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Abstract
Background: One of the central issues in microbial ecology is to understand the parameters that drive diversity.
Among these parameters, size has often been considered to be the main driver in many different ecosystems. Surpris‑
ingly, the influence of size on gut microbial diversity has not yet been investigated, and so far in studies reported in
the literature only the influences of age, diet, phylogeny and digestive tract structures have been considered. This
study explicitly challenges the underexplored relationship connecting gut volume and bacterial diversity.
Results: The bacterial diversity of 189 faeces produced by 71 vertebrate species covering a body mass range of 5.6
log. The animals comprised mammals, birds and reptiles. The diversity was evaluated based on the Simpson Diver‑
sity Index extracted from 16S rDNA gene fingerprinting patterns. Diversity presented an increase along with animal
body mass following a power law with a slope z of 0.338 ± 0.027, whatever the age, phylogeny, diet or digestive tract
structure.
Conclusions: The results presented here suggest that gut volume cannot be neglected as a major driver of gut
microbial diversity. The characteristics of the gut microbiota follow general principles of biogeography that arise in
many ecological systems.
Keywords: Biodiversity, Biogeography, Gut, Fingerprint, Species-area relationship
Background
Among a number of parameters, the ‘size’ of an ecosystem is often assumed to have a key impact on the
management of diversity. In fact, the species-area relationship is central to the ecological theory [1] and was
first described for macro-organisms [2]. For bacteria, the
species-area relationship is generally expressed in terms
of habitat volume (i.e., volume-area relationship) and has
been illustrated in liquid sump tanks of metal-cutting
machines [3], membrane bioreactors [4] and tree holes
(i.e., rainwater accumulated in holes at the base of large
trees) [5]. However, until present, the microbial speciesvolume relationship has never yet been studied for gut or
body size, even though vertebrate gut size covers a wide
range of magnitudes. There is a 106 body mass factor
between a tiny bird or a shrew and an elephant.
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The vertebrate gut hosts a microbial community that
fulfils many vital functions for the host: it enhances
resistance to infection, stimulates mucosal immune
defences, synthesizes essential vitamins and promotes
caloric uptake by hydrolysing complex carbohydrates.
The bacterial populations inhabiting the gut are complex, varying considerably from individual to individual
and from species to species. However, gut microbial ecosystems are not a random association of microbes but
are shaped by the host. A transfer occurs vertically from
mothers to offspring or horizontally between individuals
within a specific group. Such transfers have given rise to
the long-standing co-evolution of microbiota and their
hosts [6].
The benefit of bacterial diversity in the human gut
has often been highlighted [7] and driving factors such
as age [8], diverse lifestyles [9] and diet variations [10]
have already been explored. Despite such an interest, the
relationship between body mass and gut microbiota has
never been explored whereas, in contrast, the positive
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links between the abundance of parasitic organisms or
protozoal faunas and animal body size have been thoroughly referenced [11] [12]. The aim of the present study
is to analyse a large bacterial dataset, comprising faeces
collected from 71 different vertebrate species, in order to
examine the effect of the volume-microbial diversity relationship in animal digestive tracts.

Methods
Sampling

All the animal samples were obtained from domesticated
or captive populations in France (zoo, farm, aquarium,
recreative farm or individual keeper). There is non-experimental research dedicated for this study, faeces samples
were collected on ground with the animal keeper or animal owner without stresses for the animals. We obtained
permissions from Lunaret zoo, Montpellier; Océanopolis, Brest; Réserve Africaine, Sigean; Mini Ferme Zoo,
Cessenon sur Orb and consent from the animal owners
(Jean-Philippe Steyer, Anais Bonnafous, Jean-Jacques
Godon). Animal were living alone or in small groups (1
to 5). Furthermore, their food (meat, seeds, fruits or hay)
were more standardized in comparison to wild diets.
Human stool specimens used in the present study were
from infant and adult subjects included in international
multicentric studies. Samples were collected between
2001 to 2005 and used on previous published studies.
Infants samples were collected in the frame of the European project INFABIO (http://www.gla.ac.uk/departments/infabio/), ethical permission was obtained from
Yorkhill Research Ethics Committee P16/03 and parents
gave written informed consent [13]. Adults samples were
collected in the frame of the European project Crownalife, the studies were approved by the Ethics Committee
of Versailles Hospital Centre and written informed consent was obtained from all participants [14]. Approval
for Institut National de la Recherche Agronomique to
manage human-derived biological samples in accordance
with Articles L.1243-3, R.1243-49 of “Code de la Santé
Publique” was granted by the Ministry of Research and
Education under number DC-2012-1728.
Faeces from 189 individuals belonging to 71 vertebrate
species (31 mammals, 37 birds and 3 reptiles) were collected (Table 1). They were sub-divided into 80 categories
according to species or to body mass (i.e., age (young–
adult), sex (female–male), breed size (small–big–domesticated–wild), see Table 1). Body masses were provided
by the breeder for large animals or obtained from literature for small animals. Body masses, along with diversity, were displayed with a logarithmic scale in order to
highlight the linear shape of the power-law relationship.
Except for the distinct dimorphism of male and female
turkey samples, an average value of male and female
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body mass values was used. Dwarf or young individuals from the same species were also classified in specific
body mass categories. For example, human samples were
divided into two body mass categories: babies between 1
and 10 months old (mean of 5.8 kg) and adults between
29 and 61 years old (set at 70 kg). Composite faeces samples were avoided except for those that could not provide
enough material for DNA extraction (less than 0.5 g).
DNA extraction, PCR amplification and Capillary
Electrophoresis Single Strand Conformation Polymorphism
(CE‑SSCP) fingerprinting

Genomic DNAs were extracted from 0.5 g of raw material using the procedure described by Godon et al. [15].
The V3 region of the 16S rRNA gene was amplified with
Bacteria-specific primers and PCR products were analysed by CE-SSCP analysis using an ABI3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) in
accordance with a previously described method [16]. All
raw CE-SSCP data are available on Additional file 4.
Calculation of diversity and statistical computing

Diversity was estimated by the Simpson Diversity Index
from CE-SSCP fingerprinting patterns. 
The Simpson
p
2
Diversity Index was expressed as D = 1
i=1 ai where
ai is the relative abundance of each CE-SSCP peak p. This
index was directly calculated from each CE-SSCP fingerprint [17] using the R StatFingerprints library [18].
Preference was given to the Simpson Diversity Index
from CE-SSCP fingerprinting rather than the Richness estimation because: (1) neither fingerprinting nor
sequencing data can provide a robust estimation of richness [19]; (2) the Simpson Diversity Index can be estimated accurately with CE-SSCP fingerprinting [17, 20].
A generalized linear model was applied to fit the relationship between body mass and diversity. ANOVA followed by Tukey post hoc tests were used for determining
the statistical difference between (sub-) categories and
body mass or diversity, both expressed in a logarithmic
scale. All statistics were performed under R software
(version 3.1.2) [21]. The calculation of the slope z was
based on the exponent of the power-law relationship as
follows: diversity = c weightz.

Results and discussion
The bacterial diversity of faeces from 189 vertebrates
belonging to 71 species (31 mammals, 37 birds and 3
reptiles) was analysed (Table 1; Fig. 1). Analysis was only
focused on diversity (Simpson Diversity Index), which
can be accurately measured according to CE-SSCP fingerprinting patterns [15] (see the “Methods” section and
Additional file 1). Apart from their phylogenetic position, animals can also be classified according to: (1) their
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Table 1 Animal data ranked by body mass
Name (common name)

Phylogeny

Taeniopygia guttata (zebra
finch)

Aves, Passeri‑
formes

Serinus canaria (canary)

Body
mass (kg)

Feeding
type

Type
of digestive
tract

Size of animal
husbandry
group

Diversity

SD

Number
of samples

0.012

Granivorous

Hindgut colon

Large

1.2

0.1

3

Aves, Passeri‑
formes

0.024

Granivorous

Hindgut colon

Large

1.6

0.5

2

Ramphocelus bresilius (brazil‑ Aves, Passeri‑
ian tanager)
formes

0.035

Frugivorous

Hindgut colon

Small

3.4

0.4

4

Melopsittacus undulatus
(budgerigar)

Aves, Psittaci‑
formes

0.04

Granivorous

Hindgut colon

Large

1.9

3.0

3

Ploceus cucullatus (village
weaver)

Aves, Passeri‑
formes

0.04

Granivorous

Hindgut colon

Small

2.3

0.0

2

Agapornis fischeri (Fischer’s
lovebird)

Aves, Psittaci‑
formes

0.05

Granivorous

Hindgut colon

Large

1.5

Agapornis roseicollis (rosyfaced lovebird)

Aves, Psittaci‑
formes

0.05

Granivorous

Hindgut colon

Large

2.1

0.0

2

Amblyramphus holosericeus
(scarlet-headed blackbird)

Aves, Passeri‑
formes

0.08

Carnivorous

Hindgut colon

Small

3.4

0.2

2

Nymphicus hollandicus
(cockatiel)

Aves, Psittaci‑
formes

0.08

Granivorous

Hindgut colon

Small

1.4

0.3

2

Guira guira (guira cuckoo)

Aves, Cuculi‑
formes

0.14

Carnivorous

Hindgut colon

Small

2.9

0.5

4

Poicephalus senegalus (sen‑
egal parrot)

Aves, Psittaci‑
formes

0.14

Granivorous

Hindgut colon

Small

2.6

Streptopelia decaocto (eura‑
sian collard dove)

Aves, Columbidae

0.19

Granivorous

Hindgut colon

Large

2.4

Corvus monedula (eurasian
jackdaw)

Aves, Passeri‑
formes

0.22

Omnivorous

Hindgut colon

Small

1.8

Psarocolius decumanus
(crested oropendola)

Aves, Passeri‑
formes

0.3

Omnivorous

Hindgut colon

Small

3.8

Columba livia (pigeon)

Aves, Columbidae

1

1
0.5

3
1

0.3

3

0.5

2

0.3

Granivorous

Hindgut colon

Large

1.9

Gallus gallus (dwarf chicken)a Aves, Galliformes

0.3

Granivorous

Hindgut caecum

Large

2.1

1

Tauraco erythrolophus (redcrested turaco)

Aves, Cuculi‑
formes

0.35

Frugivorous

Hindgut colon

Small

3.8

1

Agamia agami (agami heron) Aves, Ciconii‑
formes

0.46

Piscivorous

Hindgut colon

Small

3.6

1

Coracopsis vasa (vasa parrot)

Aves, Psittaci‑
formes

0.5

Frugivorous

Hindgut colon

Small

2.4

1

Chinchilla laniger xChinchilla
brevicaudata (chinchilla)

Mammalia,
Rodentia

0.6

Herbivorous

Hindgut caecum

Small

4.2

0.1

2

Ramphastos tucanus (whitethroated toucan)

Aves, Piciformes

0.675

Frugivorous

Hindgut colon

Small

3.6

0.4

3

Chrysolophus pictus (golden
pheasant)

Aves, Galliformes

0.700

Granivorous

Hindgut caecum

Small

3.4

Cavia porcellus (domestic
guinea pig)

Mammalia,
Rodentia

0.8

Herbivorous

Hindgut caecum

Large

5.0

Anas acuta (northern pintail) Aves, Anatidae

0.9

Granivorous

Hindgut caecum

Small

3.6

1

Elaphe guttata (corn snake)

Sauropsida,
Serpentes

0.9

Carnivorous

Hindgut colon

Small

4.1

1

Lampropeltis getula (com‑
mon kingsnake)

Sauropsida,
Serpentes

1

Carnivorous

Hindgut colon

Small

3.3

1

Ara ararauna (blue-andyellow macaw)

Aves, Psittaci‑
formes

1

Granivorous

Hindgut colon

Small

2.8

Anas platyrhynchos (wild
type duck)a

Aves, Anatidae

1.1

Granivorous

Hindgut caecum

Large

3.1

1

Neochen jubata (orinoco
goose)

Aves, Anatidae

1.25

Granivorous

Hindgut caecum

Small

3.5

1

1
0.2

0.1

3

2
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Table 1 continued
Name (common name)

Phylogeny

Gallus gallus (chicken)a

Aves, Galliformes

Numida meleagris (guineafowl)

Aves, Galliformes

Branta sandvicensis (nene)
Oryctolagus cuniculus
(domestic rabbit)

Feeding
type

Type
of digestive
tract

Size of animal
husbandry
group

Diversity

SD

1.5

Granivorous

Hindgut caecum

Large

1.7

0.5

6

2

Granivorous

Hindgut caecum

Large

3.0

0.7

3

Aves, Anatidae

2

Granivorous

Hindgut caecum

Small

2.6

Mammalia, Lago‑
morpha

2.2

Herbivorous

Hindgut caecum

Large

4.5

0.7

3

Anas platyrhynchos (domes‑
tic duck)a

Aves, Anatidae

2.3

Granivorous

Hindgut colon

Small

2.3

1.4

3

Eudyptes chrysocome (west‑
ern rockhopper penguin)

Aves, Sphenisci‑
formes

2.6

Piscivorous

Hindgut colon

Large

1.6

0.6

3

Testudo hermanni boettgeri
(Hermann’s tortoise)

Sauropsida,
Testudines

3

Herbivorous

Hindgut colon

Large

5.6

1

Meleagris gallopavo (turkey
female)a

Aves, Galliformes

3

Granivorous

Hindgut caecum

Small

2.2

1

Thylogale sp. (pademelon)

Mammalia, Marsu‑
pials

3.5

Herbivorous

Hindgut colon

Small

4.3

1

Cairina moschata (muscovy
duck)

Aves, Anatidae

4

Granivorous

Hindgut colon

Large

3.3

2

Chauna torquata (southern
screamer)

Aves, Anseri‑
formes

4

Herbivorous

Hindgut caecum

Small

3.4

1

Canis lupus familiaris
(puppy)a

Mammalia, Car‑
nivora

4

Carnivorous

Hindgut colon

Small

2.6

1

Pavo cristatus (blue peafowl)

Aves, Galliformes

5

Granivorous

Hindgut caecum

Small

3.7

0.1

2

Anser anser domesticus
(domestic goose)

Aves, Anatidae

5

Granivorous

Hindgut caecum

Small

3.5

0.1

2

Homo sapiens (baby human
caucasian)a

Mammalia,
Primates

6

Omnivorous

Hindgut colon

Small

3.2

0.7

15

Meleagris gallopavo (turkey
male)a

Aves, Galliformes

8

Granivorous

Hindgut caecum

Small

3.8

1

Wallabia bicolor (black
wallaby)

Mammalia, Marsu‑
pials

9

Herbivorous

Hindgut colon

Small

4.8

1

Hylobates lar (gibbon)

Mammalia,
Primates

10

Frugivorous

Hindgut colon

Small

5.5

1

Aptenodytes patagonicus
(king penguin)

Aves, Sphenisci‑
formes

13

Piscivorous

Hindgut colon

Small

2.8

1.1

4

Capra hircus (dwarf goat)

Mammalia, Rumi‑
nantia

15

Herbivorous

Ruminants
foregut

Small

5.2

1.1

2

Canis lupus familiaris
(medium size dog)a

Mammalia, Car‑
nivora

20

Carnivorous

Hindgut colon

Small

3.2

1.1

2

Ovis aries (dwarf sheep)a

Mammalia, Rumi‑
nantia

20

Herbivorous

Ruminants
foregut

Small

5.7

0.7

2

Hippotragus equinus (roan
antelope)

Mammalia, Rumi‑
nantia

20

Herbivorous

Ruminants
foregut

Small

5.7

1

Tragelaphus streps (greater
kudu)

Mammalia, Rumi‑
nantia

20

Herbivorous

Ruminants
foregut

Small

5.5

1

Hystrix cristata (crested
porcupine)

Mammalia,
Rodentia

25

Herbivorous

Hindgut caecum

Small

5.7

1

Rhea americana (greater
rhea)

Aves, Rheiformes

31

Granivorous

Hindgut caecum

Large

4.0

Ovis aries (sheep)a

Mammalia, Rumi‑
nantia

40

Herbivorous

Ruminants
foregut

Small

5.0

1

Canis lupus familiaris (big size Mammalia, Car‑
nivora
dog)a

40

Carnivorous

Hindgut colon

Small

3.1

1

Pan troglodytes (chimpan‑
zee)

40

Omnivorous

Hindgut colon

Small

5.3

1

Mammalia,
Primates

Body
mass (kg)

Number
of samples

1

0.5

4
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Table 1 continued
Name (common name)

Phylogeny

Dromaius novaehollandiae
(emu)

Aves, Casuari‑
iformes

Capra hircus (goat)

Body
mass (kg)

Feeding
type

Type
of digestive
tract

Size of animal
husbandry
group

Diversity

SD

40

Granivorous

Hindgut colon

Small

3.9

1

Mammalia, Rumi‑
nantia

50

Herbivorous

Ruminants
foregut

Small

7.0

1

Sus scrofa (dwarf pig)a

Mammalia, Suina

55

Omnivorous

Hindgut colon

Small

5.4

Lama glama (llama)

Mammalia,
Tylopoda

55

Herbivorous

Ruminants
foregut

Small

5.4

Homo sapiens (adult human
caucasian)a

Mammalia,
Primates

70

Omnivorous

Hindgut colon

Large

4.4

0.8

34

Sus scrofa (pig)a

Mammalia, Suina

100

Omnivorous

Hindgut colon

Small

5.8

1.1

4

Tragelaphus spekei (sitat‑
unga)

Mammalia, Rumi‑
nantia

100

Herbivorous

Ruminants
foregut

Small

7.5

Struthio camelus (ostrich)

Aves, Struthioni‑
formes

120

Herbivorous

Hindgut colon

Small

4.4

0.2

3

Equus asinus (donkey)

Mammalia,
Equidae

150

Herbivorous

Hindgut caecum

Small

5.3

0.4

2

Ammotragus lervia (aoudad)

Mammalia, Rumi‑
nantia

150

Herbivorous

Ruminants
foregut

Small

6.1

Equus caballus (pony)

Mammalia,
Equidae

160

Herbivorous

Hindgut caecum

Small

5.6

Panthera leo (african lion)

Mammalia, Car‑
nivora

160

Carnivorous

Hindgut colon

Small

4.4

1

Equus zebra hartmannae
(mountain zebra)

Mammalia,
Equidae

350

Herbivorous

Hindgut caecum

Small

5.4

1

Syncerus caffer nanus (forest
buffalo)

Mammalia, Rumi‑
nantia

450

Herbivorous

Ruminants
foregut

Small

2.9

1

Camelus dromedarius (ara‑
bian Camel)

Mammalia,
Tylopoda

500

Herbivorous

Ruminants
foregut

Small

3.2

1

Bos grunniens (yak)

Mammalia, Rumi‑
nantia

600

Herbivorous

Ruminants
foregut

Small

5.3

1

Tragelaphus oryx (eland
antelope)

Mammalia, Rumi‑
nantia

600

Herbivorous

Ruminants
foregut

Small

6.2

1

Bos taurus (cow)

Mammalia, Rumi‑
nantia

750

Herbivorous

Ruminants
foregut

Large

6.2

Giraffa camelopardalis reticulata (somali giraffe)

Mammalia, Rumi‑
nantia

1100

Herbivorous

Ruminants
foregut

Small

6.4

1

Giraffa camelopardalis peralta Mammalia, Rumi‑
(nigerian giraffe)
nantia

1100

Herbivorous

Ruminants
foregut

Small

6.6

1

Ceratotherium simum (white
rhinoceros)

Mammalia, Rhi‑
nocerotidae

2500

Herbivorous

Hindgut colon

Small

5.6

1

Elephas maximus (asian
elephant)

Mammalia, Pro‑
boscidea

3500

Herbivorous

Hindgut colon

Small

4.9

1

0.4

Number
of samples

2
1

1

1
0.1

0.7

2

4

SD standard deviation
a

species with different sizes (young-adult, female-male, small-big or domesticated-wild)

diet (herbivorous, granivorous, omnivorous, carnivorous, piscivorous and frugivorous); (2) their metabolic
body mass (from 12 g (zebra finch) to 3500 kg (Asian
elephant)); (3) the structure of their digestive tracts; (4)
and the size of the animal husbandry group (small and
large). The present study focused on bacterial diversity,
although changes within the structure of the bacterial
communities were not taken into account. This study is

also based on two assumptions: (1) the gut size should be
proportional to the animal body mass, as has been demonstrated for herbivores [22] and birds [23]; and (2) the
microbial diversity of faeces should be similar to that in
the gut [24].
Results point to a correlation between animal body
mass and microbial diversity (linear regression with
a slope z of 0.338 ± 0.027; p value <2.2 × 10−16),
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Nigerian giraffe
Somali giraffe
Cow
Eland
Mountain zebra
Donkey
Greater kudu
Roan antelope
Pony
Aoudad
Pig
Sitatunga
Pig (dwarf)
Goat
Llama
Chimpanzee
Crested porcupine
Sheep (dwarf)
Sheep
Gibbon
Goat (dwarf)
Wallaby
Turkey (male)
Blue peafowl
Hermann's tortoise
Pademelon
Domesc rabbit
Orinoco goose
Domesc guinea pig
Corn snake
Chinchilla
Northern pintail
White throated toucan
Agami heron
Red crested turaco
Crested oropendola
Chicken (dwarf)
Golden pheasant
Common kingsnake
Wild type duck
Scarlet headed blackbird
Guira cuckoo
Senegal parrot
Brazilian tanager
Village weaver
Budgerigar
Zebra Finch

1000
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Ostrich
African lion
Yak
Human (adult)
Greater rhea
White rhinoceros
Emu
Domesc goose
Dog (medium size)
Asian elephant
Dog (big size)
King penguin
Human (baby)
Southern screamer
Arabian camel
Forest buffalo
Muscovy duck
Dog (puppy)
Guinea fowl
Turkey (female)
Domesc duck
Nene goose
Blue and yellow macaw
Rockhopper penguin
Chicken
Vasa parrot
Eurasian collard dove
Pigeon
Eurasian jackdaw
Rosy faced lovebird
Cockael
Fischer's Lovebird
Canary

100

10

1
0.005

0.05

5

0.5

50

500

5000

Body mass kg
Fig. 1 Relationship between the animal body mass and the Simpson Diversity Index for gut microbiota. Diamonds, circles and triangles correspond
to birds, mammals and reptiles, respectively. Small, medium and large sizes correspond to 1, 2–5, >10 individuals, respectively. Green, brown, grey, red,
blue and yellow colors correspond to herbivorous, granivorous, omnivorous, carnivorous, piscivorous and frugivorous diets, respectively. Bold fonts
make reference to the animals mentioned in the text

irrespective of the diet, phylogeny or structure of the
digestive tracts (Fig. 1). Consequently, the use of a greater
amount of samples over a wider size range confirms previous works on unrelated bacterial communities that
have suggested the existence of a link between volume
and diversity in tree holes [5], membrane bioreactors [4]
and metal-cutting fluid sump tanks [3]. In the present
results, the Simpson Diversity Index ranges between 3.3
and 1789.5, thus corresponding to a 5.6 log body mass
range (Fig. 1).
A wide variability in the diversity between individuals for a given species was observed. However the average diversity value for species that were represented
by several individuals was close to the regression line
(Fig. 1). For example, the average diversity value for adult
human microbiota (34 samples) was 80.8 with a standard

deviation of 294.2, and 23.7 ± 20.3 for the 15 baby human
microbiota. As a matter of comparison, Trosvik et al.
[25] observed a similar range of diversity (over 2 logunits of Shannon index) when analysing a time-series of
332 sequencings over 443 days, on a single male adult
individual.
Animal gut microbiota covered a broad range of diversity ranging from 2.2 to 1808.0. This was comparable to
the values found in various types of environment, like
drinking water, raw milk, plant roots, activated sludge in
wastewater treatment plants, compost or soil (Additional
file 2). On one hand, the lowest diversity in gut microbiota varied around 2, similarly to those found in drinking water. On the other hand, the highest diversity in gut
microbiota reaching about 1808 resembled the values
found in soils (Additional file 2).
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117.4 (214.3)

16

189

* low significance, *** high significance

NS not significant

All

28.9 (20.1)

173

  Adult

125.6 (222.2)

137.2 (253.7)

   Baby

Age

85

104

  Large

  Small

93.1 (151.0)

484.9 (449.7)

19

Group size

  Rumen

78.5 (122.5)

46

124

  Caecum

  Colon

70.4 (80.6)

119.3 (131.9)

3

Gut structure

  Reptile

194.9 (268.8)

85

101

  Bird

25.1 (23.6)

20.4 (20.8)

111.3 (149.0)

  Mammal

Phylogeny

60

  Omnivorous

  Piscivorous

301.6 (342.3)

20.4 (21.7)

54

44

  Granivorous

  Herbivorous

55.2 (68.5)

13

10

32.0 (23.4)

Simpson diversity
mean (SD)

  Carnivorous

Number
of samples

  Frugivorous

Diet

Sub-categories

Category

101.5 (350.0)

6.3 (2.0)

110.3 (364.6)

130.6 (449.1)

65.8 (156.4)

411.8 (384.5)

79.0 (382.7)

26.1 (65.3)

1.6 (1.2)

183.3 (464.0)

7.8 (23.0)

7.5 (5.9)

50.5 (32.4)

354.5 (668.1)

4.4 (9.4)

1.3 (3.1)

19.0 (44.1)

Weight in kg
mean (SD)

0.277

0.675

0.205

0.687

0.632

0.734

−0.036

0.678

0.528

0.964

0.415

0.456

0.030

0.542

0.338

0.667

0.533

0.359 (NS)

<2.2e−16 (***)

0.446 (NS)

<2.2e−16 (***)

6.6e−13 (***)

1.3e−15 (***)

0.883 (NS)

<2.2e−16 (***)

1.7e−04 (***)

0.172 (NS)

1.6e−05 (***)

1.1e−05 (***)

0.944 (NS)

7.7e−06 (***)

0.025 (*)

3.7e−08 (***)

0.113 (NS)

0.075 (NS)

0.338 (***)

0.427 (NS)

0.337 (***)

0.300 (***)

0.380 (***)

−0.031 (NS)

0.293 (***)

0.397 (***)

1.686 (NS)

0.272 (***)

0.202 (***)

0.029 (NS)

0.361 (***)

0.137 (*)

0.298 (***)

0.234 (NS)

0.284–0.391

–

0.283–0.391

0.227–0.372

0.303–0.457

–

0.236–0.350

0.203–0.591

–

0.153–0.391

0.116–0.288

–

0.214– 0.508

0.018–0.256

0.205–0.391

–

–

Confidence
interval

Slope z

cor

p value

Power law relationship
diversity = c weightz

Pearson correlation between
diversity and weight

Table 2 Bacterial diversity and animal weight within sub-categories, correlation between diversity and weight, and slope of the relationship of the diversity
versus log-weight
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This vast range of variations in gut diversity is often
associated with factors that are different to the body
mass: diet [10], phylogeny [26], digestive tract structure [27], age [8] [28], way of life [29], ethnic origin [30],
state of health (immune system, pregnancy, obesity) [31]
[32], or genetic background [32]. Among these parameters, age has been well documented as the major one
to explain these variations and the diversity or richness
between human baby microbiota and those of adults [33]
[34]. However the size of the gut also varies during infant
growth. In this case, a difference in the microbial diversity
between infant (29.9 ± 20.3) and adults (106.6 ± 76.0)
was observed, concomitantly with changes in body mass
when comparing human babies (6.5 ± 1.9) and adults
(70 kg). The same observation was made for young and
adult dog samples (Table 1). Furthermore, when comparing two penguin species that only differ in their body
mass (only adult specimens, with the same diet and living
in the same location), the relationship between microbial
diversity and body mass still remain valid.
The correlation between body mass and diversity has
been assessed for homogenous sub-categories (Table 2
and Additional file 3), thus excluding the potential
effects of the different parameters. Indeed, the 189
samples could also be analysed according to phylogeny
(reptile, bird, and mammal), diet (carnivorous, herbivorous, granivorous, omnivorous and piscivorous), gut
structure (hindgut caecum, hindgut colon and foregut
ruminant), age (baby and adult), and size of the animal
husbandry group (small and large). Except for the latter category, all of them depended on the body mass
(e.g. body mass was related to phylogeny, related to
age or to ruminants). Significantly positive body mass/
diversity correlations were observed for each sub-category, provided that a sufficient amount of data was
available (over 50 samples minimum per sub-category)
(Table 2; Additional file 3). The significant slopes z of
the mass-diversity relationships generally ranged from
0.202 ± 0.043 to 0.380 ± 0.039. As the herbivorous
group only contained 44 samples, the interestingly weak
body mass diversity correlation with a z value of 0.137
could not be correctly interpreted.
The observed slope z was similar to that reported for
‘island’ patterns of bacterial diversity such as metalcutting fluid sump tanks (z = 0.245–0.295) [3] and tree
holes (z = 0.26) [5] and varied within a similar range to
that reported for plants and animals from discrete islands
(z = 0.25–0.35). The slope z-values reported for continuous patterns (such as marsh sediment [35] with z-values
between 0.02 and 0.04) are generally much lower than
those reported for discrete habitats.
According to these results, which confirm the assumption that species and volume are related, guts can
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compared to an archipelago, where microbes originating
from feed tend to colonise the available niches provided
by the gut. This is also in line with the MacArthur and
Wilson biogeography theory [1]. Size, similarly to island
environments appears to reflect the heterogeneity of the
environment. Hence, a large gut size should provide more
space, enabling a large microbial diversity to settle in [36].

Conclusions
The aim of this study was not to explain the genesis of
bacterial diversity in vertebrate guts but was rather
focused on producing evidence on the role of gut size
in the maintenance of a level of microbial diversity. This
work highlights the hitherto unexplored relationship
between volume and diversity in the case of gut microbiota. Gut volume should henceforth be taken into account
along with other parameters to explain the level of diversity. Finally, this work confirms the relevance of the
microbial world when addressing ecological issues such
as the relationship between species diversity and the size
of the habitat [37].
Availability of supporting data
Our data are provided in the electronic supplementary
materials (Additional file 4).
Additional files
Additional file 1. Examples of representative CE-SSCP fingerprinting
patterns from low-diverse to high-diverse samples.
Additional file 2. Simpson Diversity Index calculated from 671 CE-SSCP
fingerprinting patterns. Samples were grouped according to their ecosys‑
tem of origin.
Additional file 3. Simpson Diversity Index as a function of animal weight
for (A) all the samples and for the sub-categories; (B) diet; (C) phylogeny;
(D) gut structure; (E) age and (F) group size. The slope of the linear regres‑
sion is indicated.
Additional file 4. Raw 671 CE-SSCP profiles. Columns correspond to the
samples. The 7359 lines correspond to the fluorescence intensity accord‑
ing to time.

Abbreviations
CE-SSCP: capillary electrophoresis single strand conformation polymorphism;
PCR: polymerase chain reaction; 16S rRNA: 16S ribosomal RNA; ANOVA: analy‑
sis of variance.
Authors’ contributions
JJG designed the experiment, JJG and JH collected the data, PA performed
the experiments and contributed to the analysis of the data. Analysis and
interpretation were carried out by JH and JJG. JH and JJG contributed to the
first draft, which was completed by JPS. All authors read and approved the
final manuscript.
Author details
1
UR0050, Laboratoire de Biotechnologie de l’Environnement, INRA, 102
avenue des étangs, 11100 Narbonne, France. 2 Present Address: Centre
of Excellence in Environmental Studies, King Abdulaziz University, Jeddah,
Saudi Arabia.

Godon et al. BMC Ecol (2016) 16:12

Acknowledgements
We thank the following people and organizations who generously provided
samples: Joël Doré; Thierry Gidenne; ‘Reserve africaine’, Sigean, France; ‘Miniferme zoo’, Cessenon/Orb, France; ‘Oceanopolis’, Brest, France; and Lunaret
Zoo, Montpellier, France. We thank Biswarup Sen, Anais Bonnafous and Valérie
Bru-Adan for technical assistance. INRA funded this research.
Competing interests
The authors declare that they have no competing interests.
Received: 18 May 2015 Accepted: 10 March 2016

References
1. MacArthur RH, Wilson EO. The theory of island biogeography. Princet
Univ Press Monogr Popul Biol. 1967;1:202.
2. Arrhenius O. Species and area. J Ecol. 1921;9:95–9.
3. van der Gast CJ, Lilley AK, Ager D, Thompson IP. Island size and bacterial
diversity in an archipelago of engineering machines. Environ Microbiol.
2005;7:1220–6.
4. Van der Gast CJ, Jefferson B, Reid E, Robinson T, Bailey MJ, Judd SJ,
Thompson IP. Bacterial diversity is determined by volume in membrane
bioreactors. Environ Microbiol. 2006;8:1048–55.
5. Bell T, Ager D, Song JI, Newman JA, Thompson IP, Lilley AK, van der Gast
CJ. Larger islands house more bacterial taxa. Science. 2005;308:1884.
6. Ley RE, Peterson DA, Gordon JI. Ecological and evolutionary forces shap‑
ing microbial diversity in the human intestine. Cell. 2006;124:837–48.
7. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, Almeida
M, Arumugam M, Batto J-M, Kennedy S, Leonard P, Li J, Burgdorf K,
Grarup N, Jorgensen T, Brandslund I, Nielsen HB, Juncker AS, Bertalan M,
Levenez F, Pons N, Rasmussen S, Sunagawa S, Tap J, Tims S, Zoetendal
EG, Brunak S, Clement K, Dore J, Kleerebezem M, et al. Richness of
human gut microbiome correlates with metabolic markers. Nature.
2013;500:541.
8. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contre‑
ras M, Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath AC, Warner
B, Reeder J, Kuczynski J, Caporaso JG, Lozupone CA, Lauber C, Clemente
JC, Knights D, Knight R, Gordon JI. Human gut microbiome viewed across
age and geography. Nature. 2012;486:222.
9. 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, Henry AG, Crittenden AN. Gut
microbiome of the Hadza hunter-gatherers. Nat Commun. 2014;5:3654.
10. Vital M, Gao J, Rizzo M, Harrison T, Tiedje JM. Diet is a major factor govern‑
ing the fecal butyrate-producing community structure across mammalia
aves and reptilia. ISME J. 2015;9:832–43.
11. Kamiya T, O’Dwyer K, Nakagawa S, Poulin R. What determines species
richness of parasitic organisms? A meta-analysis across animal, plant and
fungal hosts. Biol Rev. 2014;89:123–34.
12. Clauss M, Mueller K, Fickel J, Streich WJ, Hatt J-M, Suedekum K-H. Macro‑
ecology of the host determines microecology of endobionts: protozoal
faunas vary with wild ruminant feeding type and body mass. J Zool.
2011;283:169–85.
13. Fallani M, Amarri S, Uusijarvi A, Adam R, Khanna S, Aguilera M, Gil A,
Vieites JM, Norin E, Young D, Scott JA, Doré J, Edwards CA, Team I. Deter‑
minants of the human infant intestinal microbiota after the introduc‑
tion of first complementary foods in infant samples from five European
centres. Microbiol SGM. 2011;157:1385–92.
14. Mueller S, Saunier K, Hanisch C, Norin E, Alm L, Midtvedt T, Cresci A, Silvi
S, Orpianesi C, Verdenelli MC, Clavel T, Koebnick C, Zunft HJF, Dore J, Blaut
M. Differences in fecal microbiota in different European study popula‑
tions in relation to age, gender, and country: a cross-sectional study. Appl
Environ Microbiol. 2006;72:1027–33.
15. Godon JJ, Zumstein E, Dabert P, Habouzit F, Moletta R. Molecular micro‑
bial diversity of an anaerobic digestor as determined by small-subunit
rDNA sequence analysis. Appl Environ Microbiol. 1997;63:2802–13.

Page 9 of 9

16. Wéry N, Bru-Adan V, Minervini C, Delgénes JP, Garrelly L, Godon JJ.
Dynamics of Legionella spp. and bacterial populations during the
proliferation of L. pneumophila in a cooling tower facility. Appl Environ
Microbiol. 2008;74:3030–7.
17. Haegeman B, Sen B, Godon JJ, Hamelin J. Only simpson diversity can be
estimated accurately from microbial community fingerprints. Microb
Ecol. 2014;68:169–72.
18. Michelland RJ, Dejean S, Combes S, Fortun-Lamothe L, Cauquil L. Stat‑
Fingerprints: a friendly graphical interface program for processing and
analysis of microbial fingerprint profiles. Mol Ecol Resour. 2009;9:1359–63.
19. Haegeman B, Hamelin J, Moriarty J, Neal P, Dushoff J, Weitz JS. Robust
estimation of microbial diversity in theory and in practice. ISME J.
2013;7:1092–101.
20. Lalande J, Villemur R, Deschenes L. A new framework to accurately
quantify soil bacterial community diversity from DGGE. Microb Ecol.
2013;66:647–58.
21. R-Core-Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2014.
22. Clauss M, Schwarm A, Ortmann S, Streich WJ, Hummel J. A case of nonscaling in mammalian physiology? Body size, digestive capacity, food
intake, and ingesta passage in mammalian herbivores. Comp Biochem
Physiol A: Mol Integr Physiol. 2007;148:249–65.
23. Lavin SR, Karasov WH, Ives AR, Middleton KM, Garland T Jr. Morphomet‑
rics of the avian small intestine compared with that of nonflying mam‑
mals: a phylogenetic approach. Physiol Biochem Zool. 2008;81:526–50.
24. Michelland RJ, Monteils V, Zened A, Combes S, Cauquil L, Gidenne T,
Hamelin J, Fortun-Lamothe L. Spatial and temporal variations of the
bacterial community in the bovine digestive tract. J Appl Microbiol.
2009;107:1642–50.
25. Trosvik P, de Muinck EJ, Stenseth NC. Biotic interactions and tem‑
poral dynamics of the human gastrointestinal microbiota. ISME J.
2015;9:533–41.
26. Ley RE, Lozupone CA, Hamady M, Knight R, Gordon JI. Worlds within
worlds: evolution of the vertebrate gut microbiota. Nat Rev Microbiol.
2008;6:776–88.
27. Stevens CE, Hume ID. Comparative physiology of the vertebrate digestive
system. Cambridge: University Press; 2004.
28. Waite DW, Eason DK, Taylor MW. Influence of hand rearing and bird age
on the fecal microbiota of the critically endangered kakapo. Appl Environ
Microbiol. 2014;80:4650–8.
29. Dicksved J, Floistrup H, Bergstrom A, Rosenquist M, Pershagen G,
Scheynius A, Roos S, Alm JS, Engstrand L, Braun-Fahrlander C, von
Mutius E, Jansson JK. Molecular fingerprinting of the fecal microbiota of
children raised according to different lifestyles. Appl Environ Microbiol.
2007;73:2284–9.
30. Kwok L, Zhang J, Guo Z, Gesudu Q, Zheng Y, Qiao J, Huo D, Zhang H.
Characterization of fecal microbiota across seven chinese ethnic groups
by quantitative polymerase chain reaction. PLoS One. 2014;9(4):93631.
31. Rescigno M. Intestinal microbiota and its effects on the immune system.
Cell Microbiol. 2014;16:1004–13.
32. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE,
Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm M, Henrissat B, Heath
AC, Knight R, Gordon JI. A core gut microbiome in obese and lean twins.
Nature. 2009;457:480–7.
33. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R,
Angenent LT, Ley RE. Succession of microbial consortia in the developing
infant gut microbiome. Proc Natl Acad Sci. 2011;108:4578–85.
34. Henderson G, Cox F, Ganesh S, Jonker A, Young W, Collaborators GRC,
Janssen PH. Rumen microbial community composition varies with diet
and host, but a core microbiome is found across a wide geographical
range. Sci Rep. 2015;5:14567.
35. Horner-Devine MC, Lage M, Hughes JB, Bohannan BJM. A taxa–area
relationship for bacteria. Nature. 2004;432:750–3.
36. Kassen R. The experimental evolution of specialists, generalists, and the
maintenance of diversity. J Evol Biol. 2002;15:173–90.
37. Jessup CM, Kassen R, Forde SE, Kerr B, Buckling A, Rainey PB, Bohannan
BJM. Big questions, small worlds: microbial model systems in ecology.
Trends Ecol Evol. 2004;19:189–97.

