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Animals and plants evolved in the context of immense micro-
bial diversity1. Multicellular life forms only a small and highly 
derived portion of universal trees of life2,3, with the rest occu-

pied by bacteria, archaea and microbial eukaryotes. In keeping with 
their phylogenetic diversity4–7, these ancient microbial lineages have 
developed great genomic and metabolic diversity8. Exceeding even 
the immense diversity of cellular microorganisms is the vast array 
of phages, viruses and other transmissible genetic elements (conju-
gative transposons, integrative and conjugative elements, addiction 
plasmids, and so on) that infect them9. This wilderness of micro-
organisms, viruses and parasitic genetic elements was already long 
established before the emergence of animals and plants. Thus, the 
ecological context in which animals and plants emerged both neces-
sitated defence against exploitation by opportunistic microorgan-
isms, and provided many opportunities to benefit from microbial 
metabolic innovations through mutualistic symbioses10.

Reflecting this heritage, symbiosis with microorganisms is ubiq-
uitous in metazoans1, influencing host health, development, disease 
susceptibility, and even behaviour11,12. As symbiotic microbial com-
munities and their associated gene pools (microbiomes) influence 
many aspects of fitness, animals and plants regulate them. Animal 
mechanisms for microbiome regulation are diverse—ranging from 
the specialized light organs of the Hawaiian bobtail squid13 to pro-
duction of microbiome-targeted oligosaccharides in human breast-
milk14. They have in common the aim of both preventing invasions 
by pathogens and managing symbiotic microorganisms to maxi-
mize their benefit to the host. These activities partially overlap, as 
mutualisms with beneficial microorganisms often provide animal 
hosts a measure of defence against pathogens15 through mechanisms 
such as competition for resources, antibiotic production, metabolic 

Stress and stability: applying the Anna Karenina 
principle to animal microbiomes
Jesse R. Zaneveld1*, Ryan McMinds2 and Rebecca Vega Thurber2*

All animals studied to date are associated with symbiotic communities of microorganisms. These animal microbiotas often play 
important roles in normal physiological function and susceptibility to disease; predicting their responses to perturbation rep-
resents an essential challenge for microbiology. Most studies of microbiome dynamics test for patterns in which perturbation 
shifts animal microbiomes from a healthy to a dysbiotic stable state. Here, we consider a complementary alternative: that the 
microbiological changes induced by many perturbations are stochastic, and therefore lead to transitions from stable to unstable 
community states. The result is an ‘Anna Karenina principle’ for animal microbiomes, in which dysbiotic individuals vary more in 
microbial community composition than healthy individuals—paralleling Leo Tolstoy’s dictum that “all happy families look alike; 
each unhappy family is unhappy in its own way”. We argue that Anna Karenina effects are a common and important response 
of animal microbiomes to stressors that reduce the ability of the host or its microbiome to regulate community composition. 
Patterns consistent with Anna Karenina effects have been found in systems ranging from the surface of threatened corals 
exposed to above-average temperatures, to the lungs of patients suffering from HIV/AIDs. However, despite their apparent 
ubiquity, these patterns are easily missed or discarded by some common workflows, and therefore probably underreported. 
Now that a substantial body of research has established the existence of these patterns in diverse systems, rigorous testing, 
intensive time-series datasets and improved stochastic modelling will help to explore their importance for topics ranging from 
personalized medicine to theories of the evolution of host–microorganism symbioses.

inhibition and spatial occlusion16, as well as through feedbacks with 
host immunity. Recent evidence suggests that even phages may have 
been recruited by hosts as defensive mutualists on animal mucosal 
surfaces—an especially important and flexible defence for animals 
lacking a host-derived adaptive immune system17.

Predicting when and how normal regulation of microbiomes 
breaks down is at the heart of many important problems in micro-
bial ecology. Under normal circumstances, the defensive activi-
ties of animal hosts, and their typical microbiota and phages, are 
thought to restrict microbiome membership, avoiding the many 
detrimental possibilities in favour of a smaller range of beneficial 
microbiome configurations. A corollary of this observation is that 
stressors need not, at least in principle, shift a microbiome to a spe-
cific dysbiotic configuration in order to reduce host fitness—they 
need only release normal regulation of microbiome membership.

Currently, most microbial ecology workflows attempt to iden-
tify a specific microbiome configuration associated with stress or 
disease. Overall community changes in host microbiomes are typi-
cally examined using high-throughput marker gene or shotgun 
metagenomic data. Commonly measured microbial community 
properties include richness (diversity of species within a sample), 
evenness (distribution of counts between one or many species), and 
β-diversity (turnover of species between samples).

Analysis of β-diversity has been particularly useful in microbial 
ecology. While β-diversity was originally defined as species turno-
ver along a habitat gradient18, microbial ecologists have applied 
measures of β-diversity to examine differences in communities 
separated by health status (for example, ref. 19), the passage of time 
(for example, ref. 20), or divergence in the evolutionary history of 
their host (for example, ref. 21). These differences are visualized by 
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computing a matrix of β-diversity distances between samples, then 
using ordination methods such as non-metric multidimensional 
scaling (NMDS) or principal coordinates analysis (PCoA) to rep-
resent this multidimensional matrix in two or three dimensions. In 
many cases, the microbial communities associated with diseased 
hosts will form distinct clusters in such two- or three-dimensional 
ordination spaces, indicating a correlation between microbiome 
change and degraded host health (for example, chronic periodon-
titis22, corals challenged by turf algal competition23, and so on). 
Additional experiments, such as microbiome transplants, test the 
direction of causation underlying these correlations. In many cases, 
important host phenotypes, ranging from increased energy harvest 
(and weight gain) to the capability to digest otherwise poisonous 
foods24, are conferred by distinct microbial communities that are 
reflected by clusters in ordination space. However, despite their 
well-understood importance, these patterns of microbial com-
munity change may not reflect the full range of dynamics needed 
to understand the contribution of microorganisms to host health 
and disease.

In this Perspective, we examine findings in diverse systems—
from threatened coral reefs to simian immunodeficiency virus 

(SIV)-infected chimpanzees—where host stress or disease produces 
stochastic rather than deterministic changes in the microbiome. 
These stochastic changes often induce dispersion, rather than loca-
tion, effects on microbial community composition. That is, rather 
than shift the microbiome to a new discrete configuration, produc-
ing clusters, these stressors allow the microbiomes of stressed indi-
viduals to take on a wider range of possible configurations than 
healthy controls, producing a constrained ‘core’ of control microbi-
omes surrounded by a large ‘halo’ or ‘smear’ of stressed or diseased 
microbiomes (Fig. 1).

Observations of microbiome variability associated with disease 
have led several workers to propose an Anna Karenina principle 
(AKP) for animal microbiomes. The principle derives from the open-
ing line of Tolstoy’s Anna Karenina: “all happy families are all alike; 
each unhappy family is unhappy in its own way”. It was popularized 
by Diamond25 in reference to the many reasons why animals might 
prove undomesticable. Translated into a hypothesis for host-associ-
ated microbiomes, the AKP predicts that certain stressors have sto-
chastic rather than deterministic effects on community composition. 
In these cases, ‘all healthy microbiomes are similar; each dysbiotic 
microbiome is dysbiotic in its own way’. Giongo and colleagues pro-
posed that microbial changes during autoimmune misregulation in 
type 1 diabetes followed the AKP26. Independently, in applying a new 
method (Dirichlet multinomial mixtures) for clustering microbial 
samples into enterotypes, Holmes and colleagues noted that obese 
gut microbiomes may be associated with a broader range of config
urations than lean27. On this basis, they suggested that there may be 
an AKP for human microbiomes, in that samples from obese patients 
are explained by a mixture of more enterotypes than samples from 
healthy patients. Later, Dey et al. made similar observations in inves-
tigating the microbiome of Crohn’s disease28. Despite this remarkable 
convergence in findings, interpretation, and even metaphor across 
diverse specialties, AKP effects are little discussed in the microbio-
logical literature. This situation makes it challenging for workers to 
compare notes. Indeed, even the above publications describing AKP 
effects in specific systems26–28 do not reference the other works, and 
these effects are not well known outside of specialized publications on 
particular diseases.

We argue that AKP effects in animal microbiomes are common, 
important, and often linked to declining host health. We synthe-
size observations of microbiome dispersion in diverse systems into 
testable predictions, and show how the predicted patterns, although 
often quite clear, are easily missed—or dismissed as statistical arti-
facts—by the most commonly applied workflows. We describe dif-
ferent types of community dynamics that could produce apparent 
AKP effects (Box 1) and present methods that can help distinguish 
them. We also discuss scenarios that appear to decrease inter-indi-
vidual variation relative to healthy controls (see ‘Anti-AKP effects’, 
Box 1). We then address new empirical and theoretical avenues for 
exploring the microbiome opened by these emerging perspectives, 
and discuss their broader importance for personalized medicine.

External stressors can induce microbial AKP effects
Recent research shows that under stress, many animal-associated 
microbiomes exhibit increased dispersion in microbial community 
composition. These findings have been reported in the early develop-
ment of the microbiome; and in adult animals subject to environmen-
tal stress, immune dysregulation or pathogen infection. Although 
many questions remain, the commonalities among these findings 
suggest an area ripe for additional tools, theory and experimentation.

Microbiological studies of the effects of alcoholism and ciga-
rette smoking have both reported increased dispersion of microbial 
communities. Alcoholic patients showed a much greater spread of 
microbial community composition than controls29. This was inter-
preted as evidence of dysbiosis. When analysed separately, patients 
with microbial samples that were dispersed away from the typical 
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Figure 1 | Anna Karenina principle of perturbations inducing microbiome 
destabilization. Typically, healthy hosts possess relatively stable 
microbiomes that form tight clusters in ordination space (left plot). In 
contrast to movement of these clusters to a new place in ordination space 
(for example, due to a transition to an alternative stable state; see Fig. 2), 
a variety of external stressors have been shown to disrupt this stability, 
resulting in more dispersed microbiomes (right plot). More dispersed 
microbiomes have been associated with a variety of negative outcomes 
for the host, including increased invasibility57, altered clinical parameters 
(for example, endotoxaemia in alcoholics29) and increased sensitivity to 
seasonal temperature changes34. In principle, these disruptions may act 
indirectly by affecting host immunity (as in HIV and SIVcpz), indirectly 
by altering the microbiome (for example, by displacing protective 
mutualists like antibiotic producers), or through a combination of both 
mechanisms. In practice, perturbations that directly destabilize the 
microbiome are challenging to distinguish from those that indirectly 
destabilize the microbiome by affecting host immunity (Box 1), and careful 
experimentation is needed to distinguish the mechanisms that produce 
microbiome dispersion, and to distinguish the health consequences of the 
deterministic versus stochastic portion of microbiome changes (Box 3).
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configuration for control patients varied in many clinical param-
eters, including higher endotoxin levels29. Similarly, both significant 
separation by mean location, and a large increase in microbiome 
dispersion were seen in the microbiome of patients with liver cir-
rhosis30. Patients with acute-on-chronic liver failure31 also showed 
more microbiome dispersion than healthy controls.

Cigarette smoking has been associated with greater inter-indi-
vidual variation in upper respiratory microbiomes. Sequencing of 
oropharynx and nasopharynx samples from 29 asymptomatic adult 
smokers and 33 healthy controls showed a significant increase in 
β-diversity (here, unweighted UniFrac scores within pairs of sam-
ples from smokers versus pairs of samples from non-smokers)32. 
These differences were significant for both the oropharynx and 
nasopharynx, and for both sides of the body. However, weighted 
UniFrac, which accounts for abundance, did not show clear dif-
ferences. Similarly, a massive study of smoking in 1,204 individu-
als found a small but highly significant effect of smoking status on 
β-diversity dispersion in the oral microbiome33. β-Diversity disper-
sion was highest in current smokers, and lowest in those who had 
never smoked; former smokers had intermediate levels of β-diversity 
dispersion33 (consistent with the scenario in Fig. 2c).

Surprisingly, similar effects of environmental stressors on the 
variability of microbial community composition extend beyond 
humans to several threatened marine invertebrates. Our own 

interest in AKP effects in animal microbiomes arose from the study 
of three-year time-series datasets tracking the cascading effects 
of overfishing and nutrient pollution on the microbiome of reef-
building corals34. We had hypothesized that nutrient pollution and 
overfishing, which promote growth of macroalgal and turf-algal 
competitors of coral, would cause a shift between alternative stable 
states in the microorganisms on the coral surface—a sort of micro-
bial analogue of the broader phase shifts from coral to macroalgal 
dominance seen on reefs. We found no evidence supporting this 
hypothesis. Instead, we found that contact with macroalgae such as 
Dictyota caused increased β-diversity in the surface microbiome of 
three genera of corals. The increased β-diversity corresponded to 
host tissue loss. Reanalysis of a previous study in which macroal-
gae were placed in contact with corals confirmed that macroalgal 
competition drove increased β-diversity35 (reanalysed in ref. 34). 
Additionally, we found other similar reports in the literature. For 
example, corals that suffered high mortality after transplant into 
damselfish gardens23, which have high turf- and macroalgal cover, 
showed both differences in mean location and a high degree of 
dispersion in PCoA plots relative to control corals.

The response of coral microbiomes to temperature told a simi-
lar story34. Here again, increased β-diversity was associated with 
coral mortality (most corals died in the hot months, which also 
showed increased microbiome β-diversity). Increased β-diversity 

Here we consider some possible hypotheses for how AKP effects 
might be produced, and the characteristics that distinguish 
these scenarios.

Sampling biases. In some cases, particular disorders may be asso-
ciated with biases in the amount of technical variance produced 
during sampling, producing an artefactual AKP effect. Similarly, 
significant differences in sequencing depth across samples could 
produce artefactual AKP effects, and should be controlled by 
random resampling to even depth (rarefaction)73.

Antibiotics. In humans or model organisms, antibiotic treatment 
can produce individualized responses74, complicating the interpre-
tation of increased β-diversity due to disease. Direct microbiome 
disruption by disease, and microbiome disruption by antibiotics 
applied to treat disease, are each a distinct biological mechanism 
for microbiome change and should be distinguished when possible.

Categories combining distinct biological conditions. If multi-
ple true treatments, each with a simple deterministic effect on the 
microbiome, are lumped together as a single category, microbiome 
variance may increase. Past work has assessed this by testing any 
sub-categories of the treatment for AKP effects separately.

Hidden gradients within categorical factors. Many microorgan-
isms may respond to a host parameter that is itself more variable in 
subjects of a particular class (for example, a broader range of body 
mass index scores in obese patients). In this case, increased varia-
tion within a given class should be arrayed in a particular direction 
in ordination space (Fig. 2b) rather than in all directions (Fig. 2c).

Sampling during the transition between stable states. 
Experimental treatments may create simple locational effects after 
a temporarily unstable period of transition. Such a shift could look 
like an AKP effect if timepoints are densely sampled and sampling 
is concentrated during the period of transition between states 
(resembling Fig. 2b).

Increased stochastic temporal change within individuals. If a 
condition reduces the ability of the host or the normal micro-
biome and virome17 to regulate microbiome composition, then 
stochastic temporal changes in environmental conditions may 
have greater influence on the microbiome. This can lead to 
increases in the rate of random change in individuals’ micro-
biomes over time, and multidirectional dispersion will increase 
across timepoints within individuals (Fig. 2c).

Increased range of stable states. Reduction in immune function 
may also lead to alternate stable states dominated by the effects 
of microbial migration and competition rather than habitat fil-
tering by the host. To the extent that migration or intraspecific 
competition are stochastic, this may lead to very different out-
comes in different individuals. Stochasticity in migration could 
be due to underlying variation in diet68, patterns of physical con-
tact75 or hospitalization76,77, while stochasticity in intra-specific 
competition often arises from priority effects. For example, if 
two or more species (or consortia of allied species) are mutually 
inhibiting, the first to establish will tend to exclude others (that 
is, bistability78 or multistability79). If the outcome of this initial 
establishment is partially stochastic, then different species may 
stably dominate different individuals (the same argument can 
be made for stochasticity in competitive outcomes). Stochastic 
bistability could produce directional changes across timepoints 
within individuals (Fig. 2b), but would increase inter-individual 
variation (Fig. 2c).

Anti-AKP effects. Of course, not all stressors increase 
β-diversity. Counterexamples that we predict will often sig-
nificantly decrease β-diversity include polymicrobial infections 
stabilized by consortium interactions (for example, chronic 
periodontitis80), disorders associated with blooms of a specific 
microorganism (for example, Staphylococcus aureus in untreated 
atopic dermatitis flares81), and strong environmental filters on 
the microbiome (for example, iron insufficiency at weaning 
in mice82).

Box 1 | Distinguishing biological patterns that can produce AKP effects.
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at above-average temperatures coincided with displacement of the 
normal surface microbiota by stochastic blooms of several different 
fast-growing opportunists34.

These effects may extend to other threatened marine animals. 
Globally, sponge microbiomes are typically less variable than sur-
rounding sediments or seawater21. However, evidence from meso-
cosms suggests that ocean acidification (but not temperature) 
increases variability in sponge microbiomes36. The similarities of 
microbiome response to certain environmental stressors in humans 

and marine invertebrates such as sponges and corals present 
intriguing parallels. One potential interpretation is that many envi-
ronmental stressors can disrupt normal mechanisms for regulating 
the microbiome. These might include both innate and adaptive host 
immunity (for hosts with an adaptive immune system), and the 
action of beneficial members of the microbiome.

Compromised host immunity can induce AKP effects
Studies of microbiome development across populations demon-
strate high microbiome variability during the early development of 
adult immunity. Children from three populations showed greater 
variation in microbial metabolic capabilities than did adults from 
the same population37. This suggests that immunity may play an 
important role in microbiome stability. If so, we might expect that 
disruption of normal immune function due to genetic defects, ret-
roviral infection or immunosuppressive drugs might destabilize 
the microbiome.

In the absence of antiretroviral drugs, HIV/AIDs kills patients 
by decreasing CD4+ T-cell counts, increasing susceptibility to a 
wide range of bacterial, viral and fungal opportunistic pathogens 
(reviewed in ref. 38). Only more recently have the consequences 
of HIV/AIDs on the broader host microbiome been considered 
(reviewed in ref. 39). In these studies, enrichment of specific micro-
bial lineages and changes in α-diversity are more commonly tested 
than changes in β-diversity dispersion39. However, at least two stud-
ies have reported increased β-diversity dispersion as a consequence 
of HIV infection. While less severe HIV infection induced small dif-
ferences in the microbiome40, advanced HIV increased β-diversity 
between patients41. Other recent studies of the effects of HIV/AIDs 
on the gut microbiome, including of American42 and Chinese43 
patient cohorts, did not report statistical tests for β-diversity disper-
sion. However, circumstantial evidence suggests its presence: PCoA 
plots in Sun et al.43 show much tighter clustering of non-diarrhoeal 
control patients than HIV/AIDs patients (though this may be con-
founded with presence of diarrhoea), while Dinh et  al.42 report 
much higher interquartile ranges for the abundance of microbial 
phyla in HIV+ cases versus healthy controls. Additionally, these 
studies both show a subtle symptom of a particular subtype of AKP 
effect (discussed in section ‘Destabilization of animal microbiomes 
influences statistical tests of microbiome dynamics’): many more 
significantly depleted taxa in cases versus controls, even in relative 
abundance data in which microbial proportions are constrained to 
sum to 100%.

In principle, part of the increased inter-individual microbiome 
variability seen in HIV+ patients could be due to the effects of anti-
virals or antibiotics (Box 1). However, similar microbiome disrup-
tion arises following retroviral immune suppression in unmedicated 
non-human primates (for example, SIV in chimpanzees (SIVcpz)). 
Wild chimpanzees with SIVcpz did not show a single distinct com-
munity configuration relative to healthy animals. Instead, they 
showed increased β-diversity across a range of different microbial 
community dissimilarity measures44. This increased dispersion of 
community composition was linked to more rapid microbiome 
change over time in SIV+ chimpanzees, and increased abundance 
of multiple potential pathogens or opportunists44. This SIV-induced 
microbiome destabilization appears to be absent for much of the 
course of infection, but becomes pronounced around five months 
prior to death45. Based on these findings, the presence or absence 
of virally induced gut microbiome dysbiosis is now proposed as a 
diagnostic of pathogenic versus non-pathogenic SIV infections 
in primates46.

It remains an open question whether other related retroviruses, 
such as feline immunodeficiency viruses (FIVs), destabilize the 
microbiome. Although not formally characterized for differences 
in community dispersion, a recent study of the oral and conjunc-
tival microbiome of domestic cats with FIVs showed significantly 
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Figure 2 | Stochasticity produces contrasting effects of mild and 
severe perturbations under different models of microbiome dynamics. 
a, Hypothetical ordination results for a perturbation that alters 
microbiomes by driving them towards a new deterministic configuration 
(black arrows). For example, an environmental variable might linearly 
increase the relative abundance of certain taxa. Such deterministic changes 
produce new clusters of ‘stressed’ samples (green and red spheres) with 
similar dispersion as healthy controls. Under this scenario, the within-
category β-diversity of healthy, mildly stressed or severely stressed hosts 
is identical (as shown by the box plot). b, Results for a scenario where 
the way in which a perturbation alters the microbiome is deterministic 
(all arrows point right), but the extent of alteration is stochastic based 
on the severity of the stressor. This produces clusters of healthy (blue 
spheres) and severely stressed (red spheres) samples. Under mild levels of 
stress, however, only a subset of samples is shifted to the stressed cluster. 
This produces elevated β-diversity in samples from moderately stressed 
hosts, but low β-diversity in both healthy and severely stressed hosts. 
Superficially, this effect on between-individual β-diversity follows a similar 
curve to observations of peak microbiome richness under intermediate 
levels of disturbance86. However, unlike species richness, β-diversity 
dispersion is not readily explained by tradeoffs between competition 
and colonization ability among microorganisms without additional 
assumptions. c, Results for a stressor that alters the microbiome in 
unpredictable ways. For example, a stressor that suppresses host immunity 
may allow invasion by myriad opportunists, with the specific outcome 
determined in part by chance effects such as exposure. Under these 
circumstances, increasing levels of the stressor produce greater dispersion 
around the healthy centroid. Thus, severely stressed hosts have greater 
microbiome β-diversity than healthy hosts, while mildly stressed hosts 
have microbiomes with an intermediate level of dispersion.
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reduced evenness and increased dispersion in PCoA plots of the 
conjunctival microbiome47.

Immunosuppressive drugs also often induce AKP effects. In 
lung transplant recipients, post-operative upper and lower respira-
tory tract microbiomes showed much larger differences than did 
the same sites in healthy controls due to stochastic outgrowth of 
varied lung microorganisms48. Post-operative liver transplantation 
patients, who received both antibiotics and immune suppression by 
tacrolimus, showed greater variation in follow-up samples relative 
to asymptomatic hepatitis B positive controls49, although these dif-
ferences were not tested for significance.

In addition to immune suppression by retroviral infection or 
immunosuppressive drugs, physical trauma with immune repercus-
sions has also been reported to show these patterns. For example, 
severely burned human patients showed both strong location effects 
driven by an increase in Enterobacteriaceae, and greater microbi-
ome dispersion in NMDS plots50. When burns were experimentally 
inflicted on mice, similar patterns were observed50. Ultimately, these 
ideas are best tested by experiments that manipulate immunity 
directly, some of which have already been conducted. For example, 
Rag1–/– (recombination-activating gene 1) mice, which lack adap-
tive immunity, showed significantly increased β-diversity relative 
to healthy controls51. Emerging methods such as IgA-seq52 will 
help fuel future work dissecting the relationship between different 
immune pathways and AKP effects in the microbiome.

AKP effects in allergenic and autoimmune disorders
Given that immunosuppression increases microbiome variabil-
ity, one might expect that autoimmune disorders would decrease 
microbiome variability. Contrary to this expectation, allergenic and 
autoimmune disorders are often associated with strong AKP effects.

Type  1 diabetes (T1D) is an autoimmune disorder in which 
T-cells attack insulin-producing pancreatic β-cells. Giongo et  al. 
show how patients with T1D exhibit reduced similarity between 
pairs of individuals, and more rapid microbiome changes over time, 
than healthy patients26. Several other allergenic and autoimmune 
disorders thought to involve some combination of microbial dys-
biosis and changes in host immunity also show strong AKP effects. 
In a study of patients with Crohn’s disease, Dey and colleagues 
found that Crohn’s patients showed significantly greater β-diversity 
than healthy controls28. Additionally, patients that would go on to 
have a recurrence of Crohn’s disease following surgery had greater 
β-diversity distances from healthy or non-inflammatory bowel dis-
order surgery controls28. Further tests will be required to determine 
if this increased distance from healthy patients is due to AKP effects 
or deterministic effects. Pérez-Brocal and colleagues reached a sim-
ilar conclusion based on visual inspection of 16S rRNA data from 
19 patients53. Ulcerative colitis patients in remission again showed 
much lower temporal stability than did controls54, as measured by 
steady reductions in community similarity to the initial timepoint. 
In a mouse model of colitis, in which inflammation is induced by 
exposure to dextran sodium sulfate (DSS), repeated rounds of DSS 
exposure increasingly destabilized the gut microbiome, eventu-
ally shifting it to a distinct colitic configuration55. Finally, a recent 
time-series analysis of 137 individuals with multiple inflammatory 
bowel disorders elaborated on these findings by demonstrating 
that the microbiomes of patients with inflammatory bowel dis-
ease changed more rapidly over time, and showed greater stochas-
tic deviations from a ‘healthy plane’ defined by microbiomes of 
healthy individuals56.

Thus, AKP effects are present in several forms of abnormal 
positive or negative immunomodulation. These observations, 
while perhaps counterintuitive, could be explained by the hypoth-
esis26 that animal regulation of immunity evolved to both screen 
out pathogens and carefully regulate commensal and mutualistic 
microorganisms. If so, it may be more apparent why microbiome 
instability is observed in multiple types of immune dysregulation.

Pathogen infection can induce AKP effects
If, as we argue above, both autoimmunity and immunosuppression 
can induce AKP effects in animal microbiomes, then we should 
expect that pathogens, particularly those that are adept at manipulat-
ing host immunity for their own benefit, may also induce these effects.

Mouse models of infection by bacteria57 and parasites58,59 have 
shown AKP effects that illustrate the feedbacks among immunity, 
commensal microbiome stability and pathogen invasion. For exam-
ple, in a mouse model of Salmonella infection, artificially reduced 
intestinal expression of the mouse glycosyltransferase B4galnt2 
(β-1,4-N-acetylgalactosaminyltransferase 2) caused both greater 
microbiome variability and increased susceptibility to Salmonella 
typhimurium infection57. Critically, this increased susceptibility to 
infection was dependent on the presence of the microbiome, and 
did not arise from direct mouse–Salmonella interactions. In turn, 
Salmonella infection greatly exacerbated microbiome variability, 
suggesting that AKP effects can be both a cause and a consequence 
of successful pathogen infection.

Similar evidence arises from fungal infections of amphibians. 
The chytrid fungus Batrachochytrium dendrobatidis (hereafter Bd) 
has been implicated in amphibian declines worldwide. The mech-
anism by which it harms its host is still being explored, but may 
involve secretion of harmful water-soluble compounds, as water 
incubated with Bd also causes pathological effects60. Microbiome 
variability between frogs at a single time point was not different 
between lakes with or without Bd infection. However, a Bd out-
break was accompanied by significantly increased temporal change 
in community β-diversity relative to lakes without outbreaks20. 
Experimental infection of bullfrogs showed both that differences 

The human microbiome is increasingly understood to influence 
the efficacy of many drugs. As one example, strains of the human 
gut actinobacterium Eggerthella lenta can convert the heart drug 
digoxin into the ineffective form dihydrodigoxin64. Remarkably, 
this problematic interaction could be greatly reduced by a high-
amino-acid diet64. Even extremely common and seemingly 
well-understood drugs may be affected by variation in bacterial 
metabolism across individuals. For example, individuals with 
greater bacterially generated p-Cresol in their urine show altered 
metabolism of acetaminophen83. Observations such as these have 
led to much interest in incorporating microbiome information 
into personalized medicine in general84, and into personalized 
prediction of drug pharmacokinetics and pharmacodynamics 
in particular85.

The AKP for host microbiomes may help to guide these efforts. 
If, as currently appears probable, many disorders destabilize 
microbiomes rather than shifting them to a particular predictable 
configuration, then patients with these disorders will have vari-
able secondary changes in their microbiomes. This implies that the 
same underlying disorder could have widely varying impacts on 
drug metabolism, depending on the outcome of stochastic ecologi-
cal processes in each patient’s microbiome. Understanding which 
disorders tend to destabilize microbiomes, versus driving them to 
new stable states, may help to shape screening regimes for microbi-
ome-based personalized medicine. For example, patients with dis-
orders that increase microbiome change over time might require 
more frequent screenings for microorganisms that interact with 
medication. Conversely, patients with disorders that have predict-
able and consistent effects on the microbiome across individuals 
may gain little benefit from personalized microbiome screenings.

Box 2 | Relationship of the AKP to personalized medicine.
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in microbial community structure (for example, weighted UniFrac 
distances) influenced Bd infectivity, and that Bd infection induced 
microbiome dispersion in a controlled experiment61.

Broader significance of AKP effects
The AKP not only provides insight into host microbiome dynamics, 
but also has broader implications for microbial data analysis and for 
our interpretation of the biologically meaningful effects of different 
biotic and abiotic forcing that in the past have generally been consid-
ered noise or negative results. As the dominant paradigm in our field 
has emphasized shifts between alternative stable states, which pro-
duce distinct clusters in ordination space (that is, location effects), 
stressors that increase variability (dispersion effects) are often dis-
carded as statistical artifacts. Empirical data connecting increased 
variability to health outcomes suggests that we should analyse rather 
than throw away these datasets.

Destabilization of animal microbiomes influences statistical 
tests of microbiome dynamics. Biological interpretation of dis-
persion effects, although not commonplace, has roots in the litera-
ture. Detection of both dispersion and location effects was originally 
presented as an advantage of ANOSIM (analysis of similarities) 
tests62. Later, PERMANOVA (permutational multivariate analysis 
of variance) and PERMDISP (permutational analysis of multivari-
ate dispersions) allowed for separate detection and quantification of 
location and dispersion effects63. However, in practice, the detection 
of location effects has been seen as a primary goal, while dispersion 
effects have been regarded as nuisances. This can probably be traced 
to the lack of a meaningful biological interpretation for increased 
β-diversity dispersion in animal microbiomes, which is what we pro-
pose in this Perspective.

AKP effects shed light on paradoxical enrichment patterns. 
The AKP helps to resolve apparently paradoxical changes in species 
enrichment. A stressor that affects the microbiome by increasing its 
rate of stochastic change over time will tend to increase inter-indi-
vidual variation as the microbiome of individuals increasingly drift 
apart. Imagine regressing the abundances of microorganisms across 
individuals against an index of stress or disease severity. If stressed 
individuals have greater variability, such an analysis will often detect 

significant loss of ‘normal’ microorganisms, paired with no corre-
sponding statistically significant gains in pathogens. This situation 
appears paradoxical, because marker gene surveys of microbiomes 
produce compositional data: proportional losses of one microor-
ganism must be compensated with proportional gains somewhere 
else in the community. However, the systematic differences in vari-
ance between stressed and unstressed conditions means that even 
though compensatory shifts are happening, they may not rise to the 
level of significance because they vary in each stressed individual. 
This is especially true at more detailed taxonomic levels (strain 
or species), where statistical power is most limited by the need to 
correct for multiple comparisons.

Conclusions
Recent research has demonstrated that AKP effects are common 
to many disturbed animal microbiomes. Important pathogens, 
environmental stressors and immune dysfunctions can lead to 
increased stochasticity in the microbiome. Our goal in discussing 
the prevalence of AKP effects is not to minimize the importance of 
deterministic changes in community composition, which are well 
appreciated. Instead, it is to suggest an alternative framework for 
the interpretation of data that do not easily fit into these paradigms.

AKP effects probably matter a great deal in the clinic, as microbi-
ome status can affect the efficacy of drugs ranging from cardiac gly-
cosides64 to chemotherapeutics65. Understanding which underlying 
conditions produce more variable microbiome may help to target 
microbiome-aware personalized medicine screens (Box 2).

The associations between microbiome instability and many 
stressors and diseases suggest that microbiome resistance and resil-
ience are a hallmark of healthy physiology, consistent with the evo-
lution of animals in a sea of microorganisms and viruses66. However, 
microbiome instability due to AKP effects can only be seen in con-
trast to normal variation67. Time-series studies are increasingly 
critical for documenting background microbiome stability across 
normal development37; with dietary changes68; and also across gen-
erations69 and between species70, so that this normal variation can be 
contrasted with pathological changes.

Many widely used software packages provide tools that can test 
for AKP effects in microbiome data. For example, the PERMDISP 
procedure is available in the vegan R package. Both this procedure 
and a separate permutational test for pairwise distances between 
samples are available through the QIIME package for microbial 
community analysis (see the compare_categories.py and make_dis-
tance_boxplots.py scripts in QIIME 1.9)71. We recommend the 
widespread reporting of these tests. Additional methods for analysis 
of temporal variation are reviewed in ref. 72.

However, current tools are less well-suited to distinguishing bio-
logical mechanisms that might produce AKP effects. Therefore, new 
theory and applied computational software are needed to routinely 
distinguish these hypotheses. Observation of increased microbiome 
variability under multiple host stressors suggests the opportunity to 
elaborate on existing ecological models of interactions within the 
microbiome. Increased attention is also needed to develop compu-
tational methods for inferring stochastic and deterministic effects of 
a stressor on animal microbiomes in a unified statistical framework. 
These computational approaches should be paired with experimen-
tal protocols in model systems designed to explicitly test the effects 
of stochastic versus deterministic microbiome change. Such designs 
include pooled versus unpooled microbiome transplants from dis-
eased individuals into healthy gnotobiotic recipients (Box 3). This 
new toolkit, along with broader recognition and reporting of AKP 
effects, will help clarify and contextualize the connections between 
host stress and microbiome stability in diverse systems.

Received 21 November 2016; accepted 3 July 2017;  
published 24 August 2017

Understanding the biological consequences of AKP effects will 
require experiments that separate the effects of predictable shifts 
in the microbiome versus dispersion. Pooling experiments pro-
vide one way to disentangle the physiological consequences of 
these dynamics for hosts. If a perturbation causes pure disper-
sion effects (Fig. 2c), then a simple but surprising property should 
hold: the average microbiome of diseased individuals will be 
similar in composition to that of a healthy individual. In contrast, 
perturbations that predictably shift the microbiome (Fig. 2a) or 
in which the microbiome shifts in varying degrees to a dysbiotic 
state (Fig. 2b) will not exhibit this property. This difference could 
allow for separation of the relative contribution of dispersion and 
location effects to a particular health outcome. For example, a 
mouse model of a disease with AKP effects on the microbiome 
could compare the effects of microbiome transplants into gno-
tobiotic animals formed by single donors versus pooled donors. 
In the latter scenario, pure dispersion effects will be averaged out. 
Differences in outcome between the two transplant pools will 
therefore separate AKP effects from deterministic differences. This 
approach should be especially useful in cases that present a mix-
ture of deterministic and stochastic alterations to the microbiome.

Box 3 | An experimental test disentangling AKP effects.

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/nmicrobiol.2017.121


NATURE MICROBIOLOGY 2, 17121 (2017) | DOI: 10.1038/nmicrobiol.2017.121 | www.nature.com/naturemicrobiology	 7

PERSPECTIVENATURE MICROBIOLOGY

References
1.	 McFall-Ngai, M. et al. Animals in a bacterial world, a new imperative for the 

life sciences. Proc. Natl Acad. Sci. USA 110, 3229–3236 (2013).
2.	 Pace, N. R. A molecular view of microbial diversity and the biosphere. Science 

276, 734–740 (1997).
3.	 Hug, L. A. et al. A new view of the tree of life. Nat. Microbiol. 1, 16048 (2016).
4.	 Konstantinidis, K. T. & Tiedje, J. M. Towards a genome-based taxonomy for 

prokaryotes. J. Bacteriol. 187, 6258–6264 (2005).
5.	 Chaffron, S., Rehrauer, H., Pernthaler, J. & von Mering, C. A global network of 

coexisting microorganisms from environmental and whole-genome sequence 
data. Genome Res. 20, 947–959 (2010).

6.	 Zaneveld, J. R., Lozupone, C., Gordon, J. I. & Knight, R. Ribosomal RNA 
diversity predicts genome diversity in gut bacteria and their relatives. 
Nucleic Acids Res. 38, 3869–3879 (2010).

7.	 Langille, M. G. I. et al. Predictive functional profiling of microbial 
communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 
31, 814–821 (2013).

8.	 Rinke, C. et al. Insights into the phylogeny and coding potential of microbial 
dark matter. Nature 499, 431–437 (2013).

9.	 Frost, L. S., Leplae, R., Summers, A. O. & Toussaint, A. Mobile genetic 
elements: the agents of open source evolution. Nat. Rev. Microbiol. 
3, 722–732 (2005).

10.	Sachs, J. L., Skophammer, R. G. & Regus, J. U. Evolutionary transitions in 
bacterial symbiosis. Proc. Natl Acad. Sci. USA 108, 10800–10807 (2011).

11.	Sharon, G. et al. Commensal bacteria play a role in mating preference of 
Drosophila melanogaster. Proc. Natl Acad. Sci. USA 107, 20051–20056 (2010).

12.	Hsiao, E. Y. et al. Microbiota modulate behavioral and physiological 
abnormalities associated with neurodevelopmental disorders. Cell 
155, 1451–1463 (2013).

13.	Nyholm, S. V. & McFall-Ngai, M. The winnowing: establishing the squid–vibrio 
symbiosis. Nat. Rev. Microbiol. 2, 632–642 (2004).

14.	Coppa, G. V., Bruni, S., Morelli, L., Soldi, S. & Gabrielli, O. The first 
prebiotics in humans: human milk oligosaccharides. J. Clin. Gastroenterol. 
38, 80–83 (2004).

15.	Flórez, L. V., Biedermann, P. H. W., Engl, T. & Kaltenpoth, M. Defensive 
symbioses of animals with prokaryotic and eukaryotic microorganisms. 
Nat. Prod. Rep. 32, 904–936 (2015).

16.	Ellner, S. P., Schluter, J. & Foster, K. R. The evolution of mutualism in gut 
microbiota via host epithelial selection. PLoS Biol. 10, e1001424 (2012).

17.	Barr, J. J. et al. Bacteriophage adhering to mucus provide a non-host-derived 
immunity. Proc. Natl Acad. Sci. USA 110, 10771–10776 (2013).

18.	Whittaker, R. H. Evolution and measurement of species diversity. Taxon 
21, 213 (1972).

19.	Turnbaugh, P. J. et al. A core gut microbiome in obese and lean twins. Nature 
457, 480–484 (2008).

20.	 Jani, A. J. & Briggs, C. J. The pathogen Batrachochytrium dendrobatidis 
disturbs the frog skin microbiome during a natural epidemic and experimental 
infection. Proc. Natl Acad. Sci. USA 111, E5049–E5058 (2014).

21.	Thomas, T. et al. Diversity, structure and convergent evolution of the global 
sponge microbiome. Nat. Commun. 7, 11870 (2016).

22.	Yilmaz, Ö. et al. Microbiome profiles in periodontitis in relation to host and 
disease characteristics. PloS ONE 10, e0127077 (2015).

23.	Casey, J. M., Connolly, S. R. & Ainsworth, T. D. Coral transplantation triggers 
shift in microbiome and promotion of coral disease associated potential 
pathogens. Sci. Rep. 5, 11903 (2015).

24.	Kohl, K. D. et al. Gut microorganisms of mammalian herbivores facilitate 
intake of plant toxins. Ecol. Lett. 17, 1238–1246 (2014).

25.	Diamond, J. Guns, Germs, and Steel: The Fates of Human Societies 
(W. W. Norton, 1999).

26.	Giongo, A. et al. Toward defining the autoimmune microbiome for type 1 
diabetes. ISME J. 5, 82–91 (2010).

27.	Gilbert, J. A., Holmes, I., Harris, K. & Quince, C. Dirichlet multinomial 
mixtures: generative models for microbial metagenomics. PLoS ONE 
7, e30126 (2012).

28.	Dey, N., Soergel, D. A. W., Repo, S. & Brenner, S. E. Association of 
gut microbiota with post-operative clinical course in Crohn’s disease. 
BMC Gastroenterol. 13, 131 (2013).

29.	Mutlu, E. A. et al. Colonic microbiome is altered in alcoholism. 
Am. J. Physiol. Gastrointest. Liver Physiol. 302, G966–G978 (2012).

30.	Chen, Y. et al. Characterization of fecal microbial communities in patients with 
liver cirrhosis. Hepatology 54, 562–572 (2011).

31.	Chen, Y. et al. Gut dysbiosis in acute-on-chronic liver failure and its predictive 
value for mortality. J. Gastoenterol. Hepatol. 30, 1429–1437 (2015).

32.	Heimesaat, M. M. et al. Disordered microbial communities in the upper 
respiratory tract of cigarette smokers. PLoS ONE 5, e15216 (2010).

33.	Wu, J. et al. Cigarette smoking and the oral microbiome in a large study of 
American adults. ISME J. 10, 2435–2446 (2016).

34.	Zaneveld, J. R. et al. Overfishing and nutrient pollution interact with 
temperature to disrupt coral reefs down to microbial scales. Nat. Commun. 
7, 11833 (2016).

35.	Voolstra, C. R. et al. Macroalgae decrease growth and alter microbial 
community structure of the reef-building coral, Porites astreoides. PLoS ONE 
7, e44246 (2012).

36.	Lesser, M. P., Fiore, C., Slattery, M. & Zaneveld, J. Climate change stressors 
destabilize the microbiome of the Caribbean barrel sponge, Xestospongia muta. 
J. Exp. Mar. Biol. Ecol. 475, 11–18 (2016).

37.	Yatsunenko, T. et al. Human gut microbiome viewed across age and geography. 
Nature 486, 222–227 (2012).

38.	Masur, H. et al. Prevention and treatment of opportunistic infections in 
HIV-infected adults and adolescents: updated guidelines from the Centers 
for Disease Control and Prevention, National Institutes of Health, and 
HIV Medicine Association of the Infectious Diseases Society of America. 
Clin. Infect. Dis. 58, 1308–1311 (2014).

39.	Williams, B., Landay, A. & Presti, R. M. Microbiome alterations in HIV 
infection a review. Cell. Micobiol. 18, 645–651 (2016).

40.	Beck, J. M. et al. Multicenter comparison of lung and oral microbiomes of 
HIV-infected and HIV-uninfected individuals. Am. J. Respir. Crit. Care Med. 
192, 1335–1344 (2015).

41.	Twigg, H. L. et al. Effect of advanced HIV infection on the respiratory 
microbiome. Am. J. Respir. Crit. Care Med. 194, 226–235 (2016).

42.	Dinh, D. M. et al. Intestinal microbiota, microbial translocation, and systemic 
inflammation in chronic HIV Infection. J. Infect. Dis. 211, 19–27 (2015).

43.	Sun, Y. et al. Fecal bacterial microbiome diversity in chronic HIV-infected 
patients in China. Emerg. Microbes Infect. 5, e31 (2016).

44.	Moeller, A. H. et al. SIV-induced instability of the chimpanzee gut microbiome. 
Cell Host Microbe 14, 340–345 (2013).

45.	Barbian, H. J. et al. Destabilization of the gut microbiome marks the end-
stage of simian immunodeficiency virus infection in wild chimpanzees. 
Am. J. Primatol. http://dx.doi.org/10.1002/ajp.22515 (2015).

46.	Moeller, A. H. et al. Stability of the gorilla microbiome despite simian 
immunodeficiency virus infection. Mol. Ecol. 24, 690–697 (2015).

47.	Weese, S. J., Nichols, J., Jalali, M. & Litster, A. The oral and conjunctival 
microbiotas in cats with and without feline immunodeficiency virus infection. 
Vet. Res. 46, 21 (2015).

48.	Charlson, E. S. et al. Lung-enriched organisms and aberrant 
bacterial and fungal respiratory microbiota after lung transplant. 
Am. J. Respir. Crit. Care Med. 186, 536–545 (2012).

49.	Lu, H. et al. Assessment of microbiome variation during the perioperative 
period in liver transplant patients: a retrospective analysis. Microb. Ecol. 
65, 781–791 (2013).

50.	Raju, R. et al. burn injury alters the intestinal microbiome and increases gut 
permeability and bacterial translocation. PloS ONE 10, e0129996 (2015).

51.	Zhang, H., Sparks, J. B., Karyala, S. V., Settlage, R. & Luo, X. M. Host adaptive 
immunity alters gut microbiota. ISME J. 9, 770–781 (2014).

52.	Palm, Noah W. et al. Immunoglobulin A coating identifies colitogenic bacteria 
in inflammatory bowel disease. Cell 158, 1000–1010 (2014).

53.	Pérez-Brocal, V. et al. Study of the viral and microbial communities associated 
with Crohn’s disease: a metagenomic approach. Clin. Transl. Gastroenterol. 
4, e36 (2013).

54.	Martinez, C. et al. Unstable composition of the fecal microbiota in ulcerative 
colitis during clinical remission. Am. J. Gastroenterol. 103, 643–648 (2008).

55.	Berry, D. et al. Intestinal microbiota signatures associated with inflammation 
history in mice experiencing recurring colitis. Front. Microbiol. 
6, 1408 (2015).

56.	Halfvarson, J. et al. Dynamics of the human gut microbiome in inflammatory 
bowel disease. Nat. Microbiol. 2, 17004 (2017).

57.	Tsolis, R. M. et al. Expression of the blood-group-related gene B4galnt2 alters 
susceptibility to Salmonella infection. PLoS Pathog. 11, e1005008 (2015).

58.	Allen, I. C. et al. Chronic Trichuris muris infection decreases diversity of 
the intestinal microbiota and concomitantly increases the abundance of 
Lactobacilli. PLoS ONE 10, e0125495 (2015).

59.	Kim, C. H. et al. Chronic Trichuris muris infection in C57BL/6 mice causes 
significant changes in host microbiota and metabolome: effects reversed by 
pathogen clearance. PLoS ONE 10, e0125945 (2015).

60.	McMahon, T. A. et al. Chytrid fungus Batrachochytrium dendrobatidis has 
nonamphibian hosts and releases chemicals that cause pathology in the absence 
of infection. Proc. Natl Acad. Sci. USA 110, 210–215 (2012).

61.	Fisher, M. C. et al. Community structure and function of amphibian skin 
microbes: an experiment with bullfrogs exposed to a chytrid fungus. PloS ONE 
10, e0139848 (2015).

62.	Clarke, K. R. Non-parametric multivariate analyses of changes in community 
structure. Austral. Ecol. 18, 117–143 (1993).

63.	Anderson, M. J. A new method for non-parametric multivariate analysis of 
variance. Austral. Ecol. 26, 32–46 (2001).

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/nmicrobiol.2017.121
http://dx.doi.org/10.1002/ajp.22515


8	 NATURE MICROBIOLOGY 2, 17121 (2017) | DOI: 10.1038/nmicrobiol.2017.121 | www.nature.com/naturemicrobiology

PERSPECTIVE NATURE MICROBIOLOGY

64.	Haiser, H. J. et al. Predicting and manipulating cardiac drug inactivation by the 
human gut bacterium Eggerthella lenta. Science 341, 295–298 (2013).

65.	Lehouritis, P. et al. Local bacteria affect the efficacy of chemotherapeutic drugs. 
Sci. Rep. 5, 14554 (2015).

66.	Lee, Y. K. & Mazmanian, S. K. Has the microbiota played a critical role in the 
evolution of the adaptive immune system? Science 330, 1768–1773 (2010).

67.	Brüssow, H. How stable is the human gut microbiota? And why this question 
matters. Environ. Microbiol. 18, 2779–2783 (2016).

68.	David, L. A. et al. Diet rapidly and reproducibly alters the human gut 
microbiome. Nature 505, 559–563 (2013).

69.	Sonnenburg, E. D. et al. Diet-induced extinctions in the gut microbiota 
compound over generations. Nature 529, 212–215 (2016).

70.	Rebollar, E. A. et al. Skin bacterial diversity of Panamanian frogs is associated 
with host susceptibility and presence of Batrachochytrium dendrobatidis. 
ISME J. 10, 1682–1695 (2016).

71.	Caporaso, J. G. et al. QIIME allows analysis of high-throughput community 
sequencing data. Nat. Methods 7, 335–336 (2010).

72.	Faust, K., Lahti, L., Gonze, D., de Vos, W. M. & Raes, J. Metagenomics 
meets time series analysis: unraveling microbial community dynamics. 
Curr. Opin. Microbiol. 25, 56–66 (2015).

73.	Weiss, S. et al. Normalization and microbial differential abundance strategies 
depend upon data characteristics. Microbiome 5, 27 (2017).

74.	Dethlefsen, L. & Relman, D. A. Incomplete recovery and individualized 
responses of the human distal gut microbiota to repeated antibiotic 
perturbation. Proc. Natl Acad. Sci. USA 108, 4554–4561 (2010).

75.	Meadow, J. F., Bateman, A. C., Herkert, K. M., O’Connor, T. K. & Green, J. L. 
Significant changes in the skin microbiome mediated by the sport of roller 
derby. PeerJ 1, e53 (2013).

76.	McDonald, D. et al. Extreme dysbiosis of the microbiome in critical illness. 
mSphere 1, e00199-16 (2016).

77.	Prescott, H. C., Dickson, R. P., Rogers, M. A. M., Langa, K. M. & Iwashyna, T. J. 
Hospitalization type and subsequent severe sepsis. Am. J. Respir. Crit. Care Med 
192, 581–588 (2015).

78.	Scheuring, I., Yu, D. W. & van Baalen, M. How to assemble a beneficial 
microbiome in three easy steps. Ecol. Lett. 15, 1300–1307 (2012).

79.	 Gonze, D., Lahti, L., Raes, J. & Faust, K. Multi-stability and the origin of microbial 
community types. ISME J. http://dx.doi.org/10.1038/ismej.2017.60 (2017).

80.	Kirst, M. E. et al. Dysbiosis and alterations in predicted functions of the 
subgingival microbiome in chronic periodontitis. Appl. Environ. Microbiol. 
81, 783–793 (2015).

81.	Kong, H. H. et al. Temporal shifts in the skin microbiome associated with 
disease flares and treatment in children with atopic dermatitis. Genome Res. 
22, 850–859 (2012).

82.	Pereira, D. I. A. et al. Dietary iron depletion at weaning imprints low 
microbiome diversity and this is not recovered with oral nano Fe(III). 
MicrobiologyOpen 4, 12–27 (2015).

83.	Clayton, T. A., Baker, D., Lindon, J. C., Everett, J. R. & Nicholson, 
J. K. Pharmacometabonomic identification of a significant host-
microbiome metabolic interaction affecting human drug metabolism. 
Proc. Natl Acad. Sci. USA 106, 14728–14733 (2009).

84.	Holmes, E. et al. Therapeutic modulation of microbiota-host metabolic 
interactions. Sci. Transl. Med. 4, 137rv6 (2012).

85.	Gurwitz, D. The gut microbiome: insights for personalized medicine. 
Drug Dev. Res. 74, 341–343 (2013).

86.	Gibbons, S. M. et al. Disturbance regimes predictably alter diversity in an 
ecologically complex bacterial system. mBio 7, e01372-16 (2016).

Acknowledgements
The authors would like to thank D. Burkepile, J. Gilbert, D. McDonald, T. Sharpton, 
C. Armour, J. Jensen, C. Chang and many other colleagues for useful discussions. This 
work was supported by a National Science Foundation Dimensions of Biodiversity grant 
(no. 1442306).

Author contributions
J.R.Z. wrote the manuscript. All authors conducted research, contributed intellectually, 
and edited the manuscript.

Additional information
Reprints and permissions information is available at www.nature.com/reprints.

Correspondence should be addressed to J.R.Z.

How to cite this article: Zaneveld, J. R., McMinds, R. & Vega Thurber, R. Stress and 
stability: applying the Anna Karenina principle to animal microbiomes. Nat. Microbiol. 
2, 17121 (2017).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Competing interests
The authors declare no competing financial interests.

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://dx.doi.org/10.1038/nmicrobiol.2017.121
http://dx.doi.org/10.1038/ismej.2017.60
http://www.nature.com/reprints

	Stress and stability: applying the Anna Karenina principle to animal microbiomes
	External stressors can induce microbial AKP effects
	Compromised host immunity can induce AKP effects
	AKP effects in allergenic and autoimmune disorders
	Pathogen infection can induce AKP effects
	Broader significance of AKP effects
	Conclusions
	Additional information
	Acknowledgements
	References




