less than 600 genes (Table 1). Among these small
genomes, Mycoplasma genitalium G-37 has the minimal
genome sized 580kb coding 564 open reading frames
(ORFs) as a free-living bacterial. But mutagenesis experiment
indicated that only 256-350 protein coding genes of M.
genitalium are essential under laboratory growth condition
(Hutchison et al., 1999). More theoretical and practical work
tend to give a range of minimal gene set about 200-300
genes (ltaya, 1995; Mushegian and Koonin, 1996). Mush-
egian and Koonin used the comparative genomic approach to
find ubiquitous genes existing in the first two completely
sequenced genomes. These ubiquitous genes supplemented
by some non-orthologous displacement genes composed a
minimal gene set for cellular life (Mushegian and Koonin,
1996). Many groups have tried to derive essential genes
through single gene inactivation experiments. Genes that
were put into minimal gene set can be called essential genes.
A number of studies have addressed this issue on in silico or
in vitro level.

STRATEGIES ON DERIVING MINIMAL GENOME

In 1995, Mitsuhiro ltaya (Itaya, 1995) made the first try to
estimate the minimal genome size. He investigated 79
randomly selected chromosomal loci of Bacillus subtilis by
mutagenesis, only found 6 mutations rendered B. subtilis
unable to form colonies. The statistical analyses for the
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Table 1 Genome sizes of different bacteria

organism name size (kb) ORFs Gram staining biotic relationships classification
Buchnera aphidicola Cc 420 431 Gram- symbiotic Proteobacteria-y
Mycoplasma genitalium G-37 580 564 Gram+ free living Tenericutes
Mycoplasma pneumoniae M129 816 736 Gram+ free living Tenericutes
Mesoplasma florum L1 793 760 Gram+ free living Firmicutes
Haemophilus influenzae Rd (KW20) 1830 1774 Gram- free living Proteobacteria-y
Staphylococcus aureus aureus N315 2813 2746 Gram+ free living Firmicutes
(MRSA)

Mycobacterium leprae Br4923 3268 2767 Gram+ free living Actinobacteria
Mycobacterium tuberculosis H37Rv (lab 4411 4060 Gram+ free living Actinobacteria
strain)

Bacillus subtilis subtilis 168 4214 4408 Gram+ free living Firmicutes
Escherichia coli K-12, MG1655 4639 4612 Gram-— free living Proteobacteria-y
Frankia sp Ccl3 5433 4670 Gram+ symbiotic Actinobacteria
Pseudomonas aeruginosa PAO1 6264 5742 Gram-— free living Proteobacteria-y
Mycobacterium smegmatis MC2 155 6988 6978 Gram+ free living Actinobacteria
Burkholderia cenocepacia J2315 (ch-1) 8060 7023 Gram- free living Proteobacteria-8

frequency of indispensable loci (6 out of 79) shown that total
indispensable genetic material would be included within
about 318-562 kb, which is in accord with those currently
determined smallest genomes for bacteria. However, he did
not give a reasonable repertoire of genes in such a genome
ever though a hypothetical minimal genome size required for
life was proposed. Next year, Mushegian and Koonin
(Mushegian and Koonin, 1996) derived such a repertoire for
minimal self-sufficient gene set using comparative genomics
approach based on the first two completely sequenced small
bacterial genomes, Mycoplasma genitalium and Haemophi-
lus influenza, which belong to two ancient bacterial lineages,
i.e., Gram-positive and Gram-negative bacteria, respectively.
This minimal gene set contains 234 orthologs between M.
genitalium and H. influenza plus 22 non-orthologous dis-
placements, total 256 genes. Later on, large-scale gene
inactivation experiments were finished by different groups.
Their work indicates that the present of essential genes in the
whole genome was no more than 25%, except for the
naturally small genomes. Advances in systems biology
approach provide another way to define essential genes in
silico. Scientists derive in silico essential genes based on the
genome-scale metabolic network using modified Flux Bal-
ance Analysis (FBA) algorithm or other mathematical
methods (Covert and Palsson, 2003; Price et al.,, 2004;
Zhang et al., 2009). Systems approach gives a chance to
understand and obtain biological knowledge on a system or
cellular level. Each of these approaches did its bit in deriving
minimal gene set and essential genes, but they have their
own pros and cons, respectively.

Comparative genomics approach

Comparative genomics is based on the hypothesis that the
genes, which are conserved in distant related species, are
almost certainly essential for cellular function and are likely to
approximate the minimal gene set (Mushegian and Koonin,
1996). But the same essential function may be performed by
different even non-orthologous genes, so it is not enough for
this approach to only search for genes that have homolog in
the genomes of groups of organisms, the non-orthologous
gene displacements also need to be included in to ensure the
completeness of essential cellular functions. Using this
approach, Mushegian and Koonin suggested that the 256
genes are close to the minimal gene set that is necessary and
sufficient to sustain the existence of a modern-type cell. Since
this minimal gene set was determined under ideal conditions,
which means rich nutrition and no pressure, this minimal gene
set also defined a hypothetical simple cell with following
principle features: a nearly complete system of translation, a
virtually complete DNA replication machinery, a rudimentary
system of recombination and repair, a simple transcription
apparatus with four RNA polymerase subunits, a single o
factor and three transcription factors, a large set of
chaperone-like proteins, no amino acid biosynthesis, a limited
repertoire of metabolite transport systems, etc (Mushegian
and Koonin, 1996). No matter whether their minimal gene set
is really functional, they give a rough figure of minimal
genome and the corresponding minimal cell. Based on
comparative results, and taking experimental gene inactiva-
tion data into consideration, Gil determined the core of a
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minimal bacterial gene set with 206 genes, and reconstructed
a minimal metabolic machinery necessary to sustain life
(Gil et al., 2004). This proposed minimal genome had similar
features with Mushegian and Koonin’s.

With more and more whole genome sequence are
available, comparative genomic approach was used to
analyze extended species. It is foreseeable that the number
of orthologous genes drop-off with the increase of the number
of chromosomes from different organisms. Analysis of about
100 genomes shows that only 63 genes are ubiquitous
(Koonin, 2003). That is because numerous essential cellular
functions can be performed by unrelated proteins that show
no sequence similarities to each other in different organisms,
resulting in the non-ubiquitous presence of the corresponding
genes across species (Fehér et al., 2007). Moreover, when
each ubiquitous gene is required to be present in every
genome, the size of the ubiquitous set will be artificially small
due to sequencing and annotation errors or detection
difficulties (Charlebois and Doolittle, 2004). COG database
(http://www.ncbi.nim.nih.gov/COG/) (Tatusov et al., 2003)
shows that nearly 40% ubiquitous COGs (clusters of
orthologous groups of proteins) are poorly characterized. It
is thus expected that this approach is totally powerless for
non-orthologous gene displacement, and a minimal genome
based on this approach alone would be inviable and it would
not be possible to identify the missing essential genes. But
the comparative approach still could offer invaluable insights
on core gene sets conserved across closely related organ-
isms, for example by identifying strain-specific, horizontally

transferred genomic islands (Medini et al., 2005; Posfai et al.,
2006).

Experimental gene inactivation approach

To fill the gap of comparative genomics approach and to give
a direct performance of gene essentiality, experimental gene
inactivation approach identifies those genes whose individual
inactivation causes inviability. Several genome-scale identi-
fications of such genes have been performed in prokaryotic
and eukaryotic organisms by different groups with different
strategies. Generally, there are three main experimental
approaches to identify essential genes under particular
growth conditions: massive transposon mutagenesis strate-
gies (Judson and Mekalanos, 2000; Akerley et al., 2002;
Salama et al., 2004; French et al., 2008), the use of antisense
RNA (Ji et al., 2001; Forsyth et al., 2002) to inhibit gene
expression, and the systematic inactivation of each individual
gene present in a genome (Herring et al., 2003; Kobayashi
et al., 2003). However, these results showed that percentage
of essential genes in the whole genome is really low (Table 2).
In addition, results from the same method may vary a lot.
Many reasons and limitations make this result. First, genes
whose deletions sharply slow down the growth may not be
included in the essential gene set. Second, genes that are
individually dispensable may not be simultaneously dispen-
sable, because of the presence of alternative cellular path-
ways, functionally redundant gene copies, and genes that can
be compensated by other genes in the genome. Finally,

Table 2 Results of large-scale gene inactivation experiments for prokaryotes

organism ORFs total No_E E (%) reference
Mycoplasma genitalium G-37 518 381 73.55% Glass et al., 2006
Mycoplasma pulmonis UAB 815 310 38.04% French et al., 2008
Helicobacter pylori 1616 344 21.29% Salama et al., 2004
Haemophilus influenzae KW20 Rd 1738 670 38.55% Akerley et al., 2002
Francisella tularensis 1767 396 22.41% Gallagher et al., 2006
Streptococcus pneumoniae TIGR4 2175 113 5.20% Thanassi et al., 2002
2175 133 6.11% Song et al., 2005
Staphylococcus aureus N315 2662 168 6.31% Jietal., 2001
2662 658 24.72% Forsyth et al., 2002
Acinetobacter sp. ADP1 3307 499 15.09% de Berardinis et al., 2008
Mycobacterium tuberculosis H37Rv 4038 614 15.21% Sassetti et al., 2003
Escherichia coli K-12 4321 620 14.35% Gerdes et al., 2003
4321 303 7.01% Baba et al., 2006
Bacillus subtilis 168 4354 271 6.22% Kobayashi et al., 2003
Salmonella typhimurium LT2 4541 257 5.66% Knuth et al., 2004
Pseudomonas aeruginosa PAO1 5664 678 11.97% Jacobs et al., 2003
Pseudomonas aeruginosa PA14 5964 335 5.62% Liberati et al., 2006

Note: ORF, open reading frame; No_E, the number of essential genes; E (%), the percentage of essential genes among the total number of ORFs in the

genome.
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laboratory conditions often fail to detect genes that are
required under special environmental conditions. Moreover,
transposon mutagenesis might miss genes that can tolerate
transposon insertion.

Fang et al. analyzed gene essentiality in bacteria in silico
through four main parameters: persistence index, orthologs
leading-strand index, sequence divergence, and codon
adaptation index (Fang et al., 2005). They found that persis-
tent nonessential (PNE) genes show an over-representation
of genes related to maintenance and stress response. This
outlines the limits of current experimental techniques to define
gene essentiality and highlights the essential role of genes
implicated in maintenance that, although dispensable for
growth, are not dispensable from an evolutionary point of
view. They also showed that some persistent genes have
many characters in common with experimentally identified
essential genes. They suggested to consider them as truly
essential genes. So when deriving a minimal genome, the
results from experimental gene inactivation also should be
treated carefully.

Systems biology approach: genome-scale network
model

A complete understanding of the relationship between
genotype and phenotype would greatly facilitate the design
of minimal genome. Mathematical models relating gene
content to cell physiology would inherently account for
genetic interactions and enable the simulation of minimal
gene sets under various environmental conditions (Fehér et
al.,, 2007). Although such a comprehensive mathematical
representation of a whole cell is out of reach at present,
models of various cellular subsystems, especially genome-
scale metabolic network models are becoming increasingly
available ( Reed et al., 2003; Duarte et al., 2004; Becker and
Palsson, 2005; Puchalka et al., 2008; Christian et al., 2009;
Zhang et al., 2009).

Genomic information coupled with biochemical and phy-
siological knowledge has enabled the reconstruction of
genome-scale biochemical reaction network for microorgan-
ism (Price et al., 2004). The constraint-based approach was
introduced to deduce the metabolic phenotype from the
genotype (Covert and Palsson, 2003). From genome-scale
metabolic network to minimal gene set in silico, common
practice is kind of like experimental gene inactivation
approach. That is the network reaction(s) associated with
each gene was individually “deleted” by setting the flux to 0
and optimizing for the biomass function (Price et al., 2004).
This methods have yielded numerous key theoretical insights
on the nature and evolution of minimal genome, but there is a
general caveat for application of constrained-based methods:
some of the computationally derived minimal metabolic
networks might not be kinetically feasible (Holzhitter and
Holzhitter, 2004).

Recently, Ying Zhang et al. introduced another algorithm to
the minimal gene set calculation of metabolic network (Zhang
et al., 2009). Their analysis also were carried out using the
optimization and single gene deletion function of the COBRA
toolbox, but their algorithm picks one gene each time to do
“deletion”, then uses judgment and iteration procedure to put
genes into three categories: core-essential, synthetic lethal
and non-essential genes. This in silico method may have its
own limits, but it gives reliability to essentiality of each gene.

CHEMICAL SYNTHESIS OF DNA

Once the content of a genome has been determined, the next
step may be to “re-write”, or synthesis all or part of the
genome. Technology for chemical synthesis of DNA is
becoming mature. Synthesis of small DNA segments has
been not a difficult task since the 21th century. Furthermore,
there are a number of cases where the genome of an
organism has been entirely synthesized. In 2002, Cello and
coworkers at State University of New York, Stony Brook,
synthesized the poliovirus genome (7741bp) from its
published sequence, producing the first synthetic organism
(Cello et al., 2002). In 2003, the genome of the bacteriophage
®X-174 (5386 bp) was assembled in just two weeks by a
team at the J. Craig Venter Institute (Smith et al., 2003). In
2008, Hamilton Smith and co-workers again pushed forward
the boundaries of synthesis with their reconstruction of an
entire 489 kb synthetic genome of the bacterium, Myco-
plasma genitalium (Gibson et al., 2008a). The synthesis
capacity has shown a steady increase in the last decade.
There has been a concurrent fall in cost to less than $0.55 per
base pair, depending on sequence length and composition
(The Royal Academy of Engineering, 2009). The technologi-
cal barrier to progress in chemical synthesis of minimal
genome will be mitigated with the development of new
technology (The Royal Academy of Engineering, 2009).

At present, a related technological challenge lies in the
ability to successfully transfer large DNA segments, even
whole genomes, into populations of cells (Foley and Shuler,
2010). In prokaryotic cells, circular plasmids of tens of kilo
base pairs may be routinely transfected into cells. Whole
chromosomes present a much greater challenge. And the
other major challenge in genome transplantation is to under-
stand the role of DNA methylation and histone modifications.
These modifications directly affect gene activity and such
modifications may play key roles in activating transplanted
genomes (The Royal Academy of Engineering, 2009).

GENOME REDUCTION RROJECTS

An top-down approach to get a minimal genome is genome
reduction, which cuts off non-essential DNA segment from the
whole genome but still keeps the cell alive. This strategy
starts from existing organisms with the aim of simplifying their
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genome till a minimal, or at least reduced genome.
Escherichia coli, as the favorite model Gram-positive bacter-
ium, its reduced genome or minimal genome have been
constructed by the diverse genomic deletion methods, such
as suicide plasmid-mediated genomic deletion, linear DNA-
mediated genomic deletion, site-specific recombination-
mediated genomic deletion, and transposon-mediated ran-
dom deletion. These methods were summarized in Fehér et
al's review (Fehér et al., 2007) and the book named “Systems
Biology and Biotechnology of Escherichia coli” by S.C. Kim et
al. (Sung et al., 2009). The reduced-genome bacterial strains
have genomes that are 5%—-30% smaller than that of a wild-
type E. coli strain. The genomes of other microorganisms,
such as B. subtilis (Ara et al., 2007), C. glutamicum (Suzuki et
al., 2005), and the yeasts (Giga-Hama et al., 2007; Murakami
et al., 2007) also have been reduced for the construction of
minimal-genome factories.

Consistent with the hypothesis that most of bacterial
genomes contain redundant or non-essential segments,
most new strains with reduced-genomes performed better in
some aspect, and showed potential for industrial application.

CONCLUSION AND PERSPECTIVES

The development of biotechnology and bioengineering,
coupled with the accumulating of knowledge about cellular
life, have given us a chance to realize our dream of creating
ideal and robust host organisms for novel usages that benefit
humankind. Genome, as the most important basis for a living
cell, is favored by synthetic biology researchers. Creating an
artificial minimal genome, on one hand, is a basis for synthetic
biology, on the other hand, provides a new way to understand
living cell. Researchers are tackling this task by using a
comprehensive approach based on computational, experi-
mental and literature-based studies. Based on these
approaches, many essential genes have been identified,
and organisms with streamlined genomes also have been
constructed. However, any result from single approach has
not so much persuasion, so information from different
strategies should be selected and integrated logically and
appropriately to get a minimal genome.

It is apparently that after a suitable and robust minimal
genome is constructed, it would provide synthetic minimal cell
a good chassis to assemble kinds of functional modules. The
applications of such a minimal cell will have a broad
applications ranging from industrial chemicals to pharmaceu-
tical proteins.
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