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Abstract 22 
Synthetic biology research and technology translation has garnered increasing 23 
interest from the governments and private investors in Asia, where the technology 24 
has great potential in driving a sustainable bio-based economy. This Perspective 25 
reviews the latest developments and future directions in synthetic biology research 26 
and applications, with highlights of important developments from Asia. It also 27 
suggests plans for more effective multi-lateral collaborations that promote a 28 
sustainable development of the field and mitigate potential biosecurity risks. Through 29 
these discussions, stakeholders from different groups, including academia, industry 30 
and government, are expectantly better positioned to contribute towards the 31 
establishment of innovation and bio-economy hubs in Asia.  32 
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Introduction 33 
 34 
With more than two decades of development in research and technology translation, 35 
synthetic biology is progressively realizing some of the promises in a variety of highly 36 
anticipated applications, such as healthcare, food and agriculture, and 37 
manufacturing1,2. The economic contribution from synthetic biology-enabling or -38 
enabled technologies is growing fast, at a projected compound annual growth rate 39 
(CAGR) of 28.8%, expected to reach a market size of US$18.9 billion by 20243.  In 40 
order to further promote a strong growth of synthetic biology and the broader bio-41 
based economy, at least 50 governments have put forward long-term strategies or 42 
groups of policies to invest resources and build talent pools4. For instance, the 43 
research roadmap by the Engineering Biology Research Consortium (EBRC) 44 
delineates a comprehensive set of technical themes and application sectors as a 45 
guide for funding agencies and researchers5. The UK has also established a 46 
bioeconomy strategy to build a collaborative research network, an expert workforce 47 
and a supportive business environment to catalyse biotechnology translation1,6,7. 48 
 49 
Although significant research, entrepreneurship, and investment activities in 50 
synthetic biology have been highly concentrated in the US and the UK7, there is also 51 
growing interest and determination in developing the bio-based economy in Asia, as 52 
witnessed by the increasing investment in research and development8–10 and policy 53 
support at the national level11–13. A workshop has been recently convened by 54 
stakeholders from academia, industry, and government in Singapore to discuss the 55 
status of synthetic biology research – vis-à-vis advancement and bottlenecks – and 56 
potential risks and challenges to regulatory bodies. Through the workshop, 57 
representatives from different groups achieved better understanding of the 58 
technology and consensus regarding multilateral collaborations to effectively 59 
advance synthetic biology research and technology translation in Asia. 60 
 61 
In this Perspective, we recount the main topics discussed during the workshop and 62 
give a review of the latest developments in synthetic biology research and 63 
applications, with highlights of noteworthy work from Asia and discussions on 64 
collaboration and regulation. First, the current state-of-the-art in synthetic biology 65 
research and technology translation is reviewed from the perspectives of enabling 66 
technologies, and contextualized within three broad application sectors, respectively. 67 
Following that, a summary of the discussions on effective collaborations and 68 
regulations to mitigate biosecurity risks is presented. Some of the quotes and 69 
recommendations from the workshop are cited in the article, but are not attributed, 70 
as the workshop was held under the Chatham House Rule to promote free and open 71 
discussions. Collectively, the insights and recommendations from the workshop 72 
participants may facilitate a sustained development of synthetic biology research and 73 
applications in Asia.  74 
 75 
Honing the tools and mining for more resources 76 
 77 
Enabling technologies are instrumental in making synthetic biology research 78 
possible. These broadly include DNA reading, writing and editing technologies, 79 
biomolecular and host engineering technologies, and data science; so important that 80 
they are placed at the core of the engineering biology roadmap by the EBRC. Here 81 
we review some of the most important developments in these technologies. 82 
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 83 
(1) DNA reading, writing and editing 84 
 85 
The significant reduction in the cost of DNA reading and writing in the last few 86 
decades has been the most powerful driving force of synthetic biology development. 87 
Since the completion of the Human Genome Project, DNA sequencing technology 88 
has advanced rapidly from Sanger sequencing to the more efficient massively 89 
parallel sequencing technique, or next-generation sequencing (NGS). With the 90 
maturation of NGS between 2007 and 2012, the per-base cost of DNA sequencing 91 
was reduced by four orders of magnitude14. DNA synthesis, on the other hand, has 92 
mostly relied on phosphoramidite-based chemistry. The development of microarray-93 
based platforms has also significantly improved the efficiency and reduced the cost 94 
of DNA synthesis15. It is estimated that with current state-of-the-art technology, the 95 
cost of sequencing a human genome has come down to US$1,000, and that of 96 
synthesizing one would be US$6,00016.  97 
 98 
The best manifestation of the advances in DNA technologies is the synthetic yeast 99 
genome (Sc2.0) project17,18, and by further extension, the Human Genome Project – 100 
Write19. To achieve de novo genome assembly of higher complexities, further 101 
advancement in DNA reading, writing, and editing is required, for example longer 102 
DNA reads, high-fidelity long fragment synthesis and assembly, as well as precision 103 
genome editing16,19. To this end, multiple emerging technologies and techniques are 104 
being developed. For reading, single-molecule sequencing platforms (e.g. Pacific 105 
Biosciences and Oxford Nanopore) can extend the read length from the current 300 106 
base-pair limit to an average of 10 kilobases and above14,20. For writing, new 107 
methods that rely on enzymatic DNA synthesis (e.g. using terminal deoxynucleotidyl 108 
transferase) are promising in synthesizing longer oligo fragments of customized 109 
sequences21,22. In parallel, multiple DNA oligo assembly strategies have been 110 
developed to seamlessly assemble large numbers of short oligos into longer DNA 111 
fragments16,23,24. Last but not least, as a quality control measure as well as functional 112 
knock-in/out, precision genome editing tools are essential. Precision base-editing 113 
techniques that do not incur double-strand breaks have been demonstrated in both 114 
mammalian and plant cells25–28. Multiplexed base editing was also achieved with 115 
modified CRISPR-Cas systems in E. coli29, as well as in human cells30, exemplifying 116 
the capability of large-scale genome-wide precision editing. 117 
 118 
With the continuous evolution of DNA technologies in reading, writing, and editing, 119 
we will be better equipped to design, modify and build genomes of any organisms of 120 
interest – from engineering disease-resistant crops, gene and cell therapies that can 121 
target specific diseases, to extensively recoded and remodeled genomes that 122 
incorporate highly customizable gene editing tools. In addition to genome editing and 123 
synthesis, the latest DNA technologies also fuel the burgeoning field of DNA data 124 
storage, which has the advantage of superior data density and durability22,31,32.  125 
 126 
(2) High-throughput platforms for molecular and host engineering  127 
 128 
The advanced DNA technologies have empowered the next layer of engineering, 129 
namely biomolecular and host engineering. Within the last two decades, there have 130 
been demonstrations of genetic circuits controlled at transcriptional, translational and 131 
post-translational levels33–37. In addition to new parts and circuits development, there 132 
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have been significant efforts in improving the predictability of the engineering 133 
process. For instance, genetic elements and system insulators were designed to 134 
reduce the context dependency of gene expression38–41. There are also data and 135 
model-driven design tools42 to predict design outcomes from individual elements43,44 136 
to whole systems45,46. However, despite progress in design tools, the current status 137 
of synthetic biology applications is still largely a trial-and-error process involving 138 
“brute force” screening. The development of an engineered enzyme, pathway or 139 
whole organism still follows multiple iterations of the design-build-test-learn (DBTL) 140 
cycle.  141 
 142 
In order to accelerate the DBTL cycle, integrated infrastructure with strong 143 
automation and computer-aided design capabilities – biofoundries – were 144 
established in multiple research centers around the globe. A global alliance was 145 
formed in 201947, with 9 members in the Asia region, to promote open source 146 
development of both software and hardware, and sharing of protocols, best 147 
practices, and standards. The vision is to enable rapid prototyping of engineered 148 
biological systems in an agile and reliable manner. In the eminent “10 molecules in 149 
90 days” pressure test taken on by The Foundry at the Broad Institute48, six of the 150 
challenged molecules or their close relatives were successfully produced within the 151 
given time constraint. In another study, the biofoundry at the University of 152 
Manchester produced 17 potential materials monomers over 85 days49. Apart from a 153 
demonstration of capabilities, such drills also identified key bottlenecks in further 154 
accelerating the engineering process. These include gaps in computer-aided design 155 
tools, time needed for DNA synthesis, and complicated analytical methods for 156 
product characterization and measurement48.   157 
 158 

“In the near future, workflow for a biological engineer will no longer be limited 159 
by the pace of fabrication but instead by their ability to analyze circuit behavior and 160 
incorporate the data into the next design cycle.” 161 
 162 
While academic research continues to improve the efficiency and reliability of the 163 
engineering methods and platforms, there are already a few commercial enterprises 164 
with business models centered upon developing customized enzymes or microbial 165 
hosts, such as Ginkgo Bioworks and Zymergen. Such platform companies not only 166 
pioneered the technology translation, but also contributed towards advancing 167 
process automation, data curation, and production scale-up50. With strong in-house 168 
capabilities of discovery, engineering and production, they will be the powerhouses 169 
in driving synthetic biology applications in a variety of sectors (to be discussed in 170 
later sections). 171 
 172 
(3) Data science and machine learning 173 
 174 
While the “build” step is empowered by advances in DNA technologies and 175 
automated liquid handling, the potential in speeding up the remaining three steps – 176 
design, test, and learn – lies in data science and machine learning algorithms. Driven 177 
by increasingly efficient and accessible sequencing capabilities, we are generating 178 
an explosive amount of data, in the form of genomic/metagenomic and 179 
transcriptomic information. When such genetic information is coupled with additional 180 
layers of profiling, such as metabolomics and proteomics, they offer powerful tools to 181 
understand the intricacy of biological systems, to discover novel enzymes, pathways, 182 
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intercellular interactions, and ultimately aid in engineering design51. For example, by 183 
mining the genome and profiling the transcriptome and metabolome of the UV-184 
resistant animal tardigrades, researchers in Japan were able to identify unique 185 
proteins that confer DNA protection against UV radiation52. A Chinese group applied 186 
comparative genomic and transcriptomic analyses to the resurrection efforts of the 187 
plant Selaginella tamariscina and revealed genetic mechanisms of drought tolerance 188 
in plants53. Similar multi-omics approaches also led to the discovery of novel 189 
biosynthetic pathways from microbes isolated from Singapore’s native 190 
environment54,55, as well as silent secondary metabolites in Streptomyces species56. 191 
Such novel discoveries not only add to our understanding of the biological systems, 192 
but also enrich the available molecular tools for synthetic biology research and 193 
applications. 194 
 195 
With more and more systemic biological data becoming available, the methods for 196 
extracting valuable information and enlightening biological designs from such 197 
datasets become the next technological challenge; at the same time, this has also 198 
created many opportunities for advances in machine learning57,58. For example, 199 
machine learning algorithms have been developed to predict promoter strength59 200 
and natural product structures60,61 from genome sequences, to predict function from 201 
molecular structure information62, to aid the directed evolution of proteins63,64, to 202 
predict base editing outcomes65, to accelerate metabolic pathway design and 203 
optimization66–68, and to streamline analytical chemistry data processing during the 204 
test step of strain engineering69,70. These are just a few examples where machine 205 
learning has significantly improved the efficiency of otherwise tedious, labor-206 
intensive, or highly unpredictable procedures in engineering biology. Furthermore, 207 
combining machine learning with mechanistic systems modelling could enable us to 208 
realize the full potential of predictive biology71. It is reasonable to expect increasingly 209 
valuable applications of machine learning algorithms in advancing the design, test 210 
and learning efficiencies. 211 
 212 
In order to fully realize the value of the rich biological data source and unleash the 213 
power of machine learning, it is essential to standardize the process and control the 214 
quality of data acquisition, database curation, as well as to establish protocols for 215 
proper sharing (e.g. an extension of the Nagoya protocol to focus on data 216 
information sharing72). In Japan’s Bio-strategy 201912, a biological database has 217 
been recognized as one of the key pillars for developing the bioeconomy, and 218 
accordingly, each industry and social sector needs coordination to generate a 219 
comprehensive and coherent data infrastructure. Such initiatives should also be 220 
established and widely adopted at the international level to promote the advances of 221 
data-driven biological research and engineering. 222 
 223 
Unleashing the potential for applications 224 
 225 
Among the broad application sectors, we centered our discussions around three 226 
major themes: (1) next-generation biomanufacturing, (2) future medicine, and (3) 227 
food, agriculture and environmental applications. 228 
 229 
(1) Next-generation biomanufacturing 230 
 231 



 7 

Synthetic biology is driving a manufacturing revolution that explores alternative 232 
feedstocks and production processes, and further extends towards the development 233 
of products of better performance. In the 2018 BIO industry report, it was estimated 234 
that the global economic value of bio-based production, including renewable 235 
chemicals and polymers, biofuels, enzymes and materials, reached US$355 billion73. 236 
Among this immense volume of production activities, the next-generation 237 
biomanufacturing driven by synthetic biology has brought in new advantages – the 238 
improved efficiency and economic benefits, the potential to produce chemicals and 239 
materials of novel properties, and the sustainable “circular” model of production. 240 
 241 

“Leverage synthetic biology not to replace existing systems, but to integrate, 242 

augment, advance and integrate into existing systems … and to make it better.” 243 

 244 

The preeminent driving force is the economic benefits of biomanufacturing of natural 245 
products and intermediates of high commercial value, such as fragrance, nutrients, 246 
and medicine74. Conventionally, such molecules are commonly extracted from plants 247 
– a costly and tedious procedure. Now with advanced DNA and biofoundry 248 
technologies described in previous sections, we are able to “rewire” and 249 
“reassemble” identified natural biosynthesis pathways into microbial workhorses to 250 
produce (parts of) the desired chemicals in a reliable and “on-demand” manner. In 251 
the early years of development, such metabolic engineering endeavors were mainly 252 
the focus of academic research, such as those reviewed for engineering microbial 253 
production of isoprenoids75, alkaloids76, polyketides and non-ribosomal peptides77. In 254 
more recent years, pathway and/or enzyme optimization have become services 255 
provided by platform companies such as Ginkgo Bioworks and Zymergen, which 256 
seek to improve the production efficacy of desired molecules for clients. There are 257 
also downstream specialists such as Amyris who optimize the scale-up production of 258 
commodity molecules78. 259 
 260 
Going beyond what is given by nature, synthetic biologists are also reinventing what 261 
can be produced by biological systems. Companies such as Spiber in Japan and 262 
Bolt Threads in California have developed fermentation products derived from spider 263 
silk protein that are light-weight and possess desirable mechanical properties that 264 
cater to different industries. Structural proteins are relatively under-explored for 265 
synthetic biology applications. By tapping on the diversity and complexity of such 266 
proteins, functional materials that never existed before can be constructed. In 267 
addition to exploiting and improving what nature has to offer, there are also studies 268 
where an expanded genetic code can incorporate non-canonical amino acids in 269 
proteins. With such techniques, we could efficiently expand the structural and 270 
functional landscape of proteins for new scientific discoveries and industry 271 
applications alike79. 272 
 273 
Last but not least, next-generation biomanufacturing could also accelerate the 274 
transformation from the current “linear” economy into a more sustainable “circular” 275 
system. In pursuit of a paradigm shift from the petrochemical-reliant industry, 276 
synthetic biology researchers and entrepreneurs are exploring alternative renewable 277 
feedstocks, as well as output products that are more environmentally friendly. In 278 
Taiwan, researchers developed CO2-based photosynthetic pathways to produce 279 
butyrate with the cyanobacteria Synechococcus elongatus80. Similarly, other 280 
metabolic engineering demonstrations sought to improve the production efficiency of 281 
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cyanobacteria for a myriad of high-value chemicals81. Advances in genetic 282 
engineering of microalgae also opened new avenues for photosynthetic production 283 
of biofuels and other valuable chemicals in eukaryotic algae82,83. In Thailand, part of 284 
the national policy on Bio-, Circular and Green Economy encourages waste-to-285 
energy projects, and microbial conversion of biomass waste to alkane and alkene-286 
based fuels is being explored as an exemplified opportunity84. The diversification of 287 
feedstocks to industrial or agricultural waste and the enhanced utilization of 288 
photosynthesis could drive cost reduction from the conventional crop-derived biofuel 289 
production. 290 
 291 
Challenges faced by researchers and businesses alike include further diversification 292 
of the feedstock and synthesizing beyond nature. The well-studied biosynthetic 293 
pathways can be exploited for commercial applications, but the real potential of “on-294 
demand” production of any molecules or designer materials will require the 295 
integrated advances in sequencing data generation and analytics to identify new 296 
biosynthetic pathways. In parallel, it is also recognized that the combination of bio- 297 
and conventional chemical synthesis offers versatile solutions to some molecules 298 
that present challenging structures, unknown natural synthetic pathways, or are toxic 299 
to host cells. 300 
 301 
Bottlenecks of technology translation often lie in production scale-up. Projects 302 
originating from a research lab or an early-stage startup often lack the resources to 303 
carry out pilot scale-up studies. Moreover, the complexity of biological systems and 304 
the vast differences of industrial versus small-scale bioreactor conditions often make 305 
the outcome of scaled production unpredictable85. Further development of predictive 306 
models and better integration of modelling with experiments are important in making 307 
the scale up process more rational and predictable86. More research, and importantly 308 
public investment in pilot manufacturing infrastructure4, is needed for closing the 309 
capability gap and reducing risks. 310 
 311 
(2) Future medicine 312 
 313 
Applications in healthcare have contributed to the majority of synthetic biology 314 
translation and commercialization, and unsurprisingly, have attracted the lion’s share 315 
of investments87.  316 
 317 
Synthetic biology has propelled the advancement of the pharmaceuticals industry 318 
through the expansion of therapeutics manufacturing capabilities. Before the advent 319 
of recombinant DNA technologies, the majority of pharmaceutical products were 320 
limited to small molecules. In 1982, the first commercial synthetic human insulin was 321 
produced by engineered E. coli88, replacing the historical standard of extracting it 322 
from animals. Ever since, recombinant DNA technologies have fueled the 323 
development and manufacturing of more biologics, such as protein and RNA-based 324 
therapeutic products. In addition to macromolecules, synthetic biology also 325 
revolutionized the manufacturing of some small molecule drugs of high demand, 326 
such as the microbial production of artemisinin89 and cannabinoids90 to replace the 327 
conventional plant source. Going beyond the convention of cell-based biologics 328 
manufacturing, pioneering studies using freeze-dried cell-free systems to produce 329 
therapeutic molecules in a portable, on-demand manner – from small molecules, 330 
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short peptides, to antibody conjugates and vaccines91,92 – could potentially 331 
revolutionize the manufacturing and distribution model of pharmaceuticals. 332 
 333 

“Therapeutic products used to be focused on individual molecules – now we 334 
are looking at whole organisms for clinical use.” 335 

 336 
In addition to the manufacturing of molecular therapeutics, synthetic biology also 337 
facilitates the development of a new class of cell-based therapies and gene 338 
therapies. In 2017, the US Food and Drug Administration (FDA) approved the first 339 
chimeric antigen receptor (CAR)-T cell therapy93, and at the dawn of 2018, the first 340 
directly administered viral vector-based gene therapy was also given the green light 341 
to market94. Such examples of pioneering cell and gene therapies are the harbingers 342 
of more therapeutic innovations enabled by synthetic biology. Going beyond gene 343 
replacement therapies, which is the mainstream of the current gene therapy 344 
technology, the CRISPR-Cas system has been developed into base-editing tools 345 
that can bring us closer to precision gene editing for inherited diseases95. With 346 
respect to cell therapies, CAR-T cells are being enhanced to be safer96, more 347 
versatile97, and to be sourced and manufactured more robustly98. The repertoire of 348 
engineered immune cells is also being expanded beyond T-cells to include NK 349 
cells99 and macrophages100. In addition to immune cells, engineered bacteria, single 350 
species or multi-species consortia, are also being developed for skin, 351 
gastrointestinal, and other microbiome-associated diseases101–104, and notably for 352 
systemic metabolic diseases, where the most advanced developments are already in 353 
human clinical trials for phenylketonuria105,106. Closely related are bacteriophages as 354 
highly potent and specific antimicrobials107; engineered phages were also developed 355 
as modulating agents to enhance the effect of chemotherapy in cancer treatment108. 356 
It is envisioned that future smart medicine could come in the form of living cells that 357 
detect the diseased states and respond with therapeutic accuracy accordingly109.  358 
 359 
In other medical applications apart from therapeutics, synthetic biology has also 360 
empowered new methodologies for diagnostics and prophylactics. For in vitro 361 
diagnostic applications, reaction mixes with nucleic acid sensors based on RNA 362 
toehold switch110,111 or CRISPR-Cas13/Cas12a112–114 were developed into rapid and 363 
sensitive diagnostic tools, with demonstrations in the detection of femto-attomolar 364 
level viruses including dengue, zika, and most recently SARS-CoV-2 viruses115,116. 365 
There are already two companies established in the US to commercialize the 366 
technology, as these lyophilized reactions stored on paper-like media have great 367 
potential in point-of-care diagnostics in the field or at low-resource regions where 368 
manufacturing and cold-chain logistics are hard to access. In addition to in vitro 369 
diagnostics, novel in vivo diagnostics have been developed using live engineered 370 
bacteria for the detection, reporting, and even recording of biomarkers associated 371 
with pathogen, inflammation and the use of antibiotics117–120. New methods for 372 
developing vaccines were also demonstrated in the examples of recoding the 373 
genome of influenza A virus with multiple premature termination codons121, and 374 
genomic mining for interferon-sensitive mutations in the design of influenza 375 
vaccines122. 376 
 377 
All the prior-mentioned emerging medical applications still face different levels of 378 
technical challenges before they could be developed into mature products. 379 
Moreover, two general challenges facing the newer generation of cell and gene 380 
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therapies are regulation and manufacturing. The therapeutics developed from 381 
biological systems are inherently more complex than molecular drugs, thus 382 
possessing higher uncertainty in safety profiles. The US FDA has drafted clinical trial 383 
guidelines for both cellular and gene therapies123 and live biotherapeutics124, which 384 
facilitate regulatory reviews of such breakthrough new classes of therapeutics. Still, 385 
from the experiences of the regulatory bodies in the US, EU and Japan, the 386 
evaluation of cell and gene therapies inevitably undertook an adaptive approach, 387 
with higher tolerance to risk and uncertainties, but necessitating systemic post-388 
marketing surveillance measures125. This requires highly skilled reviewers and well-389 
designed evaluation and surveillance framework, which the regulatory bodies in 390 
emerging markets of Asia will need to develop in-house and learn from established 391 
systems. Even after the regulatory challenge, the commercial scale manufacturing of 392 
cell and gene therapies has proven to be a limiting factor. To circumvent the 393 
engineering challenge of a scalable, automated and robust GMP biotherapeutics 394 
processing system, strong private-public partnerships will be essential and be most 395 
effective in advancing the entire field126.  396 
 397 
(3) Food, agriculture and environmental applications 398 

 399 
In addition to medical innovations and next-generation biomanufacturing, synthetic 400 
biology is also driving technologies that attempt to solve the many challenges facing 401 
the environment and the growing population. The biofuel production from alternative 402 
sources discussed in previous sections is already one good example for resolving 403 
the mounting energy demand in a sustainable way. Here in this section, we 404 
collectively report on the discussions on food, agriculture and other environmental 405 
applications. 406 
 407 
Significant investment has been put into food and agriculture technologies that could 408 
provide solutions to keep up with the pace of the growing global population and 409 
climate change. One perpetual theme is centered on boosting the yield of crops or 410 
improving the nutrient components in food products. Plant synthetic biology has 411 
witnessed progress in genome-editing-enabled precision breeding, which 412 
significantly reduces the time needed for selecting desirable traits127. Among its wide 413 
applications in agriculture, there are three strategies in boosting crop yields, namely 414 
increasing carbon fixation efficiency, minimizing plant respiratory CO2 loss, and 415 
establishing nitrogen fixation mechanisms in non-legume crops128. On nitrogen 416 
fixation, there are genetic engineering methods for crop plants, cereal crops in most 417 
studies, to express heterologous nitrogenase genes or to form nodule-like symbiosis 418 
similar to legume roots; others seek to engineer bacteria that are naturally 419 
associated with cereal crops to carry out nitrogen fixation129,130. The California-based 420 
startup Pivot Bio has already developed the first microbial-based fertilizer for corn to 421 
replace the conventional chemical ones, and it is expected to simultaneously 422 
produce better crop yield and avoid chemical pollution to the environment. Additional 423 
examples in agri-food applications include the “Golden Rice” project, where rice is 424 
engineered to contain provitamin A and is now being distributed in regions with high 425 
vitamin A deficiency burdens; yeast-produced human milk oligosaccharides as 426 
supplement to formula milk, and various plant-based or cell-based alternative protein 427 
products to replace the energy and resource-intensive animal meat. 428 
 429 
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Synthetic biology research also seeks to reduce the generation, and improve the 430 
recyclability, of waste. For example, as an alternative material to the fossil fuel-based 431 
conventional plastics, biodegradable polymers can be produced through microbial 432 
fermentation131,132, such as polylactic acid (PLA), polybutylene succinate (PBS) and 433 
polyhydroxyalkanoates (PHA). Choi et al. summarized key technology 434 
advancements in microbial production of a number of PHA monomers, including 435 
feedstock, host organisms, enzymes and metabolic pathways133. The China-based 436 
startup BluePHA, a team of iGEM alumi entrepreneurs, is among a few businesses 437 
in Asia venturing commercial production of PHA with microbial fermentation133. On 438 
the other hand, more efficient breakdown of conventional plastics is another way to 439 
fight against the plastics pollution. Since the discovery of the poly(ethylene 440 
terephthalate) (PET)-degrading bacterium Ideonella sakaiensis and the two key 441 
enzymes in 2016134, there has been many efforts in evolving the enzymes for higher 442 
efficiency135,136. Apart from plastics pollution, synthetic biologists also seek to reduce 443 
and upcycle electronic wastes by exploring heavy metal and rare earth element 444 
reclamation and recovery through engineered microbes137–139. 445 
 446 
Many of the research studies on environmental applications, such as alternative fuel, 447 
materials, or food production methods, face difficulty in translation into industrial 448 
processes or sustainable business models. To compete with the low cost of fossil-449 
fuel-based products, significant technical advancement is necessary – for example, 450 
sourcing for cheaper, non-food feedstock that does not take up excessive land use, 451 
developing more cost-effective pretreatment methods of lignocellulose and other 452 
biomass, and developing consolidated downstream processing technologies that can 453 
also exploit high-value byproducts140,141. In addition to technology breakthroughs, 454 
governments can put forward policy incentives to encourage the adoption of these 455 
new technologies, which will be discussed in the following section.  456 
 457 
Building a sustainable growth 458 
 459 
Currently, there are multiple synthetic biology research centers established, including 460 
9 members of the Global Biofoundry Alliance, in the Asia region. A cross-region 461 
organization called the Asian Synthetic Biology Association (ASBA) was also created 462 
to promote academic communications, collaborations and technology 463 
commercialization. According to BIO industry report, venture investment in 464 
therapeutic biotech companies in Asia topped US$2.6 billion in 2019, comparable to 465 
that in Europe and about 40% of the number in the US142. We do have the “seeds” 466 
for synthetic biology research and technology translation, but the next question 467 
would be how to cultivate a nurturing soil that supports the development of the 468 
“seeds into blossoms”. 469 
 470 
Public-private partnerships can play an important role in spurring a sustained 471 
development of the field. Long-term government funding is vital in supporting 472 
research work towards “grand challenges” at the early stage, for which the risk is too 473 
high for industry to stomach143. However, in addition to the long-term investment in 474 
basic science, it is also important to have an effective mechanism to catalyze 475 
technology translation and commercialization, which is often best achieved through 476 
private-public partnerships. Gauvreau et al. discussed a “Key Innovation 477 
Technologies and Systems (KITS)” model144 as an ecosystem to propel research 478 
and technology deployment, where an integrated operation of research, industry, 479 
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entrepreneurship and investment works to achieve sustainability of the ecosystem. In 480 
a close working relationship, the research projects in a public institute will be guided 481 
by key industry and societal needs, and an effective two-way consultation ensures 482 
the products and processes being developed can be turned into viable business 483 
models. In addition, the ecosystem has capabilities to establish, and attract start-ups, 484 
by having its own investment arms and necessary intellectual property support.  485 
 486 
For technologies used for medical and high-value chemical applications, the paths to 487 
commercialization are relatively clear; however, applications in the environmental 488 
and food sectors can be more challenging, constrained by the status of the market 489 
and economics. In such cases, government policies come in as an important lever to 490 
trigger the initial exploration of a valid commercialization model. For instance, in Su 491 
et al.’s review of biofuel policies in the US, the EU, and China, various policy 492 
supports were explored in the studied countries145: setting up clear objectives in 493 
targeted percentage usage of biofuel in mid-to-long terms; providing financial 494 
incentives (subsidies, cost-sharing, tax incentives, public procurement, etc.) to 495 
reduce the barrier for the biofuel industry; funding long-term R&D projects to diversify 496 
biofuel feedstock, reducing production cost, and study overall emission and general 497 
environmental impacts. In parallel, carbon taxing and additional evaluation 498 
framework that incorporates negative impacts of fossil fuels in long term also help to 499 
“push” the demand for more sustainable alternatives. In another detailed study of the 500 
national biofuel policy in India146, the authors emphasized the many difficulties in 501 
achieving the renewable energy targets in the country: apart from the remaining 502 
technical challenges, it was also difficult to achieve a coordinated implementation of 503 
the biofuel policies at the federal and state levels, accountable long-term 504 
stewardship by multiple ministries (e.g. the Ministry of Energy, the Ministry of 505 
Agriculture, the Ministry of Finance, among others), and importantly, legal 506 
enforcement. Nevertheless, government support in the form of “technology push” 507 
and/or “market pull” policies4 is essential to de-risk technologies for environmental 508 
applications, and make them more attractive to industry and investors who will 509 
subsequently explore potential sustainable business models. Equally important are 510 
frameworks and mechanisms for collaborative governance and performance 511 
evaluations4. To come up with these policy frameworks, it is important to engage 512 
stakeholders from academia, multiple government functions and industry to achieve 513 
a common understanding of the objectives, the technology, as well as the market. 514 
 515 

“Decision makers need to be informed of the technologies to make the right 516 
policies.” 517 

 518 
Mitigating risks  519 
 520 
While we are working hard to advance the technologies, we need to start the 521 
discussion of regulations simultaneously. It is a consensus that synthetic biology is a 522 
dual-use technology, which not only has the potential to bring benefits to the society, 523 
but also has inherent risks of being misused. Entering 2020, the COVID-19 524 
pandemic again reminded us of the importance of biosecurity – when a new 525 
pathogen emerges, whether it be a natural, deliberate or accidental cause, it brings 526 
catastrophic damage to public health and the economy that has no regard for 527 
borders. As the technology to engineer biological systems gets more accessible, the 528 
risk of any deliberate or accidental release of a pathogen or an engineered organism 529 
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also increases147. Moreover, the growing reliance on biological data, especially 530 
sequence information, in medical and manufacturing applications makes future bio-531 
based industries prone to “bio-hacking” through data breaches72.  532 
 533 
Risk mitigation measures should adopt a multifaceted approach leveraging 534 
technology, regulation, and education. Various biocontainment methods are the first 535 
line of barrier preventing accidental release of pathogenic or engineered organisms. 536 
These can include physical biocontainment infrastructure design, as well as 537 
engineered biological systems (e.g. auxotrophies, kill switches, xenobiological 538 
firewalls) that can be multilayered to limit the survival and spread of engineered 539 
organisms148,149. In addition to biocontainment measures, public policies and 540 
institutional oversight are important to prevent potential intentional misuses of 541 
synthetic biology. In this regard, a combination of both top-down (from government 542 
and funding agencies) and bottom-up (from research groups and research institutes) 543 
oversights should be established; at the same time, it is critical to strike a balance in 544 
mitigating risks without falling into over-regulation, thus necessitating multi-545 
stakeholder conversations147,148,150. Policy makers need to be informed about the 546 
technology’s risk and benefits to come up with the right policies to mitigate risks 547 
effectively. At the same time, synthetic biologists need to listen to public concerns 548 
and brainstorm collectively with experts in the fields of public health, cybersecurity, 549 
defense and bioethics, on strategies to minimize risk, and measures to identify and 550 
counter potential biosecurity events, should they happen. It is recommended to have 551 
such conversations early, so that risk assessment and mitigation measures do not 552 
fall behind technological advances148. 553 
 554 
In addition to biocontainment and regulations, education is an important way to 555 
mitigate risks by raising biosecurity awareness among researchers and the public. In 556 
the ethics modules of universities, and the code of conduct trainings for researchers, 557 
it is helpful to include the discussions of the dual-use character of synthetic 558 
biology148,151. A targeted exercise established by the EBRC, the “Malice Analysis” 559 
workshops152, gathers graduate students and researchers in the engineering biology 560 
community to practice their abilities to identify potential misuse of synthetic biology 561 
research, and to come up with mitigation plans accordingly. In the same vein, 562 
appropriately engaging the public on risk-benefit discussions can have the benefits 563 
of conveying the message that the researchers and governments have carefully 564 
considered the risks of synthetic biology, and preventing potential future backlash in 565 
public opinions148. 566 

 567 
Be it promoting technology advancement as a field, or setting up regulations to 568 
mitigate risks, regional and global collaborations are essential. Each country may 569 
have its specific problems and interests to invest in, such as the issue of tropical 570 
infectious diseases facing Southeast Asian countries. As a result, each country may 571 
prioritize development of technologies for solving its specific issues, and therefore 572 
will also have different levels of risk tolerance associated with applying new 573 
technologies147. Currently, the standards for biosafety and biosecurity regulations are 574 
highly variable even within a single country153. Experts are calling for more regional 575 
and even global harmonization and collaborations147,148,153. For instance, in the face 576 
of a novel pathogen, coordinated real-time communication and data sharing across 577 
borders will make biosecurity surveillance and response more effective150. In order to 578 
achieve this, it is important to have researchers and regulators from different 579 
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countries align their understanding of the benefits and risks of synthetic biology, and 580 
lay out common frameworks for synthetic biology regulations and biosecurity 581 
surveillance. One good example is the global harmonization effort by the 582 
International Gene Synthesis Consortium, which is establishing a standardized 583 
synthetic DNA screening mechanism and working with multiple stakeholders to 584 
implement this as a global norm to safeguard against misuses of synthetic DNA154. 585 
Regional and global forums and working groups provide good opportunities for 586 
multilateral strategic planning, and facilitate the establishment of concerted 587 
biosecurity surveillance, preparedness and response mechanisms. 588 
 589 

“Global collaboration requires global harmonization of understanding… and 590 
regulation.” 591 

 592 
Conclusion and recommendations 593 
 594 
A number of topics of synthetic biology were reviewed in this article, including 595 
research advances and technology translation, as well as mechanisms for future 596 
investment, growth, and regulations. We summarize some of the key consensuses 597 
and recommendations to the field, especially in Asia, through the lens of the 598 
workshop in Singapore: this is a collection of opinions from a diverse group of expert 599 
practitioners and thought leaders. 600 
 601 

• Significant investment and technology advancement in DNA synthesis, 602 
computer aided design and process automation, biological data science and 603 
machine learning are critical to further enabling synthetic biology research and 604 
accelerating the DBTL cycle. 605 

• Biological sequence data are valuable information and central to synthetic 606 
biology applications, and their collection, curation and sharing processes 607 
should be streamlined and harmonized globally, with robust data security 608 
surveillance.  609 

• Applications in various sectors have achieved different levels of 610 
commercialization; past experiences encourage early-stage R&D project 611 
researchers to have the “end product” in mind, and work closely with industry 612 
partners to develop the associated downstream processing, production scale-613 
up, and economic or business models to effectively fulfil unmet needs. 614 

• To facilitate rapid technology translation and deployment, integrated research-615 
development-investment (R&D&I) ecosystem models are worth exploring, 616 
where effective private-public partnerships can be established. 617 

• In addition to long-term investment in the development of science and 618 
technology, governments should also utilize “push-and-pull” policy 619 
instruments to facilitate the adoption of bio-based production, especially when 620 
such businesses face daunting competition from fossil fuel-powered 621 
industries. 622 

• Synthetic biologists and policy makers should engage multiple stakeholders 623 
(public health, data security, defence, economy, and the public) to come up 624 
with strategies and regulations for biosecurity surveillance, risk mitigation and 625 
effective response mechanisms. 626 

• Regional and global collaboration and standard harmonization are essential in 627 
advancing synthetic biology as a field and bolstering biosecurity defence. 628 
 629 
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With decades of research and key technology advancements, we are witnessing 630 
some initial success in technology translation and commercialization of synthetic 631 
biology, particularly in next-generation biomanufacturing and medical applications. 632 
Additional developments are necessary to realize the full potential of synthetic 633 
biology in not only industrial production, but also future smart medicine and 634 
environmental applications. We are optimistic that with the prior recommended 635 
actions and initiatives, strong collaborative synthetic biology R&D&I clusters can 636 
emerge in Asia and contribute to the sustainable growth of the global bioeconomy. 637 
  638 



 16 

References 639 
 640 

1.  Freemont PS. Synthetic biology industry: data-driven design is creating new 641 
opportunities in biotechnology. Emerg Top Life Sci. 2019;3(5):651–7.  642 

2.  Flores Bueso Y, Tangney M. Synthetic Biology in the Driving Seat of the 643 
Bioeconomy. Trends Biotechnol. 2017;35(5):373–8.  644 

3.  BCC Research. Synthetic Biology: Global Markets. Wellesley, MA; 2020.  645 
4.  Borowiecki M, Philp J. Policy initiatives for health and the bioeconomy. 2019. 646 

(OECD Science, Technology and Industry Policy Papers).  647 
5.  Engineering Biology Research Consortium. Engineering Biology: A Research 648 

Roadmap for the Next-Generation Bioeconomy [Internet]. 2019 [cited 2020 649 
May 25]. Available from: https://roadmap.ebrc.org/ 650 

6.  Bagshaw S, Batchelar J, Clarke L, Swan H, Evans A. Growing the 651 
Bioeconomy. 2018.  652 

7.  Clarke L, Kitney R. Developing synthetic biology for industrial biotechnology 653 
applications. 2020;0(February):113–22.  654 

8.  Ong S. Singapore bets big on synthetic biology. Nature. 2018;(April 655 
2018):2018–21.  656 

9.  Wang R, Cao Q, Zhao Q, Li Y. Bioindustry in China : An overview and 657 
perspective. 2018;40(May 2017):46–51.  658 

10.  Chang MW. Synthetic Biology in Asia: New Kids on the Block. ACS Synth Biol. 659 
2016;5(11):1182–3.  660 

11.  Arranz A. Betting big on biotech. South China Morning Post. 2018 Oct 9;  661 
12.  Japan Cabinet Office. Bio Strategy 2019. 2019.  662 
13.  Ministry of Science and ICT. Government R&D Investment Directions and 663 

Standards for 2019. Sejong; 2018.  664 
14.  Shendure J, Balasubramanian S, Church GM, Gilbert W, Rogers J, Schloss 665 

JA, et al. DNA sequencing at 40: Past, present and future. Nature. 666 
2017;550(7676).  667 

15.  Hughes RA, Ellington AD. Synthetic DNA synthesis and assembly: Putting the 668 
synthetic in synthetic biology. Cold Spring Harb Perspect Biol. 2017;9(1).  669 

16.  Chari R, Church GM. Beyond editing to writing large genomes. Nat Rev Genet. 670 
2017;18(12):749–60.  671 

17.  Richardson SM, Mitchell LA, Stracquadanio G, Yang K, Dymond JS, DiCarlo 672 
JE, et al. Design of a synthetic yeast genome. Science (80- ). 2017 Mar 673 
10;355(6329):1040–4.  674 

18.  Foo JL, Chang MW. Synthetic yeast genome reveals its versatility. Vol. 557, 675 
Nature. Nature Publishing Group; 2018. p. 647–8.  676 

19.  Boeke JD, Church G, Hessel A, Kelley NJ, Arkin A, Cai Y, et al. The Genome 677 
Project - Write. Science (80- ). 2016;353(6295):126–7.  678 

20.  Mardis ER. DNA sequencing technologies: 2006-2016. Nat Protoc. 679 
2017;12(2):213–8.  680 

21.  Palluk S, Arlow DH, De Rond T, Barthel S, Kang JS, Bector R, et al. De novo 681 
DNA synthesis using polymerasenucleotide conjugates. Nat Biotechnol. 682 
2018;36(7):645–50.  683 

22.  Lee HH, Kalhor R, Goela N, Bolot J, Church GM. Terminator-free template-684 
independent enzymatic DNA synthesis for digital information storage. Nat 685 
Commun. 2019;10(1):1–12.  686 

23.  Tsuge K, Sato Y, Kobayashi Y, Gondo M, Hasebe M, Togashi T, et al. Method 687 



 17 

of preparing an equimolar DNA mixture for one-step DNA assembly of over 50 688 
fragments. Sci Rep. 2015 May 20;5(1):1–11.  689 

24.  Liang J, Liu Z, Low XZ, Ang EL, Zhao H. Twin-primer non-enzymatic DNA 690 
assembly: an efficient and accurate multi-part DNA assembly method. Nucleic 691 
Acids Res. 2017;45(11).  692 

25.  Rees HA, Liu DR. Base editing: precision chemistry on the genome and 693 
transcriptome of living cells. Vol. 19, Nature Reviews Genetics. Nature 694 
Publishing Group; 2018. p. 770–88.  695 

26.  Kim K, Ryu SM, Kim ST, Baek G, Kim D, Lim K, et al. Highly efficient RNA-696 
guided base editing in mouse embryos. Nat Biotechnol. 2017 May 697 
1;35(5):435–7.  698 

27.  Shimatani Z, Kashojiya S, Takayama M, Terada R, Arazoe T, Ishii H, et al. 699 
Targeted base editing in rice and tomato using a CRISPR-Cas9 cytidine 700 
deaminase fusion. Nat Biotechnol. 2017 May 1;35(5):441–3.  701 

28.  Zong Y, Wang Y, Li C, Zhang R, Chen K, Ran Y, et al. Precise base editing in 702 
rice, wheat and maize with a Cas9-cytidine deaminase fusion. Nat Biotechnol. 703 
2017 May 1;35(5):438–40.  704 

29.  Banno S, Nishida K, Arazoe T, Mitsunobu H, Kondo A. Deaminase-mediated 705 
multiplex genome editing in Escherichia coli. Nat Microbiol. 2018;3(April).  706 

30.  Smith CJ, Castanon O, Said K, Volf V, Khoshakhlagh P, Hornick A, et al. 707 
Enabling large-scale genome editing at repetitive elements by reducing DNA 708 
nicking. Nucleic Acids Res. 2020;48(9):5183–95.  709 

31.  Hossein TabatabaeiYazdi SM, Gabrys R, Milenkovic O. Portable and Error-710 
Free DNA-Based Data Storage. Sci Rep. 2017;7(1):1–6.  711 

32.  Dong Y, Sun F, Ping Z, Ouyang Q, Qian L. DNA storage: research landscape 712 
and future prospects. Natl Sci Rev. 2020 Jun 1;7(6):1092–107.  713 

33.  Cameron DE, Bashor CJ, Collins JJ. A brief history of synthetic biology. Nat 714 
Rev Microbiol. 2014;12(5):381–90.  715 

34.  Berens C, Groher F, Suess B. RNA aptamers as genetic control devices: The 716 
potential of riboswitches as synthetic elements for regulating gene expression. 717 
Biotechnol J. 2015 Feb 1;10(2):246–57.  718 

35.  Chappell J, Takahashi MK, Lucks JB. Creating small transcription activating 719 
RNAs. Nat Chem Biol. 2015 Feb 2;11(3):214–20.  720 

36.  Chen Z, Kibler RD, Hunt A, Busch F, Pearl J, Jia M, et al. De novo design of 721 
protein logic gates. Science (80- ). 2020 Apr 3;368(6486):78–84.  722 

37.  Bashor CJ, Patel N, Choubey S, Beyzavi A, Kondev J, Collins JJ, et al. 723 
Complex signal processing in synthetic gene circuits using cooperative 724 
regulatory assemblies. Science (80- ). 2019 May 10;364(6440):593–7.  725 

38.  Lou C, Stanton B, Chen YJ, Munsky B, Voigt CA. Ribozyme-based insulator 726 
parts buffer synthetic circuits from genetic context. Nat Biotechnol. 2012 Nov 727 
3;30(11):1137–42.  728 

39.  Qi L, Haurwitz RE, Shao W, Doudna JA, Arkin AP. RNA processing enables 729 
predictable programming of gene expression. Nat Biotechnol. 2012 Oct 730 
16;30(10):1002–6.  731 

40.  Mutalik VK, Guimaraes JC, Cambray G, Lam C, Christoffersen MJ, Mai QA, et 732 
al. Precise and reliable gene expression via standard transcription and 733 
translation initiation elements. Nat Methods. 2013 Apr 10;10(4):354–60.  734 

41.  Del Vecchio D. Modularity, context-dependence, and insulation in engineered 735 
biological circuits. Trends Biotechnol. 2015 Feb 1;33(2):111–9.  736 

42.  Appleton E, Madsen C, Roehner N, Densmore D. Design automation in 737 



 18 

synthetic biology. Cold Spring Harb Perspect Biol. 2017 Apr 1;9(4):a023978.  738 
43.  Salis HM, Mirsky EA, Voigt CA. Automated design of synthetic ribosome 739 

binding sites to control protein expression. Nat Biotechnol. 2009 740 
Oct;27(10):946–50.  741 

44.  Borujeni AE, Mishler DM, Wang J, Huso W, Salis HM. Automated physics-742 
based design of synthetic riboswitches from diverse RNA aptamers. Nucleic 743 
Acids Res. 2015;44(1):1–13.  744 

45.  Nielsen AAK, Segall-Shapiro TH, Voigt CA. Advances in genetic circuit design: 745 
Novel biochemistries, deep part mining, and precision gene expression. Vol. 746 
17, Current Opinion in Chemical Biology. Elsevier Current Trends; 2013. p. 747 
878–92.  748 

46.  Nielsen AAK, Der BS, Shin J, Vaidyanathan P, Paralanov V, Strychalski EA, et 749 
al. Genetic circuit design automation. Science (80- ). 2016 Apr 750 
1;352(6281):aac7341–aac7341.  751 

47.  Hillson N, Caddick M, Cai Y, Carrasco JA, Chang MW, Curach NC, et al. 752 
Building a global alliance of biofoundries. Nat Commun. 2019;1038–41.  753 

48.  Casini A, Chang FY, Eluere R, King AM, Young EM, Dudley QM, et al. A 754 
Pressure Test to Make 10 Molecules in 90 Days: External Evaluation of 755 
Methods to Engineer Biology. J Am Chem Soc. 2018;140(12):4302–16.  756 

49.  Robinson CJ, Carbonell P, Jervis AJ, Yan C, Hollywood KA, Dunstan MS, et 757 
al. Rapid prototyping of microbial production strains for the biomanufacture of 758 
potential materials monomers. Metab Eng. 2020 Jul 1;60:168–82.  759 

50.  Feldman A. The Life Factory: Synthetic Organisms From This $1.4 Billion 760 
Startup Will Revolutionize Manufacturing [Internet]. Forbes. 2019 [cited 2020 761 
Jun 17]. Available from: 762 
https://www.forbes.com/sites/amyfeldman/2019/08/05/the-life-factory-763 
synthetic-organisms-from-startup-ginkgo-bioworks-unicorn-will-revolutionize-764 
manufacturing/#2aff592a145e 765 

51.  Lechner A, Brunk E, Keasling JD. The need for integrated approaches in 766 
metabolic engineering. Vol. 8, Cold Spring Harbor Perspectives in Biology. 767 
Cold Spring Harbor Laboratory Press; 2016. p. a023903.  768 

52.  Hashimoto T, Horikawa DD, Saito Y, Kuwahara H, Kozuka-Hata H, Shin-I T, et 769 
al. Extremotolerant tardigrade genome and improved radiotolerance of human 770 
cultured cells by tardigrade-unique protein. Nat Commun. 2016 Sep 20;7(1):1–771 
14.  772 

53.  Xu Z, Xin T, Bartels D, Li Y, Gu W, Yao H, et al. Genome Analysis of the 773 
Ancient Tracheophyte Selaginella tamariscina Reveals Evolutionary Features 774 
Relevant to the Acquisition of Desiccation Tolerance. Mol Plant. 2018 Jul 775 
2;11(7):983–94.  776 

54.  Low ZJ, Pang LM, Ding Y, Cheang QW, Hoang KLM, Tran HT, et al. 777 
Identification of a biosynthetic gene cluster for the polyene macrolactam 778 
sceliphrolactam in a Streptomyces strain isolated from mangrove sediment. 779 
Sci Rep. 2018 Dec 1;8(1):1–13.  780 

55.  Low ZJ, Ma GL, Tran HT, Zou Y, Xiong J, Pang L, et al. Sungeidines from a 781 
Non-canonical Enediyne Biosynthetic Pathway. J Am Chem Soc. 2020 Jan 782 
29;142(4):1673–9.  783 

56.  Lee N, Hwang S, Kim J, Cho S, Palsson B, Cho BK. Genome mining 784 
approaches for the identification of secondary metabolite biosynthetic gene 785 
clusters in Streptomyces. Comput Struct Biotechnol J. 2020 Jan 1;18:1548–56.  786 

57.  Camacho DM, Collins KM, Powers RK, Costello JC, Collins JJ. Next-787 



 19 

Generation Machine Learning for Biological Networks. Vol. 173, Cell. Cell 788 
Press; 2018. p. 1581–92.  789 

58.  Kim GB, Kim WJ, Kim HU, Lee SY. Machine learning applications in systems 790 
metabolic engineering. Curr Opin Biotechnol. 2020;64:1–9.  791 

59.  Meng H, Ma Y, Mai G, Wang Y, Liu C. Construction of precise support vector 792 
machine based models for predicting promoter strength. Quant Biol. 793 
2017;5(1):90–8.  794 

60.  Skinnider MA, Dejong CA, Rees PN, Johnston CW, Li H, Webster ALH, et al. 795 
Genomes to natural products PRediction Informatics for Secondary 796 
Metabolomes (PRISM). Nucleic Acids Res. 2015;43:9645–62.  797 

61.  Skinnider MA, Merwin NJ, Johnston CW, Magarvey NA. PRISM 3: expanded 798 
prediction of natural product chemical structures from microbial genomes. 799 
Nucleic Acids Res. 2017;45:49–54.  800 

62.  Stokes JM, Yang K, Swanson K, Jin W, Cubillos-Ruiz A, Donghia NM, et al. A 801 
Deep Learning Approach to Antibiotic Discovery. Cell. 2020 Feb 802 
20;180(4):688-702.e13.  803 

63.  Yang KK, Wu Z, Arnold FH. Machine-learning-guided directed evolution for 804 
protein engineering. Nat Methods. 2019 Aug;16:687–94.  805 

64.  Wu Z, Jennifer Kan SB, Lewis RD, Wittmann BJ, Arnold FH. Machine learning-806 
assisted directed protein evolution with combinatorial libraries. Proc Natl Acad 807 
Sci U S A. 2019 Apr 30;116(18):8852–8.  808 

65.  Arbab M, Shen MW, Mok B, Wilson C, Matuszek Z, Cassa CA, et al. 809 
Determinants of Base Editing Outcomes from Target Library Analysis and 810 
Machine Learning In Brief Determinants of Base Editing Outcomes from Target 811 
Library Analysis and Machine Learning. Cell. 2020;182:1–18.  812 

66.  Opgenorth P, Costello Z, Okada T, Goyal G, Chen Y, Gin J, et al. Lessons 813 
from Two Design-Build-Test-Learn Cycles of Dodecanol Production in 814 
Escherichia coli Aided by Machine Learning. ACS Synth Biol. 2019 Jun 815 
21;8(6):1337–51.  816 

67.  HamediRad M, Chao R, Weisberg S, Lian J, Sinha S, Zhao H. Towards a fully 817 
automated algorithm driven platform for biosystems design. Nat Commun. 818 
2019 Dec 1;10(1).  819 

68.  Jervis AJ, Carbonell P, Vinaixa M, Dunstan MS, Hollywood KA, Robinson CJ, 820 
et al. Machine Learning of Designed Translational Control Allows Predictive 821 
Pathway Optimization in Escherichia coli. ACS Synth Biol. 2019 Jan 822 
18;8(1):127–36.  823 

69.  Marcellin E, Nielsen LK. Advances in analytical tools for high throughput strain 824 
engineering. Curr Opin Biotechnol. 2018;54:33–40.  825 

70.  Liebal UW, Phan ANT, Sudhakar M, Raman K, Blank LM. Machine Learning 826 
Applications for Mass Spectrometry-Based Metabolomics. Metabolites. 2020 827 
Jun 13;10(6):243.  828 

71.  Lopatkin AJ, Collins JJ. Predictive biology: modelling, understanding and 829 
harnessing microbial complexity. Nat Rev Microbiol. 2020;18(9):507–20.  830 

72.  Wintle BC, Boehm CR, Rhodes C, Molloy JC, Millett P, Adam L, et al. A 831 
transatlantic perspective on 20 emerging issues in biological engineering. Elife. 832 
2017;6:1–21.  833 

73.  Biotechnology Innovation Organization (BIO). Renewable Chemical Platforms 834 
Building the Biobased Economy. Washington DC; 2018.  835 

74.  Hayden EC. Synthetic-biology firms shift focus. Nature. 2014;505:598.  836 
75.  Li M, Hou F, Wu T, Jiang X, Li F, Liu H, et al. Recent advances of metabolic 837 



 20 

engineering strategies in natural isoprenoid production using cell factories. Vol. 838 
37, Natural Product Reports. Royal Society of Chemistry; 2020. p. 80–99.  839 

76.  Park SY, Yang D, Ha SH, Lee SY. Metabolic Engineering of Microorganisms 840 
for the Production of Natural Compounds. Adv Biosyst. 2018 Jan 841 
1;2(1):1700190.  842 

77.  Hwang S, Lee N, Cho S, Palsson B, Cho BK. Repurposing Modular Polyketide 843 
Synthases and Non-ribosomal Peptide Synthetases for Novel Chemical 844 
Biosynthesis. Vol. 7, Frontiers in Molecular Biosciences. Frontiers Media S.A.; 845 
2020.  846 

78.  Bomgardner MM. Ginkgo Bioworks and Zymergen scale up synthetic biology 847 
with robots [Internet]. Chemical & Engineering News. 2016 [cited 2020 Jun 23]. 848 
Available from: https://cen.acs.org/articles/94/i45/Ginkgo-Bioworks-Zymergen-849 
scale-synthetic.html 850 

79.  Xiao H, Schultz PG. At the interface of chemical and biological synthesis: An 851 
expanded genetic code. Cold Spring Harb Perspect Biol. 2016 Sep 852 
1;8(9):a023945.  853 

80.  Lai MJ, Lan EI. Photoautotrophic synthesis of butyrate by metabolically 854 
engineered cyanobacteria. Biotechnol Bioeng. 2018 Dec 14;116(4):bit.26903.  855 

81.  Lai MC, Lan EI. Advances in metabolic engineering of cyanobacteria for 856 
photosynthetic biochemical production. Vol. 5, Metabolites. MDPI AG; 2015. p. 857 
636–58.  858 

82.  Yunus IS, Wichmann J, Wördenweber R, Lauersen KJ, Kruse O, Jones PR. 859 
Synthetic metabolic pathways for photobiological conversion of CO 2 into 860 
hydrocarbon fuel. Metab Eng. 2018 Sep 1;49:201–11.  861 

83.  Lauersen KJ. Eukaryotic microalgae as hosts for light-driven heterologous 862 
isoprenoid production. Vol. 249, Planta. Springer Verlag; 2019. p. 155–80.  863 

84.  Jaroensuk J, Intasian P, Wattanasuepsin W, Akeratchatapan N, Kesornpun C, 864 
Kittipanukul N, et al. Enzymatic reactions and pathway engineering for the 865 
production of renewable hydrocarbons. Vol. 309, Journal of Biotechnology. 866 
Elsevier B.V.; 2020. p. 1–19.  867 

85.  Carbonell P, Radivojevic T, García Martín H. Opportunities at the Intersection 868 
of Synthetic Biology, Machine Learning, and Automation. Vol. 8, ACS 869 
Synthetic Biology. American Chemical Society; 2019. p. 1474–7.  870 

86.  Chubukov V, Mukhopadhyay A, Petzold CJ, Keasling JD, Martín HG. Synthetic 871 
and systems biology for microbial production of commodity chemicals. npj Syst 872 
Biol Appl. 2018;2(December 2015):1–11.  873 

87.  Carlson R. Estimating the biotech sector’s contribution to the US economy. Nat 874 
Biotechnol. 2016;34(3):247–55.  875 

88.  Johnson IS. Human insulin from recombinant DNA technology. Vol. 219, 876 
Science. American Association for the Advancement of Science; 1983. p. 632–877 
7.  878 

89.  Paddon CJ, Keasling JD. Semi-synthetic artemisinin: A model for the use of 879 
synthetic biology in pharmaceutical development. Vol. 12, Nature Reviews 880 
Microbiology. Nature Publishing Group; 2014. p. 355–67.  881 

90.  Luo X, Reiter MA, d’Espaux L, Wong J, Denby CM, Lechner A, et al. Complete 882 
biosynthesis of cannabinoids and their unnatural analogues in yeast. Nature. 883 
2019 Mar 7;567(7746):123–6.  884 

91.  Pardee K, Slomovic S, Nguyen PQ, Lee JW, Donghia N, Burrill D, et al. 885 
Portable, On-Demand Biomolecular Manufacturing. Cell. 2016 Sep 886 
22;167(1):248-259.e12.  887 



 21 

92.  Silverman AD, Karim AS, Jewett MC. Cell-free gene expression: an expanded 888 
repertoire of applications. Vol. 21, Nature Reviews Genetics. Nature Research; 889 
2020. p. 151–70.  890 

93.  Mullard A. FDA approves first CAR T therapy. Vol. 16, Nature Reviews Drug 891 
Discovery. Nature Publishing Group; 2017. p. 669.  892 

94.  US Food and Drug Administration. FDA approves novel gene therapy to treat 893 
patients with a rare form of inherited vision loss [Internet]. 2017 [cited 2020 Jun 894 
25]. Available from: https://www.fda.gov/news-events/press-895 
announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-896 
inherited-vision-loss 897 

95.  Seo H, Kim JS. Towards therapeutic base editing. Vol. 24, Nature Medicine. 898 
Nature Publishing Group; 2018. p. 1493–5.  899 

96.  Yu S, Yi M, Qin S, Wu K. Next generation chimeric antigen receptor T cells: 900 
Safety strategies to overcome toxicity. Vol. 18, Molecular Cancer. BioMed 901 
Central Ltd.; 2019. p. 1–13.  902 

97.  Cho JH, Collins JJ, Wong WW. Universal Chimeric Antigen Receptors for 903 
Multiplexed and Logical Control of T Cell Responses . Cell. 2018;173:1426–904 
38.  905 

98.  Sadelain M, Rivière I, Riddell S. Therapeutic T cell engineering. Vol. 545, 906 
Nature. Nature Publishing Group; 2017. p. 423–31.  907 

99.  Habib S, Tariq SM, Tariq M. Chimeric antigen receptor-natural killer cells: The 908 
future of cancer immunotherapy. Vol. 19, Ochsner Journal. Ochsner Clinic; 909 
2019. p. 186–7.  910 

100.  Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al. Human 911 
chimeric antigen receptor macrophages for cancer immunotherapy. Nat 912 
Biotechnol. 2020 Mar 23;1–7.  913 

101.  Mimee M, Citorik RJ, Lu TK. Microbiome therapeutics — Advances and 914 
challenges. Adv Drug Deliv Rev. 2016;105:44–54.  915 

102.  Tham EH, Koh E, Common JEA, Hwang IY. Biotherapeutic Approaches in 916 
Atopic Dermatitis. Biotechnol J. 2020 Mar 16;1900322.  917 

103.  Aggarwal N, Breedon AME, Davis CM, Hwang IY, Chang MW. Engineering 918 
probiotics for therapeutic applications: recent examples and translational 919 
outlook. Vol. 65, Current Opinion in Biotechnology. Elsevier Ltd; 2020. p. 171–920 
9.  921 

104.  Hwang IY, Chang MW. Engineering commensal bacteria to rewire host–922 
microbiome interactions. Curr Opin Biotechnol. 2020;62:116–22.  923 

105.  Bermúdez-Humarán LG, Langella P. Live bacterial biotherapeutics in the clinic. 924 
Vol. 36, Nature Biotechnology. Nature Publishing Group; 2018. p. 816–8.  925 

106.  Isabella VM, Ha BN, Castillo MJ, Lubkowicz DJ, Rowe SE, Millet YA, et al. 926 
Development of a synthetic live bacterial therapeutic for the human metabolic 927 
disease phenylketonuria. Nat Biotechnol. 2018 Oct 1;36(9):857–67.  928 

107.  Lemire S, Yehl KM, Lu TK. Phage-Based Applications in Synthetic Biology. 929 
Annu Rev Virol. 2018 Sep 29;5(1):453–76.  930 

108.  Zheng DW, Dong X, Pan P, Chen KW, Fan JX, Cheng SX, et al. Phage-guided 931 
modulation of the gut microbiota of mouse models of colorectal cancer 932 
augments their responses to chemotherapy. Nat Biomed Eng. 2019 Sep 933 
1;3(9):717–28.  934 

109.  Hwang IY, Koh E, Wong A, March JC, Bentley WE, Lee YS, et al. Engineered 935 
probiotic Escherichia coli can eliminate and prevent Pseudomonas aeruginosa 936 
gut infection in animal models. Nat Commun. 2017 Apr 11;8:15028.  937 



 22 

110.  Pardee K, Green AA, Takahashi MK, Braff D, Lambert G, Lee JW, et al. Rapid, 938 
Low-Cost Detection of Zika Virus Using Programmable Biomolecular 939 
Components. Cell. 2016 May 19;165(5):1255–66.  940 

111.  Takahashi MK, Tan X, Dy AJ, Braff D, Akana RT, Furuta Y, et al. A low-cost 941 
paper-based synthetic biology platform for analyzing gut microbiota and host 942 
biomarkers. Nat Commun. 2018 Dec 1;9(1):1–12.  943 

112.  Gootenberg JS, Abudayyeh OO, Lee JW, Essletzbichler P, Dy AJ, Joung J, et 944 
al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science (80- ). 2017 945 
Apr 28;356(6336):438–42.  946 

113.  Gootenberg JS, Abudayyeh OO, Kellner MJ, Joung J, Collins JJ, Zhang F. 947 
Multiplexed and portable nucleic acid detection platform with Cas13, Cas12a 948 
and Csm6. Science (80- ). 2018 Apr 27;360(6387):439–44.  949 

114.  Myhrvold C, Freije CA, Gootenberg JS, Abudayyeh OO, Metsky HC, Durbin 950 
AF, et al. Field-deployable viral diagnostics using CRISPR-Cas13. Science 951 
(80- ). 2018 Apr 27;360(6387):444–8.  952 

115.  Broughton JP, Deng X, Yu G, Fasching CL, Servellita V, Singh J, et al. 953 
CRISPR–Cas12-based detection of SARS-CoV-2. Nat Biotechnol. 2020 Jul 954 
1;38(7):870–4.  955 

116.  Hou T, Zeng W, Yang M, Chen W, Ren L, Ai J, et al. Development and 956 
evaluation of a rapid CRISPR-based diagnostic for COVID-19. Krammer F, 957 
editor. PLOS Pathog. 2020 Aug 27;16(8):e1008705.  958 

117.  Kotula JW, Kerns SJ, Shaket LA, Siraj L, Collins JJ, Way JC, et al. 959 
Programmable bacteria detect and record an environmental signal in the 960 
mammalian gut. Proc Natl Acad Sci U S A. 2014;111(13):4838–43.  961 

118.  Daeffler KN, Galley JD, Sheth RU, Ortiz-Velez LC, Bibb CO, Shroyer NF, et al. 962 
Engineering bacterial thiosulfate and tetrathionate sensors for detecting gut 963 
inflammation. Mol Syst Biol. 2017 Apr 3;13(4):923.  964 

119.  Riglar DT, Giessen TW, Baym M, Jordan Kerns S, Niederhuber MJ, Bronson 965 
RT, et al. Engineered bacteria can function in the mammalian gut long-term as 966 
live diagnostics of inflammation. Nat Biotechnol. 2017;  967 

120.  Mao N, Cubillos-Ruiz A, Cameron DE, Collins JJ. Probiotic strains detect and 968 
suppress cholera in mice. Sci Transl Med. 2018 Jun 13;10(445):2586.  969 

121.  Si L, Xu H, Zhou X, Zhang Z, Tian Z, Wang Y, et al. Generation of influenza A 970 
viruses as live but replication-incompetent virus vaccines. Science (80- ). 971 
2016;354(6316):1170–3.  972 

122.  Du Y, Xin L, Shi Y, Zhang TH, Wu NC, Dai L, et al. Genome-wide identification 973 
of interferon-sensitive mutations enables influenza vaccine design. Science 974 
(80- ). 2018;359(6373):290–6.  975 

123.  FDA. Considerations for the Design of Early-Phase Clinical Trials of Cellular 976 
and Gene Therapy Products [Internet]. 2015 [cited 2020 Jun 26]. Available 977 
from: https://www.fda.gov/regulatory-information/search-fda-guidance-978 
documents/considerations-design-early-phase-clinical-trials-cellular-and-gene-979 
therapy-products 980 

124.  FDA. Early Clinical Trials With Live Biotherapeutic Products: Chemistry, 981 
Manufacturing, and Control Information; Guidance for Industry [Internet]. 2016 982 
[cited 2020 Jun 26]. Available from: https://www.fda.gov/regulatory-983 
information/search-fda-guidance-documents/early-clinical-trials-live-984 
biotherapeutic-products-chemistry-manufacturing-and-control-information 985 

125.  Coppens DGM, De Wilde S, Guchelaar HJ, De Bruin ML, Leufkens HGM, Meij 986 
P, et al. A decade of marketing approval of gene and cell-based therapies in 987 



 23 

the United States, European Union and Japan: An evaluation of regulatory 988 
decision-making. Cytotherapy. 2018;20:769–78.  989 

126.  Roh K-H, Nerem RM, Roy K. Biomanufacturing of Therapeutic Cells: State of 990 
the Art, Current Challenges, and Future Perspectives. Annu Rev Chem Biomol 991 
Eng. 2016 Jun 7;7(1):455–78.  992 

127.  Chen K, Wang Y, Zhang R, Zhang H, Gao C. CRISPR/Cas Genome Editing 993 
and Precision Plant Breeding in Agriculture. Annu Rev Plant Biol. 2019 Apr 994 
29;70(1):667–97.  995 

128.  Roell MS, Zurbriggen MD. The impact of synthetic biology for future agriculture 996 
and nutrition. Vol. 61, Current Opinion in Biotechnology. Elsevier Ltd; 2020. p. 997 
102–9.  998 

129.  Mus F, Crook MB, Garcia K, Costas AG, Geddes BA, Kouri ED, et al. 999 
Symbiotic nitrogen fixation and the challenges to its extension to nonlegumes. 1000 
Vol. 82, Applied and Environmental Microbiology. American Society for 1001 
Microbiology; 2016. p. 3698–710.  1002 

130.  Bloch SE, Ryu MH, Ozaydin B, Broglie R. Harnessing atmospheric nitrogen for 1003 
cereal crop production. Vol. 62, Current Opinion in Biotechnology. Elsevier Ltd; 1004 
2020. p. 181–8.  1005 

131.  Lee Y, Cho IJ, Choi SY, Lee SY. Systems Metabolic Engineering Strategies for 1006 
Non-Natural Microbial Polyester Production. Biotechnol J. 2019 Sep 1007 
12;14(9):1800426.  1008 

132.  Jambunathan P, Zhang K. Engineered biosynthesis of biodegradable 1009 
polymers. Vol. 43, Journal of Industrial Microbiology and Biotechnology. 1010 
Springer Verlag; 2016. p. 1037–58.  1011 

133.  Choi SY, Rhie MN, Kim HT, Joo JC, Cho IJ, Son J, et al. Metabolic 1012 
engineering for the synthesis of polyesters: A 100-year journey from 1013 
polyhydroxyalkanoates to non-natural microbial polyesters. Vol. 58, Metabolic 1014 
Engineering. Academic Press Inc.; 2020. p. 47–81.  1015 

134.  Yoshida S, Hiraga K, Takehana T, Taniguchi I, Yamaji H, Maeda Y, et al. A 1016 
bacterium that degrades and assimilates poly(ethylene terephthalate). Science 1017 
(80- ). 2016 Mar 11;351(6278):1196–9.  1018 

135.  Ma Y, Yao M, Li B, Ding M, He B, Chen S, et al. Enhanced Poly(ethylene 1019 
terephthalate) Hydrolase Activity by Protein Engineering. Engineering. 2018 1020 
Dec 1;4(6):888–93.  1021 

136.  Son HF, Cho IJ, Joo S, Seo H, Sagong HY, Choi SY, et al. Rational Protein 1022 
Engineering of Thermo-Stable PETase from Ideonella sakaiensis for Highly 1023 
Efficient PET Degradation. ACS Catal. 2019 Apr 5;9(4):3519–26.  1024 

137.  Diep P, Mahadevan R, Yakunin AF. Heavy metal removal by bioaccumulation 1025 
using genetically engineered microorganisms. Vol. 6, Frontiers in 1026 
Bioengineering and Biotechnology. Frontiers Media S.A.; 2018. p. 157.  1027 

138.  Park DM, Brewer A, Reed DW, Lammers LN, Jiao Y. Recovery of Rare Earth 1028 
Elements from Low-Grade Feedstock Leachates Using Engineered Bacteria. 1029 
Environ Sci Technol. 2017 Nov 21;51(22):13471–80.  1030 

139.  Baniasadi M, Vakilchap F, Bahaloo-Horeh N, Mousavi SM, Farnaud S. 1031 
Advances in bioleaching as a sustainable method for metal recovery from e-1032 
waste: A review. J Ind Eng Chem. 2019;76:75–90.  1033 

140.  Callegari A, Bolognesi S, Cecconet D, Capodaglio AG. Production 1034 
technologies, current role, and future prospects of biofuels feedstocks: A state-1035 
of-the-art review. Crit Rev Environ Sci Technol. 2020;50(4):384–436.  1036 

141.  Peters NK. Bioenergy Research Centers. 2018 Feb.  1037 



 24 

142.  Biotechnology Innovation Organization (BIO). Emerging Therapeutic Company 1038 
Investment and Deal-making 2010-2019. 2020.  1039 

143.  Giardina GM. AFRL announces Grand Challenges for biotechnology  1040 
[Internet]. 2020 [cited 2020 Jun 29]. Available from: 1041 
https://www.afmc.af.mil/News/Article-Display/Article/2189995/afrl-announces-1042 
grand-challenges-for-biotechnology/ 1043 

144.  Gauvreau D, Winickoff D, Philp J. Engineering biology and the grand 1044 
challenges: Do we need a new R&D&I model? Eng Biol. 2018;2(1):2–6.  1045 

145.  Su Y, Zhang P, Su Y. An overview of biofuels policies and industrialization in 1046 
the major biofuel producing countries. Vol. 50, Renewable and Sustainable 1047 
Energy Reviews. Elsevier Ltd; 2015. p. 991–1003.  1048 

146.  Saravanan AP, Mathimani T, Deviram G, Rajendran K, Pugazhendhi A. Biofuel 1049 
policy in India: A review of policy barriers in sustainable marketing of biofuel. 1050 
Vol. 193, Journal of Cleaner Production. Elsevier Ltd; 2018. p. 734–47.  1051 

147.  Trump BD, Galaitsi S, Appleton E, Bleijs DA, Florin M, Gollihar JD, et al. 1052 
Building biosecurity for synthetic biology. Mol Syst Biol. 2020 Jul 21;16(7).  1053 

148.  Gómez-Tatay L, Hernández-Andreu JM. Biosafety and biosecurity in Synthetic 1054 
Biology: A review. Crit Rev Environ Sci Technol. 2019 Sep 2;49(17):1587–621.  1055 

149.  Wang F, Zhang W. Synthetic biology: Recent progress, biosafety and 1056 
biosecurity concerns, and possible solutions. J Biosaf Biosecurity. 2019 1057 
Mar;1(1):22–30.  1058 

150.  Cicero A, Meyer D, Shearer MP, Abubakar S, Bernard K, Carus WS, et al. 1059 
Southeast Asia Strategic Multilateral Dialogue on Biosecurity. Emerg Infect 1060 
Dis. 2019;25(5):5–10.  1061 

151.  Wang F, Zhang W. Synthetic biology: Recent progress, biosafety and 1062 
biosecurity concerns, and possible solutions. J Biosaf Biosecurity. 2019 Mar 1063 
1;1(1):22–30.  1064 

152.  Fortman J. Malice Analysis: Workshops to Acquaint Students with Biosecurity 1065 
[Internet]. AAAS; 2020 [cited 2020 Jun 30]. Available from: 1066 
https://aaas.confex.com/aaas/2020/meetingapp.cgi/Paper/25838 1067 

153.  Gronvall GK. Synthetic Biology: Biosecurity and Biosafety Implications. In: 1068 
Defense Against Biological Attacks. Springer International Publishing; 2019. p. 1069 
225–32.  1070 

154.  World Economic Forum, The Nuclear Threat Initiative. Biosecurity Innovation 1071 
and Risk Reduction: A Global Framework for Accessible, Safe and Secure 1072 
DNA Synthesis. 2020 Jan.  1073 

 1074 


