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Abstract

Microbiome research is revolutionizing human and environmental health, but the value and reuse of microbiome
data are significantly hampered by the limited development and adoption of data standards. While several
ongoing efforts are aimed at improving microbiome data management, significant gaps still remain in terms of
defining and promoting adoption of consensus standards for these datasets. The Strengthening the Organization
and Reporting of Microbiome Studies (STORMS) guidelines for human microbiome research have been endorsed and
successfully utilized by many research organizations, publishers, and funding agencies, and have been recognized
as a consensus community standard. No equivalent effort has occurred for environmental, synthetic, and non-
human host-associated microbiomes. To address this growing need within the microbiome research community,
we convened the Microbiome Data Management in Action Workshop (June 12-13, 2024, in Atlanta, GA, USA), to
bring together key decision makers in microbiome science including researchers, publishers, funders, and data
repositories. The 50 attendees, representing the diverse and interdisciplinary nature of microbiome research,
discussed recent progress and challenges, and brainstormed actionable recommendations and paths forward

for coordinated environmental microbiome data management and the modifications necessary for the STORMS
guidelines to be applied to environmental, non-human host, and synthetic microbiomes. The outcomes of this
workshop will form the basis of a formalized data management roadmap to be implemented across the field.
These best practices will drive scientific innovation now and in years to come as these data continue to be used
not only in targeted reanalyses but in large-scale models and machine learning efforts.
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Introduction

The field of microbiome research is rapidly growing with
innovations spanning human, animal, plant, marine,
and soil health, and implications for ecosystem resil-
ience, nutrient cycling, food security, and environmental
responses to extreme conditions [1-3]. Institutions, com-
panies, and government agencies around the world have
collectively invested billions of dollars into understand-
ing human microbiomes and their relationships to health
and disease [4—6]. The importance of environmental, non-
human host, built environment, and synthetic microbi-
omes and their contributions to ecosystems is also broadly
acknowledged within the research community, but the
investment, infrastructure, and public recognition have
historically lagged behind human-associated microbiomes
[7]. However, this field is also experiencing a rapid rate of
growth as the sense of urgency for preserving environ-
mental health in the face of changing conditions becomes
increasingly pertinent.

Researchers study microbiomes using techniques that
interrogate their composition and function, for example,
by examining their associated DNA, RNA, proteins, and
chemical signatures. Combinations of these investiga-
tions, known as multi-omics, require the generation of
large data files that are difficult to produce, store, pro-
cess, and share. These data are also produced by a range
of methods and instruments, such that data produced by
different researchers or institutions may not be directly
cross-comparable or interoperable. The generation of
microbiome data has vastly outpaced the development of
data management infrastructure and consensus reporting
standards. This disconnect hinders data reuse, including
in meta-analyses and large-scale modeling efforts. Despite
efforts to improve microbiome data management [8-12],
these data are often not generated, stored, and shared
according to the FAIR (Findable, Accessible, Interoperable,
and Reusable) data principles that emphasize data reuse
[13], which limits the growth of this field and compounds
existing research siloes.

In 2021, a group of human microbiome researchers
collectively released the Strengthening The Organization
and Reporting of Microbiome Studies (STORMS, https://
www.stormsmicrobiome.org) checklist which outlines re
porting guidelines for human microbiome research pub-
lications [14]. This consensus checklist has been rapidly
and widely adopted, and is already recognized as integral
to promoting standardization across human microbiome
and epidemiological data and studies. Data management
across non-human host-associated microbiomes, the envi-
ronmental sciences, and synthetic communities is in need

of a STORMS-like reporting framework. However, across
these diverse domains, it is currently challenging to consis-
tently understand even basic study design or environmen-
tal parameters. While the existing Minimum Information
about any (x) Sequence (MIxS) standard [15] supports
sequence-specific metadata specifications including envi-
ronmental ontologies, these do not encompass the mini-
mal requisite information about microbiome datasets (e.g.,
study and sampling design, sample preparation or syn-
thetic material construction, and other essential param-
eters to enable cross-study comparisons and data reuse).
Significant gaps also remain in the adoption of existing
standards and their application across diverse environ-
ment types and also multi-omics data [16].

The Microbiome Data Management in Action Work-
shop was convened from June 12-13, 2024, in Atlanta,
GA, USA. The workshop was funded by the National
Science Foundation (NSF) and was closely coordinated
with the organizers of the subsequent American Soci-
ety for Microbiology Microbe conference. The workshop
aimed to address the increasing need for a robust data
management ecosystem for microbiome research follow-
ing the recommendation of the 2018 Interagency Strate-
gic Plan for Microbiome Research [17] “to support the
development of platform technologies to enhance data
access and sharing” The workshop brought together
researchers, publishers, funders, and data repository rep-
resentatives to identify local and national priorities. The
workshop sought to tackle the theme of data manage-
ment broadly, with a more specific focus on standardized
reporting guidelines. The workshop attendees began gen-
erating a roadmap for microbiome data standards across
non-human host-associated microbiomes, the environ-
mental sciences, and synthetic communities leveraging
the framework and lessons learned from the STORMS
reporting guidelines.

Microbiome Data Management in Action Workshop
Meeting goals and objectives

The workshop goal was to ultimately advance micro-
biome science through coordinated data management
across researchers, funders, data repositories, and pub-
lishers. The workshop itself was designed to be the first
step in leveraging the STORMS reporting checklist to
develop a consensus roadmap to encompass non-human
host-associated microbiomes, the environmental sciences,
and synthetic communities. The workshop was designed
to lead to actionable insights with concrete paths forward
rather than open-ended discussions.
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Fig. 1 Overview of the workshop

Key questions
The workshop aimed to address the following key
questions:

1. Where are we now? What is the current ecosystem
for microbiome multi-omics data management,
standards, and data re-use? What have we learned
from past efforts?

2. What actions are needed from researchers, funders,
data repositories, and publishers to advance data
management beyond current practices?

3. What developments, technical and otherwise, are
required to achieve the standards, best practices,
community adoption, and data stewardship needed?

Attendees

To capture the interdisciplinary nature of microbi-
ome research, the 50 attendees were selected to rep-
resent diverse experiences and perspectives and with
an understanding that participation of groups typically
underrepresented in science and engineering is criti-
cal to advancing microbiome research. For example, the
attendees ranged in their career stage (student to senior
scientist), science expertise (e.g., bioinformatics, ecology,
multi-omics), studied environment (e.g., aquatic, terres-
trial, and animal-associated microbiomes), gender, sexual
orientation, ethnicity, background, sector (e.g., govern-
ment, academia), institution (included representatives
from several Minority Serving Institutions (MSIs)), and
geographic location (included several international repre-
sentatives). Further, follow-on meetings and active recruit-
ment and engagement with the broader microbiome

research community is planned to ensure community
consensus in building a collaborative data management
roadmap.

Meeting format & logistics

The workshop was organized and run by a steering com-
mittee of five microbiome researchers spanning aca-
demia, national laboratories, government agencies, and
international consortia. The workshop took place at the
Georgia World Congress Center in Atlanta, Georgia, USA
on June 12-13, prior to the American Society for Microbi-
ology (ASM): Microbe conference. The workshop included
a virtual participation option for invitees who could not
attend in person. In-person attendees were offered reim-
bursement for their travel expenses to increase inclu-
sion and participation. Name tags and pronoun stickers
were provided to in-person attendees. Guidelines for dis-
cussions and a code of conduct were provided to ensure
respectful and safe participation. Steering committee
members monitored the virtual chat for questions, and a
live notes document captured participant notes, questions,
links, and comments.

The workshop was divided into four main sections,
described in detail below: (1) Welcome & Workshop
Overview; (2) Current State of Microbiome Data Man-
agement & A Path Towards Data Stewardship Across
Stakeholders; (3) Expert Panels; and (4) Breakout Ses-
sions (Fig. 1, https://doi.org/10.5281/zenodo0.13760811).

Welcome & workshop overview
In the first presentation of the event, Principal Investiga-
tor Kelliher from the New Mexico Consortium presented
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on the meeting objectives and deliverables, clarifying
that the workshop was intended to lead to outputs and
actions (https://doi.org/10.5281/zenodo.13760905). She
emphasized the interdisciplinary nature of microbiome
research and why inclusion was prioritized for this work-
shop. While the workshop was designed to be inclusive,
it was also important to the organizers that the power
imbalances in the room be recognized, and the organiz-
ers offered suggestions on how to mitigate the effects of
these imbalances. The opening presentation set a context
of maintaining a positive, collaborative, non-judgmental
environment, and emphasized interest in hearing from
everyone to facilitate open communication and effec-
tive collaboration. This presentation also highlighted the
follow-on ASM mini-conference session: EEB-MC-001:
Microbial Data and Tools without Borders: Advancing an
Open Science Ecosystem, on June 13th, which included a
presentation to the ASM community on the workshop
takeaways to obtain preliminary feedback from the micro-
biome research community regarding these efforts. The
overview presentation ended with participant introduc-
tions of each attendee’s name and affiliation.

Current state of microbiome data management

Steering committee member and first author on the
STORMS reporting guidelines publication Dr. Mirzayi
from CUNY Graduate School of Public Health and
Health Policy presented on the process of creating the
STORMS guidelines, including timelines, lessons learned,
and recommendations for how to adapt these guidelines
to non-human research. Questions from attendees during
this presentation led to discussions around five main top-
ics: (1) the future of STORMS updates; (2) how to engage
the larger microbiome research community when gather-
ing feedback; (3) how to incorporate conflicting feedback
into a consensus statement; (4) how to increase awareness
and adoption of standards; and (5) how guidelines can be
effectively enforced by funding agencies or publishers.

Expert panels

This workshop convened four unique expert panels that
allowed for targeted questions regarding each group’s
roles in data management to be asked by the panel mod-
erator and the audience of participants. All panelist
answers represented their personal views and did not nec-
essarily represent the views of their associated institutions.

Data repository representative panel

Five representatives from four data repositories and com-
munity resources - the European Bioinformatics Institute
(EBI), the National Center for Biotechnology Information
(NCBI), the National Ecological Observatory Network
(NEON), and Lawrence Berkeley National Laboratory
(LBNL) - shared their experiences on how researchers
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currently deposit data into these repositories, what meta-
data are required, and how the datasets are linked with
other contextual information or publications.

The panelists shared information about how well
researchers are adhering to their repositories’ standards,
and how these existing standards may need to change.
The panelists also discussed what they think next steps
should be for data repository handling of data and how
the repositories can work with the other groups in atten-
dance, especially publishers, to promote standardization
and proper data stewardship across the field of microbi-
ome research.

Key takeaways

+ Researchers feel like it can be extremely difficult, if
not impossible, to properly deposit their data into
repositories without making mistakes.

+ Researchers would like more trainings, user guides,
videos, etc. to walk them through the process of
data deposition; this task often falls on students and
postdocs.

+ By the time researchers go to deposit their data, it
is often too late to enforce standards, especially for
metadata, since they will have already collected their
data.

+ Data creators are often excited about making their
data open and FAIR, but don’t always know how best
to accomplish this.

+ More obvious metrics for data reuse may be a
good incentive; to enable metrics this requires
development of a robust culture of data citation.

+ Data repositories generally do not have an abundance
of personnel time and resources to enforce standards
or support community requests to use standards.

+ Long-term sustainability is always a concern for
every stakeholder group; it can be difficult to know
which repositories will be maintained long-term, and
how the landscape will change over time in terms
of where people are depositing their multi-omics or
other data types.

Funding agency representative panel

Five panelists represented four funding agencies: the
National Science Foundation (NSF), the Department of
Energy (DOE), the National Institutes of Health (NIH),
and the National Oceanic and Atmospheric Administra-
tion (NOAA).

The panel included discussions on the funding agen-
cies’ current data management requirements for
researchers, and how these could change to adopt new
guidelines in specific research fields. The discussions also
led to how interagency collaborations can be leveraged
to generate more broadly impactful data management
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guidelines and how data are and will be shared between
groups and agencies. Discussions about specific funding
for data management plan (required documentation by
grant funding agencies) implementation and the potential
for having designated data managers as funded positions
within grant proposals also occurred.

Key takeaways

+ It would be beneficial to have evaluation guidelines
for proposal reviewers or agency staff members,
especially for when they are evaluating proposal
data management plans or the relevant text within a
proposal outlining data management practices.

+ Funding agencies have been providing more
guidance for proposers writing data management
plans, but it is difficult, and not perceived as within
the funders’ purview to provide detailed guidance
across environment types, sample types, or other
study-specific aspects.

+ Several funders have started enforcing more frequent
reporting on the progress of the data management
plan throughout the project’s lifecycle (e.g., in annual
reports).

+ Some funding agencies are allowing researchers to
request money specifically for data management plan
implementation.

+ A uniform data management plan structure would be
very difficult to implement across funding agencies,
but creation of something more modular and not too
prescriptive may work better.

+ Having a minimum standard for a data management
plan and making that broadly available and
achievable is key.

+ Many funding agency data management policies
are based on the needs, asks, and best practices
of the research community; however, this process
cannot be solely ‘bottom-up’ (from the research
community), more guidance is needed from funding
agency perspective as well.

Publisher panel

This panel included four members representing Springer
Nature (Nature Microbiology), Cell Press/Elsevier,
Springer Nature (BioMed Central), and PLOS.

This panel included discussions about how publish-
ers can promote microbiome data management best
practices and how they can ensure compliance when
researchers have submitted their manuscripts for review
and inclusion in their respective journals. The panel
brought up that journals cannot easily enforce standards,
tools, or external checklists but can recommend options
for authors and reviewers. The panelists also discussed the
interconnectedness with standards for data repositories,
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as it is already established that many journals publishing
microbiome research mandate open access of the data in
data repositories. Discussions also took place about data
reuse and what journals can do to ensure data is being
properly cited and credited when reused in publications.

Key takeaways

+ Journals want to make it as easy as possible for
authors to submit; if a journal enforces too much
formatting or too many standards (e.g., a checklist),
authors may choose to submit elsewhere.

» Compliance checking is necessary, as without it,
author behaviors do not change. A lot of compliance
checking is still performed manually, and this
requires personnel time and money that not all
journals have. For example, reviewers often do not
go through the data in excruciating detail (e.g., don't
check all 500 accession numbers of data); artificial
intelligence is projected to help with this, but still in
earliest stages.

« It has been difficult to get authors to abide by data
availability rules; many authors submit without their
data being publicly available.

+ Journals often want to see buy-in from the
community first regarding a recommendation or
standard (e.g., STORMS) before adding it to their
lists of recommendations, and even more so to make
a standard a requirement of publication.

+ Researchers often think the journals hold more
power in terms of enforcement of best practices than
they actually do.

Researcher panel

The Researcher Panel consisted of four scientists repre-
senting a range of career stages, from student to senior
scientist, all from academic institutions across the
United States. This panel covered the responsibilities of
researchers to adhere to data management best practices,
and how a standard set of guidelines can be created to
be reasonably achievable, without excessive burden on
researcher’s time and effort. Panelists were also tasked
with suggesting advances they foresee in their research if
data management barriers are eliminated, and potential
pitfalls if best practices for data management are not gen-
erally followed.

Key takeaways

+ Machine learning (ML) and artificial intelligence (AI)
hold the potential to significantly help researchers in
many aspects of data management.

+ Education about the importance of data management
and metadata standards needs to start earlier, as part
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of undergraduate or graduate coursework, or at least
before a research project starts; many researchers

do not know what they should be doing until it is

too late; there is currently too much redundancy in
researchers having the same issues throughout the
data management process.

+ Researchers may also not be aware of current best
practices; older methods may be repeatedly passed
down without improvement.

+ There has been a culture change that needs to
continue regarding how researchers view FAIR data
and data management; it was seen as a burden and
necessary for publishing; it needs to be continuously
reiterated that this benefits the field now and in the
future.

+ Collaboration across the field can be extremely
helpful, but can be difficult with resource imbalances
across institutions; collaborations and sharing of
best practices, standards, and data should not be
dependent on what another institution can offer you;
inclusion of historically black colleges and universities
(HBCUs), minority serving institutions (MSIs), and
collaborations outside of typical networks can be
beneficial for everyone involved; it is important to
develop standards that can work across a variety of
groups and institutions.

+ Standards need to be considered for every step of
the data lifecycle including sample collection, wet
laboratory work, bioinformatics analyses, and data
deposition.

Day 2: breakout groups

On the second day, workshop attendees were divided into
six groups, with each containing six to eight individu-
als. The virtual attendees formed one of these groups. In-
person attendees were asked to sit with different people
than the previous day and self-organize to evenly distrib-
ute career stage and affiliation. The breakout groups were
tasked with adapting the STORMS guidelines to environ-
mental, synthetic community, and non-human host-asso-
ciated microbiome studies. It was explained to participants
that these recommendations will be collated, and the new
guidelines will be circulated throughout the microbiome
research community for feedback before a consensus state-
ment is created. Once the reporting checklist is developed,
it is envisioned to be integrated into data management
plan guidance, reviewer guidelines, an author checklist,
and overall guidelines for the field.

Attendees were also tasked with discussing how to
increase community adoption, how to communicate
incentives, and how to educate others regarding stan-
dards and data management, with an emphasis on tan-
gible actions and outputs. The breakout groups also
discussed what the next steps for this group should be and
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how they would like to be involved moving forward. Each
group reported back to the larger group and kept their
notes in a shared notes document so that all groups could
see the discussion items and outputs from other groups.

Lessons learned

The structure and logistics described here are intended
to assist other groups in organizing a workshop of simi-
lar size and scope. As has been noted throughout the
COVID-19 pandemic, a hybrid format for a workshop
presents its own unique set of challenges. While it was
ideal to be able to offer virtual attendance for those who
were unable to attend in person, having more cameras and
more microphones in the room would have made it easier
for virtual participants to follow the discussions and feel
more included as a part of the larger group. Additionally,
a more effective audio-visual set-up for virtual attendees
would have allowed us to invite more virtual participants
to the workshop.

The breakout groups were extremely effective for mov-
ing towards actionable insights rather than discussions,
which was a goal for this workshop. Additional time on
the second day for these breakout groups would have
been preferable, as more questions could have been
asked of the groups. The engagement during these break-
out groups was outstanding, and there were even some
breakout groups within breakout groups working on
specific terms or a smaller subset of action items. For the
breakout groups, we found it beneficial to have attendees
sit with other participants they did not know very well, dif-
ferent people from the previous day, and according to the
sector they identify with (funding agency representative,
researcher, publisher, etc.). This allowed for productive
conversations across various aspects of the microbiome
research field, although it is recognized that assigning a set
of different tasks for each breakout would have minimized
duplicate work across the groups.

Next steps
A primary focus of this workshop was to start conver-
sations with the intention of generating high-impact
outputs and sustained collaborations for the future.
Immediately following the workshop, the insights, out-
comes, and the idea of a consensus roadmap was pre-
sented to the larger microbiology research community as
part of an open session EEB-MC-001: Microbial Data and
Tools without Borders: Advancing an Open Science Ecosys-
tem at the ASM Microbe conference as a means to gain
additional diverse perspectives, keep researchers informed
of standardization efforts, and invite community feedback.
There were approximately 150 attendees for this open
session.

Further, the workshop steering committee plans to
recruit and engage with the broader research community.
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Many of the workshop participants expressed eagerness to
continue to meet regularly as a working group to advance
the reporting guidelines and data management best prac-
tices. The proposed guidelines will be distributed through-
out the microbiome research community to gather ideas,
feedback, and comments that will be implemented into
the consensus checklist. This will ensure that we are cap-
turing the diverse needs of the community and generating
standards that are reasonably achievable. This workshop
was also intended to be a launch point for a voluntary
interagency working group of attendees and any other
interested parties that will meet virtually to discuss the
finalization of the guidelines, and discuss next steps and
follow-on activities.

For scientific outputs, the workshop participants are
working towards a consensus reporting checklist for
environmental, synthetic community, and non-human
host microbiome data modified from the STORMS
checklist. This new reporting checklist, termed Standards
for Technical Reporting in Environmental and host-
Associated Microbiome Studies (STREAMS, https://st
reamsmicrobiome.org), will be broadly shared with the
research community over the next year to solicit feed-
back and build consensus. Application of these guidelines
to data management plan development, scientific manu-
script submission, data submission to repositories, and
proposals and publications review, will be developed to
help integrate the checklist into key activities surround-
ing microbiome data streams.

Educational materials, outreach efforts, and strate-
gies for lowering the barrier to adoption of microbi-
ome reporting standards will also be created, shared,
and implemented, as existing standards and guidelines in
microbiology can be difficult to find, interpret, and adhere
to. Several workshop attendees indicated their interest in
developing this educational and instructional content, and
a sub-group may be formed.

Conclusions

The Microbiome Data Management in Action Work-
shop assembled fifty participants across the microbi-
ome research field to begin creating a consensus set of
guidelines for environmental, synthetic community, and
non-human host-associated microbiome data manage-
ment and reporting. The participants emphasized that
these goals require immediate action from every facet of
microbiome research, and everyone has a responsibility to
do their part in improving microbiome data management.
The outputs from this workshop will assist in moving the
field towards more FAIR microbiome data across agency
borders, working to make the microbiome research field
more equitable and inclusive. Data management best prac-
tices will benefit scientific innovation now and in years
to come, as these data continue to be used in large-scale
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models and machine learning efforts. The outcomes of
this workshop are intended to directly lead to an increased
ability to more consistently and comprehensively manage
microbiome data to enable reuse, thus unlocking research
opportunities for all researchers, and improving the
microbiome data ecosystem. This will positively impact
environmental, synthetic community, and non-human
host-associated microbiome research, which have demon-
strated their importance to ecosystem health, food secu-
rity, and environmental change.
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