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Complete Chemical Synthesis, Assembly,
and Cloning of a Mycoplasma

genitalium Genome

Daniel G. Gibson, Gwynedd A. Benders, Cynthia Andrews-Pfannkoch, Evgeniya A. Denisova,
Holly Baden-Tillson, Jayshree Zaveri, Timothy B. Stockwell, Anushka Brownley, David W. Thomas,
Mikkel A. Algire, Chuck Merryman, Lei Young, Vladimir N. Noskov, John . Glass, ]. Craig Venter,

Clyde A. Hutchison 11, Hamilton O. Smith*

We have synthesized a 582,970—base pair Mycoplasma genitalium genome. This synthetic genome,
named M. genitalium JCVI-1.0, contains all the genes of wild-type M. genitalium G37 except
MG408, which was disrupted by an antibiotic marker to block pathogenicity and to allow for
selection. To identify the genome as synthetic, we inserted “watermarks” at intergenic sites known
to tolerate transposon insertions. Overlapping “cassettes” of 5 to 7 kilobases (kb), assembled from
chemically synthesized oligonucleotides, were joined by in vitro recombination to produce
intermediate assemblies of approximately 24 kb, 72 kb (“1/8 genome”), and 144 kb (“1/4
genome”), which were all cloned as bacterial artificial chromosomes in Escherichia coli. Most of
these intermediate clones were sequenced, and clones of all four 1/4 genomes with the correct
sequence were identified. The complete synthetic genome was assembled by transformation-
associated recombination cloning in the yeast Saccharomyces cerevisiae, then isolated and
sequenced. A clone with the correct sequence was identified. The methods described here will be
generally useful for constructing large DNA molecules from chemically synthesized pieces and also
from combinations of natural and synthetic DNA segments.

yeoplasma genitalium is a bacterium
M with the smallest genome of any inde-

pendently replicating cell that has been
grown in pure culture (/, 2). Approximately 100
of its 485 protein-coding genes are nonessential
under optimal laboratory conditions when indi-
vidually disrupted (3, 4). However, it is not known
which of these 100 genes are simultaneously dis-
pensable. We proposed that one approach to this
question would be to produce reduced genomes
by chemical synthesis and introduce them into cells
to test their capacity to provide the essential genetic

functions for life (4, 5). This paper describes a
necessary step toward these goals—the complete
chemical synthesis of a mycoplasma genome.

The actual synthesis and assembly of this
genome presented a formidable technical chal-
lenge. Although chemical synthesis of genes has
become routine, the only completely synthetic
genomes so far reported have been viral (6-8).
The largest previously published synthetic DNA
that we are aware of is a 32-kb polyketide gene
cluster (9). To accomplish assembly of the
582,970-base pair (bp) M. genitalium JCVI-1.0
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genome, we needed to establish convenient and
reliable methods for the assembly and cloning of
much larger synthetic DNA molecules.

Strategy for synthesis and assembly. The na-
tive 580,076-bp M. genitalium genome sequence
(Mycoplasma genitalium G37 ATCC 33530
genomic sequence; accession no. L43967) (3)
was partitioned into 101 cassettes of approxi-
mately 5 to 7 kb in length (Fig. 1) that were
individually synthesized, verified by sequencing,
and then joined together in stages. In general,
cassette boundaries were placed between genes
so that each cassette contained one or several
complete genes. This will simplify the future
deletion or manipulation of the genes in individ-
ual cassettes. Most cassettes overlapped their
adjacent neighbors by 80 bp; however, some
segments overlapped by as much as 360 bp.
Cassette 101 overlapped cassette 1, thus com-
pleting the circle.

Short “watermark™ sequences were inserted
in cassettes 14, 29, 39, 55 and 61. Watermarks are
inserted or substituted sequences used to identify
or encode information into DNA. This information
can be either in noncoding or coding sequences
(10-12). Most commonly, watermarking has been
used to encrypt information within coding se-
quences without altering the amino acid sequences
(10, 11). We opted to insert watermark sequences at
intergenic sites because synonymous codon changes
may have substantial biological effects. Our water-
marks are located at sites known to tolerate trans-
poson insertions, so we expect minimal biological
effects. They allow us to easily differentiate the
synthetic genome from the native genome (2, 13).

In addition to the watermarks, a 2514-bp in-
sertion in gene MG408 (msrA), which includes
an aminoglycoside resistance gene, was placed in
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Fig. 1. Linear GenomBench (Invitrogen) representation of the circular 582,970-bp
M. genitalium JCVI-1.0 genome. Features shown include locations of watermarks
and the aminoglycoside resistance marker, viable Tn4001 transposon insertions
determined in our 1999 and 2006 studies (3, 4), overlapping synthetic DNA
cassettes that comprise the whole genome sequence, 485 M. genitalium protein-

B25-36 B37-49 B50-61

B62-77 B78-89 B90-101

coding genes, 43 M. genitalium rRNA, tRNA, and structural RNA genes, and B-
series assemblies (Fig. 2). The red dagger on the genome coordinates line shows
the location of the yeast/E. coli shuttle vector insertion. Table S1 lists cassette
coordinates; table S2 has FASTA files for all 101 cassettes; table S3 lists watermark
coordinates; table S4 lists the sequences of the watermarks.
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cassette 89. It has been shown that a strain with
this specific defect in this virulence factor cannot
adhere to mammalian cells, thus eliminating path-
ogenicity in the best available model systems (/4).
The synthetic genome with all of the above in-
sertions is 582,970 bp in length. Figure 1 is a map
of the M. genitalium JCVI-1.0 genome showing
various features such as genes, ribosomal and
tRNAs, transposon insertions (3, 4), watermark
locations, and cassette positions.

Synthesis of DNA the size of our cassettes has
become a commodity, so we opted to outsource
their production, principally to Blue Heron Tech-
nology, but also to DNA2.0 and GENEART. The
main challenges in this project were the assembly
and cloning of synthetic DNA molecules larger
than those previously reported. We planned a five-
stage assembly as diagrammed in Fig. 2. In the
first stage, sets of four neighboring cassettes
were assembled by in vitro recombination and
joined to a bacterial artificial chromosome (BAC)
vector DNA to form circularized recombinant
plasmids with ~24-kb inserts. For example, cas-
settes 1 to 4 were joined together to form the A1-4
assembly, cassettes 5 to 8 were assembled to
form AS5-8, and so forth. In the second stage, the
25 A-series assemblies were taken three at a time
to form B-series assemblies. For example, B1-12
was constructed from Al-4, A5-8, and A9-12.
This reduced the 25 A-assemblies to only 8 B-
assemblies, each about 1/8 of a genome in size
(~72 kb). In the third stage, the 1/8-genome B-
assemblies were taken two at a time to make four
C-assemblies, each approximately 1/4-genome
(~144 kb) in size. These first three stages of
assembly were done by in vitro recombination
and cloned into E. coli. We encountered difficul-
ties in carrying out the planned assembly and
cloning of the half and whole synthetic genomes
in E. coli. For this reason, the final assemblies
were carried out in S. cerevisiae by transformation-
associated recombination (TAR) cloning.

Assembly of synthetic cassettes by in vitro
recombination. Figure 3 illustrates the reaction
used for the first stage of assembly of the over-
lapping cassettes. Recombinant plasmids bearing
the individual cassette DNA inserts were cleaved
with the appropriate type IS restriction enzymes,
which cleave outside of their recognition site to
one side, to release the insert DNA. After phenol-
chloroform extraction and ethanol precipitation,
the cassettes were used without removing vector
DNA. The essential steps of the reaction are (i)
the overlapping DNA molecules are digested
with a 3’ exonuclease to expose the overlaps, (ii)
the complementary overlaps are annealed, and
(iii) the joints are repaired. Polymerase chain
reaction (PCR) amplification was used to produce
a unique BAC vector for the cloning of each as-
sembly, with terminal overlaps to the ends of the
assembly. Each PCR primer includes an overlap
with one end of the BAC, a Not I restriction site,
and an overlap with one end of the cassette as-
sembly. Cassettes were assembled, four at a time,
in the presence of the appropriate BAC vector.

Because the M. genitalium JCVI-1.0 genome
does not contain a Not I site, all of the assemblies
can be released intact from the BAC.

For example, the assembly A66-69 was con-
structed by mixing together equimolar amounts of
the four cassette DNAs and the linear PCR—
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Fig. 2. A plan for the five-stage assembly of the M. genitalium chromosome. In the first stage of
assembly, four cassettes are joined to make an A-series assembly approximately 24 kb in length (assembly
37-41 contained five cassettes). In the next stage, three A-assemblies are joined together to make a total
of eight ~72-kb B-series assemblies (assembly B62-77 contained four A-series assemblies). The eighth-
genome B-assemblies are taken two at a time to make quarter-genome C-series assemblies. These
assemblies were all made by in vitro recombination (see Fig. 3) and cloned into E. coli using BAC vectors.
Half-genome and whole-genome assemblies were made by in vivo yeast recombination. Assemblies in
bold boxes were sequenced to verify their correctness. For the final molecule, the D-series half molecules
were not employed. Rather, we assembled the whole molecule from the four C-series quarter molecules.
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Fig. 3. Assembly of cassettes by in vitro recombination. (A) Diagram of steps in the in vitro
recombination reaction, using the assembly of cassettes 66 to 69 as an example. (B) BAC vector is
prepared for the assembly reaction by PCR amplification using primers as illustrated. The linear
amplification product, after gel purification, is included in the assembly reaction of (A), such that the
desired assembly is circular DNA containing the four cassettes and the BAC DNA as depicted in (C).

29 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 7, 2008


http://www.sciencemag.org



http://www.sciencemag.org










