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In physical science such as physics and chemistry, there are governing principles that are universal and applicable to all relevant systems, including energy conservation, entropy increase, uncertainty principle in quantum mechanics, and chemical equilibrium. However, what are governing principles in biology that are unique to all living systems? After collecting opinions and thoughts from diverse scientists and engineers all over the world, I summarize seven governing principles or laws in biology: central dogma, evolution, biological robustness, regeneration, reproduction, development, and causality. Some of these are not necessarily unique in biological systems from a reductionist’s point of view (e.g., causality), and others are applicable predominantly to eukaryotes (e.g., reproduction and development). Notably, many engineering systems have mimicked biological systems to enhance their performance. In this perspective article, I discuss these principles to better understand the rules of life and help construct improved engineering systems that we can use and control in an ethical, safe, and rational way.
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1 INTRODUCTION
We constantly ask questions regarding our meaning of existence. To partly answer these questions, we have studied our physical world, discovering governing principles in physics and chemistry, including thermodynamic laws in chemistry, chemical equilibrium principles, uncertainty principle in quantum mechanics, Einstein’s relativity theory, and Newton’s laws. These principles are elegant, simple, and universal. However, are there such laws in biology? If so, what are such governing principles that are unique to biology? I have asked these questions almost every day since 1991, and I have recently collected researchers’ opinions and insights, while traveling for more than 300 days and interacting with diverse people since November 2021. In this article, I summarize biological principles that are unique to living systems. In addition, I discuss engineering systems that mimic these biological principles to enhance their performance. Such discussions will deepen our understanding of the rules of life and help create better and safer engineering systems such as artificial intelligence and ChatGPT (Silver et al., 2016; Michaud et al., 2022; Gao et al., 2023).
2 CENTRAL DOGMA
There is no doubt that central dogma should be one of the governing principles in biology. Genetic information is transferred from DNA to protein by transcription and translation, and this information transfer is the core of modern molecular biology. Interestingly, the information age or the use of the word “bit” for “binary digit” began with Claude Shannon’s seminal paper in 1948 (Shannon, 1948), 5 years prior to the discovery of the DNA double helix. DNA replication is related to the fourth and fifth principles, regeneration and reproduction, respectively, which will be discussed later. I found that researchers generally think about genetic information transfer, rather than DNA replication, when they mention central dogma. Thus, I focus on the information transfer in this section.
Scientists first saw the biological alphabet ATGC 70 years ago, well summarized by and culminated with the discovery of the DNA helix structure (Moon, 2023). The Sanger and next-gen DNA sequencing technologies have then allowed researchers to read the alphabet, words, sentences, and paragraphs. With DNA synthesis technology, researchers have written letters, words, sentences, and poems, facilitating the discovery of the rules of life. Combined with state-of-the-art technologies such as CRISPR genome or base editing (Jinek et al., 2012; Jiang et al., 2013; Komor et al., 2017), DNA can now store information, including a huge number of books, music, and data (Church et al., 2012). Interestingly, the early synthetic biology studies focused on mimicking digital electronic circuits (Elowitz and Leibler, 2000; Gardner et al., 2000; Moon et al., 2012), and now digital information is being stored using DNA (Sheth et al., 2017; Lin et al., 2020). Notably, biological systems are more analog than digital, and the genetic information flow, governed by central dogma, should be understood in an analogous manner (Daniel et al., 2013), rather than ON and OFF of gene expression although different levels of abstraction and digitalization can facilitate our understanding of the complex biological systems (Shen-Orr et al., 2002; Endy, 2005).
3 EVOLUTION
Evolution makes living organisms unique, compared to other physical and engineered systems. Evolution means changes in genetic information typically over a long time. Although other physical systems also change or degrade over time, the unique aspect of evolution is the selection of adapted organisms in response to environmental changes. With directed evolution technologies that use a variety of selection pressures in a short period (Arnold et al., 2001), the field of synthetic biology has advanced significantly. However, with metabolic burdens and intrinsic selection pressure that lead to the accumulation of loss-of-function mutants, evolution is the most challenging problem that bioengineers have faced and will face (Rottinghaus et al., 2022). Notably, the concept of evolution has been adopted by other fields of study such as genetic algorithms in computer science (Renner and Ekárt, 2003), but evolution is a sword with two edges for biological researchers who are optimizing genetic circuits by directed evolution and trying to ensure their mutational stability, as well as computer scientists who are developing self-evolving artificial intelligence that can both benefit and potentially harm humans.
4 BIOLOGICAL ROBUSTNESS, HOMEOSTASIS, OR BIOLOGICAL CONTROL
Biological robustness is the ability of biological systems to maintain their functions against perturbations and uncertainty (Kitano, 2004; 2007). This is truly unique to living cells, and many engineered systems mimic living organisms to achieve this ability, including thermostats, airplane controllers, car cruise controllers, and pH controllers for fermentations. Biological robustness is also a comprehensive concept, including homeostasis and biological control (Aoki et al., 2019). In essence, biological robustness is characterized by the entropy decrease within the living system while the bigger increase of entropy occurs in the surrounding environment. Unfortunately, biological robustness is achieved by spending a lot of energy, and reckless human activities have caused many global issues, including climate crisis, pollution, food shortage, pandemic, and quickly diminishing resources (Moon, 2022).
We should discover new ways to live without sacrificing our planet. For example, I view the entire planet as a huge living system where diverse individual organisms (acting as a cell of the “multicellular” planet) used to maintain biological equilibrium (e.g., prey-predator population oscillation) or robustness through material recycling (e.g., plant or bacterium growth on dead creatures as discussed below). However, our planet may be approaching the tipping point of a catastrophic collapse by only boosting cancerous growth of humans and destroying diverse other “cells” of the multicellular planet. As I have previously proposed (Moon, 2022), nitrogen-fixing bacteria can replace chemical nitrogen fertilizers (Temme et al., 2012), food supplements such as lycopene can be bio-manufactured from plastic waste (Diao et al., 2023) instead of extracting them from foods, and bacteria might help humans keep warm without using too much petroleum-based energy (Dhatt et al., 2023). In this way, biological robustness of the planet and humans can be maintained hand in hand.
5 REGENERATION
Regeneration is another unique biological process, as T.S. Eliot describes April as “the cruelest month, breeding lilacs out of the dead land” in the Waste Land. With the decomposition and degradation of dead bodies (i.e., entropy increase), new creatures are born and grow (i.e., entropy decrease inside the living cells with its increase outside these cells). This process occurs universally, including the growth of plants, fungi, and bacteria using depolymerized biomass and waste and that of the plant scavenger such as herbivores. The regeneration process has even inspired many art pieces and movies, including the movie Matrix where humans’ metabolic energy is exploited by the machines. Unfortunately, humans have recently generated more waste than the entire living systems can use for their regeneration in a timely manner. However, synthetic biology can harness its engineering power to address this issue by developing waste valorization technologies, processes for capturing carbon dioxide, and plastic-eating microbes (Yoshida et al., 2016; Liew et al., 2022; Moon, 2022).
6 REPRODUCTION
In addition to regeneration that recycles materials and energy of typically dead bodies and waste to produce new components of living cells, reproduction is unique to biology in that reproduction typically requires male and female. However, reproduction is not necessarily universal because it is mostly limited to eukaryotic cells. From mating yeasts to love-making people, this reproduction process also allows for DNA recombination, contributing to genotypic and phenotypic diversity and evolution. For humans and some animals, this biological characteristic is linked to one of the basic instincts, triggering complex emotions and sometimes challenging issues.
7 DEVELOPMENT
Although not necessarily universal, another unique rule is that living systems, especially eukaryotes, have a developmental process. Although even a microbial community from a single ancestor often consists of differentially “developed” cells (e.g., antibiotic-susceptible actively growing cells and antibiotic-resistant dormant cells (Dewachter et al., 2019)) and a photosynthetic bacterium can be developed into a filamentous structure consisting of photosynthetic and nitrogen-fixing cells (Berla et al., 2013), the development process is predominantly found in eukaryotic organisms. It can be hypothesized that multicellular systems have evolved from a community of cooperating single cells that originate from a single prokaryotic ancestor (Lyons and Kolter, 2015; Mizuno et al., 2022). Interestingly, in mammals, the development process is precisely controlled over the long period, making them unique (e.g., a new-born baby period, childhood, adolescent period, and adulthood). Notably, humans require not only biological development but also intellectual and social development through education, making us develop in a slow but unique way, compared to other organisms, although other animals also learn social behaviors such as dominance hierarchy (i.e., a ranking system within the habitat) and playing (e.g., dogs enjoying the company of other dogs).
8 CAUSALITY
Causality can be too general to be applicable to biological systems only. As the “butterfly effect” says that a butterfly’s small movement can lead to a disastrous storm in an opposite part of the globe, causality is a term describing a cause and effect in physical, chemical, and biological worlds. Nevertheless, I include causality as one of the seven governing principles in biology because it gives living systems the meaning of existence or uniqueness: decision or choice and its resultant consequence. Perhaps, humans live to discover our meaning of existence although not all find it while living in this world. Living systems, from microbes to humans, also make decisions constantly by an intelligent process, gut feeling, automatically induced response, or stochastic gene expression. Each decision or choice also leads to a deterministic or stochastic cascade of cause-and-effect or choice-and-fate, influencing many biological processes discussed above, including those relevant to the other six governing principles. Notably, causality can sometimes be easy to predict (e.g., adrenaline increase in response to threats and bacterial chemotaxis), but it can often be very difficult to predict due to the complex gene regulatory or metabolic network as well as a complicated web of intercellular or interspecies interactions (Becskei and Serrano, 2000; Paulsson, 2004; Pedraza and van Oudenaarden, 2005; Austin et al., 2006; Ley et al., 2006). Despite the complexity in understanding or predicting causality, all current living systems may be the products of causality processed by evolution.
9 CONCLUSION
In this article, I discuss and summarize the seven governing principles in biology that have been collected from many researchers and thought leaders all over the world for almost 2 years while traveling and meeting them in person. Although some of the seven principles may be considered not unique in biology by some people (e.g., causality), others are unique and universal in biology (e.g., central dogma and evolution). Many engineering systems have mimicked biological systems to make them function better, and we have witnessed their amazing improvement. For example, ChatGPT and artificial intelligence have evolved through machine learning (Duan et al., 2019), and many engineering systems have been built and optimized such that they maintain their robustness under fluctuating conditions (Kitano, 2004; Kitano, 2007). With a plethora of new technologies, it is time to think about biological systems, including ourselves, to better understand humans and better control engineering systems. I urge readers to start discussing the ethical, societal, economic, and safety implications of these seven principles when developing and assessing engineering systems mimicking biological systems.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary material, and further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
TM: Conceptualization, Funding acquisition, Investigation, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is supported by the Defense Advanced Research Projects Agency (N660012324032), American Institute of Chemical Engineers (Langer Prize for Innovation and Entrepreneurial Excellence), 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 and EF-2222403). The content is solely the responsibility of the author and does not necessarily represent the official views of the funding agencies.
ACKNOWLEDGMENTS
I thank Engineering Biology Research Consortium members and global researchers for the feedback and comments on this topic, which I have collected for the last two and half years while giving more than 160 presentations since 2021.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aoki, S. K., Lillacci, G., Gupta, A., Baumschlager, A., Schweingruber, D., and Khammash, M. (2019). A universal biomolecular integral feedback controller for robust perfect adaptation. Nature 570, 533–537. doi:10.1038/s41586-019-1321-1
 Arnold, F. H., Wintrode, P. L., Miyazaki, K., and Gershenson, A. (2001). How enzymes adapt: lessons from directed evolution. Trends Biochem. Sci. 26, 100–106. doi:10.1016/s0968-0004(00)01755-2
 Austin, D. W., Allen, M. S., McCollum, J. M., Dar, R. D., Wilgus, J. R., Sayler, G. S., et al. (2006). Gene network shaping of inherent noise spectra. Nature 439, 608–611. doi:10.1038/nature04194
 Becskei, A., and Serrano, L. (2000). Engineering stability in gene networks by autoregulation. Nature 405, 590–593. doi:10.1038/35014651
 Berla, B. M., Saha, R., Immethun, C. M., Maranas, C. D., Moon, T. S., and Pakrasi, H. B. (2013). Synthetic biology of cyanobacteria: unique challenges and opportunities. Front. Microbiol. 4, 246. doi:10.3389/fmicb.2013.00246
 Church, G. M., Gao, Y., and Kosuri, S. (2012). Next-generation digital information storage in DNA. Science 337, 1628. New York, NY. doi:10.1126/science.1226355
 Daniel, R., Rubens, J. R., Sarpeshkar, R., and Lu, T. K. (2013). Synthetic analog computation in living cells. Nature 497, 619–623. doi:10.1038/nature12148
 Dewachter, L., Fauvart, M., and Michiels, J. (2019). Bacterial heterogeneity and antibiotic survival: understanding and combatting persistence and heteroresistance. Mol. Cell 76, 255–267. doi:10.1016/j.molcel.2019.09.028
 Dhatt, P. S., Chiu, S., and Moon, T. S. (2023). Microbial thermogenesis is dependent on ATP concentrations and the protein kinases ArcB, GlnL, and YccC. PLoS Biol. 21, e3002180. doi:10.1371/journal.pbio.3002180
 Diao, J., Hu, Y., Tian, Y., Carr, R., and Moon, T. S. (2023). Upcycling of poly(ethylene terephthalate) to produce high-value bio-products. Cell Rep. 42, 111908. doi:10.1016/j.celrep.2022.111908
 Duan, Y., Edwards, J. S., and Dwivedi, Y. K. (2019). Artificial intelligence for decision making in the era of Big Data – evolution, challenges and research agenda. Int. J. Inf. Manag. 48, 63–71. doi:10.1016/j.ijinfomgt.2019.01.021
 Elowitz, M. B., and Leibler, S. (2000). A synthetic oscillatory network of transcriptional regulators. Nature 403, 335–338. doi:10.1038/35002125
 Endy, D. (2005). Foundations for engineering biology. Nature 438, 449–453. doi:10.1038/nature04342
 Gao, C. A., Howard, F. M., Markov, N. S., Dyer, E. C., Ramesh, S., Luo, Y., et al. (2023). Comparing scientific abstracts generated by ChatGPT to real abstracts with detectors and blinded human reviewers. npj Digit. Med. 6, 75. doi:10.1038/s41746-023-00819-6
 Gardner, T. S., Cantor, C. R., and Collins, J. J. (2000). Construction of a genetic toggle switch in Escherichia coli. Nature 403, 339–342. doi:10.1038/35002131
 Jiang, W., Bikard, D., Cox, D., Zhang, F., and Marraffini, L. A. (2013). RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Nat. Biotechnol. 31, 233–239. doi:10.1038/nbt.2508
 Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816–821. New York, NY. doi:10.1126/science.1225829
 Kitano, H. (2004). Biological robustness. Nat. Rev. Genet. 5, 826–837. doi:10.1038/nrg1471
 Kitano, H. (2007). Towards a theory of biological robustness. Mol. Syst. Biol. 3, 137. doi:10.1038/msb4100179
 Komor, A. C., Badran, A. H., and Liu, D. R. (2017). CRISPR-based technologies for the manipulation of eukaryotic genomes. Cell 168, 20–36. doi:10.1016/j.cell.2016.10.044
 Ley, R. E., Peterson, D. A., and Gordon, J. I. (2006). Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell 124, 837–848. doi:10.1016/j.cell.2006.02.017
 Liew, F. E., Nogle, R., Abdalla, T., Rasor, B. J., Canter, C., Jensen, R. O., et al. (2022). Carbon-negative production of acetone and isopropanol by gas fermentation at industrial pilot scale. Nat. Biotechnol. 40, 335–344. doi:10.1038/s41587-021-01195-w
 Lin, K. N., Volkel, K., Tuck, J. M., and Keung, A. J. (2020). Dynamic and scalable DNA-based information storage. Nat. Commun. 11, 2981. doi:10.1038/s41467-020-16797-2
 Lyons, N. A., and Kolter, R. (2015). On the evolution of bacterial multicellularity. Curr. Opin. Microbiol. 24, 21–28. doi:10.1016/j.mib.2014.12.007
 Michaud, J. M., Madani, A., and Fraser, J. S. (2022). A language model beats alphafold2 on orphans. Nat. Biotechnol. 40, 1576–1577. doi:10.1038/s41587-022-01466-0
 Mizuno, K., Maree, M., Nagamura, T., Koga, A., Hirayama, S., Furukawa, S., et al. (2022). Novel multicellular prokaryote discovered next to an underground stream. eLife 11, e71920. doi:10.7554/eLife.71920
 Moon, T. S. (2022). SynMADE: synthetic microbiota across diverse ecosystems. Trends Biotechnol. 40, 1405–1414. doi:10.1016/j.tibtech.2022.08.010
 Moon, T. S. (2023). Engineering the future through synthetic biology. Biotechnol. Bioprocess Eng . doi:10.1007/s12257-022-0191-9
 Moon, T. S., Lou, C., Tamsir, A., Stanton, B. C., and Voigt, C. A. (2012). Genetic programs constructed from layered logic gates in single cells. Nature 491, 249–253. doi:10.1038/nature11516
 Paulsson, J. (2004). Summing up the noise in gene networks. Nature 427, 415–418. doi:10.1038/nature02257
 Pedraza, J. M., and van Oudenaarden, A. (2005). Noise propagation in gene networks. Science 307, 1965–1969. New York, NY. doi:10.1126/science.1109090
 Renner, G., and Ekárt, A. (2003). Genetic algorithms in computer aided design. Computer-Aided Des. 35, 709–726. doi:10.1016/s0010-4485(03)00003-4
 Rottinghaus, A. G., Ferreiro, A., Fishbein, S. R. S., Dantas, G., and Moon, T. S. (2022). Genetically stable CRISPR-based kill switches for engineered microbes. Nat. Commun. 13, 672. doi:10.1038/s41467-022-28163-5
 Shannon, C. E. (1948). A mathematical theory of communication. Bell Syst. Tech. J. 27, 3–55. doi:10.1145/584091.584093
 Shen-Orr, S. S., Milo, R., Mangan, S., and Alon, U. (2002). Network motifs in the transcriptional regulation network of Escherichia coli. Nat. Genet. 31, 64–68. doi:10.1038/ng881
 Sheth, R. U., Yim, S. S., Wu, F. L., and Wang, H. H. (2017). Multiplex recording of cellular events over time on CRISPR biological tape. Science 358, 1457–1461. New York, NY. doi:10.1126/science.aao0958
 Silver, D., Huang, A., Maddison, C. J., Guez, A., Sifre, L., van den Driessche, G., et al. (2016). Mastering the game of Go with deep neural networks and tree search. Nature 529, 484–489. doi:10.1038/nature16961
 Temme, K., Zhao, D., and Voigt, C. A. (2012). Refactoring the nitrogen fixation gene cluster from Klebsiella oxytoca. Proc. Natl. Acad. Sci. U. S. A. 109, 7085–7090. doi:10.1073/pnas.1120788109
 Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., et al. (2016). A bacterium that degrades and assimilates poly(ethylene terephthalate). Science 351, 1196–1199. New York, NY. doi:10.1126/science.aad6359
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2023 Moon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Seven governing principles in biology		1 Introduction

		2 Central dogma

		3 Evolution

		4 Biological robustness, homeostasis, or biological control

		5 Regeneration

		6 Reproduction

		7 Development

		8 Causality

		9 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Synthetic Biology






OPS/images/logo.jpg
’ frontiers | Frontiers in Synthetic Biology





