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The development of more than 50 published national bioeconomy strategies, including those from all G7 nations, reflects significant differences in their approaches. Most, however, stress the importance of biomass as a feedstock in future manufacturing. With some notable exceptions, many of these strategies lack detailed information about the enabling roles of biotechnology in delivering their envisioned bioeconomy. The reasons include both technical and societal challenges. This paper suggests the need for identifying key technical challenges and addressing them in public policy. In particular, it focuses on two key challenges that are inter-related: a lack of standards and a lack of reproducibility and reliability.

What are the approaches in public policy?

Central is the issue of complexity in biological systems. Small changes in the cellular or environmental context of a biological system have large implications for reproducibility in experimentation [START_REF] Plant | Improved reproducibility by assuring confidence in measurements in biomedical research[END_REF]. The engineering approach of synthetic or engineering biology makes this a particularly pertinent challenge as modern manufacturing and engineering rely on quantitative precision. To align with the rationale of the engineering design cycle, each new iteration of 'design-build-test" must be based on previous observations and data (Figure 1). But even small changes in cellular or environmental context, often caused by additional undefined layers of control [START_REF] Lechner | The need for integrated approaches in metabolic engineering[END_REF], may undermine learning from earlier iterations and developing reliable and replicable designs and construction with each new cycle.

Government research funding responds to the complexity challenge through multiple approaches. The wide-ranging approaches to public funding include: greater integration of artificial intelligence and machine learning, the need for changes to undergraduate and postgraduate education [START_REF] Delebecque | Education and training for industrial biotechnology and engineering biology[END_REF], even citizen science, and specific funding of contributing factors such as robustness and the need for minimal cells (see [START_REF]Meeting Policy Challenges for a Sustainable Bioeconomy[END_REF]).

At the same time, the burgeoning private sector interest in engineering biology to make bio-based medicines, fuels, chemicals and materials (such as plastics and textiles), has spurred new business models and investments, including the formation of numerous start-ups. But most start-ups lack the resources for fundamental research and access to sophisticated R&D infrastructure. And larger biotechnology or chemical companies may lack sufficient incentives to address these fundamental issues in the face of policy uncertainty and adequate incentives for creating new or enhanced markets for bio-based goods and services.

Public-private partnerships are needed to focus directly on solving problems of reproducibility, reliability and predictability. They also can help create business confidence in public sector commitments to transitioning to new types of manufacturing in the bioeconomy and overcome current barriers for realizing the significant promise of engineering biology.

What is a standard?

Standards are important tools to accelerate innovation. A standard is a consensus of good practice, preferably developed with full stakeholder engagement, open public consultation and independent governance, capturing the distilled wisdom of experts in the field. Standards (norms, codes) may describe the technical specifications of a specific process or product, support companies to improve the quality of their operations and business processes, or set out high level principles or frameworks. Standards underpin trade, accelerate routes to market, deliver competitive advantage and enhance consumer, investor and regulator confidence. According to research for the British Standards Institution (BSI), a large proportion of annual productivity growth can be attributed to standards [START_REF] Bsi | The Economic Contribution of Standards to the UK Economy, British Standards Institution[END_REF]. Industry experts participate in standards development as a strategic tool to influence best practice and enhance reputation.

Standards in various forms are needed in engineering biology. Technical standards of high priority are those that automate methods, the description and assembly of components, and documentation of the performance of engineered bacterial strains [START_REF] Hayden | Synthetic biology called to order. Meeting launches effort to develop standards for fast-moving field[END_REF]. De Lorenzo and Schmidt [START_REF] De Lorenzo | Biological standards for the knowledge-based bioeconomy: What is at stake[END_REF] argue that the adoption of standards will accelerate the transition to a future advanced bioeconomy. Additionally standards are required that enable companies to control their management systems or novel processes and show that working with them does not introduce excessive risks.

A reproducibility and reliability crisis ?

The lack of reproducibility in pre-clinical research has an estimated cost of USD 28 billion per annum in the United States alone [START_REF] Freedman | The economics of reproducibility in preclinical research[END_REF] (with caveats due to difficulties in obtaining data). These challenges extend to engineering biology, too. They include human error/variations, machine variations, biological variations and sensitivity, material variations, quantitative precision in models and measurements, communication of methods, and a lack of standards. Automation and robotics offer ways to overcome the challenges by removing human variation and 'craft', by allowing a much greater level of rational design, high-throughput in experiments, improving statistical analysis, and allowing programming with standardized protocols (see Figure 1).

Computer-aided biology

In computer science, high-level programming languages allow non-experts to programme and create systems as they distance the user from machine code, making them more or less independent. This higher level of abstraction enhances their ease of use. Another key goal of the current revolution in engineering biology is to make biology easier to engineer, bringing expert knowledge to the non-expert and making complex problems tractable. The core engineering principles of abstraction, modularity, and standardization increasingly enable workable solutions as sub-problems of design become routine.

The current biology approach of 'English language representation of biological processes' plus 'manual execution' plus 'artisanal insight' is not fit for purpose. Computer-aided biology (CAB) offers a promising approach that is more fit for purpose and can be represented by: 'Digital representation of biological processes' plus 'connected automation' plus 'active learning'.

CAB needs several elements in order to deliver a better approach: a high-level language for biology, libraries of optimised protocols (building blocks), interoperability across equipment, a simple and powerful user interface (UI), and compatibility with the other elements of CAB.

Foremost among emerging computing standards is the Synthetic Biology Open Language (SBOL) which provides a data format for the representation of genetic designs to a level of detail previously unattained [START_REF] Appleton | Design automation in synthetic biology[END_REF] and finds growing support among design software tools. Antha, developed by Synthace of London, represents an innovative approach for creating a programming language for general-purpose computation in biology [START_REF] Sadowski | Harnessing QbD, programming languages, and automation for reproducible biology[END_REF]. It embraces the departure from one-factor-at-a-time (OFAT) by enabling detection of interactions between different experimental factors.

How to advance both public and private sector needs ?

One commentator [START_REF] Burgard | Development of a commercial scale process for production of 1,4-butanediol from sugar[END_REF] has suggested that what is needed is "an integrated technology platform encompassing metabolic modeling, high-throughput (HT) pathway and strain construction, quantitative small scale screening, and systems biology, all of which are intimately linked to fermentation and process engineering". This aligns with the view of Lee and Kim [START_REF] Lee | Systems strategies for developing industrial microbial strains[END_REF] that "researchers often fail to consider a fully integrated industrial bioprocess when developing microbial strains with new activities". In other words, there is no one technology at fault, but it is the failure to integrate several technologies that defeats commercialization. The public biofoundry is one such facility where public and private sector needs intersect (Box 1), but there are very few of these world-wide. How these would interact with productionscale biorefineries to integrate an entire bioprocess is shown in Figure 1.

Policy makers, however, have been slow to embrace the critical role of public or public-private biofoundries. Recent experience at the MIT-Broad biofoundry underscores the benefits from biofoundries. Faced with uncertainties about the technology, this biofoundry was pressure-tested by the government funder to build organisms to produce ten molecules in three months. It produced the desired molecule or a closely related one for six out of ten targets and made advances toward production of the others [START_REF] Casini | A pressure test to make 10 molecules in 90 days: external evaluation of methods to engineer biology[END_REF]. This deserves close scrutiny in the range of chemicals involved, the range of production strains and the establishment of two cell-free systems.

Policy options in summary

As governments wrestle with budgets and prioritisations, there are many policy options to support engineering biology as an integral part of a bioeconomy. We argue that getting more success stories in engineering biology can be accelerated through policy. Important goals are working with experts in national and international standards organizations, researchers and the private sector to develop the necessary standards, technical and otherwise, in a cohesive manner; de-risking private sector investments in biofoundries through public-private initiatives; supporting cross-disciplinary research and education to embed computer-aided biology; and re-visiting engineering biology approaches that might provide the breakthrough to cost-effective lignocellulose conversion, e.g. consolidated bioprocessing (CBP).

Concluding remarks: a missing link

Due to foundations laid down in previous decades, biology, quite suddenly, finds itself in a data-rich era, and is in need of infrastructures to reflect this sudden change. Bioeconomy policy support, in a global context, has helped to establish new value chains, such as those associated with biorefineries in some countries. Large-scale biorefineries, however, only provide certain types of benefits and many have failed to live up to their original expectations, especially cellulosic biorefineries. From the farm and forest to finished products and end-of-life, the biofoundry may be the important missing link, technologically and in policy. This paper attempts to draw needs to the attention of policy makers. Policy must also give the private sector confidence that governments realise that the era of bio-based production is upon us and biofoundries are essential to realizing the promise of engineering biology in addressing pressing societal challenges and creating new economic value.
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Figure 1. Automating the design-build-test iteration cycle for engineering biology in the biofoundry.

Engineering biology seeks to increase reproducibility to enable the quantitative precision required for modern manufacturing. Standards, automation and machine learning are key to the success of this approach. It is an approach applicable to both research and industrial production. "Scale-down" refers to acquiring data at production scale and transferring the information back to the laboratory via scale-down simulators. If need be, the production strain can be re-engineered and/or new information is back-translated to the fermentation operation for its fine-tuning. The approach, however, is inhibited by a lack of rigorous modelling and computation. Additionally, the transition to multi-thousand litre bioreactor processes alters conditions greatly from those of the laboratory e.g. oxygen concentration gradients, changes in pH, shear forces on cells, even impurities in lower-cost culture media. Industrial scale production has its own specific and potentially expensive requirements which can be addressed by biofoundry operations at a distance from a production site. A feature of the biofoundry approach consistent with modern manufacturing is that the site of the design (the biofoundry) can be totally separated from the site of manufacturing (typically the biorefinery).

Box 1. Infrastructures to democratize engineering biology for an advanced manufacturing bioeconomy

Most molecular biology laboratories have historically resisted automation. There are several possible reasons. First of all, scaleability, as in industrial scaleability, has seldom been a requirement in biology.

Another is that problem solving in the biology wet laboratory is not necessarily applicable to automation, and thus the typical molecular biologist is not taught and trained with automation in mind. Married to the complexity of biology, it can be conjectured that combinations of such factors lead to the irreproducibility often discussed in biology and biotechnology.

Automation may also be perceived as expensive, although this is not necessarily the case. McClymont and Freemont [START_REF] Mcclymont | With all due respect to Maholo, lab automation isn't anthropomorphic[END_REF] argued that reproducible research can be enabled by individual laboratories that have inhouse, low-cost automation work cells but which can access more centralised biofoundries via cloud computing to carry out more complex experimental workflows. In this way, some of the drudgery of routine pipetting can be removed, allowing researchers to concentrate more on experimental design as the machines assume the task of undertaking experiments. A cost-benefit analysis that compares the time and costs involved in manual and automated experimentation is likely to show increasing cost-effectiveness of automation with increasing complexity of experimental design. An article in The Economist in 2018 [START_REF] Economist | Robotic labs for high-speed genetic research are on the rise. The design of synthetic lifeforms could become a new industry[END_REF] went as far as to suggest that biotechnology companies of the future would operate without the expense of owning and running their own laboratories as biofoundries could do this for them.

The approach has commonalities with the Industrial Biotechnology Innovation and Synthetic Biology Accelerator (IBISBA) project, coordinated by the Institut National de la Recherche Agronomique, France but with sixteen partners across nine EU member states. It is accessible to industrial biotechnology professionals, including academic researchers, SMEs and large companies. The shared facilities (Figure I) together represent an "R&D continuum in the range TRL 2 to 5 needed to build quality biomanufacturing processes for industrialization" (https://cordis.europa.eu/project/rcn/212584/factsheet/en). The facilities consist of hardware but also ICT to link all project events using the facilities. The project has a particular focus on interoperability to harmonize repeatable working practices within an Open Science framework. 
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 I Figure I. IBISBA workflow architecture (courtesy of Alan Williams and Carole Goble, School of Computer Science, University of Manchester, UK).