
 

This is no longer the 
current version--Do 
not edit!  
 
COMMENTARY - NATURE METHODS 

 

EcoFAB: Advancing microbiome science through 
standardized fabricated microbiomes 
Karsten Zengler1,2, Kirsten Hofmockel4,5, José R. Dinneny6, Elizabeth A. Shank7,8, Hans C. 
Bernstein9,10, Stephen R. Lindemann16,17, James B. Brown3,11-13,Scott W. Behie14, Samuel P. 
Forry15, Sheri A. Floge18, Ophelia S. Venturelli19, Trent Northen3,4 

Contributors not yet listed: Christer, Matthias, Jeff,  
 
1Department of Pediatrics, Division of Host-Microbe Systems & Therapeutics, University of 
California, San Diego 
2Center for Microbiome Innovation, University of California, San Diego 
3Environmental Genomics and Systems Biology Division, Lawrence Berkeley National 
Laboratory, Berkeley, CA 947204 
4Joint Genome Institute, Walnut Creek, CA 94598 
4Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, 
Richland, WA 
5Department of Ecology, Evolution and Organismal Biology, Iowa State University, Ames, IA  
6Department of Biology, Stanford University, CA 94305 
7Department of Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC 
8Department of Microbiology and Immunology, University of North Carolina at Chapel Hill, 
Chapel Hill, NC 
9Biological Sciences Division, Pacific Northwest National Laboratory, Richland, WA 

1 
` 



 

10The Gene and Linda Voiland School of Chemical Engineering and Bioengineering, 
Washington State University, Pullman, WA 
11Centre for Computational Biology, School of Biosciences, University of Birmingham, UK 
12Statistics Department, University of California, Berkeley, CA, 94720 
13Preminon, LLC, Antioch, CA, 94531 
14Department of Plant and Microbial Biology,  University of California, Berkeley, CA, 9472 
15Biosciences and Biomaterials Division, National Institute of Standards and Technology, 
Gaithersburg, MD, 20899 
16Whistler Center for Carbohydrate Research, Department of Food Science, Purdue University, 
West Lafayette, IN 47907 
17Department of Nutrition Science, Purdue University, West Lafayette, IN 47907 
18Department of Microbiology, The Ohio State University, Columbus, OH 43210 
19Department of Biochemistry, University of Wisconsin-Madison, Madison, WI 53706 
 
 

Abstract |  

 

There is immense interest in advancing microbiome science. However, current efforts 

are largely focused on disparate and often irreproducible experimental systems. Here 

we present the results of a one-and-a-half-day workshop that brought together a small 

group (~60) of thought leaders in microbial genomics, systems biology, microbial 

ecology, and bioinformatics to discuss approaches for the development of standardized 

model microbiomes. In all, we describe a community strategy to advance 

next-generation integrated efforts around model microbial communities that will help to 

standardize screening and systems biology-based prediction of microbial community 

activitiesecological frameworks.  
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Figure 1. Need for model microbial ecosystems to advance mechanistic microbiome 

science just as model organisms enabled the field of molecular biology.  

 

 
Introduction 
Microorganisms are ubiquitous on our planet and inhabit every ecosystem we know. 
Most In addition,mecosystems are extremely complex, consisting of hundreds to 
hundred of thousands of different species and strains. The sheer diversity of these 
microbiomes in addition to their temporal and spatial dynamics renders reproducible 
studies impossible. For example, when we analyze the diversity of several 
environmental samples from the same location using amplicon sequencing, we find that 
even careful replicates have different microbial compositions. While we still can describe 
these samples and infer diversity,the function and dynamics of these specific microbial 
systems cannot be identified and extended to other soils because of the heterogeneity 
and temporal dynamics of natural ecosystems. As a result our data cannot be 
reproduced by other researchers, which has stifled progress in microbiome sciences 
and rendered many studies to be mostly to descriptive studies in nature that have little 
ability to test“stand alone incidents”. Thus, the fundamental essence of science, that is 
to build upon prior results and data, is currently challenging to fulfill in microbiome 
studies. While other research fields have developed and adapted models to gain 
reproducible insights into complex systems, such as Escherichia coli, yeast, fruit fly, 
zebra fish, mouse and Arabidopsis plants, standardized model systems are largely 
non-existent for microbiome sciences. This lack of controlled, reproducible, and 
standardized model systems with which to perturb and study microbiomes greatly limits 
progress in microbiome science.  We thus advocate for the establishment of defined 
model systems for microbiome sciences.We argue that advancing integrated efforts of 
scientists around model microbial communities is urgently needed to enable 
standardized screening and systems biology-based prediction of microbial community 
activities within ecological frameworks. 
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It is noteworthy that there are attempts by individual labs and small research consortia 
to established well-defined model systems, but these systems are often highly 
specialized to represent a defined ecosystem and for most parts are not easily 
accessible by others. There is an opportunity to build on the great tradition of model 
organisms, where communities of scientists agreed upon particular organisms, which 
lead to rapid advances in our understanding of molecular biology and cellular life. We 
argue that advancing integrated efforts of scientists around model microbial 
communities is urgently needed to enable standardized screening and systems 
biology-based prediction of microbial community activities within ecological frameworks. 
Model system are compliments, not replacements, to field and clinical studies. 
Importantly, as the success of defined mouse models for the study of human medicine 
shows, these models enable mechanistic insights and allow concerted efforts of the 
entire scientific community making them highly cost-effective and able to speed up 
research and development. 
  
Current challenges in microbiome science to be addressed by laboratory 
ecosystems 
Standardized laboratory ecosystems, EcoFABs, could rapidly overcome current 
challenges in microbiome science. We have made little progress over the last decade to 
tackle some of the most fundamental questions in microbiome science including: 
Defining ecological design principles for microbiome assembly, structure, interactions, 
and integrated activities; understanding of the ecological function of genes, microbes 
and metabolites; predicting the health and trajectories of microbiomes. We argue that 
the development of a few widely accepted EcoFABs (Box1) would greatly accelerate 
microbiome science by enabling reductionistic studies focused on microbiome 
assembly, structure, interactions, and integrated activities among microbes, their 
environment, and potentially their host. Comparisons across EcoFABs would facilitate 
abstraction of generalizable  ecological principles. These systems should be designed 
to enable investigations of microbiome functions and interactions at different temporal 
and spatial scales to advance a foundational understanding of the ecological function of 
genes, gene products, metabolites, and microbes. Experimental standardization will 
enable cross-experiment computational comparisons to develop generalizable 
principles and models that accurately predict the state and trajectory of microbiomes, 
ultimately, to enable the engineering, design, and management microbiome activities. 
 
  
Recommendations to advance community development and acceptance of model 
laboratory microbiomes: 
 
EcoFAB development must 
balance relevance with 
reproducibility, which is a 
significant challenge. They 

4 
` 



 

must be experimentally tractable, broadly applicable to address diverse questions, and 
ideally be composed of organisms known to interact in natural settings. Given these 
diametrically opposed design criteria, development of a few foundational EcoFABs will 
be a major effort for the scientific community. Most microbial communities will not 
constitute useful laboratory models, just as most individual species are not suitable 
model organisms. At our workshop (see: eco-fab.org) we determined that intelligently 
selecting useful systems should be guided by the overarching design principles (Box 1).  
 
Establishing field and clinical relevance of EcoFABs will require demonstration that 
important microbiome activities are recapitulated in these standardized laboratory 
systems. Hence, developing model microbiomes should leverage existing studies to 
benchmark that field/clinical results are recapitulated in EcoFABs such that mechanisms 
identified will be translational to natural systems.  
 
The goal of achieving reproducibility across labs should guide the construction of basal 
culture conditions, including minimal microbiomes. At a minimum, systems must display 
reproducible dynamics and genotype-environment interactions as validated through 
multi-lab comparisons. Because much of the diversity within microbiomes is likely 
neutral, resulting in stochastic assembly and dynamics and irreproducibility, it will be 
necessary to either use highly simplified communities or a “functional group paradigm”, 
where microbes are defined in particular ecological or functional niches, where the 
same functional dynamics are observed, despite differences in strains of the same 
functional groups.  
 
Advancing the development of laboratory microbiomes will require organization and 
community engagement. Historically, development and establishment of model 
organisms has taken decades. Typically, they result when the larger community 
recognizes the value of extensive resources developed over the career of a few 
individuals [ref].  To rapidly advance model microbiomes, we must learn from successful 
model organism communities to rapidly accelerate the development and acceptance of 
model microbiomes. This requires consideration of the attributes and resources that are 
required to meet the needs of large research communities and their ability to meet the 
goals of funding agencies.  Our vision is that the community should develop the 
scientific basis and necessary resources for a few broadly applicable EcoFABs that can 
be adapted and extended by individual groups of scientists—analogous to the smart 
phone and it’s diverse apps.   
 
Effective advancement of the few broadly applicable laboratory microbiomes will require 
a group responsible for developing and implementing data standards, data sharing, and 
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EcoFAB dissemination and adoption. To help organize these efforts we formed a 
Steering Committee with three main responsibilities: 1) defining criteria for design, 
dissemination, and data standards, 2) broadly promoting the development of EcoFABs, 
3) organizing multi-laboratory ring-trials to evaluate reproducibility, and 4) preparing 
annual white paper(s) identifying key challenges. Complementing this effort will be 
topical working groups spanning the major microbiomes (Animal, Plant, Soil, and 
Aquatic).  
 
Developing broadly applicable EcoFABs requires fabricating the environment, defining 
the organisms, and developing the protocols for ‘booting-up’, monitoring, and 
maintaining the EcoFAB. The necessity of robust and detailed protocols cannot be 
overemphasized. They should define the inoculum and assessment of viability, 
environmental fabrication and setup, culture conditions, and acceptable dynamic ranges 
of experimental parameters (e.g. genetic, epigenetic, metabolic, community stability, 
etc). Initially, communities of scientists can rely on common portals for design and 
protocol sharing coupled with exchange of model biota. Longer-term, engagement of 
industry to produce laboratory environments and culture collections to host standardized 
microbiomes will be important steps in standardization and dissemination.   
 
One of the most exciting opportunities for standardized microbiomes is the ability to 
compare data across experiments. This is only possible if groups follow the same 
protocols, collect the minimal data, and embrace an open science culture.  
 
While there are innumerable advanced technologies that may be applied and shared to 
characterize the EcoFAB, standard measures should favor widely available and 
low-cost methods that are accessible to the greatest number of scientists. Incorporation 
of standardized sensors into EcoFABs is a great opportunity to collect data that can be 
standardized across the community. The resulting data must be available in common 
data portals to enable large-scale meta-analysis.   
 
Verifying that the designs, protocols, and data types collected are sufficient to enable 
multiple labs to generate the same results will result from multi-lab ‘ring-trial’ 
experiments. Here, carefully designed experiments will be performed across labs to 
assess EcoFAB reproducibly. If successful, these experiments will define the reference 
set, enabling other researchers to benchmark their work. Adoption of EcoFABs by the 
wider scientific community will not only depend on these validation studies, but also 
funding opportunities and ease of integration into existing research programs. The latter 
will be greatly enhanced through availability of chambers, media, microbes, etc. with 
sufficient quality control standards.  We advocate that the community first develop 
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minimal systems that are broadly applicable with defined scientific and technical 
parameters. Adoption of a few, robust EcoFABS as model systems should be the 
immediate goal and will enable the larger community to develop increasingly complex 
systems to address specific research goals. Reproducible laboratory systems will also 
be invaluable tools in training future generations of microbiome scientists.  

 
Conclusions 
 
Development of reproducible standardized laboratory ecosystems along with common 
protocols and data standards represent important steps in advancing microbiome 
science. They will enable researchers to build on each other's work, test predictions, 
identify governing mechanisms, and ultimately build predictive models. Moving 
microbiome science from largely observational and correlative studies to reproducible 
mechanistic investigations identifying causal mechanisms. However, rapid development 
of these EcoFABs will require organization of the broader scientific community, 
engagement of funding agencies, and potentially foundations and commercial partners. 
Ultimately, standardization across systems will enable the development of general 
principles that are applicable across microbiomes, and ultimately validated in studies of 
natural systems.   
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