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1 | INTRODUCTION

| Ryo Inoue!

Abstract

Fecal microbiota in seven different monogastric animal species, elephant, horse, human,
marmoset, mouse, pig and, rat were compared using the same analytical protocol of
16S rRNA metagenome. Fecal microbiota in herbivores showed higher alpha diversity
than omnivores except for pigs. Additionally, principal coordinate analysis based on
weighted UniFrac distance demonstrated that herbivores and pigs clustered together,
whereas other animal species were separately aggregated. In view of butyrate- and lac-
tate-producing bacteria, predominant genera were different depending on animal spe-
cies. For example, the abundance of Faecalibacterium, a known butyrate producer, was
8.02% + 3.22% in human while it was less than 1% in other animal species. Additionally,
Bifidobacterium was a predominant lactate producer in human and marmoset, while it was
rarely detected in other omnivores. The abundance of lactate-producing bacteria in her-
bivores was notably lower than omnivores. On the other hand, herbivores as well as pig
possess Fibrobacter, a cellulolytic bacterium. This study demonstrated that fecal microbi-
ota in herbivorous animals is similar, sharing some common features such as higher alpha
diversity and higher abundance of cellulolytic bacterium. On the other hand, omnivorous
animals seem to possess unique fecal microbiota. It is of interest that pigs, although om-

nivore, have fecal microbiota showing some common features with herbivores.
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adherence of pathogenic bacteria by competing for ecological niches
and nutritional components; and synthesizes certain compounds

The intestine harbors a dense, delicately balanced microbial popu-
lation that mainly consists of bacteria (O'Hara & Shanahan, 2006).
In general, the gut microbiota plays three major roles in the host's
physiology: breaks down and utilizes dietary fiber that otherwise the
host would not be able to, such as resistant polysaccharide; prevents

such as vitamins, serotonin, and dopamine that helps promote the
host's homeostasis.

Except for animals artificially bred germ-free, all animal spe-
cies possess to a microbiota in the gut. The microbiota is found at
all locations in the intestinal tract, but its communities and their
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numbers vary depending on the environment of the location (e.g.,
oxygen concentration, pH, etc.) (Kovatcheva-Datchary, Tremaroli,
& Bickhed, 2013). In hindgut fermenters, bacteria can be found
in larger numbers in the hindgut than in the foregut, because mi-
crobial fermentation takes place mainly in the hindgut. (Stevens &
Hume, 1998). Differences in the communities in the microbiota of
animals are thought to be defined by different habitats and feeding
preferences, as well as by putatively diverse genetic/immunological
profiles (Ley et al., 2008; Wen & Duffy, 2017). While ruminants are
preferentially herbivorous, monogastric animals can be categorized
as herbivores, carnivores, or omnivores. Furthermore, there are
clear differences between the structure of gastrointestinal tracts
of monogastric herbivorous and carnivorous animals. For example,
monogastric herbivores generally have a large cecum and/or colon
for bacterial fermentation of fiber (Chivers & Hladik, 1980; Clauss
et al., 2003).

In gastrointestinal research, metagenomic analysis of 16S rRNA
gene is now widely used to obtain comprehensive and comparative
information of the microbiota. Indeed, 16S rRNA gene metagenomic
analysis has been used to study the gastrointestinal microbiota in
a variety of animal species (Chassaing et al., 2015; Chung et al.,
2016; Costa et al., 2015; Fan, Tang, Qu, Cao, & Huo, 2014; limberger
et al., 2014; Kim, Nguyen, Guevarra, Lee, & Unno, 2015), but only a
few studies have used this technique to comprehensively compare
the gut microbial profiles of different animal species. For example,
O' Donnell, Harris, Ross, and O'Toole (2017) used 16S rRNA gene
metagenome pyrosequencing analyses to compare the gastroin-
testinal microbiota of herbivorous animals, although pigs were in-
cluded as an out-group control. More recently, Nagpal et al. (2018)
conducted a comparison between the gut microbiota of humans and
animal models such as rats, mice, and macaques. Although these
workers demonstrated that the gut microbiota was unique in each
animal species, the study did not include herbivores. Separately, Ley
et al. (2008) evaluated the gastrointestinal microbiota in 59 mam-
malian species using 16S rRNA gene cloning-based analysis but they
did not study the species at metagenomic level. In addition, Muegge
et al. (2011) compared the microbiota of 33 mammalian species and
demonstrated the adaptation of gut microbiota to diet. Nonetheless,
the methodology was limited, because both studies used a relatively
small number of samples per animal species (1-3) and in the study
by Ley et al. (2008), the number of sequence reads per sample was
smaller than 300, due to the methodological restrictions.

In the present study, we aimed to accumulate the knowledge of
uniqueness or similarity of gut microbiota among monogastric animal
species with relation to feeding habitat. The gastrointestinal micro-
biota of wide range of monogastric animals, namely two herbivorous
and five omnivorous species, was comprehensively compared using
the same protocol for 16S rRNA gene metagenomic analysis. For a
statistical comparison, we collected at least five samples per ani-
mal species. Fecal samples were collected from elephants (Elephas
maximus), horses (Equus caballus), humans (Homo sapiens), marmo-
sets (Callithrix jacchus), mice (Mus musculus), pigs (Sus scrofa), and

rats (Rattus norvegicus). Due to variation of the bacterial taxonomy

among animal species evaluated, the abundance of more than 200
genera was significantly different. Therefore, in the present work,
the abundance of butyrate- and lactate-producing bacteria in each
animal species is particularly discussed. This is due to their reported
health-promoting effects on humans (Louis & Flint, 2009; Masood,
Qadir, Shirazi, & Khan, 2011) and pigs (Tsukahara, Hashizume,
Koyama, & Ushida, 2006; Yoshida, Tsukahara, & Ushida, 2009) and
due to plausibility of selection of bacterial genera that produce these
organic acids. While butyrate- and lactate-producing pathways are
relatively conserved, in particular, bacterial genera, acetate-, and
propionate-producing pathways are widely distributed among bacte-
rial groups (Morrison & Preston, 2016; Reichardt et al., 2014).

2 | MATERIALS AND METHODS
2.1 | Sample collection

Fresh fecal samples were collected from Asian elephants reared
at the Okinawa Zoo and Museum (Okinawa, Japan), Thoroughbred
horses at the Hidaka Training and Research Center (Hokkaido,
Japan), common marmosets at the Research Resources Division,
RIKEN center for Brain Science (Saitama, Japan), C57BL/6 mice at
Kyoto Prefectural University (Kyoto, Japan), LW (Landrace x Large
white) pigs at two commercial farms in Japan, and Sprague-Dawley
rats at Shizuoka University (Shizuoka, Japan). All animals were adults.
Except for those of humans, fecal samples were frozen immediately
(-20°C) after collection. The samples from each animal species were
collected as a part of different experiments but none were used in
the published articles. With regard to human samples, data from
feces of healthy Japanese adults obtained in our previous work were
used (Kawada, Naito, Andoh, Ozeki, & Inoue, 2019). Samples used

for metagenomic analysis are listed in Table 1.

2.2 | Metagenomic analysis of 16S rRNA genes

DNA extraction from samples and library preparation for analysis of
Illumina MiSeq Next Generation Sequencer (lllumina, San Diego, CA,
USA) were carried out as described by Inoue et al.(2016).
De-multiplexing of sequences as per dual indices was carried
out using Quantitative Insights Into Microbial Ecology (QIIME)
open-source bioinformatics pipeline v1.9.0, (Caporaso et al.,
2010), allowing a Phred score higher than Q21, a maximum of
three errors in barcodes, and no ambiguous bases (Ns). Afterward,
sequence analysis tool VSEARCH v2.4.3 (Rognes, Flouri, Nichols,
Quince, & Mahé, 2016) was used for further filtering (maximum
expected error = 1.0), removing replicates and chimeras, discard-
ing clusters with less than two reads, and clustering OTU (identity
99%). This is because, clustering with 97% identity, a threshold
often used, found to be too lenient for the dataset in this study,
causing wrong taxonomy assignment. Taxonomy assignment of

the resulting OTU was carried out using RDP classifier v2.10.2
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TABLE 1 Animals and their diets, and 16S gene amplicon sequence reads generated in this study

Animal Binomial nomenclature n Male/Female
Elephant Elephas maximus 9 0/9

Horse Equus caballus 5 0/5

Human? Homo sapiens 5 3/2
Marmoset Callithrix jacchus 9 0/9

Mouse Mus musculus 6 0/6

Pig Sus scrofa 20 0/20

Rat Rattus norvegicus 8 8/0

= [ 30f10

Séience Journal LI BN
Diets Housing Sequence read
Fruits and vegetables Individual 16,256 + 8,923
Grasses and concentrated feed Individual 14,350 + 4,677
Not recorded Individual 20,834 £ 4,904
Described in Shigeno et al.(2018) Individual 22,063 + 4,798
Labo MR Stock® Single Herd 29,271 +2,722
Commercial diet for sow® Individual 13,801 = 3,419
AIN-93G*¢ Individual 18,459 + 9,339

*The data obtained from freshly collected but not stored feces in the previous study were used.

PNihon Nosan Kogyo (Yokohama, Japan).
¢Japan CLEA (Tokyo, Japan).

(Wang, Garrity, Tiedje, & Cole, 2007) with the Greengenes data-
base (published May, 2013). Default software settings were used

for all analyses unless otherwise stated.

2.3 | Statistical analysis

Alpha-diversity indices Chaol (richness) and Shannon (evenness)
were calculated with the R “phyloseq” package (McMurdie & Holmes,
2013). Weighted UniFrac distance-based principal coordinate analy-
sis plot was generated with QIIME. Based on the Bray-Curtis dis-
tance, similarity of fecal microbial composition between samples
at genus level was calculated with the R “vegan” package (https://
CRAN.R-project.org/package=vegan).

Using Kruskal-Wallis and PERMANOVA (permutational multivari-
ate analysis of variance), respectively, statistical comparison of alpha-
and beta diversity was conducted with QIIME2 v2019.1.0 (Bolyen
et al., 2019). The relative abundance of bacterial genera was statisti-
cally compared with the Kruskal-Wallis test followed by the Scheffe's
post hoc test, using STAMP software (Parks, Tyson, Hugenholtz, &

Beiko, 2014). Differences were considered significant when p < .05.

3 | RESULTS
3.1 | Alphadiversity

In total, 1,120,121 reads were obtained (average: 18,066 reads/sam-
ple; range: 6,469 to 36,123 reads). As shown in Figure 1, rarefaction
curve reached an apparent plateau at 5,000 reads, suggesting that
most variation present in the samples was covered.

With regard to alpha diversity, both Chaol and Shannon indices
in elephant and horse samples were significantly higher than in those
of humans, marmosets, mice, and rats. Moreover, horse samples
showed the highest Chaol and Shannon indices in all animal spe-
cies evaluated in the present study. Interestingly, although pigs are
categorized as omnivores (Olsen, Hansen, Jespersen, Marckmann, &
Bladbjerg, 1999), the alpha diversity of their samples was as high as

that of elephants, which are herbivores by definition (Figure 2).

3.2 | Betadiversity

The principal coordinate analysis (PCoA) plot based on weighted
UniFrac distance showed that samples from the same animal species
aggregated closely. However, samples from elephant, horse, and pig
clustered all together (Figure 3). Similarity of fecal microbiota within
the same animal species (intraspecies similarity) was higher than that
between different animal species (inter-species similarity) (Table 2).
Interestingly, at 83.24 + 3.08%, inter-species similarity between el-
ephants and horses was very high, followed by that between these
herbivores, pigs, and mice at >60%. However inter-species similarity
between ohter omnivorous animals, namely marmosets, human and
rats was lower than 50%. The inter-species similarity between hu-
mans and other animal species was at most 33.32 + 10.36% which was
obtained with marmosets. Intraspecies similarity was higher in ele-
phants (88.62 + 3.13%), horses (92.83 + 1.51%), mice (88.54 + 3.11%),
and pigs (80.79 + 4.56%) than in humans (67.26 + 5.76%), marmosets
(55.89 + 14.90%), and rats (56.22 + 14.80%).

3.3 | Taxonomy

At phylum level, the abundance of Bacteroidetes and Firmicutes ac-
counted for more than 80% in most animal species, except for mar-
mosets and rats (Figure 4). In marmosets, Bacteroidetes (30.1 + 8.0%)
and Firmicutes (34.0 £ 6.9%) were most abundant as well as other
animal species but considerable abundance of Actinobacteria
(24.0 + 13.6%) was detected. In rats, Firmicutes (65.8 + 14.3%) was
the most abundant followed by Verrucomicrobia (25.2 + 15.4%).

At genus level, the abundance of 212 bacterial genera was sig-
nificantly different in the samples of the animal species studied
(Table S1). When analyzing major butyrate-producing bacterial gen-
era (Anand, Kaur, & Mande, 2016; Counotte, Prins, Janssen, & Debie,
1981; Eeckhaut et al., 2008; Gophna, Konikoff, & Nielsen, 2017; Li,
Wu, Baldwin, Li, & Li, 2012; Louis & Flint, 2009) (Table 3), human
samples contained a variety of butyrate producers of which the
most predominant was Faecalibacterium (8.02 + 3.22%), followed by
Coprococcus (3.69 + 2.76%) and Roseburia (3.11 + 1.67%). In samples

of the other omnivorous animals, the most predominant butyrate
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FIGURE 1 Rarefaction curves of each animal species. Rarefaction curves were constructed using Chaol and Shannon indices

producer was Megasphaera (5.15 + 2.76%, marmosets), Oscillospira
(2.78 + 1.74% and 5.75 + 1.32%, pigs and mice, respectively), and
Coprococcus (0.61 + 0.40%, rats). The total abundance of butyrate
producers was >5% in humans, pigs, and marmosets. However, at
3.94% and 1.11%, the abundance of butyrate-producing bacterial
genera in mice and rats, respectively, was relatively small. In addi-
tion, the total abundance of butyrate-producing bacteria in horses
(3.87%) and elephants (4.09%) was similar to that of mice. Although
Butyrivibrio and Pseudobutyrivibrio, major butyrate-producing bac-
terial genera in the rumen, were detected in elephants and horses,
their abundance was lower than that of other butyrate-producing
bacteria such as Roseburia (elephants) and Oscillospira (horses).
Regarding major lactate-producing bacteria (Kandler, 1983;
Pessione, 2012), the predominant genera were Bifidobacterium in
humans and marmosets (7.07% + 2.41% and 15.36% * 11.01%, re-
spectively) and Lactobacillus in rats, mice, and pigs (12.58% + 5.58%,
8.34% + 4.15%, and 3.47% + 2.27%, respectively) (Table 3). Fecal

samples of pigs also contained a considerable abundance of
Streptococcus (4.07% + 3.87%). It is worth noting that while lac-
tate-producing bacterial genera were barely detected in samples
of herbivores, especially elephants, as per our results, Lactobacillus
seemed to be predominant in those of horses (0.62% + 0.77%).

Genus Fibrobacter, a well-known cellulose-degrading bacterium
(Béra-Maillet, Ribot, & Forano, 2004), was readily detected in sam-
ples of elephants (1.22 Quantitative Insights Into Microbial Ecology
+1.01%) and horses (0.75 Quantitative Insights Into Microbial
Ecology +0.47%), and in lower abundance, in pigs (0.47 + 0.39%)
(Table S1).

4 | DISCUSSION

While all animal species have a microbial population in the gut that

plays essential roles in the host's physiology, it has been suggested
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FIGURE 3 Principal coordinate
analysis plot of the fecal microbiota of
seven monogastric animal species. Beta
diversity based on weighted UniFrac
distance was calculated and the plot was
generated by QIIME. The PERMANNOVA
calculated by QIIME2 indicated that the
fecal microbiota differed significantly
between animal species (p < .01)

PC3 (14.§3%)

that variation of the microbial communities in the gut microbiota
depends on the habitats, feeding preferences, and the structure of
the gastrointestinal tract of animals (lkeda-Ohtsubo et al., 2018).
However, this notion is likely to be somewhat biased, because al-
though in the past workers used a variety of analytical methods, the
obtained information arose mainly from several studies focusing on
the gut microbiota of a single animal species (Chassaing et al., 2015;
Chung et al., 2016; Costa et al., 2015; Fan et al., 2014; Fernandes
et al., 2014; limberger et al., 2014; Kim et al., 2015; Shigeno et al.,
2018).

Hence, to obtain a comprehensive insight into the similarities or
dissimilarities between the fecal microbiota of different animal spe-
cies, in the present work, we compared the microbial population in
fecal samples of seven different monogastric animals, using exactly
the same analytical protocol.

It must be underlined that in the present study, animal species

were reared at different facilities and fed different diets. Thus, at

Elephant
PC2 (22.71%) Horse
Human
Marmoset
Mouse

Pig

Rat

O AEEEN

PC1 (25.95%)

first sight, a lack of normalization and control of the rearing environ-
ments including housing condition and diets of studied animals might
be considered as limiting factors in the present work. Nonetheless,
it should be noted that although pigs that housed individually were
reared at two different farms, their samples were clustered together
in the PCoA analysis plot (Figure 3). Likewise, human sample data
from our previous study were also clustered together, even though
diets were not controlled, meaning the diet preferences of the
sample donors were completely randomized and mostly unknown
(Kawada et al., 2019). In the study by O’Donnell et al. (2017), clear
differences in the microbiota of different herbivores were observed
even though the animals were reared at the same farm and given the
same diet, which seems to demonstrate that rearing sites and diets
can be hardly considered limiting factors. Therefore, we believe that
it was worth comparing the fecal microbiota of the animal species
studied in the present work even though rearing sites and diets were
not under control.
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TABLE 2 Similarity of fecal microbiota among seven monogastric animal species

Elephant Horse Human
Elephant 88.62 +£3.13 83.24 +£3.08 18.27 +5.76
Horse 92.83+1.51 20.32 £4.26
Human 67.26 +5.76
Marmoset
Mouse
Pig
Rat

Marmoset Mouse Pig Rat
18.50 £ 5.85 64.43 +2.75 62.28 +5.96 11.21+4.99
21.50+5.97 65.30+2.43 67.13 £5.49 15.29 +5.89
33.32+10.36 26.32+4.26 24.66 + 6.63 21.56 £5.99
55.89 + 0.14.90 24.59 + 07.99 28.38 +5.10 12.22 +5.75
88.54 +3.11 59.21+4.83 17.20 £ 6.01
80.79 £ 4.56 17.34 +5.63

56.22 + 14.80

Note: Similarity based on Bray-Curtis distance was calculated by R package "vegan". Values (%) are expressed as mean * SD.
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FIGURE 4 Mean abundances at the phylum level in fecal microbiota of each animal species

The alpha diversity was significantly higher in elephants and
horses than in omnivores except for pigs, suggesting that a complex
amalgam of bacterial communities is required to efficiently degrade
and utilize fiber such as cellulose, hemicellulose, and lignin. While
rarely detected in omnivorous animals except for pigs, Fibrobacter
(a well-known cellulolytic bacterium) and Treponema [a bacte-
rium reported to enhance cellulolytic activity in rumen (Stanton &
Canale-Parola, 1980)] were detected in both elephants and horses
2014; llmberger et al.,
2014). Similarly, in the present study, a high alpha diversity and a

as reported previously (Fernandes et al.,

high abundance of Fibrobacter and Treponema, closely resembling
those detected in herbivores, were also observed in pigs. Although
an effect of diet should not be ruled out, the presence of Fibrobacter
and occurrence of high cellulolytic activity in pigs, especially when
compared with humans, were previously shown (Sunvold, Hussein,
Fahey, Merchen, & Reinhart, 1995; Varel, 1987), suggesting that the
gut microbiota of pigs are better equipped to utilize fiber than other
omnivorous animals. Thus, our results seem to be in total concor-
dance with the previous work.

Beta diversity and similarity analyses showed that herbivores
have similar fecal microbiota. Remarkably, pigs showed a higher

inter-species similarity with herbivorous animals than did other

omnivorous animals. Conversely, in the PCoA plot, humans, mar-
mosets, mice, and rats clustered by species and in consequence,
their inter-species similarity was notably lower. These results
seem to indicate that fecal microbiota profiles of these omnivores
are unique to each species. The species specificity of the gut mi-
crobiota in humans, nonhuman primates, mice, and rats was also
reported by Nagpal et al. (2018). These workers also reported that
the gut microbiota of nonhuman primates was more similar to that
of humans than that of rodents. Although Nagpal et al. (2018)
studied macaques but not marmosets, our result is in harmony
with their study. Therefore, the fact that two independent studies
have now demonstrated divergence between the gut microbiota
profiles of rodents and humans should be taken into account when
interpreting the results from gut microbiota-related research in
which rodents were used as experimental models. For example,
utilization of a given substrate—nondigestible fiber—is likely to
be different in humans and rodents. Similarly, the same caution
should be taken when attempting to extrapolate results from re-
search using pigs as experimental models to describe gut microbial
profiles in humans.

Taxonomic analysis revealed that, at phylum level, Bacteroidetes

and Firmicutes were commonly present at high abundance in fecal
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microbiota of all animal species. On the other hand, at genus level,
all animal species showed characteristic composition of fecal micro-
biota. With respect to butyrate- and lactate-producing bacterial gen-
era, characteristic features for each animal species were observed. In
humans, Faecalibacterium, Coprococcus, and Roseburia were found to
be the major butyrate producers in the present work and elsewhere
(Louis & Flint, 2009). In the other omnivores evaluated, Megasphaera
and/or Oscillospira were the major butyrate producers. Herbivores
have a variety of butyrate producers including Roseburia, Oscillospira,
and Pseudobutyrivibrio. However, in the present study, the abundance
of these bacteria was relatively lower compared with that of humans
and pigs. Thus, it can be theorized that herbivores likely have other bu-
tyrate-producing bacterial species in the gut microbiota, for example,
some species in genus Clostridium and Prevotella (Esquivel-Elizondo,
Ilhan, Garcia-Pena, & Krajmalnik-Brown, 2017), because n-butyrate
was previously detected in the feces of elephants and horses (Breves
& Stuck, 1995). In marmosets and humans, the predominant lactate
producer was Bifidobacterium, but Lactobacillus was predominant in
the other omnivores. It has been shown that, while Lactobacillus acts
as lactate producer in the porcine large intestine, Megasphaera be-
comes a lactate-utilizing butyrate producer, fittingly interacting with
each other to produce butyrate (Tsukahara et al., 2006). Interestingly,
our results show that butyrate production via lactate degradation may
be the major metabolism pathway not only in pigs but also in marmo-
sets (Table 3). Lastly, elephant and horse samples had an unexpected
lower abundance of lactate producers, because no bacterial genera
exceeded 1% in the gut microbiota. This result also agrees with pre-
vious work conducted on these animal species in separate occasions
(Fernandes et al., 2014; limberger et al., 2014).

To conclude, the present work demonstrated that the fecal mi-
crobiota in herbivorous animals share certain features such as a high
alpha diversity and a high abundance of fiber-degrading bacteria.
In contrast, omnivorous animals, especially primates, seem to have
unique fecal microbiota. For future studies, it can be recommended
to add an analysis of short-chain fatty acid concentrations and con-
trolled environment sites and diets to obtain more precise infor-
mation on the species specificity of gut microbiota. Uniqueness or
similarity of gut microbiota in carnivores would also be of interest.
Finally, similarities in the microbial profiles of herbivores and pigs,
which may be of interest for feed producers, should be elucidated
further.
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