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Abstract

The Tri-Service Microbiome Consortium (TSMC) was founded to enhance collaboration, coordination, and
communication of microbiome research among DoD organizations and to facilitate resource, material and
information sharing amongst consortium members, which includes collaborators in academia and industry. The
6th Annual TSMC Symposium was a hybrid meeting held in Fairlee, Vermont on 27-28 September 2022 with
presentations and discussions centered on microbiome-related topics within seven broad thematic areas: (1)
Human Microbiomes: Stress Response; (2) Microbiome Analysis & Surveillance; (3) Human Microbiomes Enablers
& Engineering; (4) Human Microbiomes: Countermeasures; (5) Human Microbiomes Discovery - Earth & Space; (6)
Environmental Micro & Myco-biome; and (7) Environmental Microbiome Analysis & Engineering. Collectively, the
symposium provided an update on the scope of current DoD microbiome research efforts, highlighted innovative
research being done in academia and industry that can be leveraged by the DoD, and fostered collaborative
opportunities. This report summarizes the activities and outcomes from the 6th annual TSMC symposium.
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Introduction

The Tri-Service Microbiome Consortium (TSMC) was
chartered in 2016 to enhance collaboration, coordina-
tion, and communication of microbiome research among
DoD organizations and to facilitate resource, material
and information sharing among consortium members.
Towards those goals, and to discuss applications and
implications of DoD-associated microbiome research,
the TSMC hosts an annual symposium that includes
subject matter experts from federal/state agencies, DoD-
affiliates, academic institutions, and industry [1-5]. The
2022 annual symposium was a hybrid meeting with the
in-person option held in Fairlee, Vermont on 27-28
September 2022 concurrent with the virtual attendance,
with presentations and discussions centered on micro-
biome-related topics within seven broad thematic areas:
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(1) Human Microbiomes: Stress Response; (2) Microbi-
ome Analysis & Surveillance; (3) Human Microbiomes
Enablers & Engineering; (4) Human Microbiomes: Coun-
termeasures; (5) Human Microbiomes Discovery - Earth
& Space; (6) Environmental Micro & Myco-biome; and
(7) Environmental Microbiome Analysis & Engineering
(Table S1; https://www.ues.com/hubfs/TSMC_Annual_
Program_2022.pdf). 43% of the speakers were female and
15% of the speakers were from underrepresented minori-
ties. Twenty-nine speakers were from DoD laboratories,
seven were from non-DoD government laboratories,
eight were from academic institutions (two from the Uni-
formed Services University, two from the United States
Air Force Academy, one from the United States Naval
Academy, one from the United States Military Acad-
emy, and two from MIT, and two were from non-gov-
ernment industry partners, including a non-profit (Table
S1). In lieu of a poster session, three sessions of 10 min
‘lightning talks’ were included in the agenda followed
by a question-and-answer session paneled by the light-
ning talk presenters. This report details the symposium
activities to facilitate communication of current research
efforts and foster potential collaboration across scientific
communities.

Opening remarks

The TSMC annual symposium commenced with an over-
view of the TSMC given by TSMC Chair Mr. Jason Soares
(DEVCOM SC), and Vice-Chair Dr. Michael Good-
son (AFRL), highlighting the breadth of the research
areas covered by consortium members and the over-
all objectives of the organization, including monitoring
and reporting global advances in microbiome research.
They provided a summary of previous TSMC-led meet-
ings to date as well as the structure of the consortium,
which stands at more than 275 members, and its posi-
tion within the wider DoD Biotechnology Community
of Interest (Col). The DoD Biotechnology Col was estab-
lished by the Office of the Under Secretary of Defense for
Research and Engineering to coordinate, integrate, and
synchronize the DoD’s biotechnology research and con-
tinually assess new developments in the field [6]. Follow-
ing the introduction, a discussion commenced regarding
the technology vision for an era of competition and the
importance of the biotechnology focus, foundation build-
ing, and succeeding through teamwork. The President’s
Executive Order on Advancing Biotechnology and Bio-
manufacturing Innovation for a Sustainable, Safe, and
Secure American Bioeconomy [7] was referenced, as was
biotechnology’s role in furthering societal goals, the need
to promote standards in the biological data ecosystem,
and the DoD Biotechnology Modernization Framework,
which includes the collaboration of academia and small

(2023) 18:66

Page 2 of 9

business, centered on creating an industrial biotechnol-
ogy base in the US.

In a special session called ‘User Engagement, the audi-
ence had the opportunity to hear directly from military
representatives about their experiences during their
deployment. In this informal but insightful discussion,
experiences recruiting volunteers for microbiome stud-
ies were discussed, specifically collecting samples dur-
ing a submarine deployment. Having leadership involved
in the process is essential, especially if sample collection
could be added to the plan of the day. Also, recruiting
study participants was more likely if the study goals and
purpose were explained to them, and flexibility in sam-
pling was essential to accommodate the duties of the
participants. The second discussion was towards experi-
ences of deployment and some of the operational stress-
ors encountered, including how operational tempo varied
during and between deployments. The importance of
acclimating to the specific cultures and to be respectful in
that environment was highlighted, even if that may pres-
ent situations that are counter to usual hygiene practices.
The two topics clearly engaged the in-person and virtual
audience in an interactive discussion about the experi-
ences that duty personnel and medics face during their
active duties.

Human microbiome: stress response

After the exceptional introduction to this year’s meet-
ing, the first session of the day started with four promi-
nent topics in the area of Human Microbiome: Stress
Response. Each body site has a specific microbiome com-
position and function that responds to stressors from
the environment. The impact of submarine deployment
on mood, dietary practices, and gut microbiota was dis-
cussed. The unique population and occupational condi-
tions experienced by submariners, such as limited dietary
options, increased occupational and social stressors, cir-
cadian rhythm disruption, limited space for exercise, and
reduced Vitamin D, affected gut microbial composition
during deployment, with self-reported fatigue exhibiting
significant correlation with within-subjects gut microbi-
ome diversity changes.

Bioenergy homeostasis regulation by microbiota was
also highlighted in this session. Using mouse models [8],
host aging affected microbial energy outputs, enrichment
of anaerobic metabolites and alternate energy cycles,
while younger cohorts maintained a greater aerobic
function. Microbial pathways related to bioenergy and
immune function were also affected by radiation expo-
sure of the host, leading to significant and unique altera-
tions in metagenome network activation with paired
decreases in metabolite networks.

The nasal microbiome evolution and the influence
of military training on SSTIs [9] was also highlighted.
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The estimated cost of SSTIs is around $14-32 million
per year, encompassing 80,000 yearly medical visits and
1300 hospital admissions. The correlation between nasal
Staphylococcus aureus colonization in patients with
SSTIs was described, with roughly 40-60% of patients
testing positive for S. aureus in nasal samples, and 80%
incidence of the SSTI-causing organism matching the
nasal-colonizing strain. The importance of subject meta-
data, multi-body site sampling, and potential for probi-
otic therapeutics was emphasized, and is part of ongoing
efforts.

The session closed with a discussion of discerning
alterations in gut, oral, and skin microbiomes associ-
ated with chronic physical and psychological health
conditions and medication use, as part of the United
States-Veteran Microbiome Project [10-12]. The goal is
to better understand the relationship between human
microbiota, health conditions in veterans, and effective-
ness of medications. There are unique symptoms present
in veteran populations, particularly advanced and rapid
aging. Multiple classes of medications, including cardio-
vascular and psychiatric medications, were correlated to
significant microbial community shifts. There is a need
for more research on the interplay between microbiome,
medication, and health outcomes, as well as the impor-
tance of including medication use as a variable, longi-
tudinal studies, and partnerships between clinical and
research initiatives.

Microbiome analysis & surveillance

The ‘Microbiome Analysis & Surveillance’ session started
with a discussion on fecal microbiome composition and
its changes upon non-lethal radiation exposure. Long-
term effects of low dose radiation on microbiomes of
female and male rats showed differences in diversity
among the genders based on 16 S sequencing results.

Microbiome surveillance is also included in the digital
engineering for chemical, biological, and radiation (CBR)
defense called the Navy Shipboard CBRN Performance
Model that is currently ongoing. This model incorporates
the human microbiome changes and data from vital sign
devices to simulate performance. Similarly, the use of
next-generation sequencing and metagenomics for aero-
biological surveillance was highlighted. Researchers have
found that sequencing was feasible and corresponded to
microscopy findings of pollen allergens and further iden-
tified environmental bacteria and fungi. Controlled labo-
ratory studies to address sensitivity, specificity, and speed
needed to develop field-deployable air quality surveil-
lance system are ongoing.

Finally, a promising radiation countermeasure involv-
ing oral suspension of synthetic genistein nanopar-
ticles, called BIO300 [13] was highlighted. Mice treated
by BIO300 recovered from radiation damage to their
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gut microbiome within 14 days with re-occurrence of
commensal bacteria, which were lost upon radiation
exposure. An inflammatory metabolic phenotype was
observed immediately upon radiation exposure; however,
BIO300-treated mice showed corrective inflammatory
response that correlated with a restored microbiome.

Human microbiomes: countermeasures

Respiratory and gastrointestinal tract infections can
impact force readiness. As part of the next session
‘Human Microbiomes: Countermeasures, a systematic
review and meta-analysis [14] about orally ingested pro-
biotics [15], prebiotics [16], and synbiotics as counter-
measures for RTI and GTI [17, 18], was discussed. Their
main observations showed that (1) probiotics reduce risk
of RTIs by 9%, reduced the duration of the RTI by 1 day,
and also reduced its severity, (2) fermented dairy gave the
strongest response with no clear evidence for or against
any one probiotic strain, (3) beneficial effects were not
observed in physically active populations, (4) there was
a trend of prebiotics, probiotics, and synbiotics reducing
the risk of GTI, but it was not significant and (5) there
was no effect on duration of GTI or total days, but it did
reduce the overall risk by 21%. While there is promise for
prebiotics, probiotics and synbiotics as prophylactics for
RTI and GTI, there are currently not enough studies to
recommend use in military populations.

A probiotic evaluation of the gut-muscle axis using an
in vitro model system was evaluated. Interest in the gut-
muscle axis has grown after studies have shown adding gut
bacteria to germ-free mice caused improvements in muscle
fiber, muscle weight%, and grip strength [19]. Musculoskel-
etal injuries in the military are prevalent in military environ-
ments, and probiotic interventions to reduce injury and/or
speed recovery is an active area of research.

Continuing the discussion of probiotic intervention stud-
ies, in vitro models and analyses were highlighted. Lac-
tobacillus rhamnosus GG (LGG) was isolated in 1985 by
Gorbach and Goldin [20]. Some of the main characteristics
of this microbe are that it survives through to the colon,
can colonize human epithelial cells, can exert antimicro-
bial effects, has rapid growth, and has beneficial effects to
human health. Researchers utilized the SHIME system to
determine the effect of adding LGG to an existing micro-
bial community. LGG was found to persists in the SHIME,
as supported by qPCR and metagenomic sequencing data.
16S rRNA showed conserved phylum level trends across all
donors without any differences over time. The largest differ-
ence in microbial communities were by colonic region, and
no community structural shifts were observed after addi-
tion of LGG. However, profiles from untargeted metabo-
lites show donor/site patterns and some separation by LGG
addition. These data correlated with in vivo studies, suggest-
ing that in vitro systems can contribute to teasing apart the
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processes and interactions that occur, hidden from our view,
in vivo.

Additionally, a DoD-unique in vitro model system
called the joint Army Automated Colon on a Bench
(GI-jA%COB) was discussed, which is built on a commer-
cial platform, including a small bowel model with resi-
dent microbiota, and a multistage large intestine model
seeded with human fecal microbiota. Overall, the model
represents a physiologically-relevant system that reaches
a validated equilibrium after 2 weeks and thus ready for
one week intervention challenges to understand impact
of complex dietary inputs on microbial composition and
functional capacity while also assessing the persistent or
transient nature of the interventions on microbial com-
munity dynamics during the recovery phase. The in vitro
system provides an ideal complement to animal and
human studies.

Environmental micro- & myco-biomes
Microorganisms are ubiquitous throughout the bio-
sphere, occupying diverse niches including various
extreme habitats. Environmental microbes collectively
represent a wide breadth of biodiversity and are capable
of a vast multitude of metabolic processes, which are
important for their survival in their associated habitats.
Understanding these physiological activities and how
microbes respond to cues and perturbations in their
environment in turn can provide insight into processes
important to DoD operations such as biodegradation/
bioremediation, biogeochemical cycling, biofouling,
pathogen transmission, antimicrobial evolution/dis-
semination, and others. The work presented in this ses-
sion proffer insights into some of these processes and
the associated environmental microbiomes and/or
mycobiomes.

Ongoing work exploring the electrical properties of
melanin in its native state, namely in eumelanin fungal
structures, was conferred as part of this session [21].
Signal propagation of sinusoidal and audio waveforms
were measured across cultures of the melanized fun-
gus, Curvularia lunata. Signal propagation in the range
of 1 — 80 Hz was generally found to have minimal loss
in power while signals in the range of 80 kHz — 20 MHz
experienced rapid decay and attenuation. An audio wave-
form was successfully propagated albeit reduced in signal
power. Future studies will focus on impedance at higher
frequencies and relating melanin conductivity phenom-
ena to electric circuit models.

Biocorrosion and the effect of microbiomes that can
be found on and in aircraft systems was also discussed.
Corrosion of aircraft, ships and other equipment leads to
asset degradation, reduced availability and performance
and billions of dollars in costs to the DoD [22]. Char-
acterizing the microbial communities in contaminated
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areas can help to identify potential degraders and guide
the development of methods to mitigate the adverse
effects of microbiologically influenced corrosion. Results
of a study that assessed the microbial communities on
29 locations on aircraft pre- and post-decontamination
using JBADS were presented, a system that was devel-
oped for biothreat decontamination. Levels of potentially
corrosion-causing microorganisms were found to be
reduced following JBADS decontamination, suggesting
that the system can be useful in the remediation of air-
craft with deleterious microbial contamination.

Continuing the topic of biodegradation, the total (fun-
gal and bacterial) microbiomes of surface-contaminated
samples including four military aircraft and three vehi-
cles was also presented. Since polyurethane (PU) coat-
ings are used extensively on assets within the DoD as a
protective layer, the meta-omics data were mined for
enzymes that are associated with PU degradation. One
finding suggested that fungal cutinase enzymes expressed
by Rachicladosporium spp. were predominant in the air-
craft interior locations and not highly expressed in sam-
ples taken from locations exposed to sunlight. Thus, an
abiotic factor (sunlight) is thought to influence biodeg-
radative processes. The data will be used to characterize
both biological and correlated environmental factors,
with the aim to develop practices to mitigate and/or pre-
vent biodegradation.

And finally, characterizing the summer and winter
planktonic microbiomes of the Chesapeake Bay, the larg-
est estuary in the US, was a topic of interest and discus-
sion. Water samples were collected at various locations
in the vicinity of the Severn River, at different depths and
seasonal timepoints and subjected to cultivation methods
as well as targeted sequencing of the 16S rRNA gene and
shotgun metagenomics sequencing to determine com-
munity/genetic composition. Results indicated a high
similarity in surface waters at the different sampled loca-
tions with differences in taxonomic distribution by depth
and season. There was also greater than expected varia-
tion in cultured species. Future work will focus on estab-
lishing the core microbiome of the estuary and include
more rivers and locations in order to determine the sta-
bility of this microbiome over time, as well as any effects
of anthropogenic and/or climatic forces that can be cor-
related to changes in the community structure.

Lightning talks Session 1- human microbiome
enablers & engineering

Opening this session, a group of researchers introduced a
project to engineer a microbe to mitigate human perfor-
mance decrements caused by periods of suboptimal sleep.
Creatine has been shown to improve cognitive performance
in sleep deprived individuals by increasing energy availabil-
ity in the brain [23]. However, the half-life of creatine in the
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body is relatively short when supplemented orally. To over-
come this issue, a research team engineered Escherichia coli
Nissle 1917 to overexpress a gene that produces guanidino-
acetic acid (GAA). GAA is converted to creatine in the liver.
In vitro modeling demonstrated that the engineered pro-
biotic functioned as expected even in a mixed community,
and that the GAA produced was crossing the gut epithelium
into the blood. Future studies are planned to take this engi-
neered probiotic to human trials.

The DARPA’s Re-Vector Program was briefly discussed,
with the goal of developing techniques to modify the skin
organisms and their metabolic processes in order to dimin-
ish the impact of mosquito exposure. Mosquitoes are
vectors that transmit several diseases in warfighters and
civilians as well, like malaria, dengue fever, leishmaniasis,
amongst others. There are some approaches that aim to
decrease the exposure, including topical repellents, repel-
lant-treated uniforms, bed net (treated or untreated) and
chemoprophylaxis (when available). Although they are
accessible, they have some logistical and safety challenges
that have to be considered. This program is seeking to
understand the volatilome to be able to engineer human
skin microbe communities to alter key volatiles produced
by humans and microbes and reduce attraction by testing 10
different microbial communities with reduced dehydroge-
nase lactate (mosquito attract). Also, the program will iden-
tify genes and pathways for the synthesis of repellents.

The microbiome community is aiming to give effec-
tive solutions to skin wounds specifically caused by the
microorganism Pseudomonas aeruginosa. The goal is
engineering a skin microbe to prevent infections caused
by P. aeruginosa and try to find an antibiotic alternative
to combat the infection. The 3 main aims of the project
are: (1) produce a vector for E.coli product of a nanobody
that targets P aeruginosa surface proteins; (2) demon-
strate E.coli nanobody excretion and attachment to P
aeruginosa surface proteins; and (3) evaluate nanobody
capability to inhibit P aeruginosa.

A challenge that researchers could face when conduct-
ing biological collections for microbiome studies is try-
ing to discern the consequences of subjects self-sampling
of fecal at home and shipping them to the research facil-
ity. This practice could be convenient for volunteers par-
ticipating in a study but could cause several changes on
the microbiota structure due to inconsistencies in tem-
perature during the samples return, like the blooming of
Gammaproteobacteria, results specifically found by the
American Gut Project [24]. The idea is to develop better
protocol designs including stabilization methods to avoid
this type of variability that can alter final results.

The effects of consuming insoluble fibers (rice bran)
on the gut microbial diversity relative to the consump-
tion of soluble fibers was also a point of discussion. For
this, researchers use the SHIME in vitro gut model system
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adding insoluble fiber, soluble fiber, and the control, using
the gut microbiota of 3 different donors. It was observed
that alpha diversity showed distinct changes in community
and weighted unifrac analysis distributions were due to
starting inoculum. Also, it was determined that the short
chain fatty acids abundance changes were donor-dependent
and increases in acetic acid, butanoic acid and propanoic
acid were found in the distal community. The main results
showed that insoluble fiber caused more changes on the gut
microbiota than the soluble fiber.

Another important topic was the introduction of a plat-
form that incorporates human immune cell types and the
microbiome, with efforts on two main tissues, the ileum
and skin. The goal is to reproduce key aspects of the human
intestinal immune response with a focus on dendritic cells
and responding T-cells that support the tridimensional
and dimensional functionality of the model, to provide a
host:microbiome interface that animal models can simulate.
The idea of this model is to simulate the lamina propria with
dentritic and T-cells, add an epithelia monolayer and intro-
duce specific bacteria to evaluate the immune response.

Following this platform, a skin microbiome in vitro model
was presented. This model incorporates microorganisms
commonly found in skin microbiome representing it with
less complexity (5 candidates at the moment) to test antimi-
crobials textiles, particularly important in military settings
as soldiers may have limited access to shower/laundry for
several days. The model should maintain tissue viability for
21 days to mimic extended textile wear period. These organ-
isms are added to a solid substrate platform that simulates
the skin and are exposed to a textile. The abundance of the
microorganisms is measured by qPCR technique. As pre-
liminary results, researchers found that one of the bacteria,
Micrococcus luteus, is toxic to the tissue and TNF-alpha
production occurred immediately after M. luteus introduc-
tion, due to stress. The team is still working on optimizing
this model and the goal is to be able to co-culture aerobic
and anaerobic microbes. The finality of this model is to be
able to detect all the responses of the added textile to the
microbial community.

Another approach presented was the implementation of
an in vitro fermentation system that simulates the human
colon conditions to evaluate the effects of probiotics in the
generation of postbiotic fermentates and the possible role
protecting from the damage of acute muscle inflammation.
As part of the main results, the team found that the probi-
otic Bacillus subtilis produced mostly aromatic compounds
and lipids; Lactobacillus plantarum TWKI10 mainly pro-
duced an increased profile of lipids, indole and flavonoid
compounds; Bifidobacterium bifidum profiled anti-inflam-
matory compounds and Bifidobacterium breve presented
large changes in indole profile and anti-inflammatory
compounds.
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Having the support of companies to promote scientific
communication between different parties is crucial. With
that perspective, BoOMADE, the Bioindustrial Manufac-
turing Innovation Institute, was established in 2021 by
the DoD. It is an independent non-profit for new biotech-
nology products with the goal of building a sustainable,
domestic end to end bioindustrial manufacturing ecosys-
tem looking for social responsibility, safety, sustainability,
security, and education and workforce development. In
addition to these points, BlioMADE has additional focus
areas: building awareness of bioindustrial manufactur-
ing careers, preparing the future workforce with innova-
tive education, and supporting the growth of the current
workforce with world-class professional development.

Lightning talks session 2: human microbiome
discovery - earth & space

Human microbiome studies should take into account every
aspect in the design and execution of the experiments that
could affect the results, such as whether sequencing centers
and platforms have an impact on microbiome results. There
are several factors that could impact microbiome results
like the sampling method, shipment, sample storage, DNA
extraction method, primer selection, sequencing, and bioin-
formatics platforms. The primary objective was to compare
four 16S sequencing centers results. The only difference
between centers was in library normalization. Large differ-
ences in beta diversity were found between the two sites in
the study, in terms of taxonomy. Researchers observed sig-
nificant different communities between the two sequencing
centers when comparing oral, skin, and fecal sequencing
results between the two centers. It was proposed that a pos-
sible solution to this issue could be to sequence at the same
facility, use positive controls (known abundance and include
the same sample) and negative controls, be careful in the use
of differential abundance tests and be aware of the unknown
impact of different chemistries associated with same extrac-
tion and processing.

Testosterone supplementation could have an impact
on the fecal microbiome and metabolome during energy
deficit. Several previous studies have found testosterone
is correlated with the host’s microbiota [25-27]. Train-
ing leads to energy deficit from physical activity and diet,
which disrupts the endocrine system resulting in reduced
testosterone levels and changes in gut microbiome. A study
hypothesized that testosterone supplementation could pre-
vent exercise-induced gut microbiome alterations during
periods of energy deficit. A total of 50 male study partici-
pants were enrolled and divided into groups: half were given
a testosterone supplement, while the other half were given a
placebo. Within these two groups, participants were either
given a eucaloric diet or a diet that would induce an energy
deficiency under a controlled exercise regime. Fecal sam-
ples were taken at three timepoints. Results indicated that

(2023) 18:66

Page 6 of 9

testosterone concentrations were maintained in placebo and
increased in the supplemented group. However, no changes
in alpha and beta diversity were observed between any of
the groups. Changes in metabolomes and metabolites did
not differ by treatment but did differ by time. They con-
cluded that testosterone has minimal impact on changes in
gut microbiome structure function and metabolic activity
during sustained exercise and diet induced energy deficit.

It is being proposed that intestinal acylcarnitines could
be a biomarker of IBD due to their role in bacterial metabo-
lism. Acylcarnitines are membrane permeable intermedi-
ate metabolites of fatty acids and are an alternative energy
source when short chain fatty acids are limited. Acylcarni-
tines are elevated during diabetes, cancer, heart failure, and
nonalcoholic fatty liver disease. Fecal acylcarnitines have
recently been found to be positively correlated with dysbi-
osis and fecal calprotectin and may be delivered to the gut
via biliary secretion or by dysbiosis causing an increased
amount of host epithelial cells and blood to enter the lumen.
Acylcarnitines can be consumed by gut microbiota in
lumen, and fecal acylcarnitines are positively correlated with
Enterobacteriaceae and negatively correlated with the phyla
Bacteroidetes and Firmicutes. Very little is known about uti-
lization of acylcarnitines in the gut, but many bacteria can
use carnitine as a carbon/nitrogen source, osmo-protectant
and some bacteria can use the acyl chain for energy pro-
duction. In conclusion, acylcarnitines may be an underap-
preciated modality which host can use to influence gut
microbiome, and fecal acylcarnitines are elevated in patients
with dysbiotic IBD.

The effect of chlorinated drinking water on the gut micro-
biota is an emerging topic of interest. Since the 1900s water
chlorination limited spread of infectious diseases in the US.
Chlorine is disruptive to cellular structures, to membrane
and proteins, ATP, and causes DNA damage. Chlorine treat-
ment is effective, but not selective. Many previous stud-
ies show chlorinated water does not affect human health.
There were limited studies of the effect of chlorinated water
on microbiome. In the study, male and female mice were
exposed to chlorine and non-chlorine water. As part of their
results, they found that chlorinated water does not alter
alpha diversity and does not affect community structure.
Chlorinated water may impact some metabolic pathways
and altered community genetic potential, specifically for
vitamin B12.

The interest on the effects of spaceflight on the fecal
microbiome is rapidly increasing. To explore these,
researchers have used a RR4 model, 40 mice in space and
40 on ground with/without Segmental bone defect (SBD),
with the objective of examining the distinct effects of
space flight and bone defects upon the entire fecal micro-
biome. Changes in bacteria, archaea, eukaryote, and virus
at the phylum level abundance were observed (between
SHAM and SAL/ground and space). There were significant
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differences in alpha diversity for flight vs. ground and beta
diversity was significant for viruses. As conclusion, viral
domain of microbiome had significant changes in the per-
cent abundance due to microgravity and surgery.

Also, spaceflight-induced stress negatively impacted bone
healing and increased tubercular separation and trabecular
connectivity. In microbiome and brain transcripts, separa-
tion was observed between flight and ground sham sam-
ples. Neural pathway network was enriched in brain tissue
with changes in neuromodulators and neurotransmitters.
Impaired healing of segmental bone defect in space was
potentially coordinated with inhibited pain perception and
nociception, in space. In addition, there was a significant
upregulation of brain-derived neurotrophic factor (BNDF)
and signs of gut leakage in ileum epithelium. As part of the
conclusions, it was mentioned that space increased the risk
of bone injury and spaceflight delayed bone healing. Differ-
entially abundant microbiota at species level were identified
(Lactobacillus johnsonni) and found to be susceptible to
both space flight induced stress and SBD.

Lightning talks session 3 - environmental
microbiome analysis & engineering

This session encompassed lightning discussions on environ-
mental analysis and engineering. One of the topics was the
identification of the mycobiome from aircraft topcoat using
a decommissioned UH-60 helicopter sampled for molds
and several isolates such as Cladosporium. The goal was to
use this pilot study to test methods and evaluate microbial
degradation and resilient topcoats and effective cleansers
for mitigation. Another topic was to assess microbial threats
in thawing permafrost using metagenomics sequencing.
While it is widely known that permafrost is rapidly chang-
ing [28], there is less understood about the potential for
emerging novel pathogens from thawing permafrost. This
study sequenced samples and measured respiration col-
lected at various locations in the CRREL permafrost tun-
nel. They found that with permafrost thawing, the microbial
community is coming to life and assembled genomes from
metagenomics sequencing will uncover the genetic context
of potential novel pathogenic gene co-occurrence. Follow-
ing on the permafrost theme, comparisons of GHG emis-
sions from Alaska and Abisko permafrost focusing mainly
on Abisko, were conveyed. Researchers measured perma-
frost gas fluxes using a LICOR GHG analyzer field system
and found that rates differed between regions with varying
properties in elevation, wetness, temperature. These data
will be used as new parameters in the DRTSPORE model
[29].

A study was briefly presented in which researchers
attempted to “smell” wet soil to try to keep robots from
accidentally getting stuck in muddy soils. Interestingly, the
results showed there was a strong signal for terpene alco-
hols, geosmin and 2-methylisobornel, in wet/muddy soil.
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Further research will yield important relationships for mon-
itoring soil properties and land use. Next, microbial activ-
ity in dust contaminated Antarctic snow at airfields near
McMurdo Station was described. Windblown particulates
can halt operations, but it is not known from where the soil
particulates are being deposited and their activities. It was
explained that the Pegasus airfield particulates were carbon-
rich composites with strong microbial activities and several
Psychrobacterspp. were isolated from these particulates after
thawing. This session continued with a topic about using
the DRTSPORE model to assess microbial activity in Arc-
tic soil. This study used lab respiration and enzyme activi-
ties studies and showed that warm/wet soil produced the
most carbon dioxide and enzyme activities to feed back into
the DRTSPORE model. The discussion continued with the
characterization of several microorganisms for low-tem-
perature synthetic biology applications such as cell factories
[30] and bioremediation [31]. The study goal is to engineer
permafrost isolates to improve calcium carbonate mineral-
ization [32] at lower temperatures. To close this session, a
project on bioengineering and optimization of biocemen-
tation for potential space applications to reduce cargo load
and provide dust mitigation was described. Researchers pre-
sented on their on-going work to clone and express marine
sponge silicateins in E. coli and leverage the biosilification
process to stabilize Martian soil regolith to ultimately pro-
vide biocementation and dust mitigation on Mars.

Conclusions

The 6th annual TSMC symposium was a compendium of
diverse research and initiatives underscoring the continuing
importance and relevance of microbiome research within
the DoD. Studying and characterizing human microbiomes
remains paramount to understanding Warfighter physiol-
ogy, particularly when perturbations occur in those micro-
biomes due to operational, environmental, physical, and
medical factors, which may ultimately affect Warfighter
performance. While gut microbiome research dominated
the human-centric presentations, the microbiomes across
human domains including the intersections of these micro-
biomes with health and performance, were emerging areas
of interest. It is clear that multiple measures are needed to
characterize and understand microbiomes, and tools such
as multi-omic assessment and the use of organ models is
essential to elucidate mechanisms and/or key interactions
between host-microbe or microbe-microbe underpin-
ning host phenotypes. Together, these studies can lead to
the development of strategies for modulation or interven-
tion that can mitigate adverse outcomes due to stressors
and boost Warfighter resilience. A significant portion of
the symposium was also spent discussing the research on
environmental microbiomes, a vital area of research that
explores the profiles and trends of natural and built environ-
ments across the globe and within areas of interest for the
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DoD. These studies will add critical understanding on how
environmental conditions could affect important microbi-
ome ecological process and also how they can affect directly
and/or indirectly human microbiomes and the ability of
warfighters and their materiel to perform in different envi-
ronments. Moreover, since common goals and challenges
exist for human and environmental microbiome research
(e.g., sample handling and processing, data analysis and
sharing), it is important to communicate best practices and
lessons learned across the broader community. The user
engagement session was a valuable opportunity for military
user community representatives to provide information on
specific operational needs for the tri-services and feedback
on current efforts underway within this research commu-
nity. Microbiome research remains a highly multi-disciplin-
ary field and is an important component of biotechnology
research within the DoD. Continued cooperation and coor-
dination will facilitate effective leveraging of knowledge,
skills and resources within this and the broader microbiome
research community to address and provide solutions to
DoD needs and interests.

As well as providing a forum to enhance collaboration,
coordination, and communication of microbiome research
among DoD organizations, the TSMC also engages aca-
demia and industry through annual Topical meetings. These
focus on a specific topic within the microbiome field iden-
tified as a knowledge gap or emerging technology by the
TSMC community. The TSMC Topical meetings invite
leaders in those specific topics from academia and industry
to present to the TSMC community to facilitate collabora-
tions and assess new developments in the field.

Abbreviations

AFRL US Air Force Research Laboratory

BioMADE Bioindustrial Manufacturing and Design Ecosystem

CBR Chemical and Biological Radiation

CRREL Cold Regions Research and Engineering Laboratory

col Biotechnology Community of Interest

DEVCOM SC  US Army Combat Capabilities Development Command
Soldier Center

DoD Department of Defense

ELSEI Ethical, Legal, Societal, and Environmental Implications

EWS Enhanced Warfighter Systems

GAA Guanidinoacetic acid

GHG Greenhouse gas

Gl Gastrointestinal

GTI Gastrointestinal tract infections

JBADS Joint Biological Agent Decontamination System
MIRECC Mental lliness Research, Education and Clinical Centers
NMRC Naval Medical Research Center

NMSC Navy Medical Service Corps

NSMRL Naval Submarine Medical Research Laboratory
ONR Office of Naval Research

owP Optimizing Warfighter Performance

PACs Proanthocyanidins

RR4 Rodent research 4

RTI Respiratory tract infections

SBD Segmental bone defect

SHIME Simulator of the Human Intestinal Microbial Ecology
SMEs Subject matter experts

SSTIs Skin and soft tissue infections

(2023) 18:66 Page 8 of 9

TSMC Tri-Service Microbiome Consortium

STO Science and Technology Operations

USDA United States Department of Agriculture

USAF United States Air Force

USAFA United States Air Force Academy

USARIEM US Army Research Institute of Environmental Medicine
USNA United States Naval Academy

USUHS Uniformed Services University of the Health Sciences
WRAIR Walter Reed Army Institute of Research

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540793-023-00523-8.

[ Supplementary Material 1 ]

Acknowledgements

Authors sincerely thank Ms. Lorrie Strausbaugh, Ms. Tibby Starks, Dr.
Veeraraghavan Sundar, Dr. Stephaney Shanks, and team at UES, Inc., for
handling the logistics surrounding TSMC2022 with such patience and
enthusiasm. Authors also thank the Office of the Undersecretary of Defense
(Research & Engineering), Biotechnology Community of Interest Steering
Committee and Optimizing Warfighter Performance sub-area leads for
continued support of TSMC engagements. This hybrid meeting took place
at the Lake Morey Resort in Fairlee, VT, and we thank the management and
staff for their gracious assistance. APPROVED FOR PUBLIC RELEASE OPSEC
PR2023_50820.

Authors’ contributions
All authors contributed to writing and revising the manuscript, and all
approved the final version.

Funding

The Sixth Annual Tri-Service Microbiome Consortium Symposium was
supported by the Office of Naval Research and Biotechnology Community of
Interest.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Disclaimer

All opinions or assertions contained herein are the private views of the authors
and are not to be construed as official or reflecting the views of the Army,
Navy, Air Force, or the Department of Defense. Any citations of commercial
organizations and trade names in this report do not constitute an official
Army, Navy, Air Force, or Department of the Defense endorsement or approval
of the products or services of these organizations. Approved for public release;
distribution is unlimited.

Competing interests
The authors declare no competing interests.

Received: 22 May 2023 / Accepted: 19 July 2023
Published online: 02 August 2023


https://doi.org/10.1186/s40793-023-00523-8
https://doi.org/10.1186/s40793-023-00523-8

Pantoja-Feliciano De Goodfellow et al. Environmental Microbiome

References

1.

Glaven S, Racicot K, Leary DH, Karl JP, Arcidiacono S, Dancy, BCR, Chrisey, LA,
Soares JW.The current and future State of Department of Defense (DoD)
microbiome research: a summary of the inaugural DoD Tri-Service Microbi-
ome Consortium Informational Meeting. mSystems. 2018;3(4).

Goodson MS, Barbato RA, Karl JP, Indest K, Kelley-Loughnane N, Kokoska R,
Mauzy C, Racicot K, Varaljay V, Soares J. Meeting report of the fourth annual
Tri-Service Microbiome Consortium symposium. Environ Microbiome.
2021;16(1):16.

Karl JP, Barbato RA, Doherty LA, Gautum A, Glaven SM, Kokoska RJ, Leary D,
Mickol RL, Perisin MA, Hoisington, AJ, Van Opstal EJ, Varaljay V, Kelley-Lough-
nane N, Mauzy CA, Goodson MS, Soares, JW. Meeting report of the third
annual Tri-Service Microbiome Consortium symposium. Environ Microbiome.
2020;15(1):12.

Arcidiacono S, Soares JW, Karl JP, Chrisey L, Dancy CPT BCR, Goodson M,
Gregory F, Hammamieh R, Loughnane NK, Kokoska R, Riddle CPT M, Whitaker
K, Racicot K. The current state and future direction of DoD gut microbiome
research: a summary of the first DoD gut microbiome informational meeting.
Stand Genomic Sci. 2018;13(5).

Hammamieh R, Racicot K, Dancy BCR, Hentchel KL, Gautam A, Mauzy C, Leary
DH. Department of Defense Microbiome Research: a summary of the second
Annual DOD Tri-Service Microbiome Consortium Informational Meeting.
Defense Technical Information Center; 2020.

Titus AJ, van Opstal E, Rozo M. Biotechnology in Defense of Economic and
National Security. Health Secur. 2020;18(4):310-2.

Biden JR. Executive Order on Advancing Biotechnology and Biomanufactur-
ing Innovation for a Sustainable, Safe, and Secure American Bioeconomy. The
White House. 2022. https://www.whitehouse.gov/briefing-room/presiden-
tial-actions/2022/09/12/executive-order-on-advancing-biotechnology-and-
biomanufacturing-innovation-for-a-sustainable-safe-and-secure-american-
bioeconomy/?utm_source=link. Accessed 12 September 2022.

Chakraborty N, Waning DL, Gautum A, Hoke A, Sowe B, Youssef D, Butler S,
Savaglio M, Childress PJ, Kumar R, Moyler C, Dimitrov G, Kacena MA, Ham-
mamieh R. Gene-Metabolite Network Linked to Inhibited Bioenergetics in
Association with Spaceflight-Induced loss of male mouse quadriceps muscle.
J Bone Miner Res. 2020;35(10):2049-57.

Blum FC, Whitmire JM, Bennett JW, Carey PM, Ellis MW, English CE, Law NN,
Tribble DR, Millar EV, Merrell DS. Nasal microbiota evolution within the con-
gregate setting imposed by military training. Sci Rep. 2022;12(1):11492.
Brenner LA, Stamper CE, Hoisington AJ, Stearns-Yoder KA, Stanislawksi MA,
Brostow DP, Hoffmire CA, Forster JE, Schneider AL, Postolache TT, Lowry CA.
Microbial Diversity and Community Structures among those with moderate
to severe TBI: a United States-Veteran Microbiome Project Study. J Head
Trauma Rehabil. 2020;35(5):332-41.

Brostow DP, Stamper C, Stanislawski MA, Stearns-Yoder K, Schneider AL,
Postolache T, Forster JE, Hoisington A, Lowry C, Brenner L. Dietary habits and
the gut microbiota in military veterans: results from the United States-Veteran
Microbiome Project (US-VMP). Gut Microbiome. 2021;2:1-14.

Stanislawski MA, Stamper CE, Stearns-Yoder KA, Hoisington AJ, Brostow DP,
Forster JE, Postolache TT, Lowry CA, Brenner LA. Characterization of the gut
microbiota among veterans with unique military-related exposures and high
prevalence of chronic health conditions: a United States-Veteran Microbiome
Project (US-VMP) study. Brain Behav Immun Health. 2021;18:100346.

Singh VK, Fatanmi OO, Wise SY, Carpenter A, Nakamura-Peek S, Serebrenik
AA, Kaytor MD. A novel oral formulation of BIO 300 confers prophylactic
radioprotection from acute radiation syndrome in mice. Int J Radiat Biol.
2022;98(5):958-67.

Coleman JL, Hatch-McChesney A, Small SD, Allen JT, Sullo E, Agans RT,
Fagnant HS, Bukhari AS, Karl JP. Orally ingested Probiotics, Prebiotics, and
Synbiotics as Countermeasures for respiratory tract infections in nonelderly
adults: a systematic review and Meta-analysis. Adv Nutr. 2022;13(6):2277-95.
Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, Morelli L, Berni
Canani R, Flint HJ, Salminen S, Calder PC, Sanders ME. Expert consensus docu-
ment. The International Scientific Association for Probiotics and Prebiotics
consensus statement on the scope and appropriate use of the term probi-
otic. Nat Rev Gastroenterol Hepatol. 2014;11(8):506-14.

(2023) 18:66

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

Page 9 of 9

Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, Scott
K, Stanton C, Swanson KS, Cani PD, Verbeke K, Reid G. Expert consensus
document: the International Scientific Association for Probiotics and Prebiot-
ics (ISAPP) consensus statement on the definition and scope of prebiotics.
Nat Rev Gastroenterol Hepatol. 2017;14(8):491-502.

Sanders ME, Merenstein DJ, Reid G, Gibson GR, Rastall RA. Probiotics and
prebiotics in intestinal health and disease: from biology to the clinic. Nat Rev
Gastroenterol Hepatol. 2019;16(10):605-16.

Sanders ME, Merenstein DJ, Reid G, Gibson GR, Rastall RA. Author correction:
Probiotics and prebiotics in intestinal health and disease: from biology to the
clinic. Nat Rev Gastroenterol Hepatol. 2019;16(10):642.

Giron M, Thomas M, Dardevet D, Chassard C, Savary-Auzeloux |. Gut microbes
and muscle function: can probiotics make our muscles stronger? J Cachexia
Sarcopenia Muscle. 2022;13(3):1460-76.

Gorbach SL. The discovery of Lactobacillus GG. Nutrition Today.
1996;31:25-45.

Jones RMT, Alison K, Barbato RA, Barnes EV. Evaluating the Conductive Prop-
erties of melanin-producing Fungus, Curvularia lunata, after copper doping.
Defense Technical Information Center; 2020.

US GAO. Observations on Changes to the Reporting Structure for DOD's
Corrosion Office and Its Implementation of GAO Recommendations. Govern-
ment Accountability Office Report. 2019. https://www.gao.gov/products/
gao-19-513. Accessed 17 May 2019.

McMorris T, Harris RC, Swain J, Corbett J, Collard K, Dyson RJ, Dye L, Hodgson
C, Draper N. Effect of creatine supplementation and sleep deprivation, with
mild exercise, on cognitive and psychomotor performance, mood state, and
plasma concentrations of catecholamines and cortisol. Psychopharmacology.
2006;185(1):93-103.

Knight R. Correcting for Microbial Blooms in Fecal samples during Room-
Temperature Shipping. mSystems, 2017. 2(2).

Matsushita M, Fujita K, Motooka D, Hatano K, Hata J, Nishimoto M, Banno

E, Takezawa K, Fukuhara S, Kiuchi H, Pan Y, Takao T, Tsujimura A, Yachida S,
Nakamura S, Obara W, Uemura H, Nonomura N. Firmicutes in Gut Microbiota
correlate with blood testosterone levels in Elderly Men. World J Mens Health.
2022;40(3):517-25.

Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-Kampczyk
U, von Bergen M, McCoy KD, Macpherson AJ, Danska JS. Sex differences in
the gut microbiome drive hormone-dependent regulation of autoimmunity.
Science. 2013;339(6123):1084-8.

Hussain T, Murtaza G, Kalhoro DH, Kalhoro MS, Metwally E, Chughtai MI,
Mazhar MU, Khan, SA. Relationship between gut microbiota and host-metab-
olism: emphasis on hormones related to reproductive function. Anim Nutr.
2021;7(1):1-10.

Collet SC, Lee MW, Agena WF, Miller JJ, Lewis KA, Zyrianova MV, Boswell R,
Inks TL. Permafrost-associated natural gas hydrate occurrences on the Alaska
North Slope. Marine and Petroleum Geology. 2011;28(2):279-294.

Barbato RA, Waldrop L, Messan K, Jones R, Doherty SJ, Foley K, Felt C, Morgan
M, Han,Y. Dynamic Representation of Terrestrial Soil Predictions of Organisms’
Response to the Environment. Defense Technical Information Center, 2018.
Vigentini I, Merico A, Tutino ML, Compagno C, Marino G. Optimization of
recombinant human nerve growth factor production in the psychrophilic
Pseudoalteromonas haloplanktis. J Biotechnol. 2006;127(1):141-50.

Siani L, Papa R, Di Donato A, Sannia G. Recombinant expression of Toluene
0-Xylene monooxygenase (ToMO) from Pseudomonas stutzeri OX1 in the
marine Antarctic bacterium Pseudoalteromonas haloplanktis TAC125. J
Biotechnol. 2006;126(3):334-41.

Krajewska B. Urease-aided calcium carbonate mineralization for engineering
applications: a review. J Adv Res. 2018;13:59-67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.whitehouse.gov/briefing-room/presidential-actions/2022/09/12/executive-order-on-advancing-biotechnology-and-biomanufacturing-innovation-for-a-sustainable-safe-and-secure-american-bioeconomy/?utm_source=link
https://www.whitehouse.gov/briefing-room/presidential-actions/2022/09/12/executive-order-on-advancing-biotechnology-and-biomanufacturing-innovation-for-a-sustainable-safe-and-secure-american-bioeconomy/?utm_source=link
https://www.whitehouse.gov/briefing-room/presidential-actions/2022/09/12/executive-order-on-advancing-biotechnology-and-biomanufacturing-innovation-for-a-sustainable-safe-and-secure-american-bioeconomy/?utm_source=link
https://www.whitehouse.gov/briefing-room/presidential-actions/2022/09/12/executive-order-on-advancing-biotechnology-and-biomanufacturing-innovation-for-a-sustainable-safe-and-secure-american-bioeconomy/?utm_source=link
https://www.gao.gov/products/gao-19-513
https://www.gao.gov/products/gao-19-513

	﻿Meeting report of the sixth annual tri-service microbiome consortium symposium
	﻿Abstract
	﻿Introduction
	﻿Opening remarks
	﻿Human microbiome: stress response
	﻿Microbiome analysis & surveillance
	﻿Human microbiomes: countermeasures
	﻿Environmental micro- & myco-biomes
	﻿Lightning talks Session 1- human microbiome enablers & engineering
	﻿Lightning talks session 2: human microbiome discovery - earth & space
	﻿Lightning talks session 3 - environmental microbiome analysis & engineering
	﻿Conclusions
	﻿References


