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Abstract
Background: The human gut microbiota directly affects human health, and its alteration can lead to
gastrointestinal abnormalities and inflammation. Rett syndrome (RTT), a progressive neurological disorder mainly
caused by mutations in MeCP2 gene, is commonly associated with gastrointestinal dysfunctions and constipation,
suggesting a link between RTT’s gastrointestinal abnormalities and the gut microbiota. The aim of this study was to
evaluate the bacterial and fungal gut microbiota in a cohort of RTT subjects integrating clinical, metabolomics and
metagenomics data to understand if changes in the gut microbiota of RTT subjects could be associated with
gastrointestinal abnormalities and inflammatory status.
Results: Our findings revealed the occurrence of an intestinal sub-inflammatory status in RTT subjects as measured
by the elevated values of faecal calprotectin and erythrocyte sedimentation rate. We showed that, overall, RTT
subjects harbour bacterial and fungal microbiota altered in terms of relative abundances from those of healthy
controls, with a reduced microbial richness and dominated by microbial taxa belonging to Bifidobacterium, several
Clostridia (among which Anaerostipes, Clostridium XIVa, Clostridium XIVb) as well as Erysipelotrichaceae, Actinomyces,
Lactobacillus, Enterococcus, Eggerthella, Escherichia/Shigella and the fungal genus Candida.
We further observed that alterations of the gut microbiota do not depend on the constipation status of RTT
subjects and that this dysbiotic microbiota produced altered short chain fatty acids profiles.
Conclusions: We demonstrated for the first time that RTT is associated with a dysbiosis of both the bacterial and
fungal component of the gut microbiota, suggesting that impairments of MeCP2 functioning favour the
establishment of a microbial community adapted to the costive gastrointestinal niche of RTT subjects. The altered
production of short chain fatty acids associated with this microbiota might reinforce the constipation status of RTT
subjects and contribute to RTT gastrointestinal physiopathology.
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Background
Rett syndrome (RTT; OMIM #312750) is a severe and
progressive neurological disorder that almost exclusively
affects females with an incidence of ~1:10,000 live births
[1]. Loss-of-function mutations of the X-linked methylCpG binding protein 2 (MeCP2) gene is the major cause
(approximately 90 %) of classical cases of RTT while
cyclin-dependent kinase-like 5 (CDKL5) and forkhead
box protein G1 (FOXG1) gene mutations represent the
remaining 10 % of the cases [2]. MeCP2 is a fundamental mediator of synaptic development and plasticity, and
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its function is critical in the regulation of synaptic activities during early postnatal development [1]. Different
MeCP2 mutations are also known to correlate with the
clinical severity of RTT [3, 4] and the role of MeCP2 in
other neurodevelopmental disorders, such as autism, has
been demonstrated [5]. RTT subjects develop normally
up to 6–18 months of age after which they undergo a
period of neurological regression [1]. Microcephaly, dyspraxia, stereotyped hand movements, transient autistic
features, respiratory abnormalities, bruxism, seizures and
gastrointestinal (GI) dysfunctions are symptoms commonly reported in RTT indicating it as a multisystemic
disorder [1]. Among the above-mentioned comorbidities,
several epidemiological studies indicated that GI dysfunctions are prevalent through the entire life of RTT
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subjects [6, 7] with constipation as one of the most frequently reported GI symptoms [6, 7]. Recently, it has
been shown that the phenomenon of gut dismotility observed in RTT may arise from impairments in the function of MeCP2 in the enteric nervous system (ENS) [8].
Nevertheless, the direct causes of these GI dysfunctions
are still unclear and the role of gut microbiota in host
physiology should not be neglected. Indeed, the human
gut microbiota plays a crucial role in the function and
integrity of the GI tract, maintenance of immune
homeostasis and host energy metabolism [9]. Alterations
in the composition of commensal bacterial population
can lead to chronic inflammation encompassing hyperactivation of T-helper 1 and T-helper 17 immune responses [10], also predisposing individuals to fungal
infections [11]. Abnormal immunological response to
fungi can in turn contribute to systemic responses including chronic inflammation as observed in inflammatory bowel diseases [12]. Dysbioses of the gut microbiota
have been associated with an increasing number of
health conditions [13]. A strict relationship between the
gut microbiota and the central nervous system (CNS)
has been observed, and numerous studies have shown
alterations of the gut microbiota in the heterogeneous
group of neurological disorders belonging to the autism
spectrum disorders (ASDs) [14]. In addition, the gut
microbiota may modulate CNS activities through neural,
endocrine, metabolic and immune pathways [15] affecting complex physiological and behavioural states of the
host [15, 16] so it is possible to hypothesize gut microbiota alterations in RTT as occur in ASDs. Supported by
the increasing appreciation of the gut-microbiome-brain
axis, we asked whether MeCP2 impairments in RTT
might affect also the composition of the gut microbiota
resulting in an eventual intestinal dysbiosis in RTT subjects. Indeed, in the case of RTT, it is possible that alterations in the composition of gut microbiota triggered by
the neurophysiological changes typical of the disease
could contribute to GI abnormalities and be an additional factor relevant to previously observed cytokine
dysregulation and systemic inflammation [17, 18]. Here,
we characterized for the first time the intestinal microbiota, both bacterial and fungal, in subjects affected by
RTT in order to investigate the implication of gut microorganisms and their metabolism on RTT gastrointestinal
physiology evaluating also how the constipation status
may affect the composition of the gut microbiota in
RTT subjects.

Results
RTT is associated with mild intestinal inflammation

We analysed the inflammatory status and GI abnormalities in a cohort of 50 RTT subjects by measuring
the erythrocyte sedimentation rate (ESR), C-reactive
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protein (CRP), serum IgA and faecal calprotectin
(Additional file 1: Table S1). We found that RTT subjects presented elevated values of ESR (median value
22 mm/h; interquartile range 10–36.5 mm/h; average
26.8 ± 22.4 mm/h) and faecal calprotectin (median
value 63.45 μg/g; interquartile range 44–123 μg/g;
average 104 ± 97.8 μg/g) compared to a healthy population [19, 20]. Constipation, one of the most common
GI symptoms of RTT, was present in 70.8 % of the examined RTT cohort, and it correlated with the titre of
serum IgA antibodies (Spearman’s r = 0.43, p = 0.011)
while the levels of serum IgA positively correlated
with the ESR values (Spearman’s r = 0.462, p = 0.011).
Constipation, ESR and serum IgA titre correlated with
the age of RTT subjects (Spearman’s r = 0.35, 0.409
and 0.596, respectively, p < 0.05) (Additional file 2:
Figure S1, Additional file 3: Table S2). Altogether,
these parameters confirmed the presence of a mild GI
inflammation in RTT subjects.
RTT subjects harbour an altered and less diverse gut
microbiota

We characterized the bacterial gut microbiota associated
with RTT by means of high-throughput sequencing of
the V3-V5 region of the 16S rDNA gene. We quantified
the bacterial richness within each sample (alpha-diversity) of the two groups, RTT subjects and healthy controls (hereinafter termed HC). Three different alphadiversity estimators were used, namely the observed
number of OTUs, the Chao1 index and the Shannon entropy index. The bacterial gut microbiota of RTT subjects was significantly less diverse compared to that of
HC (p < 0.005, Wilcoxon rank-sum test) with all the
three estimators used.
Since constipation affects more than the 70 % of the
RTT study cohort, we asked whether the constipation
status might be responsible for the differences observed
between RTT subjects and HC. The analysis of alpha-diversity revealed that, even when analysed separately,
both constipated and non-constipated RTT subjects (respectively RTT-C and RTT-NC) harbour a less diverse
gut microbiota with respect to HC (p < 0.05, Wilcoxon
rank-sum test; Fig. 1a and Additional file 3: Figure S2a)
while there was no significant difference between RTT-C
and RTT-NC (p > 0.05, Wilcoxon rank-sum test; Fig. 1a
and Additional file 4: Figure S2a). To assess the robustness of these results, we repeated the computation of
the alpha-diversity using 100 independent rarefactions
and for different values of the rarefaction depth. Alpha
rarefaction curves are reported in the Additional file 5:
Figure S3a.
To identify possible differences between the bacterial
components of the gut microbiota of RTT subjects and
HC, we calculated the beta-diversity of the samples using
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Fig. 1 Measures of bacterial diversity. a Alpha-diversity calculated on the number of observed OTUs; ***p < 0.0001; **p < 0.001; ns, not significant;
Wilcoxon rank-sum test. b, c PCoA plots of bacterial beta-diversity based on b the Weighted UniFrac distance and c the Bray-Curtis dissimilarity
analysed according to individuals’ health status. Constipated Rett syndrome subjects (RTT-C), non-constipated Rett syndrome subjects (RTT-NC)
and healthy controls (HC) are coloured in red, orange or green, respectively

the unweighted and weighted UniFrac distances and the
Bray-Curtis dissimilarity. The Principal Coordinates Analysis (PCoA) based on these measures (Fig. 1b and Additional file 4: Figure S2b) revealed that the gut microbiota of
RTT subjects was distinct from those of the HC (p ≤ 0.003,
PERMANOVA) (Table 1). The analysis of beta-diversity
among HC, RTT-C and RTT-NC revealed significant differences between HC and both RTT-C and RTT-NC (p ≤
0.003, PERMANOVA), but no significant difference was detected when comparing the gut microbiota of RTT-C and
RTT-NC (Table 1). Multiple-rarefaction PCoA plots (“jackknifed” PCoA plots, [21]) (Additional file 6: Figure S4a and
Additional file 7: Figure S5a) were computed to assess the
robustness of bacterial beta-diversity analyses, showing that
these results hold independently from rarefaction.
Bifidobacterium is the hallmark of intestinal dysbiosis in
RTT

Since we did not observe population differences in the gut
microbiota of RTT subjects in function of the constipation

status, only the health condition of the subjects (i.e., healthy
or RTT) was considered in the following analyses. To identify the taxa that were differentially represented in HC and
RTT subjects, we compared the relative abundances between these two groups at different taxonomic levels.
Phylum level analysis showed that Actinobacteria was
the most abundant phylum in RTT with a significant increase of its relative abundance in RTT subjects compared
to HC (p = 0.0017, Wilcoxon rank-sum test; Additional file
8: Table S3 and Additional file 9: Table S4). Furthermore,
while Firmicutes was the most abundant phylum in HC,
we observed a significant decrease of the relative abundance of Bacteroidetes in RTT subjects (p = 0.002,
Wilcoxon rank-sum test; Additional file 8: Table S3 and
Additional file 9: Table S4). Indeed, the significant increase
of the Firmicutes/Bacteroidetes ratio, a rough estimator of
intestinal dysbiosis, in RTT subjects (median value 3.95)
compared to HC (median value 1.64) (p = 0.003, Wilcoxon
rank-sum test) indicated the presence of an intestinal dysbiosis associated with RTT.
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Table 1 Permutational multivariate analysis of variance
(PERMANOVA) tests of the bacterial gut microbiota on the
unweighted and weighted UniFrac distances and the BrayCurtis dissimilarity according to individuals’ health status and
constipation
Metric
HC (n = 29)
vs
RTT (n = 50)

Unweighted UniFrac

RTT-C (n = 34)
vs
RTT-NC (n = 14)

p value*

0.08

≤0.003

0.16

≤0.003

6.94

0.08

≤0.003

Unweighted UniFrac

5.59

0.08

≤0.003

15.6

0.16

≤0.003

Bray-Curtis

5.39

0.08

≤0.003

Unweighted UniFrac

5.27

0.11

≤0.003

Weighted UniFrac

HC (n = 29)
vs
RTT-NC (n = 14)

6.84

R2

Bray-Curtis

Weighted UniFrac

HC (n = 29)
vs
RTT-C (n = 34)

F

12.1

Weighted UniFrac

8.75

0.17

≤0.003

Bray-Curtis

5.47

0.11

≤0.003

Unweighted UniFrac

1.31

0.02

0.180

Weighted UniFrac

1.10

0.02

0.687

Bray-Curtis

1.76

0.03

0.180

HC healthy controls, RTT-C constipated Rett syndrome subjects, RTT-NC nonconstipated Rett syndrome subjects
*Bonferroni corrected p values

Analysis of the relative abundance of bacterial taxonomic groups at the genus level showed that the ten
most abundant genera were Bifidobacterium (mean
relative abundance, RTT, 36.7 %; HC, 17.2 %), Bacteroides (RTT, 12.3 %; HC, 18.3 %), Faecalibacterium
(RTT, 3.6 %; HC, 9.2 %), Lachnospiracea incertae sedis
(RTT, 4.6 %; HC, 3.9 %), Blautia (RTT, 4.7 %; HC,
3.7 %), Escherichia/Shigella (RTT, 5.2 %; HC, 2.4 %),
Alistipes (RTT, 1.3 %; HC, 4.7 %), Streptococcus (RTT,
2.3 %; HC, 2.9 %), Gemmiger (RTT, 1.1 %; HC, 3.1 %)
and Ruminococcus (RTT, 1.5 %; HC, 2.2 %) (Additional
file 10: Figure S6 and Additional file 8: Table S3). Comparing the relative abundance of all the genera among
the two groups of study, we discovered Actinomyces,
Bifidobacterium, Clostridium XIVa Eggerthella, Enterococcus, Erysipelotrichaceae incertae sedis, Escherichia/
Shigella and Megasphaera, as significantly more abundant in RTT subjects compared to HC while several
other bacterial genera usually associated with a
healthy human gut were less abundant in RTT subjects compared to HC (p < 0.05, Wilcoxon rank-sum
test; Additional file 11: Figure S7, Additional file 8:
Table S3 and Additional file 9: Table S4).
To define more precisely the taxa that were driving
the differentiation of the microbiota of the groups, we

performed an analysis based on PhyloRelief [22], a recent phylogenetic-based feature weighting algorithm
for metagenomics data. Being independent from a precompiled taxonomy, PhyloRelief includes in the analysis
unclassified taxa that would be otherwise ignored by
other methods. The PhyloRelief analysis confirmed that
the Bifidobacterium clade was significantly more represented in RTT subjects with respect to HC (Fig. 2). In
addition, several OTUs classified as belonging to different members of Clostridia (e.g., Anaerostipes, Clostridium XIVb, unknown-Lachnospiraceae) as well as
Erysipelotrichaceae (Clostridium XVIII and Erysipelotrichaceae incertae sedis), Actinomyces, Lactobacillus,
Eggerthella, Enterococcus and Enterobacteriaceae (in
particular Escherichia/Shigella) were significantly more
abundant in the gut microbiota of RTT subjects compared to HC (Fig. 2). Remarkably, the PhyloRelief analysis identified significant differences in the taxa
Anaerostipes, Clostridium XIVb, Clostridium XVIII,
Lactobacillus and Clostridium IV that went undetected
by using the Wilcoxon rank-sum test (Additional file 9:
Table S4).
Differentially abundant taxa were further confirmed by
LEfSe [23], an algorithm for high-dimensional biomarker
discovery which exploits linear discriminant analysis
(LDA) to robustly identify features statistically different
among classes. Figure 3 shows the most relevant clades
identified by LEfSe (logarithmic LDA score > 2.0; see also
Additional file 12: Figure S8).
To evaluate the absolute amount of Bifidobacterium
and validate their increase in RTT-associated dysbiosis,
we performed quantitative PCR analysis (qPCR). We observed that Bifidobacterium was twofold more abundant
in RTT subjects than in HC (median values
4.08*108 CFU/g and 1.99*108 CFU/g, respectively; p =
0.009, Wilcoxon rank-sum test; Fig. 4a). We also noticed
that among the Bifidobacterium species investigated,
Bifidobacterium longum ssp. longum was significantly
more abundant in RTT subjects compared to HC (median values 4.94*108 CFU/g and 2.44*108 CFU/g respectively; p = 0.019, Wilcoxon rank-sum test; Fig. 4b).
High levels of faecal short chain fatty acids in RTT
subjects

PICRUSt was used for inference of microbial metabolic
pathways [24] in the gut microbiota of RTT subjects and
HC (Additional file 13: Table S5). The analysis predicted
the enrichment, among others, of carbohydrate and propanoate metabolism in the gut microbiota of RTT subjects, which are metabolic pathways related also to the
metabolism of short chain fatty Acids (SCFAs). Since
SCFAs are important for colonic health and may act on
neuronal physiology [9, 25, 26], we measured the faecal
content of SCFAs in our samples by means of GC-MS.

Strati et al. Microbiome (2016) 4:41

Fig. 2 (See legend on next page.)

Page 5 of 15

Strati et al. Microbiome (2016) 4:41

Page 6 of 15

(See figure on previous page.)
Fig. 2 PhyloRelief analysis (RTT vs HC) of bacterial OTUs using the unweighted UniFrac distance. The heat-map shows the relative abundances of
the OTUs that are differentially represented in Rett syndrome (RTT) subjects and healthy controls (HC) (PhyloRelief selected clades with FDRcorrected p < 0.01, Kruskal-Wallis test). OTUs are classified according to their genus on the left side of the figure. The OTUs more represented in
RTT subjects than HC are highlighted in bold characters. The ultrametric pruned phylogenetic tree of the OTUs is shown on the right side of the
figure. RTT subjects and healthy controls are coloured in red and green, respectively. Abundances are expressed in terms of their z-score

We observed that the overall content of SCFAs in
RTT subjects’ faeces was higher than in HC (median
values RTT, 191.5 μmol/g; HC 156.6 μmol/g). Particularly, we observed that propionate (median values
RTT, 20.4 μmol/g; HC 13.2 μmol/g), isovalerate\2methylbutyrate (median values RTT, 4.7 μmol/g; HC
2.2 μmol/g) and isobutyrate (median values RTT,
3.1 μmol/g; HC 1.6 μmol/g) were significantly more
abundant in RTT subjects than HC (p < 0.05,
Wilcoxon rank-sum test; Fig. 5).

RTT-associated gut mycobiota shows clear population
composition differences compared to HC

The human gut mycobiota has been poorly explored so
far, although there is an increasing awareness of its importance in human (patho)physiology [27]. We characterized the gut mycobiota of the study cohort by means
of high-throughput sequencing of the ITS1 region of the
ribosomal Internal Transcribed Spacer (ITS).
High-quality fungal sequences were detected respectively in 49 out of 50 RTT subjects and 28 out of 29 HC.
The analysis of the alpha-diversity revealed that the gut
mycobiota of RTT subjects, both constipated and nonconstipated, was slightly less diverse compared to HC
even if no significant differences were observed (p > 0.05,
Wilcoxon rank-sum test; Additional file 14: Figure S9a).
Alpha rarefaction curves (using 100 independent rarefactions) are reported in the Additional file 5: Figure
S3b. As for the bacterial microbiota, a PERMANOVA
analysis on the unweighted, weighted UniFrac distances
and Bray-Curtis dissimilarity revealed that the gut mycobiota of RTT subjects was significantly different from
that of HC (p < 0.05, PERMANOVA; Table 2, Fig. 6 and
Additional file 14: Figure S9b), while no significant difference was detected between the gut mycobiota of constipated and non-constipated RTT subjects (Table 2).
Multiple-rarefaction PCoA plots (“jackknifed” PCoA
plots, [21]) (Additional file 6: Figure S4b and Additional
file 7: Figure S5b) computed to assess the robustness of
the fungal beta-diversity analyses showed that the unweighted UniFrac measure on the gut mycobiota was
sensitive to rarefaction (although PERMANOVA p
values were significant, see Additional file 7: Figure S5b),
while the other beta-diversity measures support a differentiation between the gut mycobiota of HC and RTT
subjects.

The genus Candida predominates in the altered gut
mycobiota of RTT subjects

Metataxonomics analysis of the gut mycobiota led to the
identification of 77 fungal taxa unambiguously classified
to the genus level and 19 taxa only partially classified.
The ten most abundant annotated fungal genera were
Candida (RTT 61.3 %; HC 25.5 %), Penicillium (RTT
13.5 %; HC 19.4 %), Aspergillus (RTT 7.3 %; HC 6.5 %),
Malassezia (RTT 3.5 %; HC 4.5 %), Debaryomyces (RTT
1.7 %; HC 5.5 %), Mucor (RTT 1.1 %; HC 4.6 %), Eremothecium (RTT 0.07 %; HC 3.7 %), Pichia (RTT 0.1 %;
HC 3.5 %), Cyberlindnera (RTT 0.5 %; HC 1.7 %), and
Trichosporon (RTT 1.3 %; HC 0.007 %) (Additional file
15: Figure S10). The relative abundance of the genus
Candida was significantly higher in RTT subjects than
HC (p = 0.002, Wilcoxon rank-sum test; Additional file
16: Figure S11). Remarkably, we detected sequences belonging to the single-cell protozoa Blastocystis in different healthy controls (in 24.1 % of the inspected healthy
individuals) while this genus was present only in one
RTT subject. Blastocystis is an important eukaryote of
the GI tract of healthy individuals [28] being less common in subjects affected by irritable bowel syndrome
and inflammatory bowel diseases [29]. The reported high
relative abundance of the genus Candida in the gut
mycobiota of RTT subjects was further confirmed by
LEfSe analysis (Additional file 17: Figure S12).

Discussion
Our study identified a clear dysbiosis of the fungal and
bacterial gut microbiota in individuals affected by RTT, a
neurological disorder also associated with gastrointestinal
symptoms and systemic inflammation. The elevated values
of calprotectin and ESR measured in RTT subjects correlating also with the titre of serum IgA antibodies indicated
the occurrence of an intestinal sub-inflammatory status,
in line with previous indication of a pro-inflammatory status in MeCP2-related RTT [18]. A state of intestinal inflammation is also related to loss of intestinal barrier
function and the subsequent translocation of pathobionts
that may induce systemic responses [10]. RTT subjects
displayed on average a lower bacterial gut microbiota richness and diversity compared to HC. We observed a significant increase in the Firmicutes/Bacteroidetes ratio in
RTT subjects due to a reduction of the relative abundance
of Bacteroidetes in these subjects. An increased Firmicutes/Bacteroidetes ratio has recently been reported also
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Fig. 3 Cladogram showing the most discriminative bacterial clades identified by LEfSe. Coloured regions/branches indicate differences in the
bacterial population structure between Rett syndrome (RTT) subjects and healthy controls (HC). Regions in red indicate clades that were enriched
in RTT subjects compared to those in HC, while regions in green indicate clades that were enriched in HC compared to those in RTT subjects
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Fig. 4 Absolute quantification of Bifidobacterium. qPCR analysis of a the genus Bifidobacterium and b the species Bifidobacterium longum ssp.
longum in Rett syndrome (RTT) subjects versus healthy controls (HC); **p < 0.01, *p < 0.05, Wilcoxon rank-sum test

***
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was the most abundant in RTT subjects, with absolute
abundance twofold higher than in HC. The reported high
abundance of Bifidobacterium in RTT subjects could indicate Bifidobacterium adaptation to the GI niche associated
with RTT.
In line with our results, various studies on the gut
microbiota of ASDs subjects reported also the increased
incidence of Clostridia [36, 37], one of the most abundant Gram-positive bacteria known to reside in the human gut. Moreover, Erysipelotrichaceae, Lactobacillus
and Escherichia/Shigella resulted to be enriched in ASDs
[38, 39] in concomitance with a reduction of Prevotella
[39], consistently with our observations. Prevotella is an
important member of the human gut microbiota involved in the maintenance of the microbial community
structure [40] while Escherichia/Shigella genera may
exert pro-inflammatory activities and are abundant in

*

in children affected by autism [30], and treatment with
Bacteroides fragilis has been shown to restore autismrelated behavioural and GI abnormalities in a mouse
model of neurodevelopmental disorders [31].
An in-depth analysis of bacterial taxa revealed that the
relative abundances of Bifidobacterium and several Clostridia, i.e. Anaerostipes, Clostridium XIVa, and Clostridium XIVb, as well as Erysipelotrichaceae (Clostridium
XVIII and Erysipelotrichaceae incertae sedis), Actinomyces,
Eggerthella, Enterococcus, Escherichia/Shigella and Lactobacillus, were significantly higher in RTT subjects than in
HC. Bifidobacteria are well recognized as healthpromoting bacteria [32], with potential probiotic properties [33], and have been rarely associated with pathological
states [34, 35]. Measuring the absolute abundances of the
most common intestinal Bifidobacterium species by
qPCR, we found that Bifidobacterium longum ssp. longum
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Fig. 5 SCFAs faecal content. Bar-plot representation of the median values of faecal SCFAs in Rett syndrome (RTT) subjects and healthy controls
(HC); *p < 0.05, **p < 0.005, ***p < 0.0005, Wilcoxon rank-sum test
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Table 2 Permutational multivariate analysis of variance
(PERMANOVA) tests of the gut mycobiota on the unweighted
and weighted UniFrac distances and the Bray-Curtis dissimilarity
according to individuals’ health status and constipation
HC (n = 28)
vs
RTT (n = 49)

HC (n = 28)
vs
RTT-C (n = 33)

HC (n = 28)
vs
RTT-NC (n = 14)

RTT-C (n = 33)
vs
RTT-NC (n = 14)

Metric

F

R2

p value*

Unweighted UniFrac

2.76

0.03

0.006

Weighted UniFrac

7.45

0.09

≤0.003

Bray-Curtis

6.84

0.08

0.006

Unweighted UniFrac

2.23

0.03

0.018

Weighted UniFrac

5.60

0.08

0.009

Bray-Curtis

5.82

0.08

≤0.003

Unweighted UniFrac

2.00

0.04

0.036

Weighted UniFrac

5.95

0.12

≤0.003

Bray-Curtis

4.59

0.10

0.006

Unweighted UniFrac

1.01

0.02

1.000

Weighted UniFrac

1.27

0.02

0.837

Bray-Curtis

1.00

0.02

1.000

HC healthy controls, RTT-C constipated Rett syndrome subjects, RTT-NC nonconstipated Rett syndrome subjects
*Bonferroni corrected p values

subjects with active states of intestinal inflammation [41,
42]. However, given the lack of a consensus [14] and the
methodological differences, it is difficult to draw general
conclusions by directly comparing the results of the different studies on ASDs’ gut microbiota.
It is well known that perturbations in the composition of
commensal bacteria can predispose individuals to fungal infections [43]. We observed a dysbiotic gut mycobiota

Weighted UniFrac, PCoA

b

Bray-Curtis, PCoA

PC2 [12.3%]

PC2 [19.2%]

a

associated with RTT characterized by an altered community
structure dominated by the genus Candida. Candida is
one of the most common fungal commensals of the GI
tract [28] but bacterial dysbiosis can shift Candida commensalism to pathogenesis, leading to extended infections
and candidiasis [44]. It was also observed that the proportion of opportunistic pathogenic fungi, including Candida,
increases in a mouse model of intestinal inflammation [12].
The herein described intestinal dysbiosis could be associated with changes in gut metabolite profiles consequently affecting the RTT gastrointestinal physiology.
Bifidobacterium as well as Anaerostipes, Clostridium
XIVa, Clostridium XIVb and Clostridium XVIII are known
producer of SCFAs as fermentation end-products of carbohydrates and proteins [45]. Also, the lactic-acid bacteria
Lactobacillus and Enterococcus can sustain the production
of SCFAs through cross-feeding mechanisms that involves
lactate-utilizing gut bacteria [46]. We observed that the
faecal content of SCFAs in RTT subjects was significantly
enriched in propionate, isobutyrate and isovalerate\2methylbutyrate. Non-physiological high levels of SCFAs in
the gut could contribute to GI symptoms, including the
constipation status (which affect more of the 70 % of this
RTT study cohort), through the alteration of goblet cell
mucin discharge [47] and the inhibition of smooth muscle
contraction in the colon [48] mediated by the release of
the peptide YY from enteroendocrine cells [49]. Also, prolonged exposure to protein-derived SCFAs (among which
isobutyrate, 2-methylbutyrate and isovalerate) and other
protein fermentation products, such as ammonia, phenolic compounds or p-cresol, may affect the metabolism
and the physiology of colonocytes [50]. Remarkably, enteric SCFAs, principally propionate and butyrate, can
modulate gene expression, brain function and behaviour,
affecting neurotransmitter systems, neuronal cell adhesion, inflammation, oxidative stress, lipid metabolism and

PC1 [41.2%]

HC
RTT-C
RTT-NC

PC1 [33%]

Fig. 6 Measures of fungal beta-diversity. PCoA plots of fungal beta-diversity based on a the Weighted UniFrac distance and b the Bray-Curtis dissimilarity
analysed according to individuals’ health status. Constipated Rett syndrome subjects (RTT-C), non-constipated Rett syndrome subjects (RTT-NC) and healthy
controls (HC) are coloured in red, orange or green, respectively
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mitochondrial function in rat and in vitro cell models of
ASDs [51, 52].
Taken together, these observations suggest that functional impairments of MeCP2 favour the establishment
of both constipation and adaptation of an intestinal dysbiotic microbial community that may reinforce the constipation status through non-physiological levels of
SCFAs. Nevertheless, we are not able to infer the consequentiality of the two phenomenons, i.e. constipation or
dysbiosis. The SCFAs produced by the gut microbiota
are thus potentially implicated in the chronic constipation often associated with RTT, yet their role in the
pathophysiology of RTT remains elusive. Indeed, the
high faecal content of SCFAs in RTT subjects could be
also related to a reduced intestinal absorption of these
and other metabolites in the gut [53], or to increased liberation of SCFAs due to fibre retention in a costive gut.
The establishment of intestinal dysbiosis, both at bacterial and fungal level, may reinforce, rather than determine, constipation, which is one of the most common
GI problems in RTT. It is worth noting that the constipation status correlates with age suggesting that constipation and intestinal dysbiosis could be temporally
connected with the progression of the disease. Furthermore, the reduction of the mucin layer due to the inhibition of goblet cells induced by the high levels of SCFAs
might trigger an immunological response that might
boost ERS values, serum IgA and the levels of calprotectin simplifying the putative translocation through the intestinal barrier of pathobionts equipped with proper
virulence factors, such as Candida and Escherichia/Shigella, and overall contributing to systemic inflammation
and cytokine dysregulation.

Conclusions
Here, we demonstrated for the first time that RTT is
characterized by a dysbiotic bacterial and fungal
microbiota showing an overall reduction of the microbial richness and diversity as well as an altered
composition of the microbial community structure in
RTT subjects. In particular, the increase in the relative abundance of Bifidobacterium, Clostridia and
Candida drives the dysbiotic state associated with
RTT. We hypothesize that impairments of MeCP2
functioning promote the establishment of a dysbiotic
intestinal microbial community that, in turn, could
affect RTT gastrointestinal physiopathology through
altered SCFAs production, reinforcing the constipation status itself and favouring inflammation and
cytokine dysregulation. Due to the importance that
our findings might have in the design of potential
therapeutic interventions aimed at gastrointestinal
relief in RTT, we are planning to further investigate
the gut microbiota dynamics during the progression
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of the disease in a MeCP2-null mouse model applying specific probiotics and prebiotics treatments.

Methods
Study participants and sample handling and collection

We recruited 50 female subjects with clinical diagnosis
of RTT (average age 12 ± 7.3), genotyped for MeCP2
and CDKL5 gene mutations (Additional file 1: Table
S1) and 29 age-matched healthy subjects as controls
(average age 17 ± 9.6) (Additional file 18: Table S6).
RTT subjects with clinically evident inflammatory conditions (i.e. upper respiratory tract infection, pneumonia, urinary infection, stomatitis and periodontal
inflammation), either acute or chronic, were excluded.
A “compressed” clinical severity score (CSS) was attributed to RTT subjects following thirteen criteria: regression, microcephaly, somatic growth, independent
sitting, ambulation, hand use, scoliosis, language, nonverbal communication, respiratory dysfunction, autonomic symptoms, stereotypies and seizures [4]. ESR,
CRP and serum IgA levels were assessed as markers of
inflammation or GI abnormalities. Gastrointestinal
symptoms (i.e. constipation) and intestinal inflammation (i.e. faecal calprotectin levels) [54] were also
assessed (Additional file 1: Table S1). The diagnosis of
constipation was defined according to Rome III criteria
[55]. Stool samples from enrolled subjects were collected, aliquoted as it is and stored at −80 °C until
analysis. All subjects of this study were under a
Mediterranean-based diet and no antibiotics, probiotics
or prebiotics have been taken in the 3 months prior the
sample collection. The study was approved by the institutional review board of the Siena University Hospital
(AOUS, Siena, Italy), and all enrolled subjects or tutors
gave written informed consent in accordance with the
sampling protocol approved by the local Ethical Committee (No. 2012-005021-76).
Faecal calprotectin assay

Calprotectin determination was performed by using a
polyclonal antibody in an enzyme-linked immunosorbent assay (Calprest, Eurospital, Trieste, Italy).
Briefly, frozen stool samples were thawed at room
temperature; 100 mg of faeces (wet weight) were weighed
and placed in a disposable screw cap-tube containing the
extraction buffer (weight/volume 1:50). Samples were then
mixed vigorously for 30 s, homogenized for 25 min on a
shaker, and centrifuged for 20 min at 10,000g at room
temperature; 0.5 ml of clear extract supernatant was transferred to new tubes and stored at –80 °C. Finally, samples
were diluted 1:50, and absorbance was measured at
405 nm. According to the manufacturer’s instructions,
normal values were considered <50 μg/g of calprotectin
per faecal sample.
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DNA extraction, PCR amplification of the V3-V5 region of
bacterial 16S rDNA and of the ITS1 region of fungal rDNA

Total DNA extraction from faecal samples (250 mg, wet
weight) was performed using the FastDNA™ SPIN Kit for
Feces (MP Biomedicals, Santa Ana, CA, USA) following
manufacturer’s instructions. DNA integrity and quality
were checked on 1 % agarose gel TAE 1X and quantified
with a NanoDrop® spectrophotometer. For each DNA sample, 16S rRNA gene was amplified using fusion primer set
specific for V3-V5 hypervariable regions (357F: 5′TCCTACGGGAGGCAGCAG-3′ and 937R: 5′-TGTGCG
GGCCCCCGTCAATT-3′) containing adaptors, key
sequence and barcode (Multiple IDentifier) sequences as
described by the 454 Sequencing System Guidelines for
Amplicon Experimental Design (Roche, Basel, Switzerland).
PCR reactions were performed using the FastStart
High Fidelity PCR system (Roche, Basel, Switzerland) according to the following protocol: 5 min at 95 °C, 25 cycles of 30 s at 95 °C, 30 s at 58 °C and 1 min at 72 °C,
followed by a final extension of 8 min at 72 °C. The PCR
reaction mix contained 1X FastStart High Fidelity PCR
buffer 1.8 mM MgCl2, 200 μM of dNTPs, 0.4 μM of
each primer (Eurofins, PRIMM, Milano, Italy), 2.5 U of
FastStart High Fidelity Polymerase Blend and 10 ng of
gDNA as template. For ITS1 amplicon sequencing, fusion primer sets were designed as described above
coupled with forward primer 18SF (5′-GTAAAAGTCGTAACAAGGTTTC-3′) and reverse primer 5.8S1R (5′GTTCAAAGAYTCGATGATTCAC-3′) [56] specific for
fungal ITS1 rDNA region. The PCR reaction mix contained 1X FastStart High Fidelity PCR buffer, 2 mM
MgCl2, 200 μM of dNTPs, 0.4 μM of each primer
(PRIMM, Milano, Italy), 2.5 U of FastStart High Fidelity
Polymerase Blend and 100 ng of gDNA as template.
Thermal cycling conditions used were 5 min at 95 °C,
35 cycles of 45 s at 95 °C, 45 s at 56 °C and 1.30 min at
72 °C followed by a final extension of 10 min at 72 °C.
All PCR experiments were carried out in triplicates
using a Veriti® Thermal Cycler (Applied Biosystems, Foster City, CA, USA).

Library construction and pyrosequencing

The PCR products obtained were analysed by gel
electrophoresis and cleaned using the AMPure XP
beads kit (Beckman Coulter, Brea, CA, USA) following the manufacturer’s instructions, quantified via
quantitative PCR using the Library quantification
kit—Roche 454 titanium (KAPA Biosystems, Boston,
MA) and pooled in equimolar way in a final amplicon
library. The 454 pyrosequencing was carried out on
the GS FLX+ system using the XL+ chemistry following the manufacturer’s recommendations (Roche, Basel, Switzerland).

Page 11 of 15

qPCR analysis

Amplifications of Bifidobacterium sp. 16S rDNA gene were
performed in triplicate for each sample using the KAPA
SYBR® FAST qPCR Kit Optimized for LightCycler® 480
(Kapa Biosystems, Inc., Wilmington, MA, USA) and the
LightCycler® 480 II instrument (Roche, Basel, Switzerland)
with primers and protocols described previously [57, 58].
The PCR reaction mix contained 1X KAPA SYBR FAST
qPCR Master Mix, 0.2 μM of each Bifidobacterium-specific
primer and 10 ng of gDNA as template. For quantification
of each Bifidobacterium species, we constructed a sevenpoint standard curve consisting in tenfold serial dilutions of
gDNA extracted from a pure culture at known concentration. For quantification of the genus Bifidobacterium, we
used the strain Bifidobacterium animalis ssp. lactis BB12.
The following Bifidobacterium type strains were used
for the species-specific quantification: B. angulatum
ATCC27535, B. adolescentis ATCC15703, B. animalis
ssp. lactis ATCC15705, B. bifidum DSM20456, B.
breve ATCC15700, B. dentium ATCC27534, B. longum
ssp. infantis ATCC15697, B. longum ssp. longum
ATCC15707 and B. pseudocatenulatum ATCC27917.
Amplification specificity of target gene was checked
by melting curve analysis. Efficiency and reliability of
PCR amplifications were calculated.

SCFAs analysis

Frozen faecal samples (∼150 mg, wet weight) were diluted 1:10 in sterile PBS 1 M (pH 7.2) and centrifuged at 13.000g for 5 min. Supernatants were then
filtered using a 0.2-μm polycarbonate syringe filter
and acidified by the addition of one volume of HCl
6 M to three volumes of sample. After 10-min incubation at room temperature, samples were centrifuged
at 13.000g for 5 min. One volume of 10 mM 2ethylbutyric acid was added to four volumes of sample as internal standard. Calibration was done using
standard solutions of acetate, propionate, butyrate,
isobutyrate, 2-methyl-butyrate (2-MeBut), valerate and
isovalerate in acidified water (pH 2). Standard solutions containing 50, 20, 10, 5, 1 and 0.5 mM of each
external standard were used.
Analysis was performed using a TRACE™ Ultra Gas
Chromatograph (Thermo Scientific, Waltham, MA, USA)
coupled to a TSQ Quantum GC mass spectrometric detector (Thermo Scientific, Waltham, MA, USA). SCFAs
were separated using a Restek Stabilwax-DA (30 m ×
0.25 mm; 0.25-μm film thickness) (Restek corp., Bellafonte,
PA, USA). The injected sample volume was 1 μl in split
mode with a ratio of 10:1. The initial oven temperature was
at 90 °C and maintained for 0.5 min and then increased
20 °C/min to 240 °C. The carrier gas helium was delivered
at a flow rate of 1 ml min−1. The temperatures of the inlet,
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transfer line and electron impact (EI) ion source were set at
280, 250 and 250 °C, respectively. The electron energy was
70 eV, and the mass spectral data was collected in a full
scan mode (m/z 30–200).
Data analysis

Pyrosequencing resulted in a total of 2,227,864 reads
for 16S rDNA with a mean of 27,987 ± 5782 sequences
per sample and 1,678,227 reads for ITS1 region with a
mean of 21,118 ± 13,270 sequences per sample. Raw
454 files were demultiplexed using the Roche’s sff file
software and submitted to the European Nucleotide
Archive with accession number PRJEB12607. Sample
accession IDs and metadata are available in Additional
file 18: Table S6. Reads were pre-processed using the
MICCA pipeline (http://www.micca.org) [59]. Forward
and reverse primer trimming and quality filtering were
performed using micca-preproc. De novo sequence
clustering, chimera filtering and taxonomy assignment
were performed by micca-otu-denovo: operational
taxonomic units (OTUs) were assigned by clustering
the sequences with a threshold of 97 % pairwise identity, and their representative sequences were classified
using the RDP classifier version 2.7 on 16S rDNA data
and using the RDP classifier version 2.8 [60] against the
UNITE fungal ITS database [61] on ITS1 data.
Template-guided multiple sequence alignment (MSA)
was performed using PyNAST [62] (v. 0.1) against the
multiple alignment of the Greengenes [63] database (release 13_05) filtered at 97 % similarity for bacterial sequences and through de novo MSA using T-Coffee [64]
for fungal sequences. Fungal taxonomy assignments
were also manually curated using BLASTn against the
GenBank’s database for accuracy. High-quality fungal
sequences have been also manually filtered out for sequences belonging to Agaricomycetes (unlikely to be
residents of the human gut due to their ecology) [65].
Samples with less than 1000 reads have been excluded
from the analysis. The phylogenetic trees were inferred
using micca-phylogeny [66]. Sampling heterogeneity
was reduced rarefying samples at 90 % of the less abundant sample (16S data) and at the depth of the less
abundant sample (ITS1 data). Alpha- (within-sample
richness) and beta-diversity (between-sample dissimilarity) estimates were computed using the phyloseq R
package [67]. Multiple-rarefaction PCoA plots (“jackknifed” PCoA plots, [21]) were computed to assess the
robustness of the beta-diversity analyses. Permutational
MANOVA (PERMANOVA) was performed on the UniFrac distances and Bray-Curtis dissimilarity using the
adonis() function of the vegan R package with 999 permutations, and p values were corrected using the
Bonferroni correction [68]. The non-parametric Wilcoxon rank-sum test was used for the comparison of
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relative abundances of microbial taxa between groups,
and the resulting p values were corrected for multiple
testing controlling the false discovery rate [69] at all
taxonomic levels taken into account. Further identification of taxa differentially distributed in case/control
groups was obtained by PhyloRelief, a phylogeneticbased feature weighting algorithm for metagenomics
data. This method unambiguously groups taxa into
clades without relying on a precompiled taxonomy and
accomplishes a ranking of the clades according to their
contribution to the sample differentiation [22]. Linear
discriminant effect size analysis (LEfSe) [23] with default parameters was performed to find taxonomic
clades differentially represented between RTT subjects
and HC. LEfSe combines Kruskal-Wallis test and Wilcoxon rank-sum tests with linear discriminant analysis
(LDA). LEfSe ranks features by effect size, putting at
the top features that explain most of the biological difference. In order to investigate the microbial metabolic
potential of the gut microbiota in healthy controls and
RTT subjects, we applied PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) [24], a computational approach used to
predict the functional composition of a metagenome
using marker gene data and a database of reference genomes. PICRUSt uses an extended ancestral-state reconstruction algorithm to predict which gene families
are present and then combines gene families to estimate the composite metagenome starting from the
taxonomic composition estimated from 16S rDNA data.
Starting from a table of OTUs with associated Greengenes identifiers, we obtained the final output from
metagenome prediction as an annotated table of predicted gene family counts for each sample, where the
encoded function of each gene family be orthologous
groups or other identifiers such as KEGG orthologues.
Spearman’s correlation tests for each correlation were
computed using the psych R package [70]. All statistical
analyses were performed using R [71].

Additional files
Additional file 1: Table S1. Characteristics of study participants
affected by Rett syndrome. (DOCX 24 kb)
Additional file 2: Figure S1. Correlation plots of clinical data from RTT
subjects. Significant positive correlations were observed among age, IgA
and ESR. (PDF 37 kb)
Additional file 3: Table S2. Spearman’s correlation analysis among RTT
clinical data. (DOCX 14 kb)
Additional file 4: Figure S2. Measures of bacterial diversity. a) Alphadiversity estimated on the Chao1 estimator and the Shannon entropy;
***, p < 0.001; **, p < 0.01; *, p < 0.05; Wilcoxon rank-sum test. b) PCoA
plot based on the unweighted UniFrac distance among samples analysed
according to individuals’ health status. Constipated Rett syndrome
subjects (RTT-C), non-constipated Rett syndrome subjects (RTT-NC) and

Strati et al. Microbiome (2016) 4:41

healthy controls (HC) are coloured in red, orange or green, respectively.
(PDF 58 kb)
Additional file 5: Figure S3. Alpha-diversity rarefaction curves. The plot
shows the alpha-diversity for HC, RTT-C and RTT-NC averaged over 100
independent rarefactions as a function of the rarefaction depth for a) the
bacterial gut microbiota and b) the fungal gut microbiota. The points in
the curves are the averages, while the whiskers represent the standard
deviations. (PDF 47 kb)
Additional file 6: Figure S4. Multiple-rarefaction PCoA plots. Each
PCoA replicate was optimally superimposed by Procrustes analysis on the
master PCoA scatter plot (used in the main text). Points represent the
average location of 100 rarefaction replicates. Ellipses show the 95 %
confidence region assuming a multivariate normal distribution. a) PCoA
plots of bacterial beta-diversity based on the unweighted and weighted
UniFrac distances and the Bray-Curtis dissimilarity analysed according to
individuals’ health status; b) PCoA plots of fungal beta-diversity based on
the unweighted and weighted UniFrac distances and the Bray-Curtis
dissimilarity analysed according to individuals’ health status. Constipated
Rett syndrome subjects (RTT-C), non-constipated Rett syndrome subjects
(RTT-NC) and healthy controls (HC) are coloured in red, orange or green,
respectively. (PDF 185 kb)
Additional file 7: Figure S5. PERMANOVA p values distribution. For
each rarefaction replicate (n = 100), a PERMANOVA test was conducted to
assess the robustness of the results over the rarefaction. a) PERMANOVA
p values distributions of bacterial beta-diversity based on the unweighted
and weighted UniFrac distances and the Bray-Curtis dissimilarity analysed
according to individuals’ health status; b) PERMANOVA p values distributions
of fungal beta-diversity based on the unweighted and weighted UniFrac
distances and the Bray-Curtis dissimilarity analysed according to individuals’
health status. (PDF 27 kb)
Additional file 8: Table S3. Mean relative abundance (%) ± standard
deviation (SD) of bacterial OTUs at the phylum and genus levels in Rett
syndrome (RTT) subjects and healthy controls (HC). (DOCX 32 kb)
Additional file 9: Table S4. Wilcoxon rank-sum test comparison of
bacterial relative abundances at phylum and genus levels. (DOCX 22 kb)
Additional file 10: Figure S6. Genus level relative abundances of the
bacterial gut microbiota of healthy controls (HC) and Rett syndrome (RTT)
subjects. (PDF 5470 kb)
Additional file 11: Figure S7. Bacterial taxa which relative abundances
were significantly different (p < 0.05; Wilcoxon rank-sum test) between
healthy controls (HC) and Rett syndrome (RTT) subjects. (PDF 319 kb)
Additional file 12: Figure S8. LDA scores of the most discriminant
bacterial taxa identified by LEfSe. Positive and negative LDA scores
indicate the taxa enriched in healthy controls (HC) and Rett syndrome
(RTT) subjects, respectively. (PDF 62 kb)
Additional file 13: Table S5. Statistics of the significantly different
metabolic pathways (KEGG categories) inferred with PICRUSt in the gut
microbiota of healthy controls (HC) and Rett syndrome (RTT) subjects
(Welch’s t test, p < 0.05 FDR-corrected) from 16S rDNA data. (DOCX 26 kb)
Additional file 14: Figure S9. Measures of fungal diversity. a) Three
estimators of alpha-diversity have been calculated: the number of
observed OTUs, the Chao1 estimator and the Shannon entropy; b) PCoA
plot based on the unweighted UniFrac distance among samples analysed
according to individuals’ health status. Constipated Rett syndrome
subjects (RTT-C), non-constipated Rett syndrome subjects (RTT-NC) and
healthy controls (HC) are coloured in red, orange or green, respectively.
(PDF 63 kb)
Additional file 15: Figure S10. Genus level relative abundances of the
fungal gut microbiota of healthy controls (HC) and Rett syndrome (RTT)
subjects. (PDF 2981 kb)
Additional file 16: Figure S11. Candida relative abundance in the gut
microbiota of healthy controls (HC) and Rett syndrome (RTT) subjects
(p < 0.05; Wilcoxon rank-sum test). (PDF 20 kb)
Additional file 17: Figure S12. a) LDA scores of the most discriminant
fungal taxa identified by LEfSe. Positive and negative LDA scores indicate
the taxa enriched in healthy controls (HC) and Rett syndrome (RTT)

Page 13 of 15

subjects, respectively. b) Cladogram showing the most discriminative
fungal clades identified by LEfSe. Coloured regions/branches indicate
differences in the fungal population structure between Rett syndrome
(RTT) subjects and healthy controls (HC). Regions in red indicate clades
that were enriched in RTT subjects compared to those in HC, while
regions in green indicate clades that were enriched in HC compared to
those in RTT subjects. (PDF 116 kb)
Additional file 18: Table S6. Correspondences among deposited
metagenomics data and samples, unrarefied OTU tables and taxonomic
classifications of the 16S and ITS1 datasets. (XLSX 449 kb)
Additional file 19. MICCA pipelines used for the analysis of the 16S and
ITS1 datasets. (PDF 7 kb)
Abbreviations
ASDs, autism spectrum disorders; CDKL5, cyclin-dependent kinase-like 5; CNS,
central nervous system; CRP, C-reactive protein; CSS, clinical severity score;
ENS, enteric nervous system; ESR, erythrocyte sedimentation rate; FDR, false
discovery rate; GC-MS, gas chromatography–mass spectrometry; GI, gastrointestinal; HC, healthy controls; ITS, internal transcribed spacer; LDA, linear
discriminant analysis; LEfSe, linear discriminant effect size analysis; MeCP2,
methyl-CpG binding protein 2; OTU, operational taxonomic unit; PCoA, principal coordinates analysis; PERMANOVA, permutational multivariate analysis
of variance; PICRUSt, phylogenetic investigation of communities by reconstruction of unobserved states; qPCR, quantitative PCR; RTT, Rett syndrome;
RTT-C, constipated Rett syndrome subjects, RTT-NC, non-constipated Rett
syndrome subjects; SCFAs, short chain fatty acids.
Acknowledgements
The authors would like to thank Prof. Paola Mattarelli from the University of
Bologna for providing the Bifidobacterium strains used in this work;
Maddalena Sordo, Francesca Fava, Urska Vrhovsek, Silvia Carlin and the lab
staff of the Sequencing Platform from Fondazione Edmund Mach for their
technical support and Kieran Tuohy and Nicola Segata for their helpful
discussion. We thank also Unifarm S.p.A. for the financial support to FS.
Funding
This work was financially supported from the “Accordo di Programma
Integrato MetaFoodLabs” and funded by the research office of the Provincia
Autonoma di Trento (Italy) (PAT Prot. S116/2012/537723).
Availability of supporting data
Raw sequences are available in the European Nucleotide Archive (ENA) with
accession number PRJEB12607 (http://www.ebi.ac.uk/ena/data/view/
PRJEB12607). Sample metadata, unrarefied OTU tables and taxonomic
classifications are available in the Additional file 18: Table S6. Furthermore,
the pipelines used for the processing of the raw data are available as
Additional file 19.
Authors’ contributions
FS designed and performed the experiments, analysed the data and wrote
the manuscript. DR and SL analysed and collected the clinical data. IS, DA,
MP and CD supervised and contributed to the data analysis. CDFe, JH and
AC recruited the subjects and collected the specimens. IS, LR, OJ, AC and CD
critically reviewed the manuscript. DC, AC and CDF conceived the study and
approved the manuscript. All authors read and approved the final
manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Written informed consent was obtained from the enrolled subjects or tutors.
Ethics approval and consent to participate
The study was approved by the institutional review board of the Siena
University Hospital (AOUS, Siena, Italy), and all enrolled subjects or tutors
gave written informed consent in accordance with the sampling protocol
approved by the local Ethical Committee (No. 2012-005021-76).

Strati et al. Microbiome (2016) 4:41

Author details
1
Department of Computational Biology, Research and Innovation Centre,
Fondazione Edmund Mach, Via E. Mach 1, 38010 San Michele all’ Adige, Italy.
2
Centre for Integrative Biology, University of Trento, Via Sommarive 9, 38123
Trento, Italy. 3Department of Biology, University of Florence, Via Madonna del
Piano 6, 50019 Sesto Fiorentino, Florence, Italy. 4Neonatal Intensive Care Unit,
University Hospital AOUS, Viale Bracci 16, 53100 Siena, Italy. 5Child
Neuropsychiatry Unit, University Hospital AOUS, Viale Bracci 16, 53100 Siena,
Italy. 6Department of Genomics and Biology of Fruit Crop, Research and
Innovation Centre, Fondazione Edmund Mach, Via E. Mach 1, 38010 San
Michele all’ Adige, Italy. 7Department of Experimental and Clinical Biomedical
Sciences, Gastroenterology Unit, University of Florence, Viale Morgagni 40,
50139 Florence, Italy. 8Institute of Biometeorology (IBIMET), National Research
Council (CNR), Via Giovanni Caproni 8, I-50145 Florence, Italy.
Received: 18 April 2016 Accepted: 21 July 2016

References
1. Chahrour M, Zoghbi HY. The story of Rett syndrome: from clinic to
neurobiology. Neuron. 2007;56(3):422–37.
2. Liyanage VR, Rastegar M. Rett syndrome and MeCP2. Neruomol Med. 2014;
16(2):231–64.
3. Cuddapah VA, Pillai RB, Shekar KV, Lane JB, Motil KJ, Skinner SA, Tarquinio
DC, Glaze DG, McGwin G, Kaufmann WE, et al. Methyl-CpG-binding protein
2 (MECP2) mutation type is associated with disease severity in Rett
syndrome. J Med Genet. 2014;51(3):152–8.
4. Neul JL, Fang P, Barrish J, Lane J, Caeg EB, Smith EO, Zoghbi H, Percy A,
Glaze DG. Specific mutations in methyl-CpG-binding protein 2 confer
different severity in Rett syndrome. Neurology. 2008;70(16):1313–21.
5. Gonzales ML, LaSalle JM. The role of MeCP2 in brain development and
neurodevelopmental disorders. Curr Psychiatry Rep. 2010;12(2):127–34.
6. Motil KJ, Caeg E, Barrish JO, Geerts S, Lane JB, Percy AK, Annese F, McNair L,
Skinner SA, Lee HS, et al. Gastrointestinal and nutritional problems occur
frequently throughout life in girls and women with Rett syndrome. J Pediatr
Gastroenterol Nutr. 2012;55(3):292–8.
7. Leonard H, Ravikumara M, Baikie G, Naseem N, Ellaway C, Percy A, Abraham S,
Geerts S, Lane J, Jones M, et al. Assessment and management of nutrition and
growth in Rett syndrome. J Pediatr Gastroenterol Nutr. 2013;57(4):451–60.
8. Wahba G, Schock SC, Claridge E, Bettolli M, Grynspan D, Humphreys P,
Staines WA. MeCP2 in the enteric nervous system. Neurogastroenterol Motil.
2015;27(8):1156–61.
9. Maslowski KM, Mackay CR. Diet, gut microbiota and immune responses. Nat
Immunol. 2011;12(1):5–9.
10. Kamada N, Seo SU, Chen GY, Nunez G. Role of the gut microbiota in
immunity and inflammatory disease. Nat Rev Immunol. 2013;13(5):321–35.
11. Underhill DM, Iliev ID. The mycobiota: interactions between commensal
fungi and the host immune system. Nat Rev Immunol. 2014;14(6):405–16.
12. Iliev ID, Funari VA, Taylor KD, Nguyen Q, Reyes CN, Strom SP, Brown J,
Becker CA, Fleshner PR, Dubinsky M, et al. Interactions between commensal
fungi and the C-type lectin receptor Dectin-1 influence colitis. Science.
2012;336(6086):1314–7.
13. Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut
microbiota on human health: an integrative view. Cell. 2012;148(6):1258–70.
14. Mayer EA, Padua D, Tillisch K. Altered brain-gut axis in autism: comorbidity
or causative mechanisms? Bioessays. 2014;36(10):933–9.
15. Sampson TR, Mazmanian SK. Control of brain development, function, and
behavior by the microbiome. Cell Host Microbe. 2015;17(5):565–76.
16. Wang Y, Kasper LH. The role of microbiome in central nervous system
disorders. Brain Behav Immun. 2014;38:1–12.
17. Leoncini S, De Felice C, Signorini C, Zollo G, Cortelazzo A, Durand T, Galano
JM, Guerranti R, Rossi M, Ciccoli L, et al. Cytokine dysregulation in MECP2and CDKL5-related Rett syndrome: relationships with aberrant redox
homeostasis, inflammation, and omega-3 PUFAs. Oxidative Med Cell
Longev. 2015;2015:421624.
18. Cortelazzo A, De Felice C, Guerranti R, Signorini C, Leoncini S, Pecorelli A,
Zollo G, Landi C, Valacchi G, Ciccoli L, et al. Subclinical inflammatory status
in Rett syndrome. Mediat Inflamm. 2014;2014:480980.
19. Bochen K, Krasowska A, Milaniuk S, Kulczynska M, Prystupa A, Dzida G.
Erythrocyte sedimentation rate–an old marker with new applications.
Journal of Pre-clinical and Clinical Research 2011;5(2):50–55.

Page 14 of 15

20. Joshi S, Lewis SJ, Creanor S, Ayling RM. Age-related faecal calprotectin,
lactoferrin and tumour M2-PK concentrations in healthy volunteers. Ann
Clin Biochem. 2010;47(Pt 3):259–63.
21. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an effective
distance metric for microbial community comparison. ISME J. 2011;5(2):169–72.
22. Albanese D, De Filippo C, Cavalieri D, Donati C. Explaining diversity in
metagenomic datasets by phylogenetic-based feature weighting. PLoS
Comput Biol. 2015;11(3):e1004186.
23. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS,
Huttenhower C. Metagenomic biomarker discovery and explanation.
Genome Biol. 2011;12(6):R60.
24. Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA,
Clemente JC, Burkepile DE, Vega Thurber RL, Knight R, et al. Predictive
functional profiling of microbial communities using 16S rRNA marker gene
sequences. Nat Biotechnol. 2013;31(9):814–21.
25. Mitchell RW, On NH, Del Bigio MR, Miller DW, Hatch GM. Fatty acid
transport protein expression in human brain and potential role in fatty acid
transport across human brain microvessel endothelial cells. J Neurochem.
2011;117(4):735–46.
26. Frost G, Sleeth ML, Sahuri-Arisoylu M, Lizarbe B, Cerdan S, Brody L,
Anastasovska J, Ghourab S, Hankir M, Zhang S, et al. The short-chain fatty
acid acetate reduces appetite via a central homeostatic mechanism. Nat
Commun. 2014;5:3611.
27. Rizzetto L, De Filippo C, Cavalieri D. Richness and diversity of mammalian
fungal communities shape innate and adaptive immunity in health and
disease. Eur J Immunol. 2014;44(11):3166–81.
28. Scanlan PD, Marchesi JR. Micro-eukaryotic diversity of the human distal gut
microbiota: qualitative assessment using culture-dependent and
-independent analysis of faeces. ISME J. 2008;2(12):1183–93.
29. Andersen LO, Stensvold CR. Blastocystis in Health and Disease: Are We
Moving from a Clinical to a Public Health Perspective? J Clin Microbiol.
2016;54(3):524–528.
30. Tomova A, Husarova V, Lakatosova S, Bakos J, Vlkova B, Babinska K,
Ostatnikova D. Gastrointestinal microbiota in children with autism in
Slovakia. Physiol Behav. 2015;138:179–87.
31. Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T, Codelli JA,
Chow J, Reisman SE, Petrosino JF, et al. Microbiota modulate behavioral and
physiological abnormalities associated with neurodevelopmental disorders.
Cell. 2013;155(7):1451–63.
32. Ventura M, Turroni F, Motherway MO, MacSharry J, van Sinderen D. Hostmicrobe interactions that facilitate gut colonization by commensal
bifidobacteria. Trends Microbiol. 2012;20(10):467–76.
33. Fanning S, Hall LJ, Cronin M, Zomer A, MacSharry J, Goulding D, Motherway MO,
Shanahan F, Nally K, Dougan G, et al. Bifidobacterial surface-exopolysaccharide
facilitates commensal-host interaction through immune modulation and
pathogen protection. Proc Natl Acad Sci U S A. 2012;109(6):2108–13.
34. Pathak P, Trilligan C, Rapose A. Bifidobacterium–friend or foe? A case of
urinary tract infection with Bifidobacterium species. BMJ case reports. 2014;
doi:10.1136/bcr-2014-205122.
35. Tena D, Losa C, Medina MJ, Saez-Nieto JA. Peritonitis caused by Bifidobacterium
longum: case report and literature review. Anaerobe. 2014;27:27–30.
36. Song Y, Liu C, Finegold SM. Real-time PCR quantitation of clostridia in feces
of autistic children. Appl Environ Microbiol. 2004;70(11):6459–65.
37. Parracho HM, Bingham MO, Gibson GR, McCartney AL. Differences between
the gut microflora of children with autistic spectrum disorders and that of
healthy children. J Med Microbiol. 2005;54(Pt 10):987–91.
38. de Theije CG, Wopereis H, Ramadan M, van Eijndthoven T, Lambert J,
Knol J, Garssen J, Kraneveld AD, Oozeer R. Altered gut microbiota and
activity in a murine model of autism spectrum disorders. Brain Behav
Immun. 2014;37:197–206.
39. Kang DW, Park JG, Ilhan ZE, Wallstrom G, Labaer J, Adams JB, KrajmalnikBrown R. Reduced incidence of Prevotella and other fermenters in intestinal
microflora of autistic children. PLoS One. 2013;8(7):e68322.
40. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
Fernandes GR, Tap J, Bruls T, Batto JM, et al. Enterotypes of the human gut
microbiome. Nature. 2011;473(7346):174–80.
41. Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV, Reyes JA, Shah
SA, LeLeiko N, Snapper SB, et al. Dysfunction of the intestinal microbiome in
inflammatory bowel disease and treatment. Genome Biol. 2012;13(9):R79.
42. Arthur JC, Gharaibeh RZ, Mühlbauer M, Perez-Chanona E, Uronis JM,
McCafferty J, Fodor AA, Jobin C. Microbial genomic analysis reveals the

Strati et al. Microbiome (2016) 4:41

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

essential role of inflammation in bacteria-induced colorectal cancer. Nat
Commun. 2014;5:4724. doi:10.1038/ncomms5724.
Oever JT, Netea MG. The bacteriome-mycobiome interaction and antifungal
host defense. Eur J Immunol. 2014;44(11):3182–91.
Erb Downward JR, Falkowski NR, Mason KL, Muraglia R, Huffnagle GB.
Modulation of post-antibiotic bacterial community reassembly and host
response by Candida albicans. Sci Rep. 2013;3:2191.
Cummings J, Macfarlane G. The control and consequences of bacterial
fermentation in the human colon. J Appl Bacteriol. 1991;70(6):443–59.
Duncan SH, Louis P, Flint HJ. Lactate-utilizing bacteria, isolated from human
feces, that produce butyrate as a major fermentation product. Appl Environ
Microbiol. 2004;70(10):5810–7.
Barcelo A, Claustre J, Moro F, Chayvialle JA, Cuber JC, Plaisancie P. Mucin
secretion is modulated by luminal factors in the isolated vascularly perfused
rat colon. Gut. 2000;46(2):218–24.
Squires PE, Rumsey RD, Edwards CA, Read NW. Effect of short-chain fatty
acids on contractile activity and fluid flow in rat colon in vitro. Am J Phys.
1992;262(5 Pt 1):G813–817.
Cherbut C, Ferrier L, Roze C, Anini Y, Blottiere H, Lecannu G, Galmiche JP.
Short-chain fatty acids modify colonic motility through nerves and
polypeptide YY release in the rat. Am J Phys. 1998;275(6 Pt 1):G1415–1422.
Blachier F, Mariotti F, Huneau JF, Tome D. Effects of amino acid-derived
luminal metabolites on the colonic epithelium and physiopathological
consequences. Amino Acids. 2007;33(4):547–62.
Nankova BB, Agarwal R, MacFabe DF, La Gamma EF. Enteric bacterial metabolites
propionic and butyric acid modulate gene expression, including CREBdependent catecholaminergic neurotransmission, in PC12 cells—possible
relevance to autism spectrum disorders. PLoS One. 2014;9(8):e103740.
MacFabe DF. Enteric short-chain fatty acids: microbial messengers of
metabolism, mitochondria, and mind: implications in autism spectrum
disorders. Microb Ecol Health Dis. 2015;26:28177.
Manokas T, Fromkes JJ, Sundaram U. Effect of chronic inflammation on ileal
short-chain fatty acid/bicarbonate exchange. Am J Physiol Gastrointest Liver
Physiol. 2000;278(4):G585–590.
Aomatsu T, Yoden A, Matsumoto K, Kimura E, Inoue K, Andoh A, Tamai H.
Fecal calprotectin is a useful marker for disease activity in pediatric patients
with inflammatory bowel disease. Dig Dis Sci. 2011;56(8):2372–7.
Longstreth GF, Thompson WG, Chey WD, Houghton LA, Mearin F, Spiller RC.
Functional bowel disorders. Gastroenterology. 2006;130(5):1480–91.
Findley K, Oh J, Yang J, Conlan S, Deming C, Meyer JA, Schoenfeld D,
Nomicos E, Park M, Program NIHISCCS, et al. Topographic diversity of fungal
and bacterial communities in human skin. Nature.
2013;498(7454):367–70.
Rinttila T, Kassinen A, Malinen E, Krogius L, Palva A. Development of an
extensive set of 16S rDNA-targeted primers for quantification of pathogenic
and indigenous bacteria in faecal samples by real-time PCR. J Appl
Microbiol. 2004;97(6):1166–77.
Matsuki T, Watanabe K, Fujimoto J, Kado Y, Takada T, Matsumoto K, Tanaka
R. Quantitative PCR with 16S rRNA-gene-targeted species-specific primers
for analysis of human intestinal bifidobacteria. Appl Environ Microbiol.
2004;70(1):167–73.
Albanese D, Fontana P, De Filippo C, Cavalieri D, Donati C. MICCA: a
complete and accurate software for taxonomic profiling of metagenomic
data. Sci Rep. 2015;5:9743.
Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73(16):5261–7.
Koljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AF, Bahram M, Bates ST,
Bruns TD, Bengtsson-Palme J, Callaghan TM, et al. Towards a unified paradigm
for sequence-based identification of fungi. Mol Ecol. 2013;22(21):5271–7.
Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R.
PyNAST: a flexible tool for aligning sequences to a template alignment.
Bioinformatics. 2010;26(2):266–7.
DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T,
Dalevi D, Hu P, Andersen GL. Greengenes, a chimera-checked 16S rRNA
gene database and workbench compatible with ARB. Appl Environ
Microbiol. 2006;72(7):5069–72.
Notredame C, Higgins DG, Heringa J. T-Coffee: a novel method for fast and
accurate multiple sequence alignment. J Mol Biol. 2000;302(1):205–17.
Hibbett DS. A phylogenetic overview of the Agaricomycotina. Mycologia.
2006;98(6):917–25.

Page 15 of 15

66. Price MN, Dehal PS, Arkin AP. FastTree 2—approximately maximumlikelihood trees for large alignments. PLoS One. 2010;5(3):e9490.
67. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One. 2013;8(4):e61217.
68. Bonferroni CE. Teoria statistica delle classi e calcolo delle probabilità. 8th ed
Florence R. Istituto superiore di scienze economiche e commerciali, Libreria
internazionale Seeber; 1936.
69. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc B (Methodological).
1995;57(1):289–300.
70. Revelle W. psych: procedures for psychological, psychometric, and
personality research. R package version 1.3. 10. Evanston, IL: Northwestern
University; 2013.
71. Team RC. R: A language and environment for statistical computing. 2014th
ed. Vienna, Austria: R Foundation for Statistical Computing; 2012. ISBN 3900051-07-0.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

