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ABSTRACT Ecology and evolution, especially of microbes, have never been more
relevant than in our global fight against SARS-CoV-2, the virus that causes COVID-19.
Understanding how populations of SARS-CoV-2 grow, disperse, and evolve is of criti-
cal importance to managing the COVID-19 pandemic, and these questions are funda-
mentally ecological and evolutionary in nature. We compiled data from bioRxiv and
medRxiv preprint abstracts and US National Institutes of Health Research Project grant
abstracts to visualize the impact that the pivot to COVID-19 research has had on the
study of microbes across biological disciplines. Finding that the pivot appears weaker
in ecology and evolutionary biology than in other areas of biology, we discuss why
the ecology and evolution of microbes, both pathogenic and otherwise, need renewed
attention and investment going forward.
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An adage says there is nothing certain in life except death and taxes, but we dis-
agree. If the COVID-19 pandemic has taught us anything, it is that there is nothing

certain in life except exponential growth and adaptation.
Populations grow exponentially unless something keeps them in check—usually,

they eventually run out of resources. For SARS-CoV-2, this would mean having no more
susceptible hosts. But even as resources grow scarce, populations get better at exploiting
them. New genetic variants arise that leave more descendants, and those variants spread
within populations and to new regions, just as SARS-CoV-2 variants have done (1).

How populations grow, spread geographically, and adapt are fundamentally eco-
logical and evolutionary questions. But although tracking SARS-CoV-2 population
growth, geographic spread, and variants has been a major focus of scientific research,
government funding, and media coverage during the COVID-19 pandemic (2, 3), this
tracking is often presented absent a broader understanding of ecology or evolutionary
biology. Here, we argue that to better understand and predict these and related proc-
esses requires sustained basic research into the ecological and evolutionary dynamics
of microbes generally, be they pathogens or not.

It was not that long ago that beneficial microbes, not pathogens, were in the lime-
light, and the microbiome was one of the hottest topics in biology. In the years leading
up to the COVID-19 pandemic, biologists had gradually moved away from thinking of
microbes primarily as disease-causing “germs” and began to appreciate the diverse
communities of nonpathogenic microbes that often colonize hosts—i.e., the host-asso-
ciated microbiome (4, 5). In microbiome science, as in much work on SARS-CoV-2, the
fundamental questions are also often inherently ecological or evolutionary in nature,
as we highlight in Table 1 (see also references 6–8). Answering these questions is nec-
essary and urgent, both for controlling the spread of SARS-CoV-2 and other novel
pathogens and for developing new microbial therapies and applications that leverage
the potential of beneficial microbiota (9).
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Despite surging interest in microbiome science over the last few years, starting in
March 2020, preprints and grants on COVID-19 eclipsed much other microbial research
(Fig. 1). It seems likely that SARS-CoV-2 is now the most studied microbe on Earth (Fig. 1;
see also Fig. S1 in the supplemental material and reference 3). It is equally clear that
coronaviruses had been neglected before early 2020, despite the warnings we had with
the SARS and MERS epidemics in 2003 and 2012, respectively (10, 11); prepandemic
studies of coronaviruses appear as the miniscule red bars before 2020 in Fig. 1.

This pivot to COVID-19 research occurred not only in fields one might expect, such as
immunology and microbiology, but also in biochemistry, bioinformatics, genomics, and
most other disciplinary categories in the bioRxiv preprint database (Fig. 2; Fig. S1).
Nonetheless, the pivot to COVID-19 research appears notably weaker in ecology and ev-
olutionary biology (Fig. 2; Fig. S1). Together, ecology and evolutionary biology account
for just 3.6% of bioRxiv preprints on COVID-19, SARS-CoV-2, or coronaviruses, compared

TABLE 1 Similar ecological and evolutionary questions pertain to the study of SARS-CoV-2 and to host-associated microbiomesa

Fundamental ecological or evolutionary
question SARS-CoV-2 Microbiomes
How do microbes move into new host
species?

To help identify the source of SARS-CoV-2, Zhou
et al. (17) sequenced viruses from 411 bat
samples collected in Yunnan, China, between
May 2019 and November 2020 and found four
new coronaviruses related to SARS-CoV-2.

Free-living microbes can, and often do, evolve to be
host-associated (32), and microbes vary
substantially in how often they shift into new host
species. For example, fewer than 20% of microbial
species found in nonhuman primates also occur in
humans (33), but some microbial species, such as
Lactobacillus reuteri, are found in the microbiomes
of many vertebrate hosts (34).

How do individual hosts acquire
microbes?

Kutter et al. (35) showed that SARS-CoV-2 can be
transmitted between ferrets in cages connected
only by an airway duct. Genomic and
epidemiological sleuthing by Eichler et al. (27)
documented a probable case of aerosol
transmission of SARS-CoV-2 without direct
person-to-person contact in a quarantine hotel.

Maternal transmission plays a large role in seeding
the human infant gut microbiota, but tracking rare
single nucleotide variants in metagenomes
showed that environmental acquisition also
occurs early in life (36).

What limits a microbe’s spread: abiotic
factors such as climate, or biotic factors
such as host density, behavior, or traits?

Early in the pandemic, low caseloads in the
Southern Hemisphere and tropical regions led
some to speculate the virus was constrained by
climate. Baker et al. (37) used epidemiological
models to show that while climate may be
limiting to endemic infections, it plays little role
in shaping dynamics during the pandemic
stage. Rader et al. (38) found that climate was
associated with the peakedness of epidemic
cases but that crowding explained more about
the spread and total number of cases in cities.

A meta-analysis of over 15,000 samples representing
654 host species showed strong climatic signals in
external microbiomes while host physiology and
behavior (e.g., diet) were more important for
structuring internal microbiomes (39).

How often do new variants or strains
arise? How, and how fast, do microbes
adapt to hosts?

Most infections do not present sufficient
opportunity or selection for new variants to
arise, but multiple variants have arisen with
mutations in the spike protein, some with
identical mutations suggesting that selection is
occurring for that mutation (1, 23, and
references therein).

Garud et al. (40) demonstrated evidence of human
gut microbial local adaptation driven by
nucleotide variants, gene gains or losses, and
recombination over short time scales but
suggested that replacement by novel strains from
transmission matters more over longer time
scales.

Do microbes evolve to be more beneficial
or more virulent?

Yurkovetskiy et al. (41) documented an early
SARS-CoV-2 spike protein variant which was
more infective of human cells and quickly
swept the circulating viral population.

Either increased host benefits or increased
pathogenicity can evolve in host-associated
microbes (42–44). Using experimental evolution,
Batstone et al. (43) found that beneficial bacteria
evolve to provide more benefits to their local
hosts. In contrast, experimental evolution of a
close relative ofMycobacterium tuberculosis
identified mutations that enhance persistence and
immune resistance in hosts, setting the stage for
the emergence of pathogenicity (44).

aWe highlight recent research on five of the most pressing questions regarding SARS-CoV-2 and microbiomes. Note that the authors of these studies did not always take an
explicitly ecological or evolutionary perspective.
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to 15.5% of bioRxiv preprints on microbiomes and microbial communities, and 10.8% of
bioRxiv preprints on other microbes (Fig. 2). We think this represents a missed
opportunity.

COVID-19 research did not emerge in a vacuum but has been profoundly shaped
by previous basic, curiosity-driven research in all these fields. An example that has al-
ready gotten a lot of attention is the development of mRNA vaccines, rightly cele-
brated as the culmination of decades of fundamental research in molecular biology
and nanotechnology (12, 13). In contrast, the influence of ecology and evolutionary
biology is sometimes overlooked. The proximate source of the models widely used to
predict COVID-19 case counts is the discipline of epidemiology, but epidemiological
models are a special case of more general population ecological models, and it was

FIG 1 Number of bioRxiv and medRxiv preprints and total amounts of US National Institutes of Health
Research Project Grants per month with microbe-related terms in their abstracts, January 2018 to
May 2021. To visualize the scale of the scientific community’s mobilization to understand SARS-CoV-2
and COVID-19, we analyzed bioRxiv and medRxiv preprint data and US National Institutes of Health
grant data from before and during the COVID-19 pandemic. We performed case-insensitive searches
for “COVID,” “SARS-CoV-2,” “2019-nCoV,” or “coronavirus” (red) in preprint and grant abstracts and
compared the results to search terms related to microbiome science (“microbiome” or “microbial
community,” orange) or other microbial search terms (singular and plural forms of “microbe,” “bacteria,”
“fungi,” “virus,” or “archaea,” labeled “other microbe,” blue). Dotted lines are 11 March 2020, the date
when the World Health Organization declared COVID-19 a pandemic.
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ecologists who wrote the foundational text on modern infectious disease dynamics
(14). By studying biological invasions, ecologists have developed a framework for
understanding how organisms move around the world via human transportation net-
works, and how they establish, spread, and adapt rapidly in new environments, just as
SARS-CoV-2 is doing (15). The phylogenetic tools used to study how the SARS-CoV-2
lineage “spilled over” into humans (16, 17) and to trace its spread around the globe (1,
18–21) were developed by evolutionary biologists to reconstruct the evolutionary his-
tories of diverse plant, animal, and microbial lineages across the tree of life. The formal
theoretical basis for understanding whether new variants, like Delta, are spreading
because of adaptation or demographic processes (e.g., drift) also comes from evolu-
tionary biology (22, 23), as do methods for determining the extent of purifying versus
positive selection acting on the SARS-CoV-2 genome (1). And so on.

Despite intensive research into SARS-CoV-2 during the COVID-19 pandemic (Fig. 1),
we still have much to learn about this virus and its interactions with both human and
nonhuman hosts. Better situating SARS-CoV-2 research within ecology and evolution-
ary biology has the potential to offer many insights (15, 22, 23). Furthermore, the next
pandemic might not be a coronavirus, so it behooves us to ramp up efforts to study
diverse host-microbe interactions now (24). Researchers have begun to address the
fundamental questions about SARS-CoV-2 listed in Table 1, but there are also many
other open questions that would benefit from the expertise of ecologists and evolu-
tionary biologists. For example, what limits the distribution and abundance of
microbes in wild animals? For almost all except the best-studied microbes, we have no
idea, but contemporary ecology offers a robust toolkit we can use to find out, and the
answer is critical to understanding the risks they pose (or benefits they may offer) to

FIG 2 Proportion (prop.) of bioRxiv preprints with microbe-related terms in their abstracts submitted between
January 2018 and May 2021, by author-tagged disciplinary categories. We performed case-insensitive searches
for “COVID,” “SARS-CoV-2,” “2019-nCoV,” or “coronavirus” (left bar) in bioRxiv preprint abstracts and compared
the results to search terms related to microbiome science (“microbiome” or “microbial community,” middle bar)
or other microbial search terms (singular and plural forms of “microbe,” “bacteria,” “fungi,” “virus,” or “archaea,”
labeled “other microbe,” right bar). Shown are the proportions of preprints in ecology (dark green) and
evolutionary biology (light green), and in disciplines with at least 6% of submitted preprints for that topic (gray
scale); for each topic, except for ecology and evolutionary biology, disciplines accounting for less than 6% of
submitted preprints are pooled and labeled “other.”

Commentary ®

September/October 2021 Volume 12 Issue 5 e02144-21 mbio.asm.org 4

https://mbio.asm.org


humans. What might we learn from studying host behaviors that impact microbial
transmission, including social distancing, in other animals (25)? Animals from primates
to ants modify their social networks in ways that reduce pathogen transmission (26,
45). How do social distancing or other host behaviors change the course of pathogen
versus mutualist evolution (22, 28)? How do pathogens interact with commensal or
beneficial microbes in the host microbiome, and can the “right” microbiome be protec-
tive (28, 29)? How do microbes evolve as they disperse from one host species to
another (and sometimes back again [23])? Should we expect SARS-CoV-2 to evolve to
escape vaccines, even though microbes do not evolve vaccine resistance as readily as
drug resistance (23, 30)? How do ecological and evolutionary dynamics within individ-
ual hosts affect spread among hosts, and what do within-host dynamics mean for dis-
ease progression and treatment of infected individuals (31)? We need to draw on the
foundation laid by the last century of basic research in ecology and evolutionary biol-
ogy, and especially on recent advances in microbial and disease ecology, and evolu-
tionary medicine, to answer these and related questions.

As important and timely as the massive research enterprise surrounding COVID-19 is, it
is also worth considering what research is currently being neglected or abandoned. We
wonder, for example, whether the study of beneficial microbes and host-associated micro-
biomes will once again be overshadowed by research on “germs,” even though beneficial
microbes are an important counterfactual to pathogens, often protect hosts against dis-
ease, and are a promising potential source of new therapies and applications (9, 28). The
preprint and grant data set we assembled suggests that, to date, research and funding
focused on SARS-CoV-2 have mainly been in addition to, rather than instead of, research
on the microbiome or other microbial science (Fig. 1; Fig. S1). Still, as ecologists and evolu-
tionary biologists, we know that time and resources are never infinite, and limited resour-
ces give rise to trade-offs, so this pattern will probably not continue indefinitely.

In sum, our understanding of SARS-CoV-2 population growth, geographic spread, and
evolution, and thus our ability to predict and manage the COVID-19 pandemic, would
benefit from greater integration among the fields of epidemiology, public health, micro-
biology, ecology, and evolutionary biology. Furthermore, although it may be tempting to
focus exclusively on studying SARS-CoV-2 because of the urgency and scale of the
COVID-19 pandemic, we should not neglect fundamental research into the ecological
and evolutionary dynamics of a diversity of microbes from across the mutualism-to-para-
sitism continuum. These efforts may accelerate solutions to the challenges presented by
SARS-CoV-2 and help prepare us for future pandemics, as we find better ways to under-
stand, manage, and live with the certainty of exponential growth and adaptation.

Data availability. All analyses use publicly available preprint and grant data, and a
full description of data sources and code is available at https://github.com/drfreder/
pandemic-microbes.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.02 MB.

ACKNOWLEDGMENTS
M.E.F. acknowledges support from the Natural Sciences and Engineering Research

Council of Canada (NSERC), the Gordon and Betty Moore Foundation’s Symbiosis in Aquatic
Systems Initiative, and the Radcliffe Institute for Advanced Study at Harvard University.

REFERENCES
1. Rochman ND, Wolf YI, Faure G, Mutz P, Zhang F, Koonin EV. 2021.

Ongoing global and regional adaptive evolution of SARS-CoV-2. Proc
Natl Acad Sci U S A 118:e2104241118. https://doi.org/10.1073/pnas
.2104241118.

2. Dong E, Du H, Gardner L. 2020. An interactive web-based dashboard to
track COVID-19 in real time. Lancet Infect Dis 20:533–534. https://doi.org/
10.1016/S1473-3099(20)30120-1.

3. Maxmen A. 2021. One million coronavirus sequences: popular genome
site hits mega milestone. Nature 593:21. https://doi.org/10.1038/d41586
-021-01069-w.

4. NIH Microbiome Portfolio Analysis Team. 2019. A review of 10 years of
human microbiome research activities at the US National Institutes of
Health, fiscal years 2007–2016. Microbiome 7:31. https://doi.org/10.1186/
s40168-019-0620-y.

Commentary ®

September/October 2021 Volume 12 Issue 5 e02144-21 mbio.asm.org 5

https://github.com/drfreder/pandemic-microbes
https://github.com/drfreder/pandemic-microbes
https://doi.org/10.1073/pnas.2104241118
https://doi.org/10.1073/pnas.2104241118
https://doi.org/10.1016/S1473-3099(20)30120-1
https://doi.org/10.1016/S1473-3099(20)30120-1
https://doi.org/10.1038/d41586-021-01069-w
https://doi.org/10.1038/d41586-021-01069-w
https://doi.org/10.1186/s40168-019-0620-y
https://doi.org/10.1186/s40168-019-0620-y
https://mbio.asm.org


5. Li D, Gao C, Zhang F, Yang R, Lan C, Ma Y, Wang J. 2020. Seven facts and
five initiatives for gut microbiome research. Protein Cell 11:391–400.
https://doi.org/10.1007/s13238-020-00697-8.

6. Costello EK, Stagaman K, Dethlefsen L, Bohannan BJM, Relman DA. 2012.
The application of ecological theory toward an understanding of the
human microbiome. Science 336:1255–1262. https://doi.org/10.1126/
science.1224203.

7. Koskella B, Hall LJ, Metcalf CJE. 2017. The microbiome beyond the horizon
of ecological and evolutionary theory. Nat Ecol Evol 1:1606–1615. https://
doi.org/10.1038/s41559-017-0340-2.

8. McDonald JE, Marchesi JR, Koskella B. 2020. Application of ecological and
evolutionary theory to microbiome community dynamics across systems.
Proc Biol Sci 287:20202886. https://doi.org/10.1098/rspb.2020.2886.

9. Mueller UG, Sachs JL. 2015. Engineering microbiomes to improve plant
and animal health. Trends Microbiol 23:606–617. https://doi.org/10.1016/
j.tim.2015.07.009.

10. Hotez P. 2020. Beyond coronaviruses: understanding the spread of infec-
tious diseases and mobilizing innovative solutions. Testimony of Peter
Hotez before the Committee on Science, Space, and Technology of the
United States House of Representatives, March 5, 2020. https://science
.house.gov/imo/media/doc/Hotez%20Testimony.pdf.

11. Perlman S. 2020. Another decade, another coronavirus. N Engl J Med 382:
760–762. https://doi.org/10.1056/NEJMe2001126.

12. Ball P. 2021. The lightning-fast quest for COVID vaccines–and what it means
for other diseases. Nature 589:16–18. https://doi.org/10.1038/d41586-020
-03626-1.

13. Shin MD, Shukla S, Chung YH, Beiss V, Chan SK, Ortega-Rivera OA, Wirth
DM, Chen A, Sack M, Pokorski JK, Steinmetz NF. 2020. COVID-19 vaccine
development and a potential nanomaterial path forward. Nat Nanotech-
nol 15:646–655. https://doi.org/10.1038/s41565-020-0737-y.

14. Anderson RM, May RM. 1991. Infectious diseases of humans: dynamics
and control. Oxford University, Oxford, United Kingdom.

15. Nuñez MA, Pauchard A, Ricciardi A. 2020. Invasion science and the global
spread of SARS-CoV-2. Trends Ecol Evol 35:642–645. https://doi.org/10
.1016/j.tree.2020.05.004.

16. Boni MF, Lemey P, Jiang X, Lam TT-Y, Perry BW, Castoe TA, Rambaut A,
Robertson DL. 2020. Evolutionary origins of the SARS-CoV-2 sarbecovirus lin-
eage responsible for the COVID-19 pandemic. Nat Microbiol 5:1408–1417.
https://doi.org/10.1038/s41564-020-0771-4.

17. Zhou H, Ji J, Chen X, Bi Y, Li J, Wang Q, Hu T, Song H, Zhao R, Chen Y, Cui
M, Zhang Y, Hughes AC, Holmes EC, Shi W. 2021. Identification of novel
bat coronaviruses sheds light on the evolutionary origins of SARS-CoV-2
and related viruses. Cell 184:4380–4391.e14. https://doi.org/10.1016/j.cell
.2021.06.008.

18. Gonzalez-Reiche AS, Hernandez MM, Sullivan MJ, Ciferri B, Alshammary H,
Obla A, Fabre S, Kleiner G, Polanco J, Khan Z, Alburquerque B, van de
Guchte A, Dutta J, Francoeur N, Melo BS, Oussenko I, Deikus G, Soto J,
Sridhar SH, Wang Y-C, Twyman K, Kasarskis A, Altman DR, Smith M, Sebra
R, Aberg J, Krammer F, García-Sastre A, Luksza M, Patel G, Paniz-Mondolfi
A, Gitman M, Sordillo EM, Simon V, van Bakel H. 2020. Introductions and
early spread of SARS-CoV-2 in the New York City area. Science 369:
297–301. https://doi.org/10.1126/science.abc1917.

19. Nadeau SA, Vaughan TG, Scire J, Huisman JS, Stadler T. 2021. The origin
and early spread of SARS-CoV-2 in Europe. Proc Natl Acad Sci U S A 118:
e2012008118. https://doi.org/10.1073/pnas.2012008118.

20. Lemey P, Ruktanonchai N, Hong SL, Colizza V, Poletto C, Van den Broeck
F, Gill MS, Ji X, Levasseur A, Oude Munnink BB, Koopmans M, Sadilek A,
Lai S, Tatem AJ, Baele G, Suchard MA, Dellicour S. 2021. Untangling intro-
ductions and persistence in COVID-19 resurgence in Europe. Nature 595:
713–717. https://doi.org/10.1038/s41586-021-03754-2.

21. Bugembe DL, Phan MVT, Ssewanyana I, Semanda P, Nansumba H, Dhaala
B, Nabadda S, O’Toole ÁN, Rambaut A, Kaleebu P, Cotten M. 2021. Emer-
gence and spread of a SARS-CoV-2 lineage A variant (A.23.1) with altered
spike protein in Uganda. Nat Microbiol 6:1094–1101. https://doi.org/10
.1038/s41564-021-00933-9.

22. Day T, Gandon S, Lion S, Otto SP. 2020. On the evolutionary epidemiology
of SARS-CoV-2. Curr Biol 30:R849–R857. https://doi.org/10.1016/j.cub
.2020.06.031.

23. Otto SP, Day T, Arino J, Colijn C, Dushoff J, Li M, Mechai S, Van Domselaar
G, Wu J, Earn DJD, Ogden NH. 2021. The origins and potential future of
SARS-CoV-2 variants of concern in the evolving COVID-19 pandemic. Curr
Biol 31:R918–R929. https://doi.org/10.1016/j.cub.2021.06.049.

24. Wille M, Geoghegan JL, Holmes EC. 2021. How accurately can we assess
zoonotic risk? PLoS Biol 19:e3001135. https://doi.org/10.1371/journal
.pbio.3001135.

25. Stockmaier S, Stroeymeyt N, Shattuck EC, Hawley DM, Meyers LA, Bolnick
DI. 2021. Infectious diseases and social distancing in nature. Science 371:
eabc8881. https://doi.org/10.1126/science.abc8881.

26. Stroeymeyt N, Grasse AV, Crespi A, Mersch DP, Cremer S, Keller L. 2018.
Social network plasticity decreases disease transmission in a eusocial
insect. Science 362:941–945. https://doi.org/10.1126/science.aat4793.

27. Eichler N, Thornley C, Swadi T, Devine T, McElnay C, Sherwood J, Brunton C,
Williamson F, Freeman J, Berger S, Ren X, Storey M, de Ligt J, Geoghegan JL.
2021. Transmission of Severe Acute Respiratory Syndrome Coronavirus 2
during border quarantine and air travel, New Zealand (Aotearoa). Emerg
Infect Dis 27:1274–1278. https://doi.org/10.3201/eid2705.210514.

28. Finlay BB, Amato KR, Azad M, Blaser MJ, Bosch TCG, Chu H, Dominguez-
Bello MG, Ehrlich SD, Elinav E, Geva-Zatorsky N, Gros P, Guillemin K, Keck F,
Korem T, McFall-Ngai MJ, Melby MK, Nichter M, Pettersson S, Poinar H, Rees
T, Tropini C, Zhao L, Giles-Vernick T. 2021. The hygiene hypothesis, the
COVID pandemic, and consequences for the human microbiome. Proc Natl
Acad Sci U S A 118:e2010217118. https://doi.org/10.1073/pnas.2010217118.

29. Lv L, Gu S, Jiang H, Yan R, Chen Y, Chen Y, Luo R, Huang C, Lu H, Zheng B,
Zhang H, Xia J, Tang L, Sheng G, Li L. 2021. Gut mycobiota alterations in
patients with COVID-19 and H1N1 infections and their associations with
clinical features. Commun Biol 4:480. https://doi.org/10.1038/s42003-021
-02036-x.

30. Kennedy DA, Read AF. 2018. Why the evolution of vaccine resistance is
less of a concern than the evolution of drug resistance. Proc Natl Acad Sci
U S A 115:12878–12886. https://doi.org/10.1073/pnas.1717159115.

31. Armero A, Berthet N, Avarre JC. 2021. Intra-host diversity of SARS-Cov-2
should not be neglected: case of the State of Victoria, Australia. Viruses
13:133. https://doi.org/10.3390/v13010133.

32. Sachs J, Skophammer RG, Regus JU. 2011. Evolutionary transitions in bac-
terial symbiosis. Proc Natl Acad Sci U S A 108:10800–10807. https://doi
.org/10.1073/pnas.1100304108.

33. Manara S, Asnicar F, Beghini F, Bazzani D, Cumbo F, Zolfo M, Nigro E,
Karcher N, Manghi P, Metzger MI, Pasolli E, Segata N. 2019. Microbial
genomes from non-human primate gut metagenomes expand the pri-
mate-associated bacterial tree of life with over 1000 novel species. Genome
Biol 20:299. https://doi.org/10.1186/s13059-019-1923-9.

34. Frese SA, Benson AK, Tannock GW, Loach DM, Kim J, Zhang M, Oh PL,
Heng NCK, Patil PB, Juge N, Mackenzie DA, Pearson BM, Lapidus A, Dalin
E, Tice H, Goltsman E, Land M, Hauser L, Ivanova N, Kyrpides NC, Walter J.
2011. The evolution of host specialization in the vertebrate gut symbiont
Lactobacillus reuteri. PLoS Genet 7:e1001314. https://doi.org/10.1371/
journal.pgen.1001314.

35. Kutter JS, de Meulder D, Bestebroer TM, Lexmond P, Mulders A, Richard
M, Fouchier RAM, Herfst S. 2021. SARS-CoV and SARS-CoV-2 are transmit-
ted through the air between ferrets over more than one meter distance.
Nat Commun 12:1653. https://doi.org/10.1038/s41467-021-21918-6.

36. Korpela K, Costea P, Coelho LP, Kandels-Lewis S, Willemsen G, Boomsma
DI, Segata N, Bork P. 2018. Selective maternal seeding and environment
shape the human gut microbiome. Genome Res 28:561–568. https://doi
.org/10.1101/gr.233940.117.

37. Baker RE, Yang W, Vecchi GA, Metcalf CJE, Grenfell BT. 2020. Susceptible
supply limits the role of climate in the early SARS-CoV-2 pandemic. Sci-
ence 369:315–319. https://doi.org/10.1126/science.abc2535.

38. Rader B, Scarpino SV, Nande A, Hill AL, Adlam B, Reiner RC, Pigott DM,
Gutierrez B, Zarebski AE, Shrestha M, Brownstein JS, Castro MC, Dye C,
Tian H, Pybus OG, Kraemer MUG. 2020. Crowding and the shape of
COVID-19 epidemics. Nat Med 26:1829–1834. https://doi.org/10.1038/
s41591-020-1104-0.

39. Woodhams DC, Bletz MC, Becker CG, Bender HA, Buitrago-Rosas D, Diebboll
H, Huynh R, Kearns PJ, Kueneman J, Kurosawa E, LaBumbard BC, Lyons C,
McNally K, Schliep K, Shankar N, Tokash-Peters AG, Vences M, Whetstone R.
2020. Host-associated microbiomes are predicted by immune system com-
plexity and climate. Genome Biol 21:23. https://doi.org/10.1186/s13059-019
-1908-8.

40. Garud NR, Good BH, Hallatschek O, Pollard KS. 2019. Evolutionary dynam-
ics of bacteria in the gut microbiome within and across hosts. PLoS Biol
17:e3000102. https://doi.org/10.1371/journal.pbio.3000102.

41. Yurkovetskiy L, Wang X, Pascal KE, Tomkins-Tinch C, Nyalile TP, Wang Y,
Baum A, Diehl WE, Dauphin A, Carbone C, Veinotte K, Egri SB, Schaffner SF,
Lemieux JE, Munro JB, Rafique A, Barve A, Sabeti PC, Kyratsous CA, Dudkina
NV, Shen K, Luban J. 2020. Structural and functional analysis of the D614G

Commentary ®

September/October 2021 Volume 12 Issue 5 e02144-21 mbio.asm.org 6

https://doi.org/10.1007/s13238-020-00697-8
https://doi.org/10.1126/science.1224203
https://doi.org/10.1126/science.1224203
https://doi.org/10.1038/s41559-017-0340-2
https://doi.org/10.1038/s41559-017-0340-2
https://doi.org/10.1098/rspb.2020.2886
https://doi.org/10.1016/j.tim.2015.07.009
https://doi.org/10.1016/j.tim.2015.07.009
https://science.house.gov/imo/media/doc/Hotez%20Testimony.pdf
https://science.house.gov/imo/media/doc/Hotez%20Testimony.pdf
https://doi.org/10.1056/NEJMe2001126
https://doi.org/10.1038/d41586-020-03626-1
https://doi.org/10.1038/d41586-020-03626-1
https://doi.org/10.1038/s41565-020-0737-y
https://doi.org/10.1016/j.tree.2020.05.004
https://doi.org/10.1016/j.tree.2020.05.004
https://doi.org/10.1038/s41564-020-0771-4
https://doi.org/10.1016/j.cell.2021.06.008
https://doi.org/10.1016/j.cell.2021.06.008
https://doi.org/10.1126/science.abc1917
https://doi.org/10.1073/pnas.2012008118
https://doi.org/10.1038/s41586-021-03754-2
https://doi.org/10.1038/s41564-021-00933-9
https://doi.org/10.1038/s41564-021-00933-9
https://doi.org/10.1016/j.cub.2020.06.031
https://doi.org/10.1016/j.cub.2020.06.031
https://doi.org/10.1016/j.cub.2021.06.049
https://doi.org/10.1371/journal.pbio.3001135
https://doi.org/10.1371/journal.pbio.3001135
https://doi.org/10.1126/science.abc8881
https://doi.org/10.1126/science.aat4793
https://doi.org/10.3201/eid2705.210514
https://doi.org/10.1073/pnas.2010217118
https://doi.org/10.1038/s42003-021-02036-x
https://doi.org/10.1038/s42003-021-02036-x
https://doi.org/10.1073/pnas.1717159115
https://doi.org/10.3390/v13010133
https://doi.org/10.1073/pnas.1100304108
https://doi.org/10.1073/pnas.1100304108
https://doi.org/10.1186/s13059-019-1923-9
https://doi.org/10.1371/journal.pgen.1001314
https://doi.org/10.1371/journal.pgen.1001314
https://doi.org/10.1038/s41467-021-21918-6
https://doi.org/10.1101/gr.233940.117
https://doi.org/10.1101/gr.233940.117
https://doi.org/10.1126/science.abc2535
https://doi.org/10.1038/s41591-020-1104-0
https://doi.org/10.1038/s41591-020-1104-0
https://doi.org/10.1186/s13059-019-1908-8
https://doi.org/10.1186/s13059-019-1908-8
https://doi.org/10.1371/journal.pbio.3000102
https://mbio.asm.org


SARS-CoV-2 spike protein variant. Cell 183:739–751. https://doi.org/10
.1016/j.cell.2020.09.032.

42. Stecher B, Maier L, Hardt W. 2013. ‘Blooming’ in the gut: how dysbiosis
might contribute to pathogen evolution. Nat Rev Microbiol 11:277–284.
https://doi.org/10.1038/nrmicro2989.

43. Batstone RT, O’Brien AM, Harrison TL, Frederickson ME. 2020. Experimen-
tal evolution makes microbes more cooperative with their local host ge-
notype. Science 370:476–478. https://doi.org/10.1126/science.abb7222.

44. Allen AC, Malaga W, Gaudin C, Volle A, Moreau F, Hassan A, Astarie-
Dequeker C, Peixoto A, Antoine R, Pawlik A, Frigui W, Berrone C, Brosch R,
Supply P, Guilhot C. 2021. Parallel in vivo experimental evolution reveals
that increased stress resistance was key for the emergence of persistent tu-
berculosis bacilli. Nat Microbiol 6:1082–1093. https://doi.org/10.1038/
s41564-021-00938-4.

45. Freeland WJ. 1976. Pathogens and the evolution of primate sociality. Bio-
tropica 8:12–24. https://doi.org/10.2307/2387816.

Commentary ®

September/October 2021 Volume 12 Issue 5 e02144-21 mbio.asm.org 7

https://doi.org/10.1016/j.cell.2020.09.032
https://doi.org/10.1016/j.cell.2020.09.032
https://doi.org/10.1038/nrmicro2989
https://doi.org/10.1126/science.abb7222
https://doi.org/10.1038/s41564-021-00938-4
https://doi.org/10.1038/s41564-021-00938-4
https://doi.org/10.2307/2387816
https://mbio.asm.org

	Outline placeholder
	Data availability.

	SUPPLEMENTAL MATERIAL
	SUPPLEMENTAL MATERIAL

	ACKNOWLEDGMENTS
	REFERENCES

