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The human gut microbiome is the ecosystem of microorganisms that live in the
human digestive system. Several studies have related gut microbiome variants to
metabolic, immune and nervous system disorders. Fragile X syndrome (FXS) is
a neurodevelopmental disorder considered the most common cause of inherited
intellectual disability and the leading monogenetic cause of autism. The role of the
gut microbiome in FXS remains largely unexplored. Here, we report the results of a
gut microbiome analysis using a FXS mouse model and 16S ribosomal RNA gene
sequencing. We identified alterations in the fmr1 KO2 gut microbiome associated
with different bacterial species, including those in the genera Akkermansia, Sutterella,
Allobaculum, Bifidobacterium, Odoribacter, Turicibacter, Flexispira, Bacteroides, and
Oscillospira. Several gut bacterial metabolic pathways were significantly altered in
fmr1 KO2 mice, including menaquinone degradation, catechol degradation, vitamin
B6 biosynthesis, fatty acid biosynthesis, and nucleotide metabolism. Several of these
metabolic pathways, including catechol degradation, nucleotide metabolism and fatty
acid biosynthesis, were previously reported to be altered in children and adults with
autism. The present study reports a potential association of the gut microbiome
with FXS, thereby opening new possibilities for exploring reliable treatments and
non-invasive biomarkers.

Keywords: autism spectrum disorders, biomarkers, drug development, drug targets, fragile X syndrome, gut
microbiota, mouse models, neuroinflammation

INTRODUCTION

Fragile X syndrome (FXS) is the leading monogenetic cause of autism spectrum disorder (ASD),
a neurodevelopmental condition that affects one in 3,600 males and one in 4,000-6,000 females
and currently has no specific drug treatment (Belmonte and Bourgeron, 2006; Hagerman et al.,
2009). FXS is a neurodevelopmental condition caused by CGG trinucleotide expansion in the fragile
X mental retardation 1 (Fmrl) gene locus Xq27 (Levenga et al., 2011; Banerjee et al., 2018). The
lack of fragile X mental retardation protein (FMRP) results in a global bias for hypo-editing in
the brain of ASD patients leading to dysregulation of synaptic functions and maturation because
of altered brain architecture and synaptic pathways (Bagni and Zukin, 2019). Patients with FXS

Frontiers in Neuroscience | www.frontiersin.org 1

May 2021 | Volume 15 | Article 653120


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2021.653120
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2021.653120
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2021.653120&domain=pdf&date_stamp=2021-05-26
https://www.frontiersin.org/articles/10.3389/fnins.2021.653120/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Altimiras et al.

Gut Microbiota in Fragile X Syndrome

suffer lifelong cognitive deficits, hyperactivity, attention deficit
disorder, depression, disturbance in natural behaviors and exhibit
autistic traits (Bagni and Zukin, 2019).

A well-characterized model of FXS is the Fmrl KO2 mouse,
generated by deletion of the promoter and first exon of the
Fmrl gene (Mientjes et al., 2006). Fmrl KO2 mice are both
protein and mRNA null. Fmrl KO2 mice, like the original
Fmrl KO mice, recapitulate behavioral symptoms observed in
humans with FXS, including hyperactivity, repetitive behaviors
and deficits in learning and memory (Mientjes et al.,, 2006).
Interestingly both models present anxiety to novel food and
reduced flexibility in paradigms that involve task reversal
(Kramvis et al., 2013; Kazdoba et al., 2014). Fmrl KO2 mice
recapitulate the FXS phenotype and represent a preclinical model
for the assessment of putative drug treatments (Banerjee et al.,
2018). Although our understanding of the physiopathology of
FXS has increased in recent years, a disease modifying treatment
has not been developed for this condition and current therapies
are symptomatic (Pop et al., 2014; Gantois et al., 2019). Thus,
more preclinical research is essential for the development of new
potential therapeutic agents.

In recent decades, the gut microbiota has emerged as a new
research focus for both psychiatric and neurodevelopmental
diseases. The trillions of gut microorganisms and their genomes,
defined as the human microbiome, contribute to several
important processes for human health (Kazdoba et al., 2014).
In this context, the human body emerges as a “supra-
organism” that presents metabolic traits resulting from the
connection between human and microbial genes (Turnbaugh
et al., 2007; Peterson et al., 2009). The microbial communities
defining the microbiome are principally structural and functional
components of the gastrointestinal tract but also of other body
parts, such as the mouth, skin and urogenital tract, among others
(Turnbaugh et al., 2007; Peterson et al., 2009; Grice and Segre,
2011; Huttenhower et al., 2012). Some of the relevant functions of
this community in the gut involve immune response regulation,
amino acid metabolism, short-chain fatty acid production, via
fiber fermentation, and autonomic nervous system regulation
via the vagus nerve (Cryan and Dinan, 2012). Importantly, a
variety of neuroactive compounds, such as serotonin, glutamate,
gamma-Aminobutyric acid (GABA) and dopamine, are produced
by gut microbiota (Cryan and Dinan, 2012; Cryan et al., 2020).
Accordingly, gut microbiome alterations have been implicated
in central nervous system (CNS) disorders, including ASD,
Alzheimer’s disease, epilepsy, Parkinson’s disease and depression,
as well as behavior modulation (Neufeld and Foster, 2009; Rhee
et al., 2009; Wikoft et al., 2009; Cryan and O’mahony, 2011;
Holmes et al., 2011; Bajaj et al., 2012; Bercik et al., 2012; Collins
et al,, 2012; Foster and Neufeld, 2013; Mulle et al., 2013; Jiang
etal., 2015).

Studies assessing the role of gut microbiota in maintaining
normal brain functions have generated encouraging results
(Bravo et al., 2011; Bagga et al., 2018; Sgritta et al., 2019) and
offer the possibility to develop new therapeutic targets in the
treatment of CNS disorders (Grenham et al., 2011; Messaoudi
et al,, 2011). As a remarkable example of such work, Sampson
etal. (2016) demonstrated that alpha-synuclein-dependent motor

dysfunction in Parkinson’s disease was reduced after microbial
depletion via microglial inactivation (Sampson et al., 2016).
Moreover, new evidence shows that the therapeutic effects of
ketogenic or fasting-mimicking diets on the pathophysiology of
Parkinson’s disease are microbiota-dependent (Zhou et al., 2019).

To our knowledge, the relationship between FXS and gut
microbiota has not yet been assessed. In this study, we analyzed
the gut microbiome composition in a Fmrl KO2 mouse model
using 16S ribosomal RNA (16S rRNA) gene sequencing. The
mouse and human microbiota share 89% similarity in overall
bacterial genera meaning the outcome should be realistic and
transferable between species when modeling human disease
in animal models. We used Fmrl KO2 mice to evaluate the
composition of the gut microbiota in FXS for later comparison to
human FXS patients. Our aim was to explore novel potential tools
for translational research. Treatments such as microbiota transfer
therapy (MTT) could be a promising tool for ameliorating FXS-
related phenotypes. Importantly, the changes identified here in
the richness and diversity of the Fmrl KO2 microbiota could
translate into potential biomarkers for the development and
follow-up of potential therapies for FXS patients.

MATERIALS AND METHODS

Animals

In this study, the mice used were fmrl KO2 and wild-type
(WT) littermates generated on a C57BL/6] background and
repeatedly backcrossed onto a C57BL/6] background for more
than eight generations. The mice used in this study were provided
the FRAXA Research Foundation, MA, United States and by
Professor David Nelson from Baylor College.

The fmrl KO2 mice were generated by deletion of the
promoter and first exon of Fmrl (Mientjes et al., 2006). The
fmrl KO2 mice are both, protein and mRNA null. Fmrl KO2
mice, like Fmrl KO mice, recapitulate behavioral symptoms
observed in humans with FXS, including hyperactivity, repetitive
behaviors and deficits in learning and memory (Kramvis et al.,
2013; Kazdoba et al., 2014).

The mice were housed in 4-5 per cage groups of the same
genotype in a temperature- (21 =+ 1°C) and humidity-controlled
room with a 12-h light-dark cycle (lights on 7 a.m.-7 p.m.).
Food and water were available ad libitum. Mice were housed in
commercial plastic cages on a ventilated rack system.

Experiments were conducted in line with the requirements of
the United Kingdom Animals (Scientific Procedures) Act, 1986.
All procedures for animal maintenance and experimentation
were approved and followed the recommendations of the ethics
committee of the Institute of Ecology and Biodiversity (IEB),
Faculty of Sciences of the University of Chile, and complied with
Chilean regulations.

Sequencing of the V3-V4 Region of 16S

rRNA Gene

Samples for sequencing the V3-V4 region of 16S rRNA
gene were obtained from twelve 10 weeks-old male mice
of the two genotypes (six FXS and six WT) and from two
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different sources (six cecum and six feces), with a total of 24
samples sequenced in a Miseq Illumina platform. Samples
were collected in 1.5 ml Eppendorf tubes containing 500 .l
of nucleic acid stabilization solution (Zymo Research, Irvine,
CA, United States), and stored at —80°C until use. DNA
was extracted with the DNeasy mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
DNA concentration and molecular sizes were estimated by
UV spectrophotometry and agarose gel electrophoresis. For
amplicon preparation, 16S rRNA V3-V4 region was amplified
by PCR using 16S amplicon primer pairs: forward = 5" TCG
TCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGN
GGCWGCAG 3/, and reverse = 5 GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3.

Library preparation was carried out according to the 16S
rRNA metagenomics Illumina sequencing library preparation
protocol at the Genoma Mayor, Universidad Mayor, Santiago,
Chile. The Illumina Miseq platform was used for sequencing
of the paired end libraries that were generated. The average
sequence depth was 152,983 reads per sample. The average read
sequence length was 150 bp before trimming. Average trimmed
sequences length was 120 bp. Illumina paired-end data were
processed using QIIME (version 1.9.1.) (Caporaso et al., 2010).
DADA2 or DEBLUR was used as denoising and normalization
strategy. Bacterial taxonomic profiles were obtained using an
Operational Taxonomic Units (OTU) picking based analysis
(Caporaso et al., 2010; Navas-Molina et al., 2013; Rideout et al,,
2014). OTU were clustered against Greengenes 13.8 reference
sequences (McDonald et al, 2012) and then subsequently
clustered de novo at the 97 percent similarity level, using the
UClust greedy algorithm.

Bacterial Diversity Analysis

The average relative abundances of the most highly represented
phyla and genera were obtained. We evaluated the global
variability of gut bacterial communities in terms of Shannon
index, which is a widely used metric for ecological within-
sample (alpha) diversity (Buttigieg and Ramette, 2014; Shin
et al,, 2016). Analogous results were also obtained for other
standard metrics for species richness—such as abundance-based
coverage estimator (ACE) and Chaol—and alpha diversity
(inverse Simpson index). Between-sample (beta) diversity was
instead quantified in terms of Bray-Curtis and weighted
UniFrac distance, which together capture both the abundance
distributions across samples and the phylogenetic relationships.
Summarization and visualization of beta diversity were carried
out via non-metric multi-dimensional scaling (NMDS). All these
calculations were performed through the q2-diversity plugin
applying the core-metrics-phylogenetic method, computing
diversity metrics and generating PCoA plots using Emperor
for each of the diversity metrics (Caporaso et al, 2010;
Navas-Molina et al., 2013; Rideout et al, 2014). Statistical
differences in richness and alpha diversity distributions were
estimated with two-tailed Mann-Whitney U tests through the
stat_compare_means function in ggplot2. Statistical differences
between beta diversity estimates were obtained by permutational
multivariate analysis of variance (PERMANOVA) while ensuring

the absence of variance inhomogeneity by permutational analysis
of multivariate homogeneity of variances (PERMDISP2) through
the vegan package in R.

Microbial Differential Abundance

Differential abundance testing was used to identify OTU that
differ between genotypes (WT and FXS). For this purpose, we
used the script “group.significance.py” from QIIME (version
1.9.1), to compare OTU frequencies in both sample groups and
to ascertain whether or not there were statistically significant
differences between the OTU abundance in the different sample
groups (Caporaso et al., 2010).

Metagenome Functional Content

Prediction

The PICRUST 2 software package (Langille et al., 2013) was
used for predicting functional abundances based on marker
gene sequences (16S rRNA sequencing data). MetaCyc ontology
predictions (Caspi et al, 2018) were used for metabolic
pathways classification.

Statistics

Non-metric Multidimensional Scaling and Principal Coordinates
Analysis (PCoA) were performed in R software environment for
statistical computing (R Core Team, 2013). For statistical testing,
t-test, ANOVA (Analysis of Variance), Mann-Whitney, Kruskal-
Wallis, ANOSIM (Analysis of similarities), and PERMANOVA
(Permutational multivariate analysis of variance) were used
(Caporaso et al., 2010). Bioinformatic analyses including data
quality, pre-processing, quantification, and visualization were
performed in a Microsoft azure virtual machine with Intel Xeon
CPU e5-2673 v3, 2.40 Ghz processor and 32 GB of ram.

RESULTS

Bacterial Taxonomic Profiles

The bacterial profiles for the sample types (cecum and feces)
(Figure 1A) and genotypes (FXS and WT) (Figure 1B)
were analyzed. Fifteen bacterial phyla were found in the
analyzed samples. The average relative abundances of the
most highly represented phyla were Bacteroidetes (54.23%),
Firmicutes (36.49%), Proteobacteria (4.49%), Verrucomicrobia
(2.33%), Tenericutes (1.27%), and Cyanobacteria (0.73%).
Two hundred and two bacterial genera were found in
the analyzed samples. The average relative abundances of
the most highly represented genera were Prevotella (21.3%),
Akkermansia (2.32%), Allobaculum (2.09%), Oscillospira (1.76%),
Bacteroides (1.60%), Flexispira (1.1%), Paraprevotella (0.81%),
Ruminococcus (0.78%), Lactobacillus (0.76%), Sutterella (0.74%),
and Odoribacter (0.73%).

Alpha and Beta Diversity Analysis

Alpha diversity was determined for both the sample type and
mouse genotype according to the Chaol rarefaction measure.
Significant differences were not observed in the alpha diversity
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quantification based on a comparison of the mouse genotypes
(p-value = 0.808, t-test statistic = 0.246; p-value = 0.131, Mann-
Whitney statistic = 98.5) with the sample types (p-value = 0.142,
t-test statistic = 1.524; p-value = 0.977, Mann-Whitney
statistic = 71).

Beta diversity was analyzed for the fimrl KO and WT littermate
mice to determine whether some bacterial phyla and genera were
differentially abundant based on a comparison of the mouse
genotype (WT and FXS) with the sample type (cecum and feces).
For the beta diversity analysis, PCoA was used after an OTU
picking-based bacterial taxonomy analysis (Figures 1C,D). The
comparison of the mouse genotypes showed that samples derived
from the FXS group significantly differed from those collected
from the WT littermate group (Figure 1D). However, significant
differences in the beta diversity metrics were not observed when
the sample types were compared, as shown in Figure 1C.

Bacterial Diversity and Abundance Are
Altered in FXS Mice

Differentially abundant bacteria were analyzed between both
different mouse genotypes (WT and Fmrl KO2). Seven bacterial
phyla were found to be significantly differentially abundant:
Firmicutes,  Tenericutes,  Bacteroidetes,  Proteobacteria,
Verrucomicrobia,  Cyanobacteria, and  Actinobacteria.
Ten bacterial genera were determined to be differentially

abundant: Allobaculum, Flexispira, Akkermansia, Sutterella,
Bifidobacterium,  Odoribacter, Desulfovibrio, — Turicibacter,
Bacteroides, and Oscillospira. Seven of these bacterial genera
were increased in Fmrl KO2 mice compared with their
WT littermates:  Allobaculum, Akkermansia,  Sutterella,
Bifidobacterium, Odoribacter, Desulfovibrio, and Turicibacter.
Three bacterial genera were decreased: Flexispira, Bacteroides,
and Oscillospira. To visualize the correlations among the bacterial
genera, a correlation matrix was constructed by calculating all
possible pairwise Spearman’s rank correlations (Figure 2).

Gut Microbiota Metabolites as Potential
FXS Biomarkers

Microbial metabolic pathways were predicted to explore
metabolites that might be involved in the dysbiosis observed
in the Fmrl KO2 mouse gut microbiome. The bioinformatic
software package PICRUST2 was used to predict metagenomic
functional content from 16S rRNA sequencing data. In
Figure 3, MetaCyc pathway abundance predictions are shown
for the two types of samples analyzed in this study: cecum
(Figure 3A) and feces (Figure 3B). Increased levels of different
pathways were observed, including toluene degradation,
S-adenosyl-L-methionine  cycle, carboxylate degradation,
fermentation to butanoate, fermentation to pyruvate, fatty acid
degradation, NAD biosynthesis, pyrimidine nucleotide salvage,
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FIGURE 1 | Operational Taxonomic Units (OTU) based analysis according to panel (A) sample type and to panel (B) genotype, for the phyla and genera taxonomic
levels of bacteria. Principal coordinates analysis (PCoA) was used for calculation of beta diversity of the OTU-based bacterial communities. In panel (C) are
presented the PCoA plots according to the sample type (cecum and feces) and in panel (D) to the genotype (FXS and WT).
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and pyrimidine deoxyribonucleotide de novo biosynthesis.
Decreased levels of different pathways were also observed,
including fatty acid biosynthesis, carboxylate degradation, 2-
nitrobenzoate degradation, L-tryptophan degradation, coenzyme
M biosynthesis, catechol degradation, aldehyde degradation,
lipopolysaccharide biosynthesis, L-tyrosine degradation, vitamin
B6 biosynthesis, and menaquinol biosynthesis.

DISCUSSION

In the present study, we characterized the Fmrl KO2 mouse
gut microbiota in terms of taxonomy, diversity and metabolic
pathways. To our knowledge, this study presents the first
characterization of the Fmrl KO2 mouse gut microbiome.
The beta diversity analysis showed that the Fmrl KO2
microbiome and WT littermate control microbiome showed

different bacterial profiles. In addition, we found an increase
in the Firmicutes, Bacteroides and Verrucomicrobia phyla, a
decrease in the Prevotella genus, and an increase in the Sutterella
and Akkermansia genera in the FXS group compared with
the WT controls. Increased and decreased metabolic pathways
were associated with the FXS microbial profile; thus, the
results provide insights on molecular mechanisms that might be
involved in the pathology of FXS.

Alterations in the gut microbiome composition have been
observed in several neurodevelopmental, psychiatric and
gastrointestinal conditions, including depression (Jiang et al.,
2015) autism (Sgritta et al, 2019), obesity (Gomes et al,
2018), irritable bowel disease (Liu et al., 2016), and others
(Grenham et al.,, 2011).

In Fmrl KO2 mice, the mucin-degrading bacterial genus
Akkermansia, which belongs to the phylum Verrucomicrobia
(Geerlings et al., 2018), increased compared with that in the WT
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FIGURE 3 | Microbial metabolic pathway prediction on the fmr1 KO2 mouse gut microbiome. Samples from cecum (A) and feces (B) were analyzed for the
prediction of significantly altered metabolic pathways.

littermate mice, which was consistent with a recently published
study that implicated Akkermansia in intestinal barrier function
(Bedarf et al., 2017).

We identified a significant increase in Sutterella, which
belongs to the phylum Proteobacteria, in Fmrl KO2 mice
compared with the WT littermate controls. An increase in
Sutterella was previously reported in children with ASD (Wang
et al, 2013). The abundance of this genus was significantly
correlated with the total score of the Aberrant Behavior Checklist
(ABC) in Down syndrome persons with ASD (Biagi et al,
2014). The ABC is a widely used measure of ASD behavior
(irritability, agitation, lethargy/social withdrawal, stereotypic
behavior, hyperactivity and inappropriate speech) and represents
an outcome measure for pharmacological studies.

We found that increases in the Akkermansia and Sutterella
genera were positively correlated in a bacterial cluster, suggesting
that these bacteria may develop interactive mechanisms
for their function in the context of FXS (Banerjee et al,
2018). Akkermansia and Sutterella interact with the intestinal
epithelium and its adhesion properties and the degradation of
mucin affects the gut barrier function and proinflammatory
capacity (Van Herreweghen et al., 2018). Thus, excessive mucin
degradation by these bacteria may facilitate the access of luminal
antigens, thereby inducing immunological activation (Hiippala
et al, 2016). The immunomodulatory role of these bacteria
on mucosal barrier function might be a possible bacterial-host
interaction mechanism that promotes disease progression in FXS
patients (Ganesh et al., 2013; Azhari et al., 2019).
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Interestingly, a recent study showed that Akkermansia plays a
role (directly or indirectly) in hippocampal function by regulating
proinflammatory cytokine expression, neuronal development
and plasticity and hippocampus-related cognitive processes
(Derrien et al., 2017; Yang et al., 2019). Similarly, the Fmrl KO2
mouse model was characterized by disruption of hippocampal
neurogenesis, synaptic plasticity and neuronal communication,
thus reflecting a possible mechanism underlying the cognitive
impairments in FXS and similar autistic conditions (Bostrom
et al, 2016). Akkermansia may therefore play a role in the
regulation of hippocampal function and cognitive processes
associated with FXS. However, more work assessing hippocampal
function along with the microbiota in the FXS context is
needed to confirm this point. Moreover, the putative role
of Akkermansia in the maintenance of the gut barrier and
host metabolism must be highlighted (Derrien et al, 2017).
Qur results are consistent with those of Ganesh et al. (2013),
who showed that increased levels of Akkermansia induce
gut barrier disruption and activate an inflammatory response
associated with the psychopathology of conditions such as autism
(Ganesh et al, 2013; Van Herreweghen et al., 2018; Azhari
et al.,, 2019). Similarly, postmortem exams of autistic patients
have identified gut barrier disruption (Fiorentino et al., 2016)
suggesting that autism may be influenced by gut integrity
throughout life and modification of the gut microbiome might
be of benefit in patients with the disorder (Azhari et al,
2019). Similar to our results, previous studies shown increased
levels of Akkermansia species in animal models and patients
with autism. In Newell et al. (2016) the authors identified
elevated Akkermansia muciniphila content in the cecal and
fecal matter of BTBRT + tf/j (BTBR) mouse model of
ASD. Moreover, in De Angelis et al. (2013), Akkermansia
species were almost the highest in autistic children. Therefore,
we hypothesize that A. muciniphila, possessing the ability to
disturb host mucus-homeostasis, appears to play a role in FXS
through increased intestinal permeability and inflammation.
However, more studies are needed to validate whether the
abundance of species of the genus Akkermansia are relevant for
patients with FXS.

A predictive functional metagenomics analysis was carried
out using a bioinformatic approach to characterize the metabolic
pathways that might be affected in the Fmrl KO2 model,
thereby shedding light on the possible molecular mechanisms
underlying the effects of the microbiota on the psychopathology
of FXS. Several metabolic pathways, such as the pyrimidine,
adenosine and guanosine biosynthesis pathways, were decreased
in this model, which is consistent with other results using
animal models of autism (Page, 2000; Page and Coleman, 2000)
and metabolomic analyses of these models (Naviaux et al,
2014). In addition, we found that fatty acid biosynthesis was
increased in the FXS group, in both the cecum and fecal
samples. Altered gut microbiota and increased short-chain fatty
acids were previously reported in children with ASD (Meguid
et al., 2008; MacFabe, 2012; Wang et al., 2012; Zhang et al,
2018). Moreover, increased levels of Akkermansia were also
shown to be related to the augmentation of short-chain fatty
acids, suggesting that the regulation of fatty acid metabolism

by Akkermansia might be involved in FXS (Puertollano et al,,
2014; Ottman et al, 2017). Furthermore, predicted pathways
related to menaquinol (vitamin K2) biosynthesis were increased
in the FXS group. Menaquinone has been shown to be
essential in electron transport and ATP generation in all gram-
positive and anaerobically respiring gram-negative bacteria.
Additionally, menaquinone is also essential in maintaining
normal neural development (Adams et al., 2011). Specific
neural effects of vitamin K overlap with key brain development
aberrations, including those associated with autism (Adams
et al, 2011). This evidence might be associated with the
hippocampal disruption observed in FXS animal models
(Arbab et al., 2018).

The observed abundance of Allobaculum in Fmrl KO2
mice could produce a negative balance of circulating leptin.
Allobaculum species presence is negatively correlated with the
level of leptin, which has an important role in the immune system
controlling glucose homeostasis, the autonomic nervous system
and the neuroendocrine axes. Consistent with our results on
Fmrl KO2 mice, previous reports found that ASD children show
a significantly higher prevalence of Sutterella species compared to
the control group (Williams et al., 2012). Interestingly, the genera
Bacteroides and Oscillospira were suggested to be associated with
the pathological traits observed in the BTBR mouse model of
autism (Coretti et al., 2017).

The present findings are novel and informative in the
process of understanding the potential role of the microbiome
in FXS. First, additional human studies are needed to fully
characterize the translational power and potential role of the
microbiome in FXS. Second, work exploring the correlation
between microbiota and behavior in animal models and
FXS patients would be useful to better understand the
clinical implications and generate less speculative conclusions.
Finally, given that FXS syndrome is seemingly influenced by
brain-gut microbiota pathways, more exhaustive experiments
that include brain gene expression, electroencephalography
measurements and the use of compounds known to restore
the normal FXS phenotype, such as metformin, may contribute
to untangling the complexity of FXS. The use of probiotic
candidates could become a powerful tool to help ameliorate
the FXS phenotype. Our results provide new insights into
the interactions between the brain and the gut microbiome
in FXS. It seems that certain bacterial genera of the gut
microbiome could interact at the level of the gastrointestinal
barrier. The evidence presented above, in addition to the
gastrointestinal disturbance observed in patients with autism,
suggests a novel and interesting line of research in FXS.
Further studies using larger sample sizes and microbial
detection at the species level are required to elucidate the
potential contribution of the microbiota as a biomarker and
treatment target in FXS.
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