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Abstract


The gut microbiota plays an essential role in human health, influencing gut–brain communication. Imbalances in this microbial ecosystem, termed dysbiosis, have been associated with increased gut permeability and gastrointestinal symptoms commonly reported in autism spectrum disorder (ASD), without implying a direct causal role in ASD itself. This study aimed to determine whether alterations in gut microbiota exist in individuals with Fragile X Syndrome (FXS), with or without ASD, compared to ASD patients and neurotypical controls, and to identify microbiota biomarkers associated with these disorders. Stool samples from Caucasian individuals aged 3–18 years belonging to four groups (ASD, FXS, FXS + ASD, and controls) were analysed by amplifying the V3–V4 region of the bacterial 16S rRNA gene to characterize microbiota composition. Significant differences were found among patient groups compared to neurotypical controls, with notable similarities between the ASD and FXS + ASD groups. Additionally, specific microbiota biomarkers were identified for each patient group. These findings suggest that distinct microbiota alterations are associated with FXS and ASD, which may contribute to a more accurate characterization of symptoms in these disorders and could serve as potential biomarkers for assessing neurodevelopmental risk.
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1. Introduction


1.1. Fragile X Syndrome, Autism Spectrum Disorder, and Their Relationship with Gut Microbiota


1.1.1. Fragile X Syndrome


Fragile X Syndrome (FXS) is a rare genetic disorder caused by a mutation in the FMR1 gene, and it is considered the most common inherited genetic cause of intellectual disability. It has been frequently associated with autism, being recognized as the most frequent genetic cause of autism [1]. FXS primarily leads to behavioural, learning, and language impairments, as well as affective disorders, social anxiety, attention deficit hyperactivity disorder (ADHD), epilepsy, autism traits, and, in many cases, intellectual disability, which tends to become more pronounced with age [2].



FXS has a prevalence of approximately 1 in 2500–4000 males and 1 in 7000–8000 females. However, the likelihood of being a carrier is significantly higher, especially among females, with an estimated prevalence of 1 in every 250 women and 1 in every 800 men [3]. This disorder follows an X-linked dominant inheritance pattern with incomplete penetrance, meaning that some male carriers may be asymptomatic or exhibit no clinical manifestations.



At the molecular level, FXS results from the expansion of CGG trinucleotide repeats in the 5′ untranslated region of the FMR1 gene, located at Xq27.3 on the X chromosome. In healthy individuals, this gene typically contains 5 to 40 CGG repeats. However, when the number of repeats expands to 55–200, it is classified as a premutation, whilst expansions exceeding 200 repeats result in a full mutation [4,5].



The expansion of CGG repeats leads to hypermethylation of the FMR1 gene promoter, causing gene silencing and, consequently, a significant reduction or complete absence of the Fragile X Mental Retardation Protein (FMRP) [6].



FMRP plays a crucial role in the nervous system, and it is involved in cognitive development, as it binds to mRNA molecules, regulating their transport, translocation, and stabilization, which is essential for maintaining synaptic connections [7,8]. Additionally, FMRP interacts with ion channel-forming proteins, modulating their activity [9]. It is also involved in the redox system, enhancing NADPH oxidase activity due to RAC1 activation, and oxidative stress has been detected in the brain of the Fmr1-KO mouse model [10,11].



FXS is the most commonly known cause of autism, with approximately 30% of children with FXS also meeting the diagnostic criteria for autism spectrum disorder (ASD) [6]. Studies indicate that FXS patients with ASD tend to have lower IQ scores than those with FXS alone, along with more severe behavioural disturbances [12]. It is hypothesized that autism in FXS may be influenced by additional genetic factors interacting with the FXS mutation [13].



Moreover, 2% to 6% of children diagnosed with ASD also have FXS [12]. In ASD individuals with FXS, lower levels of FMRP have been observed in the brain, compared to those with FXS alone [14]. Additionally, these patients often exhibit additional chromosomal or genetic abnormalities, or environmental factors distinct from those found in individuals with ASD alone [15].



The role of the gut microbiome in FXS remains largely unexplored. Several studies about gut microbiome analysis have used FXS mouse and rat models [16,17], but human studies still need to be performed.




1.1.2. Microbiome Alterations in Autism Spectrum Disorders


ASD encompasses a group of neurodevelopmental conditions that primarily affect social interactions and communication. Individuals with ASD typically exhibit restricted interests, repetitive behaviours, and difficulties in social adaptation [18]. Additional behaviours associated with ASD include aggressive conduct, rigid or unusual eating habits, and heightened anxiety [19].



Because of the wide variability in symptoms and severity, the term ‘spectrum’ is used to describe these disorders, which include Asperger’s syndrome and pervasive developmental disorders [18,19].



Recent studies indicate a rising prevalence of ASD in young children. The incidence rate among four-year-olds increased from 13.4 per 1000 children in 2010 to 17.2 per 1000 in 2014 [20], with boys being more frequently affected than girls. Recent published data about the prevalence of ASD indicated 1.70 and 1.85% in U.S children aged 4 and 8 years, respectively, while prevalence in Europe ranged between 0.38 and 1.55% [21].



The aetiology of ASD involves multiple factors, including environmental influences such as nutritional deficiencies, immune system dysfunction, and viral infections [18,22]. However, a combination of genetic and environmental factors is widely considered the most plausible explanation [23].



A subset of children with ASD exhibit gut microbiota dysbiosis and gastrointestinal issues [23,24]. Evidence suggests that dysbiosis may exacerbate gastrointestinal and behavioural symptoms in ASD, while microbiota-targeted interventions aim to alleviate these symptoms rather than ASD itself [25]. Studies have shown that children with more severe gastrointestinal issues tend to exhibit higher levels of aggression and significant sleep disturbances compared to those with ASD, but without notable gut problems, highlighting the potential role of gut microbiota in exacerbating ASD symptomatology [19].



Further research has revealed that some children with ASD experience metabolic imbalances and impaired intestinal disaccharide absorption, likely due to reduced expression of genes encoding disaccharide transporters [26].



Additionally, these patients exhibit increased intestinal permeability in comparison to healthy controls. Interestingly, some healthy siblings of ASD individuals also present increased gut permeability, suggesting that this characteristic is not necessarily a consequence of ASD but may contribute to associated symptoms [27,28]. Other perinatal factors associated with higher ASD likelihood include preterm birth, caesarean delivery, low birth weight, and lack of breastfeeding [29,30].





1.2. Human Gut Microbiota: Factors Influencing Its Composition


Newborns have an unstable microbiota with low diversity and an immature immune system that relies on immunogenic stimuli from the developing microbiota. Immediately after birth, immune cells remain unstimulated and recognize all surrounding antigens as self, thereby blocking inflammatory responses against them [31].



Most bacteria colonizing the neonate originate from the maternal vaginal, intestinal, and epithelial microbiota, in addition to environmental bacteria present at birth [32]. The immune cells primarily responsible for recognizing these immunogenic stimuli are macrophages and dendritic cells, which detect microorganism-specific molecules through Toll-like receptors (TLRs). Immune tolerance is essential for preventing immune responses against commensal microorganisms and dietary components [31].



Until recently, the placenta was considered a sterile environment, with the assumption that the neonate’s first exposure to microorganisms occurred during delivery. However, recent studies have revealed that the placenta harbours a unique microbiome, which shares some similarities with the oral microbiome [33].



As a result, it is now believed that the foetus is first exposed to bacteria in utero through the placenta, and this microbial contact may vary with gestational age [34]. The placental microbiome consists of non-pathogenic commensal microbiota, identified through 16S rRNA gene sequencing analyses of prokaryotic communities. Mode of delivery significantly influences neonatal microbial colonization, with minimal exposure occurring in caesarean deliveries [31]. Breastfeeding also plays a crucial role in shaping the infant gut microbiota. The establishment of the gut microbiota during infancy is crucial for long-term health. Until the age of two, its composition remains highly heterogeneous and unstable. However, after weaning, the colonic microbiota becomes more complex, and by ages two to three, it undergoes maturation, achieving a stable composition that persists into adulthood. Despite this stability, factors such as diet and lifestyle can still influence the microbiota. Thus, the period from conception to two or three years of age represents a critical window for gut microbiota development. Its composition is determined not only by the previously mentioned factors but also by environmental interactions and lifestyle choices [35].



As ageing progresses, physiological changes lead to modifications in the gut microbiota composition, resulting in a decrease in microbial diversity. Another significant factor affecting gut microbiota composition is antibiotic use, as it disrupts microbial community balance by interfering with host–microbe interactions. The administration of antibiotics during early life reduces microbiota diversity, potentially leading to long-term health consequences [30]. Additionally, both pathogenic and commensal microorganisms compete for nutrients in the intestine. However, commensal bacteria can modify the microenvironment by altering pH levels and producing bacteriocins, which restrict the survival of pathogenic microorganisms. Nevertheless, many pathogens have developed immune evasion strategies, allowing them to proliferate within the host [31].




1.3. Relationship Between Gut Microbiota and the Nervous System: The Gut–Brain Axis


In recent years, there has been increasing interest in studying human gut microbiota, as growing evidence suggests that it influences host metabolic pathways, energy acquisition, and nutrient absorption and is linked to diseases such as diabetes and obesity. Additionally, research has shown that gut microbiota alterations are associated with neurological disorders, including depression and autism spectrum disorder (ASD), particularly through mechanisms involving the gut–brain axis [36,37,38].



The gut–brain axis is a bidirectional communication system that connects the central nervous system (CNS) with the gastrointestinal tract. This communication involves several pathways, including the CNS, the autonomic nervous system (ANS), the hypothalamic–pituitary–adrenal (HPA) axis, the enteric nervous system (ENS), the gut microbiota and its metabolites (e.g., neurotransmitters, cytokines, short-chain fatty acids), and the vagus nerve [24].



Several studies have demonstrated that commensal bacteria play a critical role in maintaining CNS function, and disruptions in gut–brain communication have been associated with auto-immune and neurological disorders [25,39].



The ENS contains a dense network of neurons lining the intestines, and it has been observed that gut microbiota interacts not only with ENS neurons and intestinal cells but also directly influences the CNS. Microbiota-derived metabolites interact with specific receptors on enteroendocrine L-cells or translocate directly through the intestinal epithelium into the peripheral circulation [40].




1.4. Gut Microbiota Influence on Brain Development and Function


Gut microbiota may influence brain function, whilst the brain, through the pathways mentioned earlier (neuroimmune, neuroendocrine, and nervous system signalling), exerts physiological effects on the gut, such as regulation of motility, secretion, and immune function. In turn, microbiota-generated metabolites can modulate brain function and influence mood states [41,42]. Studies in germ-free mice have shown that animals raised in sterile environments exhibit behavioural alterations compared to those with normal gut microbiota [43].



Moreover, it has been demonstrated that gut microbiota plays a role in the early programming of the hypothalamic–pituitary–adrenal axis, thereby modulating stress responses throughout life. Several studies suggest that newborns have an immature stress response system, coinciding with the initial colonization of the gut. However, as they develop, this response matures [40].



Furthermore, individuals experiencing chronic stress exhibit increased intestinal permeability, allowing bacteria to cross the mucosal barrier and directly interact with the immune and neuronal cells of the ENS. Stress also modulates immune responses, and neuroimmune mechanisms triggered by stress may contribute to stress-related psychopathologies [40,41,42]. It has also been noted that gut microbiota not only plays a role in digestion, metabolism, and immune function but can also modulate mental states and induce mood changes. Recent findings suggest that gut microbiota may also regulate sleep. This is thought to occur because certain microbial metabolites may induce the transcription of circadian genes. Additionally, depression has been linked to circadian rhythm disturbances, as many patients experiencing insomnia also suffer from depression [44].




1.5. Influence of Gut Microbiota on Hippocampal Neurogenesis and the Blood–Brain Barrier


Experimental evidence from animal models suggests that gut microbiota may modulate hippocampal neurogenesis and that impaired neurogenesis can be partially influenced by administering probiotics containing specific bacterial strains [45].



Additionally, the blood–brain barrier (BBB), which is critical in regulating the transfer of substances between the bloodstream and the brain, is influenced by certain molecules that either enhance or restrict permeability [42]. Thus, gut microbiota can regulate the secretion, turnover, and expression of neurotransmitters, contributing to the maintenance of tight junction integrity and the intestinal barrier. Alterations in the activity of the enteric nervous system (ENS) had deleterious effects on the brain through microbiota-derived metabolites. Similarly, the central nervous system (CNS) can regulate the gut microbiota composition through the release of peptides which induce bacterial lysis [23].



Furthermore, the brain controls intestinal functions, including the secretion of substances essential for maintaining mucosal biofilms and the regulation of intestinal permeability [23]. When the intestinal barrier becomes more permeable due to microbiota imbalances, the tight junctions between enterocytes weaken, leading to the development of inflammatory diseases in the gastrointestinal tract. If bacterial metabolites enter the bloodstream and cross the blood–brain barrier, they may trigger neurological alterations potentially implicated in various mental disorders, including autism, depression, and schizophrenia [42].



To investigate the possible role of gut microbiota dysbiosis in the autistic symptoms observed in FXS patients, we hypothesize that individuals with FXS and autism symptoms, compared to those with ASD and neurotypical controls, exhibit specific alterations in their gut microbiota composition. These alterations may either be unique to each disorder or specifically associated with autistic symptomatology, regardless of genetic aetiology. To test this hypothesis, we propose determining the gut microbiota composition in faecal samples, conducting a comparative analysis between four groups: FXS patients, FXS patients with ASD, ASD patients, neurotypical controls. Additionally, we aim to identify specific gut microbiota biomarkers for each patient group.





2. Materials and Methods


2.1. Study Setting and Population


The study was conducted at the research laboratory of the Biomedical Research Institute of Málaga (IBIMA), located at Hospital Civil de Málaga. To achieve the previously stated objectives, the parents of the participating patients were contacted and informed about the details of the study. The patients and healthy controls included in this study were recruited through a project funded by the Alicia Koplowitz Foundation, with approval from the Ethics Committee of the Regional University Hospital of Málaga. A total of 31 children and adolescents of Caucasian ethnicity, aged 3 to 18 years and residing in Málaga, were included in the study (Table 1). Of these, 6 participants were diagnosed with Fragile X Syndrome (FXS), 9 participants had autism spectrum disorder (ASD), 7 had FXS + ASD, and 9 were healthy neurotypical controls. A total of 27 males and 4 females participated. None of them had recent gastrointestinal infections or diarrhoea, and none had been treated with antibiotics or probiotics for at least two months prior to sample collection. Two participants in the FXS and FXS + ASD groups were 18 years old. Given the relative stability of gut microbiota composition after 2–3 years of age, as reported in previous studies [46,47,48], these participants were retained in the analysis. This aspect is acknowledged as a potential limitation.



2.1.1. Eligibility Criteria


FXS group: Required to provide a molecular genetic diagnosis of Fmr1 full mutation.



ASD group: Required to present a medical report indicating an ASD diagnosis established by a specialist physician.



FXS + ASD: Required to provide a molecular genetic diagnosis of Fmr1 full mutation and to present a medical report indicating an ASD diagnosis established by a specialist physician.



Control group: Healthy siblings of the included individuals who had been clinically evaluated and confirmed as neurotypical.




2.1.2. Age Range Considerations


The age range of participants was defined to minimize variability-related errors across groups. Since the composition of gut microbiota changes with age, controlling for age was essential to avoid highly divergent results within the same group.




2.1.3. Ethical Considerations


Signed informed consent was obtained from the parents of the participants, as all were minors. Parents were informed about the study objectives, as well as the potential risks and benefits of participation. Each participant was evaluated to ensure they met the inclusion and exclusion criteria and were able to cooperate with sample collection.





2.2. Collection, Transport, and Processing of Biological Samples


Each participating family was provided with a specific stool collection kit, which contained a pair of gloves, a sterile stool collection container, a wooden spatula, a smaller sterile stool container for biobank freezing, and instructions for use.



Stool samples were collected at the participant’s home by their parents, following strict sterility conditions. After collection, samples were stored in the home freezer until they were retrieved and transported to the laboratory to prevent microbiota composition alterations.



Frozen samples were collected within seven days of their initial collection. Upon arrival at the IBIMA research laboratory, samples were stored at −20 °C in a dedicated freezer. Samples were transported to the laboratory under frozen conditions, using a portable cooler containing a frozen cooling plate to maintain optimal sample conditions. All samples were processed within one hour of arrival at the laboratory.



A 200 mg fraction of the thawed sample was used for immediate processing. The remaining stool sample was stored at −20 °C for future use.



Due to logistical constraints, it was not possible to store the stool samples at −80 °C immediately after collection, as the families collected the samples at home. All samples were frozen at −20 °C promptly and remained frozen during transportation and laboratory processing. Although −80 °C is considered the optimal temperature for long-term preservation, previous studies have shown that storage at −20 °C for short periods does not significantly affect microbiota profiling results [48].




2.3. DNA Extraction


DNA extraction was performed using the Stool DNA Isolation Kit (Norgen BIOTEK Corp., Thorold, ON, Canada), following the manufacturer’s instructions.




2.4. 16S rRNA Gene-Based Sequencing


The following workflow (Figure 1) was followed by Novogene, the company responsible for sequencing the microbiota of the analysed samples.



Sequencing Steps


(A) Upon receiving the genomic DNA, its concentration and purity were assessed using 1% agarose gel electrophoresis. Each sample was diluted to 1 ng/µL with sterile water. (B) PCR amplification of the 16SV3-V4 region of the 16S rRNA gene was performed using specific primers designed to target V3 and V4 regions. (C) The quality of amplified PCR products was determined via 2% agarose gel electrophoresis, and 400–450 bp fragments were selected. (D) The PCR products were pooled in equal proportions before undergoing purification. (E) Libraries were prepared and then (F) sequenced using the Illumina HiSeq platform, generating 250 bp paired-end reads.





2.5. Read Assembly and Quality Control


The sequencing reads were assembled using the FLASH tool (Fast Length Adjustment of Short Reads to Improve Genome Assemblies, v1.2.7, http://ccb.jhu.edu/software/FLASH/ (accessed on 20 March 2020)). Raw sequences were subjected to specific quality filtering conditions to obtain high-quality clean sequences, following the QIIME (v1.7.0) quality control process (http://qiime.org/scripts/split_libraries_fastq.html (accessed on 20 March 2020)). The sequences were compared against the Gold database (http://drive5.com/uchime/uchime_download.html (accessed on 20 March 2020)) using the UCHIME algorithm (http://www.drive5.com/usearch/manual/uchime_algo.html (accessed on 20 March 2020)) to detect and eliminate chimeric sequences, thereby obtaining effective sequences (http://www.drive5.com/usearch/manual/chimera_formation.html (accessed on 20 March 2020)).




2.6. Taxonomic Annotation


Sequence analysis was performed using Uparse software (Uparse v7.0.1001, http://drive5.com/uparse/ (accessed on 20 March 2020)).



2.6.1. Operational Taxonomic Unit (OTU) Classification


Sequences with ≥97% similarity were assigned to the same OTU. A representative sequence was selected for each OTU for further analysis.




2.6.2. Taxonomic Identification


Each representative sequence was classified taxonomically using the RDP classifier algorithm (Ramer–Douglas–Peucker, v2.2, http://sourceforge.net/projects/rdp-classifier/ (accessed on 20 March 2020)). The taxonomic classification was performed by comparing sequences against GreenGenes’ database (https://greengenes.lbl.gov/Download/Sequence_Data/Arb_databases/ (accessed on 20 March 2020)).




2.6.3. Phylogenetic and Abundance Analysis


The phylogenetic relationships between different OTUs and the differences in dominant species across samples or study groups were analysed through multiple sequence alignment using the MUSCLE program (Version 3.8.31, http://www.drive5.com/muscle/ (accessed on 20 March 2020)).



OTU abundance data were normalized based on the sample with the lowest number of sequences. Alpha and beta diversity analyses were conducted using normalized data.





2.7. Assessment of Read Coverage and Alpha and Beta Diversity Calculation


Good’s coverage index was used to assess the representativeness of the sample (i.e., the sequencing depth in relation to the total microbial population).



2.7.1. Alpha Diversity


Alpha diversity measures the complexity of microbial diversity within a sample, including:



Species Richness


Diversity indices such as the Shannon, Simpson, and Chao1 indices.



The Shannon Index (H’) measures the overall diversity within a microbial community [49]. The Simpson Index (D) measures species dominance within a community [50]. The Chao1 Index estimates species richness, based on the number of singletons (species represented by one individual) and doubletons (species represented by two individuals) in a sample [51]. All indices were calculated using QIIME (v1.7.0) and visualized using R software (v2.15.3).




Statistical Analysis of Alpha Diversity


When normality and homogeneity of variance assumptions were not met, the non-parametric Wilcoxon signed-rank test was applied to compare mean ranks between two related samples and determine statistically significant differences [52].



Venn diagrams were used to illustrate the number of shared and unique OTUs across different sample groups. Overlapping circles represent logical relationships between sets of OTUs.





2.7.2. Beta Diversity


Beta diversity assesses differences in microbiota composition between study groups. Unweighted UniFrac distances between paired samples were visualized as a heatmap, using QIIME (v1.7.0).



Principal Component Analysis (PCA) was conducted to reduce dimensionality and visualize sample clustering based on microbial community structure, using FactoMineR and ggplot2 in R (v2.15.3). ANOSIM (Analysis of Similarities), a non-parametric multivariate test, was applied to detect differences in microbial community composition across groups.



Taxonomic Differential Abundance Analysis


To identify taxa showing significant differences between groups, Student’s t-test was applied. The t-test was used to compare mean values between the two groups, assuming that all dependent variables followed a normal distribution [53,54].




LEfSe Analysis (Linear Discriminant Analysis Effect Size)


LEfSe identifies the taxa most likely to explain differences between groups. It first applies a Kruskal–Wallis non-parametric test to detect statistically significant differences in abundance. A Wilcoxon test is then used to assess biological consistency. Finally, Linear Discriminant Analysis (LDA) estimates the effect size of taxon abundance differences [55]. In all cases, statistical analyses were performed using R software.







3. Results


3.1. Alpha Diversity


Table 2 presents the mean alpha diversity index values estimated for each of the four study groups: ASD, FXS, FXS + ASD, and Neurotypical–Control.



Good’s coverage index reached 99.9% for each of the four groups, indicating that the number of valid sequencing reads (71,783) was sufficient to reliably characterize the composition of the microbiota. This high coverage supports the validity and robustness of the sequencing data.



To assess significant differences in Shannon and Simpson alpha diversity indices among the study groups, the Wilcoxon rank-sum test was used instead of Student’s t-test, since normality assumptions were not met.



The results showed that the ASD and FXS + ASD groups had significantly higher Shannon Index and Simpson Index values (p < 0.05) compared to the control group. However, no significant differences were found in the number of OTUs or the Chao1 Index.



A qualitative analysis was performed, excluding abundance differences, to evaluate the distribution of OTUs across study groups. Figure 2 presents the number of shared and unique OTUs across the microbiota of each group. The total number of OTUs per group was control (C): 1307 OTUs; FXS (A): 951 OTUs; ASD (B): 1396 OTUs; FXS + ASD (F): 1305 OTUs. A total of 607 OTUs were shared among all four groups.



The control group had the highest number of unique OTUs (266 OTUs), whereas the FXS group had the lowest number of unique OTUs (74 OTUs). The ASD and FXS + ASD groups shared the highest number of OTUs.




3.2. Gut Microbiota Composition


To visually represent the mean gut microbiota composition per group, bar plots were generated to display the 10 most abundant phyla (Figure 3) and the 10 most abundant classes (Figure 4). Phyla or classes with a representation below 1% were grouped under “Others” in both figures.



3.2.1. Phylum-Level Analysis


Figure 3 shows that the most abundant phylum among all study groups was Bacteroidetes, followed by Firmicutes. Although quantitative and qualitative differences were not pronounced between groups, the ASD and FXS + ASD groups exhibited similar abundances of Bacteroidetes and Proteobacteria. The FXS + ASD group showed higher levels of Fusobacteria. The control group showed a greater relative abundance of Bacteroidetes and lower Firmicutes abundance compared to the patient groups.




3.2.2. Class-Level Analysis


Figure 4 displays class-level microbiota distribution. The classes Bacteroidia and Clostridia were primarily responsible for the abundance of Bacteroidetes and Firmicutes, respectively. The FXS group showed greater similarity to the ASD and FXS + ASD groups than to the control group regarding Bacteroidia and Clostridia abundance. Among patient groups, FXS + ASD exhibited the most distinct microbiota’s composition compared to the control group.




3.2.3. Heatmap Analysis


Figure 5 visualizes the abundance of different taxa across the study groups. Colours represent the relative abundance of a given taxon in a specific group. The FXS + ASD group exhibited the highest number of taxa with increased abundance compared to other groups.





3.3. Beta Diversity


To determine the dissimilarity among the microbiota of the different study groups, a Principal Component Analysis (PCA) was performed.



Figure 6 shows the percentage of variance explained by the first two principal components. Together, these two components account for 27.49% of the variability among the study groups. It can be observed that there is considerable overlap between the four groups. Additionally, the FXS + ASD group exhibits high variability among its samples, as indicated by points located far from each other, resulting in an enlarged ellipsoid for this group. Conversely, the FXS group shows little variability among its samples, as all points are located closely together.



To verify if the variation between groups was significantly greater than within-group variation, an ANOSIM analysis was conducted. No significant differences were found between the analysed groups, with a p-value > 0.05.



Taxa showing significant differences (p < 0.05) in abundance when comparing groups pairwise using Student’s t-test are shown in Table 3. Significant taxonomic differences were observed between the following groups: ASD vs. FXS, FXS vs. Control, ASD vs. Control, FXS vs. FXS + ASD, and ASD vs. FXS + ASD. The microbiota of the ASD group exhibits significant differences in a greater number of taxa compared to the control group.



Figure 7 illustrates the taxa with significant differences in average relative abundance between the two study groups. An asterisk (*) indicates the groups with a higher average value for each particular taxon, assessing biomarkers with statistical differences between groups.



The left panel of each graph in Figure 7 shows the abundance of species with significant differences between groups. Each bar represents the mean abundance of each group for the species exhibiting significant differences. The right panel shows the confidence interval of variation between groups. The leftmost side of each circle represents the lower limit of the 95% confidence interval, while the rightmost side represents the upper limit. The centre of the circle represents the difference in mean value. The circle colour corresponds to the group with a higher mean value. The value indicated on the right is the p-value for the comparison between groups, indicating which taxon or taxa are differential and could represent significant biomarkers for classifying populations, even proposing interventions with probiotics/prebiotics to check if microbiota and the characteristic symptomatology of the pathologies could be modified.




3.4. Biomarker Analysis Through Linear Discriminant Analysis (LDA)


Figure 8 presents LDA score histograms obtained from the LEfSe analysis, which were used to evaluate biomarkers with statistically significant differences between groups. Each graph in Figure 8 displays biomarkers or taxa that contribute to the greatest differences in microbiota composition between groups (LDA > 4). These taxa characterize one group compared to another specific group. The FXS microbiota was characterized by a higher abundance of Roseburia inulinivorans (Figure 8a). Both the ASD (B) and FXS + ASD (F) groups shared the same biomarker (Bacteroides ovatus) when compared to the FXS group (A) (Figure 8b,d).





4. Discussion


Advances in sequencing technologies and bioinformatics tools have enabled a detailed characterization of gut microbiota composition and its metabolic functions in humans, providing insights into its crucial role in health. Several factors influence human gut microbiota composition, including diet, physical activity, and antibiotic use [56,57]. A healthy gut microbiota is maintained by a balance favouring commensal microorganisms over pathogens; however, when this balance is disrupted, pathological conditions may arise [31]. It has been demonstrated that the gut microbiota interacts with the brain via the gut–brain axis, and alterations in this axis can contribute to various nervous system disorders, including ASD [42].



4.1. Alpha Diversity


In our alpha diversity analysis, significant differences were observed in diversity and dominance indices between patients (FXS, ASD, and FXS + ASD) and the control group, with ASD patients showing the highest diversity and dominance values compared to controls. These findings contrast with those of a previous study [58], where no significant alpha diversity differences were found between ASD individuals and neurotypical controls.



Regarding the number of OTUs, the highest value was observed in the FXS + ASD group, although with high standard deviation. This result contrasts with [59], who reported a reduced OTU count in ASD microbiota compared to controls. It is essential to consider other variables, such as diet and population differences, that could also influence gut microbiota composition.



The Venn diagram analysis showed that ASD and FXS + ASD groups share the highest number of OTUs. However, the total OTU count in ASD microbiota was the highest, whereas FXS had the lowest number of OTUs. This could be due to variability in OTU counts within each group, which was highest in ASD and lowest in FXS, despite its smaller sample size (6 individuals). The FXS + ASD group, consisting of seven individuals, had a total OTU count similar to that of the control group (nine individuals).




4.2. Microbiota Composition


Across all four groups, Bacteroidetes and Firmicutes were the dominant phyla, consistent with previous studies on human gut microbiota [60]. Bacteroidetes were primarily represented by the class Bacteroidia, whilst Firmicutes were dominated by the class Clostridia. Interestingly, ASD and FXS + ASD microbiota were notably similar in terms of phyla abundance. The control group exhibited a higher Bacteroidetes/Firmicutes ratio than the ASD group [61]. This imbalance has been linked to increased intestinal permeability and a higher prevalence of food intolerances in ASD individuals compared to neurotypical controls [62].



At the class level, FXS microbiota showed greater similarity to ASD and FXS + ASD microbiota than to controls. Some studies have associated increased Firmicutes colonization, particularly the class Clostridia, with autism symptom severity [63].




4.3. Heatmap and Beta Diversity


The heatmap analysis revealed that FXS microbiota (A) was most similar to the control group, whereas FXS + ASD (F) was the most distinct. Despite previous findings that link increased Clostridia abundance to ASD symptomatology, our heatmap showed that FXS individuals had an even higher Clostridia abundance than ASD patients, suggesting its potential role in FXS pathology. Clostridia are known to produce p-cresol in the gut microbiota, a metabolite associated with repetitive behaviours [62].



The FXS + ASD group also showed elevated Clostridia levels, in agreement with previous studies indicating that the presence of ASD exacerbates intestinal dysbiosis in patients with FXS + ASD [63]. Notably, FXS + ASD microbiota had a higher abundance of Epsilonproteobacteria, particularly Campylobacter, which is associated with acute bacterial enteritis [64].



Although FXS and control microbiota showed only minor differences, previous studies have reported gastrointestinal issues such as constipation in FXS individuals, which could influence gut microbiota composition [65]. Additionally, ASD microbiota was characterized by high Bacilli abundance, a class known to produce toxins involved in various diseases [66].



In beta diversity analysis, FXS samples exhibited the least variability, whereas FXS + ASD showed the highest intra-group variability, suggesting that individuals in this group had highly heterogeneous microbiota profiles. The substantial overlap between the four groups explains why ANOSIM analysis did not reveal significant differences in overall microbiota composition between groups.




4.4. Differential Taxa and Biomarkers


Despite no global differences in beta diversity, specific taxa exhibited significant differences between groups, with ASD microbiota showing the most distinct taxonomic profile compared to controls. Notably, ASD microbiota had a higher abundance of Proteobacteria, particularly class Betaproteobacteria, which has also been found in type II diabetes patients and may influence sugar metabolism [67]. This could help explain the poor disaccharide absorption observed in some ASD children [25].



ASD microbiota also had a higher abundance of Proteobacteria than FXS microbiota. Additionally, Subdoligranulum and Ruminococcus were significantly more abundant in FXS than in controls. Subdoligranulum is typically reduced in irritable bowel syndrome patients [68], whereas Ruminococcus has been linked to Crohn’s disease and autism due to its production of a complex polysaccharide that triggers intestinal inflammation [69,70].



Furthermore, Fusicatenibacter abundance was lower in FXS + ASD group compared to ASD and FXS groups, with the most significant difference observed between FXS + ASD and FXS groups. Fusicatenibacter plays a key role in short-chain fatty acid synthesis from carbohydrates [71], suggesting a potential involvement of this altered microbial profile in the symptomatology of FXS + ASD.




4.5. LEfSe Biomarker Analysis


The LEfSe analysis identified specific taxa that were significantly enriched in certain groups, distinguishing them from others.



FXS microbiota was characterized by a higher abundance of Roseburia inulinivorans, a commensal bacterium-producing butyrate, which has a role in energy metabolism and glucose homeostasis [72]. Although Roseburia has been implicated in neurological disorders, its exact role remains unclear [73].



ASD microbiota was distinguished by Proteobacteria (phylum) and Bacteroides ovatus (species), which also differentiated FXS + ASD from FXS. This suggests that B. ovatus is more abundant in ASD and FXS + ASD, potentially contributing to shared symptomatology between these groups.



Other distinctive biomarkers included Bacteroidales S24-7 (FXS + ASD vs. ASD) and Veillonellaceae (higher in controls vs. FXS + ASD). The high Sutterella abundance in FXS + ASD, previously linked to gastrointestinal infections, has also been reported in ASD microbiota [70].




4.6. Future Directions


Given the small sample size, these results should be considered preliminary, requiring confirmation in larger cohorts. If validated in future studies, these findings could lead to probiotic/prebiotic interventions aimed at modulating gut microbiota and alleviating symptoms in affected patients.



Although two participants were 18 years old, we performed a sensitivity analysis excluding them and confirmed that the main results and conclusions remained consistent. The inclusion of these participants, given the rarity of FXS and FXS + ASD, is justified, but we acknowledge this as a limitation regarding age homogeneity.



Another limitation is that stool samples were stored at −20 °C rather than −80 °C immediately after collection, due to home sampling by families. However, this approach is supported by evidence indicating that short-term storage at −20 °C does not significantly impact microbiota analysis results [48].





5. Conclusions


	
The gut microbiota of patients with ASD, FXS, and FXS + ASD exhibits significant differences compared to that of neurotypical control individuals within the studied population.



	
The microbiota of ASD patients is associated with an increased proportion of Firmicutes phylum members compared to the control group, a characteristic that, according to some authors, is linked to alterations in intestinal permeability.



	
An increased abundance of the class Clostridia was observed in all three patient groups compared to controls, with this increase being most pronounced in FXS patients.



	
Specific biomarkers were identified, distinguishing gut microbiota profiles of the patient groups from one another and from the control group.



	
There are notable similarities in bacterial composition and abundance between the ASD and FXS + ASD groups, particularly regarding the species Bacteroides ovatus, which may be related to shared symptomatology.
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	Fragile X Syndrome
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	Deoxyribonucleic acid
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	Ribosomal ribonucleic acid



	MetaHIT
	Human Intestinal Tract Metagenomics



	HMP
	Human Microbiome Project
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	Polymerase Chain Reaction
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	Enteric nervous system
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	Operative Taxonomic Unit
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	Quick adjustment of the length of short reads to improve genome assemblies
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	Principal Component Analysis



	ANOSIM
	Analysis of Similarities



	LDA
	Linear Discriminant Analysis
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Figure 1. Workflow implemented by Novogene upon receiving the previously processed DNA samples from the IBIMA laboratory for 16S rRNA gene sequencing. Each step includes quality control checks of both the sample and the generated data. 
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Figure 2. Venn diagram of OTU distribution. It illustrates the number of OTUs present in each study group, the unique OTUs per group, and the OTUs shared between two or more groups. Control individuals (C) are in purple. FXS individuals (A) are in blue. ASD individuals (B) are in green. FXS + ASD individuals (F) are in Magenta. 
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Figure 3. Relative abundance of the 10 most representative phyla. Compared groups: Control (C), FXS (A), ASD (B), and FXS + ASD (F). 
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Figure 4. Relative abundance of the 10 most representative classes. Compared groups: Control (C), FXS (A), ASD (B), and FXS + ASD (F). 
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Figure 5. Heatmap of representative gut microbiota classes. Compared groups: Control (C), FXS (A), ASD (B), and FXS + ASD (F). 
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Figure 6. Principal Component Analysis (PCA). Each point represents a sample. Each component comprises a set of variables independent from each other. The study groups are Control (C, red), FXS (A, blue), ASD (B, green), and FXS + ASD (F, turquoise). 
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Figure 7. Representation of abundance values indicating species with differential values. Differential results are shown by comparing sample groups. The group comparisons are as follows: (a,b) FXS vs. ASD (A vs. B); (c) Control vs. FXS (C vs. A); (d–h) ASD vs. Control (B vs. C); (i) FXS + ASD vs. FXS (F vs. A); and (j,k) FXS + ASD vs. ASD (F vs. B). 
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Figure 8. LDA score histograms from LEfSe analysis. The LDA score histogram represents taxa whose abundance shows significant differences between groups. The letter preceding the taxon name indicates its taxonomic rank, where p = phylum, c = class, o = order, f = family, g = genus, and s = species. The selection criterion is an LDA score above the established threshold (LDA > 4, default value). The LDA score represents effect size, indicating the extent to which a biomarker differentiates between groups. The comparison groups for LEfSe analysis are as follows: (a) FXS vs. Control (A vs. C); (b) ASD vs. FXS (B vs. A); (c) ASD vs. Control (B vs. C); (d) FXS + ASD vs. FXS (F vs. A); (e) FXS + ASD vs. ASD (F vs. B); (f) Control vs. FXS + ASD (C vs. F). 
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Table 1. Information on study participants.






Table 1. Information on study participants.





	Code
	Group
	Age (Years)
	Gender
	Phenotype





	BTSXF20C
	C
	10
	Male
	Control



	BTC23
	C
	8
	Female
	Control



	BTSXF16C
	C
	10
	Male
	Control



	BTC004I
	C
	4
	Male
	Control



	BTC07
	C
	10
	Male
	Control



	BTC10
	C
	5
	Male
	Control



	BTC02I2
	C
	8
	Female
	Control



	BTSXF02C
	C
	3
	Male
	Control



	BTF3G02Cont
	C
	8
	Male
	Control



	BTSXF19
	A
	6
	Male
	FXS



	BTSXF17
	A
	6
	Male
	FXS



	BTSXF15
	A
	6
	Male
	FXS



	BTSXF13
	A
	18
	Male
	FXS



	BTSXF01
	A
	3
	Male
	FXS



	BTSXF12
	A
	6
	Female
	FXS



	BT023Int
	B
	6
	Male
	ASD



	BT021Int
	B
	6
	Male
	ASD



	BT047
	B
	3
	Male
	ASD



	BT027Int
	B
	6
	Male
	ASD



	BTH02Int2
	B
	8
	Male
	ASD



	BT046
	B
	4
	Male
	ASD



	BT061
	B
	5
	Male
	ASD



	BT004I
	B
	4
	Male
	ASD



	BT012I
	B
	3
	Male
	ASD



	BTSXF18
	F
	8
	Male
	FXS + ASD



	TRA152INT2
	F
	18
	Male
	FXS + ASD



	BTSXF05I
	F
	4
	Male
	FXS + ASD



	BTSXF04
	F
	3
	Male
	FXS + ASD



	BTSXF9
	F
	3
	Female
	FXS + ASD



	BTSXF10
	F
	5
	Male
	FXS + ASD



	BTSXF11
	F
	3
	Male
	FXS + ASD










 





Table 2. Alpha diversity of gut microbiota in control individuals and patients with ASD, FXS, and FXS + ASD.s.
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	Group
	OTU #
	Shannon
	Simpson
	CHAO1
	Good’s Coverage (%)





	Control
	418.89 ± 120.04
	3.85 ± 0.88
	0.81 ± 0.14
	478.39 ± 140.33
	99.99 ± 0.00



	FXS
	424.00 ± 88.76
	4.12 ± 0.86
	0.90 ± 0.06 *
	473.25 ± 106.41
	99.99 ± 0.00



	ASD
	460.70 ± 172.37
	4.98 ± 0.57 **
	0.92 ± 0.03 **
	507.22 ± 184.34
	99.99 ± 0.00



	FXS + ASD
	468.71 ± 168.96
	4.70 ± 1.29 *
	0.89 ± 0.11 **
	524.28 ± 162.40
	99.99 ± 0.00







(# Number of very similar sequences/diversity index. * values represent mean ± SD. Asterisks indicate significant differences compared to the control group: p < 0.05; ** p < 0.01).













 





Table 3. Taxa showing significant differences in average relative abundance between two study groups, analysed by Student’s t-test (p < 0.05). An asterisk (*) indicates the groups with a significantly higher mean value for each taxon.
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	Groups
	Taxon
	p-Value





	ASD * vs. FXS
	Bacteroides ovatus (Species)
	0.043



	ASD * vs. FXS
	Proteobacteria (Phylum)
	0.042



	FXS * vs. Control
	Subdoligranulum (Genus)
	0.043



	FXS * vs. Control
	Ruminococcus (Genus)
	0.034



	ASD * vs. Control
	Betaproteobacteria (Class)
	0.011



	ASD * vs. Control
	Gammaproteobacteria (Class)
	0.046



	ASD * vs. Control
	Alcaligenaceae (Family)
	0.013



	ASD * vs. Control
	Peptostreptococcaceae (Family)
	0.043



	ASD * vs. Control
	Subdoligranulum (Genus)
	0.049



	ASD * vs. Control
	Intestinibacter (Genus)
	0.038



	ASD * vs. Control
	Burkholderiales (Order)
	0.011



	ASD * vs. Control
	Proteobacteria (Phylum)
	0.020



	FXS * vs. FXS + ASD
	Fusicatenibacter (Genus)
	0.010



	ASD * vs. FXS + ASD
	Peptostreptococcaceae (Family)
	0.046



	ASD * vs. FXS + ASD
	Fusicatenibacter (Genus)
	0.046
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