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ABSTRACT The alpha diversity of ecologic communities is affected by many biotic
and abiotic drivers and, in turn, affects ecosystem functioning. Yet, patterns of alpha
diversity in host-associated microbial communities (microbiomes) are poorly studied
and the appropriateness of general theory is untested. Expanding diversity theory to
include microbiomes is essential as diversity is a frequently cited metric of their sta-
tus. Here, we review and newly analyze reports of alpha diversity for animal gut mi-
crobiomes. We demonstrate that both diet and body size affect diversity in the gut
but that gut physiology (fermenter versus simple) is the most important driver. We
also assess the advantages of various diversity metrics. The importance of diversity
in microbiomes is often assumed but has not been tested outright. Therefore, we
close by discussing how to integrate microbiomes into the field of biodiversity-
ecosystem functioning to more clearly understand when and why a host supports
diverse microbial communities.

KEYWORDS diversity, gut, microbiome

Diversity, one of the most widely studied ecologic properties, is fundamental to the
field of ecology itself. It is widely reported and often promoted as an indicator of

ecosystem state due to its relationships with productivity, functioning, and stability
(1–4). However, diversity is not an inherent feature of communities, nor is it a universal
good. Specifically, more diversity is not always better (5–8). Therefore, diversity cannot
be assessed in a universal framework but instead must be contextualized or relativized
within the ecosystem of interest. The difficulties of interpreting diversity, both its
drivers and consequences, are particularly acute when considering microbial systems.

To date, the majority of research into patterns of diversity and biodiversity-
ecosystem function has been carried out in plant communities or with vertebrates at
larger spatial grains. In these macroscopic communities, diversity has long been
documented to vary predictably with geographic area, latitude, altitude, time, and
disturbance, among other factors (9). Major research efforts to build diversity-function
relationships from this literature began in the early 1990s and have continued un-
abated since then (10, 11). While the diversity of some microbial communities has also
been shown to vary predictably along gradients or in response to disturbance (12–17),
only a small proportion of the diversity-function literature addresses microbial eukary-
otic or bacterial communities (but see references 18, 19, and 20) even though most
species are microbes (21). An interesting exception is work on the importance of
evolution to the dynamics of biodiversity. Because experimental evolution is more
tractable for analyses of microbes, they are more often used for experiments studying
diversity and evolution conjointly (see, for example, references 22, 23, and 24), dem-
onstrating that such experiments are possible and even uniquely valuable for testing
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ecologic theories. Relatively little work has been done to bridge the divide between
large and small (see, for example, reference 21). This dearth may in part reflect
differences in biology and even physics between macroscopic and microbial systems,
but we suspect that it just as often reflects differences in the scientific cultures of those
who study “macrobes” and those who study microbes.

The lack of relevant microbial theory is particularly apparent when considering
host-associated microbial systems, i.e., microbiomes. Diversity metrics are frequently
reported in amplicon sequencing-based assessments of communities, and variations in
diversity are calculated between hosts or between case and control states. Without a
theory of diversity applicable to microbiomes, however, it is hard, if not impossible, to
interpret these results. Even in parasites, for which there is a much longer tradition of
research, there has been only limited work on patterns of diversity inside hosts (see, for
example, references 25 and 26) rather than globally irrespective of individual animals
(see, for example, reference 27). The patterns of microbiome diversity, pathogenic or
commensal, among individuals, within host species, or between host species have not
been systematically described. Without such knowledge, the obstacles preventing our
understanding when changes in diversity are important remain insurmountable.

Based on what has been found in plant, animal, and free-living microbial commu-
nities, we would expect diversity in microbiomes to be impacted by a number of
factors. Factors which increase niche availability, such as diverse resources or increased
area, or which limit growth, such as frequent disturbance or chronically extreme
conditions, are expected to drive diversity in opposite directions. The specific forms of
these factors likely differ depending on the body site considered—for example, distur-
bances to the skin could include bathing or variation in environmental temperature,
whereas the gut would be more susceptible to ingested pharmaceuticals or changes in
diet. Similarly, the levels of importance of microbial community diversity to the host are
also likely to differ between body sites. Here, we focus on differences among species in
the diversity of the gut microbiota, which is arguably the most highly studied host-
associated microbial community type.

Drawing on previous reports, we suggest that gut microbial community diversity is
positively associated with diet diversity and the proportion of calories derived from
plant material and that increases in both should increase the number of available
nutritional niches. We also suggest that gut microbial community diversity tracks body
size, which increases available gut space (akin to increases in area in other ecosystems)
and transit time. Physiological features such as stomach pH, which influences the ability
of microbes to colonize the gut, and gut morphology, which alters available habitat and
residence time, may also contribute. To test these hypotheses, we reviewed the
literature and conducted new analyses of data drawn from previously published
studies. We then discuss our limited current understanding of diversity-ecosystem
functioning in the gut and propose future work to address this limitation.

VARIATION BETWEEN ANIMALS

Few studies have explicitly tested the drivers of variation in bacterial (or, more
generally, microbial) community diversity in guts among animal species. In general,
these studies have tended to suggest an effect of diet on gut microbial community
diversity, with herbivory associated with higher diversity. Among New World bats, the
phylogenetic diversity of gut bacteria was found to be associated with dietary strategy;
phylogenetic diversity was greatest in fruit-feeding bats and lowest in blood-feeding
bats (28). More recently, Godon et al. (29) found that diversity was generally higher in
herbivores but that the effect of diet was mediated by body size, with an overall
positive relationship between body mass and gut bacterial community diversity (mea-
sured using the Simpson index) across a cohort of distantly related animals in captivity
(including birds, mammals, and reptiles). Captivity itself has also been found to affect
gut diversity in some mammals (30), but the relationship did not have a consistent
signal (30, 31).

Heuristic comparisons among taxa and contexts reveal patterns that support our
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hypothesis that diet diversity and gut morphology are important drivers of gut micro-
bial community diversity. Small insects with simple diets often have low-diversity
communities. Caterpillars, which have short gastrointestinal transit times and short
guts, harbor very low microbial community diversity, driven by species sourced from
the food plant material itself (32). Fruit flies and honeybees similarly carry only a few
species of bacteria consistently in their guts (33, 34). In the case of Drosophila,
individuals can lose their microbiota in the absence of replenishment from bacterially
colonized food (35) although there is also evidence that some bacteria can persist and
grow when added to an otherwise axenic gut (36). At the other end of the spectrum,
humans living more traditional lifestyles, which are associated with higher-fiber diets
and longer transit time, have been found to have higher-diversity gut microbiota than
do those living Westernized lifestyles (37, 38). Interestingly, there is not a significant
difference in most diversity metrics between Inuit individuals who consume traditional
but low-fiber diets and Canadians living in a city (39). This result suggests that it is not
traditional lifestyles per se that necessarily lead to more diverse gut microbes but
instead certain kinds of diets.

To test specific hypotheses of a general model of diversity in host-associated
communities, we conducted a review of relevant literature on the gut microbiota. Gut
microbiota are important for nutrient and waste processing, signaling, and immune
function (40–44). Gut microbes are also, in most cases, among the most diverse
host-associated communities (45). The field of gut microbiome research has grown
exponentially over recent decades, including, but especially since, the decade in which
the NIH Human Microbiome Project began. Therefore, we expected it to have the
largest data sets to draw from. We conducted a literature search in Google Scholar for
“gut AND diversity AND microb*” and also read papers cited in the work found through
the search. We focused on 16S rRNA gene amplicon data and on healthy individuals
found both in the wild and in captivity. We then extracted data from the published text
and figures of 36 studies (see Table 1; see also Data Set S1 in the supplemental
material). Data found only in figures were estimated using GraphClick, which is graph
digitizer software. We used the authors’ own definition of a taxonomic group (typically,
species or operational taxonomic unit [OTU]), which in most studies, as in most of the
literature, was 97% similarity of the 16S rRNA gene, although other cutoff values were
also used (see, e.g., references 46 and 47) or not specified (see, e.g., reference 48). In
cases where host species were represented in multiple publications from the same
population, we included only data from the study with greater sequencing depth (see,
for example, references 49 and 50). If averages of sequencing depth data or rarefaction
depth data were not reported, we used the lower end of the range reported. In some
studies, no information was reported on sequencing depth. In two studies (28 and 30),
data were available only at the family level. We then collected metadata on animal diets
and body size for a subset of animals from a comprehensive database for mammals and
birds (51). Gut structure (ruminant, hindgut fermenter, simple gut) data were available
in many publications that we included but were also corroborated for additional
species through targeted literature searches.

We first tested for individual effects of taxonomic class (e.g., mammal, bird, or insect;
n � 259), diet class (carnivore, omnivore, or herbivore; n � 259), and gut physiology
(foregut ruminant, hindgut fermenter, or simple gut; n � 176) on diversity using a
combination of Kruskal-Wallis and Mann-Whitney U tests. Multiple-hypothesis correc-
tion (Bonferroni correction) was applied to any comparison with more than three levels.
To explore the interaction between diet and physiology, we analyzed a subset of
mammalian fecal samples for which data on diet and physiology were available (n �

63 to 67) using linear mixed-effects models that included diet or physiology or diet and
physiology as a fixed effect(s). All models included sequencing depth as a fixed effect
and publication identity (i.e., which publication the data came from) as a random effect.
Likelihood tests were used for comparisons of the models to one another and to a null
model that included only sequencing depth. Similarly, we tested for an effect of body
mass on diversity in mammalian fecal samples (n � 52 to 58) by comparing a linear
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mixed-effects model that included body mass and physiology to one that included only
physiology. Again, sequencing depth and publication identity were included in both
models. These analyses were carried out in the “lmer” package in R. Finally, we were
able to extract more-detailed physiological data on gut length (52–54) and stomach pH
(55) for a subset of animals. Gut length data were included in cases where data for
members of the same genus were present in both data sets. Gut length (n � 15) and
pH (n � 14 to 16) were analyzed with partial Spearman correlations which corrected for
variations in sequencing depth. We included publication as a random effect or se-
quencing depth as a covariate in our analyses in order to correct for differences in
sequencing approaches between studies. Not all studies were included in all analyses,
because not all data were available for each parameter and, notably, because not all
studies reported sequencing depth.

Shannon diversity and richness. Shannon diversity, a metric that weights the
numbers of species by their relative evenness data, was the most commonly reported
diversity metric. We found that Shannon diversity data varied among some taxonomic
classes, diet groups, and gut physiologies (P � 0.05 [Mann-Whitney U tests]) but that
there were no overall effects of any of these variables (P � 0.05 [Kruskal Wallis tests];
Fig. 1A to C). In mammalian fecal samples, Shannon diversity was associated with host

TABLE 1 Summary of studies and taxa included in this analysisa

Citation Taxon(s)
Diversity metrics
reported

No. of taxa with indicated data
reported

Gut structure Gut length pH

Aivelo et al. 2016 (105) Mouse lemur R, IS
Bennett et al. 2013 (106) Emu Sh, C, Si
Bletz et al. 2016 (107) Fire salamander Ch, PD
Borbón-García et al. 2017 (108) Andean bear Sh, C, Si 2
Carey et al. 2013 (82) Thirteen-lined ground squirrel R, PD
Carrillo-Araujo et al. 2015 (109) 6 bat species R, Sh, PD 1 1
Chandler et al. 2011 (110) 13 wild fruit fly species R, Sh, C, PD
Clemente et al. 2015 (37) Human (4 populations) PD
Dewar et al. 2013 (111) 4 penguin species Sh 2
Ding et al. 2017 (112) Chinese mitten crab R, Sh, Si
Dubois et al. 2017 (39) Humanb (2 populations) R, Sh, C, Si 1 1 1
Givens et al. 2015 (113) 15 fish species R, Sh, C, PD
Gruninger et al. 2016 (114) Beaver R, C, PD 1 1 2
Hale et al. 2018 (31) 5 primate species R, Sh, C, PD 3 1 1
Handl et al. 2011 (48) Dog, cat R, Sh, SR 1 2 2
Keenan et al. 2013 (46) Alligator Sh, C
Kohl et al. 2017 (115) 3 iguana species R, Sh, PD
Ley et al. 2008 (49) 24 mammal species R 21 3
Li et al. 2016 (116) Plateau pika, Daurian pika R, PD 2
Lin et al. 2013 (117) Human (2 populations) R, Sh, C, PD
Matsui et al. 2010 (47) Ostrich Sh
McKenney et al. 2015 (118) 3 lemur species Sh
McKenney et al. 2017 (68) Giant panda, Red panda, Bamboo lemur Sh, C 3
McKenzie et al. 2017 (30) 5 mammal species, 7 mammal families Sh 9 1
Metcalf et al. 2017 (65) Przewalski’s horse, domestic horse Sh 2 1 2
Muegge et al. 2011 (50) 31 mammal species R, Sh 30 10 8
Phillips et al. 2012 (28) 7 bat families PD
Raymann et al. 2017 (85) Honeybee Sh
Roggenbuck et al. 2014 (119) Turkey vulture, Black vulture Sh 1
Schnorr et al. 2014 (38) Human (2 populations) R, Sh, C, PD
Smits et al. 2017 (80) Human (2 populations) R, PD
Stevenson et al. 2014 (120) Arctic ground squirrel R, C, PD
Sullam et al. 2015 (121) Trinidadian guppy R
Wu et al. 2017 (122) Panda R, Sh 3
Xie et al. 2016 (123) Red-crowned crane R, Sh, C, PD
Yildirim et al. 2010 (124) Red-tailed guenon, Red colobus R, Sh, C, E 2
aDiversity metric abbreviations: R, richness; IS, inverse Simpson; C, Chao1; Sh, Shannon; Si, Simpson; PD, phylogenetic diversity; SE, Shannon’s evenness; SR, Simpson’s
reciprocal index; E, evenness.

bData on a Western, modern human population were used to stand in for humans for most analyses to prevent pseudoreplication.
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diet but more strongly with gut physiology. Linear mixed-effects models that included
diet class or gut physiology outperformed a null model that included only sequencing
depth (P � 0.001 [likelihood tests]), but the model that included both diet class and
physiology did not outperform the model that included only physiology and sequenc-
ing depth (P � 0.80). Fermenters, both foregut and hindgut, had higher gut microbial
richness values than did animals with simple guts; the effect of the inclusion of
ruminants led to a pattern wherein herbivores (a subset of which are ruminants)
seemingly had higher diversity overall than omnivores or carnivores (none of which are
ruminants; Fig. 2A). The diet effects disappeared in comparisons performed just within
animals with simple guts. Shannon diversity was similarly associated with variations in
body mass. A model that included body mass outperformed the null model (P � 0.03
[likelihood test]), but this effect did not result in greater performance than that seen
with a model that simply included physiology (P � 0.90 [likelihood test]). The expla-
nation for this result is likely that the relationships between body mass and diversity
had different directions depending on host physiology (Fig. 2B)—as ruminants in-
creased in body mass, their Shannon diversity increased, whereas animals with simple
guts showed the opposite trend wherein the guts of larger animals with simple guts
tended to be lower in microbial community diversity. This may be in part a conse-
quence of the fact that large animals with simple gut physiology tend to be omnivores
and carnivores.

Richness, i.e., the total number of OTUs or species recorded, was the second most
commonly reported diversity metric and showed patterns similar to those seen with
Shannon diversity. The richness data differed between some taxa, dietary groups, and
physiological groups but did not show overall effects of these variables (P � 0.05

FIG 1 Individual drivers of gut microbiota diversity in animals. Gut Shannon diversity values differ between some taxonomic groups (A), diet types (B), and
gut physiologies (C), although there is no overall effect of these variables on diversity. Similarly, richness values differ between some taxonomic groups (D),
diet types (E), and gut physiologies (F) without overall effects. Horizontal lines indicate pairs which differ significantly (P � 0.05 [Mann-Whitney U tests]). Box
plots show means and quartiles.
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[Kruskal Wallis tests]; Fig. 1D to F). In mammals, richness was impacted by diet within
animals with simple guts, but across the board, herbivorous hindgut or foregut
fermenters had the highest diversity (Fig. 2D). Linear mixed-effects models that in-
cluded diet class or gut physiology outperformed the null model (P � 0.001 [likelihood
tests]), but the interaction model did not outperform the physiology model (P � 0.18).
A body mass model outperformed the null model (P � 0.001 [likelihood test]), but, as
with Shannon diversity, inclusion of the body mass term did not improve model
performance relative to one that included physiology alone (P � 0.20 [likelihood test];
Fig. 2E). To the extent, then, that body mass matters, it seems to matter with respect
to effects on the relative abundance and evenness of species rather than their total
count.

Gut length measurements, which were available for a subset of taxa, were not
associated with diversity (richness or Shannon diversity), even correcting for study
sequencing differences (P � 0.05 [partial Spearman correlations]). Similarly, the pH of
the stomach, which can act like a filter, preventing, in proportion to its acidity, the
colonization of the gut by microbes in the years after birth (56), was not associated with
richness (P � 0.31 [partial Spearman correlation]; Fig. 2F) and was associated with
Shannon diversity only marginally (P � 0.05 [partial Spearman correlation]) (Fig. 2C). As
gut length data were available for only 19 genera and pH data for 23 species, such
relationships may require greater power to compensate for study-to-study variability.

Other metrics. Fewer than a third of animals had other estimates of diversity
reported. These included phylogenetic diversity, Chao1, and, less commonly, Simpson’s
diversity. Perhaps because of lower sample sizes, these metrics were not consistently
associated with diet or physiology and were more often driven by large variations in
sequencing depth.

FIG 2 Drivers of gut microbiota diversity in mammalian fecal samples. (A to C) Gut Shannon diversity is associated with physiology and diet (A), body mass
(B), and stomach pH (C). (D to F) Gut richness is associated with physiology and diet (D) and body mass (E) but not pH (F). Box plots show means and quartiles.
The body mass plots (B and E) show nonsignificant linear fits to illustrate the different trends between physiological groups which result in a stronger overall
effect of physiology than of body size. The linear relationship between stomach pH and Shannon diversity (C) is plotted, with standard errors in gray.
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Because different research projects differ with respect to sequencing technology,
target primers, and, perhaps most importantly, sequencing depth, diversity values can
vary greatly for reasons decoupled from biology. Diversity is highly correlated with
sequencing depth, i.e., the number of reads sequenced per sample, similarly to how
diversity is correlated with sampling effort in studies of plants or animals (57). But the
debate over whether or not to rarefy microbial sequencing data to a set diversity depth
is ongoing (58). Chao1 is an estimator designed to specifically account for differences
in sampling effort between studies (59) and should in theory be more robust in
comparisons between microbial sequencing studies (60) (but see reference 61). In
practice, the sensitivity to sequencing depth in our analysis was most apparent for
Chao1 (Fig. 3), although this may also reflect differences in sequencing technologies.
While it is possible that these metrics of diversity would yield greater insight if available
from a broader swath of the literature, variations between samples with respect to such
values are currently extremely difficult to interpret. Overall, our results, in conjunction
with other reports on the difficulties in estimating microbial community diversity (62),
indicate that the data from comparisons of Shannon diversity may be the most robust
and informative, particularly given the frequency with which this metric is already
reported in the field.

How to improve these analyses. In general, we find a coarse relationship between
gut architecture and host diet with respect to gut microbial community diversity. There
are, of course, many other factors which, we predict, could impact gut alpha diversity,
but such data are harder to find consistently in the literature. Immune system com-
plexity and functioning can together serve as a filter for specific taxa or microbes in
general (63), but studies that consider the influence of immune complexity and
function would require generally agreed-upon definitions and measurement protocols
for immune function. A varied diet is expected to create more metabolic niches for the
microbiota and thus to increase microbial community diversity (64). Estimates of diet
diversity, specifically, of plant diversity, are difficult to calculate without observational
or genomic measurements of diet, though. In our survey, sequencing-inferred diet data
were available for only one study (65), which included just two host species, but such
data could easily be collected in future studies through inclusion of plant DNA
sequencing (66) in addition to the microbial sequencing. Finally, a short retention time
in the gut is expected to lower diversity as it selects for only fast-growing taxa—
similarly to how high disturbance rates are commonly associated with low diversity in
plant communities (67). This trend has been shown for select host taxa (68) but has not

FIG 3 Variation in Chao1 diversity based on sequencing depth. One study with much greater depth
(66,000) showed an increase in variation in diversity by an order of magnitude.
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been tested with a diverse group of hosts. Because body size is not necessarily a strong
predictor of gastrointestinal transit time (69), actual estimates of transit time will be
necessary to truly test this hypothesis more generally.

Overall, we found that the best predictor of gut microbial community alpha diversity
variation among animals was the presence or absence of a simple gut. Ruminants and
hindgut fermenters consistently supported higher levels of diversity than did species
with simple guts. While herbivores are typically thought to have more diverse gut
microbial communities, we found that herbivores with simple guts, such as some bears,
tended to have diversity levels similar to those of predators. We hypothesize that this
effect is due specifically to the gut architecture and, as an extension, the short transit
times (68).

Such variations between herbivores on the basis of gut architecture lead to an
important outstanding question in the study of microbiomes— does it matter for the
host whether its microbial community is diverse? If diversity is important for function,
herbivores with simple guts, such as giant pandas or spectacled bears (49), would be
predicted to receive less benefit from their microbiomes and as such might experience
evolutionary pressure for behavioral or physiological compensation. Alternatively, it
may be that a diverse community is not necessary for digestion of plants and that the
large, complex communities found in herbivorous foregut and hindgut fermenters
primarily reflect the possibility of higher diversity in large, complex environments rather
than the diversity’s adaptiveness for the host per se. Addressing this issue requires
moving beyond measuring diversity to experimentally manipulating it, as discussed
below.

DOES VARIATION MATTER, THOUGH?

In order to address the issue of when microbial community diversity is important to
hosts will require an understanding of diversity-function relationships in host-
associated systems. Insofar as descriptions of ecosystem processes represent a human
construct, they typically describe processes of value to humans. But it is also imaginable
that diversity could be related to functions that are features of the microbial commu-
nity which are independent of the host or even at odds with the fitness of the host.
Both types of function (those of value to the host and those not) will need to be
assayed to understand the role of diversity in and on hosts.

While it is clear that hosting microbial communities can be functionally beneficial or
even necessary to an animal (70–73), the extent to which hosting a diverse microbial
community is necessary for this phenomenon is still uncertain. To ensure specific,
mutualistic interactions, hosts can just select for low-diversity, high-fidelity microbial
partners such as those in the light organs of bobtail squid (74). Indeed, a host may wish
to limit diversity because not all microbes are beneficial, whether because they are
pathogens or because they are just cheating strains that avoid providing function to
the host (75). Furthermore, increasing diversity has been shown to actually reduce
stability in gut communities (76). As such, evolution has selected for many pathways for
use by hosts to control their microbiota through the immune and digestive systems
(63), which may be equally likely to be employed to select for high-diversity and
low-diversity gut microbial communities. It may be that in many cases, hosts would
prefer to maintain their microbial communities as humans keep farms—as low-diversity
but high-function systems— but the long-term ecologic and evolutionary implications
of this remain unclear.

Preliminary assessments of the role of diversity in the gut have focused on studying
cases where diversity changes over time. As infants grow, the diversity of their fecal
microbiota increases both within the first 6 months (77) and over the first few years (78,
79). How much of this trend is merely due to the increase in body size is not clear.
Seasonal variation in diversity has been documented both in animals whose diets vary
(80, 81) and in those which hibernate, with lower diversity during hibernation (82, 83).
In all these cases, changes in diversity are assumed to be associated with changes in
function, specifically, with shifts in metabolism, but functional measurements are rarely
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explicitly included. One alternative possibility is that variable environments experi-
enced over time or space produce changes in the available species pool dispersing into
hosts that manifest as variations in the community. In the absence of data on variations
in functioning, it is impossible to interpret changes in microbial community diversity
over time.

More generally, diversity is expected to decrease in disturbed systems. For example,
treatment with antibiotics is often tied to a reduction in gut microbial community
diversity (84–86). More generally, illness, which can trigger the use of antibiotics, is also
assumed to reduce diversity or to even be the result of a loss of diversity. In fact, while
the definition of dysbiosis continues to be debated (87), the inclusion of “loss of
diversity” is one constant across all definitions. A recent meta-analysis of case-control
studies of human disease calls this definition into question, however (88)—across 28
studies, there was no consistent reduction in diversity for sick patients relative to
healthy individuals. In 13 cases, disease was accompanied by a loss in Shannon
diversity, but the results were not always consistent across multiple studies of the same
disease. A further 14 cases did not show a significant response in Shannon diversity,
while one study of HIV found an increase in diversity in patients. Only in diarrheal
illnesses (Clostridium difficile infection and enteric diarrheal disease) was there a con-
sistent decrease in diversity, perhaps attributable to the decrease in transit time. In light
of this result, it may be necessary to reconsider the definition of dysbiosis as well as
more generally reconsider when and why we might expect variation in diversity to be
tied to changes in function or vice versa.

Future directions. To the best of our knowledge, experiments to test for diversity-

function relationships have not actually been carried out in host-associated systems.
The impact of parasites on ecosystem functioning has been considered but only insofar
as they impact overall diversity through numeric and behavioral effects on host species
and not as constituent members of the community (89). Nevertheless, such experi-
ments can conceivably be designed, and researchers can learn from and build on
more-traditional ecologic work. As has been done for plant and animal communities,
the impact of diversity can be tested either by removing community members to
reduce diversity or by artificially assembling communities of increasing diversity (ref-
erence 90).

(i) Experiments increasing diversity. The majority of diversity-ecosystem function-

ing experiments, including foundational studies by Naeem et al. (1) and Tilman et al.
(91), were carried out in artificially assembled communities. In such studies, individual
plots are assigned a diversity level and then taxa are randomly selected from a regional
species pool to colonize those plots (Fig. 4). Function data can be compared between
treatment groups or on the basis of the presence of specific taxa.

Faith et al. (92) demonstrated an appropriate methodology using donor culture
collections and germfree mice to assemble various microbial communities in the gut.
Phenotypes were measured in mice colonized with randomly assembled communities.
The work used communities with a consistent diversity level (17 strains), but the
approach could be extended to build and test communities of various diversity levels.
The automated processes involved allow studies of high-diversity communities that are
not typically possible when the studies are carried out manually, overcoming a frequent
criticism of synthetic community studies such as this.

For animals which do not have germfree lines, synthetic community functioning can
be measured in vitro or in a host different from the donor species. It is common to
colonize mice with communities from nonmouse donors, and such communities can
mostly persist in the absence of dispersal of conventional community members (93, 94).
The context dependency of taxon-specific host-microbe interactions would be missed
in such setups, however.

(ii) Experiments decreasing diversity. Because many studies of disturbances to

host-associated systems have been performed on the basis of an interest in loss of
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diversity, removal of taxa may more accurately reflect the target processes than the
building of artificial communities with culture collections drawn from donor commu-
nities.

Instead, whole donor communities can be diluted to produce communities with
reduced diversity (see, for example, the analysis of lake bacteria in reference 95). These
reduced communities can then be used to colonize animal donors or studied in vitro
alongside the whole donor community to assess how functioning is altered and
whether the alteration is due to loss of specific taxa or to loss of diversity overall (Fig. 4).
While dilution randomly removes individuals, it disproportionally affects rare taxa and
therefore is not appropriate for studying their importance.

An alternate approach is that of performing removal experiments in vivo, which can
test the influence of diversity in naturally assembled communities. This approach
benefits from the fact it does not rely on germfree organisms, thereby ensuring that the
host and microbiota experience a more conventional developmental process and that
the experiments can be performed on a broader set of host animals.

Methods for targeted removal of microbial taxa represent an area of focused
research and are becoming increasingly common. In addition to narrow-spectrum
antibiotics, phage cocktails and gene editing technologies can be used to selectively
alter community composition and diversity levels.

Broader measurements. In addition to devising new experimental designs, to
properly assess biodiversity-ecosystem functioning in host-associated microbial com-
munities, researchers will need to think more broadly about how they define function-
ing and how they define diversity. Multiple functions will need to be assayed in a range
of organisms to validate the generalizability of the relationship, but the initial focus
should be on testing the foundational metrics, including productivity, stability, and the
invasibility of the community, as well as on measures of host fitness which do not have
corollaries in the environmental literature (92–94).

Explorations of diversity-function relationships in host-associated systems will likely
require measurements beyond microbiome profiling. Microbial biomass or concentra-
tion is rarely quantified but has been shown to provide a better interpretation of
community changes than relative abundance data alone (96, 97). A conventional

FIG 4 Experimental approaches to increasing or reducing diversity in host-associated communities. Increasing diversity from zero or
reducing it from the whole-community level is expected to result in variations in functioning, which would inform our understanding
of biodiversity-ecosystem functioning in the microbiota.
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measurement of activity or productivity could also help researchers to better estimate
the functional contingent of a diverse microbial community. While some functional
measurements (e.g., survival of infection or severity of disease state) will be idiosyn-
cratic, general protocols will be necessary to build a comprehensive theory of diversity-
function relationships in host-associated systems that encompasses many hosts and
many body sites.

Assessments of multiple taxonomic levels of diversity will also be necessary. Most
studies have focused on species-level or OTU-level diversity (typically defined by 97%
sequence similarity), but meaningful functional differences can exist at much higher or
lower taxonomic levels (98). Horizontal gene transfer and lysogenic phage infection, for
instance, can lead to single-gene differences or copy number variation between
otherwise identical strains that may be functionally important for ecosystem function-
ing in the gut but remain uncaptured by typical amplicon sequencing-based analyses
(33, 99–101).

CONCLUSIONS

As we have come to study an increasingly broad swath of the tree of life, it has
become clear that animals can get by and often have high fitness with low-diversity
microbiota (75). Therefore, the framework for understanding diversity in host-
associated microbial communities will not be as simple as “more diversity is better.” In
addition to experimental tests in model organisms, further comparative work between
organisms with consistent methodology will be necessary to determine the drivers of
diversity in hosts. Additional comparisons between body sites could highlight other
relevant factors such as the method of transmission or specific environmental condi-
tions. The focus of ecologic studies has recently turned toward assessments of multi-
functionality in diversity-function relationships (see, for example, references 102 and
103), and these relationships will ultimately need to be understood for host-associated
microbial communities as well. Selection for maintaining a community that can provide
multiple functions while preventing negative consequences of hosting microbial com-
munities is an ongoing process driving evolution of both hosts and their commensal
microbes (104).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.01294-18.
DATA SET S1, CSV file, 0.03 MB.

ACKNOWLEDGMENTS
Jonathan Chase, Nico Eisenhauer, Erin McKenney, and Ashley Shade provided useful

insights that helped frame this review. The manuscript was improved through the
comments of an anonymous reviewer.

This work was funded by an sDiv sabbatical fellowship to R.R.D.

REFERENCES
1. Naeem S, Thompson LJ, Lawler SP, Lawton JH, Woodfin RM. 1994.

Declining biodiversity can alter the performance of ecosystems. Nature
368:734 –737. https://doi.org/10.1038/368734a0.

2. Kennedy TA, Naeem S, Howe KM, Knops JM, Tilman D, Reich PB. 2002.
Biodiversity as a barrier to ecological invasion. Nature 417:636 – 638.
https://doi.org/10.1038/nature00776.

3. Isbell F, Craven D, Connolly J, Loreau M, Schmid B, Beierkuhnlein C,
Bezemer TM, Bonin C, Bruelheide H, De Luca E, Ebeling A, Griffin JN,
Guo Q, Hautier Y, Hector A, Jentsch A, Kreyling J, Lanta V, Manning P,
Meyer ST, Mori AS, Naeem S, Niklaus PA, Polley HW, Reich PB, Roscher
C, Seabloom EW, Smith MD, Thakur MP, Tilman D, Tracy BF, van der
Putten WH, van Ruijven J, Weigelt A, Weisser WW, Wilsey BJ, Eisenhauer
N. 2015. Biodiversity increases the resistance of ecosystem productivity
to climate extremes. Nature 526:574 –577. https://doi.org/10.1038/
nature15374.

4. Duffy JE, Godwin CM, Cardinale BJ. 2017. Biodiversity effects in the wild
are common and as strong as key drivers of productivity. Nature
549:261–264. https://doi.org/10.1038/nature23886.

5. Shade A. 2017. Diversity is the question, not the answer. ISME J 11:1– 6.
https://doi.org/10.1038/ismej.2016.118.

6. Cardinale BJ, Srivastava DS, Duffy JE, Wright JP, Downing AL, Sankaran
M, Jouseau C. 2006. Effects of biodiversity on the functioning of trophic
groups and ecosystems. Nature 443:989 –992. https://doi.org/10.1038/
nature05202.

7. Fridley JD. 2001. The influence of species diversity on ecosystem
productivity: how, where, and why? Oikos 93:514 –526. https://doi.org/
10.1034/j.1600-0706.2001.930318.x.

8. Huston MA, Aarssen LW, Austin MP, Cade BS, Fridley JD, Garnier E,
Grime JP, Hodgson J, Lauenroth WK, Thompson K, Vandermeer JH,
Wardle DA. 2000. No consistent effect of plant diversity on produc-

Perspective ®

July/August 2018 Volume 9 Issue 4 e01294-18 mbio.asm.org 11

https://doi.org/10.1128/mBio.01294-18
https://doi.org/10.1128/mBio.01294-18
https://doi.org/10.1038/368734a0
https://doi.org/10.1038/nature00776
https://doi.org/10.1038/nature15374
https://doi.org/10.1038/nature15374
https://doi.org/10.1038/nature23886
https://doi.org/10.1038/ismej.2016.118
https://doi.org/10.1038/nature05202
https://doi.org/10.1038/nature05202
https://doi.org/10.1034/j.1600-0706.2001.930318.x
https://doi.org/10.1034/j.1600-0706.2001.930318.x
http://mbio.asm.org


tivity. Science 289:1255. https://doi.org/10.1126/science.289.5483
.1255a.

9. Ricklefs RE, Schluter D. 1994. Species diversity in ecological communi-
ties. University of Chicago Press, Chicago, IL.

10. De Laender F, Rohr JR, Ashauer R, Baird DJ, Berger U, Eisenhauer N,
Grimm V, Hommen U, Maltby L, Meliàn CJ, Pomati F, Roessink I,
Radchuk V, Van den Brink PJ. 2016. Re-introducing environmental
change drivers in biodiversity-ecosystem functioning research. Trends
Ecol Evol 31:905–915. https://doi.org/10.1016/j.tree.2016.09.007.

11. deLaplante K, Picasso V. 2011. The biodiversity-ecosystem function
debate in ecology, p 169 –200. In Brown B, deLaplante K, Peacock K
(ed), Philosophy of ecology, vol. 11. North Holland, Oxford, United
Kingdom.

12. Buckling A, Kassen R, Bell G, Rainey PB. 2000. Disturbance and diversity
in experimental microcosms. Nature 408:961–964. https://doi.org/10
.1038/35050080.

13. Green JL, Holmes AJ, Westoby M, Oliver I, Briscoe D, Dangerfield M,
Gillings M, Beattie AJ. 2004. Spatial scaling of microbial eukaryote
diversity. Nature 432:747–750. https://doi.org/10.1038/nature03034.

14. Horner-Devine MC, Lage M, Hughes JB, Bohannan BJ. 2004. A taxa-area
relationship for bacteria. Nature 432:750 –753. https://doi.org/10.1038/
nature03073.

15. Bryant JA, Lamanna C, Morlon H, Kerkhoff AJ, Enquist BJ, Green JL.
2008. Colloquium paper: microbes on mountainsides: contrasting el-
evational patterns of bacterial and plant diversity. Proc Natl Acad Sci
U S A 105:11505–11511. https://doi.org/10.1073/pnas.0801920105.

16. Shade A, Caporaso JG, Handelsman J, Knight R, Fierer N. 2013. A
meta-analysis of changes in bacterial and archaeal communities with
time. ISME J 7:1493–1506. https://doi.org/10.1038/ismej.2013.54.

17. Andam CP, Doroghazi JR, Campbell AN, Kelly PJ, Choudoir MJ, Buckley
DH. 2016. A latitudinal diversity gradient in terrestrial bacteria of the
genus Streptomyces. mBio 7:e02200-15. https://doi.org/10.1128/mBio
.02200-15.

18. Bell T, Newman JA, Silverman BW, Turner SL, Lilley AK. 2005. The
contribution of species richness and composition to bacterial services.
Nature 436:1157–1160. https://doi.org/10.1038/nature03891.

19. Petchey OL, Casey T, Jiang L, McPhearson PT, Price J. 2002. Species
richness, environmental fluctuations, and temporal change in total
community biomass. Oikos 99:231–240. https://doi.org/10.1034/j.1600
-0706.2002.990203.x.

20. Treton C, Chauvet E, Charcosset JY. 2004. Competitive interactions
between two aquatic hyphomycete species and increase in leaf litter
breakdown. Microb Ecol 48:439 – 446. https://doi.org/10.1007/s00248
-003-0195-8.

21. Locey KJ, Lennon JT. 2016. Scaling laws predict global microbial diver-
sity. Proc Natl Acad Sci U S A 113:5970 –5975. https://doi.org/10.1073/
pnas.1521291113.

22. Gravel D, Bell T, Barbera C, Bouvier T, Pommier T, Venail P, Mouquet N.
2011. Experimental niche evolution alters the strength of the diversity-
productivity relationship. Nature 469:89 –92. https://doi.org/10.1038/
nature09592.

23. Hodgson DJ, Rainey PB, Buckling A. 2002. Mechanisms linking diversity,
productivity and invasibility in experimental bacterial communities.
Proc Biol Sci 269:2277–2283. https://doi.org/10.1098/rspb.2002.2146.

24. Wohl DL, Arora S, Gladstone JR. 2004. Functional redundancy supports
biodiversity and ecosystem function in a closed and constant environ-
ment. Ecology 85:1534 –1540. https://doi.org/10.1890/03-3050.

25. Hawkins BA. 1990. Global patterns of parasitoid assemblage size. J
Anim Ecol 59:57–72. https://doi.org/10.2307/5158.

26. Rohde K, Heap M. 1998. Latitudinal differences in species and commu-
nity richness and in community structure of metazoan endo- and
ectoparasites of marine teleost fish. Int J Parasitol 28:461– 474. https://
doi.org/10.1016/S0020-7519(97)00209-9.

27. Rohde K. 2002. Ecology and biogeography of marine parasites. Adv Mar
Biol 43:1– 86. https://doi.org/10.1016/S0065-2881(02)43002-7.

28. Phillips CD, Phelan G, Dowd SE, McDonough MM, Ferguson AW, Delton
Hanson JD, Siles L, Ordóñez-Garza N, San Francisco M, Baker RJ. 2012.
Microbiome analysis among bats describes influences of host phylog-
eny, life history, physiology and geography. Mol Ecol 21:2617–2627.
https://doi.org/10.1111/j.1365-294X.2012.05568.x.

29. Godon JJ, Arulazhagan P, Steyer JP, Hamelin J. 2016. Vertebrate bac-
terial gut diversity: size also matters. BMC Ecol 16:12. https://doi.org/
10.1186/s12898-016-0071-2.

30. McKenzie VJ, Song SJ, Delsuc F, Prest TL, Oliverio AM, Korpita TM, Alexiev

A, Amato KR, Metcalf JL, Kowalewski M, Avenant NL, Link A, Di Fiore A,
Seguin-Orlando A, Feh C, Orlando L, Mendelson JR, Sanders J, Knight R.
2017. The effects of captivity on the mammalian gut microbiome. Integr
Comp Biol 57:690–704. https://doi.org/10.1093/icb/icx090.

31. Hale VL, Tan CL, Niu K, Yang YF, Knight R, Zhang Q, Cui D, Amato KR.
2018. Diet versus phylogeny: a comparison of gut microbiota in captive
Colobine monkey species. Microb Ecol 75:515–527. https://doi.org/10
.1007/s00248-017-1041-8.

32. Hammer TJ, Janzen DH, Hallwachs W, Jaffe SP, Fierer N. 2017. Cater-
pillars lack a resident gut microbiome. Proc Natl Acad Sci U S A
114:9641–9646. https://doi.org/10.1073/pnas.1707186114.

33. Engel P, Martinson VG, Moran NA. 2012. Functional diversity within the
simple gut microbiota of the honey bee. Proc Natl Acad Sci U S A
109:11002–11007. https://doi.org/10.1073/pnas.1202970109.

34. Wong AC-n, Chaston JM, Douglas AE. 2013. The inconstant gut micro-
biota of Drosophila species revealed by 16S rRNA gene analysis. ISME
J 7:1922–1932. https://doi.org/10.1038/ismej.2013.86.

35. Blum JE, Fischer CN, Miles J, Handelsman J. 2013. Frequent replenish-
ment sustains the beneficial microbiome of Drosophila melanogaster.
mBio 4:e00860-13. https://doi.org/10.1128/mBio.00860-13.

36. Inamine H, Ellner SP, Newell PD, Luo Y, Buchon N, Douglas AE. 2018.
Spatiotemporally heterogeneous population dynamics of gut bacteria
inferred from fecal time series data. mBio 9:e01453-17. https://doi.org/
10.1128/mBio.01453-17.

37. Clemente JC, Pehrsson EC, Blaser MJ, Sandhu K, Gao Z, Wang B, Magris
M, Hidalgo G, Contreras M, Noya-Alarcón Ó, Lander O, McDonald JA,
Cox M, Walter J, Oh PL, Ruiz JF, Rodriguez S, Shen N, Song SJ, Metcalf
JL, Knight R, Dantas G, Dominguez-Bello MG. 2015. The microbiome
of uncontacted Amerindians. Sci Adv 1:e1500183. https://doi.org/10
.1126/sciadv.1500183.

38. Schnorr SL, Candela M, Rampelli S, Centanni M, Consolandi C, Basaglia
G, Turroni S, Biagi E, Peano C, Severgnini M, Fiori J, Gotti R, De Bellis G,
Luiselli D, Brigidi P, Mabulla A, Marlowe F, Crittenden AN, Henry AG.
2014. Gut microbiome of the Hadza hunter-gatherers. Nat Commun
5:654. https://doi.org/10.1038/ncomms4654.

39. Dubois G, Girard C, Lapointe FJ, Shapiro BJ. 2017. The Inuit gut micro-
biome is dynamic over time and shaped by traditional foods. Micro-
biome 5:151. https://doi.org/10.1186/s40168-017-0370-7.

40. Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. 2005.
Host-bacterial mutualism in the human intestine. Science 307:
1915–1920. https://doi.org/10.1126/science.1104816.

41. Fuller MF, Reeds PJ. 1998. Nitrogen cycling in the gut. Annu Rev Nutr
18:385– 411. https://doi.org/10.1146/annurev.nutr.18.1.385.

42. Hooper LV, Macpherson AJ. 2010. Immune adaptations that maintain
homeostasis with the intestinal microbiota. Nat Rev Immunol 10:
159 –169. https://doi.org/10.1038/nri2710.

43. Mazmanian SK, Round JL, Kasper DL. 2008. A microbial symbiosis factor
prevents intestinal inflammatory disease. Nature 453:620 – 625. https://
doi.org/10.1038/nature07008.

44. Sekirov I, Russell SL, Antunes LC, Finlay BB. 2010. Gut microbiota in
health and disease. Physiol Rev 90:859 –904. https://doi.org/10.1152/
physrev.00045.2009.

45. Human Microbiome Project Consortium. 2012. Structure, function and
diversity of the healthy human microbiome. Nature 486:207–214.
https://doi.org/10.1038/nature11234.

46. Keenan SW, Engel AS, Elsey RM. 2013. The alligator gut microbiome and
implications for archosaur symbioses. Sci Rep 3:2877. https://doi.org/
10.1038/srep02877.

47. Matsui H, Kato Y, Chikaraishi T, Moritani M, Ban-Tokuda T, Wakita M.
2010. Microbial diversity in ostrich ceca as revealed by 16S ribosomal
RNA gene clone library and detection of novel Fibrobacter species.
Anaerobe 16:83–93. https://doi.org/10.1016/j.anaerobe.2009.07.005.

48. Handl S, Dowd SE, Garcia-Mazcorro JF, Steiner JM, Suchodolski JS. 2011.
Massive parallel 16S rRNA gene pyrosequencing reveals highly diverse
fecal bacterial and fungal communities in healthy dogs and cats. FEMS
Microbiol Ecol 76:301–310. https://doi.org/10.1111/j.1574-6941.2011
.01058.x.

49. Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher JS,
Schlegel ML, Tucker TA, Schrenzel MD, Knight R, Gordon JI. 2008.
Evolution of mammals and their gut microbes. Science 320:1647–1651.
https://doi.org/10.1126/science.1155725.

50. Muegge BD, Kuczynski J, Knights D, Clemente JC, González A, Fontana
L, Henrissat B, Knight R, Gordon JI. 2011. Diet drives convergence in gut

Perspective ®

July/August 2018 Volume 9 Issue 4 e01294-18 mbio.asm.org 12

https://doi.org/10.1126/science.289.5483.1255a
https://doi.org/10.1126/science.289.5483.1255a
https://doi.org/10.1016/j.tree.2016.09.007
https://doi.org/10.1038/35050080
https://doi.org/10.1038/35050080
https://doi.org/10.1038/nature03034
https://doi.org/10.1038/nature03073
https://doi.org/10.1038/nature03073
https://doi.org/10.1073/pnas.0801920105
https://doi.org/10.1038/ismej.2013.54
https://doi.org/10.1128/mBio.02200-15
https://doi.org/10.1128/mBio.02200-15
https://doi.org/10.1038/nature03891
https://doi.org/10.1034/j.1600-0706.2002.990203.x
https://doi.org/10.1034/j.1600-0706.2002.990203.x
https://doi.org/10.1007/s00248-003-0195-8
https://doi.org/10.1007/s00248-003-0195-8
https://doi.org/10.1073/pnas.1521291113
https://doi.org/10.1073/pnas.1521291113
https://doi.org/10.1038/nature09592
https://doi.org/10.1038/nature09592
https://doi.org/10.1098/rspb.2002.2146
https://doi.org/10.1890/03-3050
https://doi.org/10.2307/5158
https://doi.org/10.1016/S0020-7519(97)00209-9
https://doi.org/10.1016/S0020-7519(97)00209-9
https://doi.org/10.1016/S0065-2881(02)43002-7
https://doi.org/10.1111/j.1365-294X.2012.05568.x
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1186/s12898-016-0071-2
https://doi.org/10.1093/icb/icx090
https://doi.org/10.1007/s00248-017-1041-8
https://doi.org/10.1007/s00248-017-1041-8
https://doi.org/10.1073/pnas.1707186114
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1038/ismej.2013.86
https://doi.org/10.1128/mBio.00860-13
https://doi.org/10.1128/mBio.01453-17
https://doi.org/10.1128/mBio.01453-17
https://doi.org/10.1126/sciadv.1500183
https://doi.org/10.1126/sciadv.1500183
https://doi.org/10.1038/ncomms4654
https://doi.org/10.1186/s40168-017-0370-7
https://doi.org/10.1126/science.1104816
https://doi.org/10.1146/annurev.nutr.18.1.385
https://doi.org/10.1038/nri2710
https://doi.org/10.1038/nature07008
https://doi.org/10.1038/nature07008
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/srep02877
https://doi.org/10.1038/srep02877
https://doi.org/10.1016/j.anaerobe.2009.07.005
https://doi.org/10.1111/j.1574-6941.2011.01058.x
https://doi.org/10.1111/j.1574-6941.2011.01058.x
https://doi.org/10.1126/science.1155725
http://mbio.asm.org


microbiome functions across mammalian phylogeny and within hu-
mans. Science 332:970 –974. https://doi.org/10.1126/science.1198719.

51. Wilman H, Belmaker J, Simpson J, de la Rosa C, Rivadeneira MM, Jetz W.
2014. EltonTraits 1.0: species-level foraging attributes of the world’s birds
and mammals. Ecology 95:2027. https://doi.org/10.1890/13-1917.1.

52. Kararli TT. 1995. Comparison of the gastrointestinal anatomy, physiol-
ogy, and biochemistry of humans and commonly used laboratory
animals. Biopharm Drug Dispos 16:351–380. https://doi.org/10.1002/
bdd.2510160502.

53. Pérez W, Lima M, Clauss M. 2009. Gross anatomy of the intestine in the
giraffe (Giraffa camelopardalis). Anat Histol Embryol 38:432– 435.
https://doi.org/10.1111/j.1439-0264.2009.00965.x.

54. Stevens CE, Hume ID. 1995. Comparative physiology of the vertebrate
digestive system, 2nd ed. Cambridge University Press, Cambridge,
United Kingdom.

55. Beasley DE, Koltz AM, Lambert JE, Fierer N, Dunn RR. 2015. The evolu-
tion of stomach acidity and its relevance to the human microbiome.
PLoS One 10:e0134116. https://doi.org/10.1371/journal.pone.0134116.

56. Imhann F, Bonder MJ, Vich Vila AV, Fu J, Mujagic Z, Vork L, Tigchelaar
EF, Jankipersadsing SA, Cenit MC, Harmsen HJM, Dijkstra G, Franke L,
Xavier RJ, Jonkers D, Wijmenga C, Weersma RK, Zhernakova A. 2016.
Proton pump inhibitors affect the gut microbiome. Gut 65:740 –748.
https://doi.org/10.1136/gutjnl-2015-310376.

57. Hurlbert SH. 1971. The nonconcept of species diversity: a critique and
alternative parameters. Ecology 52:577–586. https://doi.org/10.2307/
1934145.

58. McMurdie PJ, Holmes S. 2014. Waste not, want not: why rarefying
microbiome data is inadmissable. PLoS Comp Biol 10:e1003531. https://
doi.org/10.1371/journal.pcbi.1003531.

59. Colwell RK, Coddington JA. 1994. Estimating terrestrial biodiversity
through extrapolation. Philos Trans R Soc Lond B Biol Sci 345:101–118.
https://doi.org/10.1098/rstb.1994.0091.

60. Hughes JB, Hellmann JJ, Ricketts TH, Bohannan BJM. 2001. Counting
the uncountable: statistical approaches to estimating microbial diver-
sity. Appl Environ Microbiol 67:4399 – 4406. https://doi.org/10.1128/
AEM.67.10.4399-4406.2001.

61. Lemos LN, Fulthorpe RR, Triplett EW, Roesch LFW. 2011. Rethinking
microbial diversity analysis in the high throughput sequencing era. J
Microbiol Methods 86:42–51. https://doi.org/10.1016/j.mimet.2011.03
.014.

62. Haegeman B, Hamelin J, Moriarty J, Neal P, Dushoff J, Weitz JS. 2013.
Robust estimation of microbial diversity in theory and in practice. ISME
J 7:1092–1101. https://doi.org/10.1038/ismej.2013.10.

63. Schluter J, Foster KR. 2012. The evolution of mutualism in gut micro-
biota via host epithelial selection. PLoS Biol 10:e1001424. https://doi
.org/10.1371/journal.pbio.1001424.

64. Heiman ML, Greenway FL. 2016. A healthy gastrointestinal microbiome
is dependent on dietary diversity. Mol Metab 5:317–320. https://doi
.org/10.1016/j.molmet.2016.02.005.

65. Metcalf JL, Song SJ, Morton JT, Weiss S, Seguin-Orlando A, Joly F, Feh
C, Taberlet P, Coissac E, Amir A, Willerslev E, Knight R, McKenzie V,
Orlando L. 2017. Evaluating the impact of domestication and captivity
on the horse gut microbiome. Sci Rep 7:15497. https://doi.org/10.1038/
s41598-017-15375-9.

66. Pompanon F, Deagle BE, Symondson WO, Brown DS, Jarman SN,
Taberlet P. 2012. Who is eating what: diet assessment using next
generation sequencing. Mol Ecol 21:1931–1950. https://doi.org/10
.1111/j.1365-294X.2011.05403.x.

67. Hughes AR, Byrnes JE, Kimbro DL, Stachowicz JJ. 2007. Reciprocal
relationships and potential feedbacks between biodiversity and distur-
bance. Ecol Lett 10:849 – 864. https://doi.org/10.1111/j.1461-0248.2007
.01075.x.

68. McKenney EA, Maslanka M, Rodrigo A, Yoder AD. 2018. Bamboo spe-
cialists from two mammalian orders (Primates, Carnivora) share a high
number of low-abundance gut microbes. Microb Ecol 76:272–284.
https://doi.org/10.1007/s00248-017-1114-8.

69. Boillat CS, Gaschen FP, Hosgood GL. 2010. Assessment of the relation-
ship between body weight and gastrointestinal transit times measured
by use of a wireless motility capsule system in dogs. Am J Vet Res
71:898 –902. https://doi.org/10.2460/ajvr.71.8.898.

70. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. 2005. An immuno-
modulatory molecule of symbiotic bacteria directs maturation of the
host immune system. Cell 122:107–118. https://doi.org/10.1016/j.cell
.2005.05.007.

71. Martin FP, Dumas ME, Wang Y, Legido-Quigley C, Yap IK, Tang H, Zirah
S, Murphy GM, Cloarec O, Lindon JC, Sprenger N, Fay LB, Kochhar S, van
Bladeren P, Holmes E, Nicholson JK. 2007. A top-down systems biology
view of microbiome-mammalian metabolic interactions in a mouse
model. Mol Syst Biol 3:112. https://doi.org/10.1038/msb4100153.

72. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R.
2004. Recognition of commensal microflora by toll-like receptors is
required for intestinal homeostasis. Cell 118:229 –241. https://doi.org/
10.1016/j.cell.2004.07.002.

73. Dethlefsen L, McFall-Ngai M, Relman DA. 2007. An ecological and
evolutionary perspective on human-microbe mutualism and disease.
Nature 449:811– 818. https://doi.org/10.1038/nature06245.

74. Nyholm SV, McFall-Ngai MJ. 2004. The winnowing: establishing the
squid-vibrio symbiosis. Nat Rev Microbiol 2:632– 642. https://doi.org/
10.1038/nrmicro957.

75. Foster KR, Schluter J, Coyte KZ, Rakoff-Nahoum S. 2017. The evolution
of the host microbiome as an ecosystem on a leash. Nature 548:43–51.
https://doi.org/10.1038/nature23292.

76. Coyte KZ, Schluter J, Foster KR. 2015. The ecology of the microbiome:
networks, competition, and stability. Science 350:663– 666. https://doi
.org/10.1126/science.aad2602.

77. Hill CJ, Lynch DB, Murphy K, Ulaszewska M, Jeffery IB, O’SHea CA,
Watkins C, Dempsey E, Mattivi F, Tuohy K, Ross RP, Ryan CA, O’ Toole
PW, Stanton C. 2017. Evolution of gut microbiota composition from
birth to 24 weeks in the INFANTMET Cohort. Microbiome 5:4. https://
doi.org/10.1186/s40168-016-0213-y.

78. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R,
Angenent LT, Ley RE. 2011. Succession of microbial consortia in the
developing infant gut microbiome. Proc Natl Acad Sci U S A 108:
4578 – 4585. https://doi.org/10.1073/pnas.1000081107.

79. Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, XIao JZ, Abe
F, Osawa R. 2016. Age-related changes in gut microbiota composition
from newborn to centenarian: a cross-sectional study. BMC Microbiol
16:90. https://doi.org/10.1186/s12866-016-0708-5.

80. Smits SA, Leach J, Sonnenburg ED, Gonzalez CG, Lichtman JS, Reid G,
Knight R, Manjurano A, Changalucha J, Elias JE, Dominguez-Bello MG,
Sonnenburg JL. 2017. Seasonal cycling in the gut microbiome of the
Hadza hunter-gatherers of Tanzania. Science 357:802– 806. https://doi
.org/10.1126/science.aan4834.

81. Sun B, Wang X, Bernstein S, Huffman MA, Xia DP, Gu Z, Chen R, Sheeran
LK, Wagner RS, Li J. 2016. Marked variation between winter and spring
gut microbiota in free-ranging Tibetan macaques (Macaca thibetana).
Sci Rep 6:26035. https://doi.org/10.1038/srep26035.

82. Carey HV, Walters WA, Knight R. 2013. Seasonal restructuring of the
ground squirrel gut microbiota over the annual hibernation cycle. Am
J Physiol Regul Integr Comp Physiol 304:R33–RR42. https://doi.org/10
.1152/ajpregu.00387.2012.

83. Dill-McFarland KA, Neil KL, Zeng A, Sprenger RJ, Kurtz CC, Suen G, Carey
HV. 2014. Hibernation alters the diversity and composition of mucosa-
associated bacteria while enhancing antimicrobial defence in the gut of
13-lined ground squirrels. Mol Ecol 23:4658 – 4669. https://doi.org/10
.1111/mec.12884.

84. Dethlefsen L, Huse S, Sogin ML, Relman DA. 2008. The pervasive effects
of an antibiotic on the human gut microbiota, as revealed by deep 16S
rRNA sequencing. PLoS Biol 6:e280. https://doi.org/10.1371/journal
.pbio.0060280.

85. Raymann K, Shaffer Z, Moran NA. 2017. Antibiotic exposure perturbs
the gut microbiota and elevates mortality in honeybees. PLoS Biol
15:e20001861. https://doi.org/10.1371/journal.pbio.2001861.

86. Robinson CJ, Young VB. 2010. Antibiotic administration alters the
community structure of the gastrointestinal microbiota. Gut Microbes
1:279 –284. https://doi.org/10.4161/gmic.1.4.12614.

87. Hooks KB, O’Malley MA. 2017. Dysbiosis and its discontents. mBio
8:e01492-17. https://doi.org/10.1128/mBio.01492-17.

88. Duvallet C, Gibbons SM, Gurry T, Irizarry RA, Alm EJ. 2017. Meta-analysis of
gut microbiome studies identifies disease-specific and shared responses.
Nat Commun 8:1784. https://doi.org/10.1038/s41467-017-01973-8.

89. Frainer A, McKie BG, Malmqvist B. 2014. When does diversity matter?
Species functional diversity and ecosystem functioning across habitats
and seasons in a field experiment. J Anim Ecol 83:460 – 469. https://doi
.org/10.1111/1365-2656.12142

90. Diaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen J, Jalili A,
Montserrat Martí G, Grime JP, Zarrinkamar F, Asri Y. 2004. The plant

Perspective ®

July/August 2018 Volume 9 Issue 4 e01294-18 mbio.asm.org 13

https://doi.org/10.1126/science.1198719
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1002/bdd.2510160502
https://doi.org/10.1002/bdd.2510160502
https://doi.org/10.1111/j.1439-0264.2009.00965.x
https://doi.org/10.1371/journal.pone.0134116
https://doi.org/10.1136/gutjnl-2015-310376
https://doi.org/10.2307/1934145
https://doi.org/10.2307/1934145
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1098/rstb.1994.0091
https://doi.org/10.1128/AEM.67.10.4399-4406.2001
https://doi.org/10.1128/AEM.67.10.4399-4406.2001
https://doi.org/10.1016/j.mimet.2011.03.014
https://doi.org/10.1016/j.mimet.2011.03.014
https://doi.org/10.1038/ismej.2013.10
https://doi.org/10.1371/journal.pbio.1001424
https://doi.org/10.1371/journal.pbio.1001424
https://doi.org/10.1016/j.molmet.2016.02.005
https://doi.org/10.1016/j.molmet.2016.02.005
https://doi.org/10.1038/s41598-017-15375-9
https://doi.org/10.1038/s41598-017-15375-9
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://doi.org/10.1111/j.1461-0248.2007.01075.x
https://doi.org/10.1111/j.1461-0248.2007.01075.x
https://doi.org/10.1007/s00248-017-1114-8
https://doi.org/10.2460/ajvr.71.8.898
https://doi.org/10.1016/j.cell.2005.05.007
https://doi.org/10.1016/j.cell.2005.05.007
https://doi.org/10.1038/msb4100153
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1038/nature06245
https://doi.org/10.1038/nrmicro957
https://doi.org/10.1038/nrmicro957
https://doi.org/10.1038/nature23292
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1186/s40168-016-0213-y
https://doi.org/10.1186/s40168-016-0213-y
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1126/science.aan4834
https://doi.org/10.1126/science.aan4834
https://doi.org/10.1038/srep26035
https://doi.org/10.1152/ajpregu.00387.2012
https://doi.org/10.1152/ajpregu.00387.2012
https://doi.org/10.1111/mec.12884
https://doi.org/10.1111/mec.12884
https://doi.org/10.1371/journal.pbio.0060280
https://doi.org/10.1371/journal.pbio.0060280
https://doi.org/10.1371/journal.pbio.2001861
https://doi.org/10.4161/gmic.1.4.12614
https://doi.org/10.1128/mBio.01492-17
https://doi.org/10.1038/s41467-017-01973-8
https://doi.org/10.1111/1365-2656.12142
https://doi.org/10.1111/1365-2656.12142
http://mbio.asm.org


traits that drive ecosystems: evidence from three continents. J Veg Sci
15:295–304.

91. Tilman D, Wedin D, Knops J. 1996. Productivity and sustainability
influenced by biodiversity in grassland ecosystems. Nature 379:
718 –720. https://doi.org/10.1038/379718a0.

92. Faith JJ, Ahern PP, Ridaura VK, Cheng J, Gordon JI. 2014. Identifying gut
microbe-host phenotype relationships using combinatorial communi-
ties in gnotobiotic mice. Sci Transl Med 6:220ra11. https://doi.org/10
.1126/scitranslmed.3008051.

93. Seedorf H, Griffin NW, Ridaura VK, Reyes A, Cheng J, Rey FE, Smith MI,
Simon GM, Scheffrahn RH, Woebken D, Spormann AM, Van Treuren W,
Ursell LK, Pirrung M, Robbins-Pianka A, Cantarel BL, Lombard V, Hen-
rissat B, Knight R, Gordon JI. 2014. Bacteria from diverse habitats
colonize and compete in the mouse gut. Cell 159:253–266. https://doi
.org/10.1016/j.cell.2014.09.008.

94. Turnbaugh PJ, Gordon JI. 2009. The core gut microbiome, energy
balance and obesity. J Physiol 587:4153– 4158. https://doi.org/10.1113/
jphysiol.2009.174136.

95. Roger F, Bertilsson S, Langenheder S, Osman OA, Gamfeldt L. 2016.
Effects of multiple dimensions of bacterial diversity on functioning,
stability and multifunctionality. Ecology 97:2716 –2728. https://doi.org/
10.1002/ecy.1518.

96. Vandeputte D, Kathagen G, D’hoe K, Vieira-Silva S, Valles-Colomer M,
Sabino J, Wang J, Tito RY, De Commer L, Darzi Y, Vermeire S, Falony G,
Raes J. 2017. Quantitative microbiome profiling links gut community
variation to microbial load. Nature 551:507–511. https://doi.org/10
.1038/nature24460.

97. Contijoch E, Britton GJ, Yang C, Mogno I, Li Z, Ng R, Llewellyn SR, Hira
S, Johnson C, Rabinowitz KM, Barkan R, Dotan I, Hirten RP, Fu S-C, Luo
Y, Yang N, Luong T, Labrias PR, Lira S, Peter I, Grinspan A, Clemente JC,
Kosoy R, Kim-Schulze S, Qin X, Castillo A, Hurley A, Atreja A, Rogers J,
Fasihuddin F, Saliaj M, Nolan A, Reyes-Mercedes P, Rodriguez C, Aly S,
Santa-Cruz K, Peters LA, Suárez-Fariñas M, Huang R, Hao K, Zhu J,
Zhang B, Losic B, Irizar H, Song W-M, Narzo AD, Wang W, Cohen BL,
DiMaio C, Greenwald D, et al. 2018. Gut microbiota density influences
host physiology and is shaped by host and microbial factors. bioRxiv
https://www.biorxiv.org/content/early/2018/03/08/277095.

98. Martiny JBH, Jones SE, Lennon JT, Martiny AC. 2015. Microbiomes in
light of traits: a phylogenetic perspective. Science 350:aac9323. https://
doi.org/10.1126/science.aac9323.

99. Greenblum S, Carr R, Borenstein E. 2015. Extensive strain-level copy-
number variation across human gut microbiome species. Cell 160:
583–594. https://doi.org/10.1016/j.cell.2014.12.038.

100. Yassour M, Vatanen T, Siljander H, Hämäläinen AM, Härkönen T, Ry-
hänen SJ, Franzosa EA, Vlamakis H, Huttenhower C, Gevers D, Lander
ES, Knip M; DIABIMMUNE Study Group, Xavier RJ. 2016. Natural history
of the infant gut microbiome and impact of antibiotic treatment on
bacterial strain diversity and stability. Sci Transl Med 8:343ra81. https://
doi.org/10.1126/scitranslmed.aad0917.

101. Lloyd-Price J, Mahurkar A, Rahnavard G, Crabtree J, Orvis J, Hall AB,
Brady A, Creasy HH, McCracken C, Giglio MG, McDonald D, Franzosa EA,
Knight R, White O, Huttenhower C. 2017. Strains, functions and dynam-
ics in the expanded Human Microbiome Project. Nature 550:61– 66.
https://doi.org/10.1038/nature23889.

102. Delgado-Baquerizo M, Maestre FT, Reich PB, Jeffries TC, Gaitan JJ,
Encinar D, Berdugo M, Campbell CD, Singh BK. 2016. Microbial diversity
drives multifunctionality in terrestrial ecosystems. Nat Commun
7:10541. https://doi.org/10.1038/ncomms10541.

103. Gross N, Le Bagousse-Pinguet Y, Liancourt P, Berdugo M, Gotelli NJ,
Maestre FT. 2017. Functional trait diversity maximizes ecosystem mul-
tifunctionality. Nat Ecol Evol 1:0132– 0132. https://doi.org/10.1038/
s41559-017-0132.

104. McFall-Ngai M, Hadfield MG, Bosch TC, Carey HV, Domazet-Lošo T,
Douglas AE, Dubilier N, Eberl G, Fukami T, Gilbert SF, Hentschel U, King
N, Kjelleberg S, Knoll AH, Kremer N, Mazmanian SK, Metcalf JL, Nealson
K, Pierce NE, Rawls JF, Reid A, Ruby EG, Rumpho M, Sanders JG, Tautz
D, Wernegreen JJ. 2013. Animals in a bacterial world, a new imperative
for the life sciences. Proc Natl Acad Sci U S A 110:3229 –3236. https://
doi.org/10.1073/pnas.1218525110.

105. Aivelo T, Laakkonen J, Jernvall J. 2016. Population- and individual-level
dynamics of the intestinal microbiota of a small primate. Appl Environ
Microbiol 82:3537–3545. https://doi.org/10.1128/AEM.00559-16.

106. Bennett DC, Tun HM, Kim JE, Leung FC, Cheng KM. 2013. Character-

ization of cecal microbiota of the emu (Dromaius novaehollandiae). Vet
Microbiol 166:304 –310. https://doi.org/10.1016/j.vetmic.2013.05.018.

107. Bletz MC, Goedbloed DJ, Sanchez E, Reinhardt T, Tebbe CC, Bhuju S,
Geffers R, Jarek M, Vences M, Steinfartz S. 2016. Amphibian gut micro-
biota shifts differentially in community structure but converges on
habitat-specific predicted functions. Nat Commun 7:3699. https://doi
.org/10.1038/ncomms13699.

108. Borbón-García A, Reyes A, Vives-Flórez M, Caballero S. 2017. Captivity
shapes the gut microbiota of Andean bears: insights into health sur-
veillance. Front Microbiol 8:1316. https://doi.org/10.3389/fmicb.2017
.01316.
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