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Abstract

With recent breakthroughs in experimental microbiology making it possible to synthesize and
implant an entire genome to create a living cell, the challenge of constructing a working
blueprint for the first truly minimal synthetic organism is more important than ever. Here we
review the significant progress made in the design and creation of a minimal organism. We
discuss how comparative genomes, gene essentiality data, naturally small genomes, and
metabolic modelling are all being applied to produce a catalogue of the biological functions
essential for life. We compare the minimal gene sets from three published sources with functions
identified in 13 existing gene essentiality datasets. We examine how genome-scale metabolic
models have been applied to design a minimal metabolism for growth in simple and complex
media. Additionally, we survey the progress of efforts to construct a minimal organism, either
through implementation of combinatorial deletions in B. subtilis and E. coli or through the

synthesis and implantation of synthetic genomes.

Introduction

The recent breakthrough involving the de novo synthesis and implantation of an entire
prokaryotic genome to create a living synthetic cell [1] represents a major triumph integrating
decades of research in virtually every area of biology. This proof-of-principle breakthrough has
the potential to dramatically change how metabolic engineering is done: rather than modify
existing organisms in small ways to fit them to our needs, entire genomes can be designed,
synthesized, and implanted to produce living synthetic cells. This is far from being a new idea in

biology [2-4], but the work of Venter and colleagues changes the consideration of this idea from



a hypothetical “what if” into something that is technologically achievable in the near future if a
working blueprint for the synthetic cell can be created.

If we are to produce this blueprint for a living, dividing, and robust synthetic cell, we
must know which parts to include in the blueprint, we must understand the function of each part,
and we must ensure that enough regulatory machinery exists for the parts to function as a
harmonious whole [2]. It is precisely this need for a minimal catalogue of the essential biological
functions required for life that drives the pursuit for the design and creation of a minimal
organism [5-9]. Here, we define a minimal organism as a living, dividing cell where every gene
in the genome is indispensable for viability in a defined chemical environment. This is similar to
existing definitions [2, 5, 6, 10] except we propose that the chemical environment of the cell be
strictly defined so the nutrients required by the cell for survival are completely understood. A
minimal organism satisfying this definition will most likely not possess the smallest gene set
required for life, as the organism would include additional genes required to survive in the
defined chemical environment. Instead, this definition seeks to strike a balance between a
number of closely related goals relating to minimality, level of understanding for each gene, and
the ability to engineer a functional system. Over the next decade, we anticipate the creation of
numerous synthetic microorganisms that will fit this definition of a “minimal cell”, and while
differences between specific incarnations will certainly exist, these will reflect the scientific or
industrial goal driving the synthesis of the organism.

Efforts to develop a minimal organism, both theoretically and experimentally, have been
a driving force in basic biological science, requiring that we understand in detail every essential
biological function [2]. These efforts are already helping to improve genome annotations [5, 6,

11], correct models [12-14], and gain insights into global cell regulation [8, 15].



The goal of creating a minimal organism also has practical applications beyond basic
science. A minimal organism will lack mobile DNA elements (e.g., insertion elements,
transposases, phages, integrases, and site-specific recombinases) that plague efforts to control
strains used in the industrial setting over the long term [15]. A minimal organism will also lack
competing metabolic pathways that drive raw materials away from desired end products and
toward useless or even toxic by-products [2]. Moreover, a minimal organism will lack the
complex layer of transcriptional regulatory interactions that make natural microorganisms
resistant to engineering efforts [16]. A minimal organism will have applications in medicine,
commodity chemicals, pharmaceuticals, fuel production, carbon sequestration, and waste
cleanup.

Researchers have been contemplating the possible content of a minimum genome since
the first complete genome sequence emerged 15 years ago [17, 18]. Here we examine efforts to
compile the minimal gene set using various methods, including analysis of naturally small
genomes [19], gene essentiality studies [18, 20], comparative genomics [11], in vitro
implantation of biological subsystems [2], or a combination of all approaches [6]. We compile
the minimal gene lists proposed in several sources; and using SEED functional roles and
sequence homology [21], we compare the lists to identify those elements that are universal
among all lists or appear in a subset of lists. We also examine efforts to synthesize a minimal
genome in the wet-lab. These efforts usually involve either the reduction of nonminimal
genomes by combinatorial deletions (the top-down approach) or the de novo synthesis and
implantation of synthetic minimal genomes (the bottom-up approach). We discuss the progress,

strengths, and challenges associated with each effort.



The Natural Minimal Organism: Mycoplasma genitalium

Mycoplasma genitalium is a natural first stop in the pursuit of the minimal gene set [19]. With
0.58 MB encoding 482 genes [19], it is the smallest culturable bacterium sequenced to date.
Because M. genitalium meets most of the definition of a minimal organism (except for a defined
growth media), its 482 genes establish an upper bound on the number of genes in the minimal
set. Unfortunately, functions have been assigned to only 326 (68%) of the genes in M.
genitalium; hence, much is still not understood about how this organism survives (Table I and
Supplementary Table S1).

To identify which genes in M. genitalium might be expendable, researchers have
compared M. genitalium with a close relative: Mycoplasma pneumonia with 0.82 MB encoding
677 genes [22]. The comparison of these two “minimal” genomes revealed that all 482 open
reading frames found in the M. genitalium genome are also included in the M. pneumonia
genome [23]. While the comparison with M. pneumonia did not help identify expendable genes
in M. genitalium, the 110 genes found to be unique to M. pneumonia did help explain why M.
genitalium is much more fastidious than M. pneumonia [23].

Another method used to identify the expendable genes in M. genitalium was global
transposon mutagenesis [20]. In this technique, transposons were targeted at every gene in the M.
genitalium genome, but strains with successful insertions were observed only when a
nonessential gene was disrupted. In this study, 100 genes in M. genitalium were found to be
individually dispensable [20]. It is unlikely, however, that all 100 of these dispensable genes can
be simultaneously removed without disrupting cell viability. Thus, this study placed only a
potential lower bound on the size of a minimal gene set: ~382. Based on this analysis alone, the

predicted minimal genome consists of between 382 and 482 genes, with biological functions



assigned to 272 (71%) of the 382 essential genes and 54 (54%) of the 100 nonessential genes
(Table I and Supplementary Table S1). This constitutes one possible hypothesis for the minimal

gene set for life.

Comparison of Published Hypothetical Minimal Gene Sets
These types of analyses of the M. genitalium genome have formed for the foundation for most
hypothetical minimal gene sets proposed in the literature. However, the proposed minimal gene
sets employ a variety of additional filters in an effort to remove all dispensable genes while still
preserving the functions required for life. One of the first minimal gene sets was generated
through a comparative genomics analysis of the M. genitalium and H. Influenza genomes [11].
This analysis proposed that any genes found to be conserved in these two taxonomically distant
organisms must be essential for life; a set of 240 such conserved genes was identified. The
analysis also examined the “completeness” of the set of biological functions encoded by this set
of 240 and, through this analysis, identified another 16 genes required to fill clear gaps in the
functional set, bringing the total set of genes in the minimal set to 256 (Table I and
Supplementary Table S3). This set of 256 was later revisited by Koonin once more complete
genome sequences were available for comparison. In his study, Koonin found that only 60 of the
original 256 genes were conserved across the larger set of genomes [24]. However, he proposed
that the functions encoded by the remaining unconserved 196 genes were nevertheless present in
other genomes as nonorthologous gene displacements. Remarkably, the conclusion of this revisit
was to leave the original set of 256 unchanged [24]. As might be expected, every gene in the
Koonin minimal set overlaps with the M. genitalium genome. (Fig. 2b).

Another recent minimal gene set was derived by Gill and colleagues using a combination

of comparative genomics, analysis of small genomes, and analysis/comparison of essential gene



sets [6]. The approach yielded a list of 206 essential genes (Table I and Supplementary Table
S3). This list overlapped significantly with the list generated by Koonin, with several key
exceptions (Fig. 2a). The Gill list included additional genes associated with DNA replication,
metabolism, and translation. This list also lacked many of the genes associated with metabolism
in the Koonin minimal set. The significant differences in the metabolic genes included in the Gill
and Koonin sets highlights the flexibility possible in the design of a minimal metabolic network.
Like the Koonin list, this list showed good overlap with both M. genitalium and our derived
universal essential gene set (Fig. 2¢). However, unlike the Koonin set, the Gill set also included
40 genes not found in M. genitalium genome. These 40 genes are primarily related to
metabolism, translation, and poorly characterized functions.

Most recently, Church and Forster proposed a new minimal gene set consisting of only
115 genes and 37 RNA [2] (Table I and Supplementary Table S3). The derivation of this set is
unique in that it did not depend largely on comparative genomics or gene essentiality datasets.
Instead, this set exploited knowledge gained from the in vitro or biochemical implementation of
numerous biological subsystems, including translation [25], membrane formation and fission [3],
DNA replication [26, 27], and RNA processing [28, 29]. As such, the set primarily consists of
simple machinery with well-understood functions required for protein synthesis, mRNA
expression, DNA replication, cell division, and extremely simple metabolism. Highly conserved
and often essential functions such as DNA repair were left out. Highly simplified alternative
biochemical systems were applied that do not resemble the primary mechanisms used in living
cells in order to produce a minimal cell where every component is completely understood [3, 26-
29]. Comparison of the Church list with the Koonin and Gill revealed significant overlap in the

translation machinery, which appears to be inescapable in the design of a minimal cell (Fig. 2a).



Many of the unique genes in the Church list relate to synthesis of RNA components used for
DNA replication of other functions. Similarly, the overlap with M. genitalium primarily involved

functions associated with translation (Fig. 2d).

Gaining More from Gene Essentiality Data

One potential problem with using only the essentiality data from M. genitalium in the analysis,
formation, and validation of minimal genes sets is the accuracy of the experiments used to
identify the 382 essential M. genitalium genes. These experiments are often plagued by “false
essentials” due to three problems: (i) some genes are never mutated in the screen, (ii) deletion of
some genes causes formation of toxic intermediates or incomplete protein complexes that kill the
cell and give the illusion of essentiality, and (iii) disruption of some genes has an inadvertent
effect on neighbouring genes in the genome, leading to an essential multi-knockout [2].
Additionally, some of the 382 genes identified as essential may be essential only in M.
genitalium because of complex interdependencies with other M. genitalium functions or because
of the specific culture conditions in which M. genitalium must be grown. These problems can be
overcome by integrating many taxonomically diverse gene essentiality datasets into the analysis
with a focus on the biological functions that are conserved across multiple datasets. This
approach has been applied previously using essentiality datasets from five different organisms
[30], but now we expand the study to the 13 currently available datasets [20, 31-44].

We began our analysis by comparing the lists of SEED functional roles associated with
the essential genes in each of the 13 datasets to identify the biological functions that are
conserved across multiple datasets. We found 2,206 distinct SEED functional roles associated
with the 5,252 unique genes represented in the 13 datasets (Supplementary Table S2).

Interestingly, no functional roles are conserved across all thirteen datasets, only four are



conserved across twelve datasets, and approximately 40 functions each are conserved across 11,
10, 9, 8, 7, 6, and 5 datasets (Fig. 2a). The number of functions conserved in four and fewer
datasets grows rapidly, indicating that the essential functions at that level of conservation are
diverging into organism specific functions and not universal functions. To further support this
conclusion, we determined the fraction of the functions conserved across 12, 11..., 2, and 1
datasets that were included in each of the proposed minimal gene sets: the M. genitalium
genome, the essential genes in M. genitalium, the Koonin set, the Gill set, and the Church set
(Fig. 2b). Nearly 100% of the functions conserved across 12, 11, 10, and 9 datasets are included
in nearly all proposed minimal gene sets. The Church set is the key exception, which is expected
as this dataset is significantly smaller than the others and employs some mechanisms for
translation, transcription, and DNA replication that are not typically used in bacteria. The degree
of overlap between the conserved essential functions and the minimal gene sets steadily declines
as the number of essentiality datasets the functions are conserved in decreases. This observation
strongly reinforces the conclusion that the more universally essential biological functions should
be included in the minimal gene sets, but as universality increases, organism and environment
specific functions begin to appear among the conserved essential functions.

We selected a subset of the 280 most universal conserved essential functions for deeper
analysis, using conservation in at least five essentiality datasets as our cut-off (list shown in
Supplementary Table S3). The cut-off of five is somewhat arbitrary as it was selected to produce
a manageable list of functions for deeper analysis; we by no means propose this list as a new
minimal gene set. Each function in our list of 280 was associated with a biological subsystem
(e.g. Protein biosynthesis, Carbohydrate metabolism) similar to those used in the Koonin, Gill,

and Church datasets (subsystems shown in Supplementary Table S3). We then analyzed how the



subsystem classification of the conserved essential functions changes as the universality of the
conserved functions declines (Table 2). Nearly all functions conserved in nine or more
essentiality datasets are associated with non-metabolic subsystems including Protein
biosynthesis, tRNA synthesis, Transcription machinery, and DNA replication. Among functions
conserved in fewer than nine essentiality data sets, metabolic functions become progressively
more heavily represented, with functions being associated with Cofactor biosynthesis. Many
essential cofactor molecules (e.g. folate) are difficult to transport and lack long term stability in
the environment. For these reasons, many organisms synthesize these compounds internally
rather than importing them, which causes these biosynthesis pathways to appear in many
essential gene sets.

We also examine the subsystems associated with the conserved essential functions that
are not included Koonin, Gill, or Church minimal gene sets (Table 2). As expected, nearly all
functions with conserved essentiality across 12, 11, 10, and 9 datasets are included in at least one
of the Koonin, Gill, or Church datasets. The exceptions are of interest however, as these
represent functions that may be missing from the current minimal gene sets. These include GTP-
binding protein EngA in Protein biosynthesis; Glutamyl-tRNA(Gln) amidotransferase subunit B
(EC 6.3.5.7) and Aspartyl-tRNA(Asn) amidotransferase subunit B (EC 6.3.5.6) in tRNA
synthesis, Phosphoglucosamine mutase (EC 5.4.2.10) in Carbohydrate metabolism; UDP-N-
acetylglucosamin I-carboxy-vinyltransferase (EC 2.5.1.7), UDP-N-acetylmuramoylalanine-D-
glutamate ligase (EC 6.3.2.9), and N-acetylglucosamine transferase (EC 2.4.1.227) in Cofactor
biosynthesis, and one uncharacterized protein (MG464 in M. genitalium). There are two
additional uncharacterized functions conserved in eight essentiality datasets that are also

potential targets for additional study (MG046 and MG208 in M. genitalium) and inclusion in
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proposed minimal gene sets. The functions that are conserved in fewer than nine datasets involve
far more metabolic functions (most in cofactor biosynthesis) that are not included in the Koonin,
Gill, or Church datasets. It is unlikely that these functions are good candidates for inclusion in
the minimal gene sets as they are probably essential due to specific biological needs and growth

conditions of their host organisms.

Model-driven Design of a Minimal Metabolism

As the comparison of our minimal gene sets confirms, metabolism is one of the more flexible
elements of the hypothetical minimal organism. Many alternative metabolic pathways exist that
can achieve the minimal metabolic goals needed for life. In particular, biochemical energy can be
synthesized in the form of ATP by using a wide variety of methods.

Fortunately, genome-scale metabolic models exist that can be used to predict the set of
metabolic functions required for a minimal organism to be viable in a specified chemical
environment. Metabolic modelling has been applied to analyze the connectivity and behaviour of
the simple metabolic network included in Gill’s minimal set of 206 genes [45]. This work found
the simple network to function successfully as a concerted whole and behave similarly to natural
metabolic networks.

In other important work, the iJJR904 [46] genome-scale metabolic model of E. coli was
applied with mixed-integer linear optimization to predict the minimal set of metabolic reactions
needed for E. coli viability in minimal and complex media [47]; the study found that 122
metabolic reactions are required for growth in complex media, with an additional 102 reactions
required for growth in minimal media. This is the first work to quantify approximately how
many metabolic genes must be added to the minimal organism in order to obtain growth on

defined minimal media instead of undefined complex media (~102 additional genes). This also
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provides a mechanism for using metabolic models to select exactly which metabolic genes must
be included in a minimal organism to ensure viability in desired media conditions.

Ideally this analysis should be repeated using a pan-genome metabolic network rather
than constraining the solution space to E. coli metabolism only. The biomass reaction used in
this analysis should also be adjusted to reflect the reduced biological needs of a minimal
organism. Both these modifications would be useful in the development of a metabolic blueprint
for a minimal organism. Given the utility of linear optimization and genome-scale metabolic
modelling as a mechanism for designing, understanding, and checking the consistency of our
knowledge of the minimal metabolism of an organism, we propose that the metabolic model
construct could be useful for design of entire minimal genomes if models could be expanded to
integrate the non-metabolic genes required for life. Many of these genes can be integrated into
the same stoichiometric representation used for metabolism as done in the E-matrix approach
[48]. Non-metabolic genes can also be integrated into a logical boolean network like those used

for integration of regulatory constraints in metabolic models [49].

Bringing the Blueprint to Life with the Creation of a Minimal Organism

Efforts are under way in many labs throughout the world to produce a living strain with a
minimal genome [1, 7, 8, 15, 50-52]. These efforts are applying various approaches, depending
on the organisms being used as a starting point and the specific scientific or industrial objectives
motivating the effort. All the approaches can be classified as either top down or bottom up [4].
Top-down approaches involve starting with the genome of an existing (often far from minimal)
organism and combining deletions to produce progressively smaller genomes [7, 8, 15, 50-52].
Bottom-up approaches involve starting with a very small genome and engineering a reduced

version of the entire genome for implantation and viability testing [1]. An even more
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fundamental bottom-up approach is being pursued in which no natural genome is used as the
starting point. This approach essentially involves assembling various self-replicating biochemical

subsystems together in vitro and integrating them in a simple lipomembrane cell [2, 3].

Knocking Out Complexity with the Top-Down Approach

Most efforts to produce a minimal organism fit into the top-down paradigm, where chromosomal
regions are systematically deleted to produce progressively smaller strains while preserving
viability in set culture conditions; this process continues until no further deletions are possible
without loss of viability. Thus far, two organisms have been used in top-down studies: E. coli [7,
15, 50, 51] and B. subtilis [8, 52].

One primary disadvantage of this approach is that the genomes used as a starting point
are typically far from being minimal. E. coli contains 4.64 MB encoding 4,312 genes, and B.
subtilis contains 4.21 MB encoding 4,114 genes. Thus, over 3.6 MB and 3,629 genes must be
deleted from each of these organisms just to obtain a genome equal to M. genitalium (0.58 MB
and 482 genes) in size. Then 150-250 additional genes must be deleted to reach the hypothetical
minimal genome. Another disadvantage is that these model organisms likely contain co-
dependent infrastructure that is technically dispensable for life but results in unviable strains
when deleted in the wrong sequence [7, 15]. These co-dependencies must be disentangled before
this infrastructure can be removed from the cell.

The primary advantage of this approach is that both E. coli and B. subtilis have highly
effective genetic transformation mechanisms, making execution of knockouts technically
straightforward and relatively fast. In B. subtilis, the native natural competence mechanism of
these cells is exploited for the uptake of computationally designed primers and antibiotic

resistance cassette. These primers and cassette are integrated into the genome by homologous
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recombination, at which point the target chromosomal region is spontaneously snipped out.
Transformed strains are identified by the antibiotic resistance conferred on them by the input
cassette. This cassette is then popped out so the process can be repeated for the knockout of a
second chromosomal region [53]. The procedure is similar in E. coli, but the cassette used for
selecting transformed strains is different, and electro-competence must be used for inserting
primers because E. coli cells are not naturally competent [7].

Another significant advantage of the top-down approach is that E. coli and B. subtilis are
both versatile organisms that grow rapidly even on minimal media. Hence, a defined (even a
minimal) medium may be used to test for viability throughout the genome minimization process
and may be selected as the targeted culture condition for the minimal strain. This has significant
implications for application of the minimal strain as an industrial or scientific platform. Minimal
organisms that inherit the fastidiousness and slow growth of M. genitalium will most likely be
impractical for use in industry or science. Additionally, at the end of the minimization process,
one is left with a catalogue of the biological subsystems that were removed during the process.
These parts may be reintegrated into the minimal strain to either ascertain their function or
confer new desired capabilities on the strain.

The top-down approach also has the advantage of improving our understanding of the
organism on which it is used. As chromosomal regions are progressively removed, the
phenotypes of intervening strains may be tested and compared with predictions from available
genome-scale models [13, 36]. When predictions are incorrect, models are adjusted to remove
errors and reveal new insights into biology of the organism being reduced. In current genome
reduction efforts in B. subtilis, new essential and coessential genes have been identified, new

metabolic pathways have been revealed, and essential metabolic cofactors have been identified
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[12]. Our understanding of the genome-wide regulation of both B. subtilis and E. coli has been
enhanced by the top-down projects involving these organisms.

Currently, top-down approaches have produced a B. subtilis strain reduced by ~1.4 MB
(33%) [12] and an E. coli strain reduced by 1.38 MB (30%) [7]. Both these efforts are
approximately halfway to producing strains of B. subtilis or E. coli that are smaller than that of

M. genitalium.

Rewriting the Operating System of Life from the Bottom Up

The bottom-up approach to the creation of a minimal organism is fundamentally different from
and far more technologically challenging than the top-down approach. In the pure bottom-up
approach, the minimal genome is designed computationally, synthesized in its entirety, and
implanted in a living cell to produce a viable minimal organism. Every experimental step
involved in implementing the bottom-up approach has now been successfully demonstrated with
the genome of Mycoplasma mycoides as a template [1]. First, the M. mycoides genome was
resequenced and computationally disassembled into 1,078 overlapping cassettes, each 1,080 BP
long [1]. These cassettes were chemically synthesized and implanted in yeast, where the
chromosome repair machinery of yeast was used to assemble these strands into a complete
chromosome [9, 54, 55]. Next, the complete chromosome was injected into a Mycoplasma
capricolum cell, effectively rewriting the operating system of that cell with the instruction set
from the injected M. mycoides genome [1]. With this proof of principle complete, efforts are now
beginning on the design and synthesis of reduced versions of the M. mycoides genome. These
efforts will continue until the synthetic genomes cannot be reduced further without loss of

viability upon implantation.
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The most significant advantage of this approach is its lack of reliance on any native
cellular machinery for the transformation of the genome. Additionally, there are no intervening
strains in this approach, preventing extremely fastidious or slow growing intermediate strains
from disrupting efforts to further reduce the genome. Such strains produced during the top-down
approach would have to be abandoned because further genome transformations would no longer
be practical. Primarily because of this advantage, a minimal strain produced by the bottom-up
approach is expected to be smaller than a minimal strain produced by the top-down approach.

Because extremely fastidious organisms can be used with the bottom-up approach, the
starting point for this approach is a much smaller genome. The native M. mycoides genome
includes only 1.08 MB encoding 1,021 genes (much smaller than the 4+ MB and 4,000+ genes
used as starting points in the top-down approach). As a result, far fewer portions of the
chromosome need to be removed in order to reach a minimal organism.

The primary disadvantage of this approach is the technical difficulty, time, and expense
associated with it. Fifteen years were spent just developing the technologies required to enable
each step of the currently implemented process, and every attempt to further reduce the M.
mycoides genome will require the genome assembly and implantation processes to be repeated.

Currently this work is just beginning, now that the necessary experimental methods are in place.

Conclusions

Comparative genomics, gene essentiality experiments, genome annotation, and metabolic
modelling each have an important role to play in the continued efforts to design the hypothetical
minimal genome. The comparison of the three published minimal gene sets, the gene set in M.
genitalium, and the set of 280 universally essential genes reveals more differences than expected.

These results clearly demonstrate that there are likely to be multiple solutions to the minimal
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genome challenge. While only one solution is likely to satisfy the strict condition of including
the smallest set of distinct genes required for life, many solutions probably exist that satisfy the
weaker condition of containing no dispensable genes. Additionally, each distinct minimal gene
set generated, synthesized, and validated is likely to require significantly different growth
conditions.

Another important point is that the function of many of the genes included in these
minimal sets remain unclear or, in some cases, unknown. Clearly more work is needed to
characterize these vital biological functions before successful design of a blueprint for a minimal
cell will be possible. One important area for future focus would be the highly conserved essential
genes that are not currently included in the published minimal gene sets (specific examples listed
in that discussion). Another important area of focus would be the highly conserved essential
genes and genes in the published minimal gene sets for which no clear function is known.

Analysis of metabolism revealed a wide range of possibly essential metabolic genes
depending on the culture conditions targeted. Approximately 123 genes are need for growth in
complex media, while an additional 75 genes are required for growth in minimal media. This
study reveals the strength of genome-scale metabolic model and flux balance analysis as a means
of designing a minimal organism capable of surviving in a specific chemical environment.

Producing a complete hypothetical minimal gene set in which the function of every gene
is well understood is likely an essential prerequisite to the successful design of a functional
minimal genome from the ground up. The top-down approach being used to produce minimal
strains of E. coli and B. subtilis is generating data on gene functions and functional
interdependencies that will be essential to the completion of this minimal blueprint. The

experimental techniques being developed in the bottom-up approach will be essential to
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converting this blueprint into a living, metabolizing, and dying synthetic minimal organism.
Clearly a synergy exists between these two approaches that will result in a faster path to the

successful design and creation of a minimal synthetic organism.
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Figure Legends

Figure 1. Comparison of Minimal Gene Sets. Here we show the extent to which the Gill, Church
and Koonin minimal gene sets overlap (a). We also show how the Gill (b), Church (c) and
Koonin (d) sets each overlap with the M. genitalium genome and the 280 genes derived from the

comparison of the available gene essentiality data.

Figure 2. Identification of Universal Essential Functions. Here we show how the number of
universal functional roles conserved in 12, 11, 10..., 2, and 1 gene essentiality datasets (a). The
large number of functional roles found in only one genome (1421) is likely due in part to poorly
annotated genes or functional roles with inconsistent names in these genomes. We also
determined the fraction of essential functional roles conserved in 12, 11, 10..., 2, and 1 datasets
that overlap with the proposed minimal gene sets including (b): the M. genitalium genome
(black); the essential genes in M. genitalium (red); a combination of the Koonin, Gill, and
Church gene sets (blue), and the individual Koonin (purple), Gill (light blue), and Church
(orange) gene sets.
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