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Science provides a structure for getting closer to the truth, empowering humanity to explore, understand and improve the
world around us. At a time when scientific misinformation and distrust are on the rise, highlighting the necessity and value
of science is more important than ever. The Spring 2025 issue of Microcosm showcases a selection of the unique ways in
which microbial science is helping to promote the health of both people and the planet.

Whether it's leveraging microbes to bolster food security, combating antimicrobial resistance with cannabinoids, harnessing
the power of the microbiome to treat disease or cleaning up radioactive waste with bacteria, scientific innovation helps to

create a brighter future for all of us.

CONTENTS

MICROBIAL BIOFERTILIZERS TO BOLSTER
FOOD SECURITY

HOW STUDYING BAT VIRUSES CAN HELP
PREVENT ZOONOTIC DISEASE

1 : ! MEET THE MICROBIOLOGIST: AGNOSTIC
DIAGNOSTICS AND THE FUTURE OF ASM
HEALTH WITH DEV MITTAR

1 6 LEVERAGING CANNABINOIDS AS
ANTIMICROBIALS

: ! O FECAL MICROBIOTA TRANSPLANTS (FMT):
PAST, PRESENT AND FUTURE

2 ASM'S YOUNG AMBASSADORS USE
SCIENCE TO EMPOWER COMMUNITIES
2 HOW DO MICROBES REMOVE
RADIOACTIVE WASTE?

HOW MICROBIOMES FRAME HUMANITY'S
ROLE ON EARTH

miCl'OCOSIIl SPRING 2025 ASM LEADERSHIP

MANAGING EDITOR PRESIDENT

ALEEA KHAN THERESA M. KOEHLER, PH.D.
MCGOVERN MEDICAL SCHOOL, UNIVERSITY OF
TEXAS-HOUSTON HEALTH SCIENCE CENTER

PRODUCTION EDITOR CEO
MADELINE BARRON, PH.D. STEFANO BERTUZZI, PH.D.

CONTRIBUTORS

HAILEY A. BARKER earned her B.S. in microbiology and
cell science from the University of Florida and is pursuing her

Ph.D. in the same department under the mentorship of Mariola
J. Ferraro (Edelmann), M.S., Ph.D.

MADELINE BARRON, PH.D., is the Senior Science
Communications Specialist at ASM. She obtained her Ph.D.
from the University of Michigan in the Department of
Microbiology and Immunology.

RACHEL BURCKHARDT, PH.D., is a program officer for
the American Academy of Microbiology, where she supports
the Scientific Portfolio on Climate Change and Microbes.

JEANMARIE CALVILLO, PH.D., aformer research
microbiologist at the University of Washington, now applies her
expertise in microbiology to 3D animation and visual storytelling.

MARIOLA J. FERRARO (EDELMANN), M.S., PH.D.,
is a tenured associate professor in the Department of
Microbiology and Cell Science at the University of Florida.

ASHLEY HAGEN, M.S., is the Scientific and Digital Editor
for the American Society for Microbiology and host of ASM's
"Meet the Microbiologist" podcast.

JOANNA URBAN is the Public Relations Manager for the
American Society for Microbiology. She oversees scientific press
releases covering the latest research in ASM's journals.

AVA WALDERMAN is a Communications Specialist at ASM.
She earned her bachelor's degree in international relations
from the University of California, Davis.

SANJA SAFTIC, PH.D., MAS CREATIVE PRACTICE,
is a MedComms, marketing and SciArt consultant.

PRESIDENT-ELECT SECRETARY
ALEXANDER MCADAM, M.D., ROBIN PATEL, M.D.
PH.D., D(ABMM) MAYO CLINIC

HARVARD MEDICAL SCHOOL

TREASURER
VICTOR DIRITA, PH.D.
MICHIGAN STATE UNIVERSITY



Microbial Biofertilizers to

Bolster Food Security

BY RACHEL BURKHARDT, PH.D.

veryone eats—animals, plants, even microbes need food. Today, there are more than 8 billion people on Earth, all of whom
need food to eat. But producing that much food is difficult. In addition, the United Nations expects the human population
to increase by nearly 2 billion in the next 30 years, which makes food security a looming global issue for humanity.

Besides a rapidly growing population, climate and environmental change pose a threat to food security worldwide. Warmer
temperatures facilitate the spread of pathogens that lower crop production, increase food spoilage and lead to higher risk of

foodborne illness. Extreme weather brings floods, droughts and storms that strip agricultural soil of nutrients, damage plants and

spread plant pathogens, which in turn reduces food yields.
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Climate change's projected changes to the environment (bottom) will impact microbes that affect food safety and security.
Source: American Society for Microbiology

Fortunately, microbes offer sustainable innovations to meet the nutritional needs of an expanding global population. The addition
of specific microbes to natural and agricultural ecosystems can promote increased resiliency and productivity. These microbial
solutions will be especially important to counteract stress from changes in temperature, precipitation and disease resulting from
climate change. Thus, microbial solutions for ecosystems and food systems can have big results for humanity's food security.

Learn How Microbes Help Address Humanity's Biggest Problems
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THE ROLE OF MICROBES IN FOOD PRODUCTION

The health and function of any environment is closely tied to the collection of microbes living in it, known as its microbiome.
"Microbiomes are the invisible engines of life—they drive nutrient cycles, influence health, support biodiversity and stabilize
ecosystems," said Raquel Peixoto, Ph.D., professor at King Abdullah University of Science and Technology, Saudi Arabia. Peixoto's

research focuses on using microbial therapies to increase host resilience to climate-induced stressors. Agricultural crops are
heavily influenced by their microbiome. Microbes found on the leaves, stalks and roots of the plants, as well as the surrounding
soil, affect how well a plant reacts to stress, absorbs nutrients and grows.

Farmers have long appreciated the role of microbes for promotion of crop production. In 1904, the scientist Lorenz Hiltner first

described the "rhizosphere" as the collection of soil microbes and nutrients that surround plant roots and are important for

plant growth and health. A key role for microbes in the rhizosphere, called the rhizobiome, is nutrient cycling. Nitrogen and
phosphorus can be limiting nutrients in soils, thereby restricting or "limiting" the growth of a plant. To overcome this limitation,
plants and microbes form symbiotic relationships to increase nutrient availability. For example, soil bacteria known as rhizobia
colonize plant roots and fix nitrogen for the plant to use, while fungi of the Glomeromycota phylum enhance root uptake of

water, phosphate and nitrogen. The rhizobiome also helps to modulate plant defenses and resilience to stress through the
production of plant hormones called phytohormones.

Environmental change can alter a plant's rhizobiome. Changes in temperature, precipitation, salt and nutrient levels are
associated with shifts in microbial community structure and biodiversity. Peixoto pointed out that climate change causes a
decline in biodiversity, which can lead to a higher prevalence of plant pathogens and lower plant productivity. To counteract
these effects, she advocates for restoring beneficial microbial communities that promote crop growth and yield. Peixoto
emphasized that by doing so, "we can protect and, consequently, enhance ecosystem resilience, which is essential not just for
ecology, but for food security and the global climate system that supports all life on Earth."

BIOFERTILIZERS: MICROBIAL PROBIOTICS TO PROMOTE PLANT GROWTH
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Microbial biofertilizers improve agricultural yield, promote soil health and protect against plant pathogens.
Source: Mahmud A.A,, et al./Current Research in Environmental Sustainability, 2021, via a CC BY 4.0 license

MICROCOSM | SPRING 2025 4


https://www.kaust.edu.sa/en/study/faculty/raquel-peixoto
https://asm.org/articles/2018/april/plants-and-the-bacteria-at-the-root-of-it-all
https://asm.org/articles/2018/april/plants-and-the-bacteria-at-the-root-of-it-all
https://asm.org/articles/2021/may/unearthing-the-soil-microbiome,-climate-change,-ca
https://www.frontiersin.org/journals/sustainable-food-systems/articles/10.3389/fsufs.2020.619676/full
https://www.nature.com/articles/nrmicro1987
https://www.nature.com/articles/nrmicro1987
https://doi.org/10.3389/fagro.2022.765068

Adding probiotics is a way to restore beneficial microbial communities to the soil. "Biofertilizers" are communities of

microorganisms (bacteria and/or fungi) that are applied to soils, seeds and/or plants to promote plant growth. Ultimately, these

probiotic mixtures of plant growth-promoting microbes can be used to enhance plant resilience and promote food security. Each
plant and soil type has a different microbiome, so biofertilizers are optimized for crop type and region. Scientists like Dilfuza
Egamberdieva, Ph.D., professor and head of the Biological Research and Food Safety Lab at the National Research University
(THAME), Uzbekistan, develop unique combinations of microbes that are most effective for each plant based on its rhizobiome.
"Through my research on beneficial microbes—those that enhance plant growth, improve soil health and contribute to long-term

carbon sequestration—I aim to develop sustainable agricultural practices," said Egamberdieva. In practice, biofertilizers help
promote plant growth in multiple ways. For example, they can enhance nutrient availability, introduce phytohormones and/or
boost defenses against pathogens.

Enhancing Nutrient Availability

Some microbial species improve nutrient availability for plants. Bacillus species, which are commonly found in soils, can solubilize
potassium and organic and inorganic phosphorus in soil. For tobacco plants, inoculation with a strain of Bacillus increased
available soil potassium and phosphorus levels by more than 30% compared to untreated controls, resulting in significantly

longer root systems, taller plants and increased crop yield. The same bacterial strain enriched soil nutrient content and crop
production for wheat, corn and peanut crop systems as well. Bacteria can also be used to improve the availability and uptake of
nitrogen, as demonstrated by the work of ASM member Mariangela Hungria, M.S., Ph.D.—a scientist at the Brazilian Agricultural

Research Corporation (EMBRAPA) and 2025 World Food Prize Laureate—who has developed various microbial inoculants that

enhance nitrogen fixation and reduce the need for synthetic fertilizers in major crops like soybeans and common beans.

Other microbes produce siderophores that bind iron found in the soil and deliver that iron to plants in a usable form, promoting
growth. Microbial siderophores produced by strains of Pseudomonas aeruginosa increased the iron transport to maize plants for

a higher crop yield. Zinc, another necessary metal for plants, can also be limited in soil. Strains of Azospirillum, Rhizobium and

Bacillus are all known to solubilize zinc in the soil for easier uptake by wheat plants.

Producing Phytohormones

Another direct effect of microbes on plant growth is the production of phytohormones that mediate plants' response to stress.
Phytohormones regulate plant cell division and growth, tissue differentiation, immunity to pathogens and abiotic stress from

changes in salinity, precipitation and temperature.
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Microbial phytohormones help plants deal with abiotic stress.
Source: Egamberdieva D., et al./Frontiers in Microbiology,
2017, via a CC BY 4.0 license

Microbial Phytohormones

Indole-3-acetic acid (IAA) is one of the most common plant hormones, and microbial production of IAA has been associated with

increasing drought and salt stress. For example, production of IAA by Streptomyces strains was associated with increased water

stress tolerance in wheat plants. These and other examples serve as proof of concept that microbial-produced phytohormones

can promote plant stress tolerance.
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Boosting Defenses Against Pathogens

Microbes in biofertilizers can also indirectly promote growth by increasing plants' defenses to pathogens. Some microbes produce
antimicrobial molecules to ward off diseases. For example, the fungus Aspergillus cvjetkovicii protected rice against infections

with Rhizoctonia solani, the causative agent of root and stem rot, by releasing a signaling metabolite that inhibits pathogenic

gene transcription. Other microbes act as biocontrol agents that outcompete pathogens for nutrients or induce plant defenses.
Plants inoculated with strains of Streptomyces were protected against infection from multiple fungal plant pathogens. According to

Egamberdieva, "many farmers are struggling as they face annual losses in crop production due to plant pathogens, challenges that
are being intensified by climate change and cannot be effectively controlled by agrochemicals." Probiotic biofertilizers help increase
the resilience of plants to disease.

MEET THE MICROBIOLOGIST

> 128: Managing Plant Pathogens Using Streptomyces with Linda Kinkel

304 00:00:00 / 01:03:01 30 N B o Blasm.org

Click image to listen.

LIMITATIONS OF BIOFERTILIZERS AND HOW TO OVERCOME THEM

Use of biofertilizers is growing worldwide. Several companies currently sell commercial biofertilizers, and the global biofertilizer

market is anticipated to grow 12% annually. North America has the largest share of the biofertilizer market, driven by demand

for organic produce and more sustainable agricultural practices. However, there are limitations to commercial biofertilizers. They
have a shorter shelf life and are more difficult to scale production than synthetic fertilizers. These factors can make biofertilizers

more expensive or less effective when applied to crops compared to synthetic fertilizers. Also, farmers are hesitant to change their

agricultural procedures if those changes may result in lower crop yield or profitability. Scientists are working to improve biofertilizer

efficacy and stability. One approach is adding biochar.

Biochar to Support Biofertilizer Microbes

Biochar is the lightweight residue of burning organic matter. Organic waste, such as crop residue or manure, is burned with limited

to no oxygen, resulting in carbon-rich biochar. Burning the waste, instead of letting it decompose and release greenhouse gases,

locks the carbon into stable compounds that take much longer to decompose. This helps sequester carbon in soil and mitigate

greenhouse gas emissions.

Applying biochar directly to soils is known to improve soil health, soil moisture capacity and can bind heavy metals and chemicals

to clean up contaminated soils. The addition of biochar to soil also improves nutrient availability, which is linked to enhanced plant
growth and improved crop yield in field experiments. Biochar has been used in agriculture for more than 2,500 years as a nutrient

additive, but it has gained recent popularity in the push for sustainable agricultural practices and increased food security.

———» Microbial Inoculants

o Rhizobium

¢ Plant growth promoting microbes
¢ Probiotics
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¢ Biodegraders
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Biochar and plant growth promoting microbes can be used for sustainable agriculture and increased food
production. Source: Bolan S., et al./Science of the Environment, 2023, via a CC BY 4.0 license
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Egamberdieva is particularly excited about expanding on biochar's positive impacts on soils by combining biochar with microbial
technologies to promote sustainable agriculture. Biochar can act as a carrier for plant growth-promoting microbes. Its porous
structure and high water and carbon content provide necessary nutrients for biofertilizer microbes. "When combined with

beneficial microbes, biochar improves nutrient cycling, boosts soil fertility and enhances plant resilience to environmental
stresses like drought and extreme temperatures. This innovative approach not only addresses the challenges posed by

climate change but also offers a practical, eco-friendly solution for sustainable farming practices and ecosystem restoration,"
Egamberdieva explained. Her research showed that the application of biochar with microbes led to higher soil microbial diversity

and increased plant growth.

Application of biochar can also limit plant pathogens. Biochar-treated tobacco plants had lower incidence of a fungal pathogen.

The biochar both directly exerted an antifungal effect and indirectly influenced the rhizosphere microbial community to produce
antimicrobial molecules against the pathogen. Biochar in combination with biofertilizer inoculants can improve plant productivity
and help prevent plant diseases.

Microbes for Sustainable Agriculture

Probiotic microbes can reduce agricultural greenhouse gas emissions to make agriculture more sustainable. Synthetic nitrogen
fertilizers are energy-intensive to produce, accounting for more than 10% of agricultural greenhouse gas emissions and 2.1% of

global greenhouse gas emissions. "Microbial-based biofertilizers reduce the reliance on synthetic fertilizers, thereby lowering

nitrogen emissions, while also enhancing soil health," Egamberdieva said. Scientists like Egamberdieva and Hungria are helping
to make farming more sustainable by using microbes. For example, Hungria's work in Brazil has contributed to widespread use of
biofertilizers, which is estimated to have prevented the release of 230 million metric tons of CO_-equivalent emissions.

Biofertilizers can directly mitigate emissions from agricultural soils. For instance, tomato plants inoculated with a biofertilizer had
increased plant growth and emitted 38-76% less nitrous oxide (N.O) compared to control plants lacking the inoculant. Addition

of the biofertilizer was correlated with alterations to soil microbial community structure and abundance of key nitrogen-cycle
functional genes, which may lead to less substrates for N,O producing microbes and therefore decreased emissions.

Biochar can directly sequester greenhouse gases, such as CO, and N,O, because of its porous structure. When added to rice and

maize fields, biochar application resulted in a 47-57% reduction in CO, emissions compared to controls. Biochar addition also

modifies soil microbial communities that, in turn, emit less greenhouse gas. Together, biofertilizers and biochar act as sustainable

innovations to improve global food production.

Discover How Microbes Mitigate Greenhouse Gases

THE FUTURE OF BIOFERTILIZERS

The outlook for biofertilizers is promising. They not only improve crop yield and reduce the abundance of plant pathogens, they
also make plants more resilient to climate stress. Inoculation formulations can be tailored to local conditions, making biofertilizers
adaptable to a wide range of crops and climates around the world. In addition, the use of biofertilizers with biochar reduces the
amount of synthetic fertilizer needed, lowering greenhouse gas emissions and cutting costs for farmers. "What excites me most is

that these innovations not only work—they are sustainable, ecologically friendly, cost-effective and globally applicable. They allow us
to collaborate with nature, rather than fight against it, to build a livable future," Peixoto said. Thus, microbes in biofertilizers provide
tremendous opportunities to help humanity improve food security in the face of climate change.

According to Rino Rappuoli, Ph.D., scientific director at the Fondazione Biotecnopolo di Siena, Italy, "Microbes hold the missing

ingredient needed for the next climate breakthroughs." Rappuoli, who is also the President of the International Union of Microbiological
Societies (IUMS), views microbes as solutions to many of humanity's greatest challenges. To showcase microbial innovations, such as
biofertilizers, IUMS partnered with ASM to convene a scientific advisory group of global experts to identify concrete microbial solutions
for climate change. The group's report outlined innovative microbial technologies that can significantly contribute to climate change

mitigation and adaptation, highlighting the use of probiotic microbes for food security and ecosystem resilience. A complementary

editorial underscores the urgent need for coordinated global action across nations and sectors to address climate change, including
incorporating microbes into innovations to tackle the global crisis. "We encourage leaders of climate initiatives across all sectors to
incorporate microbial processes into climate research and sustainable solutions," Rappuoli said.

Today's food systems will not meet the demands of tomorrow's population. Probiotic biofertilizers and biochar can be used to bolster
global food security. Microbes are potential solutions to meet the urgent need to feed a growing population in a sustainable manner.

Read About Microbial Solutions for Climate Change
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How Studying Bat Viruses Can Help

Prevent Zoonotic Disease

BY MADELINE BARRON, PH.D.

This article, originally published in July 2024, has been updated for inclusion in the Spring
2025 issue of Microcosm, 'How Does Science Serve Humanity?'

ats have become the poster child of emerging zoonotic disease. The creatures harbor a vast array of viruses—some of which
cause deadly diseases in humans—yet they rarely get sick themselves. What makes bats such viable viral hosts? Scientists
are digging into the question, using what they learn to inform strategies for preventing spillover and mitigating disease.

IF YOU GIVE A BAT A VIRUS...IT DOESN'T GET SICK?

Bats make pretty great hosts for viruses. These mammals live cozily in colonies, which facilitates easy transmission, and they can
survive high viral titers in their tissues and sera without showing signs of clinical disease. According to Cara Brook, Ph.D., an assistant
professor in the Department of Ecology and Evolution at the University of Chicago, the latter feature is notable, in part, because of its
connection with another batty characteristic: the ability to fly.

"Flight is the most physiologically [and] metabolically costly form of terrestrial
locomotion," Brook said during a scientific session at ASM Microbe 2024. "It

appears that bats compensate for the metabolic demands of flight through

a number of unique molecular adaptations," including dampened recognition
of cellular damage, a unique anti-inflammatory phenotype and upregulated
DNA damage repair pathways. While these bat adaptations evolved for
flight, "they have cascading consequences on [bats'] longevity, their resilience
and resistance to cancers, as well as their resistance and tolerance to virus
infection," Brook explained. The same pathways that tamp down the negative
effects of flight also dampen the impacts of viral infection and facilitate

. greater viral tolerance. This heightened tolerance is balanced with enhanced
Bats' heightened viral tolerance and robust antiviral antiviral immune responses, which together make bats exceptionally good at
defenses are tied to their evolution of flight. coexisting with viruses.

Source: iStock.com/Ken Griffiths

And bats host thousands of different viruses, spanning hundreds of bat species. Many of these viruses belong to families with
members that cause human disease, including Paramyoxiviridae (Nipah virus), Filoviridae (Marburg virus), Rhabdoviridae (rabies virus)
and Coronaviridae (SARS-like viruses). It is this cocktail of viruses found within bats, and their links with known zoonoses, that have
placed them under the spotlight of scientific inquiry. New viruses related to existing threats are routinely detected in the soaring
mammals. As a result, bats are popularly viewed as powder kegs of viruses with the capacity to wreak havoc in human populations.

HOW CONCERNING ARE BATS, REALLY?

Researchers debate whether bats really harbor a particularly vast and dastardly collection of viral threats; some argue this perception

is a product of confirmation biases. It's a numbers game: if one looks for many new viruses in many bats, they will, on average, find

many new viruses in bats—and the more one finds, the more one will look. One study reported that the number of human-infecting
viruses in bats (or any animal) is proportional to the number of species that exist (over 1,400). That is, bats aren't any more virus-rich

than would be expected based on how many of them there are.
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Yet, work from Brook's lab suggests bats are, in fact, special, viral reservoirs deserving of attention. Her group discovered that,
compared to other mammalian and avian reservoirs, bats harbor the most virulent zoonotic viruses (i.e., have the capacity to cause

severe disease within humans) with the highest case fatality rates (they're particularly deadly). Why might this be? Brook circled back
to the bat immune system.

Bat Defenses Select for Viruses With High Growth Rates

It appears that the antiviral properties of bats "likely select for high growth rate viruses that we expect would be pathogenic upon

spillover to non-bat hosts," she said. During replication in a reservoir host, viruses must grow at adequate levels to facilitate transmission
while minimizing virulence (i.e., if their reservoir host dies, they can't spread).

Bats' ability to tolerate high viral loads, coupled with their anti-inflammatory phenotype, means that viruses can replicate at high densities
to maximize transmission between animals. In less tolerant hosts, these supercharged viruses may trigger extensive damage—indeed,
modeling and empirical data suggest that virulence in humans partly depends on a virus's reservoir-adapted growth rate.
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Work from the Brook Lab suggests that the immunology and life history of a reservoir host shapes the evolution of viru-
lence in zoonotic viruses. Source: Brook C., et al./Plos Biology, 2023, via a CC BY 4.0 license

Bat-borne Viruses Are Less Likely to Establish Sustained Human Transmission

This isn't the whole story, though. "It's important to note that [these findings don't] account for the probability of zoonotic spillover,
which we know is inversely related to phylogenetic distance," Brook said. While bat-borne viruses may be virulent, they are less likely

to establish sustained human-to-human transmission; those viruses hail from reservoir host groups closely related to people (e.g.,
primates). This is not trivial, as viruses with pandemic-causing potential are often associated with high human transmissibility.

In other words, hosts with a shorter phylogenetic distance from humans contain viruses with lower morbidity and mortality, but a
higher potential for endemic establishment in human populations; the opposite is true for bat-borne viruses. Moreover, whether a virus
causes a high death burden in humans depends not on the type of animal it came from, but rather a compilation of viral traits, the
animal host population and its interactions with humans.
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STUDYING BAT-BORNE VIRUSES INFORMS SPILLOVER PREVENTION

The image that emerges from these data is that a complex mix of factors dictate a virus' zoonotic risk, with roots in immunology,

ecology and epidemiology. Humans have the most active role in boosting the chances of spillover, due to activities and impacts
like deforestation and climate change that facilitate greater human-wildlife interaction. If a virus is detected in bats, it doesn't

automatically spell doom for the human population. There is often an intermediate animal host (e.g., dogs, pigs, horses) where a
bat-borne virus may hang out and evolve before hopping into people. This chance of secondary spillover is a paramount concern, and
highlights that there are other animals that require attention in the fight against zoonotic disease.

MEET THE MICROBIOLOGIST
103: Predicting Spillover Events with Barbara Han

304 00:00:00 / 00:46:49 30 N oo B asm.org

Click image to listen.

Nevertheless, Brook emphasized the value of understanding the transmission and persistence of bat-borne viruses, as doing so can
identify potential points of early intervention to prevent spillover from happening in the first place. Over the last decade, she and
her collaborators have investigated viruses in 3 endemic species of fruit bats in Madagascar. By tracking bats and analyzing samples
collected from the creatures over time, the scientists have gained insights into how viruses move through the population, and how
bats respond.

For instance, they've illustrated that there are 4 clades of Henipavirus (a genus whose most famous members are Nipah and Hendra
viruses) persisting at low levels in the fruit bats. The animals develop lifelong immunity to the viruses, but short-term antibody
responses, suggesting there are other (e.g., T cell) immune mechanisms at play. Additionally, through their virus discovery efforts, Brook
and her colleagues have uncovered new henipaviruses that do not bind the same cell receptors as known zoonoses, like Nipah virus.
She highlighted that delineating the receptors these viruses do bind would help determine their potential tropism.

The research crew's goal is to use these collective findings to develop a multivalent vaccine to potentially eradicate henipaviral
infections in bats prior to zoonotic emergence. "Our primary interest in understanding the transmission dynamics that maintain these
viruses in wild bats links to our interest in identifying opportunities for interventions to prevent spillover to human populations," Brook
said, reiterating, however, that "zoonosis is a multi-layered challenge, scaling from the cell to the ecosystem."

SAVE THE BATS

Understanding where bats fit on the spectrum of zoonotic risk is important because bats are dying. It is estimated that over half of bat
species in North America alone are at risk of severe population decline in the next 15 years due to scourges like white nose syndrome

and climate change. Framing bats through a lens of fear, and the belief that they are inherently harmful to humans, undermines efforts

to protect them.
Protect where bats eat, protect where bats roost, protect people at risk.
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Bats have a number of important
ecosystem functions; protecting
them requires small and large-scale
interventions across natural and ur-
ban environments. Source: Plowright,
R.K., et al./Nature Communications,
2024, via a CC BY 4.0 license
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And they're worth protecting, not least because of their ecosystem value (e.g., pollination, controlling insect populations). Scientists

can learn a lot from bats, including how to combat the very viruses that make them a concern. Delving into the mechanisms of the bat
immune system—the particularities of which differ among the vast number of bat species—could be useful for understanding the
transmission and evolution of possible viral threats they harbor, as well as how we can better tackle them. Bats have something to offer in
other research areas, too, like in the fields of cancer and aging (when adjusted for body size, bats comprise 18 of the 19 mammal species

that are longer-lived than humans).

When all is said and done, the creatures are more than the viruses they host—they also hold clues to advance and maintain human health.

Research in this article was presented at ASM Microbe, the annual meeting of the American Society for
Microbiology, held June 13-17, 2024, in Atlanta.

Learn more about the (re)Jemergence of infectious disease in the Fall 2022 issue of Microcosm,
featuring articles about virus-hunting, infection prevention, public health communication and more.

Explore the Issue
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Meet the Microbiologist:

Agnostic Diagnostics and the Future of
ASM Health With Dev Mittar

HOSTED BY ASHLEY HAGEN, M.S.

D ev Mittar, Ph.D., Scientific Director of the ASM Health Scientific Unit discusses the use of metagenomic next generation
sequencing to develop agnostic diagnostic technology, giving scientists and clinicians alike, a tool to diagnose any infectious
disease with one single test. He also discusses how the ASM Health Unit is empowering scientists and leveraging microbial science
innovations to address critical global health challenges and improve lives worldwide.

MEET

the
MICROBIOLOGIST

Agnostic Diagnostics

and the Future of
ASM Health With
Dev Mittar

AMSERICAN
- FOCETY FOR
MICROBICHLOGY

Click image to listen

ASHLEY'S BIGGEST TAKEAWAYS

e Prior to his role as Scientific Director for ASM Health, Mittar worked as a health scientist and program officer at the Division of
Research, Innovation and Ventures (DRIVe), where he focused on advancing high-impact science.

e DRIVe is a small, entrepreneurial arm of BARDA that takes on early-stage projects with high potential of turning into medical
countermeasures.

e Heis particularly passionate about his work to develop agnostic diagnostics—a single test that uses metagenomic next
generation sequencing to identify any pathogen from a clinical sample.

e  Mittar discusses applications for this technology in surveillance (pandemic preparedness), variant detection, AMR and clinical

settings (diagnosing complicated infections where etiology is not clearly defined).

e He also shares how a recent bout with illness emphasized the value and potential of this technology to save money, time, pain
and suffering of the patient.

e  Early and accurate diagnostics via this technology can also help prevent the overuse/misuse of antibiotics, which are key
factors in the spread of antimicrobial resistance.
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e  Furthermore, when this technology is coupled with the use of metatranscriptomics, it can provide information about the
patient's immune profile that can be helpful in developing personalized treatment strategies, as opposed to a one-size-fits-all
approach.

e ASM is organizing around 3 scientific units, ASM Health, ASM Mechanism Discovery and ASM Applied and Environmental

Microbiology.

e These units will empower researchers and scientists to use science to make a difference in the world and provide a forum for
them to come together to shape the future of the field.

FEATURED QUOTES

How Did You Become Interested in Microbiology?

| actually grew up in a small town in North India, and from a pretty young age, I've seen the real-life impact of infectious diseases,
like polio and tuberculosis. | remember TB was quite prevalent when | was growing up, and it was also a big stigma in our society.
And one of my first cousins had a paralytic polio. He lost his ability to walk normally. That kind of left an impression on me, and |
thought of doing something in the medical field. | originally wanted to become a doctor, but my premed score was not adequate
to get me into med school. But | still wanted to stay in the health field, and after college, | chose to do research in microbiology. |
ended up pursuing both a masters and Ph.D. in microbiology. So yeah, that's what sort of prompted me.

| also remember the polio vaccination campaigns when | was growing up by WHO. When | was young—those little polio drops—at
that time, the campaign that they ran was amazing, and it was very satisfying to see polio-free India after a few years.

Agnostic Diagnostics: History, Technology and Applications

One of the things I'm most proud from my time at BARDA, hands down, is the agnostic diagnostic program that | started while

| was in DRIVe. This all kicked off right in the middle of the pandemic, at the time when | was directly involved with getting
emergency use authorizations for traditional PCR-based tests for COVID-19. As | was monitoring progress of those EUAs, working
with diagnostic divisions, something stuck to me. We were essentially reinventing the wheel each time a new virus emerged. We
will scramble to develop, validate and get approval for the new test from scratch. We all know during COVID-19, lack of approved
diagnostics initially caused a significant delay, and that cost us valuable time in containing the spread of virus. So, | started
thinking, 'what if we don't have to start from scratch every time? What if there was 1 universal diagnostic test that could identify
literally any pathogens, even the ones we have never seen it before?' So that's when | came up with the idea of starting a program
on agnostic diagnostics, meaning a single test based on metagenomic next-generation sequencing, or NGS for short. The concept
was not new, but simple. And it was tested previously, and published well, but not commercialized.

Basically, you take a clinical sample, run 1 test, and you can identify any pathogen be it virus, bacteria, fungi, even parasites—no
matter existing or new. So, that's something where | pitched this idea for commercialization, internally at BARDA. I'll be honest,

| was met with a fair bit of skepticism, initially, because of lot of reasons, but the main reason was | was focusing more on
sequencing technology and pitching the utility and applications in surveillance diagnostics, variant detection, AMR and everything.
But | was not focusing on what problem | was solving. People wondered even if it was practical or realistic to use this technology,
but seeing this technology being used by CDC public health labs, | was confident that this could be used, or this could be game-
changing for diagnostics as well.

| ended up reframing the problem in a slightly different and clearer manner. | pitched again that we need 3 things in a diagnostic
test moving forward. One is it has to be available immediately whenever we are hit with something new (i.e., on day 1 of a new
pandemic). Second, it has to detect any and every pathogen, known or unknown, so we would not need a new test every time. And
third, there has to be some sort of pre-approval so that it could be deployed right away, without any delay.

So, when | laid it out like this, it finally clicked. We got the approval to fund a pilot project, but seeing the value, within no time, this
pilot turned into 5 projects, and shortly after, we added 3 more projects into the portfolio. And eventually, this initiative from DRIVe
made its way into a broader funding opportunity at BARDA, which is called Broad Agency Announcement, where it became a major

funding initiative, where they're looking for complete sample-to-answer agnostic diagnostic solutions.

As far as | know, it's still open today for funding, helping us to prepare for health threats of the future. So, looking back, | think it's
very rewarding to think how a small idea, a simple concept during the pandemic, turned out to be something truly impactful. So
that's something which I'm very proud to have led at BARDA.
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How Agnostic Diagnostics Could Have Made the Difference in Mittar's Life

| published a target product profile for this diagnostics with 2 use cases. One was meant for future pandemic preparedness, and
the second use case was for the patients with complicated infections where etiology was not clearly defined. And honestly, | had
no idea that | was about to become an ideal example for the second use case, because | recently had a health problem. It's a long
story. I'll try to make it brief. Last December, | developed some sort of sinusitis problem where | had nasal congestion, fever and
high heart rate.

| consider myself pretty healthy. | exercise regularly. My immune system is generally strong, | believe. And | do monitor my
physiological parameters, heart rate, body temperature. | use Apple Watch and Oura ring both, actually. So, when | experienced
that sinusitis problem, my first response was, 'let's go to my primary care.' So, | went to my primary care. Seeing me, he assumed

it was a bacterial infection, bacterial sinusitis, and he prescribed me doxycycline, without doing any diagnostic test. | said, 'Okay.'

| took it for 4 days, but | was not getting any better. And after that, | went to an ENT specialist. So, the ENT looked at me. He did
not run any diagnostics either. He said, 'This is a viral sinusitis. It will take long time. It's going to go away on its own.' So, he did not
prescribe me any medication and sent me home, but | was not getting better... (Listen to audio for the rest of the story).

| think first off, an agnostic diagnostic test would have saved me a lot of time, where doctors spent at least 2 months figuring out—
based on my WBC count, it sounds like an infection, but what and where? A single test to rule out infection could have saved me
the unnecessary doses of oral antibiotics and IV antibiotics. | had at least 3-4 antibiotic courses, which were totally unnecessary,
which were a trial-and-error approach, essentially. So, a lot of time would have been saved, unnecessary antibiotic treatments and
obviously uncertainty. Plus, seeing infection ruled out, doctors may have thought out of the box to look for something else, maybe
like autoimmune or some other disease.

Full disclosure, I'm not a clinician nor a regulatory expert. | may be wrong here, but | wonder why we are still using treatment
guidelines, which were written decades ago. For example, the ENT would prescribe a 10-day course of steroids and Augmentin
right away, even though it is unnecessary. | don't know why these protocols that were written in like the 70s and 80s haven't
been updated. For example, fluoroquinolones, like ciprofloxacin, they say you take it for 5 days at a time, because that's what the
guideline was 35 years ago, and no one really questioned it since.

So, the reason I'm questioning is that we all are different. People have different immune systems, different risk factors, the one-size-
fits-all approach for antibiotics, and even for antivirals, just don't make any sense. Someone who is young and healthy probably
does not need the same antibiotic dose or duration as someone who is immunocompromised, yet we still treat them with the same
dose and same duration. So, what | would love to see is something more personal. | think if you look into the literature, there are
already quite a few biomarkers, which can tell you an immune status of a person, and the sequencing technology—for example,
metatranscriptomics, can take it one step further. This means that in a clinical sample, where you are detecting a pathogen,

you also have human nucleic acid, and based on human DNA and RNA, you can understand a patient's immune profile using
metatranscriptomic technology.

That's the kind of test would definitely help doctors personalize your antibiotic or your antiviral treatment. That's the future | would
love to see. | know it sounds far-fetched, but a single test could combine not only the pathogen testing, but host factor testing as
well, which could tell you about a personalized treatment option for a particular patient.

Next Steps for Agnostic Diagnostics

I think the technology is there. As said, we need diagnostics that are broad and unbiased, and NGS, at the moment, is complex. It has
both wet lab and dry lab components with a lot of manual steps. And you need technical experts to run it, and it's more expensive than
traditional methods. But the cost of sequencing is falling dramatically. | mean, think of sequencing technology 25 years ago. Probably
in 2001 or 2002, sequencing the human genome would cost like 100 million dollars, the cost of a Boeing 737, today! Today, it can cost
something like $200, which is what you pay for your annual Netflix subscription. By the way, | asked this question to chat GPT, just to
compare it. The point is, sequencing cost has dropped faster than Moore's Law. So, now the barrier isn't really cost of sequencing or
cost of the technology. It's getting all those tools standardized, approved and integrated into routine clinical care.

We need regulatory frameworks that are ready to support this kind of testing. We need payers to understand the value of this single
test, rather than doing 10 tests. In my case, if you look into the number of tests that were performed on me, a single test, even if those
more expensive, could have saved tons of money. And we need doctors and labs to have access to it, especially in routine clinical labs,
where it can make a real difference. | truly believe we are at a turning point. Technology is here. The costs are manageable, and the
need is, | think, urgent. It's all about building infrastructure, trust, interpretation of the technology and the policy support to bring to
the front line for diagnostics, not only for future pandemic preparation, but also for complicated hospital infection or infections where
etiology is not known.
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ASM Health

I'm very excited about the Health Unit, and I'm working very closely with our scientific advisory council on shortlisting specific ideas,
themes and programs we choose to focus on. We have 15 experts from academia, industry and government across the globe. We are
brainstorming with them to figure out where the biggest needs and opportunities are. Once we identify the most impactful ideas, we
will build consortia around them, where welll bring the right peoples and partners to move these ideas forward.

At ASM Health Unit, we won't be directly running these programs, but our strength lies in connecting the dots, bringing all those
stakeholders together, shaping strategy, advocating with regulators, helping build the ecosystem that gets those innovations into the
real world. At the end of day, the goal is simple, choose programs or themes that can make a meaningful difference in public health
and in people's lives. In addition to that, our focus will also equally be on animal health, plant health and food microbiology.

Right now, we are still in the early stage of building these consortia, but the idea is that, over time, we'll create some opportunities for
participation, especially for our listeners, members—that could be through clinical trials, pilot programs or other collaborative efforts.
While ASM itself won't be executing the research or running the trials directly, we will serve as a connector and will bring together
academic institutions, industry partners and other stakeholders. So, if you are someone who is passionate about infectious disease,
diagnostics, vaccines, new therapies, there may be opportunity to participate, whether you are a researcher, a clinician, policymaker or
even just someone who wants to stay informed. We will make sure you have access to those networks and opportunities to contribute
as things develop. | would say the best thing you can do now is stay connected. Keep an eye on ASM updates, attend our events and
join the conversation!

LINKS FOR THIS EPISODE

e Learn More About ASM's Scientific Units.

e Join the Conversation on ASM Connect, our online community platform.

e  Browse Volunteer Opportunities.

e  Become an ASM Member.

e  Register for ASM Microbe 2025.
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Leveraging Cannabinoids

as Antimicrobials

BY HAILEY A. BARKER AND MARIOLA J. FERRARO (EDELMANN), M.S., PH.D.

s bacteria continue to outpace our best antibiotics, researchers are exploring new frontiers for antimicrobial strategies.

One unexpected contender is gaining traction: cannabinoids. Well-known for their roles in pain relief, appetite and mood
alterations, cannabinoids include plant-derived compounds (phytocannabinoids), synthetic analogs and natural lipids produced
by the body (endocannabinoids). These compounds act through the endocannabinoid system (ECS), a signaling network involving
cannabinoid receptors, ligands and metabolic enzymes. Recent studies suggest that certain cannabinoids, particularly cannabidiol
(CBD) and cannabigerol (CBG), can directly kill drug-resistant bacteria. However, the same compounds also modulate immune
responses in ways that can either help or hinder infection resolution. Could cannabinoids become allies in the fight against
antimicrobial resistance—or do they pose unintended risks?

AN OLD PLANT WITH NEWLY DISCOVERED POTENTIAL

Long before antibiotics transformed modern medicine, Cannabis sativa was used in traditional healing systems across various
cultures to treat a range of ailments, including malaria and fever. While those early uses were anecdotal, scientific interest in the

antimicrobial properties of cannabis has grown steadily since the 1950s.

Compounds derived from C. sativa show potential as antimicrobials. Source: iStock.com/Dolores Preciado

Today, this idea is making a serious comeback. A growing body of evidence suggests that endocannabinoids, phytocannabinoids
(plant-derived cannabinoids) and synthetic cannabinoids can effectively inhibit or kill certain bacterial pathogens. Indeed, CBD
(cannabidiol, a non-psychoactive compound with known anti-inflammatory and analgesic properties) and CBG (cannabigerol,

a precursor to other cannabinoids) demonstrate potent activity against various pathogens, including methicillin-resistant

Staphylococcus aureus (MRSA), Streptococcus pneumoniae and Listeria monocytogenes. Notably, CBCA (cannabichromenic acid, a

lesser-known cannabinoid acid), exhibited faster bactericidal action than vancomycin in MRSA models while maintaining mammalian

cell viability. Certain cannabinoid formulations or combination approaches show promise against gram-negative organisms as well,
including Neisseria gonorrhoeae, N. meningitidis and Legionella pneumophila.

Interestingly, how cannabis is grown matters. In hydroponic systems, extract potency fluctuates with the growth cycle. Ethanolic

extracts of soilless-grown C. sativa had particularly strong anti-Staphylococcus activity during specific weeks of the plant's growth
cycle. Precise control over nutrients and conditions in hydroponic systems was essential to standardize phytochemical profiles and
evaluate their antibacterial effects.
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HOW DO CANNABINOIDS KILL BACTERIA?

Cannabinoids exert antibacterial effects through mechanisms that, while similar to traditional antibiotics, follow distinct pathways.
Specifically, compounds such as CBD and CBCA destabilize bacterial membranes in pathogens, including S. aureus and Bacillus

subtilis, leading to membrane depolarization and, ultimately, bacterial cell death.

But the story doesn't end there. Cannabinoids also interfere with biofilms—the sticky, protective layers that bacteria build to shield

themselves from antibiotics and immune attacks. These biofilms are especially problematic in chronic infections and on implanted

medical devices. CBG (cannabigerol), for instance, breaks down biofilms in Streptococcus mutans by interfering with key guorum

sensing systerms that bacteria use to coordinate group behavior. Similarly, HU-210 (a potent synthetic cannabinoid) inhibits quorum
sensing and biofilm formation in the bioluminsecent marine bacterium Vibrio harveyi.

Learn About the Role of Biofilms in Antimicrobial Resistance

The ability of cannabinoids to enhance the effects of existing antibiotics is especially notable. CBD, in particular, synergizes with

bacitracin, erythromycin and ampicillin, even in bacteria that are resistant to those drugs. In one compelling study, combining CBD with

methicillin reduced the amount of drug needed to stop MRSA growth by more than 80%. This kind of synergy suggests cannabinoids
could help revive older antibiotics that have lost their punch—an urgently needed strategy in the age of antimicrobial resistance.

MODULATING MICROBIOME TO PREVENT INFECTION

Cannabinoids may help prevent or mitigate infection not only by killing pathogens directly, but also by shaping the microbiome to resist
invaders. The gut microbiome, a key defender against infection, can be disrupted by antibiotics or illness, opening the door to harmful
microbes like Clostridioides difficile. Cannabinoids like CBD may support microbiome resilience by promoting growth of beneficial bacteria
(e.g., Bifidobacterium, Akkermansia, Faecalibaculum) and suppressing potentially harmful ones (e.g., Prevotella, Oscillospiraceae).

Cannabinoids also help restore the gut barrier, which protects against pathogen translocation. In vitro and animal studies show that
CBD and THC (A9-tetrahydrocannabinol, the primary psychoactive compound in cannabis) reduce gut permeability and upregulate

tight junction proteins. In mouse models of colitis, a form of inflammatory bowel disease, CBD reversed hyperpermeability and restored

barrier function. Additionally, synthetic cannabinoids such as HU-210 have shown microbiome-modulating effects, expanding the range of
potentially therapeutic agents.

Cannabinoids may also help normalize microbiome-derived metabolites that regulate immunity and inflammation. For example, CBD has
been linked to increased production of short-chain fatty acids, which are important for gut health and immune modulation.

After antibiotic exposure, cannabinoids may aid recovery by supporting endocannabinoid tone and microbial diversity. In mice, CBD

treatment after dysbiosis helped restore microbiome composition and increased protective species like Prevotellaceae UCG-001.

These findings raise compelling possibilities: could ECS-targeted cannabinoids or probiotics accelerate microbiome recovery and reduce
complications like post-sepsis immunosuppression? Ongoing research will help clarify how this cannabinoid—microbiome—immune axis can

be harnessed to fight infection.
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Cannabinoids influence intestinal barrier permeability in various ways, including via upregulation of tight junction
proteins. Source: Crowley K., et al./International Journal of Molecular Sciences, 2024, via a CC BY 4.0 license
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CANNABINOIDS AS ANTIMICROBIALS: CHALLENGES AND CAUTIONS

Despite their promise, cannabinoid-based antimicrobials remain in the early stages of research. While phytocannabinoids
have demonstrated potent antimicrobial activity in vitro, translation into living systems remains inconsistent.

A key challenge lies in the immunomodulatory role of the ECS. In particular, activation of the cannabinoid CB2 receptor
(CB2R) drives M2 macrophage polarization, a cellular state involved in anti-inflammatory processes and tissue repair.

While M2 polarization can be beneficial in settings like sepsis or chronic inflammation, it may be detrimental in infections
requiring a strong pro-inflammatory response. As a result, CB2R-mediated signaling may help resolve damaging
inflammation in some contexts yet impair effective pathogen clearance in others.

Some cannabinoids can also suppress immune defenses and worsen infection outcomes. For example, THC has been linked
to increased disease severity in mouse models of L. pneumophila (when administered intraperitoneally after infection)
and L. monocytogenes (when administered intravenously before infection). These findings highlight the importance of

compound specificity, timing and context in shaping cannabinoid effects during infection, none of which have been
systematically addressed yet.

Adding to the complexity, cannabinoids may trigger pro-inflammatory responses under certain conditions. For example,
oral CBD increased LPS-induced lung inflammation in mice. In humans, lower circulating levels of certain endocannabinoids

(anandamide and 2-arachidonoylglycerol) in septic patients were linked to longer hospital stays and increased need for
mechanical ventilation, implying that ECS tone may correlate with infection severity.

Synthetic cannabinoids may offer a more targeted path forward. These molecules can be designed for antimicrobial potency
while minimizing psychoactive or immunosuppressive side effects. One such molecule, JWH-133 (a selective CB2R agonist),
improved outcomes in a murine model of P. aeruginosa lung infection by reducing bacterial load and cytokine levels.

Additionally, in an experimental model of pneumococcal meningitis, JWH-133 attenuated neuroinflammation by shifting

microglial polarization toward a non-inflammatory phenotype and reducing pro-inflammatory cytokines. While this anti-
inflammatory modulation did not reduce brain damage in the acute phase, JWH-133 may have potential as an adjunctive
therapy in infection-driven inflammation.
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Activation of the cannabinoid receptor CB2R affects the function of immune cells
like macrophages, including by modulating pathways related to cell growth and
inflammation. Source: Barker H. and Ferraro M.J./Infection and Immunity, 2024
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To determine whether cannabinoids can be safely and effectively used in infectious disease settings, well-designed clinical
trials are essential. Until such evidence becomes available, the use of cannabinoids as antimicrobials should remain restricted to
controlled research environments.

Nevertheless, early trials are encouraging. A Phase 2a trial by Botanix Pharmaceuticals reported that BTX 1801, a synthetic CBD
nasal gel, effectively eradicated S. aureus colonization in most volunteers. Another randomized clinical trial showed that CBD-
infused lozenges significantly reduced Streptococcus mutans levels in adults, demonstrating direct in vivo antibacterial activity.

LOOKING AHEAD

As research progresses, scientists will get a better handle on the uses of cannabinoids in the context of infection response and
treatment, as well as their potential negative effects. Cannabinoids clearly affect infection biology—but whether that translates
into safe, effective therapies will depend on understanding how they interact with the immune system in specific ways.

Still, in the face of escalating antibiotic resistance, the search for unconventional solutions is both timely and necessary.
Cannabinoids may never replace traditional antibiotics, but they could serve as possible adjuncts, immunomodulators or even
microbiome-balancing agents in targeted therapeutic strategies. With careful study, what was once a fringe idea could become a
keystone of innovative antimicrobial research.

C. sativa is not the only plant with antimicrobial potential. Blighia sapida, a fruit native to tropical West
Africa, has also demonstrated antimicrobial properties. Can it be used to treat resistant pathogens?

Read the Article
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Fecal Microbiota Transplants (FMT):

Past, Present and Future

BY MADELINE BARRON, PH.D.

This article, originally published in February 2024, has been updated for inclusion in the
Spring 2025 issue of Microcosm, 'How Does Science Serve Humanity?'

he premise of fecal microbiota transplants (FMT) is, admittedly, not the most pleasant. The process involves transferring donor
stool (or derivatives thereof) to a recipient for a therapeutic purpose—namely, to restore the microbiota to a state capable
of resisting the gut pathogen Clostridioides difficile. But where did the idea for FMTs even come from? What's new in the field of
transferring poo—and what does the future hold?

IT BEGAN WITH POOP SOUP

The birth of FMTs precedes knowledge of microbes, much less the gut microbiota. The first records date back to fourth century
China, where "yellow soup" (i.e., human fecal slurry) was used to treat patients with severe diarrhea and food poisoning. Though quite
possibly the worst soup ever, it was reported to have "brought patients back from the brink of death."

Fast forward to 1958, when the first "modern" FMT was performed. In this case, fecal enemas were used to cure 4 patients with
pseudomembranous colitis, likely caused by C. difficile. Normally, the gut microbiota resists colonization by C. difficile. However, if the
microbiota is disrupted, typically following antibiotic treatment for another infection, the pathogen can survive and thrive—secreting
toxins, causing diarrhea and damaging the intestine.

The researchers in the 1958 study knew that antibiotics presumably killed off gut microbes and hypothesized that reintroducing
"normal" bacteria into the gut via the fecal enemas would "re-establish the balance of nature." The practice wasn't deliberately used for
C. difficile infection (CDI) until the 1980s, with some success.
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Fecal microbiota transplants are used in the treatment of recurrent C. difficile infection. Source: BioRender.com
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Yet, the treatment never took off. Krishna Rao, M.D., M.S., the co-founder and director of the Fecal Microbiota Transplantation

program at the University of Michigan, points to a couple of reasons why. For one, there was the "ick" factor—the idea of
administering a slurry of feces to people via enema wasn't very appealing to patients or practitioners. Second, "CDI was a much
different disease back then," he said. "It was viewed as a nuisance, not a massive threat and burden on the health care system."
(These days, C. difficile causes nearly half a million infections and 30,000 deaths in the U.S. every year). While antibiotics are
the standard treatment for CDI, in some cases they don't work, and the infection comes back (recurs), leading to a vicious and
potentially deadly cycle of disease.

According to Rao, realization of the full threat of CDI in the 2000s—and increasing rates of recurrent disease—helped bring FMT
into the light. But a "landmark" 2013 trial exploring the efficacy of FMT for recurrent CDI gave the practice legs. The trial showed

that infusion of donor stool was incredibly effective at treating patients with recurrent CDI, compared to vancomycin administration
alone (94% versus 31% cure rate, respectively). In fact, it was so effective that the study was stopped early and FMTs were
administered to patients in other treatment arms because not doing so was considered unethical.

Later that year, the U.S. Food and Drug Administration (FDA) announced it would exercise enforcement discretion when FMT was

used to treat recurrent CDI. That is, patients would not need to receive treatment through a clinical trial, as would be required if

FMTs were used for other conditions. This announcement made FMT more accessible to physicians and, ultimately, CDI patients.

HOW ARE FMTS USED TODAY?

Today, FMT is often reserved for people with recurrent CDI who have failed 2 rounds of antibiotic treatment or have severe disease.
The procedure is generally considered safe, and most side effects are transient and localized to the gut (e.g., bloating, constipation,
etc.). The cure rate of FMT for recurrent CDI hovers around 80-90% (though analysis of only the most rigorous, controlled clinical

trials suggests it might be closer to 70%).
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FMTs are (thankfully) not given to patients as a soup these days, and enemas are not the only route of administration. FMTs are also

administered via colonoscopy and sometimes with a nasogastric tube (a tube that goes through the nose into the stomach). Donor
fecal material can also be encapsulated into pills and taken orally. Regardless of how they are packaged, donor feces are given

to patients only after careful screening for various pathogens, including methicillin-resistant Staphylococcus aureus, vancomycin-
resistant Enterococcus, HIV and others.

Feces for FMTs are sometimes obtained from stool banks, the largest being OpenBiome, a nonprofit organization that collects,
screens and stores stool from healthy donors. Physicians can order fecal material from OpenBiome (or other banks) to administer to
patients. For many years, there were no commercial products on the market—until now.

THE RISE OF COMMERCIAL FMT PRODUCTS

In November 2022, the FDA approved the first commercial FMT product, RBX2660 (Rebyota), for prevention of recurrent CDI in

adults. Prepared from donor stool, each dose is administered rectally. Like standard FMT stool suspensions, the precise mixture

of microbes in RBX2660 is undefined. However, the product does ensure a minimum concentration of some bacteria, such as
Bacteroides, which are members of the "normal" microbiota that help resist C. difficile colonization. In a phase 3 trial, RBX2660 was
significantly better at preventing recurrent CDI compared with placebo (70.6% success versus 57.5%).

Another advancement came in April 2023 with the FDA approval of SER-109 (Vowst)—the first commercial oral FMT product for

recurrent CDI. Unlike RBX2660 and other stool preparations, which contain a hodgepodge of microbes, SER-109 contains only donor-
derived spores of Firmicutes bacteria, one of the predominant phyla in the microbiota. Depletion of these bacteria (e.g., because
of antibiotic treatment) can create a metabolic environment that promotes CDI recurrence. Replenishing Firmicutes via SER-109 is

postulated to restore colonization resistance against the pathogen. Indeed, in patients with 3 or more instances of CDI in 1 year,
SER-109 led to a lower recurrence rate after 8 weeks compared to placebo treatment (12.4% versus 39.8%, respectively).
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SER-109 is produced by isolating and encapsulating Firmicutes spores from donor stool. Recipients
simply swallow the capsules. Source: Khanna S., et al./Antibiotics, 2022, via a CC BY 4.0 license

For Rao, the SER-109 product has some extra perks, including the fact that patients can take the pills at home. "Now, if anyone,
no matter where they live in the country, sees a patient that needs this treatment, they can write a script, fill out a form and [the
product] gets shipped to their house," he noted. "That's a complete game-changer in terms of availability of this modality."

The FDA stamp of approval for both RBX2660 and SER-109 also has important logistical ramifications. "The fact that these are now
FDA approved and at least have the hope of getting covered by insurance—something that was never the case with the OpenBiome
product—is a [huge benefit]," Rao said. And these products don't come cheap; a single dose of OpenBiome costs more than $1,600,
whereas RBX2660 and SER-109 have sticker prices of $9,000 and $17,500, respectively.

Moreover, the FDA revised its guidelines in 2022 to state that it would exercise enforcement discretion only for stool prepared in

health care facilities, not stool banks. This makes acquiring stool a challenge that FDA-approved products may help overcome.

THE FUTURE OF FMTS

Though FMTs are now the standard of care for recurrent CDI, there are still questions about the practice that will continue to shape
its development and potential uses.

How Do FMTs Work—and Who Are They For?

Despite the name, the mechanisms of FMT are somewhat of a mystery. The general idea is that FMTs repopulate the intestine
with microbes capable of resisting C. difficile. But which microbes are needed—and are they needed at all? The efficacy of SER-
109 suggests that only the spore-forming fraction of the microbiota is required, yet sterile fecal filtrate (i.e., lacking microbes) also
restored normal stool habits and eliminated symptoms in patients with CDI. "What we thought was necessary and sufficient [for

FMTs to work] turns out not to be," Rao said. "That raises the question, 'Well, what are the necessary and sufficient components of
feces in order to induce a therapeutic response?' And we still don't know that."

Read About the Role of Microbial Interactions in Infection

Determining which patients should receive a FMT is also unclear. When the COVID-19 pandemic hit, Rao had to suspend University
of Michigan's FMT program for more than a year. During that time, he treated patients with antibiotics for longer than normal and
leaned into holistic care (e.g., encouraging patients to eat fermented foods, which have anti-inflammatory effects). The kicker:

the patients got better—his cure rate was north of 90%. A multi-faceted treatment approach that includes extended courses of
antibiotics and diet, among other components, could be all most patients need to recover. "l don't know why FMT works when it
does. | think there are patients who do need the FMT, otherwise they won't get better. But that is @ much smaller pool of people
than | previously would have thought. And | don't know how to identify that person ahead of time," Rao noted.
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Addressing Unknown Threats

The stool used for FMTs is screened for known pathogens,
and though it is possible for some to slip through the cracks,

this is rare. The larger concern moving forward is how to deal
with unknown pathogen threats. Take mpox (formerly called
monkeypox) as an example. Before the onset of the 2022 global
outbreak, the virus was circulating in the population—and stool
banks and clinicians didn't know about it, raising the risk of
transferring mpox to recipients. Depending on the pathogen,
such transmission could be dire. "This threat is only going to be
happening more often, and we're only going to see more novel
pathogens, not fewer," Rao warned.

An additional concern: there are hazy associations between
the gut microbiota and numerous conditions, from diabetes
to cancer. It is possible that transferring the microbiota from
1 person into another could increase the recipient's risk for
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developing these diseases years down the line. Rao ensures that
FMTs may increase recipients' risk of developing micro-

every patient for whom he recommends FMT is aware of this ) ) o )
biota-associated conditions. Source: BioRender.com

"real and very plausible risk."

There is a national registry that aims to track 4,000 patients receiving FMT for 10 years to "identify potential short-term adverse
outcomes and to search for long-term safety concerns." So, in a decade, clinicians might know more—but answers will be based
on epidemiologic associations. It will still be nearly impossible to look at the microbial profile of stool and say "l can't give this to
patient X, or they will develop condition Y."

Toward Defined Consortia

The "black box" feature of FMTs is why those within the field envision a future where rationally designed biotherapeutic products
with defined, lab-grown microbial consortia are the norm. Such products would be beneficial from a safety and regulatory
standpoint. However, reaching that ideal requires taking a reductionist research approach, teasing apart how individual microbes
(and their products) interact with the host and each other, and how those interactions might be leveraged for therapeutic use.
This approach takes time. Yet, it is especially important if the goal is to harness microbes to treat conditions where ties to the
microbiome are not as clear and causal as for CDI, and where FMTs have shown limited success (e.g., inflammatory bowel disease

and irritable bowel syndrome, among others).

In Rao's eyes, the more nuanced the associations with the gut microbiota, the more nuanced the solution needs to be. "We can't
just throw stool at people [like we did with CDI] and expect it to work," he said. "That's why I'm excited that people are trying to
develop these defined consortia because, for other diseases, that's the only way forward."

Microbial diversity in the gut microbiome is decreasing, something researchers Maria Gloria Dominguez-
Bello and Martin Blaser refer to as the "Invisible Extinction." Learn about the race to save the bacteria
that contribute to human health and well-being.

Listen to the Podcast
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ASM's Young Ambassadors Use Science

to Empower Communities

BY JOANNA URBAN AND AVA WALDERMAN

candle does not dim by lighting others," said Everlyn Kimanthi, Founder and Chairperson of the Scientists of Kenya
Association (SCOKA), as she spoke to students at Eshikulu Girls Secondary School. She was invited to speak by Marystella
Injete Sirengo, M.S., a microbiologist and one of ASM's Young Ambassadors, to inspire students to pursue careers in science and to

emphasize the importance of supporting one another along the way.

That message reflects the core of ASM's Young Ambassador Program. Around the globe, early-career scientists are working
to make microbiology more accessible, strengthen scientific communities and apply their skills to serve the public good. With
89 International Young Ambassadors and 47 in the U.S. (as of April 2025), the program is shaping the future of science and
demonstrating microbiology's role in serving humanity.

KENYA: MENTORSHIP THAT SPARKS A MOVEMENT

In Kenya, Sirengo is building up the next generation of scientists. From organizing hands-on workshops at universities to leading
mentorship events for high school students, her work is creating a stronger foundation for science in communities facing critical
health challenges.

Motivated to address global issues like food security, climate change and pandemic preparedness, Sirengo joined ASM's Young
Ambassador Program to empower others through education and science. "Seeing the direct impact of my work on local issues
and the positive changes that arise from scientific initiatives is incredibly rewarding," she said. By teaching research methods, lab
techniques and data analysis, she's helping more students consider careers in microbiology, which is a critical need in countries
confronting public health crises.

In February 2025, Sirengo hosted a mentorship event at Eshikulu Girls Secondary School that drew 350 students and educators.
Women scientists shared stories of perseverance, encouraging students to imagine their own paths in STEM. "It's a ripple effect,”
Sirengo said. "By inspiring these young girls, we're influencing the next generation of scientists and changing how girls and women
engage in science in Kenya and beyond."

A Young Ambassador event at
the Eshikulu Girls Secondary
School. Source: Marystella
Injete Sirengo, M.S.

Looking to empower your community through science?

Find out how to get involved with the ASM Ambassador Program.
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INDONESIA: BECOMING SCIENTISTS AT HOME

In Indonesia, Watumesa Agustina Tan, Ph.D., is helping students
see how microbiology connects to their everyday lives. In
partnership with Atma Jaya Catholic University of Indonesia,
she leads hands-on workshops that guide students through
simple, engaging experiments.

Her program, Jadi Scientist di Rumah (Becoming a Scientist at
Home), has reached more than 120 high school students. Using
accessible materials—many of which can also be used beyond
the classroom in the take-home kits Tan prepares—students
explore topics such as yogurt fermentation, microbial cultivation

and DNA extraction. Each activity is designed to connect

microbiology to real-world issues like health, hygiene and food Science activity kits: microbial cultivation (left), yogurt-making (center)
sustainability. and DNA extraction (right). Source: Watumesa Agustina Tan, Ph.D.

Through these experiences, students learn that microbes aren't associated with just disease—they also play a vital role in
protecting human and environmental health. By demystifying the microbial world, Tan is shifting perceptions about the power of
microbes and getting youth excited about science.

With support from ASM's Young Ambassador Program and its global network, Tan is expanding her outreach and strengthening her
impact. "I've wanted to be an educator since | was a child," she shared. "Being a Young Ambassador allows me to extend my passion
for teaching to a broader audience." Through her efforts, science becomes less abstract and more accessible, something students in
her community can see, understand and imagine themselves being a part of.
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"Becoming a Scientist at Home" with students at Regina Pacis High
School, Bogor, Indonesia. Source: Watumesa Agustina Tan, Ph.D.

FRANCE: CONNECTING SCIENCE AND SOCIETY

In France, Typhaine Brual, Ph.D., believes public engagement is
essential to maximizing the impact of science. "Knowing how
to popularize and communicate science is essential to educate,
maintain curiosity and ensure transparency and trust," she said.

Through forums and conferences, Brual creates spaces where
researchers can share microbiology breakthroughs, support one
another's careers and connect with the broader community. A
recent highlight for Brual was organizing the 2024 Career Forum
at the Microbes Congress in France, where she brought together
early-career microbiologists and seasoned professionals from Networking at a 2024 Career Forum at the Microbes Congress in France.
academia, industry and clinical settings. Source: Typhaine Brual, Ph.D.
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The event welcomed around 80 participants, including master's
and Ph.D. students, postdocs and medical trainees. The impact
was tangible, as attendees connected with one another. For
example, a master's student interested in biotechnology secured
an internship after connecting with a sales professional at the
forum. Doctoral students also had the opportunity to network
with professors and explore potential postdoctoral positions.

Brual recalled a particularly memorable moment during a
panel discussion when professionals shared candid reflections
on navigating their careers while prioritizing their personal
lives and other responsibilities, such as raising children. "This
openness not only provided practical career advice but also
humanized the challenges of balancing work and personal life,
which resonated deeply with the participants,” she said.

For Brual, that's what her work as a Young Ambassador is all
about: helping others grow and building stronger connections to
create impact.

BECOME A YOUNG AMBASSADOR

A speaker shares advice on the pathway to a microbiology career during
a panel discussion at the 2024 Career Forum. The event was organized
by ASM Young Ambassador Typhaine Brual, Ph.D., seen seated at the
table. Source: Typhaine Brual, Ph.D.

Across borders and disciplines, ASM's Young Ambassadors are proving that meaningful change happens when we invest in people

and empower them to lead. Their efforts are influencing the next generation of scientists and building stronger communities

worldwide.

Want to join a global community of passionate scientists committed to advancing the microbial sciences and serving their

communities? Consider applying for the ASM Young Ambassador Program when applications open in September 2025.
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How Do Microbes Remove

Radioactive Waste?

BY JEANMARIE CALVILLO, PH.D.

This article, originally published in January 2023, has been updated for inclusion in the
Spring 2025 issue of Microcosm, 'How Does Science Serve Humanity?"

adioactive elements emit a spectrum of ionizing emissions that hurt humans.

Thankfully, numerous genera of environmental microbes possess an array of biophysical and biochemical defenses that can help.
These defenses allow certain microorganisms to withstand radioactive emissions and protect us from radiation poisoning, cancer and
other maladies that manifest from human exposure to radioactive waste. Taking a look at the sources and characteristic properties of
radioactive waste will help explain the mechanisms by which these bacteria face the elements and shield us from illness.
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Harmful effects of radioactive emissions on humans.
Source: rad-lab.net

PROPERTIES AND SOURCES OF RADIOACTIVE WASTE

Radioactive waste is discharged from many sources, including military operations (such as nuclear weapons manufacturing), uranium
mining, power plant effluents and medical and research laboratories. Radioactive waste is filled with persistent unstable elements or
radionuclides, which emit ionizing radiation as they decay. Many radioactive elements, particularly those in the actinides group, have
no stable isotopes and have high atomic masses. However, some lighter elements, such as potassium, carbon and hydrogen, have both
stable and naturally occurring radioactive isotopes. While these elements do not belong to the actinide group, they still contribute to
natural radioactivity. Radioactive elements are unstable because their atoms spontaneously disintegrate, emitting both particles and
energy as they transform into more stable forms. For example, over billions of years the radioactive elements uranium (U) and thorium
(Th) decay into radium (Ra) and radon (Rn), respectively, after going through multiple intermediary isotopes.

During this decay process, radioactive elements emit ionizing radiation. The energy released from this process is so strong that it rips
electrons from atoms and molecules, ionizing them. In high enough doses, this ionizing radiation causes cell damage to living tissue
and organs.
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Although these compounds have many beneficial uses in research, medicine and industry, radioactive waste can be highly destructive
if not properly isolated and disposed of or contained.

BACTERIAL BIOREMEDIATION

While there are numerous ways to dispose of radioactive waste, biological methods—specifically bioremediation by bacteria—are
desirable as they are more environmentally friendly than other methods.

Given their billion-plus years on the planet, bacteria have evolved masterful and diverse approaches to mineralize, metabolize and
otherwise transform harmful compounds to innocuous byproducts. Since the harmful ionizing radiation emanates from the atomic
element itself, conversion of a radioactive compound to a different molecule will not eliminate the deleterious effects. Still, a
garrison of microbial genera have been isolated from radioactive waste sites. How do they survive?

Microorganisms used for bioremediation of radioactive waste demonstrate tolerance or resistance to radioactivity and can even
disarm the toxic effects of radioactive waste by sequestering radioactive elements through biosorption and biomineralization
processes, or through direct and indirect redox transformation.

BIOREDUCTION f BIOACCUMULATION

BIOSORPTION Cytoptasmic |
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The 4 strategies used by microorganisms to remediate radioactive waste. 1. bioreduction
2. biomineralization (bioprecipitation) 3. biosorption 4. bioaccumulation. Source: Wikipedia
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BIOREDUCTION OF RADIONUCLIDES

Through the common metabolic process of reduction, problematic radioactive elements, like plutonium or uranium, in the target
waste can be precipitated to make them easier to collect and dispose. Microorganisms inactivate some radionuclides by adding
electrons to them and converting the radionuclides from a soluble to insoluble state. The precipitated radionuclide is still
radioactive, but it is not transported into solutions (i.e., ground water) as easily as its soluble counterpart.

In oxic environments, oxygen is used as the electron acceptor in microbial respiration, generating H,O. However, microbes use
alternative electron acceptors, including radioactive elements, for respiration when growing in an anoxic environment. This type of
respiration uses energetically favorable electron acceptors in a sequence dictated by the redox potential in their environment. This
is also how different radioactive elements are used by bacteria. Oxidized forms of a radioactive element are reduced by becoming
electron acceptors for microbes using anaerobic respiration.

Three categories of reduction will be described here: direct, indirect and genetically bioengineered reduction.

Direct Reduction

Adding electrons by direct reduction occurs when a microorganism uses the oxidized form directly as an electron acceptor in
anaerobic respiration. For example, the microbes Geobacter metallireducens GS15 and Shewanella oneidensis reduce oxidized
soluble plutonium Pu(VI/V) to the reduced insoluble form Pu(IV).

Indirect Reduction

Indirect reduction occurs when a microorganism uses a non-radioactive element as an electron acceptor, but the reduced element
resulting from this anaerobic respiration provides electrons for the subsequent reduction of a radioactive element within that micro
niche. For example, ferric Iron [Fe(lll)]-reducing bacteria G. metallireducens and S. oneidensis reduce uranium U(VI) indirectly via
anaerobic growth. Insoluble forms of radionuclides are then easier to process for chemical and physical waste disposal technologies

as they reduce the total volume of the waste.

Some bacteria use alternative electron acceptors, like metals, which can lead to the indirect reduction of
radioactive elements. Source: JeanMarie Calvillo, Ph.D.

Genetically Engineered Bioreduction

Radiation-resistant bacteria can be genetically engineered to metabolize radioactive waste. Deinococcus radiodurans can resist
extremely high concentrations of radioactivity, due to potent antioxidants and an enhanced DNA repair mechanism. This makes

D. radiodurans an attractive candidate for remediating repositories of radioactive waste. For example, the microbe has been
engineered to express the Escherichia coli merA gene, which encodes a mercuric ion reductase. By expressing this reductase, D.
radiodurans can convert toxic mercuric [Hg (I)] ions to elemental mercury, which is less harmful to humans and easier to process

in waste disposal. Such strategies are applicable for other contaminants that are intermixed with radioactive waste, as well as the
radionuclides themselves.
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BIOMINERALIZATION/BIOPRECIPITATION

Bacteria can also remove radionuclides from their solution environment by biomineralization/bioprecipitation. In this context,
biomineralization refers to the insoluble crystallization of metals, a process of metal precipitation with ligands, such as sulfides,

carbonates, phosphates and hydroxides, that are enzymatically generated within the microbial cell wall.

In one study, a D. radiodurans strain was reconstructed with phoN, a Salmonella enterica gene that encodes a nonspecific acid

phosphatase, which liberates inorganic phosphate from complexed phosphates on the cell surface. The liberated phosphates can
subsequently mineralize uranium. In fact, the recombinant D. radiodurans strain was able to precipitate over 90% of uranium from a
uranyl nitrate solution in 6 hours, providing the basis for scaled-up remediation of radioactive waste in contaminated water bodies.

Gram-negative facultative anaerobes, such as Serratia spp., and other microbial genera isolated from natural environments,
including uraniferous soils, can also biomineralize and precipitate uranium. Finding naturally occurring microorganisms that have the
capacity to biomineralize radionuclides provides more choices for biotechnological refinements via molecular tools.

Recombinant D. radiodurans helps mineralize
uranium via a nonspecific acid phosphatase.
Source: JeanMarie Calvillo, Ph.D.

BIOSORPTION

Biosorption, the third strategy that microbes use to remediate radioactive waste, involves surface adsorption and an extracellular
complexation process that, unlike biomineralization, can be reversed. This may allow for the release of the collected waste into a
repository.

The bacterial cell surface is coated with various negatively charged groups (e.g. phosphates, sulfides) that attract and remove
radioactive metals from an environment. Through this process, certain strains of Pseudomonas can sequester uranium and thorium

ions. Biosorption of radionuclides at the microbial cell surface facilitates the removal of radionuclides from waste and prevents
radioactive leakage and migration of nuclear waste to groundwater. Low-concentration radioactive metallic wastes found in

efluents downstream from industrial and research facilities are amenable to biosorption-style remediation.

BIOACCUMULATION

Tucking substances into micro-pockets on a microbial "coat" is one way to view bioaccumulation, the fourth strategy for
bioremediation of radioactive waste. Bioaccumulation involves the build-up of radioactive waste inside the bacterial cell. Some
metal ions, including radioactive ones, are structurally similar to the essential elements for bacterial growth.

An advantageous side-effect of this molecular mimicry is that microbes take up radioactive ions from the environment. For example,
some Pseudomonas species accumulate uranium as uranyl phosphates. Since uranium has no known physiological function within

the cell, this uranium uptake is likely due to its natural membrane permeability. Other microbes, like Arthrobacter nicotianae,
Micrococcus luteus, Citrobacter sp. N14 and Bacillus megaterium, are also radioactive waste bioremediators via bioaccumulation

(e.g., M. luteus, B. subtilis and B. megaterium accumulate Th when grown in a Th and U solution).
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A summary of the strategies used by various species and genera of microorganisms to bioremediate radionuclides.
Source: Vandana et al./'Microbial Rejuvenation of Polluted Environment,' January 2021 and
Natarajan et al./Environmental Science and Pollution Research, March 2020

REPURPOSING RADIOACTIVE WASTE

Since some radioactive elements take a long time to decay (the half-life of uranium-238 is approximately 4.5x10° years) it is
desirable to reuse the radioactive waste that is collected through bacterial concentration of these elements. Approaches for
repurposing radioactive waste are still in the early stages of research, but one method relies on the surface layer, or S-layer, of
Bacillus sphaericus.

S-layers are para-crystalline surface structures found in some eubacteria (more so in gram-positive rather than gram-negative
eubacteria) and almost all archaea. S-layer proteins typically comprise up to 15% of all proteins of a cell, although B. sphaericus
subspecies possess an even higher S-layer protein content—up to 20%. B. sphaericus isolated from uranium mining waste reversibly
binds radioactive metals within its S-layer, and scientists have discovered that the extra surface coat is capitalized for both the
remediation and re-use of radionuclides for alternate forms of energy.

To optimize this strategy, microbiologists developed a filter that integrated B. sphaericus S-layer to trap uranium ions from soil
and aqueous radioactive waste. The uranium and other collected metals are then repurposed for use for nanotechnology and novel
catalysts.

LEVERAGING MICROBIAL STRATEGIES

Microbes are superbly adept at cleaning up radioactive waste, and scientists are leveraging this potential to improve our methods
of removing the persistent, insidious material from the environment. Waste sites that have ongoing remediation efforts include the
U.S. Department of Energy (DOE) Rifle site in Colorado, the U.S. DOE Oak Ridge site in Tennessee and the U.S. DOE Hanford site in
Washington state. The seafood industry is also addressing challenges from radioisotope accumulation in the marine ecosystem due
to nuclear and industrial waste.
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Relevant research includes conducting metagenomics studies of uncultured microorganisms growing in sites contaminated with
radioactive waste to determine the abundance and identity of genes encoding enzymes responsible for microbial sequestration of
radioactive elements.

New advances in omics also reveal microbial physiology and metabolic function of the microbial communities at these sites. Omics
includes metagenomics, transcriptomics and metabolomics studies, coupled with state of-the-art, high-performance sequencing
tools. Computational analysis of microbial ecology data, along with the use of bioreactor designs, can facilitate development of
methods to help remediate a diverse range of radioactive waste sites.

Taken to the field, microbial bioremediation uses integrated techniques, which combine physical and chemical approaches, and a

blend of technologies (i.e., phyto and myco remediation) to improve the remediation of a diverse range of radioactive waste sites.

Bioremediation is an environmentally friendly and cost-effective technology for radioactive waste removal. Discovering more of the
mechanisms used by nuclear waste site microbes will capacitate microbiologists to channel these microbial allies toward removing
and repurposing radioactive wastes.

The unique adaptability of microbes to take harmful materials and convert them to usable products extends beyond the
bioremediation of radioactive waste, and scientists are eager to harness this adaptability to inform sustainability issues.

Learn about the critical role of microbes in creating sustainable fuel alternatives, remediating wastewater, fighting
foodborne pathogens and more in the Spring 2024 issue of Microcosm.

Explore the Issue, 'Microbes and the Bioeconomy: Greasing the Gears of Sustainability'
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How Microbiomes Frame

Humanity's Role on Earth

BY SANJA SAFTIC, PH.D., MAS CREATIVE PRACTICE

he advancement of microbiome research, and especially discoveries surrounding the human microbiome, have sparked public

interest in the positive effects of microbes on one's health. This curiosity comes with a wealth of opportunity. Humanity is
facing serious ecological, societal and geopolitical challenges. Many facets of this poly-crisis are consequences of the substantial
human impact on the planet, which is mainly driven by human-centric thinking. Embracing the perspective that humans are deeply
interconnected with all other forms of life, and that our actions and well-being are intimately linked to the environment, offers a
chance for new approaches to managing some of the world's most pressing challenges. Microbiomes provide a valuable lens through
which to illustrate and encourage this holistic worldview.

The human microbiome has captured public interest for its role in health.
Source: iStock.com/iLexx

LEVERAGING THE MORE-THAN-HUMAN CONCEPT

The "more-than-human" concept describes the experience of existing in a world made up of multiple intertwined intelligences. David
Abram, cultural ecologist and eco-philosopher, used the term for the first time in his 1996 book The Spell of the Sensuous, and then

it was gradually adopted by other scholars, disciplines and the ecological movement.

The microbiome, a community of microorganisms living together in a given environment, can serve as a model to demonstrate the
more-than-human concept and communicate about the intricate network and mechanisms that connect life forms. Microbiomes
are easily visualized and omnipresent in the environment. They also populate communication channels, as the topic has attracted
the media and reached public awareness, making them an ideal instrument for insight and change. This awareness, combined with
the curiosity to understand how humans are connected and influenced by non-human entities, offers an opportunity to question
anthropocentric perspectives.
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MICROBIOMES ILLUSTRATE THE INTERCONNECTEDNESS OF LIFE

Public curiosity surrounding the microbiome largely focuses on self-improvement. A 2021 study of more than 800 microbiome-related
articles from popular North American media sources revealed that the majority focused on health benefits associated with the
microbiome, as well as lifestyle choices that could be made to gain benefits from the microbiome (e.g., nutrition, probiotics and others).

Related search terms on social media showed that audiences are interested in how both physical and psychological symptoms are

affected by the microbiome, pointing to a desire to understand the impact of microbes on mental or emotional processes. However,
learning how shifts in the gut microbial population impact individual wellbeing can also foster awareness about the sensitivity and
interdependence of ecological systems. For instance, if our microbiome is influenced by food, and the food is influenced by how it
is grown and processed (e.g., soil, pesticide use), then interest in one's health could extend beyond the body to encompass care for
the environment and other lifeforms.

Thus, while initially rooted in the anthropocentric desire to improve human well-being, public interest in the microbiome may

also facilitate recognition that the body is not a closed-off vessel, but rather a habitat shared with trillions of microbes. This
understanding, in turn, can expand people's perception of health and the environment, and how they fit into the bigger picture.
Concepts that determine natural processes like interconnectedness, communication, population dynamics, energy flow or nutrient
cycles can be illustrated using the microbiome as an example and then transferred to the overall picture of nature.

Defining
selfhood

The microbiome can be used to illustrate

immunﬁy

gﬁome

the more-than-human concept, demon-
strating that (a) humans are not isolated
but are (b) the products of interactions
with microbes. Source: Rees T., et al./PLoS
Biology, 2018

THE ART OF FRESH NARRATIVE

This opportunity to use biology as a communication tool is recognized by disciplines like the humanities and the arts, which
develop narrative formats to inform and engage audiences in a discourse on our relationship to the human and nonhuman world.
For instance, in his immersive site-installation "Life," the artist Olafur Eliasson opened and flooded part of the Fondation Beyeler

museum in Riehen, Switzerland, creating an artificially colored green pond filled with a variety of plants. Visitors could walk through
the landscape along wooden walkways while listening to sounds of the water, insects or people and taking in the different smells.
"I hope that Life encourages visitors to experience themselves within an expanded—open, uncertain—landscape, as composite
beings, caught up in larger, unruly ecologies," Eliasson said.

Similarly, new narrative formats emerging at the interface between disciplines that do not traditionally cooperate (e.g., science and
art) can promote scientific insights and innovative thinking to change anthropocentric perceptions of the world.

Parneet Pal, MBBS, M.S., a physician-educator, is one of the voices advocating ideas that advance personal and planetary health.

In her work, she blends scientific results with storytelling to convey the interdependence of ecologies. "Once you truly understand
this exchange and appreciate the subtleties, it is hard to stay apathetic about both personal and planetary health," she said during
her presentation "The Secret Life of Mitochondria" at the 2023 NEXT Conference. In her presentation, Pal builds on endosymbiotic

theory and the role of mitochondria in biological systems to engage her audiences at the intellectual and emotional level. Her
work is a call to action that attracts people through its unique combination of fact and admiration for nature. To Pal, "health is an
emergent property of the systems we live in, and our systems are currently set up for us to fail."
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Anab Jain and Jon Ardern approach the more-than-human concept from the design/science interface. They are co-founders of the
London-based studio Superflux and have developed a manifesto for the future that criticizes human exceptionalism as an outdated

framework that needs to change. Their manifesto celebrates "the awe of small things" and the power to "forge new relationships
with the species we share our planet with." One of their projects explored fungi as a model for interacting, interdependent species.
The installation—a fruiting chamber for growing fungi—was both a sensual experience that sparked admiration for emerging,
colorful fungal forms, as well as a reflection on the human/non-human relationship.
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Notably, the microbiome offers an intriguing and emerging lens through which to further explore this relationship—and some
creators have taken note.

For example, Anicka Yi, an acclaimed conceptual artist from South Korea based in New York, uses microbes in her transdisciplinary
art works. Her installation "Biologizing the Machine" was part of the Microspore exhibition at Pirelli HangarBicocca in Milan. The

installation reframed the function of the Winogradsky column—a model ecosystem for studying microbial communities, usually

consisting of a tube filled with soil and different nutrients—in a new, artistic context.

The installation was composed of rectangular metal and glass structures hanging from the ceiling at different heights. While at

a distance the structures looked like abstract paintings, they were in fact Winogradsky cultures. The focus on the beauty of the
Winogradsky display captured the audience's attention through the sensory experience. Visitors could then dive deeper into the
information about the underlying ecological mechanisms and follow read-outs of the sensors attached to the columns. The artistic
presentation led the viewers to the exploration of interconnectedness and co-existence of different organisms, and the science
behind it. This is just 1 example of how microbial communities can be used to capitalize on people's curiosity and expand their
perceptions of the world.

THE WAY FORWARD

In his article "How the Microbiome Challenges Our Concept of Self," the philosopher Tobias Rees argues that "the finding that
microorganisms are a constitutive part of ourselves calls for a new configuration of the effort to understand what it means to be

human." In contrast to the view that humans are separated from nature, microbiome research implies that humans are influenced by
microorganisms, because the 2 systems are physiologically intertwined. We contain and are part of a vast and complex ecosystem.

Against the backdrop of the current poly-crisis, the need to reconsider humanity's place and role in the world is growing. The
microbiome offers an opportunity to do just that. Microbiologists can play an active role by providing scientific background while
actively engaging in transdisciplinary discourse, using the momentum of growing public interest in the microbiome to promote
awareness and understanding of important issues through diverse channels (e.g., art). The more-than-human approach reflects
the necessity to question the anthropocentric worldview, and the current fascination with microbiome could help transcend the
boundaries between nature and culture.

ASM's annual Agar Art Contest exemplifies the unification of art and microbiology to convey ideas.

Learn About the Contest and See Past Winners
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