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Abstract

Reproducibility has been identified as an outstanding challenge in science, and the field of synthetic biology is no excep-
tion. Meeting this challenge is critical to allow the transformative technological capabilities emerging from this field to reach
their full potential to benefit the society. We discuss the current state of reproducibility in synthetic biology and how improve-
ments can address some of the central shortcomings in the field. We argue that the successful adoption of reproducibil-
ity as a routine aspect of research and development requires commitment spanning researchers and relevant institutions
via education, incentivization and investment in related infrastructure. The urgency of this topic pervades synthetic biol-
ogy as it strives to advance fundamental insights and unlock new capabilities for safe, secure and scalable applications of
biotechnology.
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1. Introduction

The core of synthetic biology is applying the rigor and practice of
engineering disciplines to biological systems, which has captured
the imagination and led to the popularization of this new, trans-
formative science well beyond the halls of academia (1, 2). Now
in its third decade, there has been significant technical progress
and synthetic biology products are indeed impacting a variety of
industries from healthcare to manufacturing (3). However, given
the financial, experimental and intellectual resources that have
been made available to the basic and applied synthetic biology
research enterprise, we argue that the efficiency and success rate
of such transitions are far lower than anticipated. Some explana-
tory power for this observation is provided by revisiting a seminal
2010 news feature, aptly titled ‘Five hard truths for synthetic biol-
ogy’ (4), which succinctly identified challenges in the field. While
there has been significant progress, many of those same chal-
lenges still resonate more than a decade later. As trusted agents
responsible for the transition of synthetic biology-based prod-
ucts to specific stakeholders, our experience suggests that a lack
of attention to reproducibility in synthetic biology contributes to
each of these challenges, playing an outsized role in limiting the
field’s ability to transition technologies and products.

Like many fields of science, synthetic biology faces a repro-
ducibility challenge, although the issue is considered so rarely
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that the full scope of the problem remains unknown. We argue
that addressing reproducibility will mitigate or even resolve the
outstanding ‘hard truths’ in the field. Beginning with shared def-
initions of related terms, we describe the value of reproducibility,
especially with respect to these core challenges, and examine the
efforts to explicitly measure reproducibility. We call on individuals
and institutions engaged in synthetic biology to balance emphasis
oninnovation and reproducibility. Even a modest shift toward sup-
porting reproducibility studies would have a substantial impact
on the long-term success of the field, enabling synthetic biology
to finally meet our lofty expectations for transformative applica-
tions (Figure 1).

2. The challenge of reproducibility

Reproducibility in scientific research has drawn increasing atten-
tion in recent years (5-7). While a lack of reproducibility is widely
acknowledged as an issue across science, the scope of the prob-
lem has only rarely been measured (8). The Reproducibility Project:
Cancer Biology (RPCB) is arguably the most significant effort to
examine this issue in life sciences. Shockingly, it reported that
0 of 193 experiments from 53 selected papers had sufficient
details to attempt reproduction without contacting the authors
of the original studies. After 8years and with $1524640 spent,
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Figure 1. Reproducibility challenges introduce a bottleneck in the development pipeline for synthetic biology. Despite considerable public and private
investments, we posit that reproducibility in synthetic biology is the most immediate process bottleneck that limits the flow of synthetic biology
products to market—regardless of the merits or financial ‘push’'—and reduces confidence in the overall enterprise, reducing stakeholder ‘pull’.
Improving reproducibility is also critical to making biology more engineerable. The recommended strategic and tactical investments (boxed text) to
address reproducibility needs can widen the bottleneck and increase the flow of impactful synthetic biology products.



only 26% of the studies could be attempted experimentally (9).
Of those experiments, at least 85% of the quantitative effects
were smaller than reported and only 46% of binary effects were
reproduced (10). This poses a significant problem for early-stage
researchers attempting to build on published results, as well as
developers trying to transform these discoveries into products for
real-world impact. Such findings also reduce confidence in the
overall enterprise, dissuading investment from funding agencies
and reducing stakeholder ‘pull’. Indeed, the RPCB was motivated
by the high failure rates reported by the pharmaceutical indus-
try when attempting to translate basic research findings to the
clinic (11-13). The challenge spans beyond wet laboratory exper-
imentation and also impacts modeling efforts, as recent studies
have found that about half of systems biology models are not
reproducible (14).

The central aim of synthetic biology to transform biology into
an engineering discipline should position the field at the vanguard
of improving reproducibility in the life sciences; however, this has
not been the case. Far from an expansive effort similar to RPCB,
only a handful of studies directly measuring interlaboratory repro-
ducibility can be found in the synthetic biology literature (15-18),
despite the rapid growth of interest and investment in synthetic
biology research globally (19). While many calls have been made
to improve standardization in design, method description, mea-
surement, characterization and information sharing (20-29), the
central role of reproducibility warrants more explicit attention.
Even with all these calls to action, this Special Issue represents the
most substantial collection of efforts to shed light on the current
state of reproducibility in synthetic biology to date (30-38).

Contrasting the state of reproducibility in synthetic biology
with electrical engineering offers an apt, if overused, analogy.
Careful design of electrical components to meet well-defined
specifications results in reliable electrical circuit implementation.
The afforded predictability enables design by allowing the abstrac-
tion of function to increasingly greater device complexity, yielding
the sweeping impact of the modern digital age. While most of the
focus is directed toward component function, a thorough under-
standing of how context influences reproducibility is just critical:
an electrical resistor will work as expected when inserted into any
bench-top breadboard, while producing a microprocessor requires
a controlled cleanroom. This example highlights the concept of
robustness, which can only be established from the starting point
of a reproducible experiment to understand the bounds of vari-
ability. Without understanding and improving reproducibility in
synthetic biology as we move toward genome-scale engineering
(39), we will fall short of the predictability needed for abstraction
and the full impact of biotechnologies.

One challenge with improving reproducibility is a lack of clearly
defined and widely accepted terminology. Definitions of relevant
terms can vary by discipline (40), creating problems for the inter-
disciplinary field of synthetic biology. In recognition of the impor-
tance of a common terminology, a recent Executive Order in the
USA (41) includes a call to establish such a lexicon for the larger US
bioeconomy. We offer here specific definitions of reproducibility
and some common associated terms (Box 1).

3. The ‘hard truths’ of synthetic biology are
still hard and true

Synthetic biology has long hosted discussions identifying aspects
of biology that confound our ability to engineer living systems,
an endeavor undertaken without full knowledge of first princi-
ples and seemingly working to counter millions to billions of
years of evolution (42, 43). In revisiting Roberta Kwok’s cogent
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Box 1. A lexicon for reproducibility.

Synthetic biology requires a shared lexicon of important
terms to facilitate progress toward reproducibility. Here, we
propose definitions for a set of relevant terms.

(i) Reproducibility: Measurement precision under condi-
tions of measurement that include different locations,
operators, measuring systems and on the same or sim-
ilar objects and protocols.

Repeatability: Measurement precision under condi-

tions of measurement that include the same location,

operators, protocols, measuring systems and on the
same or similar objects and protocols.

(iii) Robustness: Quantitative capacity of a measurement
to remain unaffected within the given conditions of
measurement.

(iv) Variability: Uncertainty quantified from replicate mea-

surements and attributable to specific parameters of

measurement.

Technical replicate measurement: One of the multiple

measurements intended to resolve variability in mea-

surement results attributable to the measuring system,
objects and/or protocol.

Biological replicate measurement: One of the mul-

tiple measurements intended to resolve variability in

measurement results attributable to relevant biological
processes.

Comparability: Suitability of quantitative comparison

between measurements obtained under different con-

ditions.

(viii) Reproducibility study: Study designed with measure-
ments to quantify the reproducibility of measure-
ments.

(ix) Independent Verification and Validation: Confirma-
tion, typically by an unbiased third party, that measure-
ments are reproducible, the technology meets the reg-
uisite specifications and the stakeholder’s operational
needs are satisfied.

(i

=

=

(vi

=

(vii

=

and impactful summary of the ‘five hard truths for synthetic biol-
ogy’ (4),1itis implicitly assumed that the distinguishing features of
biological systems exist in opposition to the goals of engineering.
Since then, the field of synthetic biology has evolved. Attempting
to engineer biological systems has led to many lessons learned
about how to work within and even exploit the constraints of
biology. Further progress now requires meeting the challenge of
reproducibility directly to provide a path forward through the
persistent ‘hard truths’ of synthetic biology.

3.1. Hard truth #1—many of the parts are
undefined

In 2010, this first challenge was viewed as a lack of engineered
genetic and biomolecular components or parts. Many researchers
envisioned libraries of well-characterized and modular parts
whose function could be ported into new designs (20, 21). The
field of synthetic biology now acknowledges this oversimplifica-
tion of the role of context, beginning with interdependence of
function for neighboring parts. Even simply defining the sequence
boundaries of parts, such as between ribosome binding sites and
downstream coding sequences or promoter sequences beyond the
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+1 site and the corresponding transcribed 5" untranslated region,
makes assigning functional data to a part nontrivial (24, 44). Parts
thatinsulate function from genetic context exist (45, 46), although
they are not commonly used, and models have made strides in
predicting function that accounts for local genetic context (47-51).

The experimental context further complicates context-
dependent function. The influence of small changes in conditions,
e.g. between experimenters, instruments or laboratories, is poorly
understood, making it difficult or impossible to deconvolute the
causes of variability when an attempt to reproduce a published
result fails. Sequence-based models and insulating parts do not
account for differences in experimental conditions. By probing
reproducibility explicitly, key information missing in published
methods can be identified to more confidently attribute function
to specific aspects of context.

3.2. Hard truth #2—the circuitry is unpredictable

The second truth referred to the challenge of scaling from parts to
genetic circuits with increasingly sophisticated functions in a pre-
dictive way. A pioneering study in synthetic biology took 3 years to
combine just two expression cassettes into a toggle switch (4, 52).
Considerable effort has shown steady improvement (53) leading
to genetic circuits with up to 14 interacting genes (54), built using
design automation and taking advantage of insulating parts (55,
56). While these accomplishments have been substantial, far more
progress in synthetic biology could have been expected by now
considering the frequent comparisons with electrical engineering,
where Moore’s Law has described a doubling of the number of
transistors per chip roughly every 2 years for decades (57). The
fact that the ability to read and write DNA has progressed in a
manner similar to or faster than Moore’s Law since the first tog-
gle switch (58) means that the limitations are not in our ability to
build genetic circuits but rather to design them reliably at higher
levels of abstraction.

Abstraction requires predictive understanding of the function
and variability of each underlying layer. The fact that synthetic
biology still lacks the fundamental knowledge and engineering
capability to support abstraction stems in part from a lack of
emphasis on reproducibility. Reproducibility studies would inform
the development of tools to understand and troubleshoot the
function of parts individually and integrated with each other
across different contexts. These should be measured at many
points beyond simply the final output to optimize performance
and reduce variability. Reproducibility studies can help reveal
bounds on how to achieve predictable and reproducible part func-
tion in context.

3.3. Hard truth #3—the complexity is unwieldy

The third truth highlighted the challenge of building and testing
genetic circuits as the increased scale leads to massive combina-
torial design spaces. With significant advances in DNA synthesis
and assembly, costs have fallen dramatically, and biofoundries
have been established around the world to provide assembly ser-
vices (59). The ability to build a large genetic construct is more
accessible than ever; however, the fact that the underlying compo-
nents often interact with each other and with the host means that
the design space to explore rapidly becomes unwieldy. To account
for this challenge, biotechnology companies like Amyris, Inc. and
Ginkgo Bioworks have invested heavily in platforms to build and
screen genetic design variants with impressive throughput. Scal-
ing up requires infrastructure beyond the instrumentation itself,
such as thoroughly defined methods, software to capture rele-
vant data and metadata and careful metrology. Although much

of these resources and knowledge remain confined to industry,
community-adopted measurement (30, 60-62) and data standards
(63-69), along with reproducibility studies, can allow for building
upon work distributed across laboratories and institutions, effec-
tively enabling scale-up for the field without costly centralized
infrastructure.

3.4. Hard truth #4—many parts are incompatible

The idea of an incompatible part refers to how the function of
parts often changes in other hosts. While progress has been made
toward the goal of orthogonal parts that function across hosts,
this challenge highlights more broadly the complex relationship
between engineered parts, the host organism and the surround-
ing environment. Numerous factors can influence this interplay.
Even within a single host, the utilization of cellular resources,
or cellular burden, can play a major role in the function of a
genetic circuit, potentially leading a cell to evolve away from
the intended function (70). Cells in different growth phases have
different expression profiles that can dramatically influence per-
formance (71). Moving to a new host complicates these issues
further in ways that are poorly understood.

Experimental variability is deeply enmeshed in interactions
between the host and engineered parts. Eventually, a more com-
plete picture of host cell function will emerge and lead to predic-
tions of these interactions. Until then, a more practical approach
is to design genetic circuits that are robust to particular host and
environmental contexts, ensuring their wider compatibility (72).
Doing so necessitates defining the boundaries within which the
engineered system is intended to function; defining these bound-
aries requires measurement standards and detailed descriptions
of metadata to thoroughly capture the experimental context.
The first step to evaluating the robustness of an implementation
across various conditions is to establish the reproducibility for a
single condition (15-18), again highlighting the need for rigorous
reproducibility studies.

3.5. Hard truth #5—variability crashes the system

Noise arising from biological processes—referred to as ‘variabil-
ity’ in the study by Kwok (2010)—has primarily been seen as a
challenge to overcome or engineer away. However, an important
shift increasingly seeks to embrace this source of variability. Many
efforts have looked to better understand the role of noise in bio-
logical systems, with some even identifying noise as a necessary
component to achieving a particular function (73, 74). While it
is certainly true that noisy behavior can disrupt the intended
function of a design, this truth speaks more to a lack of under-
standing and control of the underlying system than noise as a
problem per se. We know that naturally evolved living systems
often operate well despite noise or even because of noise, which
points to a need for new design approaches that explicitly account
for this reality. Doing so requires a clear understanding of what
portion of observed variability stems from the conditions of the
measurement, error in the measurement and noise in the under-
lying system. Achieving such understanding likely also requires
improvements in measurement technologies. For example, single-
molecule measurements sensitive to stochastic noise also tend
to have low throughput, making measurements to characterize
the performance of an implementation across time and condi-
tions impractical or unobtainable. Nonetheless, with an improved
grasp of noise profiles for the system, it becomes far more feasible
to design systems that are robust to stochastic noise in biological
systems or other sources of variability.



A theme throughout the five hard truths is understanding or
circumventing the limitations of engineering in biology. However,
the long-term value of these efforts is undercut if the results are
different under ostensibly the same conditions. A focus on repro-
ducibility will clarify such confounding problems, leading to more
direct resolution of the design rules of biology.

4. Advancing reproducibility

An intrinsic tension exists between rigor and innovation in sci-
ence. Pseudoscientific ‘innovations’ can be churned out rapidly
by ignoring sound logic, good scientific practice and uncertainty
analysis, while an exhaustive examination of every alternative
explanation of a result halts innovation. Current practices often
value innovation over rigor. A greater emphasis on reproducibility
would enforce greater rigor. While this shift may appear to slow
innovation initially, increased rigor naturally speeds subsequent
innovation by reducing the time spent trying to replicate the initial
findings. Detailed reports on the reproducibility of past studies are
needed to assess how dire the need for reproducibility studies may
bein synthetic biology. If the results of the RPCB are any indication,
synthetic biology—and biological sciences more broadly—has the
cause for serious concern. Yet, other fields provide paths for-
ward. For example, a recent study of imaging literature found
that method reporting was poor (75), motivating a Special Issue
on improving standards for reporting data and metadata toward
improving reproducibility in microscopy (76).

4.1. An approach to formal reproducibility
studies

Formal reproducibility studies provide a path to elucidate the
state of reproducibility in synthetic biology. In realizing that syn-
thetic biology technologies will require the same level of scrutiny
as any other engineered system, the US Defense Advanced
Research Projects Agency (DARPA) Biological Technologies Office
has incorporated concurrent Independent Verification and Valida-
tion (IV&V) into their programs toward improving the likelihood
of transitioning early-stage research into real products (77). These
programs take a holistic approach to reproducibility in which
the program manager, grantee and IV&V partner work together
closely and in real time to determine whether the work product
meets the required specifications (verification) and does what it is
supposed to do in its intended operational environment to satisfy
the needs of the stakeholders (validation). Performing IV&V con-
currently mitigates risk by identifying failure quickly and enabling
quick correction before errors are propagated. This ensures that
the IV&V process is fit-for-purpose and effective, despite the
absence of standard practices for IV&V in the biosciences. Impor-
tantly, in an IV&V approach, validating software and data analysis
methodology are just as critical as validating hardware and experi-
mental protocols. Beyond validating an implementation, the IV&V
process brings into stark relief the gaps in key details that must
be communicated and clear definitions of intent in a design.
DARPA’s Information Innovation Office (120) approached the chal-
lenge of reproducibility slightly less directly with its Synergistic
Discovery and Design (SD2) program, which endeavored to accel-
erate design in synthetic biology by making the description of an
intended design, implementation and evaluation as seamless as
possible—even for tasks distributed across different laboratories
and researchers. Valuable and instructive examples of [V&V and
work under SD2 are published in this Special Issue and elsewhere
(33-35, 37, 38, 63, 65, 78-80).
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What is a realistic model for immediately implementing some
or all of the elements of IV&V studies into synthetic biology
research? Unfortunately, extensive, real-time efforts to exam-
ine reproducibility fall outside the scope of current projects and
resourcing. Until this is implemented, retroactive reproducibil-
ity studies remain critical to build trust in and advance previous
results. Eventually, we envision the emergence of an ecosystem of
laboratories skilled at providing IV&V consultation and services in
synthetic biology, whether housed in industry, academia or gov-
ernment organizations. However, the success of an [V&V partner
working closely with the original researchers and laboratory does
not ensure wider reproducibility. The field of synthetic biology
must learn from both retroactive and concurrent reproducibility
efforts to define acceptable metrics for reproducibility across its
various biotechnologies.

The fact that reproduction occurred concurrently with the
original research in the DARPA programs is important. In the
retroactive RPCB, lack of engagement by the original authors
was one of the most significant factors prohibiting successful
reproducibility studies of published work. This result is hardly
surprising: researchers fail to adequately document their work;
researchers change positions; materials are discontinued, com-
promised, or lost and, perhaps most importantly, researchers have
no immediate incentive to devote time and resources to assist-
ing reproducibility studies. Any action on the part of the original
researchers is motivated largely by professional courtesy and not
aligned with current incentives of funding or publishing.

In contrast, by integrating concurrent IV&V into research
projects, researchers are directly incentivized to ensure that their
results are reproducible. All aspects of a study can be carefully
designed at the outset to maximize rigor and reproducibility. Poor
study design or other problems can be identified and mitigated
rapidly, rather than resorting to triaging the data after the con-
clusion of a study. For DARPA, the potential of concurrent I[V&V
to identify technology transition failure points earlier has jus-
tified the upfront investment. By publishing IV&V studies, the
community can benefit from the lessons learned and improve all
aspects of sharing research results, from descriptions of mate-
rials and protocols to measurements and data. Over time, this
virtuous cycle of increased transparency and rigor can facilitate
further retroactive reproducibility studies and, in turn, accelerate
innovation and facilitate technology transition.

4.2. Role of policymakers, funding agencies and
institutions

Emphasizing reproducibility as a routine part of research work-
flows in synthetic biology requires a cultural shift that must be
supported by adequate infrastructure and incentivization. Poli-
cymakers, funding agencies and research institutions can play
critical roles in declaring the importance of reproducibility, prob-
ing the current state of the problem, supporting the develop-
ment of infrastructure and incentivizing researchers to value
reproducibility. When developing policy documents, the costs of
poor reproducibility in early-stage research should be consid-
ered and ideally measured, especially at a time when signifi-
cant attention is being paid to synthetic biology and its major
role in the emerging bioeconomy. Synthetic biology does not
have to wait for damning articles from industry bemoaning a
lack of reproducibility to motivate its own RPCB; action can be
taken now.

While it is clear that scientists (8) and funding agencies (81)
recognize reproducibility in science as a problem generally, under-
standing of the specific drivers and consequences of failing to
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address reproducibility in synthetic biology is still lacking. Even
measuring the scale of the problem for a particular field, as the
RPCB did for cancer biology, is rare. In synthetic biology, the prob-
lem of reproducibility is largely unmeasured. Funding agencies
could invest in understanding the scope of the problem by directly
funding reproducibility studies. Ideally, these investments would
include concurrent IV&V to immediately highlight problems and
solutions, sidestepping some of the challenges with retroactive
reproduction.

Meeting infrastructure needs for reproducibility requires sup-
port from funding agencies and research institutions. Many previ-
ous articles have advocated for increased development and adop-
tion of standards in design, method description, measurement,
characterization and information sharing (20-29), and several
examples of such standards exist (63-69, 82, 83). While support-
ing the trend toward automation may improve reproducibility
(26), measurement assurance and standards are also important to
advance reproducibility for more common laboratory tools. Fluo-
rescent plate readers, for example, are a workhorse instrument,
yet important instrument parameters and control measurements
are often not reported (84). Only in the last few years have stan-
dards for plate reader measurements in synthetic biology emerged
(30, 60-62). Inclusion of experts in metrology and instrumenta-
tion, not just users, is important. The increasing engagement of
standards organizations on standards in biotechnology relevant to
synthetic biology, such as the International Organization for Stan-
dards Technical Committee 276 on Biotechnology, is a necessary
and encouraging step forward. Development of these standards
can be accelerated dramatically.

Funding agencies and institutions can also effect a culture
shift toward better reproducibility by encouraging and incentiviz-
ing good practices (85). The UK Reproducibility Network provides
a model to improve reproducibility at a national level and has
spawned similar national efforts around the globe (86). The Berlin
Institute of Health offers an example of how institutions can
prioritize good practices (87). Proposal calls could require adop-
tion of community standards in measurement and data report-
ing. Program reviews could be made to enforce such require-
ments. Similarly, proposals could require engagement with an
IV&V partner, whether the partners are identified by the pro-
posers or matched by the funding agency. Ultimately, improving
reproducibility requires an investment of time, effort and mate-
rials by researchers and funding priorities to accommodate and
incentivize those investments.

4.3. Responsibilities of journals

Journals can similarly do more to encourage improved repro-
ducibility. Editors could request reviewers to pay closer attention
to methods, statistics, data sharing and likelihood of reproducibil-
ity in general. Such factors could have explicit sections to address
in the evaluation systems. Many journals have taken steps toinflu-
ence authors, including introducing data sharing requirements,
publishing community calls for better practices (88), advocating
for publication of methods before results (89) and encouraging
adoption of standards (90). Extending these initiatives further will
be important. A common refrain by researchers is that attempts
to reproduce a result, failed or successful, are difficult to publish.
The situation has improved, with several journals now explic-
itly accepting manuscripts that do not have a perceived impact
or innovation or that report negative results; however, Special
Issues, such as this one, or article types explicitly for reproducibil-
ity studies would undoubtedly help. In addition to the advantage

of allowing others to learn from these efforts, the chance of pub-
lication could improve the rigor of attempts to reproduce results
from the outset.

4.4. Responsibilities of researchers

Scientists have a long history of self-policing research quality.
Indeed, a 2016 survey on reproducibility scored researcher-driven
approaches as more likely to be effective than incentivization (8).
As peer review is one of the core drivers of this process, reviewers
can address reproducibility by paying attention to the complete-
ness of methods; the availability of sequences, data and materials
and participation in community standards, such as the Synthetic
Biology Open Language (63, 66, 67, 69, 82). Similarly, when prepar-
ing a manuscript, extra attention can be paid to these aspects.
Becoming involved in the development of community standards
can help advance these causes, especially because when and how
to apply standards is open to debate (91). Participation in research
coordination communities, such as Build-A-Cell (https:.//www.
buildacell.org/), pushes interlaboratory reproducibility forward.
When attempting to reproduce published results, researchers can
be more rigorous in documenting and disseminating those efforts,
whether in a journal or a preprint service such as bioRxiv. More
broadly, research can be performed with reproducibility in mind.
As an experiment is being planned, consideration of how aspects
of the protocol might influence reproducibility can lead to bet-
ter defined methods and potentially explain unexpected results.
In addition to funding agencies and journals, professional soci-
eties or conference organizers could provide incentives by creating
awards for reproducibility. Ultimately, researchers perform the
work they are incentivized to do, and reproducibility is under-
incentivized. Nonetheless, the scientific tradition of holding one
another to the expectation of performing and reporting rigor-
ous work can be applied to improving reproducibility in synthetic
biology.

5. A cause for optimism

While the field of synthetic biology has not fully overcome its
hard truths, major progress offers evidence for optimism. A range
of successful products based on advances in our capabilities to
engineer living systems has begun to impact people’s daily lives
(3). The complexity of engineered genetic circuits has climbed,
for example, with the creation of a digital display using genetic
circuits engineered into seven strains using 63 transcription fac-
tors (54). The capacity to synthesize DNA at ever higher scales
and lower costs continues to progress rapidly. Bibliometric assess-
ments show the continued expansion of the field, in terms of both
funding and global participation (19, 92). Communities dedicated
to open sharing of information thrive and grow. Maintaining this
trajectory requires a sustained commitment to reproducibility and
a willingness to share what works—and just importantly, what
does not work—with the community at large.

Trends in other technical and engineering fields offer further
reasons for optimism. The reproducibility challenges in cancer
biology hold lessons for synthetic biology. The US National Insti-
tutes of Health’s (NIH) Brain Research Through Advancing Innova-
tive Neurotechnologies Initiative explicitly emphasizes data shar-
ing and reproducibility, along with funding to support this work.
Programs that focus on implementing data standards to enable
artificial intelligence, such as DARPA's SD2 and NIH'’s Bridge2Al
programs, implicitly require greater reproducibility to achieve
their goals. Beyond biology, data transparency is often visible in


https://www.buildacell.org/
https://www.buildacell.org/

physics, where raw data shared at large scales advance collabora-
tions like the Sloan Digital Sky Survey and the Conseil Européen
pour la Recherche Nucléaire Large Hadron Collider. It is not too
late to learn from these efforts and adapt them to synthetic biol-
ogy, hopefully leading to accelerated research and translation to
application in the long term.

The promise of synthetic biology remains as tantalizing as ever
to deliver safe, effective biotechnological products and services
that improve every aspect of our lives, from our inner micro-
biome to environmental security. The ability to reliably engineer
biological systems could indeed still change the world, beyond
recent breakthroughs in vaccine technology: the production of
novel molecules and materials impossible or impractical by cur-
rent means; green, petroleum-free biomanufacturing from diverse
feedstocks; medicines with unprecedented efficacy and preci-
sion; new sustainable approaches to bioremediation, agriculture
and nutrition; synthetic cells and many others. The ability to
reproduce studies, and the measurements that support [IV&V, can
directly inform effective regulation of synthetic biology products.
Even as the societal transformations brought about by early com-
puters were impossible to predict, projections about the impact
of synthetic biology are likely to be wildly wrong. Such progress
in electronics was enabled by reproducible results at ever higher
levels of abstraction; to reach its lofty potential, synthetic biology
must do the same. Guided by ethics, security and policy, innova-
tion in synthetic biology should only be limited by imagination—
not a lack of reproducibility.
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