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Host-associated microbial communities have profound impacts on animal
physiological function, especially nutrition and metabolism. The hypothesis
of ‘symmorphosis’, which posits that the physiological systems of animals
are regulated precisely to meet, but not exceed, their imposed functional
demands, has been used to understand the integration of physiological
systems across levels of biological organization. Although this idea has
been criticized, it is recognized as having important heuristic value, even
as a null hypothesis, and may, therefore, be a useful tool in understanding
how hosts evolve in response to the function of their microbiota. Here,
through a hologenomic lens, we discuss how the idea of symmorphosis
may be applied to host-microbe interactions. Specifically, we consider
scenarios in which host physiology may have evolved to collaborate with
the microbiota to perform important functions, and, on the other hand, situ-
ations in which services have been completely outsourced to the microbiota,
resulting in relaxed selection on host pathways. Following this theoretical
discussion, we finally suggest strategies by which these currently speculative
ideas may be explicitly tested to further our understanding of host evolution
in response to their associated microbial communities.

This article is part of the theme issue ‘The role of the microbiome in host
evolution’.

1. Introduction

Host-associated microbial communities provide numerous services and benefits
to their hosts, especially in regard to nutrition and metabolism. Owing to these
many services, the gut microbiome was often referred to as a ‘forgotten organ’
[1,2]. We now recognize the complex ecological and evolutionary factors that
make the microbiome more than just an organ, and the microbiome has been
thought of as a community, an ecosystem, a ‘second genome’, etc. [3]. While
none of these terms may perfectly describe the microbiome, there may still be
heuristic value in considering some aspects of the microbiome under the lens
of organ function and evolutionary physiology. For example, we have pre-
viously discussed how the microbiome integrates well into the ‘Grand
Challenges of Comparative Physiology’ [4,5]. Here, we focus on whether the
actions of the microbiome and the host might be coordinated and tuned to
one another. Specifically, do hosts evolve in response to the capabilities or ser-
vices provided by their microbiome? Our discussion below is largely focused
on the bacterial members, owing to their overall dominance in the gut commu-
nity [6]; however, it should be noted that other microbial groups can provide
substantial physiological services to hosts [7].

Understanding the integration of physiological processes across organ sys-
tems, tissues, and levels of biological organization is recognized as one of the
‘Grand Challenges’ in animal physiology [5]. In the 1980s and 1990s, there
was heavy debate around the idea of optimization within physiological sys-
tems. The hypothesis of ‘symmorphosis’ posits that animals’ structural or
physiological elements are regulated to satisfy but not exceed the requirements
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of a functional system [8,9]. The idea of symmorphosis has
been well studied in respiratory physiology, where an
animal’s heart rate, capillary volume and mitochondrial den-
sity can be coordinated to determine an animal’s peak
metabolic rate [9]. Similarly, the field of digestive physiology
has heavily researched the ‘adaptive modulation hypothesis’,
which states that intestinal enzymes and transporters should
match the relative levels of their substrates in an animal’s diet
[10]. Such matching promotes optimal digestion, while not
wasting available membrane space and synthetic energy
on enzymes/transporters in excess of need [10]. Indeed, on
both a plastic and evolutionary time scale this matching
between dietary substrates and enzymes/transporters has
been observed in numerous systems [10-12]. Such symmor-
phosis has even been observed at the molecular level,
where total activities of enzymes in the Krebs cycle vary
across tissues, yet are found in consistent proportions [13].

However, the idea of symmorphosis or optimal matching
has received substantial criticism from evolutionary biologists
[14]. First, resounding support for symmorphosis has not
been demonstrated. For example, while there is substantial
coordinated activity between the heart, capillaries, and mito-
chondria, the diffusion capacity in the lungs does not match
this trend [8]. Second, genetic and evolutionary constraints or
trade-offs may preclude perfect coordination across many
enzymes, tissues, and organs [14,15]. Third, many physio-
logical elements perform multiple functions, and so perfect
coordination may not be likely for every downstream function
[14,15]. Last, the hypothesis of symmorphosis relies heavily on
natural selection as the force driving optimization. However,
genetic drift, sexual selection or variable selective forces may
hinder optimization [15,16].

Regardless of the ubiquity of symmorphosis, both origin-
ators and criticizers of this hypothesis argue that it has
powerful heuristic value, even if as a null hypothesis, and
is most useful when studying the integration of functional
systems [8,14,16,17]. Here, we argue that host-microbe inter-
actions could be viewed under the lens of these integrated
physiological systems, given the considerable connections
between the gut microbiome and host physiology [4,18].
Specifically, these questions could be applied to host-microbe
interactions to understand whether hosts evolve and adapt to
the capacities or functions of their microbiome.

2. Hologenome theory and symmorphosis

The recognition that microbial communities vary within and
across host species, and impact whole-animal performance,
has given rise to the concept of ‘hologenomic evolution’,
which considers the collection of host and microbial gen-
omes—known as ‘the holobiont’—a biological unit of
organization upon which natural selection can act [19]. In
this framework, microbial symbionts may be gained, lost,
or change in frequency and abundance within a population,
which occurs in parallel with random mutations and changes
in allele frequencies in nuclear genes. These events provide
the raw genetic variation, at multiple levels, necessary for
natural selection to act. Over time, this strict definition has
been adapted and expanded to accommodate a growing
body of work on this topic, such as the importance of hori-
zontal gene transfer between microbes, and community
heritability [20-22]. Despite similarities between hologenome

theory and traditional ideas of evolution, the concept has
been met with considerable criticism. For example, questions
regarding patterns of transmission in the microbiome, and
fidelity among partners remain to be resolved [23].

Through the lens of hologenome theory, microbial sym-
bionts and their functions represent another physiological
system than can be optimized as predicted under the hypoth-
esis of symmorphosis. A main criticism of symmorphosis is
that evolutionary constraints may prevent the optimal match-
ing between a host's physiology and their functional
demands [14]. However, when the microbiome is considered
as a component of the holobiont, these constraints may be les-
sened. For example, unique characteristics of microbes, such
as horizontal gene transfer and rapid evolution [24], may
allow the holobiont to respond and adapt much more quickly
to changing functional demands than could be accommo-
dated by the host’s physiological systems alone. Indeed,
certain gut microbes of many Japanese people have acquired
seaweed-degrading porphyranases via horizontal gene trans-
fer from marine bacteria, while these genes are absent in
populations that do not commonly ingest seaweed [25].
Despite the potential contribution of the microbiome to opti-
mal matching, it is important to remember that microbes, like
other host physiological systems, perform many functions.
For example, the common human gut bacterium Bacteroides
thetaiotamicron is important for both carbohydrate and lipid
metabolism [26], and also has immunomodulatory effects
on the host [27,28]. Therefore, optimization of any one par-
ticular function may reduce the capacity of another [14].
However, a unique property of the microbiome as compared
to host physiological systems is a high degree of functional
redundancy [29]. Therefore, the loss or reduction of a particu-
lar function by one microbe may have little consequence to
performance of the overall system.

3. Symmorphosis between the microbiome and
host physiology

Here, we will focus on two ways in which host physiology
may evolve to coordinate with the functions of the gut micro-
biome: collaboration and relaxation. We define collaboration
as processes where the gut microbiome and host physiology
interact with one another to yield a physiological function
(such as fibre degradation). Relaxation will be discussed as
scenarios when physiological functions are completely pro-
vided by the gut microbiome. In these contexts, hosts may
experience relaxed selection, and may lose enzymatic path-
ways as a means to conserve biosynthetic energy [30]. For
each of these ideas, we start by briefly discussing support for
animal evolution in the field of ecological physiology (often
independent of the microbiome) as a proof of concept that
physiology can evolve in response to varying nutrients. Next,
we will discuss any relevant studies on complex microbiomes.
However, given that the microbiome field is still developing,
especially in the context of natural systems [31], some of
these directions may be highly speculative at this point.

(a) Collaboration

In the field of animal physiology, the ‘adaptive modulation
hypothesis’ posits that animals can adjust their digestive
physiology in response to diet composition, typically by

¥6506L07 :SLE g 20 Y “subil “Jyd  qisi/jeuinol/biobuiysigndKiaposiefo H



regulating the expression of hydrolases and transporters
when there is an increase or decrease in the intake of relevant
substrates [10]. For example, feeding on a diet rich in carbo-
hydrates may result in increased activity of disaccharidases,
such as maltase and sucrase, while a protein-rich diet may
increase activity of protein-degrading enzymes, like amino-
peptidase-N [32]. This phenomenon occurs on ecological
time scales in response to diet switching [33,34], as well as
over evolutionary time scales when species lack plasticity in
digestive enzyme expression [12]. In response to diet switch-
ing, the ability to maintain plasticity in the activity of all or
some digestive enzymes may be an evolved trait. Indeed,
dietary generalists are typically able to modulate digestive
enzymes to a greater extent than specialists [35], and carni-
vores can adjust the activity of amino acid, but not sugar,
transporters [36]. Together, these results suggest that animals
have evolved to match their enzyme production with
the intake of their expected dietary substrates, consistent
with the predictions of symmorphosis and the adaptive
modulation hypothesis.

Thus, when considering host-microbe interactions, we
may predict that hosts will evolve to optimally interact
with microbial products. Indeed, extensive collaboration
and coordinated evolution has been demonstrated between
insect hosts and endosymbiotic microbes [37]. For example, in
pea aphids (Acyrthosiphon pisum), both nucleotide metabolism
and biosynthesis of essential amino acids are conducted by
coordinated activity of host and microbial enzymes [38-40].
Furthermore, coordination between gene expression of hosts
and microbes may be important in maintaining these sym-
bioses. For example, aphids that maintain high loads of amino
acid producing microbes invest less in their own amino acid pro-
ducing enzymes, and the inverse is also true (i.e. aphids that
maintain low titers of amino acid producing microbes invest
more in their own amino acid biosynthesis) [40]. However,
insects and their endosymbionts are obligate symbioses.

Evidence for similar evolutionary coordination in inter-
actions between hosts and complex microbial communities
may, at first, appear more diffuse than those between insects
and their endosymbionts owing to the high degree of inter-
individual variation in the composition of these communities
[41]. However, functional redundancy in the gut microbiome
results in more homogeneous communities across individ-
uals at the functional level, as opposed to the taxonomic
level [29]. For example, human twins may share only approxi-
mately 10% of bacterial operational taxonomic units in their
gut based on 16S rRNA gene sequences, but exhibit approxi-
mately 70% overlap in sequences when the entire
metagenome is considered [42]. Furthermore, mammalian
hosts with similar dietary strategies also share similar domi-
nant microbial functions, such as carbohydrate or protein
digestion [43]. We would expect evolutionary matching of
host physiology to the functional capabilities of the micro-
biome, rather than their taxonomic composition, especially
in relation to microbially derived energy sources.

Short-chain fatty acids (SCFAs), such as acetate, butyrate
and propionate, are metabolites produced as by-products of
microbial fermentation of plant material in the gastrointesti-
nal tract of vertebrates. These molecules can be transported
throughout the body and are used as energy sources in a
variety of tissues (figure 1a). In a similar fashion to their
response to dietary substrates, animals may modulate the
activity of SCFA transporters in response to an increase in

their production. For example, monocarboxylate transporter
1 (MCT1), an important transporter of SCFAs across colonic
luminal membranes, is upregulated in human colon cells by
the direct addition of butyrate [44]. Furthermore, MCT1
expression is elevated in mice upon increased intake of dietary
fibre, which stimulates the production of SCFAs by gut micro-
biota [45]. Over evolutionary time periods, some hosts have
become more dependent on microbially derived energy than
others. For example, ruminants obtain greater than 80% of
energy requirements from microbial fermentation, while this
value ranges from only 5 to 10% in omnivorous species, includ-
ing humans [46]. Ruminants are also capable of modulating
rates of SCFA absorption in response to dietary starch content,
and preferentially incorporate SCFA-derived carbon into adi-
pose tissue, while omnivorous animals use glucose more
readily [46].

SCFAs are transported throughout the body, and therefore,
may result in modulation of enzymes in a variety of systemic
tissues. For example, in humans, up to 70% of microbially pro-
duced acetate is used by the liver, and this value ranges from 30
to 60% for propionate, depending on the host species, where
these SCFAs act as substrates for hepatic gluconeogenesis
and lipogenesis [47,48]. Colonization of germ-free mice with
gut microbiota stimulates glycogenesis and triglyceride syn-
thesis in the liver, while altering the expression of enzymes
that regulate lipid absorption [49]. Furthermore, SCFA pro-
duction stimulates AMP-activated protein kinase activity in
the liver, which proceeds to regulate transcriptional control of
enzymes involved in glucose, lipid and cholesterol metabolism
[47]. Again, flexibility of hepatic enzymes in response to differ-
ing concentrations of SCFAs may vary by animal group,
depending on how necessary SCFAs are to overall energy
metabolism. For example, hepatic metabolism of propionate
can provide 50-75% of glucose requirements in ruminants,
while this value is as low as 7% in non-ruminant herbivores
[46]. Propionate metabolizing enzymes of ruminants are sensi-
tive to food intake, and an increase in high-grain diets increases
their activity [46]. Thus, over evolutionary time, the expression
of transporters and enzymes may be matched to the levels nor-
mally produced by the microbiome, consistent with the
predictions of symmorphosis.

In addition to provisioning SCFAs, the gut microbiota also
contributes to host energy metabolism through the degradation
of protein into amino acids and peptides [50]. Although animal
hosts are also capable of metabolizing proteins, it appears they
outsource some of these processes to bacteria. In both mice and
zebrafish, germ-free animals upregulate amino acid and pep-
tide transporters in comparison to conventional individuals,
potentially to compensate for a lack of microbial processing of
these substrates [51]. Across species, host diet also influences
the role of the gut microbiota in protein metabolism. For
example, carnivorous mammals exhibit an enrichment of bac-
terial genes involved in amino acid degradation, while in
herbivores, bacterial genes that synthesize amino acids are
enriched [43]. Thus, dominant microbial functions may match
the unique needs of the host. Understanding the downstream
adaptations that hosts may have to coordinate with these
microbial functions requires further study.

Another important function conducted by collaboration
between the microbiome and host physiology is the recycling
of nitrogen. For example, mammals produce urea as a metabolic
waste product, which is primarily excreted through the kidney
into the urine to avoid toxic buildup. However, this process
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Figure 1. Interconnected processes of the host and microbiome involved in (a) fibre fermentation and (b) nitrogen recycling. These examples are specific to ver-
tebrate physiology, though similar processes may occur in other animal groups. (Online version in colour.)

results in the loss of important nitrogen. A number of animals,
such as herbivores that feed on low-nitrogen foods, have salva-
ging mechanisms to recover this nitrogen, such as transporting
it into the gut for microbial recycling (figure 1b) [52]. Addition-
ally, some amphibians catabolize muscle tissue and use urea as
protective antifreeze during winter hibernation [53]. In spring,
these amphibians may rely on microbial urea recycling to use
this nitrogen and rebuild tissues [53]. Given that vertebrates
do not produce enzymes capable of carrying out this urea
recycling, nitrogen salvaging is only able to take place through
host-microbe interactions.

Studies in ruminants show that both host and microbial
steps in these processes are responsive to dietary protein
levels [54,55]. For example, in sheep, microbial urease activity
is higher when animals are fed low nitrogen diets, presumably
to assist with nitrogen recycling [55]. Adaptations and
differences in urea transporter expression, affinity, etc. have
been well studied in kidneys, given that herbivores, omnivores,

and carnivores maintain distinct levels of plasma urea owing
to different levels of protein in their diets [56]. Specific
adaptations within the gut microbiota, and physiological inter-
actions have been less studied. While examples of nitrogen
hydrolyzing bacteria are widespread across animals, robust
comparative approaches investigating multiples steps in the
process of urea recycling have not, to our knowledge, been con-
ducted [52]. The hypothesis of symmorphosis might predict
that host intestinal urea transporters, microbial urease
enzymes, and pathways for the microbial synthesis of amino
acids would be more abundant and coordinated in herbivores
as compared to carnivores.

While speculative at this point, it is possible that over evol-
utionary time, the consistent presence of microbial metabolites
has resulted in constitutive increases in the physiological
machinery necessary to process them. For example, as occurs
in response to dietary substrates [12], sustained increases and
reliance on microbially produced SCFAs may eventually lead
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physiology, though similar processes may occur in other animal groups. (a) When hosts become more reliant on microbially produced SCFAs as an energy source, they may
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more reliant on microbially produced vitamins, there may be relaxed selection on host processes that produce these compounds. This would result in an increased
concentration of microbially produced vitamins in the gut and a decreased expression of host vitamin producing enzymes in the liver. (Online version in colour.)

to evolved increases in expression of their transporters in the
gut, and enzymes needed for their metabolism in the liver
(figure 2a). This process could occur through genetic assimila-
tion [57], whereby an initially plastic increase in transporters or
enzymatic activity becomes fixed under constant selection
pressure (i.e. sustained inputs of SCFAs). From a mechanistic
standpoint, single nucleotide polymorphism (SNPs) and gene
duplication events have previously explained evolutionary
changes in digestive capacity [58]. For example, multiple
human populations have convergently evolved mutations in
the enhancer region of the lactase gene, permitting lactose tol-
erance in these individuals [59]. The human salivary amylase
gene, AMY1, originated from duplication of the pancreatic
amylase gene, AMY2, and its copy number is positively corre-
lated with dietary starch levels, the primary substrate of its
encoded enzyme [60]. Furthermore, gene duplication has also
resulted in the evolution of lysozymes that function not as
antimicrobials, but as digestive enzymes, in several foregut-
fermenting animals (including monkeys, ruminants and
birds), aiding in their dietary consumption of bacteria [61].
These findings suggest that animals would have the capacity
to evolve digestive capacities that meet the demands imposed
by bacteria. However, to our knowledge, no studies have
explored whether these events have occurred in response to
relationships with commensal bacteria (e.g. gene duplication
events or SNPs in enhancer regions of genes encoding SCFA
transporters). Using symmorphosis as a conceptual hypothesis
(even if as a null hypothesis), will be informative to guide
future research in this area.

(b) Relaxation
Again, the hypothesis of ‘symmorphosis’ posits that animals’
structural or physiological elements are regulated to satisfy

but not exceed the requirements of a functional system [8,9].
Thus, to avoid exceeding functional requirements, there may
be downregulation or loss of physiological systems. For
example, when nutritional enzymatic pathways are no longer
needed, they can be downregulated or lost entirely to conserve
biosynthetic energy or preserve membrane space [10,11].
Numerous animal groups that acquire sufficient vitamin C
from their diet, such as some fishes, bats and birds, have lost
the enzymatic machinery to synthesize this necessary cofactor
in the liver [62-64]. Additionally, cats are hypercarnivores that
consistently consume adequate levels of many nutrients,
resulting in the loss of enzymes that synthesize vitamin A,
and extremely low hepatic expression of enzymes that produce
the amino acid taurine [65]. When cats are fed diets that lack
these nutrients, they suffer extreme health consequences [65].

Given that microbes are known to provide hosts with many
essential nutrients, it is possible that hosts have evolved to lose
enzymatic pathways that have been outsourced to microbes.
For example, pea aphids house bacterial endosymbionts that
conduct arginine synthesis, and as a result the pea aphid
genome has lost enzymes required for these processes [39].
Additionally, herbivorous ruminants express different levels
of glucose transporters on their gut lining depending on their
reliance on microbial communities. For example, early-evolved
ruminants such as deer, giraffes and some antelope species
have relatively simpler stomachs, and do not rely heavily on
microbial fermentation [66]. Thus, these animals digest
simple sugars from the cell contents of plant material and
absorb monosaccharides through high expression of sodium-
glucose intestine  [67].
Later-evolving ruminants such as sheep and bovids exhibit
extensive morphological adaptations and rely heavily on

co-transporters in the small

microbial fermentation in the rumen. Here, microbial
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communities ferment plant fibres but also use the majority of
sugars from plant cell contents, leaving few simple sugars to
enter the small intestine. Resultantly, ruminant species that
rely more on ruminal fermentation have lower or absent
expression of the sodium-glucose co-transporters in the small
intestine [67]. These patterns of host gene expression support
the notion that hosts can downregulate gene expression to
coordinate with microbial activities.

While demonstrated examples of relaxation by complex
microbial communities are generally lacking, one potential
area of research might be in the synthesis of vitamin
A. Plant tissues lack vitamin A, but often contain the impor-
tant precursors (carotenoids) that can be converted into
vitamin A [68]. These conversion steps can be conducted by
the host (intestinal tissue or liver), or by the gut microbiome
[69]. As written above, carnivorous felines regularly consume
sufficient levels vitamin A, and so have lost the enzymatic
machinery for these conversions [65]. In herbivores, it could
be that some species rely more heavily on microbial vitamin
A synthesis, and so similarly they have lower expression of
these enzymes in the liver (figure 2b) as a means to conserve
biosynthetic energy, or complete loss of these conversion
pathways through relaxed selection [30]. It would be interest-
ing to test whether herbivores might develop vitamin
deficiencies when their microbiome is altered through anti-
biotics or other techniques. Such data would reveal whether
herbivores have optimized their own physiology to match
the nutritional processes conducted by their gut microbiome.

Although we suspect hosts have evolved expression of physio-
logical systems to match processing demands imposed by
incoming microbial metabolites, this idea remains to be
explicitly tested. We argue that comparative approaches will
capitalize on the diversity and variation of host-microbe
interactions and will be powerful for investigating coordi-
nation between microbial functions and host physiology. For
example, metagenomic studies have shown differences in
microbial capabilities across animals with different feeding
strategies [43]. Additionally, reliance on microbial communities
may vary across hosts. The roughly 180 species of herbivorous
ruminants vary in their stomach morphology, such that some
species exhibit extensive morphological adaptations and can
consume highly fibrous materials, while others have stomach
morphologies that are less adapted for microbial fermentation
and actively avoid consuming high-fibre plants [66,70].
Furthermore, in ants, the absolute abundance or density of
microbes varies by diet and habitat [71]. There are even
examples where hosts may not rely on microbial communities
at all [72,73]. Similarly, physiological studies demonstrate that
some herbivorous mammals obtain greater than 80% of
energy requirements from microbial fermentation, while this
value ranges from only 5 to 10% in omnivorous mammals
[46]. Using diverse study systems that vary in their reliance
on microbes will be crucial for testing for optimized coordi-
nation between microbial communities and host physiology.
We discuss a number of modern approaches that may provide
potential avenues for this investigation.

Comparative genomics has been successful in identifying
convergence in patterns of gene evolution among animals

that inhabit environments with similar selective pressures [ 6 |

[74,75]. This approach could be applied to groups of animal
hosts that depend on microbial products for nutrition. For
example, are there consistent signatures of rapid evolution in
genes coding for SCFA transporters across herbivore lineages?
Further, comparative genomics can be combined with metage-
nomic studies to determine how evolution in both host and
microbial genes have influenced present phenotypes. In a
study of blood-feeding bats, Mendoza et al. [76] used compara-
tive genomics and metagenomics to uncover adaptation in
both host and microbial genomes which, combined, allow
the holobiont to deal with a suite of physiological challenges
associated with this diet, such as a lack of essential nutrients
and exposure to blood-borne pathogens. These approaches
could be applied to more host-microbe associations to uncover
examples of host evolution in relation to the microbiome.

Experimental evolution is another powerful approach that
has been used to address ecological and evolutionary questions
across a variety of model systems, and may be quite useful in the
context of host-microbe interactions [77]. For example, bank-
voles that have been selected for the ability to maintain body
mass on high fibre diets for 15 generations have distinct
microbial communities from randomly bred control lines [78].
It would be interesting to compare the microbial functions
and potential host evolution in these lines. Additionally, germ-
free hosts can be inoculated with known microbiota and the
resulting effects on host evolution observed. This approach
has been used in studies of Drosophila melanogaster, where
experimental evolution in a field setting has revealed that popu-
lations diverge genetically and phenotypically depending on
the composition of their original microbiota [79]. Researchers
could experimentally evolve hosts with microbial communities
with varying nutritional capabilities (fibre fermentation, urea
recycling), and search for coordinated evolution in host
metabolic pathways.

Last, comparative germ-free models (i.e. closely related
species that are all able to be reared in sterile conditions) may
prove powerful for explicitly testing aspects of host evolution.
Across distantly related hosts (mice and flies), inoculation of
germ-free hosts has demonstrated some conserved aspects of
host gene expression, such as increases in genes associated
with epithelial proliferation and innate immunity [51]. Addition-
ally, germ-free flies and germ-free mice both express higher
levels of amino acid transporters compared to their conventional
counterparts, suggesting that germ-free animals might need to
compensate for the inability to use consumed dietary proteins
[51]. Such studies could be conducted in more closely related
species, as has been done with various species of germ-free Dro-
sophila flies [80]. Interestingly, when hosts are colonized with
heterologous microbial communities, they often suffer decreases
in performance or survival, suggestive of some incompatibilities
between microbiota and host [80-82]. Suboptimal ratios of nutri-
ents (also known as nutritional imbalance) can also have
detrimental effects on host physiology [83,84], and so it would
be interesting to test whether a mismatch between microbial pro-
ducts and host physiology underlie the importance of hosts
maintaining a specific microbial community.

Although currently speculative, we have provided evidence
to support the idea that host animals may evolve in response



to their associated microbiota, in accordance with the hypoth-
esis of symmorphosis. Specifically, owing to their reliance on
microbial products for important physiological functions,
hosts are likely to regulate the expression of genes needed
to interact with these substrates, and these expression pat-
terns may become constitutively fixed over evolutionary
time. Additionally, hosts may experience losses of function
in pathways that have been outsourced to microbes comple-
tely. Furthermore, these patterns may vary across animal
groups that differ in their degree of reliance on microbial
metabolites. Experimental methods, like those discussed
above, will need to be employed to test these ideas and

elucidate how the physiological systems of hosts and

microbes have integrated with one another to potentially
optimize performance.
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