PROCEEDINGS B

rsph.royalsocietypublishing.org

Research CroseMark

click for updates

Cite this article: Kieft TL, Simmons KA. 2015
Allometry of animal —microbe interactions and
global census of animal-associated microbes.
Proc. R. Soc. B 282: 20150702.
http://dx.doi.org/10.1098/rspb.2015.0702

Received: 26 March 2015
Accepted: 26 May 2015

Subject Areas:
ecology, microbiology, environmental science

Keywords:
allometry, animals, microbiota,
prokaryotes, symbiosis

Author for correspondence:
Thomas L. Kieft
e-mail: tkieft@nmt.edu

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rsph.2015.0702 or
via http://rspb.royalsocietypublishing.org.

THE ROYAL SOCIETY

PUBLISHING

Allometry of animal —microbe interactions
and global census of animal-associated
microbes

Thomas L. Kieft and Karen A. Simmons

Department of Biology, New Mexico Tech, Socorro, NM 87801, USA
*) TLK, 0000-0003-4350-9416

Animals live in close association with microorganisms, mostly prokaryotes,
living in or on them as commensals, mutualists or parasites, and profoundly
affecting host fitness. Most animal—microbe studies focus on microbial com-
munity structure; for this project, allometry (scaling of animal attributes with
animal size) was applied to animal-microbe relationships across a range
of species spanning 12 orders of magnitude in animal mass, from nematodes
to whales. Microbial abundances per individual animal were gleaned
from published literature and also microscopically counted in three species.
Abundance of prokaryotes/individual versus animal mass scales as a nearly
linear power function (exponent = 1.07, R?=0.94). Combining this power
function with allometry of animal abundance indicates that macrofauna have
an outsized share of animal-associated microorganisms. The total number of
animal-associated prokaryotes in Earth’s land animals was calculated to be
1.3-14 x 10% cells and the total of marine animal-associated microbes was
calculated to be 8.6-9.0 x 10** cells. Animal-associated microbes thus total
2.1-2.3 x 10% of the approximately 10%° prokaryotes on the Earth. Microbes
associated with humans comprise 3.3-3.5% of Earth’s animal-associated
microbes, and domestic animals harbour 14-20% of all animal-associated
microbes, adding a new dimension to the scale of human impact on the
biosphere. This novel allometric power function may reflect underlying mech-
anisms involving the transfer of energy and materials between microorganisms
and their animal hosts. Microbial diversity indices of animal gut communities
and gut microbial species richness for 60 mammals did not indicate significant
scaling relationships with animal body mass; however, further research in this
area is warranted.

1. Introduction

Virtually all animals associate with smaller organisms, primarily prokaryotes
(bacteria and archaea) that digest complex organic substrates, fix CO,, fix Np,
stimulate ontogeny, affect behaviour, compete against pathogens, synthesize
growth factors or serve as prey [1-3]. Molecular analyses of microbial meta-
genomes have revealed diverse health-related interactions between humans and
their microbiota [4]. The most common approaches for studying animal-associated
microbiota, e.g. small-subunit TRNA gene-based methods and metagenomic
analyses, reveal percentages of individual species; quantification of total micro-
bial abundance, e.g. by direct microscopic counting or qPCR, is performed less
frequently. Allometry is the study of how various attributes, e.g. metabolic rate,
organ size, abundance, etc. scale with body size, usually expressed as body
mass. This approach is usually used to compare a broad range of animal species
and in many cases provides clues to underlying physical/chemical mechanisms
that control this scaling [5-7]. The allometric approach has not previously been
applied to animal-microbe interactions except for the more narrow case of
animal parasites [8§-10].

This study was, to our knowledge, undertaken as the first ever allometric
study of the relationship between animal body mass (wet weight) and

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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abundance of microbes per individual animal across a wide
range of vertebrate and invertebrate species and of the
animal-associated microbial abundance in the biosphere esti-
mated from this relationship. Whitman et al. [11] conducted a
planet-wide census of prokaryotes in various habitats,
including the guts of humans, domestic animals and termites.
Their total for all Earth prokaryotes was 4.2-6.4 x 10° cells,
which was revised by Kallmeyer et al. [12] to 9.2-31.7 x 10%
cells. Clearly, microbes living within animal habitats form
only a small fraction of the Earth’s total inventory of prokar-
yotes, yet they are vitally important to animal well-being and
by extension to the functioning of the biosphere. It was hypo-
thesized here that microbial abundance scales with animal
body mass across a wide range of vertebrate and invertebrate
species. The existence of a consistent allometric relationship
between microbes and animals could have implications for
the energetic dependence of animals on microbes and for the
total abundance of animal-associated microbes. It was further
hypothesized that the diversity of animal-associated microbes
also scales with body mass, with larger animals harbouring a
greater diversity. This hypothesis was based on well-established
species—area relationships, in which species diversity within a
habitat generally increases monotonically as the size of the habi-
tat increases [13]. One might also postulate such a relationship
based on the finding that herbivores generally have a greater
diversity of gut microbes than carnivores and omnivores [14],
and the most massive animals are herbivores [14].

2. Material and methods

(a) Animal masses and microbial counts from published
literature

Most of the data used for calculating the allometric relation-
ship between animal mass and microbial abundance were
drawn from published sources (see the electronic supplementary
material). For most animal species, this study focused on microbes
inhabiting the gut and especially the most active fermentative
organs. These organs contain approximately 10”-10'* microbes
per millilitre or gram of digesta in many species of insects [15];
fishes [16], birds [11,16] and mammals [11,16], and thus com-
prise the bulk of microbial symbionts in most animals. In some
invertebrates, the bulk of the microbes are associated with other
organs or tissues, e.g. the spongocoel in sponges, the trophosome
in the deep sea hydrothermal vent worm Riftia pachyptila, and the
epidermal and endodermal epithelium in Hydra vulgaris; microbial
counts from these sites were used for this study. The micro-
bial counts for humans, domestic animals, chickens, ducks and
termites were obtained from Whitman ef al. [11], but required div-
ision of the total number of microbes associated with the entire
population of a species by the total abundance of that species.
Microbial counts for some animals were derived from the published
volumes of the gut organs and direct microscopic counts of microbes
per gram or millilitre of gut contents; this approach was used for
oxen [16,17], Balaenoptera acutorostrata (minke whales) [16,18,19],
horses [16,17], Xestospongia muta (giant sponges) [20], dogs [16,21],
guinea pigs [22], R. pachyptila (hydrothermal vent tube worm)
[23], hamsters [16,22,24], Apostichopus japonicas (sea cucumbers)
[25-27], mice [16,22], Hirudo medicinalis (medicinal leeches) [28],
Lumbricus rubellus (earthworms) [29,30] and Euphausia superba (Ant-
arctic krill) [31]. Microbial abundances for several insect species were
published as microscopic counts per individual animal [15], and
these were used directly. Fluorescent in situ hybridization was
used to count bacteria associated with Hydra vulgaris (S. Fraune
2014, personal communication). Heterotrophic plate count data

were used for the nematode Caenorhabditis elegans [32]; this may
have underestimated the abundance, but the nematodes were
raised on bacteria cultivated in the laboratory, and so the majority
of these bacteria were probably cultivable.

(b) Direct microscopic counts of microbes

Live brown planaria (Dugesia tigrina) and vinegar eels (Turbatrix
aceti) were obtained from Carolina Biological Supply Company.
Planaria and vinegar eels were fixed in Ringers solution (6.5 g
NaCl, 0.42 g KCl, 0.25 g CaCl, and 0.2 g NaHCO; 17! H,0) con-
taining 3.7% formaldehyde. Fixed animals were homogenized
using a ground glass tissue homogenizer. The resulting slurry
was then filtered through a 0.45um pore-size polycarbonate
filter. Filters were then stained with 0.3% acridine orange. The
filters were dried at room temperature and placed onto a micro-
scope slide. A drop of immersion oil and a coverslip were placed
onto the filter. Microbial cells were counted using epifluores-
cence microscopy. Live zebrafish (Danio rerio) were purchased
from Walmart in Socorro, NM, and euthanized by placing
them into an ice-water bath. The zebrafish were dissected and
the gastrointestinal tracts were removed and weighed. The gas-
trointestinal tracts were homogenized and diluted 1:100 in
Ringers solution, and the associated microbes were quantified
by acridine-orange counting as described for the planaria and
vinegar eels.

(c) Total animal biomass and associated microbes
Published estimates of total land and animal biomasses were
combined with the allometric relationship of this study to calcu-
late total abundances of animal-associated microbes on land,
in the oceans, in humans and in domestic animals (table 1).
Whittaker & Likens [33] published an estimate of the total biomass
of land animals, exclusive of humans and domestic animals, in
gram dry weight; dry weights were converted to wet weights
assuming 60% water content. Whitman et al.’s [11] estimate for
total human-associated microbes was updated to a current popu-
lation of 7.1 billion people. Two different sources were used for
domestic animals. Barnosky ef al. (fig. 5 in [34]) calculated a
modern wet weight of domestic animals (land calculation 1);
Whitman et al.’s [11] estimate for microbes associated with dom-
estic animals was also used (land calculation 2). Two different
published values for marine animal biomass were used: Whittaker
& Likens’s [33] estimate in gram dry weight, converted to wet
weight using 60% water (marine calculation 1), and Jennings
et al’s estimate in gram wet weight [35] (marine calculation 2).
A low estimate of the total animal-associated microbes on the
Earth was calculated by adding the lowest of the land and ocean esti-
mates; a high estimate was calculated as the sum of the high land and
marine estimates. These high and low estimates were then compared
to Kallmeyer et al.’s estimate for total prokaryotes on the Earth [12];
the totals of human-associated and domestic animal-associated
microbes were also used to estimate the percentages of Earth’s
animal-associated microbes that they comprise.

(d) Diversity indices

Diversity indices for animal-associated microbial communities
were calculated based on metagenomic data from MG-RAST
[36]. Publically available metagenomes were sorted by biome
and then one example for each species was selected from the
microbial metagenomes of animal-associated habitats and
human-associated habitats. The selected metagenomes rep-
resented the microbial communities in the portion of the
gastrointestinal tract having the largest number of microbes,
e.g. the mouse caecum, the human large intestine, etc. For pro-
jects with multiple treatments involving healthy and diseased
animals, unusual diets, etc., a metagenome was selected that
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Table 1. Calculation of the Earth’s total animal biomass and abundance of animal-associated microbes. (Sources of published data are shown in brackets.)

animal biomass
(gram dry weight)

category

land animals

total no. animal-
associated microbes

animal biomass
(gram wet weight)

calculation 1

all except humans and domestic animals
humans
domestic animals
total
calculation 2
all except humans and domestic animals
humans
domestic animals
total

ot

marine animals

calculation 1
total SO
calculation 2
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Figure 1. Microbial counts of microorganisms per individual animal versus individual animal body mass (M, wet weight in gram), log—log plot.

represented healthy animals. MG-RAST standardly calculates
alpha diversity, which has units of number of species and is defined
as the antilog of the Shannon—Wiener index. Shannon—Wiener,
evenness, Simpson and Chao diversity indices [37] were calculated
from the MG-RAST genus-level identifications, similarly to the
diversity calculation approach used by the Human Genome Project
Consortium [4]. Animal-associated microbial diversity data for
60 species of mammals in the form of species richness (total
operational taxonomic units, OTUs taken from Ley et al.’s [14] elec-
tronic supplementary material) were also analysed in relation to
animal mass.

3. Results

Plotting data for the abundances of microbial cells per indi-
vidual animal versus masses of those animal species (wet
weight) (figure 1) yielded a power function:

number of microbes/animal = 7.86 x 108 M%7, (3.1)

where M = body mass (wet weight) in grams. The coefficient
of determination (R%) = 0.94 for this power function. This
novel allometric relationship extends downward in body
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Figure 2. Diversity indices versus individual animal body mass (M, wet weight in grams), log—log plots. (a) Shannon—Wiener index; (b) evenness; (c) Simpson’s

index and (d) Chao 1 index.

mass and complexity to include even nematodes, for
example, approximately 1000 cell C. elegans, itself nearly
microscopic. Plotting the data linearly yields

number of microbes/animal = 3.44 x 10° M, (3.2)

with R*=0.80. Each gram of an animal thus averages
approximately 3.4 x 10° of associated prokaryotes. Converting
microbial abundance to microbial biomass using 1 x 1012 g
wet weight prokaryotic cell !, animals are typically approxi-
mately 0.34% prokaryotes by weight.

Using this allometric relationship between animal masses
and abundances of associated microbes, the abundances of
animal-associated microbes were estimated. Beginning with
land animals, the size—density relationship [38],

number of animals/km? = 1.7 x 10* M~%7°, (3.3)

was combined with equation (3.1) to produce the relationship
between animal mass and abundance of microbes on land:

number of animal-associated microbes /km? oc M%3!, (3.4)

Thus, although there are fewer large animals than small ones,
the positive exponent of this power function means macro-
fauna have far more of the ecosystems’ animal-associated
microbes. Total biomass of land animals on the Earth has
been estimated as 3.9 x 10" g wet weight [11,33,34]; associ-
ated microbes should total 2.1-2.3 x 10%° cells (table 1).
Animal biomass in the oceans scales with individual body
mass [35] as

marine animal biomassing = 2.0 x 10" M09, (3.5)

The product of equations (3.1) and (3.4) produces the relation-
ship between the total number of animal-associated microbial
cells in the oceans and individual animal body mass:

number of marine animal-associated microbes oc M5 .
(3.6)

The scaling factor is twice that for land animals, meaning that
marine macrofauna account for an even greater proportion of
marine animal-associated microbes than terrestrial macrofauna
do among land animals. Estimates of total marine animal bio-
mass, 2.5 x 10*° g[33]and 2.6 x 10" g [35], yield an associated
microbial abundance of 8.6-9.0 x 10?* cells (table 1). The esti-
mate for all of Earth’s animal-associated microbes (land plus
marine) is 1.9-2.3 x 10% cells, a trifling proportion (0.00067—
0.0025%) of the 9.2-31.7 x 10* total prokaryotes on the
Earth [12]. The low percentage is unsurprising, given the ani-
mals’ roles as consumers and the inefficiency of energy and
material transport between trophic levels.

The microbial diversity indices calculated from MG-RAST
data (see the electronic supplementary material) did not
show significant scaling relationships with animal mass
(figure 2). The diversity indices were mostly correlated to
each other and none was correlated with animal body mass
(table 2). Some diversity indices (alpha, evenness and Chao
indices) showed correlations with the total number of base
pairs of sequence in MG-RAST; the Shannon—-Wiener and
Simpson indices were not correlated with the sizes of the
metagenomic surveys. Animal-associated species richness
for 60 mammal species, reported as total OTUs by Ley et al.
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Table 2. Spearman’s rank correlation coefficient (upper right) and Pearson product-moment correlations (lower left) of animal wet weight, total number of n
base pairs (after quality control) and various diversity indices for microbial communities in animal-associated habitats, calculated from MG-RAST metagenomic

data.

alpha diversity

index”
wet weight 0.308 0.299
(0.187) (0.201)
base pairs —0.0164 0.481
(0.0317)
alpha 0.0001 0.599
diversity (>0.999) (0.00527)
Shannon— 0.102 0.394 0.868
Wiener (0.668) (0.0859) (<<0.00001)
evenness —0.0661 —0.175 0.307
(0.782) (0.460) (0.189)
Simpson 0.0305 —0.208 —0.522
(0.898) (0.378) (0.0184)
(Chao 1 0.0023 0.920 0.626
(0.992) (<<0.0001) (0.00315)

MG-RAST post-quality-control total base pair count.

Shannon- Simpson
Wiener index evenness index
0.165 —0222 0.100 0.330
(0.487) (0.347) (0.675) (0.155)
0.174 —0.607 0.161 0.871
(0.462) (0.0045) (0.498) (<<0.00001)
0.869 0.232 —0.615 0.785
(<<0.00001) (0.324) (0.0039) (0.00004)
0.576 —0.836 0.543
(0.00078) (<<0.00001) (0.0134)
0.624 —0.826 —0.329
(0.00328) (<<0.00001) (0.156)
0.781 —0.816 —0.164
(0.00005) (0.00327) (0.490)
0.413 —0.193 —0.174
(0.0703) (0.415) (0.463)

PAlpha diversity as calculated by MG-RAST is the antilog of the Shannon—Wiener index. It has units of number of species.
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Figure 3. Total animal-associated microbial operational units (OTUs) as
reported by Ley et al. [14], electronic supplementary material, for 60 species
of mammals versus animal mass in gram wet weight, log—log plot.

[14], plotted against animal mass also failed to show a
consistent pattern (figure 3).

4. Discussion

Abundances of animal-associated microbes showed a consist-
ent allometric scaling relationship with animal mass, thereby
supporting the first hypothesis. The scaling of microbial abun-
dance is consistent with previous scaling of animal gut size.
Total gut volume has been estimated to scale with animal
body mass with exponents of 1.0 to 1.08, depending on the ani-
mals selected [5,39-41]. However, counts of microbes per unit
volume or mass of gut contents vary over several orders of
magnitude, and the proportion of the gut devoted to intensive

microbial activities also varies extensively [16,17]. None of the
previous considerations of animal gut allometry has con-
sidered microbial abundance and none has extended to the
smallest multicellular animals.

The allometric relationships and global estimates of bio-
logical abundance reported here are necessarily based on
limited datasets: in this case, the number of animal species
whose microbes have been quantified. Insects might be over-
represented, but they comprise a substantial proportion of
animal species [42] and even of terrestrial animal biomass
when one considers ants [43,44]. Humans and their domestic
animals are commonly studied and so are well represented
here, but this is also justified by their large populations
and abundant microbiota [11]. The Earth’s total number of
animal species, approximately 8.7 million [42], is approxi-
mately 4 x 10°-fold higher than those included here, leaving
abundant room for further development of animal—microbe
allometry. This paucity of data points to the need for quantifi-
cation of microbes associated with a greater number of animal
species to complement the extensive studies of microbial
diversity. Development and analyses of larger datasets may
reveal subtle differences among animals with different life-
styles, e.g. among herbivores, carnivores and omnivores;
among ruminants, foregut fermenters, hindgut fermenters;
between animals with dominantly heterotrophic microbes
and those with autotrophs; or between vertebrate and invert-
ebrate animals. Quantification of microbes within various
taxa, for example, bacteria and archaea, across many animal
species may reveal novel scaling properties, too.

Humans and their domestic animals, being highly suc-
cessful macrofauna, may harbour an inordinately large
proportion of the Earth’s animal-associated microbial cells.
Humans (7.1 x 10° individuals, 7.5 x 10?® microbes, updated
from Whitman et al. [11], table 1) account for 3.3-3.5% of all
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animal-associated microbes. Estimates of microbes associated
with domestic animals range from 3.3 x 10** to 4.3 x 10**
cells (table 1), thus representing 14—20% of all animal-associ-
ated microbes. Productivity of gut microbes in mammals is
prodigious (approx. 4 x 10% cells year ' for humans and
domestic animals) [11], and they have high rates of mutation
[11], and thus high potential for metabolic innovation and, in
high densities, a high potential for horizontal gene transfer.
These estimates further underscore human impacts on the bio-
sphere. The phenomenal success of humans [34,45] has
favoured many thousands of associated microbial species. The
scales of human manipulation of those microbes, for example,
by dosing humans and domestic animals with antibiotics, may
have an even greater impact than previously considered.

Production of methane among non-ruminant mammals ran-
ging in size from guinea pigs to elephants was previously found
to scale with body size nearly linearly (exponent = 0.97) [41].
This scaling is consistent with the scaling of both gut volume
and microbial abundance. Considering the relationships in
equations (3.4) and (3.6), the scaling of methane production
with animal mass also confirms the importance of macro-
fauna in the production of methane, a potent greenhouse
gas. Macrofauna, especially domestic animals, generate an
extravagant share of animal-generated methane.

Some successful animal groups other than humans and
domestic animals also have significant gut microbiota. The
world’s fish biomass (9.0 x 1014g [35] to 2.0 x 10'° g [46])
should have a total fish-associated microbial abundance of
3.1-6.9 x 10** cells. Antarctic krill (E. superba) may be one
of the most abundant metazoan species on the Earth,
with an estimated biomass of 3.79 x 10 g [47] and a bac-
terial load of approximately 5 x 10° microbes g ' [31], so its
global share of animal-associated microbes is approximately
1.9 x 10% cells.

Microbial abundance per individual animal appears to scale
as the approximate 1-power of body mass rather than as one of
the common “quarter-power” functions (+0.75, +0.25), which
are thought to be dictated by physical/chemical phenomena,
e.g. the fractal geometry of resource distribution systems
(blood vessels, bronchi) [6,7]. Metabolic rate, quantified in
units of power, e.g. watts, scales with body mass as M"7”
[5-7,48]. Dividing the metabolic rate function by the microbial
abundance function gives an exponent of —0.32 for the
metabolic rate or power expended by the animal per microbe:

metabolic rate of animal /no. of microbes oc M~%32, 4.1)

The surface area of the gut scales with body mass as MO°7® [49]
and gut volume scales as M 1010 108 151 50 the surface area-to-
volume ratio of the gut scales as M 025 to ~033,

gut area/volume ratio oc M0t -033 4.2)

It is suggestive that the scaling of animal metabolic rate per
microbe (exponent = —0.32) is very similar to the scaling of
the gut surface area-to-volume ratio (exponent= —0.25 to
—0.33). The animal metabolic rate per microbe declines as
body mass increases, perhaps in part due to declining ability
to transfer energy and materials through the interface between
the microbial compartment and the rest of the animal. This find-
ing does not exclude other explanations for the scaling of
metabolic rate, e.g. fractal theory [6,7]. Animals have developed
much more elaborate morphological adaptations for distribut-
ing materials, including relatively insoluble O,, throughout
animal tissues than for transferring metabolites through the

animal-microbe interface. The gut surface areas are actually [ 6 |

greater than calculated owing to microvilli and other convolu-
tions; however, microvilli are relatively invariant in size and
density over a wide range of animal sizes [39] and the absorp-
tion by microvilli is concentrated at the distal ends [49]. These
convolutions in the gut surface area may thus raise the intercept
for the scaling of gut area with body mass, but have little effect
on the slope. Mixing of the gut contents, for example, by muscle
action on the rumen, can speed rates of diffusion, but this only
partially alleviates the problem of transferring metabolites to
the animal. Probably, multiple interacting factors govern the
nearly linear relationship of animal mass to gut volume and to
microbial abundance.

The apparent lack of pattern to the relationship between
animal-associated microbial species diversity and animal
mass is surprising, considering the well-known relationship
between habitat size and species diversity [13]. However, a
much larger dataset is needed before a firm conclusion can
be made about the existence or absence of a relationship
between microbial diversity and animal mass. Ideally, the
microbial diversity data should be generated by comparable
methods. In the case of this study, although the MG-RAST
data were analysed using the same algorithms, the original
data were generated using a variety of sequencing instruments
and the depth of coverage varied extensively. As shown in this
study, it is especially important that the sequencing coverage
be sufficient and comparable. Nearly all of Ley et al.’s species
diversity data [14] were generated by the same method as
part of a single study; however, the number of replicate animals
was small and variable and the clone library approach is lim-
ited compared with current high-throughput sequencing
methods. The microbiota of increasing numbers of animal
species are being extensively characterized using modern
sequencing approaches, so further analyses of the scaling of
diversity should be forthcoming.

Implications of animal mass-microbial abundance scaling
appear wide-reaching, especially for macrofauna and their
abundant microbes. At the other end of the mass spectrum,
the fact that even minuscule metazoans follow this allometric
relationship suggests an early evolutionary dependence of ani-
mals on microorganisms. If this allometric relationship
withstands the test of time and additional data, then one pre-
sumably could even extrapolate upward in size and backward
in time to the dinosaurs and other extinct animals. One can
also consider the ongoing sixth mass extinction [50,51]. The
loss of a large number of animal species is accompanied by
the loss of the microbial species that are uniquely adapted to
those animals. The findings of this study provide a new measure
of the interdependence of animals and microbes.

5. Conclusion

The number of microbial cells associated with a single animal
scales with body mass as a power function with an exponent
of 1.07. This relationship applies over 12 orders of magnitude,
from minute invertebrates to extremely large mammals.
Based on this relationship, the total number of animal-associ-
ated microbes on the Earth is estimated to be 2.1-2.3 x 10%
cells. Despite the lower overall abundances of large animals
compared with invertebrates and other small animals, the
macrofauna harbour an outsized proportion of Earth’s
animal-associated microbes. The microbes of humans and
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their domestic animals comprise 3.3-3.5 and 14-20% of all
animal-associated microbes on the Earth, respectively. The
very large numbers of microbes in humans and domestic
animals are especially concerning when one considers the
widespread use of antibiotics and the high rates of pro-
duction, mutation and horizontal gene transfer of the gut
microbiota. The apparent lack of a scaling relationship
between microbial species diversity and animal mass requires
further testing.
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