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Abstract
Companion animals provide an excellent model for studies of the gut microbiome because

potential confounders such as diet and environment can be more readily controlled for than

in humans. Additionally, domestic cats and dogs are typically neutered early in life, enabling

an investigation into the potential effect of sex hormones on the microbiome. In a longitudi-

nal study to investigate the potential effects of neutering, neutering age and gender on the

gut microbiome during growth, the faeces of kittens (16 male, 14 female) were sampled at

18, 30 and 42 weeks of age. DNA was shotgun sequenced on the Illumina platform and

sequence reads were annotated for taxonomy and function by comparison to a database of

protein coding genes. In a statistical analysis of diversity, taxonomy and functional potential

of the microbiomes, age was identified as the only factor with significant associations. No

significant effects were detected for gender, neutering, or age when neutered (19 or 31

weeks). At 18 weeks of age the microbiome was dominated by the genera Lactobacillus
and Bifidobacterium (35% and 20% average abundance). Structural and functional diver-

sity was significantly increased by week 30 but there was no further significant increase. At

42 weeks of age the most abundant genera were Bacteroides (16%), Prevotella (14%) and

Megasphaera (8%). Significant differences in functional potential included an enrichment

for genes in energy metabolism (carbon metabolism and oxidative phosphorylation) and

depletion in cell motility (flagella and chemotaxis). We conclude that the feline faecal micro-

biome is predominantly determined by age when diet and environment are controlled for.

We suggest this finding may also be informative for studies of the human microbiome,

where control over such factors is usually limited.
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Introduction
In the last decade, advances in DNA sequencing technologies have accelerated the culture-
independent study of microbial communities and improved our understanding of the micro-
biome (the combined genetic material of a community and the functional potential of its pro-
tein coding genes). One area of particular interest is the human microbiome and its relevance
to health, disease and nutrition. The finding that the microbiome is often a better predictor of
complex metabolic diseases (such as diabetes, cardiovascular disease and obesity) than genetic
markers [1,2] underpins its importance to health. A wide variety of factors has been shown to
be associated with the gut microbiomes of healthy individuals including diet [3], age [4] and
gender [5]. In addition associations with a wide range of diseases such as obesity [6], type 1 dia-
betes [7] and even autism [8] have been reported. With few exceptions [9,10], studies in
humans are generally observational. Intervention studies are typically carried out in rodent
models and have demonstrated causal relationships between diet, the microbiome and obesity
[11].

The microbiome of companion animals is of interest for a number of reasons. Owners share
their home with their pets and an exchange of microbes between pets and owners has been
demonstrated [12]. Furthermore, companion animals can suffer from a range of medical con-
ditions such as obesity, cardiovascular disease, diabetes and periodontal disease, for which
microbial associations have been demonstrated in humans. Microbiome research in compan-
ion animals to date includes but is not limited to the skin of allergic dogs [13], the gingiva of
dogs with periodontal disease [14], the faeces of dogs with diarrhoea and inflammatory bowel
disease [15] as well as the effect of dietary macronutrients [16,17] and fibre [18] on the faecal
microbiome in cats.

Companion animals may be more suitable for studying some aspects of the microbiome
than humans. Complete and balanced diets may be fed as the sole source of food for extended
periods of time, reducing confounding effects of different dietary preferences between individ-
uals. Longitudinal studies in which the same individuals are tracked over various developmen-
tal stages are also more feasible in companion animals. Tracking the same individuals over
time may be key in studying certain aspects of the microbiome as observed inter-individual
variability may be high [19–21]. While this is also practical in rodent models, cats are of partic-
ular interest because they are obligate carnivores and the microbiome of carnivores is not well
studied as of today.

Domestic cats also provide an excellent opportunity for studying the impact of hormones
on the microbiome. Neutering is a common practice to control reproduction and prevent dis-
eases. Recent surveys reported that>90% of cats in the UK and ~80% of the cats in the US
were neutered [22,23]. Traditionally, cats are neutered around six to seven months of age [24]
but early neutering (before or at four months of age) is now commonly carried out in the US.
Neutering stops the production of sex hormones and allows evaluation of their impact by com-
parison of the microbiomes of animals of similar age with and without sex hormones. Further-
more, an acute increase in food intake and weight gain following neutering has been reported
in cats [25,26], and there is an association between neutering and obesity [27]. Furthermore,
injection of estradiol is able to reduce feed intake in neutered cats [28], indicating a role of sex
hormones and sexual development in intake.

When cats are neutered there is a risk of acute weight gain, that appears to be due to changes
in both feeding behaviour (caloric intake and macronutrient selection) and metabolism (13–
37% reduction in energy requirements post-neuter required to maintain the pre-neuter, stable
body weight in adult cats[25–27]. To maintain adult cats at their ideal body weight post-neuter,
it has been reported that caloric intake needs to be reduced by 25–30%. This suggests that cats

The Adolescent Feline Faecal Microbiome

PLOSONE | DOI:10.1371/journal.pone.0144881 December 14, 2015 2 / 21

interest. Their commercial affiliation does not alter
their adherence to PLOS ONE policies on sharing
data and materials.



either reduce the energy expenditure or increase their energy extraction from the diet, for
example by increasing the fermentative bacterial population that produce short-chain fatty
acids that can be readily absorbed by the host.

In this study a cohort of 30 kittens (16 males and 14 females) that were neutered at either 19
weeks (early) or at 31 weeks (conventional) and fed a single batch of dry diet to maintain an
ideal body condition score through growth, had their faecal microbiome characterised (as sur-
rogate for the gut) at 18, 30 and 42 weeks of age. By controlling for diet and food intake, investi-
gations into potential associations with age, gender, neutering and age when neutered were
possible. This also provides an opportunity to determine whether a hormone-led change in
microbiome could influence this acute post-neuter weight gain.

Results
DNA obtained from 88 fresh faecal samples collected from 30 kittens that had previously been
assigned to either an early or conventional neuter group (19 or 31 weeks of age) and sampled at
18, 30 and 42 weeks of age was sequenced on the Illumina Hi-Seq for metagenome analysis. A
total of 5.0 billion shotgun reads of 100 bases in length were generated (501 Gb) which resulted
in 4.8 billion quality reads after trimming (approx. 479 Gb) with an average of 55 million reads
per sample (range: 23 to 91 million reads). A composition vector based binning approach
(MetaCV [29]) against a reference database of eleven million protein sequences from 2,059
fully-sequenced genomes (2,049 bacteria, 4 archaea and 6 viruses) yielded average annotation
rates of 35 and 24 percent for taxonomy (genus) and ortholog gene groups (KEGG level 4),
respectively (S1 Table). The average annotation rate was higher at 18 weeks of age (42% and
28% for genus and KEGG level 4, respectively) than at 30 (32% and 22%) and 42 weeks of age
(31% and 22%).

In total, 33 phyla, 238 families, 605 genera and 1,113 species of prokaryotes were identified
in feline faeces (S2 Table). Each level of the taxonomic hierarchy was dominated by just a few
taxa (e.g. the 53 most abundant genera had cumulative sequence counts of 80%) and contained
many rare taxa (e.g. the 95 least abundant genera had cumulative sequence counts of� 1%).
Shannon diversity indices ranged from 2.4 to 5.4 with an average of 4.5 and were analysed by
linear mixed models. Diversity increased from week 18 (3.9) to week 30 (4.8) and 42 (4.9).
Increases in diversity from week 18 to 30 and from week 18 to 42 were significant at p<10−5

(Fig 1A and S3 Table). Rarefaction analysis showed a sharp rise in the number of species with
increasing sequence depth (Fig 1B). At 5 million sequences, which correspond to less than ten
percent of the average number of sequences per sample, approximately 80% of the taxa were
observed indicating deep sequencing. A statistical analysis of rarefaction data detected small
but significant differences between ages at p = 0.001 (S4 Table). No significant associations
were found with gender, neutering or age when neutered at p<0.05.

A Principal Coordinate Analysis (PCoA) of relative genus abundance data indicated a struc-
ture mostly consistent with age (Fig 2A). The majority of the variance (66%) was explained by
the first component plotted on the x-axis with mostly samples from week 18 on the left, and
those from week 42 on the right. Week 30 samples were more dispersed and PCoA ordinations
on the higher levels of taxonomy indicated a similar structure (S1 Fig). Individual samples
from the same week differed considerably in the composition of the most abundant genera
indicating a high inter-individual variability (S2 Fig). A hierarchical clustering approach indi-
cated a similar structure to the genus PCoA (Fig 2A) although with a less well resolved struc-
ture (especially for week 30 samples).

Relative abundance data were analysed statistically by generalized estimating equations for
associations with age, gender and neuter age (19 or 31 weeks) (see Table 1 for a summary).
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Statistically significant associations with age were identified for 589 out of 605 genera and 233
out of 238 families (with p<0.00008 and 0.00022 respectively using a Sidak adjustment to
maintain an overall error rate of 5%, S6 Table). Odds increased with age for 585 genera; 4 gen-
era had decreased odds. No significant associations with gender and neuter age were found at
the given p-value thresholds. The most abundant phyla and genera and their changes from

Fig 1. Species diversity and richness at 18, 30 and 42 weeks of age. (a) Shannon diversity indices as inferred from normalized species counts. (b)
Rarefaction analysis of species richness. (c) Gene richness shown as the number of unique protein coding genes (unique GI numbers). Species diversity,
species richness and gene richness increased with age but only differences from week 18 to weeks 30 and 42 were statistically significant. No significant
associations with neuter date or gender were found (S3 and S4 Tables).

doi:10.1371/journal.pone.0144881.g001

Fig 2. Principal coordinates analysis (PCoA) of microbiome taxonomy and function. Analyses of genus (a) and KEGG ortholog group data (b)
indicated a structure based on age (weeks).

doi:10.1371/journal.pone.0144881.g002
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week 18 to weeks 30 and 42 are visualised in Fig 3 (underlying data in Table 2). The four most
abundant genera Lactobacillus, Bifidobacterium, Bacteroides and Prevotella underwent signifi-
cant changes in average relative abundance between week 18 and 42. Bacteroides and Prevotella
significantly increased and Bifidobacterium and Lactobacillus significantly decreased with age.
Those changes were also reflected at the phylum level. Bacteroidetes (the phylum that the gen-
era Bacteroides and Prevotella belong to) increased whilst Actinobacteria (Bifidobacterium)
and Firmicutes (Lactobacillus) decreased.Megasphaera underwent the biggest change with age,
from 0.1% and 0.2% at week 18 and week 30 to 8.4% at week 42, an odds ratio (OR) of 85
(Table 2 and S6 Table).

In total, 5,196,048 unique protein-coding genes were identified in the microbiomes of feline
faeces (4,184,928 at week 18, 4,398,745 at week 30 and 4,503,184 at week 42). The number of
unique protein-coding genes significantly increased between weeks 18 and 30 as well as weeks
18 to 42 but not between weeks 30 and 42 at p<10−5 (Fig 1C and S5 Table). No other signifi-
cant associations were found at p<0.05. Of the significant genes, 3,486,858 (67%) had a KEGG
annotation that was used to relate them to 7,277 KEGG ortholog groups (KEGG level 4; S2
Table). Similar to the genus data, a PCoA of the ortholog group relative abundance data indi-
cated a structure mostly consistent with age (Fig 2B) and a dominant first component at 63%.
Higher levels of functional annotation supported a similar structure (S3 Fig).

Ortholog groups mapped to 253 biochemical pathways (KEGG level 3) of which 190 were
retained after a parsimony approach was applied (MinPath [30]; Table 3). Pathways were orga-
nized into 32 groups (KEGG level 2) and 6 supergroups (KEGG level 1). Similar to the taxon-
omy section, the distribution of individual ortholog groups was skewed. Only 12.2% of the
ortholog groups contributed to more than 80% of the sequences, while 53.5% of ortholog
groups contributed to less than 1%.

Functional annotations were analysed by generalized estimating equations for associations
with age, gender, neutering and age when neutered (see Table 1 for a summary). Statistically
significant associations with age were identified for 3,617 out of 7,277 ortholog groups, 130 out
of 190 biochemical pathways and 26 out of 32 pathway groups with adjusted p-values of
p<8x10-6, p<0.00027 and p<0.00162, respectively (S6 Table). Similar to the taxonomy section,
no significant associations with gender or neutering were found at the given p-value thresholds.
A breakdown of pathways by supergroup is provided in Table 3.

Ortholog groups with significant changes with age were split into groups of increasing or
decreasing odds and related to KEGG pathways. A permutation test identified five and three
pathways that were significantly enriched in enzymes that had been identified as significantly
increased or decreased, respectively (Tables 3 and 4). Fig 4 visualises these eight pathways in a
PCoA plot using the same ordination as is Fig 2B but scaling data points by the relative abun-
dance of the respective pathway across samples. Data points were generally arranged in groups

Table 1. Summary of statistically significant time effects on taxonomy and functional potential of the feline faecal microbiome.

Identified Significant Consistentlyincreasing Consistently decreasing

Genera 605 589 585 4

Families 238 233

Ortholog groups 7,277 3,617 2,491 1,007

Biochemical pathways 190 130

Pathway groups 32 26

Consistently increased/decreased denotes elements with significantly different odds in the same direction when comparing weeks 18 with 30 and weeks

18 with 42. Full statistical results are provided in S6 Table.

doi:10.1371/journal.pone.0144881.t001
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of similar size (relative abundance). This indicates that data for the eight enriched pathways was
generally in agreement with data for all ortholog groups (ordination of the samples). This visuali-
sation also helped illustrate why some samples may have been grouped with samples of other
time points. For example the leftmost sample from week 30 was grouped within samples from
week 18 and relative abundance of the eight pathways illustrated is more similar to other samples
from week 18 that to those from week 30 (especially for chemotaxis and flagellar assembly).

Discussion

No evidence for an effect of sexual development on the microbiome of
growing kittens
We studied the faecal microbiome of growing kittens to identify potential associations with
age, gender and sexual development (neutering and neuter age). To minimize any dietary
effects, kittens were fed a commercially available diet produced during a single production run
and energy intake was adjusted to maintain optimal body condition scores [31]. Under these
conditions we only found statistically significant associations with age. This study did not pro-
vide evidence for significant effects of neutering, age when neutered or gender. These findings
were consistent for analyses of diversity, taxonomy and functional potential.

Neutering of the cats in this study was required as part of a welfare strategy, and so sexual
development was stopped prior to achieving reproductive age (average of 8.5–10 months of age
[32]). However, sexual development would have started prior to 19 weeks of age, as sex hor-
mones are detected in cat faeces, with puberty achieved by 13–14 weeks of age [33]. By 31
weeks of age, the conventional neutered cats were a similar age to others (aged seven months),
previously classified as post-pubertal when neutered [32]. More specifically, metabolite profil-
ing of the kittens used in the study described here [34], identified that plasma metabolites were
significantly different between neuter groups by 26 weeks of age, indicative of an effect of sex-
ual development on host metabolism. In this study, sexual development to 31 weeks did not
have a significant effect on the faecal microbiota, however, it remains possible that late stage
sexual maturation may affect GI flora.

The absence of gender differences in the faecal microbiome is consistent with other published
work. To our knowledge only one study published to date reported a sexual dimorphism in the
microbiomes of healthy individuals [35]. However, that study investigated Hadza hunter-gather-
ers who practice a gender based division of labour and it was concluded that the differences were
diet induced and a consequence of snacking from different foods throughout the day.

It should also be noted that a lack of statistically significant effects of neutering, neutering age
and sex does not categorically exclude that these factors may have an impact. It is possible that
these effects may be small and the current study is not powered to detect such small effect sizes.

Temporal dynamics of the feline faecal microbiome
Structural changes to the faecal microbiome were largely driven by five genera: Lactobacillus,
Bifidobacterium, Bacteroides, Prevotella andMegasphaera. Relative abundance of Lactobacillus

Fig 3. Genus and phylum composition of the feline faecal microbiome. The peripheral bubble plot illustrates the average relative abundance of the 34
most abundant genera (� 0.3% average relative abundance at� 1 time point) at 18, 30 and 42 weeks of age (from inside to outside). The central circular plot
illustrates the community structure at the phylum level (five most abundant phyla shown) allowing for quick inference of phylum level composition at a given
age as well as temporal distribution of a phylum. For example: at week 18 the microbiome is composed of 53% Firmicutes, 23% Actinobacteria, 9%
Proteobacteria, 10% Bacteroidetes and 1% Spirochaetes (scaled to total 100% in plot); the phylum Firmicutes decreases from 53% at week 18 to 41% at
week 30 and 36% at week 42. Of note are decreases in Bifidobacterium and Lactobacillus and increases of Bacteroides and Prevotella over time. A tabular
representation of the underlying data is given in Table 2.

doi:10.1371/journal.pone.0144881.g003
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Table 2. Average percentages of most abundant genera and phyla.

Week 18 [%] Week 30 [%] Week 42 [%]

Actinobacteria 23.5 17.5 11.8

Atopobium+ 0.3 0.5 0.3

Bifidobacterium- 19.7 10.1 5.6

Coriobacterium+ 1.1 2.4 1.7

Eggerthella+ 0.4 0.7 0.6

Mycobacterium+ 0.2 0.3 0.3

Olsenella+ 0.4 0.7 0.5

Slackia+ 0.2 0.4 0.3

Streptomyces+ 0.3 0.5 0.4

Bacteroidetes 10.2 25.1 34.7

Alistipes+ 0.1 0.5 0.6

Bacteroides+ 5.5 11.8 15.5

Odoribacter+ 0.1 0.3 0.6

Parabacteroides+ 0.3 0.8 1.1

Prevotella+ 2.9 9.3 13.8

Firmicutes 52.8 40.7 36.1

Acidaminococcus+ 0.3 0.5 0.5

Bacillus+ 0.5 0.7 0.7

Butyrivibrio+ 0.5 0.8 0.7

Cellulosilyticum+ 0.2 0.3 0.3

Clostridium+ 4.4 6.9 6.0

Enterococcus+ 0.2 0.5 0.3

Eubacterium 4.3 5.3 4.3

Lactobacillus- 34.5 12.4 3.7

Megasphaera+ 0.1 0.2 8.4

Oscillibacter+ 0.5 0.8 0.7

Paenibacillus+ 0.2 0.4 0.4

Roseburia+ 2.0 2.6 2.1

Ruminococcus+ 0.4 0.5 0.4

Selenomonas+ 0.3 0.6 0.6

Streptococcus+ 0.7 0.9 0.9

Proteobacteria 9.3 10.5 11.4

Burkholderia+ 0.4 0.6 0.6

Desulfovibrio+ 0.2 0.5 0.5

Escherichia- 1.0 0.1 0.5

Pseudomonas+ 0.3 0.4 0.4

Shewanella+ 0.2 0.3 0.3

Spirochaetes 0.8 1.1 1.0

Treponema+ 0.3 0.5 0.5

Total (phyla) 96.6 94.9 95.0

Total (genera) 83.2 74.1 74.3

Shown are all 34 genera with � 0.3% average relative abundance at � 1 time point. Phylum abundance includes all genera within the respective phyla

and is not limited to the genera displayed. Superscript plus and minus symbols indicate significantly increased and decreased odds with age with

p<0.00008. Abundance data for individual samples and results of the statistical analyses are provided in S4 and S5 Tables.

doi:10.1371/journal.pone.0144881.t002
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and Bifidobacterium consistently decreased with age while Bacteroides and Prevotella consis-
tently increased with age.Megasphaera showed a different pattern, being rare at weeks 18 and
30 (0.1% and 0.2% average abundance) and the third most abundant genus at week 42 (average
abundance 8.4%). The decrease in Lactobacillus and Bifidobacterium was not compensated by
the increase in Bacteroides and Prevotella (cumulative abundances of 62.5%, 43.7% and 38.7%
at weeks 18, 30 and 42, respectively). Instead, a large number of rare genera increased in rela-
tive abundance, which is consistent with an increase in Shannon diversity from 3.9 to 4.8 and
4.9, respectively. The relatively small increase from week 30 to 42 and the lack of statistical sig-
nificance may indicate that the diversity was mostly established by week 30. This conclusion is
also supported by a significant increase in the unique number of protein coding genes between
week 18 and 30 and a lack of significance of the increase between week 30 and 42.

Bifidobacteria are predominant in human infant faeces [36,37] and have also been detected
in feline faeces [38–40]. Studies in pigs have reported a decrease in Lactobacillus after weaning
[41,42], often explained by changes in substrate availability and gastric pH. Bacteroides and
Prevotella have gained attention in the human field, the former being associated with diets high
in protein and animal fats and the latter with diets high in carbohydrates [3]. We have previ-
ously identified a similar association in cats with those fed a high protein diet having increased

Table 3. Number of biochemical pathways by pathway supergroup.

ID Name Raw Parsimonious Significant Enriched

L1_1 Metabolism 136 127 91 4

L1_2 Organismal Systems 32 11 9 0

L1_3 Environmental Information Processing 14 7 4 0

L1_4 Cellular Processes 16 7 4 2

L1_5 Human Diseases 36 20 8 0

L1_6 Genetic Information Processing 19 14 13 2

Total 253 190 129 8

Given are the numbers of biochemical pathways (KEGG level 3) by pathway supergroup (KEGG level 1) as identified by MetaCV[29] (Raw), retained after

MinPath[30] filtering (Parsimonious), with statistically significant associations with age at p<0.00027 (Significant) and with a significant (p<0.00027)
enrichment in ortholog groups (KEGG level 4) that have significant age differences at p<8x10-6 (Enriched).

doi:10.1371/journal.pone.0144881.t003

Table 4. Biochemical pathways with over representations of ortholog groups with significant time effects.

L3 ID L3 L2 Direction Total Significant

ko00720 Carbon fixation pathways in prokaryotes Energy metabolism Up 96 50

ko01200 Carbon metabolism Overview Up 240 117

ko00860 Porphyrin and chlorophyll metabolism Metabolism of cofactors and vitamins Up 87 55

ko00190 Oxidative phosphorylation Energy metabolism Up 102 65

ko00970 Aminoacyl-tRNA biosynthesis Translation Up 41 25

ko02040 Flagellar assembly Cell motility Down 41 26

ko03430 Mismatch repair Replication and repair Down 29 11

ko02030 Bacterial chemotaxis Cell motility Down 26 16

Shown are all eight biochemical pathways (KEGG level 3) that were significantly enriched (at p<0.00027) in ortholog groups with significant and consistent

age effects (that is they contain more ortholog groups (KEGG level 4) with significant increasing or decreasing age effects than would be expected at

random; see methods for details). Counts presented are the number of ortholog groups identified in feline faeces within this pathway (Total) and the

number of ortholog groups with significant age effects at p<8x10-6 (Significant).

doi:10.1371/journal.pone.0144881.t004
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Bacteroides and those fed a moderate protein diet having increased Prevotella [16]. A more
recent study in humans, which included infants, described a strong orthogonal gradient

Fig 4. Principal coordinates analysis (PCoA) of eight biochemical pathways. Shown are eight pathways enriched in ortholog groups with significant
differences with age (five increasing and three decreasing with age). Ordination was calculated based on abundance data for all ortholog groups and a
Jason-Shannon divergence (JSD) measure. Data points are scaled by the relative abundance of the respective pathway in the different samples.

doi:10.1371/journal.pone.0144881.g004
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between Bifidobacterium and the Bacteroides/Prevotella trade-off [4] which is consistent with
the findings of this study. In summary, the changes to Lactobacillus, Bifidobacterium, Bacter-
oides and Prevotella are consistent with a maturing microbiome in other species.Megasphaera
showed an 87-fold increase in the odds of being observed when comparing week 18 and 42 rep-
resenting the biggest age effect on the genus level. In a previous studyMegasphaera also showed
the largest increase in odds (OR 152) when the microbiomes of kittens fed a high and a moder-
ate protein diet were compared [16,17]. In our reference database the genus is represented by
M. elsdenii [43], a gram-negative ruminal bacterium with the ability to ferment lactate to
short-chain fatty acids [44,45].M. elsdenii has been shown to have beneficial effects in rats [46]
and pigs [47].Megasphaera is also used as probiotic in cattle, but it is beyond the scope of the
current study to speculate on health effects in cats.

Out of the 589 genera that showed statistically significant differences with age, only four
decreased in abundance while the remaining 585 increased. In addition to Lactobacillus and
Bifidobacteriummentioned above, Escherichia and Shigella (average relative abundances of
0.05% and 0.02%) decreased over time. Only 16 genera had no significant associations with
age. With the exception of Eubacterium all those genera had low average relative abundances
(<0.5%). Eubacterium had a high average abundance of 4.7% making it the 6th most abundant
genus overall. Of note is the observation that 97% of the identified genera showed statistically
significant differences over time. This occurred even with the strict control of the family wise
error rate, by method of Sidak, with a significance threshold of p<0.00008. The large number
identified as significant is most likely a consequence of using proportions to describe bacterial
communities and does not necessarily imply biological relevance.

A comparison to previous studies of the feline faecal microbiome
We have previously published on the faecal microbiota and microbiomes of kittens at 8, 12 and
16 weeks of age [16,17]. These studies demonstrated significant taxonomic differences between
a high and a moderate protein diet while no significant time effects were detected. A compari-
son of the genera that were identified or even the diversity measures across studies is challeng-
ing because multiple factors are different between the studies (including but not limited to diet
and age range) making it impossible to draw accurate conclusions. We therefore considered it
more appropriate to compare whether similar statistically significant trends existed between
studies. In this case any age effects observed in these studies can be compared. Taken together
the two studies might suggest a scenario where the feline faecal microbiome is relatively stable
early in life (8 to 16 weeks of age), undergoes a period of change (18 to 30 weeks) and then sta-
bilises again (30 to 42 weeks), but diet differences might be sufficient to explain this pattern.
Another explanation for the lack of significant age differences in the earlier study could be
attributed to the shorter time frame (8 weeks vs. 24 weeks) and the smaller number of individu-
als (12 vs. 30 cats) making the earlier study less suitable for detecting significant age differences.
Published temporal studies have also suggested gradual changes until a mature microbiome is
reached [48]. Testing this hypothesis would require another study tracking the microbiome
development of kittens fed a constant diet from weaning into adulthood.

Antibiotics and the faecal microbiome
Other factors, such as antibiotics, may also impact on the gut microbiota. In this study all cats
were provided with a sub-cutaneous injection of an antibiotic at the time of neutering, and as
no significant effect of age when neutered was observed, it would indicate that any effect of this
antibiotic treatment was no longer detectable 11 weeks after neutering. However, within the
study, one cat, Winston, was prescribed an oral β-lactam antibiotic, ceporex, for seven days
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(twice daily) in response to a skin infection. This treatment occurred between one to three
weeks before the 30 week faecal sample was taken. Winston had a large proportion of Lactoba-
cillus (S2 Table), so much so, that he was an outlier in the hierarchical cluster analysis (S2 Fig).
By week 42 Winston was within a sub-cluster. This evidence may be used to suggest that the
antibiotic had an acute effect on microbiome structure. This is consistent with the response to
oral antibiotics in humans, where Lactobacillus also increased proportionally [49]. Within 12
weeks the microbiome restored to a level similar to other cats which had not experienced oral
antibiotic treatments. This is similar to reports in human studies where short-term antibiotic
treatment had no long-term adverse effects on the microbiome [50].

Differences in the microbiome’s functional potential
We sequenced approximately 5x109 reads and identified 5x106 unique protein coding genes
belonging to 7x103 KEGG ortholog groups. A statistical analysis found significant associations
with age for 3,617 ortholog groups and 130 biochemical pathways. These large numbers make
data interpretation in an objective manner very difficult. We considered identifying and inter-
preting the “strongest” functional differences to be the appropriate approach. In an earlier
study [16] we have used a two-step process for this purpose that identifies biochemical path-
ways that are significantly enriched in ortholog gene groups that were identified as being signif-
icantly different in a preceding step. Using this definition we have successfully identified
pathways of amino acid metabolism as significantly enriched between the microbiomes of two
groups of kittens fed diets of different protein content [16]. In the current study we used this
strategy to identify pathways enriched with ortholog groups of increased or decreased odds
with time. We considered this two-step approach to be more sophisticated than using the pro-
portions of the pathways alone as it excludes all ortholog groups without significant associa-
tions from further analysis. Among the eight pathways identified with this approach were three
pathways related to energy metabolism and two to cell motility. Although our study design
does not allow for an inference of causal relationships, there is value in discussing the most sig-
nificant changes.

The microbiome’s potential for energy and carbon metabolism
undergoes significant changes with age
Two out of the five pathways enriched in ortholog groups with increasing odds of presence
with age were related to energy metabolism: carbon metabolism and oxidative phosphoryla-
tion. Oxidative phosphorylation is a process during which ATP is generated by proton-motive
force after a series of redox reactions. This finding is consistent with changes to the most abun-
dant genus Lactobacillus (S2 Table), a genus of fermentative bacteria. Oxidative phosphoryla-
tion is much more efficient at generating energy than fermentation. It is therefore tempting to
speculate that the microbiome becomes more efficient at harvesting energy from the diet with
age. However, aerobic respiration is not advantageous in the largely anoxic gut lumen [51].
Instead we suggest that this finding is merely indicative of the relative abundance of facultative
anaerobes increasing with age. This interpretation is also consistent with the observation that
none of the ten species with the strongest increases in odds of being observed with age con-
tained all enzymes for a complete oxidative phosphorylation pathway as annotated in the
KEGG database (S8 Table).

Carbon metabolism represents a large collection of enzymes involved in carbon metabolism
rather than a single biochemical pathway. Of the 240 ortholog groups identified in this study
for this category, 117 were significantly increased in relative abundance with age. This may sug-
gest that the microbiome is becoming capable of using a wider range of carbon sources with
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age. This is consistent with the bacterial community becoming more diverse, with introduction
of new gene functions with new bacteria.

Microbiome motility decreases with time
Two out of the three pathways enriched in ortholog groups with decreasing odds of presence
with age were related to the KEGG category cell motility: flagellar assembly and chemotaxis.
Chemotactic signalling systems allow bacteria to respond and move in response to chemical
gradients [52] such as urea, bicarbonate, amino acids, or pH. Flagella are long narrow filaments
on the surface of some bacteria that are important for motility to and movement within the
mucus layer of the gut. Because flagella have adhesive properties to intestinal mucus [53,54]
and gut epithelial cells [55], and have been reported to initiate β-defensin 2 production by host
epithelial cells [56,57] they also play a role in bacterial colonization and pathogenesis. A
decrease in cell motility related genes is widely consistent with significant changes to the most
abundant bacterial genera with many flagellated bacteria decreasing and non-flagellated bacte-
ria increasing in relative abundance. Bacteroides, Prevotella andMegasphaera do not have fla-
gella while Lactobacillus ruminis (decreasing in abundance from 29% to 3%, S2 Table) is
flagellated [58].

Whilst the genetic features described above could be influential for the microbes’ ability to
persist, they may also be genomic features specific to bacteria that are able to thrive for different
reasons. Furthermore, metagenomics data only indicate functional potential and not whether
genes are actually transcribed and translated into protein. For example, motility-related genes
are highly abundant in healthy human gut microbiomes [11,59], yet the levels of flagellin pro-
tein are low [60] and a study in rodents has demonstrated that the host is able to down-regulate
bacterial genes related to motility [61].

Summary
We studied the faecal microbiome of kittens at 18, 30 and 42 weeks of age and analysed for dif-
ferences associated with age, gender, neutering and neutering age. Significant associations were
only identified with age and this finding was consistent for across diversity measures and mul-
tiple levels of taxonomic and functional annotation. Structural and functional diversity
increased from week 18 to week 30 but not between weeks 30 and 42. The earliest microbiome
samples were dominated by Lactobacillus and Bifidobacterium while Bacteroides, Prevotella
andMegasphaera were predominant genera in the later samples. The strongest changes in
functional potential were in pathways related to energy metabolism and cell motility consistent
with changes to the most abundant bacteria.

We conclude that the feline faecal microbiome is predominantly determined by age when
diet and environment are controlled for. We suggest this finding may have implications on
studies of the developing human microbiome where control over such factors is usually
limited.

Materials and Methods

Animals and experimental design
Kittens were housed and treated in accordance with the UK Animals (Scientific Procedures)
Act 1986 and the project was approved by the WALTHAM Animal Welfare and Ethical
Review Body. Thirty kittens (16 male, 14 female) were recruited from 17 litters to the trial
between 14 and 18 weeks of age (range 22 days). The kittens were assigned to one of four
groups so that no group had more than 1 representative of a litter. The groups were based on
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gender (F or M) and age when neutered. Neutering was performed as part of normal veterinary
practice at WALTHAM and occurred at one of two time points, one defined as early (EN), at
19 weeks of age and the other, defined as conventional (CN), at 31 weeks of age. The groups
were balanced for gender across the neuter groups, consisting of 7 Female EN, 7 Female CN,
8 Male EN and 8 Male CN. All kittens received a sub-cutaneous antibiotic injection (Clamoxyl
LA Inj, 15mg per kg bodyweight) as part of the neutering procedure. One kitten (Winston)
required an oral β-lactam antibiotic, ceporex, for seven days (twice daily) in response to a skin
infection (one to three weeks before the 30 week faecal sample was taken). One female (Duch-
ess, EN group) was removed during the trial for non-trial related reasons and only the week 18
sample was taken. Kittens were housed in the same environmentally enriched housing in two
social groups (based on gender) and cared for according to WALTHAM kitten socialisation
guidelines. Kittens were individually fed to maintain an ideal body condition score (WAL-
THAM S.H.A.P.E. guide [31]), with weekly assessments to determine any intake changes.

Diet
Kittens had free access to fresh water at all times throughout the study and were fed from a sin-
gle batch of a nutritionally complete (National Research Council 2006) commercial dry diet
(Royal Canin Kitten, 10Kg, Aimargues, France) for a minimum of 17 days before the first faecal
collection.

Fresh faecal sample collection
Samples were collected at three time points, 12 weeks apart. The oldest kittens at these sam-
pling time points were 18, 30 and 42 weeks of age and this nomenclature is used to describe the
sampling points. Exact kitten ages are specified in S9 Table. Faecal samples were collected
within 15 min of defecation from all kittens and stored immediately at -80°C.

DNA Extraction and Illumina Sequencing
Bacterial DNA was extracted using a QIAamp DNA stool mini kit (Qiagen, Valencia, CA,
USA) using the repeated bead beating plus column (RBB+C) method [62]. Faecal DNA was
quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA). DNA quality was assessed before Illumina sequencing using a 2100 Bioa-
nalyzer (Agilent Technologies, Santa Clara, CA). Illumina sequencing was performed at the W.
M. Keck Center for Biotechnology at the University of Illinois using an Illumina HiSeq2000
sequencer (Illumina Inc., San Diego, CA) according to manufacturer’s instructions. Briefly,
shotgun genomic libraries were prepared with Illumina's Nextera DNA Sample Preparation Kit
from 50ng of DNA according to the manual. The libraries were pooled in equimolar concentra-
tion into 11 pools. The pools were quantitated by qPCR with the Kapa SYBR FAST Universal
(Kapa Biosystems). Each pool was sequenced on one lane for 101 cycles from each end of the
fragments on a HiSeq2000 using a TruSeq SBS sequencing kit version 3. The fastq files were
generated and demultiplexed with Casava1.8.2 (Illumina). Sequence reads for all 88 samples
were deposited to the European Nucleotide Archive (ENA) under the project accession
PRJEB9357 (sample accessions ERS723589 –ERS723676).

Sequence data annotation
Sequence reads were trimmed using Trim Galore! version 0.3.1 with cutoff of 30 and 80 for
phred score and length, respectively. Trim Galore! is a wrapper tool around Cutadapt and
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FastQC and all three programs are provided by Babraham Bioinformatics at http://www.
bioinformatics.babraham.ac.uk/projects/. Trimmed short reads were annotated using a compo-
sition vector approach as implemented in MetaCV version 0.230 [29] against a reference data-
base of 11,001,586 genes from 2,059 fully-sequenced genomes (supplied with MetaCV).
MetaCV results files contain the following data entries for each individual short read in the
FASTQ files of the respective samples: Read identifier, quality score of the annotation, GI num-
ber of the best protein match, KEGG entry identifier (if available), eggNOG identifier (if avail-
able), NCBI taxon ID and strain name. MetaCV applies a lowest common ancestor (LCA)
approach on the NCBI taxonomy tree when reliable annotation down to strain level is not pos-
sible. Results were filtered by a quality score of 20 and collated into a summary table using
MetaCV. Summary tables are automatically generated for the following levels of taxonomical
hierarchy: superkingdom, phylum, class, order, family and genus. A summary table on the spe-
cies level (which is required for the calculation of species diversity) was generated separately by
parsing the results files. In terms of functional annotation, summary tables were automatically
generated for KEGG [63] orthology. KEGG provides a hierarchy of ortholog groups (KEGG
level 4), biochemical pathways (KEGG level 3), “pathway groups” (KEGG level 2) and “path-
way supergroups” (KEGG level 1). Minpath [30], which uses a parsimony approach to pathway
inference, was used to remove pathways that are likely to be erroneously inferred due to single
ortholog groups being related to multiple pathways. Uniprot tables of April 2012 were used to
relate genes to KEGG orthology groups and eggNOG clusters. KEGG tables of May 2011 were
used to relate ortholog groups to pathways and higher level groupings. All abundance data was
converted to proportions (relative abundances) for subsequent analyses.

Richness and diversity
Diversity was estimated by calculation of Shannon indices [64] from the normalized species
counts for each sample according to the formula

H 0 ¼ �
XR

i¼1

pi ln pi

where R is the number of species observed and pi is the proportion of the i-th species. These
were then analyzed by linear mixed models with kitten as a random effect and gender, neuter
date, age and their interactions were explored as categorical fixed effects. Fixed effects were
tested against a cut-off of p<0.05 and dropped from the model if non-significant. For the final
model, comparisons between groups were made by Tukey HSD tests using a family-wise 5%
level. Shannon indices of individual samples and the results of the statistical analysis are pro-
vided in S3 Table.

Richness and diversity were also estimated by calculation of rarefaction curves. Strain level
annotations were extracted from the MetaCV results files and random permutations were gen-
erated by using the Linux command shuf. To reduce noise a higher QC cutoff of 40 was applied.
Sub-samples were taken at depths of 10k (thousand), 20k, 50k, 100k, 250k, 500k, 1m (million),
2m, 4m, 6m, 8m, 10 and 20m reads (unpaired) with ten replicates per depth and sample
(11,440 data points in total). These were then analysed by linear mixed models with sequence
depth nested in age nested in kitten as the random effects, with weighting by sequence depth
variability. Neuter date, gender, age, sequence depth and their interactions were fitted as cate-
gorical fixed effects. Effects were tested against a cut-off of p<0.05 and dropped from the
model if non-significant. In addition, the heterogeneity of variances between sequence depths
was tested by likelihood ratio tests for nested random effects models. The number of species
per sub-sample and the results of the statistical analysis are reported in S4 Table. Note: If
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annotation was not possible down to strain level, species level annotation was used for the rare-
faction analysis. As a consequence the number of taxa observed may exceed the number of
strains in the database (2,059).

Principal Coordinates Analysis (PCoA)
Ordination was performed using the dudi.pco() function from R package ade4 v1.6.2 [65] with
the Jensen-Shannon divergence (JSD) as a distance measure [66] calculated from the relative
abundance of genera or ortholog groups (KEGG L4, Fig 2). The PCoA vectors were plotted
using R package ggplot2 v1.0.0 [67]. Shape areas were weighted by the relative abundance of
the respective biochemical pathway (KEGG L3) in the individual samples for Fig 4.

Summarised visualisation of community structure
Raw genus and phylum abundance data as inferred by MetaCV [29] was converted to relative
abundances using the number of annotated sequence reads as a denominator on a per-sample
basis. Averages were calculated as the arithmetic means over the three different time points.
The six most abundant phyla were picked for visualization. Within those phyla 34 genera had
an average abundance of at least 0.3% at least at one time point and were included for visualiza-
tion. Data was visualized in Circos [68] version 0.63 using Tableviewer (of 7th September 2012)
to create a chord diagram of phylum abundance. Peripheral bubble plots of genus abundance
were generated by adding scatter plots of circular glyphs.

Statistical analyses of abundance data
Individual datasets of relative abundances for genera, families, ortholog groups (KEGG level
4), biochemical pathways (KEGG level 3) and pathway groups (KEGG level 2) were analysed
univariately by generalized estimating equations, with a binomial distribution (for proportional
responses) and a logit-link, to investigate the gender and/or neuter group effects with age. Kit-
ten was specified as a random effect to account for the lack of independence in observations
over time within kittens and gender, neuter date, age and their interactions were fitted as cate-
gorical fixed effects. If effects were found to be non-significant they were dropped from the
model. All effects were tested against a data set type I error rate of 5% by Sidak [69] adjustment,
thus the critical p-values used were 0.000085 for genera, 0.000215 for families, 0.000008 for
ortholog groups, 0.00027 for biochemical pathways and 0.0016 for pathway groups for 605,
238, 6427, 190 and 32 responses respectively. Prior to fitting of the univariate model sets,
potential responses were filtered if the proportion of zero counts was greater than 75%. All
odds ratios (OR) reported were significant at the respective adjusted p-value cut-off.

Enrichment analysis of functional potential
Permutation testing was performed to identify pathways enriched in ortholog groups with sig-
nificantly increasing and decreasing odds with age (pathways containing more ortholog groups
with significant age differences than would be expected by chance). For this purpose the set of
ortholog groups with significant age differences was subset into those with consistently increas-
ing (odds ratios are increasing from week 18 to 30 and week 30 to 42) or decreasing odds. This
resulted in 2,491 groups with consistently increased, 1,007 groups with consistently decreased
odds and 119 groups with mixed odds that were excluded from these analyses. For the permu-
tation testing, the number of ortholog groups in each KEGG pathway and the subset with sig-
nificant age changes was calculated. One thousand random subsets of 2,491 and 1,007 ortholog
groups were then taken (to represent random significant ortholog groups) and the number
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found in each pathway calculated. The probability of a pathway containing more significant
ortholog groups than would be expected by chance was calculated as the percentage of subsets
where the random number in each pathway was greater or equal to the number of significant
ortholog groups in each pathway. A Sidak [69] adjusted critical p-value of 0.00027 was used to
maintain a 5% type 1 error rate for the 190 pathways tested.

Supporting Information
S1 Fig. Principal coordinates analyses for six levels of taxonomy.
(PDF)

S2 Fig. Hierarchical cluster analysis at genus level.
(PDF)

S3 Fig. Principal coordinates analyses for four levels of KEGG functional annotation.
(PDF)

S1 Table. Read count summary.
(XLSX)

S2 Table. Taxonomic and functional annotation and abundance data.
(XLSX)

S3 Table. Shannon diversity data and statistics.
(XLSX)

S4 Table. Rarefaction data and statistics.
(XLSX)

S5 Table. Gene richness data and statistics.
(XLSX)

S6 Table. Statistical analysis of taxa and functions.
(XLSX)

S7 Table. Pathway enrichment analysis.
(XLSX)

S8 Table. Ortholog groups in oxidative phosphorylation for the ten species with the biggest
increase in odds of being observed.
(XLSX)

S9 Table. Kitten ages when faecal samples were collected.
(XLSX)

Acknowledgments
The authors would like to thank colleagues at the WALTHAM Centre for Pet Nutrition for
their care and expertise in the training, welfare and sampling of cats used in the study, Matt
Gilham for trial management and sample collection, Maria R. C. de Godoy for sample prepara-
tion, Mihir Sarwade for IT support and DMP Statistical Solutions UK Ltd. for help with the sta-
tistical analysis.

The Adolescent Feline Faecal Microbiome

PLOSONE | DOI:10.1371/journal.pone.0144881 December 14, 2015 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144881.s012


Author Contributions
Conceived and designed the experiments: DA PM KSS. Performed the experiments: DA PM.
Analyzed the data: OD COF AC. Contributed reagents/materials/analysis tools: KSS OD.
Wrote the paper: OD DA.

References
1. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. Richness of human gut micro-

biome correlates with metabolic markers. Nature. Nature Publishing Group, a division of Macmillan
Publishers Limited. All Rights Reserved.; 2013; 500: 541–6. doi: 10.1038/nature12506 PMID:
23985870

2. Ross EM, Moate PJ, Marett LC, Cocks BG, Hayes BJ. Metagenomic predictions: frommicrobiome to
complex health and environmental phenotypes in humans and cattle. White BA, editor. PLOS One.
Public Library of Science; 2013; 8: e73056. doi: 10.1371/journal.pone.0073056 PMID: 24023808

3. WuGD, Chen J, Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, et al. Linking long-term dietary pat-
terns with gut microbial enterotypes. Science (80-). 2011; 334: 105–8. doi: 10.1126/science.1208344
PMID: 21885731

4. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M, et al. Human gut
microbiome viewed across age and geography. Nature. Nature Publishing Group, a division of Macmil-
lan Publishers Limited. All Rights Reserved.; 2012; 486: 222–7. doi: 10.1038/nature11053 PMID:
22699611

5. Markle JGM, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-Kampczyk U, et al. Sex differ-
ences in the gut microbiome drive hormone-dependent regulation of autoimmunity. Science. 2013;
339: 1084–8. doi: 10.1126/science.1233521 PMID: 23328391

6. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al. A core gut micro-
biome in obese and lean twins. Nature. Nature Publishing Group; 2009; 457: 480–4. doi: 10.1038/
nature07540 PMID: 19043404

7. Giongo A, Gano K a, Crabb DB, Mukherjee N, Novelo LL, Casella G, et al. Toward defining the autoim-
mune microbiome for type 1 diabetes. ISME J. 2011; 5: 82–91. doi: 10.1038/ismej.2010.92 PMID:
20613793

8. Finegold SM, Molitoris D, Song Y, Liu C, Vaisanen M- L, Bolte E, et al. Gastrointestinal microflora stud-
ies in late-onset autism. Clin Infect Dis. 2002; 35: S6–S16. doi: 10.1086/341914 PMID: 12173102

9. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly and
reproducibly alters the human gut microbiome. Nature. Nature Publishing Group, a division of Macmil-
lan Publishers Limited. All Rights Reserved.; 2013;advance on. doi: 10.1038/nature12820

10. Steinle N, Cirimotch S, Ryan K, Fraser C, Shuldiner A, Mongodin E. Increased Gut Microbiome Diver-
sity Following a High Fiber Mediterranean Style Diet. FASEB J. 2013; 27: 1056.3–. Available: http://
www.fasebj.org/cgi/content/meeting_abstract/27/1_MeetingAbstracts/1056.3

11. Turnbaugh PJ, Ley RE, Mahowald M a, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature. 2006; 444: 1027–31. doi: 10.1038/
nature05414 PMID: 17183312

12. Song SJ, Lauber C, Costello EK, Lozupone CA, Humphrey G, Berg-Lyons D, et al. Cohabiting family
members share microbiota with one another and with their dogs. Elife. 2013; 2: e00458–e00458. doi:
10.7554/eLife.00458 PMID: 23599893

13. Rodrigues Hoffmann A, Patterson AP, Diesel A, Lawhon SD, Ly HJ, Elkins Stephenson C, et al. The
skin microbiome in healthy and allergic dogs. Balcazar JL, editor. PLOS One. Public Library of Science;
2014; 9: e83197. doi: 10.1371/journal.pone.0083197 PMID: 24421875

14. Davis IJ, Wallis C, Deusch O, Colyer A, Milella L, Loman N, et al. A Cross-Sectional Survey of Bacterial
Species in Plaque from Client Owned Dogs with Healthy Gingiva, Gingivitis or Mild Periodontitis. Sem-
ple MG, editor. PLOS One. 2013; 8: e83158. doi: 10.1371/journal.pone.0083158 PMID: 24349448

15. Suchodolski JS, Markel ME, Garcia-Mazcorro JF, Unterer S, Heilmann RM, Dowd SE, et al. The fecal
microbiome in dogs with acute diarrhea and idiopathic inflammatory bowel disease. PLOS One. 2012;
7: e51907. doi: 10.1371/journal.pone.0051907 PMID: 23300577

16. Deusch O, O’Flynn C, Colyer A, Morris P, Allaway D, Jones PG, et al. Deep Illumina-Based Shotgun
Sequencing Reveals Dietary Effects on the Structure and Function of the Fecal Microbiome of Growing
Kittens. Parkinson J, editor. PLOS One. Public Library of Science; 2014; 9: e101021. doi: 10.1371/
journal.pone.0101021 PMID: 25010839

The Adolescent Feline Faecal Microbiome

PLOSONE | DOI:10.1371/journal.pone.0144881 December 14, 2015 18 / 21

http://dx.doi.org/10.1038/nature12506
http://www.ncbi.nlm.nih.gov/pubmed/23985870
http://dx.doi.org/10.1371/journal.pone.0073056
http://www.ncbi.nlm.nih.gov/pubmed/24023808
http://dx.doi.org/10.1126/science.1208344
http://www.ncbi.nlm.nih.gov/pubmed/21885731
http://dx.doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://dx.doi.org/10.1126/science.1233521
http://www.ncbi.nlm.nih.gov/pubmed/23328391
http://dx.doi.org/10.1038/nature07540
http://dx.doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
http://dx.doi.org/10.1038/ismej.2010.92
http://www.ncbi.nlm.nih.gov/pubmed/20613793
http://dx.doi.org/10.1086/341914
http://www.ncbi.nlm.nih.gov/pubmed/12173102
http://dx.doi.org/10.1038/nature12820
http://www.fasebj.org/cgi/content/meeting_abstract/27/1_MeetingAbstracts/1056.3
http://www.fasebj.org/cgi/content/meeting_abstract/27/1_MeetingAbstracts/1056.3
http://dx.doi.org/10.1038/nature05414
http://dx.doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://dx.doi.org/10.7554/eLife.00458
http://www.ncbi.nlm.nih.gov/pubmed/23599893
http://dx.doi.org/10.1371/journal.pone.0083197
http://www.ncbi.nlm.nih.gov/pubmed/24421875
http://dx.doi.org/10.1371/journal.pone.0083158
http://www.ncbi.nlm.nih.gov/pubmed/24349448
http://dx.doi.org/10.1371/journal.pone.0051907
http://www.ncbi.nlm.nih.gov/pubmed/23300577
http://dx.doi.org/10.1371/journal.pone.0101021
http://dx.doi.org/10.1371/journal.pone.0101021
http://www.ncbi.nlm.nih.gov/pubmed/25010839


17. Hooda S, Vester Boler BM, Kerr KR, Dowd SE, Swanson KS. The gut microbiome of kittens is affected
by dietary protein:carbohydrate ratio and associated with blood metabolite and hormone concentra-
tions. Br J Nutr. 2013; 109: 1637–1646. doi: 10.1017/S0007114512003479 PMID: 22935193

18. Barry K a, Middelbos IS, Vester Boler BM, Dowd SE, Suchodolski JS, Henrissat B, et al. Effects of die-
tary fiber on the feline gastrointestinal metagenome. J Proteome Res. 2012; 11: 5924–33. doi: 10.1021/
pr3006809 PMID: 23075436

19. Huse SM, Ye Y, Zhou Y, Fodor AA. A core humanmicrobiome as viewed through 16S rRNA sequence
clusters. PLOS One. 2012; 7: e34242. doi: 10.1371/journal.pone.0034242 PMID: 22719824

20. Ang L, Arboleya S, Lihua G, Chuihui Y, Nan Q, Suarez M, et al. The establishment of the infant intesti-
nal microbiome is not affected by rotavirus vaccination. Sci Rep. Nature Publishing Group; 2014; 4:
7417. doi: 10.1038/srep07417 PMID: 25491920

21. Li J, Quinque D, Horz H-P, Li M, Rzhetskaya M, Raff JA, et al. Comparative analysis of the human
saliva microbiome from different climate zones: Alaska, Germany, and Africa. BMCMicrobiol. 2014; 14:
316. doi: 10.1186/s12866-014-0316-1 PMID: 25515234

22. Chu K, AndersonWM, Rieser MY. Population characteristics and neuter status of cats living in house-
holds in the United States. J Am Vet Med Assoc. 2009; 234: 1023–30. doi: 10.2460/javma.234.8.1023
PMID: 19366332

23. Murray JK, Roberts MA, Whitmarsh A, Gruffydd-Jones TJ. Survey of the characteristics of cats owned
by households in the UK and factors affecting their neutered status. Vet Rec. 2009; 164: 137–41. Avail-
able: http://www.ncbi.nlm.nih.gov/pubmed/19188344 PMID: 19188344

24. Murray JK, Skillings E, Gruffydd-Jones TJ. Opinions of veterinarians about the age at which kittens
should be neutered. Vet Rec. 2008; 163: 381–5. Available: http://www.ncbi.nlm.nih.gov/pubmed/
18820325 PMID: 18820325

25. Flynn MF, Hardie EM, Armstrong PJ. Effect of ovariohysterectomy on maintenance energy requirement
in cats. J Am Vet Med Assoc. 1996; 209: 1572–81. Available: http://www.ncbi.nlm.nih.gov/pubmed/
8899020 PMID: 8899020

26. Hoenig M, Ferguson DC. Effects of neutering on hormonal concentrations and energy requirements in
male and female cats. Am J Vet Res. 2002; 63: 634–9. Available: http://www.ncbi.nlm.nih.gov/pubmed/
12013460 PMID: 12013460

27. Belsito KR, Vester BM, Keel T, Graves TK, Swanson KS. Impact of ovariohysterectomy and food intake
on body composition, physical activity, and adipose gene expression in cats. J Anim Sci. 2009; 87:
594–602. doi: 10.2527/jas.2008-0887 PMID: 18997063

28. Cave NJ, Backus RC, Marks SL, Klasing KC. Oestradiol and genistein reduce food intake in male and
female overweight cats after gonadectomy. N Z Vet J. 2007; 55: 113–9. doi: 10.1080/00480169.2007.
36752 PMID: 17534412

29. Liu J, Wang H, Yang H, Zhang Y, Wang J, Zhao F, et al. Composition-based classification of short
metagenomic sequences elucidates the landscapes of taxonomic and functional enrichment of micro-
organisms. Nucleic Acids Res. 2012; 41: 1–10. doi: 10.1093/nar/gks828 PMID: 22941634

30. Ye Y, Doak TG. A parsimony approach to biological pathway reconstruction/inference for genomes and
metagenomes. PLOS Comput Biol. 2009; 5: e1000465. doi: 10.1371/journal.pcbi.1000465 PMID:
19680427

31. German AJ, Holden SL, MoxhamGL, Holmes KL, Hackett RM, Rawlings JM. A Simple, Reliable Tool
for Owners to Assess the Body Condition of Their Dog or Cat. J Nutr. 2006; 136: 2031S–2033. Avail-
able: http://jn.nutrition.org/content/136/7/2031S.short PMID: 16772488

32. Root M V, Johnston SD, Olson PN. The effect of prepuberal and postpuberal gonadectomy on radial
physeal closure in male and female domestic cats. Vet Radiol Ultrasound. 38: 42–7. Available: http://
www.ncbi.nlm.nih.gov/pubmed/9238769 PMID: 9238769

33. Faya M, Carranza A, Miotti R, Ponchón T, Furlan P, Gobello C. Fecal estradiol-17β and testosterone in
prepubertal domestic cats. Theriogenology. 2013; 80: 584–6. doi: 10.1016/j.theriogenology.2013.05.
026 PMID: 23800695

34. Allaway D, GilhamM, Colyer A, Jonsson T, Swanson KS, Morris P. Effects of puberty and timing of
gonadectomy on the plasmametabolome of young cats. TheWaltham International Nutritional Sci-
ences Symposium 2013: From Pet Food to Pet Care–Bridging the Gap. McLean (VA): Mars; 2013.
p. 59.

35. Schnorr SL, Candela M, Rampelli S, Centanni M, Consolandi C, Basaglia G, et al. Gut microbiome of
the Hadza hunter-gatherers. Nat Commun. Nature Publishing Group; 2014; 5: 3654. doi: 10.1038/
ncomms4654

36. Harmsen HJ, Wildeboer-Veloo AC, Raangs GC, Wagendorp AA, Klijn N, Bindels JG, et al. Analysis of
intestinal flora development in breast-fed and formula-fed infants by using molecular identification and

The Adolescent Feline Faecal Microbiome

PLOSONE | DOI:10.1371/journal.pone.0144881 December 14, 2015 19 / 21

http://dx.doi.org/10.1017/S0007114512003479
http://www.ncbi.nlm.nih.gov/pubmed/22935193
http://dx.doi.org/10.1021/pr3006809
http://dx.doi.org/10.1021/pr3006809
http://www.ncbi.nlm.nih.gov/pubmed/23075436
http://dx.doi.org/10.1371/journal.pone.0034242
http://www.ncbi.nlm.nih.gov/pubmed/22719824
http://dx.doi.org/10.1038/srep07417
http://www.ncbi.nlm.nih.gov/pubmed/25491920
http://dx.doi.org/10.1186/s12866-014-0316-1
http://www.ncbi.nlm.nih.gov/pubmed/25515234
http://dx.doi.org/10.2460/javma.234.8.1023
http://www.ncbi.nlm.nih.gov/pubmed/19366332
http://www.ncbi.nlm.nih.gov/pubmed/19188344
http://www.ncbi.nlm.nih.gov/pubmed/19188344
http://www.ncbi.nlm.nih.gov/pubmed/18820325
http://www.ncbi.nlm.nih.gov/pubmed/18820325
http://www.ncbi.nlm.nih.gov/pubmed/18820325
http://www.ncbi.nlm.nih.gov/pubmed/8899020
http://www.ncbi.nlm.nih.gov/pubmed/8899020
http://www.ncbi.nlm.nih.gov/pubmed/8899020
http://www.ncbi.nlm.nih.gov/pubmed/12013460
http://www.ncbi.nlm.nih.gov/pubmed/12013460
http://www.ncbi.nlm.nih.gov/pubmed/12013460
http://dx.doi.org/10.2527/jas.2008-0887
http://www.ncbi.nlm.nih.gov/pubmed/18997063
http://dx.doi.org/10.1080/00480169.2007.36752
http://dx.doi.org/10.1080/00480169.2007.36752
http://www.ncbi.nlm.nih.gov/pubmed/17534412
http://dx.doi.org/10.1093/nar/gks828
http://www.ncbi.nlm.nih.gov/pubmed/22941634
http://dx.doi.org/10.1371/journal.pcbi.1000465
http://www.ncbi.nlm.nih.gov/pubmed/19680427
http://jn.nutrition.org/content/136/7/2031S.short
http://www.ncbi.nlm.nih.gov/pubmed/16772488
http://www.ncbi.nlm.nih.gov/pubmed/9238769
http://www.ncbi.nlm.nih.gov/pubmed/9238769
http://www.ncbi.nlm.nih.gov/pubmed/9238769
http://dx.doi.org/10.1016/j.theriogenology.2013.05.026
http://dx.doi.org/10.1016/j.theriogenology.2013.05.026
http://www.ncbi.nlm.nih.gov/pubmed/23800695
http://dx.doi.org/10.1038/ncomms4654
http://dx.doi.org/10.1038/ncomms4654


detection methods. J Pediatr Gastroenterol Nutr. Department of Medical Microbiology, University of
Groningen, The Netherlands.; 2000; 30: 61–67. Available: http://europepmc.org/abstract/MED/
10630441 PMID: 10630441

37. Hopkins MJ, Macfarlane GT, Furrie E, Fite A, Macfarlane S. Characterisation of intestinal bacteria in
infant stools using real-time PCR and northern hybridisation analyses. FEMSMicrobiol Ecol. 2005; 54:
77–85. doi: 10.1016/j.femsec.2005.03.001 PMID: 16329974

38. Barry KA, Wojcicki BJ, Middelbos IS, Vester BM, Swanson KS, Fahey GC. Dietary cellulose, fructooli-
gosaccharides, and pectin modify fecal protein catabolites and microbial populations in adult cats. J
Anim Sci. 2010; 88: 2978–2987. doi: 10.2527/jas.2009-2464 PMID: 20495116

39. Biagi G, Cipollini I, Bonaldo A, Grandi M, Pompei A, Stefanelli C, et al. Effect of feeding a selected com-
bination of galacto-oligosaccharides and a strain of Bifidobacterium pseudocatenulatumon the intesti-
nal microbiota of cats. Am J Vet Res. American Veterinary Medical Association 1931 North Meacham
Road, Suite 100, Schaumburg, IL 60173–4360 USA 847-925-8070 847-925-1329 avmajournals@
avma.org; 2012; 74: 90–95. Available: http://avmajournals.avma.org/doi/abs/10.2460/ajvr.74.1.90?url_
ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed

40. Kanakupt K, Vester Boler BM, Dunsford BR, Fahey GC. Effects of short-chain fructooligosaccharides
and galactooligosaccharides, individually and in combination, on nutrient digestibility, fecal fermenta-
tive metabolite concentrations, and large bowel microbial ecology of healthy adults cats. J Anim Sci.
2011; 89: 1376–84. doi: 10.2527/jas.2010-3201 PMID: 21216981

41. Su Y, YaoW, Perez-Gutierrez ON, Smidt H, ZhuW-Y. Changes in abundance of [i]Lactobacillus [/i]spp.
and [i]Streptococcus suis[/i] in the stomach, jejunum and ileum of piglets after weaning. FEMSMicrobiol
Ecol. 2008; 66: 546–55. doi: 10.1111/j.1574-6941.2008.00529.x PMID: 18554303

42. Konstantinov SR, Awati AA, Williams BA, Miller BG, Jones P, Stokes CR, et al. Post-natal development
of the porcine microbiota composition and activities. Environ Microbiol. 2006; 8: 1191–9. doi: 10.1111/j.
1462-2920.2006.01009.x PMID: 16817927

43. Marx H, Graf AB, Tatto NE, Thallinger GG, Mattanovich D, Sauer M. Genome sequence of the ruminal
bacterium [i]Megasphaera elsdenii[/i]. J Bacteriol. 2011; 193: 5578–5579. doi: 10.1128/JB.05861-11
PMID: 21914887

44. Russell JB, Baldwin RL. Substrate preferences in rumen bacteria: evidence of catabolite regulatory
mechanisms. Appl Environ Microbiol. 1978; 36: 319–29. Available: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=291221&tool=pmcentrez&rendertype=abstract PMID: 16345311

45. Counotte GH, Prins RA, Janssen RH, Debie MJ. Role of [i]Megasphaera elsdenii[/i] in the fermentation
of dl-[2-C]lactate in the rumen of dairy cattle. Appl Environ Microbiol. 1981; 42: 649–55. Available:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=244077&tool=pmcentrez&rendertype=
abstract PMID: 16345862

46. Hashizume K, Tsukahara T, Yamada K, Koyama H, Ushida K. [i]Megasphaera elsdenii[/i] JCM1772T
normalizes hyperlactate production in the large intestine of fructooligosaccharide-fed rats by stimulating
butyrate production. J Nutr. 2003; 133: 3187–3190. Available: http://jn.nutrition.org/content/133/10/
3187.abstract PMID: 14519808

47. Yoshida Y, Tsukahara T, Ushida K. Oral administration of Lactobacillus plantarum Lq80 andMega-
sphaera elsdenii iNP-001 induces efficient recovery frommucosal atrophy in the small and the large
intestines of weaning piglets. Anim Sci J. 2009; 80: 709–15. doi: 10.1111/j.1740-0929.2009.00692.x
PMID: 20163663

48. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al. Succession of microbial con-
sortia in the developing infant gut microbiome. Proc Natl Acad Sci U S A. 2011; 108 Suppl: 4578–85.
doi: 10.1073/pnas.1000081107

49. O’Sullivan O, Coakley M, Lakshminarayanan B, Conde S, Claesson MJ, Cusack S, et al. Alterations in
intestinal microbiota of elderly Irish subjects post-antibiotic therapy. J Antimicrob Chemother. 2012; 68:
214–221. doi: 10.1093/jac/dks348 PMID: 22949626

50. Rajilić-StojanovićM, Heilig HGHJ, Tims S, Zoetendal EG, de VosWM. Long-termmonitoring of the
human intestinal microbiota composition. Environ Microbiol. 2013; 15: 1146–1159. doi: 10.1111/1462-
2920.12023

51. Morris RL, Schmidt TM. Shallow breathing: bacterial life at low O(2). Nat Rev Microbiol. 2013; 11: 205–
12. doi: 10.1038/nrmicro2970 PMID: 23411864

52. Wadhams GH, Armitage JP. Making sense of it all: bacterial chemotaxis. Nat Rev Mol Cell Biol. 2004;
5: 1024–37. doi: 10.1038/nrm1524 PMID: 15573139

53. Arora SK, Ritchings BW, Almira EC, Lory S, Ramphal R. The Pseudomonas aeruginosa flagellar cap
protein, FliD, is responsible for mucin adhesion. Infect Immun. 1998; 66: 1000–7. Available: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=108008&tool=pmcentrez&rendertype=abstract PMID:
9488388

The Adolescent Feline Faecal Microbiome

PLOSONE | DOI:10.1371/journal.pone.0144881 December 14, 2015 20 / 21

http://europepmc.org/abstract/MED/10630441
http://europepmc.org/abstract/MED/10630441
http://www.ncbi.nlm.nih.gov/pubmed/10630441
http://dx.doi.org/10.1016/j.femsec.2005.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16329974
http://dx.doi.org/10.2527/jas.2009-2464
http://www.ncbi.nlm.nih.gov/pubmed/20495116
http://avmajournals@avma.org
http://avmajournals@avma.org
http://avmajournals.avma.org/doi/abs/10.2460/ajvr.74.1.90?url_ver=Z39.88-2003&amp;rfr_id=ori:rid:crossref.org&amp;rfr_dat=cr_pub=pubmed
http://avmajournals.avma.org/doi/abs/10.2460/ajvr.74.1.90?url_ver=Z39.88-2003&amp;rfr_id=ori:rid:crossref.org&amp;rfr_dat=cr_pub=pubmed
http://dx.doi.org/10.2527/jas.2010-3201
http://www.ncbi.nlm.nih.gov/pubmed/21216981
http://dx.doi.org/10.1111/j.1574-6941.2008.00529.x
http://www.ncbi.nlm.nih.gov/pubmed/18554303
http://dx.doi.org/10.1111/j.1462-2920.2006.01009.x
http://dx.doi.org/10.1111/j.1462-2920.2006.01009.x
http://www.ncbi.nlm.nih.gov/pubmed/16817927
http://dx.doi.org/10.1128/JB.05861-11
http://www.ncbi.nlm.nih.gov/pubmed/21914887
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=291221&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=291221&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/16345311
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=244077&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=244077&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/16345862
http://jn.nutrition.org/content/133/10/3187.abstract
http://jn.nutrition.org/content/133/10/3187.abstract
http://www.ncbi.nlm.nih.gov/pubmed/14519808
http://dx.doi.org/10.1111/j.1740-0929.2009.00692.x
http://www.ncbi.nlm.nih.gov/pubmed/20163663
http://dx.doi.org/10.1073/pnas.1000081107
http://dx.doi.org/10.1093/jac/dks348
http://www.ncbi.nlm.nih.gov/pubmed/22949626
http://dx.doi.org/10.1111/1462-2920.12023
http://dx.doi.org/10.1111/1462-2920.12023
http://dx.doi.org/10.1038/nrmicro2970
http://www.ncbi.nlm.nih.gov/pubmed/23411864
http://dx.doi.org/10.1038/nrm1524
http://www.ncbi.nlm.nih.gov/pubmed/15573139
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=108008&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=108008&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/9488388


54. Troge A, ScheppachW, Schroeder BO, Rund SA, Heuner K, Wehkamp J, et al. More than a marine
propeller—the flagellum of the probiotic Escherichia coli strain Nissle 1917 is the major adhesin mediat-
ing binding to humanmucus. Int J Med Microbiol. 2012; 302: 304–14. doi: 10.1016/j.ijmm.2012.09.004
PMID: 23131416

55. Tasteyre A, Barc MC, Collignon A, Boureau H, Karjalainen T. Role of FliC and FliD flagellar proteins of
Clostridium difficile in adherence and gut colonization. Infect Immun. 2001; 69: 7937–40. doi: 10.1128/
IAI.69.12.7937–7940.2001 PMID: 11705981

56. Wehkamp J, Harder J, Wehkamp K, Wehkamp-von Meissner B, Schlee M, Enders C, et al. NF-kappaB-
and AP-1-mediated induction of human beta defensin-2 in intestinal epithelial cells by Escherichia coli
Nissle 1917: a novel effect of a probiotic bacterium. Infect Immun. 2004; 72: 5750–8. doi: 10.1128/IAI.
72.10.5750–5758.2004 PMID: 15385474

57. Schlee M, Wehkamp J, Altenhoefer A, Oelschlaeger TA, Stange EF, Fellermann K. Induction of human
beta-defensin 2 by the probiotic Escherichia coli Nissle 1917 is mediated through flagellin. Infect
Immun. 2007; 75: 2399–407. doi: 10.1128/IAI.01563-06 PMID: 17283097

58. Sharpe ME, LathamMJ, Garvie EI, Zirngibl J, Kandler O. Two new species of [i]Lactobacillus[/i] isolated
from the bovine rumen, [i]Lactobacillus ruminis [/i]sp.nov. and [i]Lactobacillus vitulinus [/i] sp.nov. J Gen
Microbiol. 1973; 77: 37–49. Available: http://www.ncbi.nlm.nih.gov/pubmed/4723944 PMID: 4723944

59. Kurokawa K, Itoh T, Kuwahara T, Oshima K, Toh H, Toyoda A, et al. Comparative metagenomics
revealed commonly enriched gene sets in human gut microbiomes. DNA Res. 2007; 14: 169–81. doi:
10.1093/dnares/dsm018 PMID: 17916580

60. Verberkmoes NC, Russell AL, Shah M, Godzik A, Rosenquist M, Halfvarson J, et al. Shotgun metapro-
teomics of the human distal gut microbiota. ISME J. 2009; 3: 179–89. doi: 10.1038/ismej.2008.108
PMID: 18971961

61. Cullender TC, Chassaing B, Janzon A, Kumar K, Muller CE, Werner JJ, et al. Innate and adaptive
immunity interact to quench microbiome flagellar motility in the gut. Cell Host Microbe. 2013; 14: 571–
81. doi: 10.1016/j.chom.2013.10.009 PMID: 24237702

62. Yu Z, Morrison M. Improved extraction of PCR-quality community DNA from digesta and fecal samples.
Biotechniques. 2004; 36: 808–12. Available: http://www.ncbi.nlm.nih.gov/pubmed/15152600 PMID:
15152600

63. Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000; 28:
27–30. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=102409&tool=
pmcentrez&rendertype=abstract PMID: 10592173

64. Shannon CE. A mathematical theory of communication. Bell Syst Tech J. 1948; 27: 379–423, 623–656.
Available: http://cm.bell-labs.com/cm/ms/what/shannonday/shannon1948.pdf

65. Dray S, Dufour AB. The ade4 package: implementing the duality diagram for ecologists. J Stat Softw.
2007; 22: 1–20.

66. ArumugamM, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human
gut microbiome. Nature. Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights
Reserved.; 2011; 473: 174–80. doi: 10.1038/nature09944 PMID: 21508958

67. Wickham H. ggplot2: elegant graphics for data analysis. Springer New York; 2009. Available: http://
had.co.nz/ggplot2/book

68. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al. Circos: an information aes-
thetic for comparative genomics. Genome Res. 2009; 19: 1639–45. doi: 10.1101/gr.092759.109 PMID:
19541911

69. Sidak Z. Rectangular Confidence Regions for the Means of Multivariate Normal Distributions. J Am Stat
Assoc. 1967; 62: 626–633.

The Adolescent Feline Faecal Microbiome

PLOSONE | DOI:10.1371/journal.pone.0144881 December 14, 2015 21 / 21

http://dx.doi.org/10.1016/j.ijmm.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23131416
http://dx.doi.org/10.1128/IAI.69.12.7937&ndash;7940.2001
http://dx.doi.org/10.1128/IAI.69.12.7937&ndash;7940.2001
http://www.ncbi.nlm.nih.gov/pubmed/11705981
http://dx.doi.org/10.1128/IAI.72.10.5750&ndash;5758.2004
http://dx.doi.org/10.1128/IAI.72.10.5750&ndash;5758.2004
http://www.ncbi.nlm.nih.gov/pubmed/15385474
http://dx.doi.org/10.1128/IAI.01563-06
http://www.ncbi.nlm.nih.gov/pubmed/17283097
http://www.ncbi.nlm.nih.gov/pubmed/4723944
http://www.ncbi.nlm.nih.gov/pubmed/4723944
http://dx.doi.org/10.1093/dnares/dsm018
http://www.ncbi.nlm.nih.gov/pubmed/17916580
http://dx.doi.org/10.1038/ismej.2008.108
http://www.ncbi.nlm.nih.gov/pubmed/18971961
http://dx.doi.org/10.1016/j.chom.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24237702
http://www.ncbi.nlm.nih.gov/pubmed/15152600
http://www.ncbi.nlm.nih.gov/pubmed/15152600
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=102409&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=102409&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://cm.bell-labs.com/cm/ms/what/shannonday/shannon1948.pdf
http://dx.doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
http://had.co.nz/ggplot2/book
http://had.co.nz/ggplot2/book
http://dx.doi.org/10.1101/gr.092759.109
http://www.ncbi.nlm.nih.gov/pubmed/19541911

