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Early microbiome research found numerous associations between microbial
community patterns and host physiological states. These ﬁndings hinted at
community-level explanations. “Top-down” experiments, working with whole
communities, strengthened these explanatory expectations. Now, “bottom-up”
mechanism-seeking approaches are dissecting communities to focus on speciﬁc
microbes carrying out particular biochemical activities (e.g., choline metabolism pathways, Clostridium difﬁcile suppression). To understand the interplay between methodological and explanatory scales, we examine claims of
“dysbiosis,” when host illness is proposed as the consequence of a community
state. Our analysis concludes with general observations about how methodologies relate to explanations, and the implications for microbiome research.
1. Introducing Microbiome Research

Microbiome research is the analysis of the aggregated molecular components of a deﬁned microbial community (“microbiota”).1 Our examination
of this ﬁeld will focus on how causality is assigned in microbiome analyses,
We are grateful for comments from discussion groups at Dalhousie University and the
University of Sydney, as well as from one of our anonymous referees. MAO is supported
by the French government’s “Investments for the Future” Programme, IdEx Bordeaux
(ANR-10-IDEX-03-02). DJS is funded by the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme—Grant agreement
no 637647—IDEM.
1. Although it was once common to distinguish the microbiota (the organisms) from
the microbiome (their collective genome), current practice is often to refer to both organisms and their molecular bases as microbiomes. See Prescott (2017) for a discussion of
the confused history of these terms. We will follow the older and narrower convention,
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2. Historical Background to Microbiome Research

Microbiome research is a recent development in the life sciences. Its roots
lie in microbiology and molecular genetics, but its implications reach
beyond what is traditionally seen as microbiological subject matter. In
its historically classic form, microbiology is a laboratory-based science
focused on pure cultures of microorganisms. Pure culturing methods became so central to microbiology because of their experimental credentials
but quite a lot of the literature we cite does not. The broader use of the term sometimes
invokes the much older ecological meaning of “biome” to justify the organismal application
of microbiome). We will return to the potentially ecological interpretations of “microbiome” in Section 5.
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and what methodological strategies are used to identify communities or
components of those communities as causal contributors to host states. Earlier
microbiome research was conducted at a broad scale via bioinformatic analyses of environmental samples, then backed up by whole community transfer
experiments. These “top-down” ﬁndings, in which the whole community is
treated as a unit of investigation, indicated that communities might act as
causal agents. More recently, as microbiome research has reconnected with
traditional experimental methods, communities have been decomposed in
the “bottom-up” search for traditional causal agents, such as single organisms,
or small groups of them, and their biochemical activities. These top-down
and bottom-up methodological strategies do not, however, map straightforwardly onto top-down or bottom-up explanations. This incongruity has
implications for the claims that can be made about the locus of causal action.
In the following discussion, we outline some developments in how
causality is investigated in microbiota-host research, and what the implications of various methodologies are for how these systems feature in
explanations. We ﬁrst trace how microbiome research (especially that based
on human gut microbiota) has developed historically through association
studies, in which community patterns have been linked to broader system
outcomes such as the health and disease states of human hosts. We then
discuss recent research that returns the ﬁeld’s focus to traditional targets of
microbiological experimentation: populations and speciﬁc biochemical
pathways. We illustrate this shift with brief accounts of new mechanistic
insights into choline metabolism and Clostridium difﬁcile therapy. Our
analysis then turns to the explanatory conundrum of “dysbiosis,” in which
claims are made about host disorders as causal products of communityscale changes in microbiota. We suggest that understanding how methodologies work at different scales can revise superﬁcial impressions about the
explanatory and conceptual implications of microbiome research.
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in establishing microbial causality via Koch’s postulates. The latter describe a sequence of isolating, culturing, and returning microbes to hosts.
They aim to demonstrate speciﬁc and consistent microorganismal effects,
especially those implicated in disease and food spoilage (Gradmann 2000;
Mendelsohn 2002; Ross and Woodward 2016). Biochemistry, as it rose
to prominence in microbiology in the early twentieth century, further
narrowed causal attributions by identifying the biochemical pathways by
which single lineages of microorganisms or small groups of them produce
effects (Singleton and Singleton 2016). Organism-speciﬁc activity has thus
been the traditional locus of causal assignment in microbiology.
At the same time that the laboratory-based pure culture approach
became established in the late nineteenth century, another set of practices
developed. It focused on microorganisms in natural environments (see
O’Malley 2014). This ﬁeld also took a biochemical approach, and in the
middle of the twentieth century productively encountered molecular
genetic methods. In the 1980s, molecular efforts to understand microorganisms in their natural environments took a transformative turn. Norman
Pace and colleagues looked beyond the genes of isolated cells in laboratories.
They applied the maturing technology of DNA sequencing to in situ samples
of microbial communities (e.g., Stahl et al. 1985; Olsen et al. 1986). Most of
these early environmental studies focused on genes for ribosomal RNA
(rRNA), which had already been established as useful markers for evolutionary analyses (Woese and Fox 1977).
As evolutionary and ecological molecular approaches gathered momentum in microbiology, sequencing technologies and bioinformatic tools
were also developing in both scope and speed. Entirely new pictures began
to emerge of previously unrecognized microbial diversity (e.g., Mullins
et al. 1995). Culturing had for the time being reached its limits in revealing microbial diversity in many environments, often because the “pure”
growth of unknown microorganisms was obstructed by the complex interdependencies in their communal lifestyles (Amman et al. 1995). The
sequencing of a very large fragment of DNA in a marine sample, followed
by identiﬁcation of the uncultured organismal group to which it belonged
(Stein et al. 1996), was conﬁrmation that not only was this sequencebased methodology feasible but also that it would produce novel ﬁndings.
This approach made an unexpected discovery of proteorhodopsin, a lightreactive protein in marine bacteria, which was then conﬁrmed experimentally as functionally active (Béjà et al. 2000). The proteorhodopsin study
demonstrated very effectively that environmental sequencing of community samples could lead to major discoveries, and that these could then
be interrogated further by classic scientiﬁc methods (see O’Malley 2008
for an overview).
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With ongoing improvements in sequencing technology and large datascale analysis, attention shifted from single genes (e.g., rRNA) to whole
genomes. When these analyses targeted “environmental” genomes (i.e., the
DNA extracted from samples collected from a range of natural environments), metagenomics was born. The ﬁrst use of “metagenome” was in
a manifesto for soil metagenomics in 1998 (Handelsman et al. 1998,
p. R245). In that paper, molecular biologist Jo Handelsman and her
colleagues reﬂected on the untapped diversity of soils, which are a major
reservoir of medically and industrially important microbial compounds.
The new century saw metagenomics ﬂourishing, as DNA from a very wide
range of environments and communities was sequenced and partly analysed
(Handelsman 2004).
Two quite different projects spurred on the ﬁeld as they showed researchers the potential of metagenomic tools. One was the metagenomic
analysis of the Sargasso Sea, a huge data-collection exercise that revealed
the extraordinary genetic diversity of microbial communities even in lownutrient environments (Venter et al. 2004). The other project was the analysis of a still more restrictive environment: the acidic and anoxic runoff from
a mine (Tyson et al. 2004). Identiﬁcation of all the organisms in this lowdiversity community was possible in the latter case; in the former, as well
as assessments of population genetic structure, the function of genes (including the light-reactive proteins discovered in earlier metagenomic samples)
could be tentatively assigned to uncultured organisms and inferences made
about their ecological roles.
As this new molecular ﬁeld of microbial diversity studies grew, attention
increasingly turned to the human body as an ecosystem in its own right.
The potential of metagenomic tools was suggested for “the second human
genome”—the microorganisms untouched by the achievements of the
high-proﬁle Human Genome Project (Relman and Falkow 2001, p. 206).
The gut metagenome in particular was recognized as an immense organ-like
source of genes and enzymatic activities that were mostly unknown, and
likely to remain so, if laboratory-based culturing studies remained the only
option (e.g., Eckburg et al. 2005; Zoetendal et al. 2004). Many gut microbes
can be cultured, but their full diversity (especially of anaerobes), plus their
interactions, were and still are not understood in detail. To develop this
understanding, international research consortia began to treat the human
body as constituting an ecological niche that with the gut microbiota forms
a complex multilevel system (Turnbaugh et al. 2007; O’Malley et al. 2014).
This ecological perspective began to inﬂuence an expanded interpretation of
the term microbiome, which was often taken now to emphasize “biome” and
its ecological connotations rather than “ome” and its more restrictive molecular interpretation (see footnote 1 for terminological debates).
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3. Descriptions and Causes: From Pie-charts to Mouse Models

A great deal of early research on the human gut microbiota and its microbiome produced compositional “pie-charts” (as did microbiota studies of the
skin, mouth and other niches). The charts map the DNA sequence categorizations in the microbiome of interest (Figure 1). These distributions of
sequence abundances are commonly presented at the phylum level. Despite
organismal groups being identiﬁed in this categorization, they are rarely
characterized beyond the molecular markers that identify them. Although
there is extremely ﬁne-grained microbial diversity at the species and strain
level in any single human body, it is much simpler to analyse molecular
patterns at the coarse phylum level. Phyla (sometimes called “divisions”),
are a very high level of taxonomic rank, just below kingdoms, and above
orders, classes, families, genera, and species (in descending order of the
taxonomic hierarchy). There are anywhere between 30 and a thousand bacterial phyla recognized by different methods and criteria.2 The great majority
of healthy human guts so far sampled are dominated by only two phyla:
Firmicutes and Bacteroidetes (Figure 1). Together they comprise about
90% of human microbial gut diversity.
2. The phylum rank is not recognized by ofﬁcial classiﬁcation nomenclature (Parte
2013), and it is not clear what the boundaries for a prokaryote phylum would be, or
how many bacterial phyla there might be, especially with burgeoning environmental discoveries of putative bacterial phyla (e.g., Yarza et al. 2014; Brown et al. 2015). Recent
microbiome classiﬁcation pushes toward lower taxonomic levels (e.g., Johnson et al.
2017; Duvallet et al. 2017), but broad-brush pictures are still the norm.
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Although non-human ecosystems are at least as interesting and important as human ones, there is no denying that the sheer amount of research
on the human microbiome, and particularly the gut microbiome, make it
an obvious focus for tracking how microbiome research has developed and
how causal inferences have been made in that development. The vast
majority of human microbiome literature focuses exclusively on bacteria,
which are the most abundant forms of life in the gut. This is done not only
for pragmatic reasons of reducing the complexities of analysis (i.e., leaving
out viruses and other unicellular organisms), but also because the greater
biochemical diversity in bacteria is thought to have more impact on the
human body. But as well as sequencing the gut community genomes
(or genetic markers in those genomes), then seeking patterns in that data,
human microbiome projects began to explore causal claims on the basis of
association studies. Causality was attributed to communities, which were
initially discussed as if they were causally cohesive in the effects they
brought about in hosts.
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Once the composition of a microbiome—such as that of the human gut—
has been roughly described and categorized, these patterns can be “linked”
to or associated with particular health and disease states. Comparison
with microbiomes in humans lacking the disease indicates visually how
phyla patterns are different in diseased hosts (Figure 2). Although these
comparisons are done for numerous body niches, it is the distal gut—the
large intestinal colon—that has been the focus of the most work (Marchesi
2011). This trend has been driven partly by the ease of access to gut microbiota diversity, which is commonly via faecal samples. Although there are
questions about the adequacy of this representation,3 by and large this
representativeness has been and still is taken for granted.
For some important diagnostic and predictive purposes, phyla proportions may potentially tell researchers about disease states. Numerous
3. The composition of microbiomes sampled via faeces versus intestinal biopsies are
often not concordant (Momozawa et al. 2011). There are indications that samples taken
directly from the gut will more accurately predict disease states (Gevers et al. 2014).
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Figure 1. A variety of human microbiomes (the molecular compositions of
particular communities) represented proportionally at the phylum level by
pie-charts (based on Spor et al. 2011; adapted by Michel Durinx (https://centimedia.
org/) and used with permission from Nature/Springer/Palgrave, Nature Reviews
Microbiology, copyright 2011).
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studies, including some formative microbiome research, have shown that
an elevated proportion of Firmicutes is associated with host obesity and the
metabolic syndrome accompanying it (e.g., Ley et al. 2006; Turnbaugh
et al. 2006, 2008). Phylum-level patterns associated with conditions such
as human obesity have been described as “highly conserved bacterial traits”
that affect host phenotype (Ley et al. 2006, p. 1023). Although obesity
investigations are emblematic of human microbiome association studies,
a wide range of other diseases, including brain and behavioural disorders
(Bercik et al. 2011; Hsiao et al. 2013), have now been associated with
coarse changes in microbiota diversity. Many of these association studies
do not, however, go on to examine any causal implications very thoroughly
(i.e., whether changes in composition are causes or effects of disease states).
Knowledge of associations can in some cases be backed up by experimental regimes, in which entire microbiota are transferred into animal
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Figure 2. A typical representation of the human gut microbiome and associations
between broad compositional patterns and disease (based on Spor et al. 2011; adapted
by Michel Durinx (https://centimedia.org/) and used with permission from Nature/
Springer/Palgrave, Nature Reviews Microbiology, copyright 2011). Sometimes only a
few samples underpin such patterns, which is statistically very low-powered given
how much inter-individual variation exists between each human’s microbiome.
Ideally such associations should be interpreted as patterns worth exploring, and
not as statistically robust correlations, but sometimes stronger interpretations
are made.
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4. This is surprising because of the phylogenetic speciﬁcity of many microbiota-host
relationships (Chung et al. 2012; however, cf. Seedorf et al. 2014, which shows some unexpected ﬂexibility).
5. Small sample sizes and their statistically underpowered ﬁndings play a role here,
as noted in section two.
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hosts, mostly mouse models. Led by early efforts in Jeffrey Gordon’s lab,
microbiome researchers began to manipulate microbiota experimentally.
This work involves “germ free” laboratory mice. They are born by caesarean
section and raised in sterile environments (including irradiated food) so that
they are not colonized by microbiota, unlike conventionally born and reared
mice. Microbiome researchers transplant microbiota samples—commonly via
faeces from conventional mice with speciﬁc phenotypic properties, and even,
surprisingly, from humans4—into these germ-free model mammals, and
then track physiological changes in order to scrutinize cause-effect relationships (Turnbaugh et al. 2006, 2009; Ridaura et al. 2013). Researchers have
frequently found that transplanting phyla-differentiated microbiota into
mice can make a major physiological difference to the host. In other words,
transmission of phenotype at the organismal (mouse) level can occur via
transmission of the microbiota. In these cases, “the microbiome is considered
causal” (Goodrich et al. 2014, p. 250).
Although there are additional and possibly confounding causal factors
that must be taken into consideration (especially diet, and medications such
as antibiotics), research using mouse models and entire microbiota transplants became the gold standard for causal attributions in microbiome studies. Once again, obesity has been a particularly successful example of
phenotypic transfer by microbiota transplant, conﬁrming the causality
inferred from bioinformatic associations (e.g., Turnbaugh et al. 2009).
Firmicutes-Bacteroidetes proportions, or other broad changes in community
diversity, continued to be implicated as signiﬁcant causal contributors to
obesity and other diseases.
But as microbiome research has developed further, phylum-level proportionality or decreased diversity turns out to offer less insight into human (and
mouse) obesity and other conditions than originally anticipated (Duvallet
et al. 2017; Finucane et al. 2014; Sze and Schloss 2016; Walters et al.
2014).5 Both increases and decreases of key phyla may be associated with
obesity. Even worse, experimental replications have contradicted previously
postulated effects of microbiota changes (Fleissner et al. 2010; Harley and
Karp 2012; Schwiertz et al. 2010). One response is to see if consistent observations can be achieved by increasing sample size (e.g., Beaumont et al. 2016;
Falony et al. 2016). Another is to look within the community for smaller
scale causal agents.
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4. From Top-down to Bottom-up Microbiome Analyses

4.1. Choline Metabolism

Choline is an essential human dietary nutrient found primarily in red meat
and egg yolks. Gut microbes convert some of it anaerobically to trimethylamine, which is then oxidized in the liver. Trimethylamine in this oxidized
form is associated with cardiovascular problems in humans and mice (Tang
and Hazen 2014).8 An important step in unravelling this causal chain
showed that mice fed with choline tend to develop atherosclerosis (hardening of the arteries), and more precisely, that suppressing all gut microbes
in mice inhibits this disease (Wang et al. 2011). But rather than attribute
causal agency to the microbiota generally or to certain proportions of
phyla, the next research step zoomed in on a gene cluster of a sulphatereducing gut bacterium. This organism could be cultured and manipulated genetically (Craciun and Balskus 2012). Researchers then went on
to characterize the exact mechanism of how this bacterium metabolizes
choline. They noted that their discovery “shows the potential of combining
analysis of a biochemical mechanism with bioinformatic analysis” (Craciun
6. Not all these citations refer to exactly the same combinations of approach, but their
distinctions are broadly consistent. We include the mouse microbiota transplants in the
top-down category, because these experiments are transferring the whole community and
looking for host-wide effects.
7. Thanks to Andrew Roger (Dalhousie) for suggesting this example.
8. A few studies show no connection between choline intake and atherosclerosis, but
they are in the minority.
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Establishing ﬁne-grained causal relationships has become for many microbiome researchers the driving aim of the ﬁeld (Fischbach and Segre 2016;
Gilbert et al. 2016; Surana and Kasper 2017). This wave of research
focuses on pinpointing, for example, “the speciﬁc bacteria exclusively
associated with obesity” and other health-disturbing syndromes (Harley
and Karp 2012; Zhang et al. 2009, p. 2365; Zhao 2013). Some researchers
describe efforts to carry out ﬁner grained experimental-mechanistic work as
“bottom-up” microbiome research, in order to distinguish it from the “topdown” methodologies discussed in Section 3. The latter are driven by computational analyses and pattern-seeking approaches, then supplemented
by whole-microbiota transplants to mice (e.g., Huttenhower et al. 2014,
Macpherson et al. 2015, Moya and Ferrer 2016).6 However, many bottom-up
approaches are based on or include top-down approaches that treat the
community as a whole before doing traditional cause-establishing research.
New microbiome research on choline metabolism7 and Clostridium difﬁcile
therapy show how these emerging decompositional approaches work.
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4.2. Clostridium Difﬁcile Therapy

One of the most dramatic success stories in microbiome research comes
from the use of faecal microbiota transplants (FMTs) as treatments for
Clostridium difﬁcile infections in human intestines. This organism, which
is often carried asymptomatically and only becomes pathogenic after antibiotic treatments (especially post-surgery), can cause long-term illness,
pain and eventually death to infected humans. C. difﬁcile forms spores,
which enable transmission are also resistance to antibiotic therapies against
the organism. More than four decades of studies of various degrees of rigour
and duration have shown that microbiota transplants from healthy humans
9. This combination of top-down and bottom-up methods is why the proteorhodopsin
story was such a powerful motivator for metagenomic research (see Section 2).
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and Balskus 2012, p. 21310), so that speciﬁc causal agents can be localized
in broader microbiome patterns. This combination of top-down and
bottom-up methodologies also worked for studies that tracked the conversion of another red meat substance, L-carnitine, to trimethylamine via gut
microbes (see Falony et al. 2015 for an overview).
What appears to be happening in the choline research area is a traditional decompositional analysis, in which microbiota systems are broken
down to their parts, and methods applied to identify the details and ordering of causal effects (for a list of other examples, see Fischbach and Segre
2016). This classic approach aims to ﬁll in the mechanistic links in a causal
chain. Other interactions exist, to be sure, but they are given background
status. For example, when the choline metabolism process is tracked by
experiment and biochemical inference to identify a pathway in an organism, it does not mean that the production of trimethylamine is necessarily
conﬁned to a single organism (see Zhu et al. 2016) but that any additional
choline metabolizers need to be studied separately.
Other areas of research, particularly concerned with how the human
immune system develops in concert with microbiota composition and function, also show considerable promise for ﬁlling in detailed mechanistic steps
between microbiota patterns and human disease (Round and Mazmanian
2009; Hooper et al. 2012). Both biochemistry and immunology are experimentally focused sciences, and they appear to be drawing on large-scale
bioinformatic analyses primarily in order to stimulate hypotheses and their
experimental investigation.9 But not all microbiota research works in this
way; some of it shows consistent effects from community-level intervention.
Nevertheless, even in these cases, there is explanatory pressure to “downsize” causality by pinning causal interactions to the organismal level.
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5. Dysbiosis and Homeostasis in Microbiome Explanations

Constructing causal explanations is a key motivating activity for scientists.
Descriptions of these causes are part of the standard mechanistic explanatory
apparatus that is taken for granted as the basis of good science.10 Decompositional analyses are usually what enable mechanistic causal attributions
(Bechtel and Richardson 1993). Retaining a causal focus on communities
might thus seem unlikely to continue as the ﬁeld develops. However, the
10. The same is not true of much medical research, especially “evidence-based medicine,”
where evidence for mechanisms is often very low down in the evidence hierarchy (Andersen
2012; Howick 2011; La Caze 2011).

Downloaded from http://direct.mit.edu/posc/article-pdf/26/2/239/1790385/posc_a_00274.pdf by guest on 02 July 2022

can suppress C. difﬁcile activities and effects (Kassam et al. 2013; van Nood
et al. 2013). The relative proportion of Firmicutes and Bacteroidetes is reportedly “restored or ‘rebalanced” in the receiver’s gut by microbiota
transplants, and the various symptoms of C. difﬁcile infection disappear or
ameliorate as this general state of “dysbiosis”—an unhealthy composition of
the community—is remedied (Borody and Khoruts 2012).
However, even though this intervention is done at a community scale
(i.e., the entire microbiota, or at least as many as survive passage from one
human body to another via faecal transplant), for some scientists this strategy is seen as a stop-gap measure rather than an intervention that suggests
causal efﬁcacy at the community level. There has already been some success
in decomposing the “anti-dysbiotic” FMT microbiota, experimentally and
mathematically by “rational design.” This work targets the precise causal
agents that ameliorate C. difﬁcile infections (e.g., Bufﬁe et al. 2015; Lawley
et al. 2012, Almeida et al. 2016). In a particularly powerful combination
of methods—biochemical experiments, bioinformatic analysis, and mathematical modelling—one of these studies identiﬁed the secondary bile acid
synthesis carried out by certain organisms (other Clostridium species, especially C. scindens) as the speciﬁc biochemical mechanism by which C. difﬁcile
growth is suppressed (Bufﬁe et al. 2015).
The identiﬁcation of ﬁner grained causality in bottom-up studies is
done not just for the sake of basic scientiﬁc explanation, but also to develop
therapeutic treatments that exploit these discoveries of causal pathways.
Despite the successes of community-level FMT interventions on C. difﬁcile
infections, drug development efforts are based on the belief that causality
should be attributable to identiﬁable lineages, and to isolatable pathways
in those lineages. These “bottom-up” accounts of causal agency in microbiota research thus attempt to follow quite traditional scientiﬁc practices
in microbiology, even when initial efforts were able to make loose causal
ascriptions at the higher community level.
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11. See, however, Gevers et al. (2014), for an example of a more precise “dysbiosis index”
correlated with a particular disease state.
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microbiome story is not necessarily one of a broad-brush view being rightfully replaced by a more detailed and complete one as the ﬁeld develops.
Microbiome researchers continue to hint at or even argue explicitly for
community-level causation that might resist such decomposition.
One of the most obvious ways this occurs is when microbiome researchers
attribute “dysbiosis” to the community level, by reasoning that “some diseases
might result from dysbiosis rather than the presence of a single disease-causing
microbe” (Clemente et al. 2012, p. 1263). Such claims are justiﬁed by beliefs
that “it is likely that no one single organism will work most effectively, but
rather a complex assortment of organisms will provide the maximum beneﬁt”
to the host (Petersen and Round 2014, p. 1030). Dysbiosis in microbiome research is deﬁned very loosely, and refers broadly to a “compositional or functional shift within host-associated microbial communities that has the
potential to facilitate growth of pathogens and/or [the] onset [of] diseases”
(Arnold et al. 2016, p. 889; see Hooks and O’Malley 2017 for a critique).
Changes to phylum ratios or general decreases in diversity commonly
serve as markers of dysbiotic alterations (Lewis et al. 2015). These changes
are detected post-hoc, when hosts known to be diseased exhibit “change
to the composition of resident commensal communities relative to the
community found in healthy individuals” (Petersen and Round 2014,
p. 1024). However, this ideal or normal state is usually unspeciﬁed, or simply described as having more diversity.11 Moreover, it is usually impossible
to discern whether inferred dysbioses occur prior to the disease they are putatively causing or afterward, as a consequence of the disease (Bäckhed et al.
2012). There may also be common causes, such as diet or inﬂammation,
that produce both the altered microbiota composition and the disease.
When dysbiosis is proposed as a system-level explanation of host physiology, it is often implied that there is a “balanced” state to which the
whole microbiota normally contributes. This balance is thought to arise
from the evolved normalness or optimality of the sum of interactions between human bodies and their microbial commensals (e.g., Belkaid and
Hand 2014; Fuentes et al. 2014, Reid et al. 2011). It is common in
microbiota research to refer to this supposedly balanced state as one of
“homeostasis,” although sometimes the terms “eubiosis” and “normobiosis” are used (e.g., LePage et al. 2013; Schulberg and De Cruz 2016).
Just as for claims about dysbiosis, homeostasis is asserted very casually
and loosely, as something “normal” and physiologically desirable (e.g., Reid
et al. 2011). Quantiﬁed theoretical claims, such as might accompany traditional cybernetic views about homeostasis, are not attempted.

Perspectives on Science

251

Downloaded from http://direct.mit.edu/posc/article-pdf/26/2/239/1790385/posc_a_00274.pdf by guest on 02 July 2022

What do bottom-up methodological developments in microbiome
research mean for dysbiosis and homeostasis and their implicit and
explicit claims about community-level causation? And more generally,
why might changes in community-scale composition, especially different
proportions of phyla, even be thought of as plausible causal agents in the
ﬁrst place? One answer comes from general perspectives on systems and
explanations at the system level. It is well known that system states can
produce effects, and that such relationships may not be revealed by simple experimentation that searches for and establishes single mechanisms
and linear causal chains (see Green et al. 2017).
A more substantive reason for continuing to focus on the community
as a causal locus is the extraordinary functional redundancy in communities such as those of the human gut. Knock out one species or strain,
and another will commonly supply the same products. Robust function
supplied by networks of genes and metabolic pathways may be the relevant explanatory locus rather than the more transient individual taxonomic units that bear and share such genes (Doolittle and Booth
2016; Louca et al. 2016; Taxis et al. 2015). These networks will often
not be localized in single populations of organisms. Functional accounts
of how communities robustly bring about health or disease are now
seen as a way forward for community-based explanations of host state
(Knights et al. 2013; Levy et al. 2017; Moya and Ferrer 2016). Nevertheless, to understand these functional contributions, decompositional
analysis of the community still has to be done to show how members
work together to create functions that are distributed across different
lineages of organisms. Even when clusters of organisms from different
lineages are known to be causal players, knowledge of the individual
genes and pathways that make up that cluster is required by the current methodological conﬁguration and explanatory expectations of the
ﬁeld.
For example, network models based on high-throughput data (which
microbiome research has in abundance) are an important means of
making system-level explanations (Borenstein 2012; Faust and Raes 2012;
Greenblum et al. 2013; Layeghifard et al. 2017). However, revealing the
organizational structures of microbiome networks continues to be done on
the basis of associations (e.g., Greenblum et al. 2012), and many network
explanations still require the identiﬁcation of localized mechanisms (e.g.,
Noecker et al. 2016). A different strategy is to analyse community-scale
correlations with host states more rigorously in order to evaluate whether
causal claims can be justiﬁed (Cho and Blaser 2012; Gilbert et al. 2016).
Larger samples and more detailed analysis of the conditions that affect
microbiota composition will also help reframe and reﬁne community
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6. Implications of Microbiome Research Methods for Explanation

Earlier, we described how microbiology’s pure-culture approaches had to
isolate organisms from their complex communities in order to home in on
12. This form of community genetics is not the medical or public health version.
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association approaches (Falony et al. 2016), and thus potentially enable
system-level explanations of microbiome effects.
Many microbiome researchers also expect that community-scale ecological models will eventually enable predictions and explanations of microbiota states and their effects (Costello et al. 2012; Coyte et al. 2015;
Marino et al. 2014). In plant and animal ecology, models of community
stability have been important for explanations of ecosystem dynamics
that range from collapse to ﬂourishing (see Justus 2008; McCann 2000).
Likewise, in microbiome research, the stability or instability of wholecommunity composition is thought to be an explanatory candidate for
some disease states in hosts (e.g., Jeffery et al. 2016). Community genetics,
usually applied to plant communities (Whitham et al. 2006),12 may also provide explanatory resources for microbiome explanations at the community
scale by showing how genetic variation in populations contributes to community structure and ecosystem behaviour (Skillings 2016).
An illustration of a rudimentary ecological explanation of microbiota
and host builds on the success of FMTs in “curing” C. difﬁcile pathologies.
The inﬂux of donor microbes is hypothesized to affect the niche structure
of the gut due to the transplanted microorganisms taking over niches that
C. difﬁcile had usurped. This takeover also explains the diversity depletion
of the pre-transfer microbiota, which is strongly associated with C. difﬁcile
infection (Khoruts et al. 2010; Lawley and Walker 2012). Explanations like this,
while still sketches, could be ﬂeshed out and provide genuinely communitylevel ecological explanations. This ﬂeshing-out, however, would require the
initial decomposition of the community to understand the functional roles,
niches, and interactions that led to the success of the transplant.
Although we think it likely that the future of microbiome explanation
will be ecological (and would thus emphasize the “biome” interpretation of
microbiomes—see Section 1), a great deal of methodological development
and detailed research is required before community-level hypotheses about
stability, robustness and “dysbiosis” are established on a stronger evidential
and inferential knowledge base. For the time being, such hypotheses provide at best indications of scenarios that need further attention and might
eventually be ﬁlled in mechanistically. A key issue here is whether communities treated as methodological targets will map onto the explanatory
targets of microbiome research.
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Table 1. Top-down and bottom-up interpretations. Although it looks as
if the entries in each column should work together, we suggest that
microbiome research may currently be restricted to explanations on the
bottom-up side, even when top-down methodologies are employed.
Current methodological and explanatory achievements are shaded.
Bottom-up

Methodological target

Community patterns

Individual organisms
and pathways

Explanatory level

System states as
mechanisms

Single components
and mechanisms

Explanatory strategy

Non-decompositional

Decompositional

central relationships of cause and effect. Now, microbiome research is in
search of explanations generated on the basis of ﬁndings from communitylevel methods. It is not clear that current methodologies are necessarily
going to achieve explanations at the community scale (Table 1). Current
restrictions on transforming community-level ﬁndings to explanations at the
same scale do not mean top-down attributions are irrelevant or redundant:
at the very least, top-down associations and experiments play a central role
in identifying broad and potentially causal relationships. But it is more traditional methods of decomposing those entities and isolating very speciﬁc
effects that seem to be picking up the epistemic baton for the microbiome
research community.
Early microbiome research, driven by bioinformatic analyses and top-down
experimentation, necessarily worked with and drew attention to communityscale patterns (Huss 2014; Manor et al. 2014). But now, as more traditional
methods of experimentation are brought to bear on microbiota, the causal
focus often becomes a smaller system: an organism or population of organisms that possesses particular biochemical pathways. For better or worse,
scientiﬁc conﬁdence about causal claims tends to be built on experimental
manipulation of small-scale systems and their components (Craver 2006).13
Claims about dysbiosis might at ﬁrst glance be thought to function as
explanatory place-holders for more substantive accounts of how community proportions or diversity generally affect host health. Particularly
when causality is localized to speciﬁc microbe-host interactions, as in
13. In biomedical research, where microbiome analysis has achieved considerable inﬁltration, conﬁdence comes from randomized controlled trials. Such trials are not anticipated
to play a large role in microbiome research’s immediate future, except for simple treatment
regimens involving probiotics and microbiota transplants.
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Top-down
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7. Implications for Conceptualizing Microbiota

One important consequence of understanding the relationship between
methodological and explanatory strategies in microbiome research has to
do with the ﬁeld’s implications for biological and evolutionary individuality (this is a topic commentators from outside the ﬁeld have found particularly interesting, although many of them have paid limited attention
to microbiome research practices). If microbial communities bring about
host effects primarily as a whole, then these systems might be understood
as closely integrated, functionally intertwined, mutually dependent groups of
organisms. Often, claims that microbial communities form cohesive causal
entities ﬂow into assumptions of evolutionary unity; such assumptions
are now seriously criticized (e.g., Douglas and Werren 2016).14 However,
14. We will not linger over these debates here, but do suggest they need viewing from
an explanatory angle.
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the choline and C. difﬁcile cases, suggestions of dysbiosis as the loss of
homeostasis or natural balance appear to be too loose and global to do
much genuine explanatory work. Relationships between microorganisms
and their human hosts might in some cases at least be explained by speciﬁc
interactions between individual organisms and pathways, rather than
broad assertions about dysbiosis and homeostasis. This does not mean that
claims about community-level states such as dysbiosis are made false, but
that the pressure is mounting for them to be evaluated more rigorously and
ﬁlled in mechanistically (e.g., Hooks and O’Malley 2017; Olesen and Alm
2016).
However, although mechanism-oriented research can indeed provide
causal explanations of particular phenomena, it is clear there are many instances when causal complexity overwhelms straightforward mechanistic
accounts (Andersen 2012; Green et al. 2017). Even though microbial communities may eventually be decomposed causally, explanatory payoff is
still expected at the larger scale, on the grounds that network or largescale ecosystem properties may achieve host effects. However, achieving
community-level explanations of host health and disease continues to be
dependent on knowledge about small-scale causal agents. Assigning causality in such situations and pursuing broad system-level mechanisms (e.g.,
putative dysbiosis states) still await the development and application of
appropriate methodologies and explanatory strategies in microbiome research. So far, the maturation of microbiome research highlights how explanations are not necessarily generated at the same scale as the methodological
starting point.
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The shared evolutionary fate of humans and their symbiotic
bacteria has selected for mutualistic interactions that are essential
for human health, and ecological or genetic changes that uncouple
this shared fate can result in disease. (Dethlefsen et al. 2007,
p. 811).
The underlying rationale is that because humans without microbes do
not exist, evolution must surely have worked out ways for humans to get
along positively, and even optimally, with their passengers. There should,
therefore, be causally tight and ultimately beneficial relationships that
unify host and microbiota. This line of thinking informs views of dysbiosis:
perturb the evolved mutualistic relationship, and there will be bad consequences for the whole system of host and microbiota (e.g., Schwabe
and Jobin 2013; Wu and Lewis 2013).
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even when it is only physiological unity being considered, the degree of
cohesiveness between members in any community still needs to be worked
out with regard to speciﬁc causal interactions. Many important negative
and positive causal interactions will almost inevitably localize to populations
within those communities, and vary according to how those groups interact
differentially with other populations in the host environment (e.g., Estrela
et al. 2016).
The strength of any interactions between populations is also dependent
on environmental variables such as diet, dispersal ability, geography, and
host physiology (Falony et al. 2016). These factors are unlikely to operate
on different populations in exactly the same way, nor on the relations between them. There will be different degrees of cohesiveness between components (populations) of the microbiota. Thus, for many explanatory
purposes, such as the investigation of speciﬁc health or illness states, the
focus will not be the community as a whole. Each case will require careful
analysis of speciﬁc causal interactions, and assessments of whether microbiota activities are widespread or localized, negative or positive. There may
be some historical parallels here with plant community research of the
early part of the twentieth century. Notions of a highly organized community (a physiological unit) were eventually eclipsed by views that such entities are more helpfully understood as structured assemblies of individual
organisms with speciﬁc causal inputs (Odenbaugh 2007). By understanding
these individual activities, insight into community dynamics is gained.
One factor that may have contributed to assumptions about the physiological unity of microbiota is that early human microbiome analyses took
for granted the mutual beneﬁts of human-microbiota relationships (e.g.,
Bäckhed et al. 2005; Hooper and Gordon 2001). Evolutionary accounts
have been given of these assumed mutual beneﬁts. For example,
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8. In Summary

Focusing on the interaction between methodology and explanation in
microbiome research may thus deﬂate expectations about groups of diverse
organisms (such as hosts and their microbial communities) as uniﬁed biological or evolutionary entities. Identifying the actual locus of explanation
is central to understanding not just what microbiota are but what they do.
As we have argued, there are many ways in which explanation may be
pitched at the system level. Genuinely ecological approaches to explanation can make sense of phenomena produced by communities through a
range of interactions, many of which have yet to be understood at the
relevant causal level. But for now, disentangling explanatory expectations from methodological achievements can help to understand what
the ﬁeld of microbiome research has accomplished and where it might
potentially develop.
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