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Abstract 

 The last two decades have witnessed tremendous progress in synthetic biology. Despite the 

technological advances, the maturing field has yet to transition from fundamental study to 

translational practice. In this perspective article, I discuss my vision to enable this transition. With 

this vision, our next generation will solve global problems through synthetic biology. 
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Main 

 Synthetic biology is an engineering discipline that focuses on creating or modifying 

biological systems for practical applications. This exciting field tries to solve global problems, 

including climate crisis, sustainable biomanufacturing, noninvasive diagnostics, therapeutics, and 

food inequality. This is a two-decade-old field although the discovery of the DNA structure could 

be considered to be the start of an incubation period for synthetic biology. Typically, the year 2000 

is considered to be the beginning of synthetic biology with three seminal papers that demonstrated 

a toggle switch [1], an oscillator [2], and a negative feedback circuit [3]. The synthetic biology 

framework and workforce have been formed systematically from 2006 to 2016 when the US 

Synthetic Biology Engineering Research Center (SynBERC) maintained, encouraging similar 

centers to be formed in other countries. The efforts of SynBERC to advance the field continued in 

the United States for 10 years, followed by those of the Engineering Biology Research Consortium 

(EBRC). Since 2016, EBRC has provided the visions of engineering biology to educate funding 

agencies and researchers all over the world. Multiple roadmap documents have been written, and 

they are freely available on the website (ebrc.org). The climate roadmap will be available in 

September 2022, on the same website. 

 Synthetic biology is becoming a maturing field [4]. The discovery of the DNA structure 

can be seen as the beginning of learning languages. In other words, we saw the four letters ATGC 

with the discovery of the DNA helix structure and the base-paring rule 70 years ago. We then 

learned how to read the words, sentences, and paragraphs using DNA sequencing. Now, we are 

writing poems that describe the truth in life using DNA synthesis technology. In the future, 

masterpieces will be created by our imagination and synthetic biology tools, including CRISPR-

based genome editing tools [5-7]. EBRC is providing the vision to solve global problems using 

synthetic biology. 

 The next decades will witness great advances in computational biology adopting machine 

learning, forward engineering for building programmable genetic circuits, and predictable 
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bioengineering assisted by directed evolution. Computational algorithms such as AlphaFold [8] 

and Rosetta [9] will facilitate protein design to create new enzymes, transcription factors, and 

transporters [10]. The screening of protein variants will be facilitated by combining directed 

evolution with such protein structure prediction programs even if the crystal structure is 

unavailable [11]. The prediction of 3-dimensional structures of RNA and its dynamic interactions 

will be possible by combining molecular simulation technology and experimental analysis such as 

SHAPE-seq [12, 13]. Machine learning will make biology better predictable [14, 15]. Genetic 

circuit building will be more systematic using an extensive genetic part library, easy-to-use circuit 

design programs (e.g., Cello [16]), and an iterative cycle of design-build-test-learn.  

 Synthetic biology will move from fundamental research to translational practice. 

Understanding the dynamics of microbiota and developing synthetic biology tools for consortium 

engineering will lead to engineering the entire microbiomes, as opposed to manipulating a single 

strain at a time [17]. Probiotics will be engineered to be used for diagnostic and therapeutic 

applications [18]. Paper-based diagnostics will continue to be developed [19]. Stem cell therapy 

and cancer immunotherapy will be realized using synthetic biology tools [20]. Metabolic engineers 

will continue to produce high-value chemicals and materials [21] as well as commodity 

compounds and biofuels [22]. Soil microbiotas will be engineered to reduce greenhouse gases and 

serve as a huge bioreactor [23]. Plastic upcycling will enable the circular economy and reduction 

of plastic pollution [24]. Microbes will be used to extract rare earth elements from the environment 

[25]. The space exploration will require more roles of synthetic biology, including studies of the 

impact of microgravity and radiation on organisms and development of photosynthetic organisms 

that survive and produce necessary chemicals and materials under harsh conditions in the Moon 

and Mars [26]. Sustainable bioproduction will reduce our dependance on petroleum-based 

products and contribute to solving the climate crisis [27]. Synthetic biology would solve the food 

inequality using nitrogen fixing bacteria, better crop species, safer ways to kill insects and plant 

pathogens, and alternative foods such as plant-based proteins and microbially-produced foods [28]. 

 Translational applications of synthetic biology should consider ethical, safety, security, and 

societal impacts. For environmental applications of genetically engineered organisms, 

biocontainment strategies must be developed further and improved to meet the regulatory 

guidelines [29]. The consequence of genetically engineered microbes (GEMs) in the environment 

should be studied before their deployment [30]. DNA synthesis companies need to screen for 

potentially malicious or dangerous DNA sequences before synthesizing requested DNA [31]. 

CRISPR-based genome engineering should consider ethical implications [32]. The public should 

be better educated to make people better understand the new technology and make a reasonable 

decision. 

We should educate and nurture our future leaders. Our next generations will implement 

and execute the vision that I discuss in this article. Because of our passionate and ambitious young 

researchers, our future is bright despite many global problems, including climate crisis, decreasing 

resources, pollution, food inequality, and the pandemic. Our future workforce will solve these 

global issues using synthetic biology. Young researchers’ imagination is our limit. Dream high. 

Nothing is impossible. 

 

Acknowledgments  

 I thank EBRC members for valuable discussion on synthetic biology through its monthly 

meetings and workshops. This work is supported by the Office of Naval Research (N00014-21-1-

2206), the United States Department of Agriculture (2020-33522-32319), U.S. Department of 



Energy (DE-SC0022003 and DE-SC0018324), U.S. Environmental Protection Agency 

(84020501), the National Institutes of Health (R01 AT009741), and the National Science 

Foundation (MCB-2001743). The content is solely the responsibility of the author and does not 

necessarily represent the official views of the funding agencies. 

 

References 

 
[1] T. S. Gardner, C. R. Cantor and J. J. Collins (2000) Construction of a genetic toggle switch in 
Escherichia coli. Nature. 403: 339-42. 
[2] M. B. Elowitz and S. Leibler (2000) A synthetic oscillatory network of transcriptional regulators. 
Nature. 403: 335-8. 
[3] A. Becskei and L. Serrano (2000) Engineering stability in gene networks by autoregulation. 
Nature. 405: 590-3. 
[4] D. E. Cameron, C. J. Bashor and J. J. Collins (2014) A brief history of synthetic biology. Nature 
reviews. Microbiology. 12: 381-90. 
[5] M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna and E. Charpentier (2012) A 
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science (New York, 
N.Y. 337: 816-21. 
[6] L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P. D. Hsu, X. Wu, W. Jiang, L. A. Marraffini 
and F. Zhang (2013) Multiplex genome engineering using CRISPR/Cas systems. Science (New York, N.Y. 
339: 819-23. 
[7] A. C. Komor, A. H. Badran and D. R. Liu (2017) CRISPR-Based Technologies for the Manipulation 
of Eukaryotic Genomes. Cell. 168: 20-36. 
[8] J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K. Tunyasuvunakool, R. 
Bates, A. Zidek, A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl, A. J. Ballard, A. Cowie, B. Romera-
Paredes, S. Nikolov, R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E. Clancy, M. Zielinski, M. 
Steinegger, M. Pacholska, T. Berghammer, S. Bodenstein, D. Silver, O. Vinyals, A. W. Senior, K. 
Kavukcuoglu, P. Kohli and D. Hassabis (2021) Highly accurate protein structure prediction with 
AlphaFold. Nature. 596: 583-589. 
[9] M. Baek, F. DiMaio, I. Anishchenko, J. Dauparas, S. Ovchinnikov, G. R. Lee, J. Wang, Q. Cong, L. N. 
Kinch, R. D. Schaeffer, C. Millan, H. Park, C. Adams, C. R. Glassman, A. DeGiovanni, J. H. Pereira, A. V. 
Rodrigues, A. A. van Dijk, A. C. Ebrecht, D. J. Opperman, T. Sagmeister, C. Buhlheller, T. Pavkov-Keller, M. 
K. Rathinaswamy, U. Dalwadi, C. K. Yip, J. E. Burke, K. C. Garcia, N. V. Grishin, P. D. Adams, R. J. Read and 
D. Baker (2021) Accurate prediction of protein structures and interactions using a three-track neural 
network. Science (New York, N.Y. 373: 871-876. 
[10] T. Kortemme, L. A. Joachimiak, A. N. Bullock, A. D. Schuler, B. L. Stoddard and D. Baker (2004) 
Computational redesign of protein-protein interaction specificity. Nat Struct Mol Biol. 11: 371-9. 
[11] A. G. Rottinghaus, C. Xi, M. B. Amrofell, H. Yi and T. S. Moon (2021) Engineering ligand-specific 
biosensors for aromatic amino acids and neurochemicals. Cell systems. 13: 204-214.e4. 
[12] M. K. Takahashi, K. E. Watters, P. M. Gasper, T. R. Abbott, P. D. Carlson, A. A. Chen and J. B. 
Lucks (2016) Using in-cell SHAPE-Seq and simulations to probe structure-function design principles of 
RNA transcriptional regulators. Rna. 22: 920-33. 
[13] Y. J. Lee and T. S. Moon (2018) Design rules of synthetic non-coding RNAs in bacteria. Methods. 
143: 58-69. 
[14] J. Y. Ryu, H. U. Kim and S. Y. Lee (2018) Deep learning improves prediction of drug&#x2013;drug 
and drug&#x2013;food interactions. Proceedings of the National Academy of Sciences. 115: E4304-
E4311. 



[15] N. M. Angenent-Mari, A. S. Garruss, L. R. Soenksen, G. Church and J. J. Collins (2020) A deep 
learning approach to programmable RNA switches. Nature communications. 11: 5057. 
[16] A. A. Nielsen, B. S. Der, J. Shin, P. Vaidyanathan, V. Paralanov, E. A. Strychalski, D. Ross, D. 
Densmore and C. A. Voigt (2016) Genetic circuit design automation. Science (New York, N.Y. 352: 
aac7341. 
[17] W. T. Kong, D. R. Meldgin, J. J. Collins and T. Lu (2018) Designing microbial consortia with 
defined social interactions. Nature chemical biology. 14: 821-829. 
[18] M. B. Amrofell, A. G. Rottinghaus and T. S. Moon (2020) Engineering microbial diagnostics and 
therapeutics with smart control. Current opinion in biotechnology. 66: 11-17. 
[19] K. Pardee, A. A. Green, T. Ferrante, D. E. Cameron, A. DaleyKeyser, P. Yin and J. J. Collins (2014) 
Paper-based synthetic gene networks. Cell. 159: 940-54. 
[20] T. Kitada, B. DiAndreth, B. Teague and R. Weiss (2018) Programming gene and engineered-cell 
therapies with synthetic biology. Science (New York, N.Y. 359: eaad1067. 
[21] D. K. Ro, E. M. Paradise, M. Ouellet, K. J. Fisher, K. L. Newman, J. M. Ndungu, K. A. Ho, R. A. 
Eachus, T. S. Ham, J. Kirby, M. C. Chang, S. T. Withers, Y. Shiba, R. Sarpong and J. D. Keasling (2006) 
Production of the antimalarial drug precursor artemisinic acid in engineered yeast. Nature. 440: 940-3. 
[22] H. M. Kim, T. U. Chae, S. Y. Choi, W. J. Kim and S. Y. Lee (2019) Engineering of an oleaginous 
bacterium for the production of fatty acids and fuels. Nature chemical biology. 15: 721-729. 
[23] K. Davis and T. S. Moon (2020) Tailoring microbes to upgrade lignin. Current opinion in chemical 
biology. 59: 23-29. 
[24] V. Tournier, C. M. Topham, A. Gilles, B. David, C. Folgoas, E. Moya-Leclair, E. Kamionka, M. L. 
Desrousseaux, H. Texier, S. Gavalda, M. Cot, E. Guémard, M. Dalibey, J. Nomme, G. Cioci, S. Barbe, M. 
Chateau, I. André, S. Duquesne and A. Marty (2020) An engineered PET depolymerase to break down 
and recycle plastic bottles. Nature. 580: 216-219. 
[25] W. Q. Zhuang, J. P. Fitts, C. M. Ajo-Franklin, S. Maes, L. Alvarez-Cohen and T. Hennebel (2015) 
Recovery of critical metals using biometallurgy. Current opinion in biotechnology. 33: 327-35. 
[26] A. A. Menezes, M. G. Montague, J. Cumbers, J. A. Hogan and A. P. Arkin (2015) Grand challenges 
in space synthetic biology. Journal of The Royal Society Interface. 12: 20150803. 
[27] K. L. Prather and C. H. Martin (2008) De novo biosynthetic pathways: rational design of microbial 
chemical factories. Current opinion in biotechnology. 19: 468-74. 
[28] C. A. Voigt (2020) Synthetic biology 2020–2030: six commercially-available products that are 
changing our world. Nature communications. 11: 6379. 
[29] A. G. Rottinghaus, A. Ferreiro, S. R. S. Fishbein, G. Dantas and T. S. Moon (2022) Genetically 
stable CRISPR-based kill switches for engineered microbes. Nature communications. 13: 672. 
[30] A. G. Rottinghaus, M. B. Amrofell and T. S. Moon (2020) Biosensing in Smart Engineered 
Probiotics. Biotechnology journal. 15: 1900319. 
[31] R. Mackelprang, K. P. Adamala, E. R. Aurand, J. C. Diggans, A. D. Ellington, S. W. Evans, J. L. C. 
Fortman, N. J. Hillson, A. W. Hinman, F. J. Isaacs, J. I. Medford, S. Mamaghani, T. S. Moon, M. J. Palmer, J. 
Peccoud, E. A. Vitalis, I. Hook-Barnard and D. C. Friedman (2022) Making Security Viral: Shifting 
Engineering Biology Culture and Publishing. ACS Synthetic Biology. 11: 522-527. 
[32] M. Morrison and S. de Saille (2019) CRISPR in context: towards a socially responsible debate on 
embryo editing. Palgrave Communications. 5: 110. 

 


