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Abstract

Synthetic Genomics is the construction of viruses, bacteria, and eukaryotic cells with synthetic 

genomes. It involves two basic processes: synthesis of complete genomes or chromosomes and 

booting up of those synthetic nucleic acids to make viruses or living cells. The first Synthetic 

Genomics efforts resulted in the construction of viruses. This led to a revolution in viral reverse 

genetics and improvements in vaccine design and manufacture. The first bacterium with a 

synthetic genome led to construction of a minimal bacterial cell and recoded Escherichia coli 
strains able to incorporate multiple non-standard amino acids in proteins and resistant to phage 

infection. Further advances led to a yeast strain with a synthetic genome and new approaches for 

animal and plant artificial chromosomes. On the horizon there are dramatic advances in DNA 
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synthesis that will enable extraordinary new opportunities in medicine, industry, agriculture, and 

research.

ETOC:

Synthetic Genomics is a branch of synthetic biology that constructs viruses, bacteria and 

eukaryotic cells with synthetic genomes. Venter and colleagues review the foundations, advances, 

challenges and future prospects of Synthetic Genomics.

Introduction

The term genomics is attributed to Jackson Laboratory scientist Tom Roderick. Reportedly 

Roderick and some of his colleagues were brainstorming over beer to come up with a name 

for a new journal about the study of genomes (McKusick and Ruddle, 1987). In 2005, a 

consortium including J. Craig Venter and Nobel Laureate Hamilton O. Smith founded a 

company they called Synthetic Genomics, Inc. that would merge genomics and synthetic 

biology to address problems in industry and medicine. The term Synthetic Genomics is 

now in wide use to refer to a branch of synthetic biology that constructs viruses, bacteria, 

and eukaryotic cells with synthetic genomes. It utilizes two basic processes: design and 

synthesis of complete genomes or chromosomes and booting up of those synthetic nucleic 

acids to make viruses or living cells (Zhang et al., 2020). Nucleic acid synthesis technology 

advances since the first tRNA gene was synthesized in 1972 have resulted in a steady, 

exponential improvements in the size of synthetic DNA that could be made and the accuracy 

of the sequence. Remarkably, one can now purchase synthetic DNAs encoding whole 

bacterial genomes comprised of more than a million basepairs. The processes for installing 

synthetic viral, bacterial or eukaryotic genomes (or chromosomes) in viral capsids or living 

cells so that the resulting viruses and cells manifest the phenotypes encoded in the new 

synthetic genomes has advanced less linearly. This is largely because each viral or cellular 

species requires a different approach for this booting up process. In our review we will 

present advances in both elements of Synthetic Genomics focusing on viruses, bacteria, 

and eukaryotes in that order. Additionally, we will introduce new Synthetic Genomics 

technologies that can lead to still more efficient DNA synthesis of much larger genomes than 

have been done previously and that are enabling pig to human organ transplant from pigs 

whose genomes have been altered to make the xenotransplantation work.

Synthetic Viruses

Given that infectious diseases with the periodic likelihood of pandemics remain a major 

worldwide problem, there is a desperate need to develop and distribute vaccines more 

quickly. While vaccines come in different forms, including live attenuated, inactivated, 

virus-vectored and subunit among others (Lee et al., 2018), nucleic acid-based vaccines 

have recently gained prominence and renewed enthusiasm due to the resounding success 

of the mRNA vaccines that were developed in almost record time for COVID-19 (Golob 

et al., 2021). Nucleic acid vaccines are attractive choices due to their potential to be safe, 

effective and economical. In addition, both DNA and RNA vaccines can induce humoral and 

cellular immune responses, generally showing greater ability to induce T-cell responses than 
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other noninfectious vaccine platforms (Qin et al., 2021). A major advantage of nucleic acid 

vaccines [including DNA, non-amplifying RNA and self-amplifying RNA (SAM)] is that 

they are simple to construct since they only need to express the gene encoding the antigen. 

While they are not without some drawbacks, such as limited immunogenicity in vivo (DNA 

vaccines) or instability (RNA vaccines), the ease and cost of manufacturing nucleic acid 

vaccines provide a strong case for them (Qin et al., 2021).

While many factors, including mode of delivery, formulation, presence of adjuvants, etc., 

are important for an effective recombinant vaccine, in this review, we will highlight 

the contribution of Synthetic Genomics in accelerating the development of recombinant 

vaccines, from design to efficient and speedy generation of the constructs and recovery of 

vaccine candidates. For the other factors, we direct the reader to recent reviews (Gary and 

Weiner, 2020; Lee et al., 2018; Qin et al., 2021; Sandbrink and Shattock, 2020). Below, 

we describe some key studies that laid the groundwork to develop recombinant vaccines 

for viruses, in particular for RNA viruses, from a Synthetic Genomics perspective which 

includes development of reverse genetics for viruses, design/synthesis of genes or full-length 

viral genomes and how these are incorporated to developing synthetic recombinant vaccines.

Even before improvements in DNA synthesis resulted in the production of viruses using 

only nucleic acid sequences in the early 2000s, virologists were designing and constructing 

viral genomes to test hypotheses about viral pathogenesis and to develop attenuated strains 

to serve as vaccines. Viral reverse genetics were important for vaccine development and 

had been development for both positive-strand and negative-strand RNA viruses (Enami et 

al., 1990; Pattnaik and Wertz, 1990; Wertz et al., 1998). However, a major advance using 

Synthetic Genomics to facilitate viral reverse genetics was the generation of DNA copies 

of viral genomes from synthetic oligonucleotides. It is widely assumed that this was first 

done in 2002 when Eckard Wimmer and colleagues produced poliovirus from a synthetic 

DNA molecule encoding the 7.9 kb poliovirus genome after nearly two years of effort 

(Cello et al., 2002). However, 18 months earlier, Charles Rice and colleagues constructed 

an 8,001 base pair (bp) DNA copy of a hepatitis C virus (HCV) sub-genomic replicon 

from oligonucleotides in less than 6 months. This accomplishment was overshadowed by 

the report in the same paper of the first robust, cell-based system for genetic and functional 

analyses of HCV replication that was enabled by the synthetic HCV replicon (Blight et 

al., 2000). For their process, initially, sub-genomic cDNAs spanning 600 to 750 bases in 

length were assembled in a stepwise PCR assay with 10 to 12 gel-purified 60–80 base 

oligonucleotides with complementary overlaps of 16 nucleotides. These molecules were 

cloned in plasmids, sequence verified and then assembled to construct the 8 kilobase (kb) 

replicon.

The next major advance in viral genome synthesis was a radical increase in the speed at 

which such DNA synthesis projects could be completed. In 2003, we used a pool of 259 

overlapping gel purified oligonucleotides to synthesize 5,386 bp bacteriophage φX174 DNA 

genome in less than two weeks. As with the previous genome syntheses of viral genomes, 

the process utilized sequential ligation and polymerase cycling reactions to accomplish the 

assembly. The main differences between our approach and what was done previously by the 

Wimmer and Rice teams were the single step construction of the entire >5 kb DNA without 
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cloning and sequence verification of sub-genomic 400–600 base-pair DNAs (Smith et al., 

2003). While this process was not the same as the process our team used to assemble the 

sub-genomic segments used to build complete bacterial genomes (Gibson et al., 2008a), it 

set the stage for development the genome assembly methods we used to create bacteria with 

chemically synthesized genomes (Gibson et al., 2010; Hutchison et al., 2016).

The above studies demonstrated the synthesis of virus genomes smaller than 10 kb. 

However, in 2005, the Drew Endy group reported the refactoring of the bacteriophage T7 

genome to physically separate and enable unique manipulation of primary genetic elements 

to facilitate modeling and functional scientific research (Chan et al., 2005). In doing so, 

they replaced approximately the left quarter of the 40 kb T7 genome with constructed 

synthetic DNA that contained separate individually assigned functional elements. The 

resulting chimeric phage was viable and subsequent analysis confirmed that the individual 

parts could be independently manipulated (Chan et al., 2005). Although, in this case, 

the T7 genome was not entirely synthetic, this research was seminal in that it brought 

systematic engineering principles to biology and the concept of redesign and building anew 

to biological systems in support of rational scientific discovery.

Subsequently, in 2008, researchers led by Mark Denison and Ralph Baric extended the 

capacity to synthesize full-length viral genomes to about 30 kb when they reported the 

rational design, synthesis and recovery of a recombinant bat SARS-like coronavirus [SCoV] 

(Becker et al., 2008). Importantly, this study showed that Synthetic Genomics can be 

used to recover non-cultivable viruses since prior to this study, no bat coronavirus had 

been successfully grown in culture or animals. In their work, the team first established a 

putative consensus Bat-SCoV from the available Bat-SCoV sequences but used the defined 

and functional 5’ UTR and transcriptional regulatory sequences from SARS-CoV-1 due to 

incomplete 5’ UTR sequences of BAT-SCoVs. The team then designed cDNA fragments 

with junctions precisely aligned to the existing SARS-CoV-1 reverse genetics system and 

obtained them commercially. The cDNA fragments were assembled into a full-length 

cDNA, transcribed in vitro to yield genomic RNA and then transfected into host cells to 

recover virus. Although with this iteration, recombinant Bat-SCoV was recovered, infectious 

recombinant virus was successfully obtained when the Bat-SCoV receptor-binding domain 

(RBD) was replaced with that of SARS-CoV-1 (Becker et al., 2008). While this study 

can be considered controversial due to the gain-of-function, it did demonstrate the power 

of Synthetic Genomics to aid rapid public health responses to emerging virus threats. 

As an example, more recently, a team led by Volker Thiel and Joerg Jores developed a 

reverse genetics system for the pandemic-causing SARS-CoV-2 by assembling a full-length 

cDNA genome from commercially synthesized DNA fragments using a Synthetic Genomics 

approach that was developed for the synthetic cell (Gibson et al., 2010) and extended to 

large DNA viruses (Oldfield et al., 2017; Vashee et al., 2017), transcribing in vitro to 

generate genomic RNA and then recovering infectious virus (Thi Nhu Thao et al., 2020). 

Impressively, the team was able to recover an infectious clone about a month after the first 

SARS-CoV-2 genome sequence was reported using the Synthetic Genomics platform.

By 2013, advanced protocols for synthetic DNA production enabled our team’s efforts 

to speed up production of virus to be used in vaccines for rapid response to pandemics 
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(Dormitzer et al., 2013). The first example of these efforts was provided by us at the 

JCVI together with researchers from Novartis Vaccine and Diagnostics (NV&D), Synthetic 

Genomics Vaccines Inc. (SGVI) and the Biomedical Advanced Research and Development 

Authority (BARDA), U.S. Department of Health and Human Services, who collaborated to 

develop a rapid process for synthetic vaccine influenza virus production. The team addressed 

three major technical hurdles to more rapid and reliable pandemic responses: the speed 

of synthesizing DNA cassettes to drive production of influenza RNA genome segments, 

the accuracy of rapid gene synthesis and the yield of hemagglutinin protein (HA) from 

vaccine viruses. First, using a method pioneered by the JCVI’s Dan Gibson, uncloned 

synthetic linear DNA copies of viral genome segments encoding the immunogenic 1.7 kb 

HA and 1.5 kb neuraminidase (NA) viral genome segments were synthesized in less than 

a day in a process that included oligonucleotide design and synthesis (Figure 1A). This 

approach was different from previous viral genome synthesis projects in several regards. 

One, oligonucleotide synthesis from some foundries was now of sufficient quality that no gel 

purification was necessary as was the case in previous viral genome syntheses (Blight et al., 
2000; Cello et al., 2002; Smith et al., 2003). Our team found that there were fewer sequence 

errors if the oligonucleotides were designed to include the entire sequences of both DNA 

strands. Thus, unlike in previous efforts where the overlapping oligonucleotides tiled across 

the whole design sequence with gaps between the oligonucleotides on the same strand, here 

there were no gaps. The assembly process involved isothermal assembly, and polymerase 

chain reaction (PCR) amplification similar to previous described synthetic efforts. Two, at 

the next step, any error-containing DNA was removed enzymatically by treating melted and 

reannealed DNA with a commercially available error correction kit that excises areas of base 

mismatch in double-stranded DNA molecules before another round of PCR amplification 

(Dormitzer et al., 2013).

Then, the team improved the speed and efficiency of virus rescue by first, using a 

manufacturing qualified MDCK 33016PF cell line for both seed generation and vaccine 

antigen production and second, by identifying individual optimized backbones (sets of 

genome segments encoding influenza virus proteins other than HA and neuraminidase (NA)) 

for influenza type A and B strains (Figure 1B). Furthermore, as a proof-of-concept test 

of this synthetic system’s first iteration, our team generated a synthetic vaccine virus in 

a simulated pandemic response. For this, BARDA personnel not involved in the project 

provided us with unidentified, partial HA and NA genome segment sequences. The given 

sequences, which included complete coding regions but incomplete UTRs, mimicked 

information likely to be available early in a pandemic. Sequence analysis of the HA segment 

revealed that it was closely related to a low-pathogenicity North American avian H7N3 virus 

whereas the NA segment was closely related to a low-pathogenicity North American avian 

H10N9 virus. In addition, we reconstructed the HA and NA UTRs by alignment of each 

sequence with high quality full-length H7 HA and N9 NA genome segments, respectively. 

Using the synthetic vaccine virus system, the team generated seed viruses of multiple HA or 

NA variants with multiple backbones in 5 days from the start of oligonucleotide design. Our 

team further validated the synthetic vaccine virus system by generating a variety of influenza 

strains, including seasonal H3N2 (Dormitzer et al., 2013). Thus, this study demonstrated that 

simultaneous rescue of multiple variants is faster and more easily accomplished with this 
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synthetic approach than standard plasmid mutagenesis approaches, which should lead to a 

much faster end to a pandemic through rapid vaccine responses.

The researchers from NV&D and SGVI then teamed up to reduce the time further, 

potentially to days after the discovery of a new virus, for the first availability of a vaccine 

candidate. In this study, the team was able to generate a vaccine candidate in eight days 

for the H7N9 influenza outbreak in Shanghai, China in 2013 (Hekele et al., 2013). To 

accomplish this, the team again used the gene assembly and error correction approach 

described above to synthesize the H7 HA coding sequence after the China Center for 

Disease Control and Prevention posted the HA and NA gene coding sequences of the 

outbreak H7N9 strain on the Global Initiative for Sharing All Influenza Data system. 

However, rather than generate virus, the team placed the synthetic HA coding sequence into 

their SAM vaccine platform [a synthetic self-amplifying mRNA, delivered by a synthetic 

lipid nanoparticle (LNP)] DNA template that contained elements for self-amplification and 

expression of the H7 HA (Geall et al., 2012). mRNA was then produced in vitro by T7 

RNA polymerase and transfected into BHK7 to demonstrate expression of influenza H7 HA. 

Furthermore, after two immunizations with the H7/LNP SAM RNA vaccine, mice produced 

HA inhibition titers considered protective as well as virus neutralizing titers (Hekele et al., 
2013). Thus, this study demonstrated that fully Synthetic Genomics vaccine technologies 

may provide unmatched speed of response to reduce the impact of pandemics or novel 

emerging viruses.

Finally, in 2018, David Evans and colleagues constructed an infectious horsepox virus 

vaccine from chemically synthesized DNA fragments (Noyce et al., 2018). In their work, 

they transfected ten synthesized overlapping 10–30 kb DNA fragments obtained from 

a commercial company together with Vaccinia virus terminal sequences into host cells 

infected with a helper virus, Shope fibroma virus, where they were recombined into 

a live synthetic chimeric horsepox virus. The resulting virus produced smaller plaques, 

less extracellular virus and was less virulent in mice than Vaccinia virus while providing 

vaccine protection against a lethal challenge (Noyce et al., 2018). However, this study was 

controversial due to potential dual use, access and benefit sharing issues (Rourke et al., 

2020). Regardless, this study demonstrated the possibility to generate virtually any live virus 

from sequence alone.

In summary, Synthetic Genomics has already proven useful in helping to develop the next 

generation of vaccines due to the capacity to rapidly design and construct not only synthetic 

genes but also complete viral genomes. This capacity has facilitated the development of 

higher throughput production of genes for recombinant, subunit and nucleic acid vaccines 

as well as viral reverse genetics systems to quickly understand their biology and facilitate 

vaccine or therapeutic development. With continued reduction in the cost of nucleic acid 

synthesis and further advances to increasing speed and scale of synthesis, we expect that the 

field will significantly contribute to an even faster response to emerging infectious diseases 

and potential pandemics. Unfortunately, the synthetic virus/vaccine platform has not yet led 

to commercial success. However, with the recent full approval by the U. S. Food and Drug 

Administration of Pfizer-BioNTech COVID-19 Vaccine (on August 23, 2021, marketed 

as Comirnaty) and the Moderna COVID-19 Vaccine (on January 31, 2022, marketed as 
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Spikevax) for 16 and 18 years of age, respectively and older, we can expect more vaccines 

made using the synthetic virus/vaccine platform to be available in the market.

Prokaryotic genome sequencing led to construction of bacteria with 

synthetic genomes

When the J. Craig Venter Institute (JCVI) undertook the goal of sequencing the first cellular 

genome in history (Fleischmann et al., 1995), the primary goal was to see how the life of 

the cell could be understood based on its gene content. The team spent tremendous effort 

to annotate every gene and pathway of Mycoplasma genitalium, but it soon became clear 

that there were so many genes of unknown function that this goal was unreachable at that 

time. Because this was the first sequenced genome in history there was clearly no other 

genomes to compare with. We thought if we had at least one more genome that we might be 

able to make more gene identifications and have a clearer understanding of how the genome 

coded for life. We chose to sequence the smallest known cellular genome, thinking it would 

have fewer non-essential genes, which would aid in understanding the first genome. Thus, 

in 1995 a second genome was sequenced, that of M. genitalium, which had the smallest 

known genome of any species capable of independent growth (Fraser et al., 1995). Again, 

it was disappointing that the second genome did not have many genes that overlapped with 

the first genome and that it also had a significant percentage of genes of unknown function. 

We felt that two major approaches were needed going forward. The most obvious was that 

the number of sequenced genomes needed to be increased by orders of magnitude, the DOE 

agreed and began funding multiple genome sequences from diverse organisms including the 

first archaea. It became clear that it would be a multiple decade approach with this new field 

of comparative genomics to yield a clear understanding of life at the genome level.

The JCVI team decided that the best way to try to understand life, at the genome level, was 

to try to synthesize a genome chemically and attempt to reconstitute life using this synthetic 

genome. Building a minimal bacterial cell to facilitate basic studies of living cells had been 

a goal of biologists ever since Max Delbruck’s Phage School in the 1930s, but never before 

had the technology to make such a cell been available (Glass et al., 2017).

The team at the JCVI launched its Synthetic Genomics efforts to construct a minimal 

bacterial cell in late 2002. By then, methods for DNA synthesis had advanced such that <10 

kb viral genomes had already been synthesized and booted up to produce virus (Blight et 
al., 2000; Cello et al., 2002). Those early 21st century efforts marked the dawn of the field 

of Synthetic Genomics, which is the construction of viruses, bacteria, and eukaryotic cells 

with synthetic genomes. It involves two basic processes: synthesis of complete genomes or 

chromosomes and booting up of those synthetic nucleic acids to make viruses or living cells.

Using the molecular biology and microbiology technologies of the early 1990’s, 

construction of a bacterial cell with a synthetic genome would have been impossible. Driven 

by the ambition to construct a minimal bacterial cell that could be used to investigate the 

first principles of cellular life, the JCVI’s Synthetic Genomics efforts led to the landmark 

synthetic biology tool building accomplishments that enabled construction of the first 

“synthetic organism”, JCVI-syn1.0 in 2010 (Gibson et al., 2010) and the construction of 

Venter et al. Page 7

Cell. Author manuscript; available in PMC 2023 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the first minimal bacterial cell, JCVI-syn3.0 in 2016 (Hutchison et al., 2016). Guided by 

the writings of Harold Morowitz, the JCVI team elected to return to Mycoplasma species 

as starting points for building minimal cells (Morowitz, 1984). The same features that made 

Mycoplasma genitalium an appealing candidate for the early whole-genome sequencing 

efforts described above, again made it appealing as a basis for a minimal synthetic cell. 

It seemed reasonable to assume that the M. genitalium genome had near the minimum 

number of genes required for cellular life. However, it was found that more than 100 of 

the 525 M. genitalium genes could be disrupted by transposon insertion without affecting 

viability (Glass et al., 2006; Hutchison et al., 1999). At that time mycoplasmas were 

largely genetically intractable, so stepwise deletion of non-essential genes would be very 

time-consuming and laborious. Thus it was decided to adopt a Synthetic Genomics approach 

to minimizing the mycoplasma genome.

In 2002 two efforts aimed at eventually enabling design, construction, and booting up of 

a minimized M. genitalium genome were initiated at JCVI (Marshall, 2002). One team 

developed improved DNA synthesis methods that would be capable of constructing a 583 

kb synthetic M. genitalium genome. The other team sought to devise a plan to boot up the 

synthetic genome.

As mentioned in the Synthetic Viruses section above, in 2003 a protocol was developed 

that enabled rapid synthesis of a ~5 kb φX174 bacteriophage genome from synthetic 

oligonucleotides (Smith et al., 2003). Within a few years, presumably in part due to that 

study, synthesis of DNA molecules up to 5 kb had become an affordable commodity.

A synthetic M. genitalium genome was built starting with ~5 kb cassettes. These were 

assembled in five stages using a combination of in vitro enzymatic joining methods and in 
vivo recombination in yeast cells. Clones of intermediate products were sequence verified 

as assembly proceeded. While synthesizing a complete M. genitalium genome was not 

achieved without difficulties, the processes employed relied on technologies that had been 

proven to work to produce smaller synthetic DNAs (Kodumal et al., 2004; Smith et al., 
2003). There were no such precedents to guide the search for a method to boot up 

the synthetic M. genitalium genome. The plan was to install the M. genitalium genome 

containing a tetracycline resistance marker in a Mycoplasma pneumoniae cell, and then after 

these two genome cells had time to divide, only cells containing the M. genitalium genome 

would survive antibiotic treatment. M. pneumoniae is closely related to M. genitalium. All 

but a couple of non-essential M. genitalium genes have orthologous counterparts in the M. 
pneumoniae genome. So it appeared reasonable to assume that the M. genitalium genome 

would likely function in the cytoplasm of its close relative. However, efforts to boot up 

isolated M. genitalium genomes were all unsuccessful.

Because of the difficulties involved with working with M. genitalium (it takes up to six 

weeks to form colonies and those colonies can only be visualized using a microscope), 

JCVI scientist Carole Lartigue attempted to develop the needed technology using a more 

tractable set of closely related Mycoplasma species. After two years of experimentation, she 

was able to install an isolated Mycoplasma mycoides genome in a Mycoplasma capricolum 
cell. After antibiotic selection, she recovered cells containing only complete M. mycoides 
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genomes. M. mycoides and M. capricolum are very closely related species that have ~1 

mb genomes and that grow rapidly to produce 1 mm diameter colonies in 2–3 days. This 

faster growth greatly accelerated the Lartigue’s pace of experimentation. Lartigue called 

this process genome transplantation (Lartigue et al., 2007). It in many ways is similar to 

a chemical transformation of E. coli. The transplantation reaction involves treating the M. 
capricolum recipient cell with CaCl2 and polyethylene glycol, Figure 2.

Two years later Lartigue et al. (2009) reported genome transplantation of an M. mycoides 
genome that was cloned as a yeast centromeric plasmid into an M. capricolum cell whose 

single restriction enzyme gene had been disrupted. Because M. mycoides encodes the 

same restriction enzyme gene as M. capricolum, when isolated M. mycoides genomes 

were transplanted into M. capricolum, CCATC sites were methylated and unaffected. To 

transplant M. mycoides genomes isolated from yeast, it was essential that the M. capricolum 
restriction enzyme be inactivated (Lartigue et al., 2009). Unfortunately, intense efforts to 

adapt the M. mycoides-M. capricolum genome transplantation technique to install the M. 
genitalium genome via interspecies transfer into M. pneumoniae or intraspecies transfer 

into a different strain of M. genitalium were not successful. In fact, genome transplantation 

has only worked for a subgroup of mycoplasma called the mycoides cluster. Why this is 

so is not entirely clear. One known issue is the treatment of recipient cells with calcium 

chloride as is done for the mycoplasma genome transplantation activates surface associated 

nucleases in many other bacteria. Efforts are now underway at the JCVI to develop genome 

transplantation for non-mycoplasma species. It is unlikely that the JCVI team was so lucky 

as to choose to work with the only bacteria capable of this useful approach.

Because it was possible to transplant a M. mycoides genome cloned as a yeast centromeric 

plasmid and because there were reliable protocols for genome assembly, in 2009 it was 

decided to set aside the M. genitalium effort and instead to synthesize and install an 

M. mycoides genome. Learned lessons and improvements in DNA assembly technology 

made synthesis of the 1.079 Mb M. mycoides genome required only a fraction of one 

person’s time for a few months relative to the years required to develop the methods for 

and complete the M. genitalium assembly. The genome was assembled in three stages by 

transformation and homologous recombination in yeast from 1078 1 kb DNA cassettes. 

The synthetic genome differed from the wildtype M. mycoides genome in that it lacked 

genes encoding a glycerol transporter associated with pathogenesis, and it contained a four 

watermark sequences so that the synthetic genome could readily be distinguished from a 

wildtype genome. The genome was transplanted to produce the first cell with a chemically 

synthesized genome. That “synthetic“ bacterium was called JCVI-syn1.0 (Gibson et al., 
2010).

To create JCVI-syn1.0, the JCVI developed three key Synthetic Genomics technologies 

(Figure 3). First, while construction of synthetic DNA molecules larger than 10 kb was 

possible before the JCVI complete genome synthesis efforts (Kodumal et al., 2004; Smith 

et al., 2003), those methods were not practical for rapid construction DNAs larger than 100 

kb. Gibson Assembly for in vitro assembly of DNA molecules was a critical advance that 

led to synthetic genomes and has become one of the basic methods in synthetic biology 

(Gibson et al., 2008a; Gibson et al., 2009). Second, while in vitro DNA assembly of whole 
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genomes is theoretically possible, it was construction of complete bacterial genomes as 

yeast centromeric plasmids that enabled both yeast recombination-based assembly of whole 

genomes and accumulation of sufficient amounts of synthetic genome that would be needed 

to boot up those genomes (Gibson et al., 2008a; Gibson et al., 2008b). Finally, genome 

transplantation installed the complete synthetic genomes, isolated from yeast, in a suitable 

recipient cell so that the new genome commandeered the cellular machinery to produce 

“synthetic” cells with the genotype and phenotype of the synthetic genome (Lartigue et al., 
2009).

The next step in the effort to construct a minimal bacterial cell was to perform transposon 

bombardment to identify the essential and non-essential genes in M. mycoides. This showed 

that about half of the M. mycoides genes were non-essential. Based on those findings, 

a reduced genome was designed and synthesized in eight overlapping segments just as 

in constructing JCVI-syn1.0. Eight different versions of the M. mycoides genome were 

then constructed, with each being comprised of a different reduced genome segment and 

seven wildtype segments. These were all transplanted and all resulted in viable transplants. 

This indicated that no essential genes had been deleted from any of the segments. A 

similar synthetic genome segment validation step was employed using genomes made from 

synthetic and natural one eighth genome segments in the construction of JCVI-syn1.0. Such 

validation steps are required in all similar large genome design and construction projects 

to localize potential design or synthesis flaws. While each of the eight reduced genome 

segments was individually viable, the fully minimized genome did not yield any successful 

transplants, indicating that pairs of non-essential genes located on different segments of the 

genome that both encode proteins that performed the same essential function, i.e. synthetic 

lethals had likely been deleted. Additional rounds of transposon bombardment on partially 

minimized genomes guided design of a new reduced genome that could be transplanted. 

First, JCVI-syn2.0 was produced, which has a 576 kb genome and encodes 475 protein 

coding genes. A final cycle of transposon bombardment and genome design resulted in 

construction of JCVI-syn3.0, which has a 531 kb genome and encodes 438 genes (Hutchison 

et al., 2016). That genome is smaller than the smallest known naturally occurring genome 

for an independently replicating bacterium. Currently the JCVI-syn3.0 minimal bacterial cell 

is used as a chassis both by the JCVI and more than fifty other research groups to investigate 

the fundamental aspects of cell biology.

Synthetic Escherichia coli genomes

The first successful effort using synthetic biology technology for grand scale redesign of 

the Escherichia coli genome was achieved by a team led by George Church and Farren 

Isaacs that recoded the genome to eliminate all the UAG stop codons (Lajoie et al., 2013). 

The resulting genomically recoded organism was thus amenable to the incorporation of non-

standard amino acids and also showed resistance to phage infection. Rather than synthesize 

a new genome as was done by the Venter team to produce JCVI-syn1.0, this team employed 

multiplex automated genome engineering (MAGE) (Wang et al., 2009) and conjugative 

assembly genome engineering (CAGE) (Isaacs et al., 2011) to recode their genome. This 

effort paved the way for more ambitious E. coli recoding efforts described below.
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Jason Chin’s Cambridge University team constructed a semi-synthetic 3.97 Mb E. coli 
genome, called Syn61, that was recoded to free up three codons that could be used to 

produce proteins containing as many as three non-standard amino acids (Fredens et al., 

2019). Rather than construct an entire genome and then install it in a suitable recipient cell 

as was done by the JCVI, here ~100 kb synthetic recoded segments were substituted for 

natural equivalent regions using processes involving iterative programmed recombination 

called REXER and GENESIS (Wang et al., 2016). That process was repeated more than 

35 times using a sophisticated marker exchange process, and iterative segment exchange 

(Wang et al., 2016). This project leveraged earlier work done by Chin and others that 

developed systems to utilize non-standard amino acids (Chin, 2017; Wang et al., 2016). As 

was used in the earlier mycoplasma synthetic genome projects, the modular, 100 kb at a time 

enabled identification of any design flaws. The synthetic 100 kb segments were constructed 

as bacterial artificial chromosomes in a two-step process that assembled in commercially 

synthesized DNA sub-genomic cassettes in yeast (Fredens et al., 2019).

A similar effort to construct an E. coli strain with a synthetic, recoded genome is ongoing in 

George Church’s Harvard University lab. They constructed a 3.97 Mb synthetic genome that 

utilized only 57 codons where seven codons were replaced with synonymous alternatives 

(for all but 13 of 2229 genes. Not only did the Church team free up seven codons to enable 

use of non-standard amino acids, but they also made the cell, which they call “rE.coli-57”, 

resistant to phage infection or alteration by horizontal import of new genes. As would 

be expected, some a small number of efforts at recoding some genes were unsuccessful 

and required troubleshooting. The ten failures the team reported are instructive for future 

genome design projects (Ostrov et al., 2016).

A synthetic Caulobacter crescentus genome

Eidgenössische Technische Hochschule (ETH) Zürich synthetic biologist Beat Christen 

recoded the essential genes of Caulobacter crescentus to produce a new genome called 

Caulobacter ethensis 2.0 (Venetz et al., 2019). C. crescentus is an important model organism 

for understanding bacterial cell cycles (McAdams and Shapiro, 2009). The 786 kb synthetic 

C. entensis-2.0 genome encodes 676 genes. Approximately 133,000 base substitutions were 

made in the genome to alter ~124,000 codons. One goal of this effort was to reduce the 

number of sequence elements that could interfere with genome synthesis such as high 

GC regions, direct repeats, hairpins, homopolymers and restriction sites. The number of 

synthesis constraints went from 7,014 in C. crescentus to 301 in C. ethensis-2.0. The 

recoding also eliminated three rare codons (TTG, TTA, TAG). The recoding to facilitate 

genome synthesis resulted in successful manufacture of 235 out of 236 3–4 kb DNA 

fragments, and only the one fragment needing custom synthesis. While this recoding 

likely facilitated genome synthesis, and maintained protein amino acid sequences, it also 

erased genetic information that may affect gene expression and other critical elements. 

In merodiploid studies in C. crescentus where plasmids containing segments of the C. 
ethensis-2.0 genome were expressed, ~20% of the genes had lower capacity than natural 

counterparts to support viability (Venetz et al., 2019). The findings here offer important 

lessons about the design of future synthetic genomes. This study offered no plans to boot up 

the C. entensis-2.0 genome (Venetz et al., 2019).
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Synthetic Genomics using eukaryotes: Yeast 2.0

The other most widely known example of Synthetic Genomics resulting in organisms 

with synthetic genomes is the Synthetic Yeast Genome Project, Sc2.0, more commonly 

known as the Yeast-2.0 project. Members of this international consortium of 21 institutions 

designed and built synthetic versions of all 16 chromosomes of Saccharomyces cerevisiae 
(Zhao et al., 2022). Absent from the redesigned synthetic chromosomes are extra copies of 

tRNA genes, introns, and transposons, which result in more efficient chromosome synthesis 

during stepwise reconstruction of the DNA molecules using homologous recombination as 

well as providing a chassis to probe the role of mobile elements on yeast biology. Other 

changes include TAG/TAA stop codon replacement to enable use of non-standard amino 

acids and insertion of numerous loxPsym sites to enable genome scrambling that enables 

inducible evolution and genome reduction (Pretorius and Boeke, 2018; Zhao et al., 2022). 

Collectively, the already completed yeast-2.0 chromosomes are being used to investigate 

numerous questions about yeast and eukaryotic chromosome function and evolution. A 

series of publications reporting both the synthesis of 6.5 of the 16 yeast chromosomes and 

important findings about both yeast and eukaryotic chromosome biology gleaned from the 

organisms with the Sc2.0 chromosomes are in the literature with more papers describing the 

other chromosomes expected. (Annaluru et al., 2014; Dymond et al., 2011; Mitchell et al., 

2017; Richardson et al., 2017; Shen et al., 2017; Wu et al., 2017; Xie et al., 2017; Zhang et 

al., 2017). In 2022, the Sc2.0 consortium reported the construction of a yeast strain encoding 

all 6.5 of those synthetic chromosomes from previously reported strains single synthetic 

chromosome using a technique they called endoreduplication intercross. Working with this 

strain, the Yeast-2.0 team discovered unknown interactions between synthetic chromosomes 

linking transcriptional regulation, inositol metabolism and tRNASer
CGA abundance (Zhao et 

al., 2022).

In sum, the Yeast 2.0 project will produce a cell with ~8% less DNA and a remarkable ~1.1 

Mb of alterations relative to wild type S. cerevisiae. This grand scale genome engineering 

not only maintained the fitness of the organism, it also encoded new features in the 

yeast genome, such as the genome SCRaMbLE (Synthetic Chromosome Rearrangement 

and Modification by LoxPsym-mediated Evolution), which enables genome restricting via 

inducible evolution (Dymond and Boeke, 2012), that are facilitating the understanding of 

both yeast and eukaryotic biology as well (Richardson et al., 2017; Zhang et al., 2020). A 

planned Yeast-3.0 project would address questions of how many genes can be deleted and 

how optimal is the current gene organization (Dai et al., 2020). The methods developed for 

grand scale yeast chromosome engineering by this massive project will be vital to future 

efforts to build synthetic or artificial chromosomes for higher eukaryotes first in yeast before 

booting them up in their intended host. This will be discussed further below.

Why are there so few bacterial and eukaryotic Synthetic Genomics efforts?

Based on the reaction in the scientific community and beyond to the construction by 

the JCVI of bacteria with synthetic genomes, i.e. JCVI-syn1.0 in 2010 and minimal cell 

JCVI-3.0 in 2016, and to the Yeast 2.0 project, a wave of building microbes with synthetic 

genomes that might address a variety of basic research and applied problems was predicted 
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(Cohan, 2010; Elowitz and Lim, 2010; Fritz et al., 2010; Service, 2016). That has not 

happened, yet at least; although, there are reports of three other bacterial genome synthesis 

projects.

The reasons for this come down to need and cost. The JCVI’s mycoplasma efforts were 

driven by a need to construct a minimal bacterial cell using naturally near minimal 

organisms for which few genetic tools existed. The Synthetic Genomics approach was 

the best option. The Cambridge University and Harvard University E. coli projects rebuilt 

the most widely used bacterium in the biotechnology industry so that the recoded E. coli 
could be used for production of proteins containing multiple non-standard amino acids 

and so that the organisms would be resistant to bacteriophage infection. The utility and 

value of the E. coli strains with synthetic genomes is obvious. The goal of the ETH 

Zürich Caulobacter effort was to develop methods that facilitate synthesis of genomes and 

other large DNA molecules using a widely used model organism. All of these bacterial 

Synthetic Genomics were slow, expensive efforts. The same is true for the Yeast 2.0 effort. 

There could be commercial entities that without publicizing the work constructed or are 

constructing bacteria, yeasts or algae with synthetic genomes to produce molecules that 

could not be made otherwise. On the other hand, there have been numerous publications 

describing computational approaches to design recoded and minimal genomes as well as 

laboratory approaches that may facilitate grand scale genome reconstruction and methods to 

replace large sections of native bacterial genomes with synthetic versions (Krishnakumar et 

al., 2014; Kuznetsov et al., 2017; Lamoureux et al., 2020; Lau et al., 2017; Libicher et al., 

2020; Rees-Garbutt et al., 2020; Yoneji et al., 2021).

It may be that until the cost of microbial genome synthesis significantly decreases and 

methods to boot up synthetic genomes become as rapid as the genome transplantation 

process, production of bacteria, yeasts, fungi, and algae with synthetic genomes will be rare. 

One can imagine a time when genome synthesis costs are so low that a researcher might 

computationally design thousands or millions of bacterial genomes in an effort to build an 

organism optimized for a specific purpose and a DNA foundry would synthesize and deliver 

them in a few days. These would be booted up using a high throughput version of genome 

transplantation and the organisms best able to perform a desired task isolated.

The cost of DNA synthesis continues to decline (see the next section of this review). For 

making synthetic bacteria the likely bottleneck to achieving such a future is our current 

inability to boot up a complete bacterial genome for any species that is not a mycoplasma. 

The methods used to build the recoded E. coli genomes by iteratively exchanging as many 

as fifty synthetic sub-genomic DNA molecules with their natural counterparts would not be 

amenable to high throughput efforts. Thus the requirement for a high throughput approach 

to boot up a complete bacterial genomes. Grand scale engineering of eukaryotic microbial 

genomes, such as was done for yeast, will not likely need to swap in new altered ~50 kb 

synthetic DNA chromosomal regions for native sequences as was done for E. coli. With 

rare exceptions, eukaryotic genomes are comprised of multiple chromosomes. Methods 

that would enable installation of new synthetic chromosomes into eukaryotic microbes via 

transformation and/or conjugation have been demonstrated for several species. Once a new 
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chromosome or chromosomes are installed, CRISPR methods could be used to destroy the 

native chromosomes the new synthetic ones are replacing.

Synthetic Genomics using eukaryotes: Animal & plant synthetic artificial 

chromosomes

As a sort of follow up to the Yeast 2.0 project, a cohort of synthetic biologists founded the 

Genome Project Write, which will focus on what is coming up next in Synthetic Genomics. 

Among its ambitions is driving a reduction in the costs of synthesizing and booting up large 

genomes from higher eukaryotes by 1000X by 2029 (Boeke et al., 2016). At present, it is 

not possible to synthesize and boot up large chromosomes of higher eukaryotes; however, 

Synthetic Genomics is having an impact on eukaryotes in work with synthetic mammalian 

(including human) and plant artificial chromosomes.

Mammalian artificial chromosomes could be used to build cell-based anticancer therapeutics 

(Kouprina et al., 2018) or alter the genomes of animals so that they produce humanized 

organs or pharmaceuticals. Plant artificial chromosomes could enable improved foods or 

plants with new metabolic pathways requiring large numbers of added genes (Birchler 

and Swyers, 2020; Dawe, 2020; Jakubiec et al., 2021). Until very recently, most artificial 

chromosome studies in higher eukaryotes were top down approaches where small natural 

chromosomes were whittled down using telomere-associated chromosome fragmentation in 

cells that would produce mini-chromosomes, via homologous recombination, that contain a 

natural centromere. For human artificial chromosomes (HACs), this approach has been used 

on at least five of the smallest chromosomes to produce linear HACs from 0.5 kb to 10 Mb. 

These are mitotically stable so long as the HAC size stays above ~300 kb (Kouprina et al., 
2018).

More recently, bottom up approaches to create fully synthetic mammalian artificial 

chromosomes are making advances. Critical issues for this technology are the construction 

of functional synthetic centromeres and enabling Mendelian inheritance of the synthetic 

chromosomes via meiotic transmission. HACs with synthetic centromeres containing 

alphoid DNA arrays (repetitive tandem repeats in centromeric DNA) harboring binding sites 

for the DNA sequence-specific binding protein CENP-B, which serve as centromeres, have 

been created primarily in the laboratory of Vladimir Larionov and Natalay Kouprina at the 

United States National Cancer Institute (Kouprina et al., 2018; Lee et al., 2021; Sinenko et 

al., 2018). In a different approach to constructing synthetic HACs, Larionov and Ben Black 

at the University of Pennsylvania used what they termed a “CENP-A nucleosome seeding 

strategy” to create mitotically stable HACs that did not contain repetitive centromeric 

DNA characteristic of both natural eukaryotic chromosomes and the previously described 

Larionov lab HACs (Logsdon et al., 2019; Yang et al., 2020). Both the Larionov and 

Black approaches involve construction of the HACs either as yeast or bacterial artificial 

chromosomes.

Meiotic transmission of synthetic chromosomes is perhaps a more difficult problem. We are 

not aware of any attempts to create synthetic mammalian chromosomes that truly function 

as chromosomes in meiosis. Studies using whittled down natural plant chromosomes have 
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shown that small chromosomes do not pair properly in meiosis (Birchler et al., 2016; Han 

et al., 2007). A possible solution for this is to design chromosomes in a way to promote 

recombination of sister chromatids (Dawe, 2020).

How large a chromosome is needed and can be synthesized? At present most of mammalian 

and plant artificial chromosome projects that do not add new DNA sequences to existing 

chromosomes build DNAs that are smaller than 1 Mb. Given that for many years, the yeast 

artificial chromosome (YAC) community suspected the maximum possible YAC size might 

be around two million base pairs. This was based on the largest reported YAC being only 2.3 

Mb (Marschall et al., 1999). That concern, which could have made construction of animal 

and plant artificial chromosomes larger than a few megabases was recently eliminated. In 

2018 a yeast strain with a single 12 Mb chromosome comprised of all 16 linear yeast 

chromosomes was reported (Shao et al., 2018). This suggests that yeast could be used to 

construct mammalian and plant artificial chromosomes comprised of a tiny amount of yeast 

sequence and perhaps hundreds of higher eukaryotic genes could be constructed in yeast.

These shuttle chromosomes that might be larger than 10 Mb could then be gently 

transferred, so as not break the artificial chromosome, to higher eukaryotes by fusing 

yeast spheroplasts with the target cell using polyethylene glycol (PEG) to mediate the 

fusion (Brown et al., 2017; Brown and Glass, 2020). Indeed, transfer of yeast artificial 

chromosomes to mammalian cells using PEG has been used for decades, but the process was 

very inefficient. The JCVI’s David Brown improved the efficiency of the transfer more than 

100X by using colchicine to arrest the mammalian cell cycle at a point when the nuclear 

membrane was degraded. Thus the DNA does not have to traverse any cell membranes 

during the transfer process (Brown et al., 2017). These sort of advances may make it much 

more practical to construct plant or mammalian artificial chromosomes as larger as 10 Mb in 

yeast and then move them into target cells without shearing the chromosomes by pipetting.

Agricultural research is growing more interested in employing plant artificial chromosomes 

(often called mini-chromosomes) to add functions to plants (Birchler and Swyers, 2020; 

Dawe, 2020; Gaeta et al., 2012; Jakubiec et al., 2021). As with mammalian artificial 

chromosomes, efforts in plants employ partially synthetic approaches whereby new DNA 

is added to small existing natural chromosomes that have been whittled down to produce 

mini-chromosomes. More relevant to this review are fully synthetic approaches. The most 

important work involves nuclear chromosomes; although, in some cases, this involves 

replacing chloroplast genomes with new synthetic genomes (Frangedakis et al., 2021). 

Many of the approaches being developed for mammalian chromosomes are also in use 

with plants. The problems of building and booting up synthetic centromeres and enabling 

meiotic artificial chromosome inheritance are similar. While it is reasonable to construct 

synthetic plant chromosomes in yeast as is being done in mammalian systems, the difficulty 

in transferring large DNA molecules across plant cell walls has slowed progress.

As more groups are focusing on development of animal and plant artificial chromosomes 

as a method for grand scale alteration of the genetic and metabolic capacities of organisms, 

progress will accelerate. Artificial chromosomes smaller than 1 Mb are often problematic 

because of instability; however it seems clear that chromosomes much larger than that can 
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be constructed in yeast and transferred to higher eukaryotic cells. Construction of synthetic 

centromeres is advancing and will likely continue. Mendelian inheritance of artificial 

chromosomes will be a challenging problem in part because of our limited understanding 

of what sequences and chromatin structures are critical to the effective inheritance of 

chromosomes. Plus there is much to learn about turning a naked DNA molecule that has 

a natural chromosome sequence into a functional chromosome. Once again, our capacity 

to synthesize megabase plus sized DNA molecules exceeds our ability to design eukaryotic 

chromosomes that will do what we want. While there is a long way to go, ongoing work 

by many groups using animal and plant synthetic artificial chromosomes is generating 

knowledge about chromosome biology in higher eukaryotes that will move science towards 

more effective grand scale engineering to solve human problems.

Emerging technologies that could revolutionize biology: Advances in DNA 

synthesis

The minimal bacterial cell project was a multi-year project largely due to the rate limitations 

of DNA synthesis. The JCVI could only make one megabase genome at a time to test the 

insertion or deletion of genes or gene cassettes for viability. If they could have made ten or 

one hundred different chromosomes, they would have reached the correct answer to what 

was needed for a viable cell much faster. New technology has been slow in coming but 

recent breakthroughs using semiconductor chips may provide the key to the future of the 

synthetic genome field. Avery Digital Data is one of the developers of this new technology 

using semiconductor chips for DNA synthesis. The JCVI and Avery Digital Data have plans 

to synthesize a complete eucaryote genome. This scale of Synthetic Genomics would not be 

feasible without this new technology.

Economical synthesis of very large numbers of oligonucleotides is fundamental for 

searching genome variation space in synthetic biology applications. To extend synthesis 

scales to the practical generation of billions to trillions of oligonucleotides, one emerging 

approach is to transfer the classical phosphoramidite synthesis chemistry onto a highly 

scalable semiconductor chip device—- ideally a standard complementary metal oxide 

semiconductor (CMOS) chip, fabricated in existing commercial foundries—having up to 

billions of independent oligo synthesis sites on a single chip. Early work by Ed Southern 

demonstrated the ability to drive DNA synthesis with electrochemical reactions (Egeland 

and Southern, 2005). Recent work by Microsoft has shown this approach can be scaled to 

the extremes of nanoscale electrodes, for future DNA data storage applications (Nguyen et 

al., 2021). The latest work in this area, by Avery Digital Data and Drew Hall’s Biosensors 

& Bioelectronics Group at the University of California at San Diego, demonstrates a fully 

integrated platform for scalable DNA synthesis in bioengineering, consisting of a scalable 

CMOS chip device, combined with a CMOS-compatible electrochemistry (Merriman, 

2022). This platform uses electrochemical acid generation on micro-electrodes, from a novel 

hydroquinone solution, to provide a localized acid concentration that drives the deprotection 

reaction step of the phosphoramidite synthesis chemistry (Figure 4A). This low-voltage 

chemistry is compatible with deployment on electronic CMOS chips (Hall et al., 2022). 

Each chip would contain more than 100 million oligonucleotide synthesis sites and each 
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site can support synthesis of ~100,000 copies of a specified oligonucleotide (Figure 4B). 

Synthesis of up to 100-mers has been demonstrated (Figure 4C). At high volume production, 

circa 2022, the cost of each oligonucleotide synthesis chip would be approximately $25 

(Merriman, 2022). Thus, this first step of putting DNA synthesis “on chip” provides a path 

to greatly enhanced scales of oligo production—and ultimately gene/genome assembly—for 

synthetic biology.

For decades there has only been one method for synthesis of DNA, the phosphoramidite 

nucleoside method. While widely used, it has drawbacks such as a maximum effective 

synthesis of only ~200 base oligonucleotides and the production of hazardous wastes. 

Non-templated enzymatic synthesis of oligonucleotides using terminal deoxynucleotidyl 

transferase (TdT), which is the only known polymerase whose predominant activity is 

to add deoxynucleotide triphosphates (dNTPs) indiscriminately to the 3′ end of single-

stranded DNA, has been proposed as an alternative conventional phosphoramidite chemistry. 

Enzymatic DNA synthesis offers several advantages over chemical synthesis. Longer 

oligonucleotides can likely be synthesized because of both the high specificity of enzymatic 

reactions and the mild biological conditions under which the aqueous polymerase reactions 

take place. This should reduce the formation of reactive side products that can lead to 

DNA damage like depurination. Enzymatic reactions will not generate hazardous wastes. 

Unfortunately a variety of technical issues, such as an inability of TdT to synthesize even 

small DNA hairpins, has kept enzymatic DNA synthesis from realization. Recently, a team 

led by Nathan Hillson and Jay Keasling has achieved two breakthroughs that may lead to 

a competitive enzymatic DNA synthesis technology. First, in their reaction scheme, they 

conjugate each TdT molecule to a single dNTP. The TdT then adds the dNTP to the 3’ 

end of an existing DNA primer. The TdT remains linked to the growing DNA stand so 

that the end of the DNA is inaccessible to other TdT-dNTP conjugates. At the end of 

that extension step the linkage between the TdT and newly added nucleotide is cleaved by 

the addition of β-mercaptoethanol thus allowing the next extension reaction. Keasling and 

Hillson’s team demonstrated that the TdT-dNTP conjugates can add a new nucleotide to the 

3’ end of primer every 10–20 seconds, and that the reaction can be used to generate 10 

base oligonucleotides (Palluk et al., 2018). The other advance worked around the problem of 

TdT polymerization being inhibited by DNA hairpins. To do this they optimized the divalent 

cation cofactor concentrations in the polymerization reaction and they remodeled the TdT to 

make it more thermostable so that the polymerization reactions could take place at higher 

temperatures where the hairpins would be less of an issue. These improvements, when 

combined with the aforementioned TdT-dNTP conjugate method, enabled dTTP addition 

onto the 3’ end of an 8 basepair guanine-cytosine hairpin (Barthel et al., 2020). In sum these 

advances make enzymatic non-templated oligonucleotide synthesis seem plausible for the 

first time in decades and may eventually lead to enzymatic oligonucleotide synthesizers.

Emerging technologies that could revolutionize biology: Humanized pig 

genome and organ xenotransplantation.

One of the potentially most important medical breakthroughs came earlier this year when 

a 57-year-old male patient received a genetically-modified pig heart transplant at the 
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University of Maryland Medical Center (UMMC) (Reardon, 2022). The surgery was a 

“world-first” and deemed the patient’s only chance for survival after he was declared 

unsuitable for a human donor transplant or an artificial heart pump. (Figure 5). The recipient 

lived for two months, which is twice as long as the first human to human heart transplant 

(Rabin, 2022). To make this pig to human xenotransplantation possible, ten genetic changes 

were made in the pig genome including addition of human genes, and knockouts and 

alterations of pig genes. Two weeks after the pig heart transplant, the first pig kidney 

transplants were performed (Porrett et al., 2022). As this work is perfected the human impact 

will be enormous as there are over 100,000 patients in the USA on the transplant wait list.

Xenotransplantation has long been a dream of medicine. Xenotransplantation experiments 

were described as early as the seventeenth century. Post-World War II xenotransplantation 

efforts shifted to the use of organs from primates in human patients. In the 1960s, 

experiments by various teams showed that while it was technically possible to transplant 

animal organs into humans, there were still too many clinical challenges at that time 

for the approach to be viable. Significant advancements have been made in recent years 

in understanding the molecular mechanisms of xeno-rejection responses (Cooper, 2012; 

Stevens, 2020). These have been made possible due to the advances in Synthetic Genomics 

and fundamental genomics, which while essential are only a small part of the overall 

transplantation process.

The immune system is very complex and our response to foreign tissues is far from simple. 

For example unlike in humans where vascular endothelium expresses the ABH blood group 

antigens, the pig’s vascular endothelium expresses a galactose oligosaccharide, galactose-

α(1,3)-galactose (Gal). The presence of Gal in the pig and its absence in humans, has proved 

a major challenge due to the generation of anti-Gal antibodies, which cause acute rejection 

of the pig organ (Phelps et al., 2003). Additionally, the N-glycolyl neuraminic acid (Neu5Gc 

or Hanganutziu-Deicher antigen) is also a major pig xenoantigen, given that humans have 

Nue5Gc antibodies. These are two of three (unlinked) glycosyl transferases that have been 

deleted from the pig genome to reduce immune reactions to porcine tissue (Tector et al., 

2020).

A second way of reducing human antibody binding to pig antigens is to provide the pig 

with increased resistance to human complement-mediated injury. This has been achieved 

by inserting into the pig genes one or more human complement-regulatory proteins, such 

as CD55 or CD46. The combination of GTKO and expression of CD46 and/or CD55 

has made hyperacute rejection a rarity in experimental organ xenotransplantation studies. 

While this sounds straight forward it was far from simple. CRISPRs for example have 

many off-target effects so while you think you are targeting one gene you may be targeting 

many. Also random integration of human genes into the pig genome could cause major 

biological disruptions. As a result, the genetics team at Synthetic Genomics, Inc. lead by 

Sean Stevens who together with Martine Rothblatt and Craig Venter took a unique approach 

(this effort was later transferred to United Therapeutics, Inc.). They started with a highly 

accurate human genome and added a new diploid pig genome from the line used for the 

transplantation. The pig genome was sequenced to very high coverage to ensure accuracy. 

The accurate genome allowed for highly specific targeted gene knockouts and for the 
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insertion of cassettes of human genes in specific sites without disrupting genome functions 

(Stevens, 2020).

Biosafety and bioethical concerns.

Bioethical and biosecurity issues have been part of the Synthetic Genomics field from the 

outset. There have been multiple committees, boards and review teams discussing essentially 

every possible aspect of issues associated with synthetic DNA applications (Addressing 

Biosecurity Concerns Related to the Synthesis of Select Agents, 2006; Synthetic biology - 

Ethical considerations, 2010; Biodefense in the Age of Synthetic Biology, 2018; Capurro et 

al., 2010; Carter et al., 2014; Cho et al., 1999; Craig et al., 2022; Garfinkel et al., 2007; 

Heavey, 2017; Issues and of, 2015; Kaebnick and Murray, 2013; National Academies of 

Sciences, 2017; Relman, 2009). Some of these reports offer action items and proposed 

regulation while others just raise the issues. Of greatest concern to the authors of this review 

are biosecurity issues and environmental release of synthetic organisms and viruses.

The ability to de novo synthesize DNA and assemble mega-base size constructs is clearly in 

the category of dual use technology. Clearly any virus including the large pox viruses that 

have been sequenced can be regenerated by DNA synthesis as can most bacterial pathogens. 

It is not therefore illogical to try to limit the access to DNA synthesis to legitimate 

researchers. Most reputable DNA synthesis companies screen all orders against the “A” 

list of pathogen agents. When Synthetic Genomics DNA, INC. (now Codex DNA) designed 

its DNA assembly robot multiple levels of security were built into the machine which block 

users from assembling non-approved pathogens (Boles et al., 2017). Oligonucleotides are 

provided by custom order in sealed cassettes that the machine can detect any alteration and 

will not proceed with assembly. None of these measures are fool proof as the reagents for 

benchtop assembly are readily available. Meaningful regulation is lacking due in no small 

part to the lack of knowledge and understanding of this field and its potential for good 

and harm. It is noteworthy that the United States Health and Human Services Department 

has proposed new policies on synthetic DNA that will lower the risk of dangerous toxins, 

viruses or bacteria being synthesized for nefarious intent by expanding current guidance to 

include a requirement for synthetic DNA providers to screen oligonucleotides for sequences 

of concern (Screening Framework Guidance for Providers of Synthetic Double-Stranded 

DNA, 2022).

We are strongly opposed to any environmental release of synthetic organisms and even 

sharing between laboratories needs to be done carefully. With the first synthetic genome/cell 

we introduced the watermarking of synthetic DNA with a code that allows for the entire 

English alphabet and standard punctuation (Gibson et al., 2010). We included authors names 

and institutions so that no one would confuse our cell with a naturally existing organism. 

Other measures to prevent escape of synthetic organisms from the laboratory could be 

engineering the organism to need metabolites not found in nature. Such simple measures as 

well as biological kill switches can prevent unintended environmental consequences from 

occurring.
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Conclusions:

Synthetic genomics is still a young field that is still seeing a limited number of efforts. 

However synthetic viruses have already altered vaccine design and production starting with 

the synthetic flu virus and leading to rapid development of RNA based Covid vaccines. 

Synthetic cells will hopefully become more feasible with new DNA synthetic approaches. If 

thousands of versions can be made and tested simultaneously the field will move forward at 

least an order of magnitude faster. We have yet to see an actual synthetic DNA version of 

a eukaryote cell. With all the regulation at the gene and genome level design will depend 

heavily on trial and error and the ability to test rapidly multiple versions.

Genome design and construction could lead to a new industrial revolution for food and 

chemical production. It will be key to develop cellular mechanisms to limit the viability 

of synthetic organisms to laboratory and production facilities. Similarly, alteration of the 

genetic code of synthetic organisms can eliminate concerns that potentially dangerous genes 

in the synthetic strain will be horizontally transferred to natural organisms and expressed. 

Water marking the genetic code should be a requirement for any synthetic organisms to 

avoid confusion of evolution analysis.

Synthetic genomes are already saving lives through new vaccines and now humanized pig 

organs for transplantation. The future of this field will clearly be exciting to see unfold.
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Figure 1. Synthetic Gene Segment Assembly with Error Correction and Rescue of Synthetic 
Influenza Viruses from a Panel of Backbones.
A. Schematic diagram of the assembly procedure. Error correction reduced the rate 

from 1 error per 1328 bp to 1 error per 9589. X, sites of oligonucleotide errors. Blue 

arrow, HA or NA coding sequence; gray, plasmid backbone sequence; green arrow, CMV 

promoter; purple arrow, human pol I promoter; red arrow, murine pol I terminator; brown 

arrow, pol II terminator; black rectangle, UTR. B. Schematic diagram of the rescue 

of synthetic influenza viruses from multiple backbones for types A and B influenza 
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strains. PR8x, derivative of a PR8 strain adapted over 5 passages for growth in MDCK 

cells; Hes, A/Hessen/105/2007 (H1N1); A/CA, A/California/7/2009 (H1N1); Brisbane, B/

Brisbane/60/2008 (Victoria lineage); Panama, B/Panama/45/1990 (Yamagata lineage). The 

photograph of MDCK cells was made by and used with permission from Benjamin Sievers, 

JCVI.
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Figure 2. Genome Transplantation.
A. Yeast cells or bacterial cells containing the donor genome to be transplanted are encased 

in low melt agarose blocks. Yeast cells are spheroplasted using zymolase and digested with 

proteinase K. B. This leaves the donor genome inside caverns in the agarose, and not sheared 

during the purification The agarose is melted to gently retrieve the DNA. C. The donor 

DNA (red) and M. capricolum cells are mixed with polyethylene glycol (PEG) to increase 

recipient cell membrane fluidity and CaCl2, to mask the DNA charge, resulting in the donor 

genome entering the recipient cell (at very low frequency). D. The transiently diploid cells 

are transferred to growth media and begin to grow and divide. E. After several hours, the 

cells are treated with tetracycline. Only the cells with the synthetic donor genome containing 

a tetracycline resistance marker survive.
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Figure 3. Three technologies critical to the construction of the first bacterium with a synthetic 
genome.
These Synthetic Genomics technologies were developed by the JCVI to enable construction 

of bacteria with chemically synthesized genomes. Prior to the synthesis of the M. genitalium 
genome in 2008 (Gibson et al., 2008a), DNA synthesis was used to produce molecules only 

as large as 32 kb; however the process was slow and inefficient. The genome synthesis 

technology developed by the JCVI greatly accelerated the process as well as enabling the 

in vitro synthesis of much larger DNA molecules. Yeast cloning of bacterial genomes was 

developed both for the final assembly of large overlapping sub-genomic DNA molecules that 

were transformed into yeast along with a 3–5 kb yeast vector sequence as yeast centromeric 

plasmids. This enabled parking the synthetic genome in yeast cells so that amount of 

bacterial genomic DNA needed for genome transplantation could be produced from large 

amounts of those yeast. Genome transplantation as depicted in Figure 2, boots up the 

synthetic genome isolated from yeast by installing it in a suitable bacterial recipient cell so 

that the new genome commandeers the recipient cell to produce a new cell with the genotype 

and phenotype of the synthetic genome.
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Figure 4. DNA synthesis by electrochemistry.
(A) (Left) Cycle of synthesis, illustrated adding a phosphoramidite to a site: deprotection 

is driven by localized acid generation at the site. (Right) Localized Acid for deprotection, 

achieved by decomposition of Hydroquinone (HQ) to release H+ acid at the local Working 

Electrode (WE), and active removal of acid by recombination with a cognate base, oxidized 

tetrachloro-1,4-benzoquinone (TQ) generated at the local Counter Electrode (CE). (B) DNA 
synthesis chip. (Left) A CMOS chip device to drive on-chip DNA synthesis. The chip has 

three sub-arrays of synthesis pixels (SynPixels) of different sizes to illustrate scalability: 

Banks 1—3 have pixels with footprint (in microns) 2 × 2, 2 × 3 and 30 × 30 respectively. 

Each array is controlled by row and column driver circuits, which program the pixels 

for activation, and provide connection to peripheral current monitoring circuits to monitor 
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the electrochemical processes. (Middle) Voltage control of the central Working Electrode 

(WE) for acid generation and surrounding Counter Electrode (CE) for base generation, is 

controlled by a transistor switch circuit. (Right) Annotated microscopic image of the CMOS 

chip die, showing chip size and subarray dimensions. Insets show electron microscope 

images of the central Platinum WE and common peripheral CE. (C) On-chip scalable 100-
mer synthesis. (Upper) Example of localized, controlled synthesis of oligos on the pixel 

array, spelling out “HELIX”, with synthesis visualized via a fluorescent microscope image 

of the synthesized oligos labeled by hybridizing to a fluorescently labeled complementary 

oligo. (Lower Left) Structure of the 100-mer oligo: 86 nucleotide (nt) poly-T and 15 nt 

complex sequence. Signals from red (Cy5) and green (FAM) labelling oligos hybridized to 

these segments are shown. Oligo synthesis is seen to be primarily in the annular silicon 

surface area between the central platinum electrode surrounding platinum counter electrode. 

(Lower Right) Example of checkerboard pattern synthesis of two different 15 nt sequences, 

illustrating the ability to sequence independent sequences at each site, along with the current 

versus time observed during the 30 cycles of synthesis, showing the net electrochemical 

currents drawn on the array by the Working Electrodes (WE) and Counter Electrodes (CE) 

(the information and images are through personal communication with Barry Merriman of 

Avery Digital Data).
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Figure 5. World’s first pig to human heart transplant performed on January 7, 2022.
The patient, Robert Bennett was not a candidate for a human heart transplant or an artificial 

heart. The xenotransplantation was a compassionate-use case. Bennett lived for two months.
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