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Racterio, fungi, and‘other‘n?icroorganisms in. the environment (i.e., environmental microbiomes) provide vital ecosystem services and affect
juman health. Despite thglr importance, public awareness of environmental microbiomes has lagged behind that of human microbiomes. A key
roblem has been a scarcity of .reseaArch demonstrating the microbial connections across environmental biomes (e.g., marine, soil) and between
uironmental and human microbiomes. We show in the present article, through analyses of almost 10,000 microbiome papers and three

al data sets, that there are significant taxonomic similarities in microbial communities across biomes, but very little cross-biome research
wists. This disconnect may be hindering advances in microbiome knowledge and translation. In this article, we highlight current and potential
applications of environmental microbiom.e research and the benefits of an interdisciplinary, cross-biome approach. Microbiome scientists need
10 engage with each other, government, industry, and the public to ensure that research and applications proceed ethically, maximizing the

potential benefits to society.

here are seemingly daily revelations about the
influence that microbial communities have on human
health. Such revelations have generated significant public
interest in the human microbiome, highlighted by the rise
of products such as gut health cookbooks, probiotic supple-
ments, microbially enhanced yogurts, and the revival of
fermented foodstuffs, such as kombucha. There is growing
awareness that humans are walking ecosystems, dependent

on the microbial communities living in and on our bodies.
Although public interest in the human microbiome has
,ﬂouriShed) the awareness of environmental microbiomes—
m?‘”ding ambient marine, freshwater, aerial, and terrestrial
mKmb%omes‘and their importance has not. Environmental
Egg:blology ‘has Played a key role in the history and devel-
ﬂmiij;Of mlcr(?blome technology. Most clinically relev.ant
ity of alcs. were ls.olated from soil microbes, and the. major-
Tom ennFlm“:rOblal resistance genes may have or'xglflated
¢ lrstvlrgnmental bacteria (Cantas et al. 2013). Similarly,
Were o shotgun metagenomes and single-c?l] genomes
- Stquenced from marine microbes (Breitbart et al.
¢ eiia“}% et a1: 2006). Environmental microbiomes are.at
nvig(;nm: nutr lenf cycling in both aquatic and .terrestm;:

S Carbop, gt S provide essential ecosystem services, suc
ioxide drawdown and oxygen production, with
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a central role in determining the impact of climate change
(Cavicchioli et al. 2019); and are intimately linked to human
microbiomes and health (Hanski et al. 2012, Stein et al.
2016). A greater awareness of the importance of environ-
mental microbial communities is therefore critical from
both ecological and human health perspectives.

In this article, we highlight the value of environmental
microbiome science by describing current and potential
future applications. We use global microbial data sets
to explore how microbial communities are shared across
human, terrestrial, and aquatic environments. We then
analyze microbiome citation trends across disciplines to
investigate the degree of interdisciplinarity between human
and environmental microbiome research. We conclude by
raising key challenges in advancing interdisciplinary micro-
biome science, including the emerging ethical complexities
and engaging the public in the debates at the center of shared
human-environment microbiome science,

Applications of environmental microbiome science

Environmental microbiome research has an extraordinary
range of applications (figure 1). Early applications of envi-
ronmental microbiome science included monitoring the
safety of food and water supplies, and this remains an
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Figure 1. The ap;fliauions of miclyob‘iomz sa'ence‘span all environments and all facets of society. This figure depicts some
current and possible future gpplzaz_tmns for public health, biosecurity, industry, and the environment. Potential future
applications can best be realized with greater cross talk among scientific fields.

important function todzy. More recently, applications in
areas such as agriculture, biosecurity, environmental impact
assessment, and ecological restoration have vastly expanded,
boosted by developments in high-throughput DNA sequenc-
ing that allow us to rapidly characterize microbial communi-
ties. Specific examples include using microbiome science to
detect plant pathogens in terrestrial ecosystems (Trembay
et al. 2018), identify harmful microalgal taxa in ship bajlaslt
and marine port sediments (Shaw et al. 2019), and assess the
impact of aquaculture on benthic communities (Pawlowski
et al. 2014). Microbiomes have been validated as an indica-
tor of ecosystem health: in terrestrial environments, soil
bacterial communities match stages of ecological restoration
(Liddicoat et al. 2019), and microbial communities can indi-
cate the ecological condition of an estuary (Chariton et al.
2015, Raes et al. 2020).

Future applications of environmental microbiome
research are certain to expand with developments in micro-
biome engineering—that is, actively altering microbial
communities to achieve desired outcomes, Microbiome
engineering for health outcomes is already apparent in
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the widespread availability of pre-, pro-, and synbiotics
for human use. In an environmental microbiome context,
indirect microbiome engineering has been used to improve
wastewater treatment (Barnard et al, 2017), whereas agri-
cuhgral scientists have begun to use microbiome engi-
neefrmg to improve plant resilience to disease and other
;zzgonmdcmal stresses (Berg and Koskella 2018, Qin €t al,
=
mu‘ﬁﬁtﬁmfﬁéfi” dfvel,"Pmem» there is the potential for
s g :]p{) lcauops of microbiome engineering—‘f"r
oulcome,s (Mus a»”;{; 4 oils or seeds to improve restoration
neering coral n?L g 1(;).35 etal. 2018, Wubs et al, 2016), €ngl”
e (1;;0 lomes (o enhance their resiliencé to
cnvironmentfl mi swll){l et al. 2019), and modifying urban
(st 2017, il o oy L Peath UK
pinnacle ok mic;ob-l chidled 2017, Watkins et al. 2020). The
thetic microbja) wlome engineering may be creating $Y'
which have alread rl;lmunmes (Gmgk‘)Pf and Soyer 2014
cations such £Ji%En developed for biotechnology 4P pli
as biofuel production (Minty et al. 2013).
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showing the microbial connectedness
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Figure 3. Citation patterns s!wu-mg the probability of citing at least one paper from each microbiome subdiscipline
(a—) and the proportion of citations made from one subdiscipline to the other (excluding zeros; d—f). Trends in both

citation patterns were estimated using bi

ial generalized additive models. The splines in (df) begin when the first

cross-discipline citation is made and do not include papers in which there was no cross-discipline citation (hence the low

proportions). Abbreviations: human, H; ocean, O; soil, S.

table S1). Most shared genera (55 out of 72, 76%) belonged to
five classes: the Gammaproteobacteria and Bacilli, as well as
the three dasses abundant in humans. Co-occurrence patterns
such as these are consistent with overlapping niche character-
istics in human and environmental biomes. Species or strain-
level data is needed to confirm whether bacterial taxa are able
to move between biomes.

The need for interdisciplinary microbiome research
Given the number of bacterial taxa shared between human
and environmental microbiomes, do microbiome researchers
also cross biomes? We conducted a citation analysis of almost
10,000 microbiome papers (see Supporting Information for
methods) to investigate research links between environmen-
tal and human microbiome science (figure 3).

We found that connectivity is currently low between
research in the human, soil and ocean microbiome dis-
ciplines. Despite the taxonomic crossover and growing
evidence of links between human and environmental micro-
biomes, human microbiome papers have a low proportion
and probability of citing papers from environmental micro-
biome disciplines (figure 3a, 3d). Some notable exceptions
have highlighted links between human and environmental
microbiomes: for example, Hanski and colleagues (2012)
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demonstrated that environmental biodiversity affects the
human skin microbiome, allergy levels, and immune func-
tion; Rothschild and colleagues (2018) showed that, surpris-
ingly, we can better predict human gut microbiomes on
the basis of environmental rather than host genetic factors.
However, human microbiome research has largely not yet
r&lizfed the potential for human-environmental microbi-
ome interactions,

: In contrast, soil and ocean microbiome papers are more
likely to cite human microbiome papers, but this has
declined over time (figure 3a-3c) as, presumably, each
subdiscipline has become more established and suggests
that early citations were perhaps out of necessity, rather
than an awareness of the shared relevance, There is some
connectivity between soil and ocean disciplines, and this
does show an upward—if modest—trend (figure 3b, 3c).
Human microbiome publications represent approximatel)’
}% of the citations in Papers from ocean and soil disciplines,
likely for methods or context (eg,, building on the success
}.;; d:: Hm;n ;vﬁcr(;biome Project), and this proportion
45 remained relatively steady through time (figure 3e-3f):
Similar studies of interdisciplinarity lﬁhﬂelds suci as applied
ecology found much higher probabilities and proportions of
cross-field citations (Staples et ], 2019),

htlps://academlc.oup.cam/blas:imf'

our analysis paints a picture of

connections across biomes and a partj
{ntegration between human and envyir
sclence. This lack of interdisciplinary
could be limiting advances in both hum
tal microbiome subdisciplines for two
sheer degree of taxonomic crossover by
that if research remains ‘siloed within disciplines, important
interactions between microbes and biomes will be missed
second, even disregarding these ecological crossovers inter-.
disciplinarity is well established as a building bk‘:ck of
innovation through its potential to connect seemingly unre-
Jated ideas (Johansson 2006, Johnson 2010) and introduce
concepts without precedent in a given discipline (Graham
and Dayton 2002). In the microbiome context, there s rich
potential for new understandings to arise in this way. For
example, by viewing pathogens as opportunistic micro-
organisms most likely to successfully colonize disturbed
(microbial) ecosystems, we can use ecological theory to
create robust microbial communities resistant to invasion
(De Schryver and Vadstein 2014, Shade et al. 2012). This
approach has already seen success across disciplines includ-
ing aquaculture (Attramadal et al. 2014) and ecosystem
restoration (Liddicoat et al. 2019), but can also be applied
in fields such as agriculture (Berg and Koskella 2018), hos-
pital design (Kembel et al. 2012), and urban environments
in general (Elies et al. 2017, Mills et al. 2017, Watkins et al.
2020). Finally, environmental microbiome science may also
miss valuable opportunities to piggyback off developments
in better-funded human microbiome endeavors. Overall,
there can be little doubt that we must do better as a scien-
tific community to achieve the cross-pollination. needed to
realize the full potential of both human and environmental
microbiome science.

Unrealized research
cularly stark [y of
nmenta| microbiome
microbiome Science
an and environme.
key reasons, First, the
etween biomes means

Ethics, risks, and interdisciplinary complications i
With stronger and more holistic scientific “ndemandeaf
of microbial communities across biomes COIP:'L:] lica-
responsibility to consider the ethical and soct d Plica_
tions of environmental microbiome festh 2 appuons
tion, As with other interdisciplinary bi°l°$ICd$n:1v:uon).
(e.g, genetic engineering or food web bxm: vepunamid'
environmental microbiome applications €% -:aj outcomes
pated risks and unintended social and ecologi to ask how
(Dittami et al. 2019). We should Lhere.forebl?a::s will affect
the engineering of environmental.mlcm lzes biodiversitys
primary sector productivity, ecological ser*ic™>
and hu th. ing microbiome
In m"::? ::is, ethical issues su,mundltL‘i r:rl;:;; the
engineering and beneficial outcomes & dely understood
definition of health. In humans, health is "

i ] of
s d a high level
{0 be a state of the absence of d;seﬂsenﬂm other domains

wellbeing (WHO 2018), but its extensic estoration €colo8Y:
has been problematic. For exampie: :‘ nithasan ecological
an ecosystem is regarded as hmllh)':’ de reference Sit¢ (SER

community similar to an undisturoe®
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2004), However,

there are many i i
nstances where such -
turbed, referen ; o

erence conditions no longer exist because of per-
:::;"‘;ve ::(ie:prtad or extreme anthro;.aogenic changes. E)(‘he
¢ e “;W“Cm health according to this definition
foné (Hobbsmp 'lw‘d by the natural variation in ecosys-
i t‘et' al. 2014) and, from.a microbiome perspec-
bior'nes F.C;Mty betwcen' {mcroblal communities across
e . Finally, f)ther defmm?ns of healthy have focused on
1y, assuming greater diversity indicates health, and,
although this is often the case, the relationship between
ecosystem health and biodiversity is complex (Ives and
Carpenter 2007). Defining health across domains is chal-
lenging; different fields may disagree on what is healthy for
a system—for example, aquaculture versus freshwater ecol-
0gy. Furthermore, there can be discordance between healthy
environmental states and environmental states healthiest for
people. Microbes, such as Vibrio cholerae, that are a normal
part of healthy, natural environmental microbial commu-
nities (Worden et al. 2006) can have negative impacts on
human health. Healthy human microbiomes are also likely
to be population specific. For example, the predominant
health challenges in low- and middle-income countries are
infectious disease, and in high-income countries, they are
noncommunicable chronic disease. The optimal micro-
biome characteristics are likely to differ between these
populations, as well as between individuals with different
genotypes, phenotypes, and living environments. The con-
cept of health underpinning any microbiome engineering
intentions would need to be clearly articulated ;and‘ interro-
gated in an interdisciplinary way to reduce the likelihood of
any unintended consequences. o
Risk assessments for microbiome engineering sh.ould
address the potential for inadvertent, ne&ative environ-
mental and health effects using the precautionary principle
and should strive to incorporate the numerous SOUrces of
uncertainty (Hayes et al. 2007). An examp}e of not ena(':tmg
the precautionary principle are commercial hum.an micro-
biome products (probiotcs, synbiotc, gut mictobiome
pills for travellers etc.) that are already fnarketed_ espite our
understanding of the functions and |nt‘eract}ons
relatively well-smdien;:l hullnanb.gour;;m:;;br:::»
3 environmental microoi z
Eﬁﬁﬁﬁdﬁfemmmmm and health information,
¢ ic and cultural considerations, combined
suelies e?onomlc. imdiscussion and engagement (Stirling
witlirtcaele Pughc- jon framework around microbiome
et al. 20!8). The decvlz;uale the potentia degree and prob-
engineering shoul dehow to manage that harm. The current
ability of harm, an biomes exposes microbiome research
lack of research acrOSSd il;:gequa‘ e frameworks for assessing
{0 unforeseen n;t;l:; via environmental pathways.
kSO B ciated with rapid technical and
There are also risks asso biome science. For exam-

; elopments in MIcro i
mdﬁids:l::mvfw of high-throughput DNA sequencg

TR Sl
i ecting contaminating organis!
e w;!t}ilosel:ctweegn samples (Eisenhofer et al.
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of even the

ple, :
has raised iSSU€S
and cross-contamin

Juy 2020/ Vol 70Na 7 + BioScience 553

‘




Overview Articles e

2019). There is also some argument over important experi-
mental and analytical steps, such as whether to rarefy data
to control for the number of DNA sequences obtained per
sample (McMurdie and Holmes 2014, Weiss et al. 2017),
although several best-practice guides have recently been
published (e.g., Eisenhofer et al. 2019, Knight et al. 2018,
Zinger et al. 2019).

Mainstreaming environmental microbiomes

Clearly, environmental microbiome science has much to
offer a world grappling with fundamental environmental
and human health challenges. However, some key ques-
tions remain: What must we do to help mainstream envi-
ronmental microbiome science into sectors as diverse as
biosecurity, urban planning, agriculture, and human health
and across a diversity of countries and cultures? How can
we best support well-informed decisions and ensure appli-
cations are grounded in a well-developed understanding
of the opportunities, uncertainties and risks? How can we
ensure that the benefits of microbiome science are not lim-
ited to the rich but address challenges faced by all people
and are integrated into policy and practice to address some
of the world’s most serious human and environmental
challenges?

As well as collaborating across disciplines, microbiome
science will benefit from engaging with practitioners,
policymakers, regulators, and 2 diverse range of human
communities to achieve the greatest possible impact.
Human microbiome science provides the best examples to
date of achieving this engagement, helping to explain the
growing public awareness of this field and the comparative
lag in environmental microbiome science. The American
Gut Project (http://humanfoodproject.com/americangut)
exemplifies successful public engagement, having crowd-
sourced funding and samples from over 11,000 participants
from more than 40 countries (McDonald et al. 2018).
Microbiome science is now available to the general pub-
lic via print and electronic media in popular science TV
shows, TED talks, podcasts, and books, many of which
are presented or authored by leading scientists in the field,
Greater collaboration between scientists and the media also
reduces the potential for sensationalized science reporting,
which would facilitate communication, understanding, and
trust between the public and microbiomes researchers,

Projects such as the Healthy Urban Microbiome Initiative
(www.HUMIglobal.org) that integrate the natural, social,
and health sciences show the potential for international,
transdisciplinary collaboration, but how can we encour-
age more transdisciplinary microbiome science collabora-
tion? There are well-known barriers to transdisciplinary
activity in any field (Rogers 2010), ranging from tension
over appropriate methods of inquiry to differences in
lexicon and communication practices used by scientists
within disciplines. A unified microbiome vocabulary has
been proposed that may help overcome these barriers
and reduce misunderstandings among both the scientific

594 BioScience July 2020 / Vol. 70 No, 7.

and broader community (Marchesi and Ravel 2015). An
emphasis on accessible data and analysis code, as wel|
as minimum metadata standards (http://.gensc.(?rg/mm),
help facilitate connectivity and reproducllble science—al]
of which we strongly encourage. Bacterial and archaeal
full-length 165 ribosomal RNA gene reference sequence
databases are biased toward host-associated organisms,
with less than 25% of sequences originating from soil or
aquatic environments (Schloss et al. 2016). Integrating
future sequencing efforts with multibiome data storage
options for both sequences and metadata will make con-
necting across biomes easier. For example, expanding the
Human Microbiome Project repository to include envi-
ronmental data from both soil and ocean biomes is likely
to foster cross-discipline connections (Tasnim et al. 2017).
Furthermore, multiagency funding to develop broadly
applicable tools can help reduce redundancy and facilitate
cross-biome comparisons (Alivisatos et al. 2015).

Conclusions

Microbiome science is shifting the social perception of
microbes from disease causing, unhygienic organisms to
potential partners vital for human and ecosystem health
(Cavicchioli et al. 2019). Scientists now recognize the
importance of microorganisms for ecosystem function.
However, our understanding of the contributions made
by microbes within a system and how they are shared
and interact across ecosystems and biomes is incomplete,
hindering our ability to translate microbiome science into
safe applications for the greatest environmental and human
health impact.

Weare not the first to suggest that a coordinated, intensely
collaborative research effort is needed to fill these gaps.
For example, the interdisciplinary Unified Microbiome
Initiative was proposed to develop cross-cutting micro-
biome technologies in order to facilitate translation into
applications (Alivisatos et al. 2015). Furthermore, we
shoul‘d' codevelop research with environmental and health
practitioners and work across disciplines to understand
how microbiome technology can be safely applied. We
must be ready to help national and international watch-
dogs grapple with novel regulatory challenges and support
poleymakers to breach silos and build bridges between
traditionally disparate sectors, |t is highly important that
we also engage the public with integrity, clarity and skill
to mam'tam public trust and support the development
of amicrobiome-literate community (Shamarina et al,
29]7)—““"8 heed, as well a5 ye can, of the lessons from
climate change science COmmunication (Bostrom et al.
2013). Microbiome research and discourse should include
people f'rom arange of nationa|, cultural, genetic and socio-
economic backgrounds to ensure the a‘ lications are dis-
tributed equitably. These are small ip but ones
that we must overcome to epg; eshelenscr bl

ure that we are collectively

equipped to deyelop understanq !
' ) an e
science for maximal global benefy;. i
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