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Executive Summary

Climate change is unarguably a 
critical existential threat to human-
ity in the 21st century. As the most 
abundant organisms on Earth, micro-
organisms make considerable con-
tributions to and are greatly affected 
by a changing climate. Microbes 
are major drivers of elemental cy-
cles (such are carbon, nitrogen, and 
phosphorus), important producers 
and consumers of greenhouse gas-
es, and pertinent pathogens of hu-
mans, animals, and plants. While the 
threat of climate change looms large, 
conversations about the relationship 
between it and microorganisms are 
still rare outside of the microbial 
sciences community. To understand 
fully how our climate may change 
in the future, it is important to learn 
how a changing climate will impact 

microbes and their relationships with 
humans and their environment, as 
well as incorporate microbial pro-
cesses into climate models. 

This report is based on the delibera-
tions of experts who participated in 
a colloquium on 5 November 2021 
organized by the American Academy 
of Microbiology, the honorific leader-
ship group and think tank within the 
American Society for Microbiology. 
These experts came from diverse 
disciplines and sectors and provided 
multifaceted perspectives and in-
sights. Over the course of the discus-
sion, the group made several major 
recommendations for academic, 
policy, and market partners to pro-
mote innovation for microbe-driven 
climate change solutions that sup-
port human well-being.

Societal 
Recommendations 
are expansive 
considerations to 
improve human 
well-being that 
encompass 
academic, industrial, 
civil, and policy 
solutions with an 
emphasis on social 
justice and equity

Climate change:  
a long-term change 
in the Earth’s, or a 
specific region’s, 
climate

Herd of cows walking along dried up river
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 Major Recommendations

Research Recommendations

•	Emphasize interdisciplinary research 
focused on understanding how microbial 
activities and metabolic flux alter as 
climate, precipitation, and temperatures 
change globally. This will be important for 
terrestrial, urban, and aquatic microbes 
that impact global elemental cycles as well 
as for pathogens that impact human and 
animal health.

•	Provide guidance for experimental 
design and data collection for studying 
microbial communities that allows for data 
comparison across diverse and global 
ecosystems.

•	Incorporate existing data about microbial 
diversity and activity on consuming and 
producing greenhouse gases into Earth 
climate models to improve the current and 
predictive performance of models.

•	Outline specific scientific criteria to 
evaluate new innovations that allow the 
scientific community to assess the scientific 
and societal impacts of these innovations.  

Policy and Regulation Considerations

•	Increase research investments to generate 
knowledge and awareness of the 
contribution of microbes to the generation 
and consumption of greenhouse gases; 
incorporate these findings into evidence-
based policy and regulatory strategies to 
address climate change.

•	Deploy increased surveillance and 
detection of zoonotic and vector-borne 
diseases in animals and humans, including 
through next-generation sequencing 
technologies, and incorporate a One 
Health approach to addressing climate 
changes’ effects on humans, animals, and 
the environment.

•	Enact policies that facilitate public private 
partnerships between diverse scientists, 
entrepreneurs and commercial entities, 
regulatory bodies, policy makers and 
other stakeholders to translate research 
discoveries into scalable microbial 
innovations.

•	Develop policies that incentivize innovation 
of microbe-facilitated processes to support 
renewable-energy generation and a robust 
bioeconomy.

Societal Recommendations 

•	Engage and clearly communicate with the 
general public in jargon-free and relatable 
ways to improve comprehension of how 
microbes participate in the causes and 
effects of climate change.

•	Highlight and prioritize addressing 
inequitable microbial risk of vulnerable 
communities at greater risk of infectious 
disease exposure, altered microbiota, and 
food insecurity caused by climate change. 
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Introduction

In 1975, geochemist Wallace Broeck-
er first introduced the terms climate 
change and global warming to high-
light the possible impact of increasing 
carbon dioxide (CO2) levels to raise 
the global temperature (Broecker 
1975). Only 4 years later, the National 
Academy of Sciences ad hoc commit-
tee on CO2 and climate stated, “If car-
bon dioxide continues to increase, the 
study group finds no reason to doubt 
that climate changes will result and no 
reason to believe that these changes 
will be negligible” (National Research 
Council 1979). Since then, the impacts 
of CO2 on global temperature and cli-
mate have confirmed scientists’ initial 
hypothesis—anthropogenic activities 
releasing CO2 into the atmosphere 
have changed the Earth’s climate and 
thus the way of life for all those living 
on the planet. 

Climate change is one of the most 
significant threats to humanity in the 
21st century. Climate change adverse-
ly impacts water quality, food security, 
and global economies. The World 
Health Organization (WHO) states that 
it is the “biggest health threat facing 
humanity” (WHO 2021). Humans’ 
actions such as burning of fossil fuels, 
deforestation, and rapid population 
growth have clearly contributed to 
climate change. These actions have 
increased concentrations of green-
house gases, which, in turn, have 
increased the Earth’s temperature 
and altered the climate globally (IPCC 
2021, Full Report). To understand 
the scientific state of the planet, the 
Intergovernmental Panel on Climate 
Change (IPCC) formed in 1988 as an 
international panel of scientists to col-

lect comprehensive climate change 
information for governments to use to 
develop climate policies. The recent 
report from the IPCC found changes 
to Earth’s climate in every region of 
the world, noting the unprecedent-
ed scale and speed in warming of 
the planet’s surface over the last 200 
years (IPCC 2021, Summary for Policy-
makers). Impacts of increased tem-
perature, precipitation, and pollution 
are felt by all life on Earth, including 
microbes. 

Microorganisms are the most abun-
dant and diverse organisms on Earth 
(Locey and Lennon 2016). Microbes 
include viruses, bacteria, archaea, 
fungi, algae, and protozoa and are 
found in all areas of the planet, includ-
ing terrestrial, urban, atmospheric, 
subsurface, and aquatic ecosystems. 
While small, microbes’ contributions 
to the planet’s climate are momen-
tous because of their sheer num-
bers. Microbes are major drivers of 
global geochemical cycling, critical 
symbionts of global crops, and im-
portant producers and consumers of 
greenhouse gases (Table 1). In spite 
of microbes’ many impacts on and 
responses to climate change, few 
outside the microbial science commu-
nity include microbial activities in their 
conversations about climate change 
or in their predictive models. 

To improve coordination between 
climate science and microbiology, 
in 2011 the American Academy of 
Microbiology, which is the honorific 
leadership group and scientific think 
tank within the American Society for 
Microbiology, hosted a colloquium 
entitled “Incorporating Microbial 

Climate change is 
one of the most 
significant threats 
to humanity in the 
21st century

https://doi.org/10.1126/science.189.4201.460
https://doi.org/10.1126/science.189.4201.460
https://doi.org/10.17226/12181
https://doi.org/10.17226/12181
https://www.who.int/news-room/fact-sheets/detail/climate-change-and-health
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://doi.org/10.1073/pnas.1521291113
https://www.ncbi.nlm.nih.gov/books/NBK561255/
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Processes Into Climate Models” to 
bridge the gap between two seem-
ingly dissimilar fields. To continue the 
conversation, the Academy and Amer-
ican Geophysical Union (AGU) jointly 
published a report specifically about 
the relationship between microbes 
and climate change in 2016. Ten 
years after the initial colloquium, it is 
evident that while some progress has 
been accomplished, microbial activ-
ities are not fully being incorporated 
into the understanding and modeling 
of climate change. 

Realization of the continued need to 
incorporate microbial activities into 

climate change assessments and the 
sense of great urgency outlined in 
the latest IPCC report prompted the 
Academy to select climate change as 
the topic of focus in the Academy’s 
5-year scientific portfolio. The portfo-
lio emphasizes promoting the under-
standing of the relationships between 
microbes and climate change and 
building a scientific framework to 
inform climate change policies and 
market innovations. To build a foun-
dation for this portfolio, the Academy 
hosted the colloquium “Microbes & 
Climate Change—Science, People, & 
Impacts.” This colloquium builds on 

Cyanobacteria, also known as Cyanophyta on water surface. Algal blooms can become a danger 
to humans and animals.

Microorganisms 
are the most 
abundant and 
diverse organisms 
on Earth

https://www.ncbi.nlm.nih.gov/books/NBK561255/
https://www.ncbi.nlm.nih.gov/books/NBK513763/
https://www.ncbi.nlm.nih.gov/books/NBK513763/
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the foundation from the two previous 
Academy colloquia and provides 
updates on the science as well as 
identifies key knowledge gaps that 
still exist. Experts from diverse fields, 
including biogeochemistry, civil en-
gineering, environmental biology, in-
dustry, marine biology, policy, public 
health, systems biology, and micro-
biology, joined to discuss current un-
derstandings and highlight research, 
policy, and innovation priorities to 
answer the question, “how to incor-
porate microbial sciences in climate 
change initiatives and remediation 
processes?” Their diverse perspec-
tives, insights, and recommendations 
have been captured in this report.

As our climate changes, so will the 
microorganisms that inhabit the 
planet. Having adapted to the shifts in 

Earth’s climate for over 3 billion years, 
microbes are resilient and will evolve 
accordingly. Unfortunately, humans 
are slower to adapt. We must appreci-
ate the links between human, animal, 
environmental, and microbial health 
as an important part of confronting 
this significant threat (Nguyen and 
Casadevall 2021). As climate change 
presents unprecedented challenges 
to humanity, we need novel ideas, 
unconventional approaches, and 
progressive innovations. Building 
on current knowledge, expanding 
our understanding of microbes, and 
implementing sustainable and mi-
crobe-based innovations are import-
ant actions to help contain climate 
change, combat this urgent crisis, and 
promote human health and well-be-
ing worldwide. 

Acropora also known as staghorn coral, turning white by the coral bleaching effects due to 
global warming and climate change.

https://doi.org/10.1128/mBio.02502-21
https://doi.org/10.1128/mBio.02502-21
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Expanding Our Current Understanding of  
Microbial Ecosystems and Climate—A summary 
of current knowledge about microbial responses 
to and impacts on climate change in terrestrial, 
urban, and aquatic environments. Recommenda-
tions were made for interdisciplinary studies to 
understand how microbial metabolism, genetics, 
and community diversity will change because 
of climate change through the use of long-term 
studies of diverse ecosystems. These studies will 
be important to inform climate models and com-
bat unjust imbalances in microbial risk.

Microbes and Human Health—An outline of how 
climate change can impact pathogens’ geograph-
ic, temporal, and temperature ranges as well as 
their metabolic and virulence capabilities as they 
adapt to global warming. The importance of a 
One Health approach to medicine that takes into 
account environmental and epidemiological sur-
veillance and immunological and socioeconomic 
factors, especially for vulnerable communities with 
inequitable microbial exposure, was highlighted.

Microbes and Human Well-Being—A discussion on 
the ways in which climate change influences food 
security, water safety, and air quality. The empha-
sis was placed on the need to study the intercon-
nections among microbial activities, climate, and 
land use to inform the development of resilient 
agricultural and wastewater treatment systems. 

Microbes in Models and Data Systems—An exam-
ination of the gaps in microbial research studies, 
tools, and data systems and infrastructure that 
present barriers to inclusion of explicit represen-
tation of microbial processes in Earth system cli-
mate models. Recommendations were made to 
prioritize studies on microbial functions, species 
diversity, and adaptive emergent properties to 
improve models and coordination of data types 
to improve comparisons among diverse microbi-
al communities and ecosystems. 

Microbial Bioeconomy—A high-level view on the 
current scientific, policy, and cost hurdles that 
present barriers for microbial products to move 
from the bench to the market. A call was made 
for improved and frequent communications 
among scientists, policy makers, and entrepre-
neurs and for the incentivization of sustainable 
and biobased innovations.

This report is broken into five sections based on the discussions of experts at the colloquium. Each section 
highlights the collective views of the participants on current knowledge gaps, outlines future research 
priorities to support policy and market innovations, and provides specific recommendations for scientists 
from diverse disciplines. The Conclusions section synthesizes the major discussion topics and presents 
recommendations for the broader society about resources and policies critical to advance our under-
standing of the relationship between climate change, microbes, and human well-being and health. 

How to Use this Report
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Decades of research have explored 
the relationship between microbes 
and their ecosystems. The advent 
of sequencing and metagenomics 
uncovered the plethora of microbes 
present in aquatic, terrestrial, and 
urban environments. While research-
ers may understand which microbes 
are present in the environment, less 
is known about what the microbes 
are doing in each environment and 
how a change in climate will impact 

microbial communities and their 
ecosystem functions. Microbes drive 
many of the elemental flows, such as 
carbon, nitrogen, and phosphorus, 
on the planet (Figure 1). They also 
consume and produce the gases 
involved in global warming (Table 1). 
Climate change-induced variations 
in temperature, humidity, or elemen-
tal flux can have large impacts on 
microbial community structure and 
metabolic activity (Xue et al. 2016; 

Expanding Our Current  
Understanding of Microbial  
Ecosystems And Climate

Denitrification

N2O 

Figure 1. Microorganisms in terrestrial, urban, and aquatic environments consume and gener-
ate important greenhouse gases, CO2, CH4, and N2O. Terrestrial microbes decompose organic 
matter, providing nutrients for plants and producing these three gases. Aquatic microbes use 
photosynthesis to generate and recycle nutrients for marine life while also helping sequester 
large amounts of carbon in the deep ocean. Human activities such as burning fossil fuels and 
agriculture release greenhouse gases at a faster pace than microbial consumption, resulting in 
imbalances in the carbon cycle, which affect microbial responses and impact on climate change. 
Figure modified from Cavicchioli et al. 2019.

Elemental flows: 
flux of elements 
such as carbon, 
nitrogen, and 
phosphorus 
through the 
environment

https://www.nature.com/articles/nclimate2940?proof=t
https://www.nature.com/articles/s41579-019-0222-5
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Zhou et al. 2012; Woodcroft et al. 2018). 
Understanding the impacts of climate 
change on microbes and their fluxes of 
carbon dioxide (CO2), methane (CH4), 
and nitrous oxide (N2O) in diverse 
environments will be key to elucidating 
how microbes will respond within their 
local community as well as the broader 
human community. 

Terrestrial 
The question of how increased soil tem-
perature will impact soil microbial com-
munities and activities has important 
implications for food security and glob-
al carbon and nitrogen cycling. Studies 
indicate that climate changes, such as 
increased temperature, elevated atmo-
spheric CO2 concentration, increased 
N deposition, extreme storm events, 
and flooding or drought conditions, 
significantly alter microbial community 
compositions and structure (Figure 2). 
Indeed, Zhou et al. reported that “warm-
ing markedly shifted both the functional 
and phylogenetic structures of [soil] 
microbial communities,” which can lead 
to novel, nonadditive communities and 
processes emerging (Zhou et al. 2012; 
Xue et al. 2016). 

Changes in diversity can arise as 
fast-growing bacteria are selected for, 
altering the dynamics in microbial com-
munity structure (Guo et al. 2018). Yet, 

a�Based on IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working 
Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.

b�Effective radiative forcing due to increasing atmospheric concentrations from 1,750 to 2,019. 
Positive values indicate net gain of energy that contributes to planetary warming.

c�Global warming potential relative to CO2 at 100-year time frame.
d�Atmospheric CO2 exchanges with multiple terrestrial and land reservoirs; effective lifetimes are 
centuries to a millennium.

Greenhouse Gas Radiative Forcingb  
(W m-2)

Lifetime  
(years)

Global Warming  
Potentialc

Carbon dioxide (CO2) 2.16 Variousd 1

Methane (CH4) 0.54 12 30

Nitrous oxide (N2O) 0.21 109 273

Table 1. Key Features of Greenhouse Gases Produced and Consumed by Microorganismsa

 

Figure 2. Climate change induces alterations in soil microbial commu-
nities. Bacteria (red), archaea (blue), and fungal hyphae (green) in the 
center are impacted by changes in temperature, precipitation, storms, 
soil organic carbon (SOC), and greenhouse gases, leading to changes 
in community structure as indicated by change to orange, green, or 
purple microbes. Figure from Jansson and Hofmockel 2019.

https://www.nature.com/articles/nclimate1331
https://doi.org/10.1038/s41586-018-0338-1
https://www.nature.com/articles/nclimate1331
https://doi.org/10.1038/nclimate2940
https://www.nature.com/articles/s41558-018-0254-2
https://www.nature.com/articles/s41579-019-0265-7
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how climate warming affects microbi-
al alpha-diversity (e.g., species rich-
ness), especially of viruses, remains 
elusive. Long-term field exposure of a 
grassland ecosystem to elevated CO2 
dramatically altered the composition, 
structure, and potential interactions 
of grassland soil microbial communi-
ties (He et al. 2010; Zhou et al. 2010; 
Zhou et al. 2011). Most studies focus 
on the taxonomic diversity of bacte-
ria and fungi, and there are few data 
about the soil virome. These studies 
also only examine surface soils in the 
upper 15 to 20 cm of soil (Ramesh et 
al. 2019). Less is known about sub-
surface microbiomes and how these 
communities are impacted by climate 
changes (Han et al. 2017). Significant 
increases in storage of microbial 
biomass carbon in deep soils may 
be required to reduce atmospheric 
CO2 concentrations; thus, research 
on viromes and subsurface microbial 
communities is needed to understand 
which microbes are present and their 
metabolic and residual impacts in 
these environments (Brewer et al. 
2019; Dynarski et al. 2020). 

For the microbes that are known to be 
present in soil, much remains un-
known about the specific role(s) each 
species plays within the microbial 

community, thus limiting our ability to 
predict how these communities will 
react to the shifts induced by climate 
change. Previous studies have lacked 
an understanding of the alterations in 
genetic and functional diversity of mi-
crobial communities due to warming 
and the interactions between warm-
ing and other environmental factors. 
To elucidate what these microbes are 
doing in their ecosystem and how 
they are interacting with each other, 
studies exploring the causation—rath-
er than just relying on correlation—are 
needed to understand the mech-
anisms driving shifts in microbial 
communities. This will include taking 
a “genes-to-ecosystems” approach to 
shed light on these questions. These 
research priorities can inform climate 
models and policies that address cli-
mate changes’ impacts (Nash Suding 
et al. 2003). 

Besides temperature, climate change 
induces additional changes in soil 
properties like porosity and pH and 
increases chances of fires, droughts, 
or flooding that physically and chemi-
cally disturbs the soil (Figure 2) (Cook 
et al. 2015; Hart et al. 2005). Though 
microbes have evolved ways to sur-
vive drought stress, shifts in plant life 
that are more fire or drought resistant 

 

Figure 3. Microbial activity of permafrost consumes (methanotrophy, photosynthesis) and 
produces (respiration, methanogenesis) greenhouse gases. Figure from Altshuler et al. 2017.

Microbiome: 
collection of all 
microorganisms in 
a location 

https://doi.org/10.1111/j.1461-0248.2010.01453.x
https://doi.org/10.1128/mbio.00169-10
https://doi.org/10.1128/mbio.00122-11
https://doi.org/10.1016/bs.agron.2019.02.001
https://doi.org/10.1016/bs.agron.2019.02.001
https://doi.org/10.1139/cjm-2017-0157
https://doi.org/10.1128/mbio.01318-19
https://doi.org/10.1128/mbio.01318-19
https://doi.org/10.3389/fenvs.2020.514701
https://doi.org/10.1890/0012-9658(2003)084%5b0001:RASTSL%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5b0001:RASTSL%5d2.0.CO;2
https://www.science.org/doi/10.1126/sciadv.1400082
https://www.science.org/doi/10.1126/sciadv.1400082
https://link.springer.com/chapter/10.1007/978-3-319-57057-0_8
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will subsequently alter the root-asso-
ciated microbial community (Barnard 
et al. 2013; Naylor and Coleman-Derr 
2018; de Vries et al. 2018). Drier and 
hotter soils also lead to decreased mi-
crobial diversity and richness that, in 
turn, can decrease overall productivity 
(McHugh et al. 2017; Schimel 2018). 
Excess rain resulting from increases in 
severe storms can lead to soil erosion, 
increased nutrient leaching, and even 
anaerobiosis that can result in CH4 
and N2O production.

Warming and physical changes to 
soil can affect nutrient availability and 
cycling by microbes, which will have 
unknown cascading effects on the 
environment (Andrade-Linares et al. 
2021). Microorganisms consume and 
produce the key greenhouse gases 
CO2, CH4, and N2O, which contribute 
to global warming (Table 1). Altered 
microbial respiration or denitrification 
rates of soil microbes because of cli-
mate change can affect microbial me-
tabolism and nutrient feedback loops, 
leading to unreliable quantification of 
these major greenhouse gases that 
can hinder mitigation strategies (Tian 
et al. 2020). For example, warming of 
permafrost offers a glimpse of how 
changes in the soil can dramatically 
alter carbon pools (see permafrost 
warming case study) (Figure 3). As 
permafrost thaws, it releases stored 
carbon that microbes can use for 
respiration or the production of CH4 
through methanogenesis. These 
actions can create a positive-feedback 
loop that increases carbon levels in 
the atmosphere. More research is 
needed to understand how chang-
es in microbial metabolism alter the 
elemental flows of the planet. Higher 
temperatures are associated with 
increased metabolic rates (Brown 
et al. 2004), but the impacts of shift-
ing metabolic kinetics on microbial 
communities remain poorly studied. 
Studying how changes in nutrient and 
carbon availability impact the bacteri-
al, fungal, protisan, and viral commu-

nities and how that feeds back into 
climate change is vital for predicting 
future climate change impacts for the 
planet and humans.

Studies focused on monitoring micro-
biomes over time during periods of 
warming are needed as well. Unlike 
most studies that take a “snapshot” of 
the microbial community, long-term 
experiments of globally distributed 
ecosystems will afford information 
about microbial evolution and eco-
logical dynamics (Vicca et al. 2018). 
The research community must work 
with colleagues across disciplines 
(e.g., botany, ecology, soil science, 
and geology) to establish consistent 
protocols and experimental method-
ologies across different soil depths 

Case Study:  
Permafrost warming releases stored carbon
Permafrost, which is perennially frozen soil over periods of at 
least 2 years, covers about 25% of the Earth’s land and is home 
to a plethora of cold-adapted microorganisms (Graham et al. 
2011; Jansson and Taş 2014). These frozen soils contain large 
quantities of organic carbon from remnants of plants, animals, 
and microbes (Schuur et al. 2008). Currently, the Arctic region 
stores about double the amount of carbon as is in the atmo-
sphere (Tarnocai et al. 2009). As temperatures increase and the 
planet warms, permafrost will thaw, rendering large amounts 
of stored soil organic matter accessible to microbial enzymatic 
activity that can decompose the organic matter to produce 
the greenhouse gases CO2 and CH4 (Mackelprang et al. 2011; 
Mackelprang et al. 2016; Schädel et al. 2016; Xue et al. 2016; 
Biskaborn et al. 2019). Where drainage is impeded, water-sat-
urated thawing permafrost can provide a niche favorable for 
methanogens, which affects the relative ratio of CO2 and CH4 
production (Knoblauch et al. 2018; Wei et al. 2018; Heslop et 
al. 2019). This creates a positive-feedback loop where microbes 
help deplete permafrost-associated carbon reservoirs and 
increase CO2 and CH4 levels in the atmosphere, which can 
accelerate climate change (Schuur et al. 2015). This issue is 
particularly consequential for permafrost peatlands due to their 
concentrated stockpiles of carbon, which can fuel large CH4 
emissions under thaw-associated habitat change (Varner et al. 
2022). Studies of specific permafrost environments—such as the 
Next-Generation Ecosystem Experiment (NGEE) in Alaska, USA, 
or the Danish Center for Permafrost (CENPERM) in Scandina-
via—help scientists understand these microbial feedback loops 
and incorporate them into models to predict and plan better 
for climate change’s effects. 
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and time points to provide broad 
insights from local and regional exper-
iments. This allows ecosystem models 
to incorporate microbiome informa-
tion effectively and therefore improve 
long-term projections of climate 
change-associated dynamics (Kreft et 
al. 2017). For example, longer-term 
(over 10 years) studies of temperate 
grasslands in Oklahoma, USA, found 
that warming increased microbial net-
work complexity and stability as well 
as enhanced microbial succession and 
temporal scaling of the bacterial and 
fungal taxonomic and phylogenetic 
diversity (Guo et al. 2018; Guo et al. 
2019; Yuan et al. 2021). These studies 
can inform biodiversity preservation 
and land management strategies 
worldwide.

Urban
Over 50% of the world’s population 
lives in urban areas (https://www.ur-
banet.info/world-urban-population/). 
Microorganisms’ impact on urban 
environments is also influenced by 
climate change. Warming accelerates 
microbial corrosion of civil infrastruc-
ture. Microbial adherence and meta-
bolic activity on surfaces lead to mi-
crobiologically influenced corrosion 
(Videla and Characklis 1992; Gaylarde 
et al. 2003; Little et al. 2020). Microbi-
al biofilms directly attach to surfaces, 
while sulfate-reducing bacteria or 
methanogens can cause corrosive 
metal loss (Huttunen-Saarivirta et al. 
2012; Li et al. 2016; Jia et al. 2019; Tan 
et al. 2017). Weak organic and inor-
ganic acids produced by bacteria, fun-
gi, and algae damage concrete and 
lower the pH of the environment to 
allow additional microbial colonization 
(Wei et al. 2014). Microbe-induced 
damages cost millions to billions of 
dollars and can even release green-
house gases that accelerate climate 
change (Sanchez-Silva and Rosowsky 
2008; Conley et al. 2016). Additionally, 
microbial activity leading to changes 
in temperature, precipitation, humid-

ity, and soil conditions may directly 
damage infrastructure. More research 
about the role of microbes in the cor-
rosion or repair of man-made struc-
tures under climate change conditions 
is needed (Little et al. 2020). 

Changes in precipitation and tem-
perature also alter urban areas’ 
groundwater chemistry and levels 
of dissolved organic carbon (Mc-
Donough et al. 2020). This alters 
nutrient availability and redox con-
ditions, causing shifts in microbial 
communities that may increase the 
survival of pathogens (Retter et al. 
2021; Danczak et al. 2018). Flooding, 
which is expected to increase as a 
result of climate change, raises the risk 
of exposure of humans to pathogens 
(Ahern et al. 2005; Taylor et al. 2011). 
Urban areas are more vulnerable to 
flooding because of the lack of green-
space for rainwater runoff. Stagnant 
water in flooded areas has been asso-
ciated with increased transmission of 
vector-borne diseases, and flooded 
homes increase exposure to mold (El 
Sayed et al. 2000; Sáenz et al. 1995; 
Andersson et al. 1997; CDC 2006). 
Floods also promote the redistribution 
and mixing of microorganisms, help-
ing drive horizontal gene transfer and 
assembly of new microbial commu-
nities that can result in unknown and 
unexpected cascading effects (Deng 
et al. 2019). Research is needed to un-
derstand how microbial populations 
are altered by flooding to inform flood 
cleanup policies and procedures. 

Sewage and wastewater systems are 
especially susceptible to microbio-
logically influenced damage and the 
impacts of climate change (Davis et 
al. 1998; Okabe et al. 2007). Sewage 
treatment relies on microbial met-
abolic activities to degrade waste, 
producing CO2, CH4, and N2O, which 
contribute to climate change (Table 1). 
A recent study shows that temperature 
and organic input play critical roles in 
controlling global spatial turnovers of 

Microorganisms 
consume and 
produce the key 
greenhouse gases 
CO2, CH4 and N2O 
that contribute to 
global warming

Microbiologically 
influenced 
corrosion: 
corrosion resulting 
from the presence 
and/or activity of 
microorganisms 
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bacterial communities in wastewater 
treatment plants (Wu et al. 2019). 
Elevated temperatures have also trig-
gered Legionella pneumophila (agent 
of Legionnaires’ disease) overgrowth 
and dramatic changes in treatment 
system microbial communities, result-
ing in failure of wastewater treatment 
and Legionnaires’ disease contracted 
from treatment plants (Kusnetsov et 
al. 2010; Caicedo et al. 2020; Caicedo 
et al. 2019). Warming also increases 
snow melting periods and influent 
flow rates, which along with increased 
precipitation and storms can lead to 
flooding of untreated sewer over-
flows, exposing people to possible 
pathogens in wastewater (Schalk et 
al. 2012; Plósz et al. 2009; Zouboulis 
and Tolkou 2015). Because climate 
change is expected to make these 
events more prevalent in the future, 
research and innovations are needed 
to adapt current wastewater treat-
ment plants to be more resilient and 
sustainable (Verstraete et al. 2022).

Vulnerable, minority, and lower-in-
come communities are especially 
exposed to climate change-associ-
ated impacts because they tend to 
live in “more polluted, less secure, 
and high-risk environments” that 
drive inequitable microbial exposure 
(Brulle and Pellow 2006; Ishaq et al. 
2019). For example, Black and poor 
communities were disproportionate-
ly affected by flooding from Hurri-
cane Katrina in Louisiana, USA, in 
2005 (Zoraster 2010). Higher rates of 
bacterial contamination in drinking 
water have also been found in immi-
grant and low-income communities, 
hurting community health (Calderon 
et al. 1993; Ciesielski et al. 1991). 
This “microbial injustice” stemming 
from the unjust and disproportion-
ate microbial exposures and risks of 
vulnerable communities will wors-
en as climate change increases the 
frequency and/or intensity of storms 
(Ishaq et al. 2019). 

Aquatic
Aquatic environments cover more 
than 70% of Earth’s surface. Marine, 
freshwater, and intertidal ecosystems 
are home to diverse animal, plant, 
and microbial species and are vital 
for humans’ well-being and health. 
Aquatic systems provide us with 
water for drinking and cleaning as 
well as a source of food. As in terres-
trial environments, climate change 
causes major impacts to temperature 
in aquatic ecosystems. Global sea 
surface temperature has steadily in-
creased (NOAA). Warmer oceans can 
lead to formation of stronger storms 
and flooding, decreased ocean life 
and biodiversity, and altered elemen-
tal flux by marine microorganisms. 
Research is needed to understand 
and predict what types of cascading 
effects warming of oceans will have 
on aquatic and terrestrial life. 

Case Study:  
Inequitable microbial exposure in urban housing
Urban populations are growing rapidly, with the United Na-
tions (UN) projecting 68% of the global population living in 
urban areas by 2050 (https://population.un.org/wup/Publica-
tions/Files/WUP2018-Highlights.pdf). While living in an urban 
area reduces overall microbial exposure compared to that in 
rural environments, exposures to microbes are not equal in ur-
ban areas (Mills et al. 2019; Ishaq et al. 2019). Lower-income, 
minority, and immigrant populations disproportionately live in 
housing with physical problems that can lead to mold expo-
sure from water damage, dangerous aerosols, and exposure 
to vectors of disease because of building deterioration (Krieg-
er and Higgins 2002). Living in low-income neighborhoods 
and crowded conditions are also associated with higher rates 
of infectious diseases (Wallace 1988; Cohen et al. 2000; Barr 
et al. 2000). Increased exposure to microbes harms these 
communities’ health inequitably (Ishaq et al. 2019). Global 
warming and altered precipitation patterns will allow patho-
gens to expand their geographic and temporal range and 
expand into novel environments in urban areas (Honeyman 
et al. 2018). Land management and urban planning strategies 
along with pathogen surveillance and public health policies 
must be integrated to preserve the health and well-being of 
all populations.

Microbial injustice: 
inequitable 
microbial exposure 
and risk experienced 
by disadvantaged 
communities 
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Climate change alters marine carbon 
pools. The marine carbon pump uses 
microbial processes to sequester 
large amounts of carbon in the deep 
ocean, helping regulate atmospheric 
CO2 levels (Figure 4) (Volk and Hof-
fert 1985; Falkowski et al. 1998). But 
warming may reduce the amount of 
carbon oceans can sequester (Laufköt-
ter et al. 2016). Actions of the micro-
bial loop and viral shunt drive carbon 
cycling in the oceans, though there is 
a current lack of understanding about 
microorganisms in deep ocean sys-
tems (Azam et al. 1983). Ocean warm-
ing impacts microbial communities, 
which, in turn, affect the overall bal-
ance between carbon sequestration 
and release of CO2 (Cavan et al. 2019; 
Wohlers et al. 2009). Studies to uncov-

er how microbial community composi-
tion and carbon cycling are impacted 
by ocean warming under different 
conditions and in diverse regions will 
be important to inform Earth climate 
models and environmental manage-
ment strategies. 

Climate-associated changes to mi-
crobial actions impact marine life. 
For example, corals rely on symbiotic 
microbial communities composed of 
bacteria, archaea, algae, viruses, and 
fungi (Taylor et al. 2020; Thurber et al. 
2017). Photosyntethic algae provide 
corals with many of their nutrients as 
well as their virbrant colors (Taylor et 
al. 2020). Warming temperatures and 
increased ocean acidification induce 
coral bleaching and destabilize coral 
microbiomes (see coral bleaching 

 
Figure 4. Marine microbes recycle and sequester carbon in the marine carbon pump. 
Microbial respiration and bacterial lysis provide carbon to marine life, while the viral shunt and 
photosynthesis lead to carbon sedimentation and storage on the ocean floor. Image is in the 
public domain.
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case study) (Figure 5) (Hoegh-Guld-
berg et al. 2007; Lesser et al. 2015). 
Without their symbionts, corals be-
come less resilient and more prone to 
infections (Carilli et al. 2009; Anthony 
et al. 2011; Ben-Haim et al. 2003). 
Because corals are foundational for 
many benthic ecosystems, the loss 
of coral systems because of climate 
change and altered microbiota has 
devastating cascading impacts on 
benthic biodiversity (Bell 2008). More 
research integrating climate, corals, 
and their associated microbiome into 
models is necessary to understand 
the full impact of ocean warming on 
marine life (Asner et al. 2020; Vega 
Thurber et al. 2020).

Aquatic pathogens of humans are 
influenced by warmer temperatures, 

especially in coastal zones where hu-
mans and nature interface. Increased 
temperature expands pathogens’ 
temporal and spatial ranges, increas-
ing human exposure to these threats 
(IPCC 2022, Summary for Policy-
makers). Infections with Vibrio spp., 
opportunistic marine pathogens, are 
increasingly reported in higher lati-
tudes and for a longer part of the year 
(see Vibrio case study) (Semenza et 
al. 2017). In freshwater environments, 
such as lakes, rivers, and wetlands, 
algal blooms have increased because 
of changes in nutrient loading, tem-
perature, and precipitation levels (see 
algal bloom case study) (Paerl et al. 
2014). Increased use of fertilizers in 
agriculture and higher levels of rainfall 
lead to nutrients, such as nitrogen and 

Coral bleaching: 
stress mechanism 
of coral where 
they expel their 
symbiotic algae 
(zooxanthellae) 
that provide their 
color, thereby 
appearing faded 
or ‘bleached’

 
Figure 5. Healthy corals (left) have symbiotic microbial communities to provide them nutrients 
such as carbohydrates, amino acids, and vitamins as well as defense against pathogens. Warm-
ing water and ocean acidification induce coral stress, causing a loss of their algal symbionts and 
alterations to the coral-associated microbiome, making corals lose their color and thus appear 
bleached (right). The lack of microbial species richness allows opportunistic pathogens to infect 
and possibly cause more coral disease. Figure from Vanwonterghem and Webster 2020.
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seasonal growth 
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phosphorus, carried via runoff into streams and lakes. This escalation 
of nutrients, known as eutrophication, 
promotes a surge in cyanobacterial 
growth (Dolman et al. 2012; Harke et 
al. 2016). Excessive algal growth results 
in decreased oxygen levels, causing 
fish and aquatic life to die. Additionally, 
toxins released during algal blooms 
are a concern for human and environ-
mental health since they can reduce 
local biodiversity and possibly weaken 
ecosystem resilience (Wilhelm et al. 
2020). Understanding the complex re-
lationship between climate change and 
aquatic pathogens will inform strategies 
to enhance public health and environ-
mental management.

Case study:  
Ocean warming induced coral bleaching
Coral reefs are important sources of food, income, and 
coastal protection for millions of people worldwide and 
are home to at least 25% of marine species (Woodhead et 
al. 2019; Vanwonterghem and Webster 2020). Corals are 
vulnerable to the impacts of anthropogenic activities and 
climate change, with over 50% of corals dying since the 
1950s (Hughes et al. 2017b; Hoegh-Guldberg et al. 2007; 
Eddy et al. 2021). Coral reefs are composed of tiny animals 
called polyps living within a calcium carbonate exoskeleton 
(Rosenberg et al. 2008). Symbiotic microbes provide the 
polyps with nutrients, with the pigments from photosynthet-
ic algae giving corals their vibrant colors (Taylor et al. 2020). 
Warming waters and ocean acidification cause coral stress 
that leads polyps to eject their microbial symbionts, causing 
corals to lose their color and appear “bleached” because of 
their white calcium carbonate skeleton (Figure 5) (Baker et 
al. 2008). As the coral microbiome alters because of bleach-
ing events, corals become less resilient and more prone 
to infections (Rosenberg et al. 2008; Carilli et al. 2009; 
Anthony et al. 2011; Ben-Haim et al. 2003). Incidents of 
coral bleaching have increased as ocean temperatures rise 
because of climate change (Baker et al. 2008; Hughes et al. 
2017; Hughes et al. 2018). For example, recurrent bleach-
ing of the Great Barrier Reef (1998, 2002, and 2016) has 
caused significant coral loss (Hughes et al. 2017; Dietzel et 
al. 2020). Using metagenomic analysis, Littman et al. found 
metabolic and taxonomic differences of the coral microbi-
ome between healthy and thermal bleached Great Barrier 
Reef corals, with more virulence genes associated with 
bleached corals (Littman et al. 2011). Since myriad aquatic 
organisms live in reefs, loss of coral reefs will impact aquat-
ic biodiversity, further impacting human activities such as 
fishing and tourism (Bell 2008). Models using climate, coral, 
and microbial data can help inform reef conservation and 
management strategies that can support human well-being 
(Asner et al. 2020; Vega Thurber et al. 2020).

Bleached coral, Acoropora sp.
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 Current Understanding of Microbial Ecosystems 
 and Climate Summary and Recommendations

Regardless of the environment, climate 
change will affect microbial communities and 
their functions. From altering the available 
pools of carbon to increasing exposure to 
pathogens, the changes to our climate will 
impact microbiomes and metabolic activities 
everywhere. Scientists need to understand 
how changes in temperature and ecosystems 
affect microbes, including fungi, viruses, 
protists, and archaea, and how that feeds back 
to climate change to inform public health and 
mitigation policies. To aid our understanding 
of the cascading effects of climate change on 
microbes in varied environments, the following 
research topics are highly recommended to 
promote interdisciplinary studies:

•	Examine the relationship between genetic 
and functional diversity to understand the 
role different species play in microbial 
community assembly and interactions and 
elucidate the mechanisms driving shifts in 
microbial communities.

•	Research the energetics of metabolism 
and elemental flux by microbes in the 
terrestrial, urban, and marine environments 
to factor into terrestrial and aquatic climate 
models the activities of bacteria, fungi, 
protists, and viruses.

•	Institute long-term experiments of diverse 
ecosystems, including subsurface soil 
and deep-sea microbial communities, 
with consistent protocols to capture the 
evolution and ecological dynamics for 
models. 

•	Explore the role of microbes in 
microbiologically influenced corrosion 
of man-made infrastructure and design 
resilient and sustainable innovations for 
future urban infrastructure.  

•	Investigate cascading impacts of flooding, 
severe storms, droughts, etc., on microbial 
community structure, functions, and human 
health. 

•	Establish efforts to combat climate-
mediated microbial injustices, which 
are changes to the microbial world 
that inequitably and negatively impact 
disadvantaged communities, as well 
as gain understanding of communities 
most impacted by climate change to 
shape public health policies, land use 
management strategies, and carbon-
sequestering technologies to buy time 
as we work to understand microbial 
processes better.
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Human health is intricately linked to 
the environment. As climate chang-
es in terrestrial, urban, and aquatic 
environments, the human, animal, 
and plant pathogens living in those 
environments must adapt, presenting 
opportunities for pathogens to move 
about and evolve in unknown ways 
that may increase virulence and host-
range. Shifts in temperature, precipi-
tation, humidity, CO2 concentrations, 
and nutrient availability can increase 
water and food-borne infections as 
well as the risk of zoonotic diseases. 
A One Health approach that connects 
pathogen genomic sequencing and 
surveillance with public health policies 
is needed to understand the impacts 
of climate change on the environ-
ment, microbes, and human health. 

Pathogen Adaptations for a 
Changing Environment
Earth has experienced past epochs 
of extreme atmospheric and tem-
perature fluctuations. Over 3.5 billion 
years ago, cyanobacteria emerged 
with the ability to photosynthesize 
and produce free O2 (Baumgartner et 
al. 2019). Consequently, Earth expe-
rienced a sharp rise in oxygen accu-
mulation in the atmosphere, referred 
to as the “Great Oxidation Event” or 
“Great Oxygenation Event,” approx-
imately 2 billion years ago (Olejarz 
et al. 2021). That event is a powerful 
example of how microbial life can 
change our planet. While the Great 
Oxidation Event resulted in a mass 
extinction of anaerobic life, these con-
ditions also presented an opportunity 
for aerobic multicellular life to flourish 
(Schirrmeister et al. 2013). In turn, in-
creased oxygen oxidized atmospheric 

methane, decreasing this greenhouse 
gas and lowering global temperature, 
resulting in the first Ice Age (Tang and 
Chen 2013). Since then, the planet has 
undergone multiple eras of warming 
and cooling, with microorganisms 
witnessing and evolving throughout 
all the swings in temperature and 
climate. Today’s pathogens arose from 
these historical changes, and as Earth’s 
climate continues to change because 
of anthropogenic activities, under-
standing how pathogens will adapt 
and what novel pathogens will emerge 
in response to these changes will be 
necessary to protect human health. 

Climate change will introduce mi-
crobes to novel environments and 
force humans to adapt to new circum-
stances. The impact of novel environ-
mental conditions on pathogenesis 
remains unknown. Alterations in 
temperature, precipitation, and nutri-
ent availability will undoubtedly affect 
microbial metabolism and nutrient 
cycling, which can impact colonization 
and virulence (Hofreuter et al. 2008; 
Nuccio and Bäumler 2014). Research 
addressing how pathogens’ metabolic 
activities, enzyme functions, and com-
munity dynamics change in response 
to changing temperature and nutri-
tional status is needed. 

Humans are expanding into novel 
natural environments as well, increas-
ing exposure to pathogens (Figure 6). 
This, coupled with the environmen-
tal changes noted above, raises the 
possibility of zoonotic spillover events 
and increased interactions with pos-
sible animal reservoirs. Fortunately, 
surveillance studies can help inform 
the public health responses to zoo-
notic and new diseases. The National 

Microbes and Human Health

One Health: 
idea to integrate 
information 
about “people, 
animals, plants, 
and their shared 
environment” 
to inform and 
promote human 
health

Zoonotic disease: 
infectious disease 
transmitted from 
an animal species 
to humans
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Wastewater Surveillance System im-
plemented by the Centers for Disease 
Control and Prevention (CDC) during 
the COVID-19 pandemic helped notify 
local communities of upcoming rises 
in COVID-19 cases, affording them 
more time to prepare (CDC). As hu-
mans and animals increasingly inter-
act, surveillance studies also allow for 
tracking of “spillback” events in which 
humans reintroduce pathogens back 
to wildlife. This provides a reservoir for 
zoonotic pathogens to adapt, acquire 
new mutations, and establish emerg-
ing features that may impact virulence 
(Fagre et al., 2021; Kuchipudi et al. 
2021). Real-time genomic sequencing 
and surveillance systems of current 
and emerging pathogens coordinated 
between those in epidemiology, clin-
ical labs, and public health are critical 
to protect human health. 

Novel environments also include 
increased spatial and temporal ranges. 
As temperature increases and climate 
changes, pathogens and vector spe-
cies are expected to expand their re-
gional distributions (Gorris et al. 2019; 
Hoegh-Guldberg et al. 2018). The IPCC 
reports increases in water and food-

borne diseases from “climate-sensitive 
aquatic pathogens” such as Vibrio 
spp. that are being reported in higher 
latitudes, and infections are common 
for extended portions of the year (see 
Vibrio case study) (Semenza et al. 
2017; IPCC 2022, Summary for Policy-
makers). Insect and mammalian vectors 
will alter their spatial range, permit-
ting unprecedented mixing of animal 
species and the spread of microorgan-
isms in new ways (Colón-González et 
al. 2021). Coinfections with pathogens 
(bacterial, fungal, or viral) in hosts allow 
for genetic exchange via horizontal 
gene transfer and the opportunity to 
share virulence genes or for highly 
antibiotic-resistant “superbugs” to 
emerge (Desai et al. 2013; Mentel et al. 
2006). Additionally, a warmer environ-
ment is more similar to humans’ body 
temperature. As zoonotic and oppor-
tunistic pathogens adapt to a warmer 
environment, it may inadvertently allow 
for increased infectivity and pathogen-
esis (see warm-adapted fungus case 
study) (Kimes et al. 2011). Investigation 
into how pathogens or vector hosts 
are evolving in their environments can 
inform climate change’s impact on hu-
man exposure and public health risk. 

 
Figure 6. Exposures to zoonotic pathogens increase with greater frequency of human and animal interactions. 
Microorganisms that naturally evolved with wildlife (left) can spill over to humans because of human expansion 
into natural habits (center) and increased contact with wildlife or livestock (right). Zoonotic pathogens can 
cause pandemics when they are transmitted easily among humans and can spread quickly because of urban-
ization and global travel. Figure from Daszak et al. 2020.
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Microorganisms will also need to 
adapt to more extreme changes 
spurred by climate change, including 
storms. Warmer oceans and increased 
precipitation will result in stronger 
cyclones, hurricanes, typhoons, and 
flooding events (Field 2012). These 
storms can increase pathogen expo-
sures in human populations, especial-
ly those of vulnerable communities 
(Ahern et al. 2005; Taylor et al. 2011; 
Andersson et al. 2021). Flooding 
events have been associated with in-
creased incidents of mosquito-borne 
diseases such as malaria and dengue 
fever (Coalson et al. 2021). Storms 
can also impact and disrupt wastewa-
ter systems, leading to less effective 
treatment systems or overflows that 
expose untreated pathogens to the 

local community. The cascading ef-
fects of extreme storms remain poorly 
understood since these storms may 
drive pathogen mixing and evolution 
in novel ways. A new field of “disas-
ter microbiology” could conceivably 
emerge to focus on the microbial 
impacts from ever-increasing severe 
storms and natural disasters. Paired 
with increased microbial surveillance 
systems, these data would be instru-
mental in informing models and One 
Health public policies. 

In other regions of the world, cli-
mate change is expected to increase 
drought conditions. Dust from 
droughts may carry pathogens and 
microbial toxins, expanding their spa-
tial range and endangering human 
health. To meet this challenge, air-
borne microbiome surveillance could 
provide a tool to monitor in real time 
for increases in airborne infectious 
agents just as wastewater surveillance 
systems have been used during the 
COVID-19 pandemic. This will be es-
pecially important as climate change 
impacts and alters global air currents. 
Another climate change-induced 
source of pathogens is permafrost. 
Global warming is associated with 
permafrost thawing (see permafrost 
warming case study), which may un-
lock novel pathogenic bacteria, fungi, 
or viruses or antibiotic resistance 
mechanisms frozen away for millennia. 
A 2016 outbreak of anthrax disease in 
Siberia has been associated with the 
release of Bacillus anthracis spores 
from thawed permafrost (Simonova et 
al. 2017; Stella et al. 2020). Research 
examining possible pathogens and 
their virulence mechanisms from 
extreme storms or permafrost samples 
will help inform biomedical studies 
to tackle novel pathogens uncovered 
because of climate change.

Pathogen Adaptations Based on 
Human Physiology 
Infectious diseases are a leading 

Case study:  
Vibrio’s expanded temporal and spatial range 
Vibrio spp., including Vibrio parahaemolyticus, V. vulnificus, 
and V. cholerae, are marine bacteria found in warm estuarine 
and coastal waters and can cause diarrhea, nausea, vomiting, 
dehydration, and fever when ingested (Pruzzo et al. 2005). As 
temperatures have increased, infections with these oppor-
tunistic pathogens have expanded temporally and spatially. 
Warming in Europe has led to increased Vibrio outbreaks 
(Vezzulli et al. 2011). The most northerly example occurred 
in 2014, when Sweden and Finland experienced a heat wave 
with a concurrent record number of reported Vibrio infections 
(Baker-Austin et al. 2016). To understand this change, the 
European Centre for Disease Prevention and Control (ECDC) 
developed the Vibrio Map Viewer. Using real-time data on sea 
surface temperature and salinity, the Vibrio Map Viewer helps 
“predict the occurrence of environmental conditions that 
favor Vibrio proliferation,” acting as an early warning system 
for the risk of Vibrio infections (Semenza et al. 2017). Based 
on data from the Vibrio Map Viewer, infections appear to be 
reported in higher latitudes and for a longer part of the year 
(Semenza et al. 2017). As sea surface temperature rises as a 
result of climate change, Vibrio spp. are expected to expand 
their spatial range north, increasing the risk of infection in 
regions previously unaffected by these pathogens. Taking 
a One Health approach by incorporating local ecology and 
climate impacts into surveillance and monitoring systems al-
lows for an early warning system for Vibrio infections that will 
better help prepare local public health responses and policies 
(Constantin de Magny et al. 2008). These strategies can serve 
as examples for future emerging diseases.

Disaster 
microbiology: 
proposed field 
of study focused 
on the microbial 
impacts from 
severe storms and 
natural disasters
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cause of global morbidity (WHO 
2020). Though improved sanitation, 
antibiotics, vaccines, and treatments 
have greatly reduced deaths from mi-
crobial infections, infectious diseases 
continue to have a substantial global 
socioeconomic cost (Fonkwo 2008). 
The Institute of Labor Economics esti-
mated the cost of eight major microbi-
al diseases (HIV/AIDS, malaria, mea-
sles, hepatitis, dengue fever, rabies, 
tuberculosis, and yellow fever) to be 
about $8 trillion (U.S.) and more than 
156 million life years lost in a single 
year (Armitage 2021). Climate change 
will increase the cost and burden of 
infectious diseases on global popu-
lations, making the study of climate 
change’s impact on pathogens vital to 
preserving human health.

Humans have many defenses against 
infectious agents, and these include 
both physical and immunological 
mechanisms. Endothermy is a major 
physical defense by which the human 
body temperature creates a thermal 
barrier for many microorganisms, 
including fungi (Robert and Casa-
devall 2009). As stated previously, 
warmer environments may select for 
pathogens that can better survive at 
body and fever temperatures, making 
them more difficult for the body to 
clear. Pathogens such as some fungi 

may adapt to a rise in temperature, 
making fungal human diseases more 
common over an expanded geo-
graphic range with global warming 
(see warm-adapted fungus case study) 
(Datta et al. 2009; Fernandes et al. 
2016; Garcia-Solache and Casadevall 
2010). For example, the fungal patho-
gen Candida auris is more heat tol-
erant than related Candida spp., and 
the emergence of C. auris as a human 
pathogen has been proposed to be 
associated with warming tempera-
tures (https://www.cdc.gov/fungal/
candida-auris/tracking-c-auris.html; 
Casadevall et al. 2019). Other thermal 
tolerant fungal pathogens are expect-
ed to emerge, especially as elevated 
global temperatures and increased 
storms allow for expanded fungal 
temporal and spatial range (Figure 7) 
(de Crecy et al. 2009; Konopka et al. 
2019; Tedersoo et al. 2014; Robert 
et al. 2015; Nnadi and Carter 2021). 
Because fungal physiology is more 
similar to human physiology than that 
of bacteria, parasites, or viruses, there 
are limited treatments and no vaccines 
against fungal infections. Additional 
and expanded pathogen surveillance, 
especially for fungal pathogens, in the 
environment and animal reservoirs 
can aid in monitoring and preparing 
for climate-adapted infectious mi-
crobes (Casadevall 2020). 

 
Figure 7. Climate change impacts the environment’s temperature, precipitation, and frequency of storms, leading to 
possible alterations of fungal pathogens’ virulence, temporal and spatial range, and host and vector susceptibility. 
The emergence of novel features by fungi may have far-reaching consequences on human, animal, and environmental 
health. Figure from Nnadi and Carter 2021.

Endothermy: ability 
of an organism 
to maintain a set 
temperature
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Humans’ innate immunity and adap-
tive immunity counteract microbial 
infections as well. But not all micro-
organisms are detrimental to human 
health: many human-associated 
microbes (called the human micro-
biome) have evolved a symbiotic 
relationship with humans by which 
microbes provide essential amino 
acids, nutrients, and vitamins and aid 
in tissue and immune system devel-
opment (Belkaid and Hand 2014). 
Archaea, bacteria, fungi, protists, 
and viruses all compose the human 
microbiota, and these vary based on 
anatomical location (Robinson et al. 
2010). Skin microbes help prevent 
colonization by pathogens and reg-
ulate inflammation (Lai et al. 2009; 
Buffie and Pamer 2013; Belkaid and 
Segre 2014; Byrd et al. 2018). The gut 
microbiome helps tune and form the 
adaptive and innate immune system 
(Lee and Mazmanian 2010; Naik et al. 

2012; Buffie and Pamer 2013). Gut mi-
crobe populations release molecules 
that stimulate antimicrobial peptides 
(e.g., cryptdins and bacteriocins) or 
expression of immune responses in 
the intestines (Kobayashi et al. 2005; 
Ducluzeau et al. 1976; Cash et al. 
2006; Smith et al. 2013). As on the 
skin, the gastrointestinal microbiome 
provides resistance to colonization by 
pathogenic microorganisms (Van der 
Waaij et al. 1971; Sekirov and Finlay 
2009; Buffie and Pamer 2013). Further 
research about what microbes, espe-
cially viruses, are present in different 
anatomical parts of the body and their 
role in immunity and defense against 
pathogens is needed as a foundation 
for future biomedical research and 
possible disease treatments.

Shifts to the gastrointestinal microbi-
ome can occur to make the host less 
resilient to pathogen colonization 
and disease. Changes in diet result-
ing from climate change, such as a 
transition from meat to insect proteins 
or different mineral contents of food 
grown in novel regions, may alter the 
stability, diversity, and community 
structure of the gut microbiome (Con-
teville et al. 2019; Catania et al. 2021). 
These alterations of the microbiome 
can make humans more susceptible 
to infections. For example, antibiotic 
treatment is associated with dysbiosis 
of the microbiome and increased in-
testinal infections, including Clostridi-
oides difficile infections (Reeves et al. 
2011; Buffie et al. 2012). Shifts in the 
ecology and environment because of 
climate change can indirectly impact 
gut microbiomes and have unknown 
cascading impacts on human health 
and resilience (Greenspan et al. 2020).

We may be seeing firsthand the 
impacts of altered microbiomes with 
the rise of allergies and autoimmune 
diseases (Pascal et al. 2018; Luca and 
Shoenfeld 2019; Xu et al. 2019; Ray 
and Ming 2020). Studies have linked 
the autoimmune diseases Crohn’s 

Case study:  
Warm-adapted fungal pathogens
Historically, fungi have not caused serious outbreaks in 
human populations. Most pathogenic fungi cause disease in 
ectothermic vertebrates, insects, and plants, which are cooler 
(<30°C) than human body temperature (Casadevall 2019). 
However, we may see new fungal diseases in humans as 
global temperatures warm. The first human infection with the 
opportunistic fungal pathogen Candida auris was reported in 
2009 (Satoh et al. 2009). Since then, increased C. auris infec-
tions have been identified throughout the globe (Rhodes and 
Fisher 2019). Many fungal species are inhibited at human tem-
peratures of 37°C and above, but clinical isolates of C. auris 
are more thermal tolerant than related Candida spp. (Robert 
and Casadevall 2009; Casadevall et al. 2019). Casadevall et 
al. suggested that C. auris originally lived as an environmental 
fungus that adapted to a warmer environment, overcoming 
the human thermal barrier to become “the first example of 
a new pathogenic fungus emerging from human-induced 
global warming” (Casadevall et al. 2019; Jackson et al. 2019). 
Consistent with this proposal, C. auris was first recovered from 
the environment in the Andaman Islands, and one of the feral 
isolates had lower thermal tolerance than clinical strains (Aro-
ra et al. 2021; Casadevall et al. 2021). With climate change 
promoting global temperature rise, increased surveillance 
for fungal pathogens is needed to monitor and prepare for 
emerging pathogens (Casadevall 2020).

Dysbiosis: 
disruption to 
the microbiota 
homeostasis

https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1128/MMBR.00014-10
https://doi.org/10.1128/MMBR.00014-10
https://www.nature.com/articles/nm.2062
https://www.nature.com/articles/nri3535
https://doi.org/10.1126/science.1260144
https://doi.org/10.1126/science.1260144
https://www.nature.com/articles/nrmicro.2017.157
https://doi.org/10.1126/science.1195568
https://www.science.org/doi/full/10.1126/science.1225152
https://www.science.org/doi/full/10.1126/science.1225152
https://www.nature.com/articles/nri3535
https://doi.org/10.1126/science.1104911
https://doi.org/10.1128/AAC.9.1.20
https://doi.org/10.1126/science.1127119
https://doi.org/10.1126/science.1127119
https://doi.org/10.1126/science.1241165
https://doi.org/10.1017/S0022172400021653
https://doi.org/10.1017/S0022172400021653
https://doi.org/10.1113/jphysiol.2009.172742
https://doi.org/10.1113/jphysiol.2009.172742
https://www.nature.com/articles/nri3535
https://doi.org/10.3389/fmicb.2019.01743
https://doi.org/10.3389/fmicb.2019.01743
https://doi.org/10.1002/bies.202100049
https://doi.org/10.4161/gmic.2.3.16333
https://doi.org/10.4161/gmic.2.3.16333
https://doi.org/10.1128/IAI.05496-11
https://www.nature.com/articles/s41558-020-0899-5
https://doi.org/10.3389/fimmu.2018.01584
https://doi.org/10.1111/cei.13158
https://doi.org/10.1111/cei.13158
https://dx.doi.org/10.1155%2F2019%2F7546047
https://doi.org/10.3390/ijerph17134814
https://doi.org/10.3390/ijerph17134814
https://doi.org/10.1007/82_2019_161
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1016/j.mib.2019.05.008
https://doi.org/10.1016/j.mib.2019.05.008
https://doi.org/10.1086/644642
https://doi.org/10.1086/644642
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.3390/jof5030058
https://doi.org/10.1128/mbio.03181-20
https://doi.org/10.1128/mbio.03181-20
https://doi.org/10.1128/mbio.00360-21
https://doi.org/10.1172/JCI135003


A report from the American Academy of Microbiology  |  23

disease and ulcerative colitis to gut 
microbiome dysbiosis resulting in 
reduced microbial community sta-
bility and diversity (Frank et al. 2007; 
Gevers et al. 2014). Additionally, 
climate change may be exacerbat-
ing allergies because of increased 
pollen and air pollution (Ziska et al. 
2019; D’Amato et al. 2010). To help 
overcome microbiota dysbiosis and 
reduce allergy and autoimmune 
disease symptoms, some probiotics 
can help facilitate the restoration of 
the microbial community. Probiotics 
are defined by the Food and Agri-

culture Organization of the United 
Nations and the WHO as “live micro-
organisms which when administered 
in adequate amounts confer a health 
benefit on the host” (Hill et al. 2014). 
Yet much remains unknown about the 
underlying mechanism and safety of 
these microbial manipulation strate-
gies (Yang et al. 2014; Liu et al. 2018). 
More investigation of the mechanism 
of human-associated microbiota 
community structure and its relation-
ship with human health is needed to 
guide future microbe-based treat-
ments and innovations.

 Microbes and Human Health Summary and Recommendations

Human health, microorganisms, and the envi-
ronment form a complex relationship, where 
the health of one species depends on the 
others. Changes to the environment will expose 
microbes with pathogenic potential to novel en-
vironments where they can evolve and expand 
their host, geographic, or temperature range, 
resulting in a multitude of cascading effects on 
human health. Meanwhile, climate change-in-
duced alterations to the human-associated 
microbiome may lead to increased susceptibili-
ty to infection and autoimmune diseases. Going 
forward, the colloquium participants stressed 
the need to take a One Health approach to 
studying the role of climate change and mi-
crobes in regard to human health and recom-
mended prioritizing the following tools and 
research foci to inform public health policies:

•	Expand air and wastewater genomic 
sequencing and surveillance systems 
of pathogenic microbes to provide 
coordinated computational, environmental, 
epidemiological, and clinically relevant 
real-time data for public health modeling 
and policies. 

•	Implement a One Health approach to study 
the relationship between climate change 
and human health that takes into account 
the local ecological, microbiological, 
cultural, and socioeconomic factors.

•	Establish a field of disaster microbiology 
to explore the impacts and evolution of 
pathogens and vectors after severe natural 
disasters to inform models and land use 
strategies.

•	Investigate how pathogens will adapt as 
temperatures rise and the impact of those 
adaptations on pathogenesis.

•	Examine the interactions and relationships 
between human physiology and the 
microbiome to understand microbial 
community structure, dynamics, and the 
underlying mechanisms to shape future 
biomedical research and treatments. 
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Microbes and Human Well-Being 

Besides human health, microbes 
impact multiple facets of life that 
influence human well-being; however, 
the relationship between microbes 
and human quality of life is not as well 
articulated to the public as much as 
the connection between microbes 
and health. Microbes impact agricul-
ture, water safety, air quality, etc., and 
climate change affects microbial com-
munities, which can have profound 
cascading effects on quality of life. 
These effects are especially felt by vul-
nerable communities that dispropor-
tionately bear the brunt of negative 
consequences resulting from climate 
change. Some of the effects with 
strong links to microbes are highlight-

ed below as examples. Scientists must 
clearly communicate and engage with 
the public on the role of microbes in 
people’s daily lives to inform them of 
possible microbial risks and empower 
them to understand how science can 
aid in creating a healthier future. 

Food Supply, Safety, and Security
Microorganisms greatly impact food 
production and safety. Similar to their 
effects on human health, microbes act 
as both pathogens and promoters of 
plant and animal health. Plant patho-
gens decrease crop yield and quality, 
while beneficial plant microbiomes 
are associated with promoting plant 
health and protecting against plant 

 
Figure 8. The crop-associated microbiome, which promotes plant health and nutrient availability, is 
impacted by environmental conditions and agriculture practice. Figure from Compant et al. 2019.
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pathogens (Savary et al. 2019; Pollak 
and Cordero 2020). The plant micro-
biome consists of microbes found 
in and on the plant’s leaves, flowers, 
seeds, roots, and soil in the immediate 
vicinity of the roots (Figure 8) (Turner 
et al. 2013). Many of the plant microbi-
ome’s benefits arise from microbes in 
the roots and soil microbes associated 
with the root, called the rhizosphere. 
Root exudates provide nutrients for 
bacteria, fungi, algae, and protozoa 
that comprise the root microbiome, 
or “rhizobiome” (Vukanti et al. 2020). 
In return, these microbes supply 
nutrients to the plant. For example, 
symbiotic fungi of the Glomeromyco-
ta phylum enhance water and nutri-
ent exchange in the roots via their 
hyphae, and many Rhizobium spp. col-
onize root cells of some plants of the 
legume family where they fix nitrogen 
that is used by the plant (Hause and 
Fester 2004). Because of the nutrient 
and carbon turnover by the rhizobi-
ome, it presents a vital component of 
Earth’s biogeochemical cycling. Thus, 
research about plant, soil, and rhizobi-
ome dynamics should be included in 
Earth climate models for better pre-
dictions on climate change and car-
bon cycling (Philippot et al. 2008).

Climate change-induced warming and 
severe storms help expand the geo-
graphical and temporal range of plant 
pathogens (Anderson et al. 2004). 
For example, global warming allows 
persistence of crop pathogens that 
usually die off during times of frost. 
Increased diseases of crops are pro-
jected to cause food insecurity issues 
(Fisher et al. 2012). Fortunately, the 
plant microbiome provides multiple 
defenses against infections (Hacquard 
et al. 2017). These microbial commu-
nities secrete antibiotics and compete 
for essential nutrients, thus preventing 
pathogen colonization (van Elsas et al. 
2012; Wei et al. 2015; Gu et al. 2020). 
Interestingly, rhizobiome communities 
in “consortia” can exert greater overall 
disease suppression in plants than a 

single microbial species, highlighting 
the importance of investigating the 
community diversity and structure of 
rhizosphere microbiomes (Mendes 
et al. 2011). Plant microbes also help 
induce plant hormones (called phyto-
hormones) that induce a plant’s immu-
nity to pathogens and abiotic factors 
(Gray 2004). Phytohormones regulate 
plant growth, development, stress tol-
erance, and plant-plant and plant-mi-
crobe interactions (Miransari et al. 
2012; Verma et al. 2016; Gill et al. 
2016). Altered plant microbiomes or 
increased environmental abiotic stress 
because of climate change can affect 
the levels of phytohormones, which, 
in turn, could impact crop yield and 
pathogen resistance. Thus, the rhizobi-
ome is an important mediator of crop 
health, but how climate change will 
impact local rhizobiome structure and 
diversity is less understood. Studies to 
elucidate the mechanisms that drive 
soil and rhizobiome microbial com-
munities in diverse regions are need-
ed to inform models and predict shifts 
in microbial dynamics that can impact 
crop production (Li et al. 2018). 

Fluctuations in temperature, precipi-
tation, and salinity may change soil’s 
carbon sequestration abilities and 
physical properties, which may have 
ramifications for farming and land 
use practices. Research is needed to 
understand how climate change and 
the microbiomes of soil and plants in-
fluence soil functions, such as carbon 
sequestration or water-holding capac-
ity, which can have a drastic impact 
on soil productivity and greenhouse 
gas production (National Academies 
of Sciences, Engineering, and Medi-
cine 2021). For example, application 
of nitrogen-rich fertilizer followed by 
heavy rain and elevated temperatures 
promotes microbial denitrification that 
generates N2O gas, and excess fertil-
izer use leads to nonlinear increases 
in N2O emissions from agricultural 
soils (Saha et al. 2016; Shcherbak et 
al. 2014). Because environmental, 

Microorganisms 
greatly impact 
food production 
and safety
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microbial, and human activities are all 
interconnected (Figure 8), integration 
of data about agroecology, microbi-
ology, climate, and land management 
is necessary to understand microbial 
dynamics, which, in turn, will impact 
soil production and greenhouse gas 
generation and inform future land use 
policies (Harkes et al. 2020). 

As the global population increases, 
the world will need sustainable and 
resilient methods to increase the food 
supply. Decreased agricultural lands 
and crop yields result from tempera-
ture changes, flooding, or drought 
induced by climate change (El-Beltagy 
and Madkour 2012; Egamberdieva et 
al. 2017). Urbanization has also re-
duced available farmland. Exploiting 
plant-microbe interactions can sup-
port food security. Since plant-associ-
ated microbes play an essential role 
in plant health, these microbes can 

improve crop yield. Microbe-based 
innovations are one way microbes can 
help lessen climate change-induced 
food insecurity issues. 

Besides issues with producing food, 
climate change negatively impacts 
food safety and security during the 
transportation from farm to table 
(Figure 9). Globalization allows food 
to travel farther around the planet, 
which also increases opportunities for 
contamination, rotting, and the trans-
port of agricultural pests and patho-
genic microbes. Increased warming 
can allow for outbreaks of pathogens 
or toxins in the food supply (Tirado 
et al. 2010; Liu et al. 2013). For exam-
ple, fungi produce mycotoxins that 
contaminate human and animal feed 
stocks postharvest (see mycotoxin 
case study) (Tefera 2014; Kumar et 
al. 2017). Warming creates optimum 
temperatures (~33°C) for mycotoxin 

Agriculture Animal
Production

Fishery Storage and 
distribution of 
Food Products 

Projected factors that are expected to change due to climate change

Relative humidity Temperture Precipitation events  Salinity Acidificatiin 

Affect crop production, fungi 
prevalence and mycotoxins 
production leading to food 
safety and spoilage issues

Favor thermophilic 
spore-forming bacteria and 
fungal growth and affect food 
safety and spoilage

Induce heat stress to animals, 
while droughts and flooding 
may influence milk production 
and its quality by inducing an 
increased microbial load, which 
subsequently affect food safety 
and spoilage

Favor harmful algal bloom 
(HAB) and marine bio-toxins 
production, presence of organic 
chemical residues and toxic 
metals and subsequently affect 
seafood safety

Figure 9. Climate change’s projected changes to the environment (bottom) will impact microbes 
that affect food safety and security. Altered precipitation and humidity create conditions for more 
crop diseases and algal blooms that decrease agricultural and livestock production. Warmer 
temperatures enhance outbreaks of pathogens and fungal toxins that can contaminate human 
and animal feed stocks postharvest. 

As the global 
population in-
creases, the world 
will need sustain-
able and resil-
ient methods to 
increase the food 
supply
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production in temperate parts of the 
world (Paterson and Lima 2010). Be-
cause fresh foods like fruits and veg-
etables are prone to contamination 
and rot, there may be a shift to a diet 
with more highly processed foods 
that have a longer shelf life. But high-
ly processed food is known to lead to 
a less diverse gut microbiome, which 
is associated with higher rates of obe-
sity, infectious diseases, and mental 
health issues (Hilmers et al. 2012; 
Sonnenburg et al. 2016; Aoun et al. 
2020; Dietert 2014; Valles-Colomer 
et al. 2019). Studies have shown that 
the lower-income communities have 
a higher exposure to processed 
food, which makes them more likely 
to suffer from the above-mentioned 
adverse health effects (French et al. 
2019, Bleiweiss-Sande et al. 2020). 
Surveillance of stored and in-transit 
food is needed to track microbial 
contamination sources and build 
better food transportation infrastruc-
ture. Food storage and transportation 
strategies that address microbial 
contamination and microbial inno-
vations, such as a “probiotic spray,” 
could preserve food for longer times 
in hotter temperatures. These steps 
will be critical to provide the global 
population safe and nutrious food that 
promotes their well-being and health.

Water and Air Quality
Water is essential for human life. 
Although water is common in our 
planet, not all water has equal value. 
Drinking water must be free of high 
levels of microbial and chemical con-
taminants (Prest et al. 2016). Higher 
temperatures are associated with 
increased levels of water-borne patho-
gens and cases of diarrheal disease 
(see Vibrio case study) (Checkley et al. 
2000; Tirado et al. 2010). Contaminat-
ed drinking water is found more often 
in minority, immigrant, and low-in-
come communities, which dispro-
portionately negatively impacts their 
health and water safety (Calderon 

1993; Ciesielski et al. 1991). Many 
pathogens can be transmitted through 
feces, making sewage and wastewater 
treatment facilities critical to remov-
ing pathogens from drinking water. 
These treatment plants use microbial 
and chemical actions to reduce the 
risk of pathogen exposure and spread 
of antibiotic resistance genes, but 
climate change can alter their micro-
bial communities and increase the 
risk of pathogen growth and spread 
(Kusnetsov et al. 2010; Caicedo et 
al. 2020). Wastewater treatment is 
also susceptible to climate change’s 
impact on natural disasters and pre-
cipitation levels. Sewage systems are 
prone to microbiologically influenced 
corrosion and damage from storms 
(Davis et al. 1998; Okabe et al. 2007). 
Increased rainfall and flooding create 
sewer overflows, amplifying possi-
ble human exposure to pathogens 
and contaminated drinking water 
(Zouboulis and Tolkou 2015; Singh 

Case study:  
Mycotoxin contamination of food
Climate change will impact global food security because of 
increased storms, crop diseases, and food spoilage (Figure 9) 
(Wheeler and Von Braun 2013). The United Nations predicts 
that the world population will rise to almost 10 billion people 
by 2050. To meet the growing nutritional needs of the plan-
et, food preservation after harvest must be considered and 
optimized, especially in light of climate change’s impacts on 
temperature and humidity that can increase food spoilage. 
Maize (corn) is a staple crop across the globe that is prone 
to contamination with mycotoxins produced by various fungi 
(Tefera 2014). Since maize is both a human and animal feed-
stock, human and animal health is at risk with the consump-
tion of contaminated maize (Bennett and Klich 2003; Milićević 
et al. 2010). Mycotoxin consumption in cattle is associated 
with abortions and thus economic and food production loss 
(Still et al. 1971; Kallela and Ettala 1984). As highlighted with 
cattle, mycotoxin contamination impacts multiple levels of the 
food chain, further impacting food security. Increased prev-
alence of mycotoxins is expected as global warming creates 
optimum temperatures (~33°C) for mycotoxin production in 
temperate areas of the planet (Paterson and Lima 2010). To 
preserve global food security, increased surveillance of patho-
gens and toxins in food will be important for tracking sources 
of contamination. 
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and Tiwari 2019). Incentivizing estab-
lishment of resilient and sustainable 
wastewater treatment facilities that 
take into account local factors (e.g., 
use of salt water treatment systems in 
coastal communities) will be import-
ant for promoting human health and 
welfare (Verstraete et al. 2022). 

Water quality is also important for 
marine life and terrestrial life that 
are sources of human food (Figure 
9). Contaminated irrigation systems, 
flooding, and runoff from manure 
and sewage have been associated 
with vegetables and fruit carrying 
pathogens, such as Escherichia coli 
O157:H7 and Salmonella spp. (Erick-
son et al. 2010; Beatty et al. 2004; 
Wendel et al. 2009; Liu et al. 2013). 
Ocean warming increases the risk 
for viruses and parasitic diseases in 
natural marine farming settings, such 
as for caged salmon. Shellfish is a 
common source of vibriosis. Warmer 
waters, salinity changes, and rising 
sea levels due to climate change 
are associated with increased Vib-
rio infections (see Vibrio case study) 
(Lipp et al. 2002). Algal blooms can 
also affect water quality for aquatic 
life (Figure 10) (see algal bloom case 
study). Eutrophication resulting from 
agricultural pollution and urbanization 
promotes cyanobacterial overgrowth 
and decreased oxygen levels; affected 
areas are called “dead zones” (Harke 
et al. 2016; Glibert 2020). This causes 
fish death that impacts the food sup-
ply and the local aquatic ecosystem. 
Investigating the relationship between 

 
Figure 10. Example of an algal bloom that covers the water’s surface, polluting drinking water 
and preventing recreation activities. Image credit NOAA. 

Water quality is 
also important 
for marine and 
terrestrial life that 
are sources of 
human food 

Case study:  
Water safety disrupted by algal blooms
Freshwater environments like lakes, rivers, ponds, and streams 
are sources for agricultural, domestic, and recreational 
activities. Drinking water comes from freshwater, which is in 
limited supply and vulnerable to the effects of climate change 
(Woodward et al. 2010). Global warming and increased pre-
cipitation levels lead to a rise in overgrowth of cyanobacteria 
in freshwater environments (Paerl et al. 2014). These algal 
blooms occur when rainwater carries nutrients from farms and 
urban lands into lakes and rivers, resulting in nutrient increas-
es leading to eutrophication (Dolman et al. 2012; Harke et al. 
2016; Glibert 2020). Excess nitrogen and phosphorus levels 
promote cyanobacterial blooms that cover the water’s surface, 
blocking oxygen-producing photosynthesis of marine plants 
below and reducing the overall aquatic biodiversity (Figure 
10) (Lewis et al. 2011; Chaffin et al. 2013; Wilhelm et al. 2020). 
Some algal blooms release toxins as well, making the water 
unsafe for drinking or recreation (Paerl et al. 2014; Janssen 
2019). Land use strategies must take into account climate, 
environmental, and microbial factors to promote human and 
animal health and water safety. 
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the local environment, microbial com-
munities, and resource management 
can inform water safety policies. 

Cyanobacteria also produce toxins 
that harm human health, impacting 
water safety and recreation (Wilhelm 
et al. 2020). Volatile toxins, as well 
as microbial cells, can travel by air, 
enlarging their spatial range (Tesson 
et al. 2015). Atmospheric dispersion 
modeling suggests that aerosolized 
Legionella bacteria originating in 
wastewater treatment plants are asso-
ciated with cases of Legionnaires’ dis-
ease in the Netherlands (Kusnetsov et 
al. 2010; Vermeulen et al. 2021). The 

transmission of airborne respiratory 
pathogens such as influenza virus or 
SARS-CoV-2 is influenced by humidity 
levels that can be impacted by climate 
change (Yang and Marr 2012; Marr et 
al. 2019). As air currents change and 
storms become more severe, mobili-
zation of microbes, spores, and their 
toxins may rise, introducing these mi-
croorganisms into new environments 
and increasing human exposure. 
Airborne surveillance for pathogens 
will provide real-time monitoring of 
air quality, and these data could be 
integrated into public health and 
environment management models to 
inform policies. 

 Microbes and Human Well-being  
 Summary  and Recommendations

Climate change will affect humanity’s quality of 
life. As the global population surges, food inse-
curity and water safety will be looming problems 
exaggerated by a changing climate. Increased 
environmental stress and natural disasters like 
flooding, droughts, and severe storms can alter 
local microbial communities and lead to addi-
tional cascading effects on food production and 
water quality. The colloquium participants urged 
improved communication strategies to explain 
how microbes can impact human welfare in 
terms the general public can relate to and appre-
ciate. They also highlighted interdisciplinary and 
coordinated research and microbe-based innova-
tion aims that will promote human well-being. 

•	Study the interconnectedness of human and 
microbial activities, climate, and land use and 
integrate these data in a way to inform future 
environmental management and urban 
planning strategies. 

•	Explore the microbial community dynamics 
and nutrient cycling of the crop-associated 
microbiome and mechanisms to use plant-
microbe interactions to support food security. 
This research will inform agricultural, public 
health, and land use models and policies.

•	Increase air and wastewater microbial 
surveillance data systems for air, water, and 
food supplies to track possible pathogens in 
real time and provide data to inform public 
health planning and strategies. 

•	Develop sustainable agricultural and 
wastewater innovations and policies that 
utilize microbial communities to provide 
resilience to climate change.

•	Improve science communication 
engagement to inform the public about 
possible risks from microbes in an easy-to-
understand way and make them aware of 
microbes’ role in their health and well-being. 
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Ten years ago, climate scientists and 
microbiologists participated in the 
“Incorporating Microbial Processes 
Into Climate Models” colloquium 
to improve coordination between 
climate science and microbiology. 
While much work has been accom-
plished with climate models factoring 
in microbial activities, the paucity of 
mention of microbes in the recent 
IPCC report reveals that more work is 
needed to connect these two fields. 
Research studies, tools, and data 
systems are needed to understand the 
dynamics of microbial nutrient cycling 
and community structure in response 
to climate change. Incorporating 
microbial activities into Earth climate 
models can aid in predicting storms, 
agricultural yields, and infectious dis-
eases that will help public health and 
policy makers to plan for and outline 
policies that promote human well-be-
ing for all. 

Incorporating Microbes into  
Earth System Climate Models
Climate models are important for 
predicting changes in long-term 
patterns of temperature, precipita-
tion, and frequency and severity of 
storm events, both locally and global-
ly. Earth system climate models take 
into account the interactions of the 
atmosphere, land surface, oceans, and 
sea ice (https://www.gfdl.noaa.gov/
climate-modeling/). These models 
are important for predicting changes 
to the land, oceans, and climate that 
impact weather and storm conditions 
in short and long timescales. Though 

current models have improved great-
ly in the last 50 years, incorporating 
more information about microbial 
processes and dynamics, such as pro-
duction and consumption of green-
house gases, can improve model 
performance (Wieder et al. 2015; Guo 
et al. 2020; Gao et al. 2020; Wang et 
al. 2021). Unfortunately, most current 
Earth system climate models still have 
very limited explicit representation of 
microbial processes that affect carbon 
and nitrogen cycling in terrestrial and 
aquatic ecosystems. 

Incorporating microbial activities 
into Earth system climate models is 
not simple. Microbes transform vast 
quantities of carbon, nitrogen, and 
phosphorus each year, and some 
aspects of microbial populations and 
their activities appear to be stochastic 
(Gougoulias et al. 2014; Todd-Brown 
et al. 2013; Davidson et al. 2014). 
Scaling microbial actions and outputs 
from lab or field experiments to a 
planetary scale for modeling is diffi-
cult. Climate change is expected to 
alter patterns of microbial activity in 
myriad ways, adding additional layers 
of complexity and unpredictability. As 
microbial communities transition and 
adapt to new temperatures, humid-
ity, etc., understanding changes to 
microbial community dynamics and 
nutrient feedback loops and predict-
ing emergent properties of altered 
communities will be key to improving 
models. Currently, the lack of reli-
able time series data about micro-
bial communities and the kinetics of 
microbial processes to parameterize 
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models presents a large challenge. 
Specifically, data about subsurface 
and deep-ocean microorganisms (like 
the viral shunt [Figure 4]) are needed, 
as well as research about how micro-
bial communities adapt to regional 
and local climate changes. Research 
investigating how microbial genetic 
and functional diversity changes over 
time and how that drives community 
structure and emerging functions can 
help inform models (see modeling 
case study) (Figure 11). 

Besides microbes’ direct roles (res-
piration, organic matter production, 
and nutrient cycling), models should 
also incorporate compound impacts 
from feedback loops and microbial 
interactions with the terrestrial, ur-
ban, and aquatic environments. For 
example, microbes’ interactions with 
plants impact overall production and 
growth, which, in turn, affect carbon 
sequestration by plants and the soil 

(Philippot et al. 2008; National Acad-
emies of Sciences, Engineering, and 
Medicine 2021). Modeling of carbon, 
nitrogen, and phosphorus and their 
interactions is key to predicting the 
future of climate change, not only be-
cause of direct microbial emissions of 
greenhouse gases like CO2, CH4, and 
N2O but also because making projec-
tions of global carbon and nitrogen 
cycling with climate change is vital for 
understanding feedbacks to climate 
change (Davidson and Janssens 2006; 
Friedlingstein et al. 2019; Tian et al. 
2020). Thus, direct and indirect micro-
bial roles on carbon fluxes in ocean 
and terrestrial environments may have 
large influences on the net flux of CO2 
and other greenhouse gases. 

While models will not change the 
future, skillful use of models can aid 
in preservation of life and economic 
interests. For example, precise hurri-
cane modeling cannot prevent hurri-

 
Figure 11. Microbial activities and interactions can be parametrized for computational Earth system mod-
els to help understand global carbon cycling. Figure from Worden et al. 2015.
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canes from happening but can allow 
more time for storm preparation and 
evacuations that save lives (Bauer et 
al. 2015). New ways of using models 
should also be considered. Integrating 
information about climate modeling 
with that of the spatial and temporal 
range of pathogens and vector spe-
cies can influence health policies and 
urban planning, which is especially 
important for vulnerable communities 
who experience disproportionately 
high microbial exposure (Semenza et 
al. 2017; Ishaq et al. 2019). Improved 
coordination between climate scien-

tists and microbiologists will aid in 
establishing models that help improve 
human well-being. 

Data Infrastructure and Systems 
Improved data systems and infra-
structure of microbiology research 
are needed to improve Earth system 
climate models. Additional research 
about microbial communities and 
their dynamics as climate changes is 
important for models and will be most 
useful when represented in a tractable 
number of parameterizable equations 
within a coherent numerical model 
structure (Davidson et al. 2014). Ad-
ditionally, scaling of microbial pro-
cesses from controlled experiments to 
climate models must be considered. 
Thus, microbiological data must be 
compatible with climate modeling in-
put and software needs and vice versa 
(Figure 11). 

Enhanced data coordination is also 
important for integrating microbial 
processes into models. While in-
dividual research groups (“bottom 
level”) and national databases (“top 
level”) each have well-organized data 
management strategies, improved 
data coordination between the top 
level and bottom level is necessary 
for broad data utilization. Data coor-
dination across fields is needed as 
well. Systemic coordination among 
microbiologists, geochemists, ecol-
ogists, computational scientists, and 
modelers will be necessary to build 
consensus on research and data 
collection protocols that allow appro-
priate data interpretation and param-
eterization of models. While omics 
technologies are powerful, they must 
be employed in an effective way in 
which data can be shared and utilized 
by other groups. This continuity of 
research design and data type should 
also enable data comparison across 
diverse ecosystems and microbial 
communities while also taking into 
account local factors. Agencies must 

Case study:  
Modeling microbial emissions 
Modeling of carbon emissions helps inform climate change 
predictions that guide public health and land use policies 
(Friedlingstein et al. 2019). Humid tropical forests, for exam-
ple, emit significant amounts of CO2, CH4, and N2O, impacting 
terrestrial carbon and nitrogen sinks (Bonan 2008; Spahni 
et al. 2011; Davidson et al. 2012). The topography, tempera-
ture, rainfall, and drought along with microbial and plant 
interactions all impact overall carbon and nutrient fluxes of 
these environments (O’Connell et al. 2018). Additionally, 
climate change is predicted to alter precipitation frequencies, 
which are expected to impact carbon cycling, especially of 
CH4 (Neelin et al. 2006; Chadwick et al. 2015; Corlett 2016). 
Because of these factors, predictions of CH4 emissions from 
these tropical forests and wetlands under various environ-
mental conditions are important to factor into the global CH4 
budget (Saunois et al. 2020). Applying the microbial model 
for methane dynamics-dual Arrhenius and Michaelis-Menten 
(M3D-DAMM), which includes a microbial methane functional 
group model, Sihi et al. found that parameters of soil metha-
nogen population growth, death, and efficiencies were ranked 
the most important for model performance of CH4 emission 
from a tropical forest soil (Sihi et al. 2021). Similarly, Song et 
al. explored the use of various omics data to model microbial 
communities, gene expression, and enzymatic activity relat-
ed to biogeochemical cycling of tropical forest soil organic 
matter (Song et al. 2021). In addition, incorporating microbial 
functional gene traits data into an ecosystem model signifi-
cantly reduced parameter uncertainties and improved model 
prediction of soil microbial respiration in response to climate 
warming and elevated CO2 and nitrogen deposition (Guo et 
al. 2020; Gao et al. 2020b; Wang et al. 2021). These recent ex-
amples demonstrate the potential for how integration of mi-
crobial dynamics and functions into biogeochemical models 
could enhance the utility of Earth system models that project 
feedbacks of the biosphere to climate change. 
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dedicate funding to building and 
maintaining these data systems. The 
Darwin Project represents a model 
for integrating data about the physi-
ology of marine microorganisms and 
community structure with environ-
mental data in models to understand 
marine ecosystem dynamics. These 
models specifically examine the role 
of plankton diversity and biogeogra-
phy in regard to climate change and 
nitrogen fixation, helping inform pre-
dictions about future ocean changes 
and global nutrient cycling (Ander-
son et al. 2021).

In addition to Earth climate models, 
infectious disease models can benefit 
from improved data coordination to 
allow for integration of real-time air 
and water surveillance data. For exam-
ple, the Vibrio Map Viewer utilizes re-
al-time information about sea surface 
temperature and salinity to predict 
the risk of Vibrio infections (see Vib-
rio case study) (Semenza et al. 2017). 
Modeling can also help researchers 
understand microbial dynamics. Mod-
eling of coral reefs and crop rhizobi-
omes can elucidate mechanisms for 
disease resistance (Vega Thurber et 

 

Figure 12. Models (green squares) and machine learning (hexagons) can process complex data sets 
(blue squares) to help identify microbial dynamics. Figure from David et al. 2022.
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al. 2020). Thus, investments in data 
infrastructure and artificial intelligence 
deep-learning applications, such as 
machine learning and statistical learn-
ing, to integrate with modeling will 
assist to inform climate models and  
advance research promoting human 
and environmental health (Figure 12) 
(David et al. 2022). As the link be-
tween microbes and health becomes 
better appreciated by the public, data 
coordination may help scientists syn-
thesize the data and establish microbi-

al metrics (e.g., bacterial loads in parts 
per billion in the air or water) that con-
vey health risks and changes induced 
by climate change. These metrics 
should act as climate change indica-
tors that help scientists communicate 
to the public the relationship between 
microbes and human health as well as 
the urgency of climate change. Sim-
ple, easy-to-understand metrics can 
improve microbiologists’ relationship 
with the public and empower it to take 
action on climate change. 

 Microbes in Models and Data Systems  
 Summary and Recommendations

Models allow scientists to test their under-
standing of systems through mathematical rep-
resentations of interacting physical, chemical, 
and biological processes and then compare 
model simulations with relevant empirical ob-
servations. Once validated with observations, 
models can also be projected to estimate the 
possible outcomes of future scenarios, such 
as climate change. Predicting how the planet’s 
climate will change over the next decades has 
important implications for the world’s food 
supply, built environment, health, and econo-
my. Including microbial processes and data on 
distributions of functional microbial commu-
nities into Earth climate models may enable 
better predictions. Unfortunately, knowledge 
gaps about microbial functions, species diver-
sity, and adaptive emergent properties limit 
current models. Coordination of data among 
various research fields about diverse micro-
bial communities will improve modeling and 
predictions about microbial impacts on climate 
change and human well-being. Throughout 
the discussion, the participants made recom-
mendations about research studies, tools, and 
data systems needed to parameterize climate 
models with microbial data. 

•	Coordinate guidance on experimental 
design, data collection, and research 
protocols to study microbial communities 
that allows for data comparison over 
time and across diverse ecosystems and 
microbial communities.

•	Investigate kinetics, functions, and 
dynamics of microbial communities, 
especially of understudied environments 
like subsurface soil and deep ocean, as 
they transition and adapt to changing 
climates. 

•	Invest in and update data systems across 
federal science agencies and improve 
infrastructure to make data sharing and 
interpretation easier across scientific fields 
as well as between public and private 
stakeholders.

•	Utilize data about microbes’ direct and 
indirect roles in their local environments on 
nutrient fluxes (e.g., carbon and nitrogen) 
for models to inform land management 
and public health policies and preparation.
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Microbes are important aspects of 
human health, well-being, and the 
biogeochemical cycles on Earth. 
Microbes impact human daily activ-
ities in myriad ways each day. And 
for centuries, humans have exploit-
ed microbes and their activities for 
human gain. Fermented drinks such 
as beer and wine were first introduced 
over 13,000 years ago (Liu et al. 
2018). Since then, humans have used 
microbes to clean up chemical pollut-
ants, cure illnesses, produce energy, 
and much more (FAQ: microbes and 
oil spills; Ainsworth 2020; Tiedje and 
Donohue 2008). With the looming 
threat of climate change, the critical 
question that was explored at the 
colloquium was whether microbes can 
provide effective market solutions to 
help contain climate change, which is 
an important step to building a more 
sustainable and resilient future. 

Barriers to Innovation
While microbes provide promising 
solutions to climate change, there 
are multiple barriers for taking bench 
science to the market. Between costs, 
timing, and regulatory policies, it is 
a mammoth task to have an idea go 
from discovery to market and provide 
sufficient return on investment. As the 
participants noted, the “current system 
is not incentivized for innovation.” A 
common barrier to innovation is the 
lack of alignment between academic 
and industrial expectations. Natu-
ral-product and synthetic-biology 
discovery takes time. However, the 
time frame and return-on-investment 
expectations by companies may feel 
unrealistic to scientists who do not 
understand the complexities involved 

in production and regulation. Oppor-
tunity costs or high risk of investments 
prevent companies from doing basic 
research and development, such as 
would be required for novel antibiotic 
discovery. Thus, basic and foundation-
al research mainly occurs in academia, 
requiring a transition to the private 
sector. Academic offices that inform 
scientists of the product develop-
ment and technology transfer process 
as well as market needs can help 
academic researchers design their 
studies with well-defined applications 
early in the research project. Howev-
er, many technology transfer offices 
are not fully equipped to support 
the formation of spin-out companies, 
seed round fundraising, and associat-
ed legal, financial, and organizational 
challenges. In addition to the market 
requirements, specific criteria and 
frameworks for evaluating new inno-
vations for their scientific, financial, 
and societal impacts need to be es-
tablished to help researcher-entrepre-
neurs evaluate their ideas holistically 
and decide on future directions. Many 
innovations will not meet all these cri-
teria. Arguably, the emphasis should 
be placed on the climate solutions 
that can deliver equitable and sustain-
able social impacts.

National funding agencies are well 
placed to identify market needs as 
well as formulate priorities for re-
search proposals that encourage 
basic research with unknown eventual 
impacts and solutions. For example, in 
the United Kingdom, Innovate U.K. is a 
government agency that connects re-
searchers and companies to “de-risk, 
enable and support innovation.” This 
single organization helps scientists 

Microbes and the Bioeconomy
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maneuver the regulatory and industry 
hurdles and bring innovations to mar-
ket. Besides funding agencies, univer-
sity technology transfer offices, scien-
tific societies, state and local agencies, 
and technology transfer communities 
can also help bridge the gap between 
academia and industry as well as ad-
vocate for less burdensome regulatory 
policies. Many times these resources 
and partners are underutilized and un-
dervalued by the academic commu-
nity. Thus, it starts with awareness and 
requires intentional follow-through to 
build partnerships that deliver impacts 
beyond the scientific community.

Communication among diverse dis-
ciplines and stakeholders is another 
common hurdle. Many times scientists 
lack the training and/or language 
skills to communicate across fields 
or industries or with policy makers, 
product developers, and the general 
public. Those outside the sciences 
may not have the biology or engi-
neering foundation to connect how 
science can be translated into innova-
tions. General education must include 
both macro- and microbiology con-
cepts to help students, who are the 
future workforce, to understand the 
interrelatedness of the two. For scien-
tists, science communication educa-
tion that incorporates scientific, social, 
economic, and physiological factors 
when discussing scientific facts needs 
to be integrated into graduate training 
(Kappel and Holmen 2019). Commu-
nication involves listening as well as 
speaking and responding to the oth-
er’s needs. Thus, scientists should en-
gage in equitable exchanges with the 
communities that they aim to serve in 
order to understand the communities’ 
requests and interests that science can 
help meet and then cocreate research 
activities and knowledge around the 
goals of the communities (Harris et al. 
2021). 

Another hurdle is the lack of diversi-
ty in the research community, which 

leads to important research topics not 
being explored (Bernard and Cooper-
dock 2018). For example, research 
about the vulnerability of communities 
of color to climate change and dis-
ease may not be instigated or fund-
ed because of lack of visibility and 
inclusion in academia to champion 
these topics (Robinson et al. 2022). 
The questions posed by science will 
become more diverse and more 
relevant to underserved communities 
as the scientists themselves become 
more diverse. Innovations and pro-
cesses that prioritize equity are nec-
essary. Since climate change is an 
overarching threat for all of humanity, 
scientists must make every effort to 
actively include diverse perspectives 
and insights when working to address 
this crisis. 

Additional investment in training and 
encouraging scientists to explore ca-
reers in science policy and regulatory 
agencies should be implemented, al-
lowing scientists who understand the 
scientific process to be in a position to 
make judgments about appropriate 
product regulations. While many sci-
entists think “only facts” should matter, 
the reality is that policies are shaped 
by much more. As stated by Dr. Gary 
Machlis, “science-informed policy 
stands on three legs: best available 
science; accurate fidelity to law; and 
long-term public interest.” Projects 
like Long Term Ecological Research 
(LTER), funded by the National Science 
Foundation, could provide a model 
for building public trust. LTER analyzes 
ecological data and engages and 
communicates with the community 
and policymakers about the science to 
inform policies and fund innovations. 
In building a viable bioeconomy, 
earning the public’s trust and cooper-
ation must first be considered; other-
wise, investments in innovations will 
be lacking (Rogers 2003). 

Regulations present a tremendous 
hurdle when moving innovations from 

Bioeconomy: 
bio-based 
economy where 
products, services, 
and processes 
are derived 
from biological 
resources

Communication 
among diverse 
disciplines and 
stakeholders is 
another common 
hurdle
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the bench to the market. Products for 
human consumption, like probiotics 
and fecal-transplant microbiomes, 
have strict safety regulations but lack 
clarity around toxicology require-
ments. Worries about synthetic biolo-
gy and genetically altered organisms 
hinder large-scale experiments that 
would help inform models or spur 
innovation. Additionally, different 
countries have different regulations, 
which hinder the globalization of inno-
vations. To remove barriers to inno-
vation, regulatory agencies working 
with scientists and other stakeholders 
should audit and establish dynamic 
regulations that stimulate novel inno-
vations while still ensuring the safe 
deployment of synthetic biology. 

Other specific hurdles are based on 
product types and capabilities of 
current model organisms (Sherkow 
2017). Though microbes are diverse, 
the number of species used as mod-
el organisms is small in comparison. 
To expand possible microbial inno-
vations, more research is needed to 
study and engineer new microbes 
beyond the typical model organisms. 
Many times consortia of microbes are 
needed to produce a wanted prod-
uct, but current U.S. policies do not 
allow for patents of naturally occurring 
microbial communities. Instead, these 
policies encourage the use of pure 
cultures, which limits understanding of 
microbial dynamics and discovering 
novel functions seen only in consortia, 
as observed in rhizobiome communi-
ties for enhanced disease suppression 
(Mendes et al. 2011). Policies and re-
search guidance on how to work with 
consortia will be critical to produce 
more complex products, and regula-
tion of microbial processes and prod-
ucts should be more global in scope 
to encourage scientists to think about 
their innovations on a global scale. 

Achieving commercial scale with bio-
logical systems is a common scientific 
hurdle to overcome. Because biology 

and life constantly change, predicting 
how living organisms and microbial 
processes will scale from the bench 
to a reactor to the field is a challenge. 
Research, data coordination, and 
modeling can help overcome this 
challenge. For example, academic 
synthetic-biology projects that involve 
working with, making, or changing an 
organism in the laboratory often do 
not scale up to the commercial level. 
To ensure the potential for scale, early 
collaboration, communication, and 
process engineering with the produc-
ers of the end product must occur. 
Wastewater treatment facilities may 
provide insight into how to leverage 
and scale microbial communities 
(Daims et al. 2006). Sewage treatment 
relies on aerobic and anaerobic mi-
crobial metabolic activities to degrade 
waste and provide clean water (Wag-
ner et al. 2002; Ofiţeru et al. 2010). 
Civil and environmental engineers 
learned how to treat enormous vol-
umes of wastewater each day with 
only basic information about microbial 
functions. This model could inform 
synthetic-biology and natural-product 
development. Studying these systems 
can also elucidate gene-to-function 
relationships in microbial communities 
and their impact on microbial dynam-
ics and kinetics (Ferreraa and Sánchez 
2016). 

Microbe-Based Circular Economy 
Building a sustainable and resilient 
bioeconomy involves a mindset 
change. Products should be “de-
signed for disassembly” in a circular 
economy (Figure 13). A circular econ-
omy involves reducing waste through 
“restorative or regenerative” design 
processes that allow for resource 
recovery and further utilization (Save 
Our Seas Act 2020). In a circular econ-
omy, waste is seen as a feedstock for 
another product (Scarborough et al. 
2018). This mindset very much mimics 
that of microorganisms, which survive 
by consuming other organisms’ waste. 

Regulations 
present a 
tremendous 
hurdle when 
moving 
innovations  
for the bench  
to the market
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When designing products, the alterna-
tive uses of “waste” should be consid-
ered as well as the scale of producing 
that waste. 

As mentioned earlier, wastewater 
treatment facilities offer scientists in 
concert with engineers and entrepre-
neurs a current example about how to 
use microbial communities and their 
wastes to serve multiple purposes that 
benefit human, animal, and envi-
ronmental health (Figure 14). These 
microbial communities produce vast 
amounts of greenhouse gases that 
can be leveraged for renewable ener-
gy sources. Large amounts of CH4 can 
be recovered as a biogas and used 
as energy (see wastewater treatment 
energy capture case study) (Daelman 
et al. 2012; Crone et al. 2016). Nitro-
gen from wastewater facilities can 
also be recovered and recycled into 
microbial biomass, which can be used 
as a human, animal, or plant feed-
stock. Microbe-derived slow-release 

nitrogen fertilizers could be used 
instead of the industrial Haber-Bosch 
process, which is energetically costly 
and environmentally damaging (Liu et 
al. 2017). Thus, these microbe-driven 
energy sources can provide a green-
er and more sustainable alternative 
to fossil fuels. The scale of possible 
energy production from these treat-
ment systems should also be con-
sidered as well as the initial need to 
provide treated water. In light of these 
options, research about the dynamics 
and metabolic activities of wastewater 
treatment facilities can have important 
impacts on renewable energy and 
waste recovery innovations (Ferreraa 
and Sánchez 2016).

As highlighted by the wastewater 
treatment example, microorganisms 
must be considered as material with 
a cost, so that they are taken into 
account and valued. Addition of new 
microbes into large reactors becomes 
costly. Product development around 

 
Figure 13. In a circular bioeconomy (CBE), waste products and inputs are recovered, recycled, and re-
used to produce goods sustainably from biological sources. Figure modified from Stegmann et al. 2020.
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materials to “hold” microbes and bio-
films or to embed them in a synthetic 
material to improve their retention 
in reactors will cut microbe-associat-
ed costs and make processes more 
sustainable (Qureshi et al. 2005). 
Enhanced microbial retention will 
require interdisciplinary work from 
microbiologists, engineers, and ma-
terial scientists. These products also 
reduce safety worries about microbial 
contamination of products, which 
may increase the public’s willingness 
to embrace these products. Expand-
ing training and increasing the diver-
sity of problem solvers and innova-
tors around microbial processes also 
will expand the breadth of possible 
solutions. 

Biogas Production

Heat / Electricity

Animal Husbandries

Animal Waste

Methane

Power Generation

Electricity

Fertilizer

Biogas production as renewable energy source

Figure 14. Wastewater treatment microbial communities produce carbon and nitrogen wastes that can 
be utilized for power generation and agricultural fertilizer to create a circular bioeconomy. 

Case study:  
Energy capture from wastewater treatment microbes
Freshwater for human consumption and use is limited; thus, 
wastewater treatment facilities that remove pollutants and 
contaminants are vital for replenishing the available water 
supply. Aerobic and anaerobic microorganisms are critical 
components of these facilities, removing nitrogen, phospho-
rus, and organic components (Daims et al. 2006). The process 
of cleaning wastewater is energy-intensive, and wastewater 
treatment microbes can produce the greenhouse gases CO2 
and CH4, which contribute to climate change (Daelman et al. 
2012; Verstraete et al. 2022). Efforts to recapture greenhouse 
gas waste and produce energy from wastewater treatment 
employ microbial communities in current efforts to build a 
circular and sustainable bioeconomy (Figure 14) (McCarty 
et al. 2011; Puyol et al. 2017; Antoniou et al. 2019). CH4 gas 
produced by anaerobic digestion of sewage can be used as 
an alternative source of energy (Puyol et al. 2017; Wainaina et 
al. 2020). It is estimated that ~1 billion kWh of electricity were 
generated from sewage and industrial treatment plants in the 
United States in 2020 alone (https://www.eia.gov/energyex-
plained/biomass/landfill-gas-and-biogas.php). Additional re-
search on the functional capabilities of anaerobic bacteria for 
CH4 production and technologies for anaerobic codigestion 
(digestion of multiple substrates) for energy production are 
important approaches to building a microbe-based circular 
economy (Mata-Alvarez et al. 2014). 
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 Microbes and the Bioeconomy  
 Summary and  Recommendations

In the quest to find solutions for climate 
change, humans have new opportunities to 
use microbes to their benefit. Diverse stake-
holders from industry, policy, and various fields 
working together with open communication 
offer new possibilities to help design a circu-
lar and sustainable bioeconomy. Because of 
current scientific, policy, and cost hurdles that 
all present barriers for microbial products to 
move from bench to market, the participants 
made the following recommendations: 

•	Incentivize innovation of disassembly 
to build a circular bioeconomy in which 
microbial inputs and waste products are 
valued, recovered, and reutilized. 

•	Establish specific criteria and frameworks 
for evaluating new microbe-driven 
products that allow the scientific 
community to integrate the scientific and 
societal impacts of these innovations.

•	Create cross-training programs to 
link microbiology and life sciences to 
the regulatory, market environment, 
and industry workforce. These 

“interdisciplinary” scientists will understand 
both scientific and business processes to 
navigate through these challenges more 
effectively. 

•	Promote increased diversity among science 
practitioners and encourage equitable 
exchanges of ideas and knowledge 
between scientists and communities 
seeking solutions to societal problems. 

•	Request national funding agencies to 
work together globally to provide clear 
guidance on market needs and safety 
regulations for microbial products. 

•	Leverage scientific societies, trade 
associations, and federal and state 
resources to facilitate dialogs and 
relationships between basic scientists, 
funding agencies, and industry 
professionals to build more direct 
connections between bench science and 
market needs.

Biogas plant behind maize field
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Climate change is an urgent and 
pressing issue that threatens all life 
on Earth, from the smallest microbes 
to human communities. Microorgan-
isms, being the most abundant and 
diverse organisms on Earth, should 
thus be considered in models, poli-
cies, and innovations to address cli-
mate change. To tackle the challenge 
of determining how to incorporate 
microbial sciences in current and 
future climate change initiatives and 
remediation processes, the American 
Academy of Microbiology invited 
participants with diverse expertise 
and perspectives to outline current 
barriers, knowledge gaps, and future 
sectors of research and innovation. 

The participants agreed that insuffi-
cient research and data are important 
hindrances to improving predictions 
about how climate change will impact 
the planet and people. Besides addi-
tional data, the group discussed the 
possibility that a new way of think-
ing may be needed to analyze and 
synthesize the results. Novel ways of 
approaching science and data may 
be the essential step in connecting 
microbes and climate change. Just as 
calculus was needed to appreciate 
physics fully, a field of “mathematical 
biology” may be needed to integrate 
biological data with new analysis 
tools, e.g., tools that can resolve prob-
lems at different scales of time, space, 
and complexity. Climate change is a 
significant threat, and thus, significant 
changes to scientific thinking and pro-
cesses (both inside and outside micro-
biology) will be necessary to confront 
this threat. One new way of thinking 
includes finding new ways to incor-
porate diversity and equity principles 

into research aims and experimental 
design. Microbe-associated injustices 
resulting from climate change will 
exacerbate inequities in public health 
and well-being. Research is needed to 
outline the microbial, environmental, 
and societal drivers of these injustices 
as well as to investigate the impacts 
of climate change through the lens of 
equity. Taking a One Health approach 
that incorporates justice and equity 
along with microbiology, ecology, and 
medicine represents an opportunity to 
further human health and well-being 
for all (Figure 15).

The participants emphasized that sci-
entists must engage with the general 
public and vulnerable communities. 
Collaboration between community 
leaders and scientists can help amplify 
the concerns of marginalized groups 
and incorporate diverse perspectives 
and insights needed to solve prob-
lems. Only by engaging with local 
communities can scientists align their 
research goals with the needs and 
wants of the broader community. The 
scientific community itself must also 
become more diverse, so that the 
questions posed by scientists reflect 
their diverse cultural backgrounds and 
concerns. Establishing easy-to-under-
stand metrics about climate change’s 
impacts on microbes, and, in turn, 
human health and well-being, can 
help nonscientists comprehend and 
conceptualize the impact that climate 
change has on daily life. Public com-
prehension can spur action and prog-
ress toward reducing greenhouse 
gas emissions. The group noted that 
improved science communication 
by researchers with policymakers 
and industry will be vital to transition 

Conclusions

Climate change 
is an urgent and 
pressing issue 
that threatens 
all life on Earth, 
from the small-
est microbes to 
human commu-
nities

https://beta.nsf.gov/funding/opportunities/nsf-simons-collaboration-national-institute-theory-and-mathematics-biology
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science from the bench to the market. 
These innovations should take into 
account resource recovery, of both 
microbial inputs and their wastes, as 
important means to build a sustain-
able, circular bioeconomy. This coor-
dination of science, policy, and public 
interest presents opportunities for the 
general public to engage in science 
and empowers them to seek out other 
sustainable climate solutions. 

Just as the Academy’s colloquium “In-
corporating Microbial Processes Into 
Climate Models” increased dialogue 
between microbiologists and climate 
scientists, hopefully by 2030, the un-
derstanding of microbes and climate 
change will be clearer to the public. 
This colloquium formed a solid foun-
dation outlining the vast and complex 

relationship between climate change 
and microbes, on which future events 
and policies can be built. Discussions 
from the colloquium about the One 
Health approach to climate change, 
methane mitigation, microbial diversi-
ty, cascading effects, microbe-associ-
ated bioenergy, etc., will inspire future 
Academy colloquia and in-depth 
discussions (Tiedje et al. 2022). More 
importantly, the report aims to provide 
the scientific framework to support 
actions in policy, education, partner-
ship, communications, etc., to tackle 
this issue. The report is a strategic step 
toward the goal of the Academy’s sci-
entific portfolio to integrate microbes 
in broader scientific discussions and 
contribute to the global efforts to ad-
dress climate change.

 

Figure 15. A One Health approach to medicine that integrates animal, environmental, societal, and 
microbiological data to promote human health equitably. Figure from Robinson et al. 2022. 
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 Major Overall  
 Recommendations for the Future

While microorganisms will undoubtedly be 
impacted by climate change, their ability to 
adapt to changing conditions means that they 
will evolve and become more resilient. Al-
though humans do not have the same capa-
bilities as microbes with regard to physiology, 
replication rate, and adaptability, we can learn 
from their example and adapt to our changing 
environment. More importantly, we also have 
the consciousness and much of the knowledge 
and technology needed to avoid the most 
dangerous scenarios of anthropogenic climate 
change. Many innovations and novel solu-
tions inside and outside microbiology will be 
needed to combat climate change. Microbes 
and their unique capabilities represent an 
untapped source of innovation and solutions 
to meet this challenge. All the participants 
agreed that incorporating microbial sciences 
into climate change initiatives and remediation 
processes will help provide a better under-
standing of and ability to mitigate climate 
change’s future impacts. Over the course of 
the discussion, the group came to a consen-
sus on several major recommendations for 
academic, policy, and market partners to drive 
innovation for microbe-driven climate change 
solutions that support human and animal 
well-being.

Research Recommendations
•	Emphasize interdisciplinary research aims 

focused on understanding how microbial 
activities and metabolic fluxes alter as 
climate, precipitation, and temperatures 
change globally. This will be important for 
terrestrial, urban, and aquatic microbes 
that impact global elemental cycles as well 
as for pathogens that impact human and 
animal health.

•	Provide guidance for experimental 
design and data collection for studying 
microbial communities that allows for data 
comparison across diverse and global 
ecosystems.

•	Incorporate existing data about microbial 
diversity and activity on consuming and 
producing greenhouse gases into Earth 
climate models to improve the current and 
predictive performance of models.

•	Outline specific scientific criteria to 
evaluate new innovations that allow the 
scientific community to assess the scientific 
and societal impacts of these innovations. 

Policy and Regulation Considerations
•	Increase research investments to generate 

knowledge and awareness of the 
contribution of microbes to the generation 
and consumption of greenhouse gases; 
incorporate these findings into evidence-
based policy and regulatory strategies to 
address climate change.

•	Deploy increased surveillance and detection 
of zoonotic and vector-borne diseases in 
animals and humans, including through 
next generation sequencing technologies, 
and incorporate a One Health approach 
to addressing climate change’s effects on 
humans, animals, and our environment.

•	Enact policies that facilitate public private 
partnerships between diverse scientists, 
entrepreneurs and commercial entities, 
regulatory and policy makers, and other 
stakeholders to translate research discoveries 
into scalable microbial innovations.

•	Develop policies that incentivize innovation 
of microbe-facilitated processes to support 
renewable energy generation and a robust 
bioeconomy.

Societal Recommendations 
•	Engage and clearly communicate with the 

general public in jargon-free and relatable 
ways to improve comprehension of how 
microbes participate in the causes and 
effects of climate change.
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Algal blooms: proliferation and accumulation of 
algae in aquatic environments beyond normal 
seasonal growth 

Bioeconomy: biobased economy where products, 
services, and processes are derived from biologi-
cal resources

Carbon dioxide (CO2): greenhouse gas associated 
with global warming

Cascading effects: unintended or unknown out-
comes arising from a change, such as a shift in 
diversity of a microbial community

Climate change: a long-term change in Earth’s, or a 
specific region’s, climate

Coral bleaching: stress mechanism of coral in which 
they expel their symbiotic algae (zooxanthellae) 
that provide their color, thereby appearing faded 
or “bleached”

Cyanobacteria (blue-green algae): photosynthetic 
bacteria found in aquatic ecosystems 

Disaster microbiology: proposed field of study 
focused on the microbial impacts from severe 
storms and natural disasters

Dysbiosis: disruption to the microbiota homeostasis

Elemental flows: flux of elements such as carbon, ni-
trogen, and phosphorus through the environment

Endothermy: ability of an organism to maintain a 
set temperature

Eutrophication: enrichment of an ecosystem with 
nutrients

Food insecurity: disruption of food availability or 
eating habits 

Global warming: the increase in Earth’s average 
surface temperature due to rising levels of green-
house gases

Horizontal gene transfer: passage of genetic 
material between microorganisms other than by 
hereditary means 

Human microbiome: collection of microorganisms 
associated with the human body

Marine carbon pump: biologically driven depletion 
of carbon from air and land to the ocean’s interior 
and seafloor sediments

Methane (CH4): a greenhouse gas 34 times more 
potent at absorbing heat in the atmosphere than 
CO2 on a 100-year timescale

Methanogenesis: formation of methane by microbes

Methanotrophy: consumption of methane by mi-
crobes as a sole carbon and energy source

Microbial injustice: inequitable microbial expo-
sure and risk experienced by disadvantaged 
communities

Glossary

•	Highlight and prioritize addressing 
inequities in microbial threats of vulnerable 
communities at greater risk of infectious 
disease exposure, altered microbiota, and 
food insecurity caused by climate change. 

Our climate has already changed drastically 
due to human activity. Fortunately, it is not 

too late: human actions can mitigate climate 
change and its effects. Urgent actions to reduce 
greenhouse gas emissions and to create 
innovations that allow us to adapt to climate 
change’s impacts are needed, including by 
microbiologists (Nguyen and Casadevall 2021). 
To do so, microorganisms and their activities 
should be taken into account when developing 

https://doi.org/10.1128/mBio.02502-21
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Microbial loop: process in which dissolved organic 
carbon is incorporated into microbial biomass to 
enter higher trophic levels in aquatic ecosystems

Microbial metabolism: all the biochemical reactions 
that provide microorganisms the energy and nutri-
ents needed to grow and reproduce

Microbiologically influenced corrosion: corrosion 
resulting from the presence and/or activity of 
microorganisms 

Microbiome: collection of all microorganisms in a 
location 

Mycotoxin: toxin produced by fungi that can nega-
tively impact human and animal health 

Nitrous oxide (N2O): greenhouse gas about 300 
times more potent at absorbing heat in the atmo-
sphere than CO2 on a 100-year timescale

One Health: idea to integrate information about 
“people, animals, plants, and their shared environ-
ment” to inform and promote human health

Permafrost: ground that remains at or below freez-
ing for two consecutive years

Photosynthesis: use of sunlight to synthesize foods 
from carbon dioxide and water 

Phytohormones: chemical regulators of plant 
growth, development, stress tolerance, and plant-
plant and plant-microbe interactions 

Porosity: amount of void space 

Probiotics: “live microorganisms which when ad-
ministered in adequate amounts confer a health 
benefit on the host” as defined by the Food and 
Agriculture Organization of the United Nations 
and the WHO

Process engineering: understanding and applica-
tion of engineering principles and natural laws that 
ensure transformations of raw material and energy 
into products at an industrial level

Radiative Forcing: change in energy flux in the 
atmosphere. Positive values indicate that Earth is 
receiving more incoming energy from sunlight 
than it radiates to space, which causes warming.

Symbiotic: mutually beneficial relationship between 
at least two species

Vector: living organism that transmits an infectious 
species 

Viral shunt: process in which dissolved organic mat-
ter in microorganisms is recycled into dissolved 
organic matter in aquatic ecosystems

Virome: total collection of viruses of a particular 
ecosystem

Zoonotic disease: infectious disease transmitted 
from an animal species to humans

research, funding, policies, and innovations 
to combat climate change. Human health and 
well-being are intricately linked to the health 
of the environment, which, in turn, relies on 
microbial communities to promote the health 
of terrestrial, urban, and aquatic animals and 
environments. The colloquium participants all 
agreed that incorporating microbial sciences 

into climate change initiatives and remediation 
processes will be necessary going forward to 
confront this significant challenge. By working 
with microbes, humans can also learn how 
to adapt to a changing climate and build a 
healthier, more sustainable, and resilient future. 
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