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Microbes have long provided us with important capabilities, and the genome engineering of microbes has
greatly empowered research and applications in biotechnology. This is especially true with the emergence
of synthetic biology and recent advances in genome engineering to control microbial behavior. A fully syn-
thetic, rationally designed genome promises opportunities for unprecedented control of cellular function.
As a eukaryotic workhorse for research and industrial use, yeast is an organism at the forefront of synthetic
biology; the tools and engineered cellular platform being delivered by the Sc2.0 consortium are enabling a
new era of bespoke biology. This issue highlights recent advances delivered by this consortium, but hurdles
remain to maximize the impact of engineered eukaryotic cells more broadly.
Thousands of years before humans

first viewed cells under a microscope,

genome modification already under-

pinned many of our working relationships

withmicrobes, from fermenting foodstuffs

to producing medicines to brewing

alcohol. For example, propagation in

different beverages led to hundreds of va-

rieties of brewer’s yeast (Saccharomyces

cerevisiae) with unique fermentation and

flavor profiles. Today, our partnership

with yeast extends far beyond the

beverage industry, as S. cerevisiae is the

origin of numerous foundational discov-

eries in cell biology and arguably the

most well-studied eukaryote. In recent

decades, the genetic tractability of yeast

supported their widespread use as micro-

bial cellular factories for chemical bio-

production, tools for medical research,

and a growing array of bioengineering

platforms.1 Now, we have moved beyond

small genetic changes to redesign yeast

genomically from the bottom up. In the

process, we continue to learn a great

deal about conserved biomolecular

mechanisms in eukaryotes and gain trac-

tion in engineering both yeast and other

organisms. Engineered eukaryotes prom-

ise to offer an invaluable and essential

platform to address current and future

pressing societal needs and challenges

in biomanufacturing, biomeasurement,

healthcare, and beyond.

The Synthetic Yeast Genome Project

(Sc2.0) consortium labors at the frontier

of our human-yeast partnership, as re-
This is an open access ar
searchers endeavor to fully rewrite the

yeast genome to optimize downstream

utility. The benefits of the project fall into

two categories: (1) tools to assemble

and manipulate genomes and (2) the syn-

thetic yeast cell itself as a platform.

Together, these are poised to help re-

searchers interrogate foundational ques-

tions, such as synthetic genome design

and assembly, dependencies between

genes, and cellular replication, as well as

perform industrial tasks. The synthetic

chromosomes contain many stability up-

grades and useful features for further pro-

jects, for example, revised telomeres,

deleted transposons and introns, PCR-

tagged open reading frames (ORFs),

and inducible gene shuffling for whole-

genome optimization. The outputs of the

Sc2.0 consortium will provide a template

for building new eukaryotes in the future,

previewed by the powerful genome engi-

neering and analysis schemata show-

cased in this special issue.

Much like repairing Theseus’s famous

ship, the general approach to rebuild

yeast is to replace the entire genome

in situ by transformation, piecewise. The

most recent protocols allow for replace-

ment of an entire native chromosome

at once.2 After genome modification,

strains are compared to wild-type yeast

to discover unforeseen phenotypic con-

sequences of the rewriting process.

CRISPR-based techniques enable pin-

pointing of deleterious synthetic loci by

making use of the Sc2.0 genomic PCR
Cell
ticle under the CC BY-NC-ND license (http://cr
tags.3 Optimizing chromosomal parame-

ters, such as location and context of the

centromere and three-dimensional struc-

ture, underscores the difficulty of rewriting

entire cellular genomes.4,5 As a core opti-

mization technique, the Sc2.0 genome

contains sites for synthetic chromosome

rearrangement and modification by

loxP-mediated evolution (SCRaMbLE),

enabling inducible shuffling genome-

wide. SCRaMbLE is remarkably versatile,

applied across the Sc2.0 consortium to

form stable extrachromosomal circular

DNAs, investigate aneuploidy, and even

utilize tetraploid strains.6–8 SCRaMbLE is

also compelling for end users in industry,

medicine, and synthetic biology—offering

the ability to quickly generate useful phe-

notypes through evolution.9

Despite the considerable progress in

tools for engineering yeast described in

this special issue, challenges and limita-

tions remain: over half of the genome

awaits rewriting, with significant sections

of yeast chromosomes still unannotated,

biocontainment has yet to be to be

installed, and current software tools are

a barrier to future adaptability. First,

more than half of the genome remains to

be synthesized, and approximately one-

fifth of the yeast genome lacked func-

tional annotation as recently as 2019.10

Knowing which of these sequences may

be removed without functional conse-

quences is arguably the greatest snarl of

building synthetic yeast and will pose

a challenge more broadly in synthetic
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Figure 1. Sailing into the era of bespoke biology
The Sc2.0 consortium is an international effort, focused on yeast, to engineer and synthesize the whole
genomeof a eukaryotic cell. This special issue reports progress to build anddeliver the tools and cell platform
necessary to chart new courses, advancing foundational knowledge and applications in biotechnology.
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biology as the field grows. Second, due in

part to the growth advantage of wild yeast

as compared to the lab-derived parent of

the Sc2.0 platform, installing a nutrient-

dependent biocontainment ‘‘safeguard’’is

not currently planned.11 This is arguably

wise to include before completion of

the project. PCR tags should offer an

identification method to discriminate the

Sc2.0 platform from wild yeasts in the

event of release. Third, software tools for

designing DNA have become ubiquitous.

The Sc2.0 consortium relies on an open-

source tool, BioStudio, to design its

genomic elements. BioStudio is osten-

sibly provided to the public as either an

Amazon Web Services image or a soft-

ware repository,12 but our attempts to trial

the tool failed, because neither cited

installation method had current informa-

tion. As the completed Sc2.0 platform

finds widespread use, an accessible

software workflow for designing further

modifications will be critical to apply the

platform to its full potential.

The ambitious Sc2.0 consortium exists

in a broader ecosystem of collaborations

in engineering and synthetic biology, and

many opportunities exist to exchange

ideas and protocols to speed progress.

After an extensive shakedown of cellular

engineering protocols in yeast, the les-

sons learned and methods published will

provide critical guidance for building

future synthetic eukaryotes. Using yeast

as a toolkit for assembly of genomes is

currently feasible; however, it remains to

be demonstrated how these advanced
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protocols will generalize to direct in vivo

usage within other eukaryotes. The

Sc2.0 platform and future synthetic cells

promise to revolutionize bioinformatics,

given that genomic variables may be

defined and modified by the experi-

menter both in silico and in vivo. Exciting

possibilities arise to improve the descrip-

tive and predictive accuracy of computa-

tional whole-cell modeling, as well as to

discover new phenotypes via simulation

to test in vivo by modifying living cells

accordingly. From a metrology perspec-

tive, the tools and platform delivered by

the Sc2.0 consortium should speed

development of living measurement sys-

tems, engineered biosensors motivated

by broad measurement needs in biotech-

nology. The Sc2.0 consortium serves as a

model for international and interlaboratory

cooperation, and robust communication

with other large biology collaborations,

such as other efforts to achieve minimal

and synthetic cells, will undoubtedly lead

to transformative opportunities.

This special issue greets us at the

heady burgeoning of our next (bio)techno-

logical revolution. The rewards of the

Sc2.0 tools and platform will be far reach-

ing, spurring innovation in safe, acces-

sible, and open-source biotechnological

breakthroughs for a vibrant global bio-

economy. Just as scientists and engi-

neers miniaturized electronic circuits and

transformed the world at the start of the

computer revolution, the Sc2.0 con-

sortium encapsulates a paradigm shift

from discovered biology to bespoke
3

biology. Like the ship of Theseus, the

Sc2.0 consortium offers a means to travel

forward: the former across the sea, the

latter into the newest currents of our

research and industrial partnerships with

living cells (Figure 1). Although we can

and have sailed to many destinations

aboard yeast, the Sc2.0 platform offers

the chance to jump from an acquired

vessel of partially understood construc-

tion to a sleek craft built for purpose. As

long as there are biotechnological appli-

cations to chart, there are engineered

cellular ships to build; by combining the

knowledge, experience, and resources

from the Sc2.0 consortium and similar

synthetic cell efforts, we are eminently

more equipped to build them.
ACKNOWLEDGMENTS

G.J.T. was supported in part by an appointment

to the NRC Research Associateship Program at

the National Institute of Standards and Technol-

ogy, administered by the Fellowships Office

of the National Academies of Sciences, Engineer-

ing, and Medicine. Certain commercial equip-

ment, instruments, or materials are identified to

adequately specify the experimental procedure.

Such identification implies neither recommenda-

tion or endorsement by the National Institute of

Standards and Technology nor that the materials

or equipment identified are necessarily the best

available for the purpose. The views expressed in

this publication are those of the authors and do

not necessarily represent the views of the U.S.

Department of Commerce or the National Institute

of Standards and Technology.
DECLARATION OF INTERESTS

The authors declare no conflicts of interest.
REFERENCES

1. Nielsen, J. (2019). Yeast Systems Biology:

Model Organism and Cell Factory. Biotechnol.

J. 14, e1800421. https://doi.org/10.1002/biot.

201800421.

2. McCulloch, L.H., Sambasivam, V., Hughes,

A.L., Annaluru, N., Ramalingam, S., Fanfani,

V., Lobzaev, E., Mitchell, L.A., and Cai, J.;

The Build-A-Genome Class (2023). Conse-

quences of a telomerase-related fitness defect

and chromosome substitution technology in

yeast synIX strains. Cell Genom. 3, 100419.

https://doi.org/10.1016/j.xgen.2023.100419.

3. Foo, J.L., Kitano, S., Susanto, A.V., Jin, Z., Lin,

Y., Luo, Z., Huang, L., Liang, Z., Mitchell, L.A.,

Yang, K., et al. (2023). Establishing chromo-

somal design-build-test-learn through a syn-

thetic chromosome and its combinatorial

https://doi.org/10.1002/biot.201800421
https://doi.org/10.1002/biot.201800421
https://doi.org/10.1016/j.xgen.2023.100419


ll
OPEN ACCESSPreview
reconfiguration. Cell Genom. 3, 100435.

https://doi.org/10.1016/j.xgen.2023.100435.

4. Lauer, S., Luo, J., Lazar-Stefanita, L., Zhang,

W., McCulloch, L.H., Fanfani, V., Lobzaev, E.,

Haase, M.A.B., Easo, N., Zhao, Y., et al.

(2023). Context-dependent neocentromere

activity in synthetic yeast chromosome VIII.

Cell Genom. 3, 100437. https://doi.org/10.

1016/j.xgen.2023.100437.

5. Luo, J., Vale-Silva, L.A., Raghavan, A.R.,

Mercy, G., Heldrich, J., Sun, X., Li, M.K.,

Zhang, W., Agmon, N., Yang, K., et al. (2023).

Synthetic chromosome fusion: Effects on

mitotic and meiotic genome structure and

function. Cell Genom. 3, 100439. https://doi.

org/10.1016/j.xgen.2023.100439.

6. Blount, B.A., Lu, X., Driessen, M.R.M., Jovi-

cevic, D., Sanchez, M.I., Ciurkot, K., Zhao,

Y., Lauer, S., McKiernan, R.M., Gowers,

G.-O.F., et al. (2023). Synthetic yeast chromo-

some XI design provides a testbed for the

study of extrachromosomal circular DNA dy-
namics. Cell Genom. 3, 100418. https://doi.

org/10.1016/j.xgen.2023.100418.

7. Shen, Y., Gao, F., Wang, Y., Wang, Y., Zheng,

J., Gong, J., Zhang, J., Luo, Z., Schindler, D.,

Deng, Y., et al. (2023). Dissecting aneuploidy

phenotypes by constructing Sc2.0 chromo-

some VII and SCRaMbLEing synthetic disomic

yeast. Cell Genom. 3, 100364. https://doi.org/

10.1016/j.xgen.2023.100364.

8. Williams, T.C., Kroukamp, H., Xu, X., Wight-

man, E.L.I., Llorente, B., Borneman, A.R.,

Carpenter, A.C., Van Wyk, N., Meier, F.,

Collier, T.R.V., et al. (2023). Parallel labora-

tory evolution and rational debugging reveal

genomic plasticity to S. cerevisiae synthetic

chromosome XIV defects. Cell Genom. 3,

100379. https://doi.org/10.1016/j.xgen.2023.

100379.

9. Liu, W., Luo, Z., Wang, Y., Pham, N.T., Tuck,
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