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Erythromycin (antibiotic)!
Saccharopolyspora erythraea

Nystatin (antifungal)!
Streptomyces noursei

Artemisinin (antiprotozoan)!
Artemisia annua

Avermectin (antihelmintic)!
Streptomyces avermitilis



bisabolene (precursor to biodiesel)!
made by plants

lovastatin (lowers cholesterol)!
Pleurotus ostreatus

epothilone (anticancer)!
Sorangium cellulosum



made on a variety of bases, most typically including lack of
critical fragments of domains or active site residues. Although
genome sequencing assembly issues should not be ruled out, it
is possible that the presence of fragmented clusters are an
artifact following the presumed expansion of the EAN chro-
mosome or a possible contraction in the case of the CcI3
chromosome (40). Highlights of our findings are described
below.

Gene clusters associated with polyketide biosynthesis. Bio-
synthetic gene clusters associated with polyketide-derived spe-
cialized lipids are a predominant theme in the putative Frankia
secondary metabolome. Previous lipid studies revealed that
Frankia N2-fixing vesicles are replete with unknown long-chain
polyhydroxy fatty acids as well as typical iso-branched and
monounsaturated fatty acids (54). Many iterative PKS systems
were observed in each genome, several containing genes with
strong similarity to mycobacterial PKSs associated with the
synthesis of mycocerosates (53) (FA02, FA11, and FE22; com-
pound 1) (Fig. 2). Novel biosynthetic routes to similar mole-
cules also exist, such as the type I modular PKSs in clusters
FA01, FE18, and FE21, whose repetitive domain structures
imply construction of more highly oxidized, differentially meth-
ylated analogs of mycocerosates (such as compounds 2, 3, and
4). These results indicate chemical similarities between the
composition of the cell walls of the disease-causing mycobac-
teria (16, 23) and the plant symbiont Frankia. PKSs from clus-
ters FA04, FC15a, and FE17 bear strong architectural similar-
ity to polyunsaturated fatty acid (PUFA) biosynthetic systems
from marine gammaproteobacteria (37), which may represent
novel PUFA biochemistry in a terrestrial bacterium. While
genes encoding acetyl-coenzyme A (CoA) carboxylase systems
are also observed clustered in the Frankia PUFA PKSs, they
are uniquely flanked by a number of genes suggestive of lipid
metabolism. Thus, the Frankia clusters may code for the syn-
thesis of modified PUFA products (compound 5).

The Frankia bacteria also contain antibiotic-like modular
type I PKSs (e.g., FA17 and FE12), nonreducing iterative type

I PKSs (e.g., FE20; compound 6), heterodimeric type II PKSs
associated with spore pigment (FA20, FC14, and FE03) and
antibiotic (FC17) production, and homodimeric type III PKSs
(FA24 and FE15) (Table 1). The FA17 and FE12 gene clusters
encode large, modular type I PKS systems lacking typical ter-
minal offloading thioesterase (TE) domains. Flanking the five
PKS open reading frames of FA17 are genes homologous to
chlM and chlD1-4 from the Streptomyces antibioticus chloro-
thricin biosynthetic gene cluster (28). Taken together, these
data suggest that FA17 codes for the biosynthesis of a novel
spirotetronate antibiotic (50) such as compound 7 with pro-
grammed differences in the PKS-derived region. The FE12
locus rather harbors a smaller tetramodular PKS that appears
to be primed with 3-amino-5-hydroxybenzoic acid (AHBA),
characteristic of ansamycin polyketide antibiotics such as rifa-
mycin (21). Genes encoding AHBA biosynthetic enzymes
are not entirely contained in the FE12 locus but partially
reside elsewhere in the genome in a conserved region
(Franean1_1658 to -1664) common with CcI3 and ACN.
FE12-associated polyketide extension with four methylmalo-
nyl-CoA molecules followed by macrolactam and cyclic ether
formation of the highly functionalized polyketide chain may
yield the recently described Saccharopolyspora cebuensis mac-
rolactams cebulactams A1 and A2 (compound 8), for which no
biosynthetic studies have been reported (43).

Gene clusters associated with nonribosomal peptide biosyn-
thesis. All three Frankia genomes maintain nonribosomal pep-
tide synthetases (NRPSs) for siderophores and antibiotic-like
cyclic peptides (31). Three Frankia NRPS-based siderophore
biosynthetic pathways (FA19, FE01, and FE07) are expected
to produce molecules containing iron-chelating residues such
as phenols/catechols, oxazolines/thiazolines, and hydroxam-
ates. In each case, the NRPS domain architecture suggests the
sequential addition of salicylate or 2,3-dihydroxybenzoate fol-
lowed by serine or cysteine and a further 3 to 6 amino acid
residues to give compound 9 (FA19), compound 10 (FE01),
and compound 11 (FE07). All three Frankia genomes harbor a

FIG. 1. Circular chromosomes of Frankia sp. HFPCcI3 (CCI), Frankia sp. ACN14a (ACN), and Frankia sp. EAN1pec (EAN), oriented to the
dnaA gene. The inner ring indicates deviation of GC content from the genomic average. The outside outer ring shows the locations of secondary
metabolic gene clusters that correlate with the cluster names provided in Table 1.
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of several unique P450 fragments from anA. annua trichome-enriched
complementaryDNApool. Using BLAST18 analyses of these P450 gene
fragments against sunflower and lettuce ESTs, we identified a single A.
annua P450 gene fragment that had surprisingly high sequence
identity (85–88% at the amino-acid level) to ESTs of unknown
function from both sunflower and lettuce. Sequence identity of this
A. annua P450 fragment to other P450 fragments outside the Aster-
aceae family was much lower (,50% at the amino-acid level),
indicating that this P450 is highly conserved in three distantly related
genera in the Asteraceae family, but not in plants outside the
Asteraceae family. This P450 gene was therefore a good candidate
for a conserved Asteraceae sesquiterpene lactone biosynthetic enzyme.
The corresponding full-length P450 cDNA (CYP71AV1), encoding

an open reading frame of 495 amino acids, was recovered from
A. annua. Phylogenetic analysis showed that CYP71AV1 shares a
close lineage with other P450s that catalyse the hydroxylation of

monoterpenoids (CYP71D13/18; ref. 19), sesquiterpenoids
(CYP71D20; ref. 20) or diterpenoids (CYP71D16; ref. 21), further
suggesting the potential involvement of this P450 in terpenoid
metabolism (Supplementary Information). For functional, hetero-
logous expression of CYP71AV1, its native redox partner, NADPH:
cytochrome P450 oxidoreductase (CPR), was also isolated from
A. annua, and its biochemical function was confirmed in vitro.
(Michaelis–Menten constants (Km) for cytochrome c and NADPH
were determined to be 4.3 ^ 0.7 mM and 23.0 ^ 4.4 mM (mean ^
s.d., n ¼ 3), respectively.)
Using A. annua CPR as a redox partner for CYP71AV1, we then

investigated whether CYP71AV1 could catalyse the conversion of
amorphadiene to more oxygenated products in vivo. The transgenic
yeast strain EPY224 was transformed with a vector harbouring CPR
and CYP71AV1 under the control of galactose-inducible promoters.
After galactose induction, the ether-extractable fraction of the yeast
culture medium and cell pellet were analysed by gas chromatography
mass spectrometry (GC–MS). A single chromatographic peak
unique to EPY224 co-expressing CYP71AV1 and CPR was detected
in both the yeast culture medium and cell pellet, but was not present
in control yeast (EPY224 expressing CPR only). However, more than
95% of this novel compound was associated with the cell pellet. In
GC–MS analysis, the electron-impact mass spectrum and retention
time of this compound were identical to those of artemisinic
acid isolated from A. annua (Fig. 3). In a shake-flask culture,
32 ^ 13mg l21 (mean ^ s.d., n ¼ 7) artemisinic acid was produced
from EPY224 expressing CYP71AV1 and CPR. Notably, the pathway
intermediates, artemisinic alcohol and artemisinic aldehyde, were
present at negligible levels in the culture medium and cell pellets of
EPY224 engineered with CYP71AV1 and CPR. (Artemisinic alcohol
was present at less than 5% of the artemisinic acid in the cell pellet,
and no artemisinic aldehyde was detected.)
Almost all (.96%) of the synthesized artemisinic acid was

removed from the cell pellet by washing with alkaline buffer (pH 9
Tris-HCl buffer supplemented with 1.2M sorbitol), with less than
2% remaining in the washed cell pellet or culture medium. Thus, it
seems that artemisinic acid is efficiently transported out of yeast cells
but remains bound to the cell surface when it is protonated under
acidic culture conditions. We used this feature to develop a one-step
purification method: a single silica gel column chromatographic
separation of ether-extracted artemisinic acid from the wash buffer
routinely yielded .95% pure artemisinic acid. In a one-litre aerated
bioreactor, 115mg of artemisinic acid was produced, of which 76mg
was purified using this method. The 1H and 13C nuclear magnetic
resonance spectra of this yeast-derived artemisinic acid were identical
to those of artemisinic acid isolated from the leaves of A. annua, and
are consistent with previously reported values22,23. We can therefore
confirm that structurally authentic artemisinic acid is synthesized by

Figure 1 | Schematic representation of the engineered artemisinic acid
biosynthetic pathway in S. cerevisiae strain EPY224 expressing CYP71AV1
and CPR. Genes from the mevalonate pathway in S. cerevisiae that are
directly upregulated are shown in blue; those that are indirectly upregulated
by upc2-1 expression are in purple; and the red line denotes repression of
ERG9 in strain EPY224. The pathway intermediates IPP, DMAPP and GPP
are defined as isopentenyl pyrophosphate, dimethyl allyl pyrophosphate and
geranyl pyrophosphate, respectively. Green arrows indicate the biochemical
pathway leading from farnesyl pyrophosphate (FPP) to artemisinic acid,
which was introduced into S. cerevisiae from A. annua. The three oxidation
steps converting amorphadiene to artemisinic acid by CYP71AV1 and CPR
are shown.

Figure 2 | Production of amorphadiene by S. cerevisiae strains. The various
S. cerevisiae strains are described in the text. Cultures were sampled after
144 h of growth, and amorphadiene levels were quantified. Data, shown as
total production, are mean ^ s.d. (n ¼ 3).

NATURE|Vol 440|13 April 2006 LETTERS

941

Saccharomyces!
cerevisiae

Artemisia!
annua



Natural Product 
Source

Target Molecule Production Host

√√√

√

X













CONTAINMENT: do not live without humans!
UTILITY: make products that benefit humans!
DOCILITY: be amenable, “trainable”!
SAFETY: do not harm people, livestock, or plants

The traits of domesticity:



Domesticated Organisms

Canis lupus

Canis lupus familiaris

Cyprinus carpio

33,000 years

200 years

Zea mays parviglumis

Zea mays
12,000 years

Prunus amygdalus
5,000 years



Nearly Domesticated Microorganisms

Lactobacillus!
bulgaricus

Lactobacillus 
plantarum

Leuconostoc 
mesenteroides

7,000 years

4000 years

Streptococcus 
thermophilus

Corynebacterium 
glutamicum
60 years

Escherichia!
coli

70 years



Caulobacter crescentus Myxococcus xanthus

Nitrosomonas europaea

Escherichia coli	

Shewanella oneidensis	

Pseudomonas putida

Corynebacterium glutamicum	

Streptomyces coelicolor

Synechocystis sp. PCC6803

Bacillus subtilis	

Streptococcus thermophilus	

Clostridium thermocellum

Mycoplasma genitalium



Saccharomyces Cerevisiae 2.0

To study:!
Genome structure and 

organization!
!

Minimal genome sets!
!

Genome evolution!
!

Intron function and essentiality!
!

Small RNA identification and 
classification

Our design will:!
Remove all introns, tRNA genes, 

transposons, and associated repeats!
!

“Tag” every gene for detection!
!

Seed genome with site-specific 
recombination sites to foster      

genomic rearrangements!
!

Seed genome with restriction 
enzyme recognition sites to enable          

modular assembly



Total Synthesis of a Functional
Designer Eukaryotic Chromosome
Narayana Annaluru,1* Héloïse Muller,1,2,3,4* Leslie A. Mitchell,2,5 Sivaprakash Ramalingam,1
Giovanni Stracquadanio,2,6 Sarah M. Richardson,6 Jessica S. Dymond,2,7 Zheng Kuang,2
Lisa Z. Scheifele,2,8 Eric M. Cooper,2 Yizhi Cai,2,9 Karen Zeller,2 Neta Agmon,2,5 Jeffrey S. Han,10
Michalis Hadjithomas,11 Jennifer Tullman,6 Katrina Caravelli,2,12 Kimberly Cirelli,1,12 Zheyuan Guo,1,13
Viktoriya London,1,13 Apurva Yeluru,1,13 Sindurathy Murugan,6 Karthikeyan Kandavelou,1,14
Nicolas Agier,15,16 Gilles Fischer,15,16 Kun Yang,2,6 J. Andrew Martin,2,6 Murat Bilgel,13
Pavlo Bohutskyi,13 Kristin M. Boulier,12 Brian J. Capaldo,13 Joy Chang,13 Kristie Charoen,13
Woo Jin Choi,13 Peter Deng,11 James E. DiCarlo,13 Judy Doong,13 Jessilyn Dunn,13
Jason I. Feinberg,12 Christopher Fernandez,12 Charlotte E. Floria,12 David Gladowski,12
Pasha Hadidi,13 Isabel Ishizuka,12 Javaneh Jabbari,12 Calvin Y. L. Lau,13 Pablo A. Lee,13 Sean Li,13
Denise Lin,12 Matthias E. Linder,12 Jonathan Ling,13 Jaime Liu,13 Jonathan Liu,13 Mariya London,12
Henry Ma,13 Jessica Mao,13 Jessica E. McDade,13 Alexandra McMillan,12 Aaron M. Moore,12
Won Chan Oh,13 Yu Ouyang,13 Ruchi Patel,13 Marina Paul,12 Laura C. Paulsen,13 Judy Qiu,13
Alex Rhee,13 Matthew G. Rubashkin,13 Ina Y. Soh,12 Nathaniel E. Sotuyo,12 Venkatesh Srinivas,13
Allison Suarez,13 Andy Wong,13 Remus Wong,13 Wei Rose Xie,12 Yijie Xu,13 Allen T. Yu,12
Romain Koszul,3,4 Joel S. Bader,2,6 Jef D. Boeke,2,11,5† Srinivasan Chandrasegaran1†

Rapid advances in DNA synthesis techniques have made it possible to engineer viruses, biochemical
pathways and assemble bacterial genomes. Here, we report the synthesis of a functional
272,871–base pair designer eukaryotic chromosome, synIII, which is based on the 316,617–base
pair native Saccharomyces cerevisiae chromosome III. Changes to synIII include TAG/TAA
stop-codon replacements, deletion of subtelomeric regions, introns, transfer RNAs, transposons,
and silent mating loci as well as insertion of loxPsym sites to enable genome scrambling.
SynIII is functional in S. cerevisiae. Scrambling of the chromosome in a heterozygous diploid
reveals a large increase in a-mater derivatives resulting from loss of the MATa allele on synIII.
The complete design and synthesis of synIII establishes S. cerevisiae as the basis for designer
eukaryotic genome biology.

Saccharomyces cerevisiae has a genome size
of ~12 Mb distributed among 16 chromo-
somes. The entire genome encodes ~6000

genes, of which ~5000 are individually nones-
sential (1). Which of these nonessential genes are

simultaneously dispensable? Although a number
of studies have successfully mapped pairwise
“synthetic lethal” interactions between gene knock-
outs, those methods do not scale well to three or
more gene combinations because the number of
combinations rises exponentially. Our approach
to address this question is to produce a synthetic
yeast genome with all nonessential genes flanked
by loxPsym sites to enable inducible evolution

and genome reduction (a process we refer to as
SCRaMbLEing) in vivo (2, 3). The availability
of a fully synthetic S. cerevisiae genome will
allow direct testing of evolutionary questions—
such as the maximum number of nonessential
genes that can be deleted without a catastrophic
loss of fitness and the catalog of viable 3-gene,
4-gene,… n-gene deletions that survive under a
given growth condition—that are not otherwise
easily approachable in a systematic unbiased
fashion. Engineering and synthesis of viral and
bacterial genomes have been reported in the
literature (4–11). An international group of sci-
entists has embarked on constructing a designer
eukaryotic genome, Sc2.0 (www.syntheticyeast.
org), and here we report the total synthesis of a
complete designer yeast chromosome.

Yeast chromosome III, the third smallest in
S. cerevisiae [316,617 base pairs (bp)], contains
theMAT locus determining mating type and was
the first chromosome sequenced (12). We de-
signed synIII according to fitness, genome sta-
bility, and genetic flexibility principles developed
for the Sc2.0 genome (2). The native sequence
was edited in silico by using a series of deletion,
insertion, and base substitution changes to produce
the desired “designer” sequence (Fig. 1, figs. S1
and S2, and supplementary text). The hierarchical
wet-laboratory workflow used to construct synIII
(Fig. 2) consisted of three major steps: (i) The
750-bp building blocks (BBs) were produced
starting from overlapping 60- to 79-mer oligonu-
cleotides and assembled by using standard poly-
merase chain reaction (PCR)methods (13, 14) by
undergraduate students in the Build-A-Genome
class at JHU (Fig. 2A) (15). The arbitrary naming
scheme for the differently sized DNA molecules
used in the Sc2.0 project is explained in fig. S3.
(ii) The 133 synIIIL (left of the centromere) BBs
and 234 synIIIRBBswere assembled into 44 and
83 overlapping DNA minichunks of ~2 to 4 kb,
respectively (table S1, Fig. 2B, and fig. S4) (16, 17).
(iii) All adjacent minichunks for synIII were
designed to overlap one another by one BB to
facilitate further assembly in vivo by homologous
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Fig. 1. SynIII design. Representative synIII design segments for loxPsym site insertion (A and B) and
stop codon TAG to TAA editing (C) are shown. Green diamonds represent loxPsym sites embedded in the
3′ untranslated region (UTR) of nonessential genes and at several other landmarks. Fuchsia circles in-
dicate synthetic stop codons (TAG recoded to TAA). Complete maps of designed synIII chromosome with
common and systematic open reading frame (ORF) names, respectively, are shown in figs. S1 and S2.
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Synthetic chromosome arms function in yeast and
generate phenotypic diversity by design
Jessica S. Dymond1,2{, Sarah M. Richardson1,3, Candice E. Coombes1,2, Timothy Babatz1,3, Héloı̈se Muller4, Narayana Annaluru4,
William J. Blake5{, Joy W. Schwerzmann4{, Junbiao Dai1,2{, Derek L. Lindstrom6{, Annabel C. Boeke1{, Daniel E. Gottschling6,
Srinivasan Chandrasegaran4, Joel S. Bader1,7 & Jef D. Boeke1,2

Recent advances in DNA synthesis technology have enabled the con-
struction of novel genetic pathways and genomic elements, further-
ing our understanding of system-level phenomena1–7. The ability to
synthesize large segments of DNA allows the engineering of path-
ways and genomes according to arbitrary sets of design principles.
Here we describe a synthetic yeast genome project, Sc2.0, and the
first partially synthetic eukaryotic chromosomes, Saccharomyces
cerevisiae chromosome synIXR, and semi-synVIL. We defined three
design principles for a synthetic genome as follows: first, it should
result in a (near) wild-type phenotype and fitness; second, it should
lack destabilizing elements such as tRNA genes or transposons8,9;
and third, it should have genetic flexibility to facilitate future studies.
The synthetic genome features several systemic modifications com-
plying with the design principles, including an inducible evolution
system, SCRaMbLE (synthetic chromosome rearrangement and
modification by loxP-mediated evolution). We show the utility of
SCRaMbLE as a novel method of combinatorial mutagenesis,
capable of generating complex genotypes and a broad variety of
phenotypes. When complete, the fully synthetic genome will allow
massive restructuring of the yeast genome, and may open the door to
a new type of combinatorial genetics based entirely on variations in
gene content and copy number.

The first phase of any genome engineering project is design
(Supplementary Text 1). We designed the right arm of chromosome
IX (IXR) according to the three principles outlined above and in Box 1.
IXR is the smallest chromosome arm in the genome and features several
genomic elements of interest (Fig. 1a), making it suitable for a pilot
study. The designed sequence, synIXR, is based on a native IXR
sequence extending from open reading frame (ORF) YIL002W through
the centromere and the remainder of chromosome IXR, an 89,299-base-
pair (bp) sequence (native IXR position 350,585–438,993 (ref. 10)). In
accordance with the second design principle, a transfer RNA gene, a Ty1
long terminal repeat (LTR), and telomeric sequences were removed. The
final synIXR sequence, 91,010 bp, is slightly longer than the native
sequence owing to the inclusion of 43 loxPsym sites, and it replaces
20.3% of the native chromosome. A 30-kilobase (kb) telomeric segment
of the left arm of chromosome VI (semi-synVIL) was similarly designed
(Fig. 1b and Supplementary Text 2), and replaced 15.7% of the native
chromosome. Of the original sequence lengths, 17% was changed by
base substitution, deleted, or inserted during design of the two synthetic
segments (Supplementary Table 1). Sequences were submitted to
GenBank (sequences synIXR:JN020955 and semi-synVIL:JN020956
are also available in Supplementary Information).

We systematically introduced two sets of changes in silico using
the genome editing suite BioStudio (S.M.R., J.S.D., J.D.B. and J.S.B.,
unpublished data): TAG/TAA stop-codon swaps and PCRTag
sequences (see Supplementary Text 1). In recognition of the third
design principle, the elimination of the TAG stop codon by recoding
to TAA frees a codon for future expansion of the genetic code (for
example, by adding a twenty-first, unnatural amino acid11,12), and
could serve as a future mechanism of reproductive isolation and con-
trol. PCRTags are short pairs of recoded sequences, unique to either
the wild-type or synthetic genome. They serve as convenient, low-cost,
closely spaced genetic markers for verifying the introduction of syn-
thetic sequence and the removal of native sequence by allowing the
design of PCR primers for rapid evaluation of the presence of synthetic
sequences and absence of native sequences. This is critical for evalu-
ating the incorporation of synthetic DNA (see below and Sup-
plementary Text 2). PCRTags, designed in silico, were tested in trip-
licate to verify specificity (Supplementary Fig. 1 and Supplementary
Tables 2 and 3).

LoxPsym sequences are nondirectional loxP sites that are capable of
recombining in either orientation13. Theoretically, they produce inver-
sions or deletions with equal probability. Under the third design
principle, these sites form the substrate for the inducible SCRaMbLE
system and are intended to generate combinatorial diversity. We
inserted loxPsym sites 3 bp after the stop codon of each nonessential
gene and at major landmarks, such as sites of LTR and tRNA deletions,
flanking the centromere CEN9, and adjacent to telomeres (Fig. 1 and
Supplementary Text 1). LoxPsym sites inserted at equivalent positions
genome-wide will allow the formation of many structurally distinct
genomes.

After completion of chromosome design and construction, ‘arm-
swap’ strains, wherein the wild-type sequence was replaced with syn-
thetic sequence, were generated. The synIXR chromosome, cloned in a
circular bacterial artificial chromosome (BAC) vector, includes all
sequences needed for propagation in yeast and bacteria (Fig. 1a). We
introduced synIXR into a diploid strain by transformation (Fig. 2a);
typically, about 10–15% of the synIXR transformants obtained were
positive for all PCRTag pairs tested (Fig. 2d). We chose one such
transformant, strain A (Fig. 2a), and truncated one native IXR homo-
logue (IXDR) by transforming with a suitably designed linear DNA
fragment14, introducing a selectable marker (URA3) and a telomere
seed sequence, generating strain C (Fig. 2b). Chromosome truncation
was confirmed by pulsed-field gel electrophoresis analysis (Fig. 2c),
and strain C was sporulated to generate haploids carrying synIXR and

1High Throughput Biology Center, Johns Hopkins University School of Medicine, 733 North Broadway, Baltimore, Maryland 21205, USA. 2Department of Molecular Biology and Genetics, Johns Hopkins
University School of Medicine, 725 North Wolfe Street, Baltimore, Maryland 21205, USA. 3McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University School of Medicine, 733 North
Broadway, Baltimore, Maryland 21205, USA. 4Bloomberg School of Public Health, Johns Hopkins University, 615 North Wolfe Street, Baltimore, Maryland 21205, USA. 5Codon Devices, 99 Erie Street,
Cambridge, Massachusetts 02139, USA. 6Fred Hutchinson Cancer Research Center, Mailstop A3-025, PO Box 19024, Seattle, Washington 98109, USA. 7Department of Biomedical Engineering, Whiting
School of Engineering, Johns Hopkins University, 3400 North Charles Street, Baltimore, Maryland 21218, USA. {Present addresses: Animal Biosciences and Biotechnology Laboratory, Agricultural
Research Service, USDA, 10300 Baltimore Avenue, Beltsville, Maryland 20705, USA (J.S.D.). GreenLight Biosciences, Inc., 196 Boston Avenue, Suite 2400, Medford, Massachusetts 02155, USA (W.J.B.);
Battelle Memorial Institute, 2987 Clairmont Road NE, Atlanta, Georgia 30329, USA (J.W.S.); School of Life Sciences, Tsinghua University, Beijing 100084, China (J.D.); Agilent Laboratories, 5301 Stevens
Creek Boulevard, Mailstop 53L-IB, Santa Clara, California 95051, USA (D.L.L.); Bowdoin College, 5000 College Station, Brunswick, Maine 04011, USA (A.C.B.).
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Bacterial Domestication - the plan

Does the bacteria have a 
genetic toolkit?

Yes Sort of

Is the bacteria cultivable 
in the laboratory?

Is the bacteria 
transformable?

Yes
No

Can we make!
it cultivable?

Yes

Can we make it!
transformable?

No

No

Can we build!
a toolkit?Can the toolkit  

be improved?

The bacteria is 
ready to edit
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X
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Host Production



Nitrogen fixation in plants



Methane emissions from sheep and other 
ruminants



The human microbiome
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