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Abstract

Microbial communities perform metabolic processes that sus-
tain life on Earth and promote human health. Microbial con-
sortia sustain these functions in the face of constant structural
and environmental perturbations. How do complex commu-
nities robustly sustain their functional properties despite per-
turbations? Most studies of functional robustness in the
microbiome have been limited to biodiversity and functional
redundancy, the idea that there are multiple members of the
community that can sustain a specific function. Here, we pro-
pose that ideas from other complex biological systems may be
applied to deepen our understanding of microbiome robust-
ness. By surveying the causes of functional robustness in a
variety of biological systems, including proteins and cells, and
discussing how they can be applied to the microbiome, we
build conceptual and experimental frameworks for under-
standing the functional robustness of microbial communities.
We hope that these insights might help better predict and
engineer microbiome function.
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Introduction

Complex ecosystems across biological scales have
persisted in the face of perturbations, including envi-
ronmental shifts, invasions, mutations, and stochastic
fluctuations in both the internal makeup and external

circumstances. Not only have ecosystems maintained
their core functions, such as the carbon and nitrogen
cycling that sustains life on Earth, but they have also
adapted to diverse niches. Such resilience is surprising
because a complex system, consisting of many mutually
dependent interacting parts, might be sensitive to
perturbing any of its many parts or interactions.
Therefore, it is important to ask why natural ecosystems
are functionally robust. The advent of high-throughput
methods for characterizing the structure and function
of microbial communities offers an unprecedented op-
portunity to elucidate the robustness of micro-
biome function.

Robustness and its mechanisms have been extensively
studied in macromolecules, gene regulatory networks,
metabolic networks, and organismal development, but
little is known about the extent and causes of robustness
in microbiome function. We argue that adapting
knowledge from other complex systems can foster new
ideas and experiments to elucidate microbiome
robustness, which would ultimately help engineer
robust microbial communities with practical applica-
tions and predict the response of global microbiome
function to climate change. To that end, we begin with a
definition of robustness and its theoretical and practical
importance. We review how microbiome robustness has
been studied, and then explore mechanisms of robust-
ness in other complex systems and how they might be
applied to the microbiome.

Why study robustness?

Robustness is the persistence of an attribute in the face
of perturbations. Similar concepts include buffering,
canalization, homeorhesis, tolerance, resistance, or
resilience. Robustness in the microbiome can be studied
from both structural and functional perspectives.
Structure refers to the taxonomic or genomic composi-
tion of the microbial community; a microbial community
is structurally robust when its composition remains
stable amidst perturbations. This review focuses on
functional robustness because it is pertinent to engi-
neering microbiome function. Here, we define micro-
biome function as a community-level metabolic trait
that emerges from the collective activity and in-
teractions of individuals, such as changes in microbial
biomass, metabolic rate, or metabolite flux. Under this
definition, function is not always equal to the potential
to carry out a function (genes present). A microbial
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community is functionally robust when it continues to
retain its metabolic function in the face of environ-
mental and structural perturbations. Environmental
perturbations encompass changes in the abiotic envi-
ronment, such as temperature, pH, carbon and nitrogen
resources, oxygen level, and moisture. Structural per-
turbations include changes in the abundance of micro-
bial species, immigration (invasion) or emigration, and
genetic alterations through mutation, horizontal gene
transfer, and recombination.

Studying robustness is important for both basic and
applied science. How are key metabolic functions, such
as nutrient cycling and metabolite flux in the gut and
rhizosphere, sustained in the face of environmental
fluctuations? Answering this question requires under-
standing what structural properties make complex sys-
tems more or less robust and how robustness emerges
over time. Robustness is also key to understanding the
relationship between microbiome structure and func-
tion [1]. Recent studies have uncovered tremendous
structural variations across natural microbial commu-
nities, but it is unknown whether these structural vari-
ations imply functional variation, or whether they are
neutral variations among functionally equivalent com-
munities [2]. The answer depends on the degree of
functional robustness because a robust system tolerates
more variation. Robustness is also related to the ability
of the microbiome to adapt to new environmentsdits
evolvability [3,4]. Robustness and evolvability appear
antagonistic at first, but theoretical and empirical evi-
dence from across biological scales show that robustness
promotes evolvability [3]. This is because robustness
permits neutral variations to accumulate (also called
cryptic genetic variation [5]), which serve as a source for
innovation in new environments.

With respect to applications, engineering functional
robustness is a key step in microbiome technologies.
One of the biggest hurdles to microbiome-based thera-
peutics such as probiotics is ensuring a consistent effect
across the spectrum of preexisting microbiota, dietary
factors, drug usage history, and other patient-specific
conditions. Because we cannot yet engineer robust mi-
crobial communities, current strategies utilize natural
consortia that appear to be functionally robust for un-
known reasons. One such example is the newly FDA-
approved fecal microbiome transplant Rebyota. Like-
wise, a principal challenge in microbial solutions for
agricultural applications is engineering robustness to
heterogeneous field conditions. Furthermore, given the
role of microbial communities in global carbon and ni-
trogen cycling, understanding robustness is essential for
predicting and potentially mitigating the consequences
of climate change.

How can we study robustness in microbial
communities?

Rigorous investigation of robustness requires the mi-
crobial function and types of perturbations to be pre-
cisely defined and quantified. Examples of quantifiable
functions include changes in total microbial biomass
[6,7] and the consumption rate of electron acceptors or
carbon sources [8el2] (Table 1). When studying host-
associated microbial communities, microbiome func-
tion can be indirectly measured through the host’s
phenotype, such as its health state [13,14], resistance to
pathogen invasion [15], plant growth, or lifespan/
fecundity [16], although the exact microbial role in
determining host phenotype may be unknown.

For perturbations, we can either perturb the environ-
ment or the structure of the microbiome. A common
strategy to induce structural perturbation is to manip-
ulate the relative or absolute taxonomic abundance by
building synthetic communities from isolated strains
[8,9,17e19]. High-throughput methods such as micro-
fluidics and robotics allow a large structural variation
space to be mapped, although exhaustive exploration is
typically prohibitive. Another possibility is to alter the
genetic makeup of the community using in-situ genome
engineering tools, such as CRISPR- [20e22] and phage-
based methods [23]. Although promising, these molec-
ular methods have not yet been employed to study
microbiome robustness.

The bottom-up approaches like building synthetic
communities are limited in that they cannot approxi-
mate the complexity found in natural microbiomes.
Although large-scale synthetic communities such as
119-strain hCom2 [15] have successfully recapitulated
some aspects of natural complexity, such as robust
pathogen resistance, they are still too simple compared
with natural communities that typically consist of hun-
dreds to thousands of strains. An alternative top-down
approach is to take natural communities in their full
complexity and indirectly perturb their structural
composition by changing the environment.

For environmental perturbation, the conventional
approach relies on studying the response of commu-
nities to natural variations in the environment. The best
examples are microbiome surveys accompanied by
environmental metadata, which have been performed
for soil [11,26], ocean [27], plant [28], and human [29]
microbiota (Table 1). While this approach preserves the
complexity of natural communities, it is limited in scale
and can only examine perturbations that nature has
applied. Also, since different environmental factors
change in a correlated fashion, it is hard to disentangle
the effects of the many environmental variables,
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Table 1
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Quantifiable microbiome functions and methods of structural and environmental perturbation.

(1) Measurable microbiome function

Host-associated

(2-1) Methods for structural
perturbation

(2-2) Methods for environmental
perturbation

Controlled lab or in-situ
environmental perturbation

Non-host associated

Synthetic community
approaches [8,9,17—-19]
In-situ microbiome engineering

Naturally occurring
environmental variation

Microbial biomass [6,7,24]

Metabolite consumption/production flux
[8-12]

Antibiotic resistance [25]

Human health [13,14], pathogen resis-
tance [15]

Plant growth, health

Fly’s fecundity and life span [16]

Phage-based [23]

CRISPR-based [20-22]
Soil [11,26]

Ocean [27]

Plant [28]

Human [29]

Microbial mats [30]
Soil [31—-34]

Ocean [6,12]
Plant [28,35]
Mouse [13]

Human [14,36]

limiting causal statements that can be made. Without in
situ or laboratory experiments, microbiome function can
only be inferred by mapping DNA sequences to func-
tional ortholog databases or by analyzing the abundance
of particular functional genes, such as antibiotic-
resistance genes. These limits can be overcome in a
hybrid approach that performs controlled laboratory
experiments on sampled natural communities
[6,12e14,28,31e33,36,37] (Table 1). Functional mea-
surements on samples in nature can be made alongside
induced environmental perturbations in a controlled
laboratory setting.

An open question is how robustness to structural and
environmental perturbations are interrelated. In other
biological systems, the two types of robustness are
typically correlated. Proteins that are robust to muta-
tions are also robust to temperature and chemical fluc-
tuations because both types of robustness can be
conferred by the same mechanismdenhanced thermo-
dynamic stability [2]. Likewise, the structural and
environmental robustness of gene regulatory networks
and metabolic pathways can also have similar mecha-
nistic bases [2]. This implies that a general under-
standing of microbiome robustness could be achieved
regardless of the particular choice of perturbation.

Current state of knowledge

Mechanisms for robustness in microbiome function
remain under-explored. Most studies of microbiome
robustness have focused on structural robustness
[30,32,38]. Global microbiome surveys and large-scale
perturbation experiments generally lack functional

measurements [30,33,39], and studies that do obtain
functional data have overlooked the question of
robustness and evolvability [9,18,40,41]. The few
studies that address functional robustness have largely
focused on functional redundancy [42e45] and biodi-
versity as possible mechanisms [24,46e49] (Table 2).
Therefore, there is a need for a comprehensive review of
mechanisms underlying functional robustness in other
complex systems, which can serve as guiding hypotheses
for studying the robustness of microbiome function.
The remainder of this review presents conceptual
frameworks and mechanisms of robustness established
from other biological systems and discusses their po-
tential application to the microbiome.

Mechanisms of robustness in other
biological systems

Conceptual frameworks to study robustness have been
established by a large body of work on macromolecules,
gene regulatory networks, and metabolic pathways.
These frameworks can be classified broadly as (1)
adaptive landscape thinking, which encompasses
mechanisms such as functional redundancy, distributed
function, and plasticity, and (2) network structure
thinking, which includes mechanisms such as modu-
larity (Table 2). Lastly, there is (3) theoretical ecology
thinking, which is derived from studies of
macro-ecosystems.

Adaptive landscape thinking

Adaptive landscape thinking has recently been applied to
microbial community function [1]. An adaptive landscape
(Figure la) is a mapping from the space of all possible
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Table 2

Mechanisms of robustness in a variety of biological systems.

Mechanism of robustness RNA Protein Genetic network Protein interaction/metabolic Communities
network
Adaptive Large neutral space Ribozyme [67,68] Fluorescent proteins [5,69] Feed forward signaling Human protein interaction E. coli populations [73]
landscape Beta-lactamase [63] network [70] network [72]
thinking Gene regulatory networks [71]
Functional Stem and loop Serine protease family [62] Yeast genetic network [54] Human metabolism [75] Soil microbiome [52]

Redundancy (secondary) RNA  PDZ family [58]

structure [2] Beta-lactamase [63]

Yeast ribosomal regulation
network [74]

Distributed function Stem and loop Serine protease family [62] Fly segmentation and
(secondary) RNA  PDZ family [58] cooperativity [78]
structure [2] Beta-lactamase [63]

E. coli genome-scale
metabolic network [79]
In silico evolved metabolic

networks [80]
Aphid colonizing gene Oyster ATP, lipid
cluster [81] metabolism [84]
Macrophage polarization [82] E. coli, Yeast,
E. coli synthetic genetic
network [83]

Functional plasticity

Network Modularity
PDZ family [58]
Beta-lactamase [63]

Ribozyme [67]
Gene activity phenotype [57]
Yeast ribosomal regulation
Protein solved tertiary
structures [86]

Human gut
network [74]

Theoretical Biological insurance
ecology theory (Biodiversity)
thinking

Yeast metabolic network [76]
Carotenoid network [77]

Human metabolic network [85]

Serine protease family [62] Embryonic development [4,87] Ribosomal protein network [88]
In silico metabolic network [89] metapopulation [55] thinking

Ocean microbiome [44]
Human gut [45]
Meta-study [42]

Microarthropod structure

microbiome [14]
Soil microbiome [61]
Synthetic bacterial
community [24]
Aquatic microbiome [46,47]
Soil microbiome [48,49]
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Figure 1

Adaptive landscape thinking
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Modularity

Conceptual frameworks for studying robustness and known mechanisms of robustness. (a) In this schematic adaptive landscape, the two hori-
zontal axes represent structural variations and the vertical axis represents function. (b) A neutral network is a group of variants with the same functionality.
Here, each node represents a structural variant of the system (e.g., a genotype or a microbial community with a particular composition), colored black
when their functionality is identical. Edges indicate that the two nodes are related by a point mutation or by a change in the presence or absence of a
single taxon. All structural states that correspond to this flat area of the functional landscape are functionally identical but structurally distinct. (c) Metabolic
networks illustrating functional redundancy, distributed function, and functional plasticity. S, substrate; E, enzymes; P, product. (d) Flux (amount of input
substrate converted into output product per unit time) as a function of enzyme activity in a linear metabolic pathway. E, enzyme; C, a constant; n, number
of enzymes (adapted from Ref. [2]). (e) Co-occurrence network with three modules illustrating modularity (adapted from Ref. [50]). Each node represents
a microbial taxon, and the edge indicates that the two nodes are highly correlated in their abundance in a pool of samples. (f) Relationship between
variation in function and species richness (number of species present in a community). This diagram illustrates how biodiversity can reduce functional
variance, thus increasing the system'’s robustness to environmental fluctuations (adapted from Ref. [51]).
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structural variations to function. For a simple DNA
molecule of two nucleotides, the space of possible vari-
ations can be drawn on a two-dimensional plane, each axis
representing the four possible bases at a site. The func-
tion of each genotype can then be plotted as the height. A
real adaptive landscape is high-dimensional and cannot
be directly visualized, but it offers a powerful way to
conceptualize how the structureefunction mapping
shapes robustness and evolvability. Evolution under nat-
ural selection can be conceptualized as climbing the
landscape; mutations randomly propose points in the
landscape to move to, and natural selection preferentially
drives the system to points with higher fitness. If the
landscape has a single peak, selection would drive the
system towards the peak. If there are many peaks (a
rugged landscape), evolution could get stuck in a local
optimum. In a rugged landscape, the outcome of evolu-
tion is sensitive to the starting point and particular vari-
ations sampled during evolution. Once the system
reaches a peak, it could remain in that peak or fall
because of structural or environmental perturbations. If
the system retains its function despite perturbations, we
can call the system robust.

The structure of a microbial community with n possible
species can be described by a vector recording the
abundance or presence/absence of each species: X =
(X1, X2, X3, ., Xy). This n-dimensional vector describes
the space of all possible structural variations, which can
be mapped to a function of interest: F(X). Structural
perturbations change the coordinates of the system in
this space, potentially changing the functional level.
Environmental perturbations can change the co-
ordinates by altering the structural composition X, or
change how the structure maps to function (the func-
tion F), in which case the function of the consortium
will no longer be the same despite having the
same structure.

What makes a microbial community robust? In the
adaptive landscape language, a system is robust when it
has a large neutral space. A neutral space is a collection
of structural variations with the same functionality. It
can be visualized as a horizontal slice of the landscape
(Figure 1b). A system at the peak is robust if the peak is
broad. In macromolecules, the space of possible geno-
types can be arranged on a graph, where each node
represents a genotype, and two nodes are connected if
they are related by a point mutation. We can then speak
of a “neutral network”da network of connected nodes
with the same functionality (Figure 1b). For the
microbiome, each node can represent a community with
a particular species presence/absence: e.g., Xj= (0, 1, 1,
0). Two nodes are connected if they can be inter-
converted by adding or subtracting a single species: e.g.,
X;= (1, 1, 1, 0). Thus, we can quantify robustness by
observing the number of nodes in a system that are
connected in the neutral network. If the current node is

surrounded by k layers of neutral nodes, it would be
robust to perturbations affecting up to k species. In
summary, a large neutral network confers robustness to
structural perturbations and therefore also to environ-
mental perturbations that do not dramatically alter the
landscape itself.

Causes of large neutral space in microbial
communities

Three major mechanisms can expand the neutral space:
(1) functional redundancy, (2) distributed function, and
(3) plasticity. Functional redundancy refers to two or
more parts of a system independently performing the
same function [2], which allows the parts to change
freely as long as one of them remains functional. Func-
tional redundancy has been the predominant focus of
studies in microbiome robustness [42e45,52], where it
can be defined as the fraction of community members
performing overlapping functions. It is typically
measured by reconstructing the genomic content of
each taxon through metagenomic or metatranscriptomic
sequencing, and then functionally annotating the ge-
nomes and characterizing the degree of predicted
functional overlap between taxa. This approach has
revealed that there exists a large overlap of functions
performed by community members that potentially
cause structural or functional robustness [43,44,52].

Two questions remain, however. First, does the same
functional category indicate true functional equiva-
lence? Current gene ontology terms may not be sharp
enough to distinguish subtle but consequential func-
tional differences. Fundamentally, gene ontology terms
cannot be a substitute for the collective function of the
microbial consortium because it is often unclear how
gene-level functions manifest at the community level.
One way to address this limitation is to experimentally
characterize and compare individual taxa. Second, is
functional redundancy the major mechanism of robust-
ness? Functional redundancy is widespread in eukaryotic
gene regulatory networks, with up to 50% of genes in a
genome having paralogs [2,53]. However, when thou-
sands of genes were individually knocked out in yeast, as
many as 40% of the genes with weak or no fitness effect
were single-copy genes [54]. This indicates that gene-
level redundancy is only partly responsible for organ-
ismal robustness. Microbiome function may similarly
possess other sources of robustness.

A much less explored alternative mechanism in the
context of microbiome is distributed function. A func-
tion is distributed when many parts contribute to it
with different roles [2]. To demonstrate how a distrib-
uted function can lead to robustness, let us consider a
linear metabolic pathway (Figure 1c) whose function
can be quantified as the amount of substrate converted
into product per wunit time (flux). Under the
MichaeliseMenten kinetics, the flux is a hyperbolic
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function of each enzyme’s activity. The more enzymes
are involved in the pathway, the more concave the
activity-flux relationship becomes (Figure 1d), which
causes the flux to be more robust to changes in the ac-
tivity of individual enzymes. The hyperbolic activity-
flux relationship is prevalent across many organisms
[2]. More complex metabolic pathways can evolve
further robustness by having multiple independent sub-
paths to the same product, with each sub-path distrib-
uted across multiple enzymes (Figure 1d). Compared to
a microbial community where one generalist species
performs an entire chain of metabolic reactions,
distributed function through multiple specialist species
may exhibit greater robustness.

Functional plasticity is a third mechanism for larger
neutral space (Figure lc). A system is functionally
plastic if its components can adjust to environmental
perturbations to maintain the overall functional output.
In gene regulatory networks, feedback at multiple
levels, including chromatin remodeling, transcriptional
output, and post-transcriptional control, ensures robust
execution of the genetic program. Each network can
function in a wider range of environments, which allows
different networks to be joined in a neutral network. A
microbiome would be functionally plastic if the overall
metabolic trait can be maintained not by changing its
composition but through composition-independent
mechanisms such as changing gene expression levels
and controlling enzyme activities. Combining meta-
transcriptomics, metabolomics, and proteomics has the
potential to provide a powerful means to characterize
the functional plasticity of the microbiome.

Network structure thinking

Network structure thinking promotes the search for
simplicity within a complex structure. This approach
differs from adaptive landscape thinking, which em-
phasizes the positive effects of complexity on the size of
the neutral network. A biological system can be repre-
sented as a network where each node corresponds to a
component (e.g., a microbial taxon) and a link denotes
an interaction. This is distinct from the neutral network,
where nodes represent structural variants of a system
(e.g., a microbial community with a particular compo-
sition) rather than its components. Simple patterns in
the network structure, such as modularity, can provide
robustness against perturbations.

Modularity and robustness

In a modular system, interactions are concentrated on
parts within a group or module, with parts in different
modules acting largely independently of each other
[4,50,55e57] (Figure 1le). Modularity can enhance
robustness by limiting the number of system parts
affected by perturbations within particular modules.
Modularity can also facilitate evolvability [58] by

Robustness of microbiome function Lee etal. 7

allowing independent structural changes without
disrupting other adapted modules [56]. Modularity is
thought to evolve by selection for robustness in fluctu-
ating environments [57] or selection for functional
specialization [59]. Modularity has been observed in
macromolecules, gene regulatory networks, and meta-
bolic pathways, where it reduces the fragility of the
system to perturbations and minimizes adaptive trade-
offs between parts (Table 2).

In the microbiome, modularity can be analyzed by
detecting pairwise correlations of microbial taxa abun-
dance, generating a co-occurrence network [60]. This
method has been employed to show that modular
structures increase the robustness of the microbiome
against perturbations [61]. Another approach is to look
for parts (or the low-dimensional space of components)
that co-vary under perturbations. In proteins, modules
of amino acid positions, called “protein sectors,” were
found to be functionally sensitive to mutations, while
non-sector parts were functionally neutral and tolerant
to environmental (ligand) changes [58,62,63]. This
approach was applied to the gut microbial communities
at various stages of infant development, where a co-
varying group of microbial species, dubbed an
“ecogroup,” was found to enable the microbiome to
adapt to perturbations [14]. Furthermore, with network
time-series data, frameworks from temporal networks
can be utilized to study robustness [64]. These ap-
proaches suggest the value of searching for simplicity in
complex microbiome structures.

Theoretical ecology thinking

The relationship between species diversity and
ecosystem function has been studied in theoretical
ecology under the name of biological insurance theory
(Table 2). Species diversity can be closely related to
functional redundancy or distributed function, but this
theory can help us understand diversity from a
different angle. Species diversity can buffer ecosystem
function against environmental perturbation [65]
because the differential responses of species reduce
the variability of the system (called the buffering or
portfolio effect) [51] (Figure 1f). Different response
times to perturbation also stabilize the ecosystem
function against perturbation. Dispersal of species
through space provides another layer of robustness,
called spatial insurance [66]. Experiments and field
studies have demonstrated that a greater number of
species confers robustness to environmental perturba-
tions in many ecological communities, including the
microbiome [24,47,48] (Table 2). To better understand
the causes of robustness, we must go beyond the
simple number of species and investigate the detailed
mechanisms enabled by diversity. We can begin by
examining the role of differential functional/temporal
responses and spatial dispersal.
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Conclusion

The mechanisms of robustness in microbiome function
can be better understood by leveraging knowledge from
other complex biological systems, including what we
have termed adaptive landscape thinking, network
structure thinking, and theoretical ecology. Precise
functional measurements and laboratory-controlled
structural and environmental perturbations, including
synthetic community experiments, are necessary to ac-
quire data suitable for testing hypotheses about the
mechanisms of robustness. Combining perspectives and
experimental strategies from a variety of biological fields
will help enhance our understanding and engineering of
robust microbial communities.
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