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Purpose: To investigate the compositional and functional characteristics of T1DM-associated gut microbiota in two Egyptian cities 
and to study the geographical locality effects.
Patients and Methods: This case-control study included 32 children with controlled T1DM and 16 controls, selected from two 
different regions of Egypt. The gut microbiota of both diabetic and control children was analyzed through 16S rRNA gene sequencing; 
this was done using the Illumina MiSeq platform.
Results: Consistent findings among the diabetic children included significantly lower alpha diversity than the control children, as well as 
a lower mean Firmicutes/Bacteroidetes (F/B) ratio, and reduced proportions of Firmicutes and the genera Prevotella and Ruminococcus. In 
the diabetic children, there were also significantly enriched representations of Actinobacteria, Bacteroidetes, and Proteobacteria and the 
genera Lactobacilli, Bacteroides, and Faecalibacterium. When comparing the two diabetic groups, the Ismailia group (IsDM) was found to 
have a significantly higher F/B ratio and diversity indices, with resultant differences at the functional level.
Conclusion: There are a number of consistent changes in the microbiota profile characterizing the diabetic groups irrespective of the 
geographical location including significantly lower alpha diversity, mean Firmicutes/ Bacteroidetes (F/B) ratio, and reduced proportions of 
Firmicutes and genera Prevotella and Ruminococcus. There are also significantly enriched representations of Actinobacteria, Bacteroidetes, 
and Proteobacteria and genera Lactobacilli, Bacteroides, and Faecalibacterium pointing to the greater driving power of the disease.
Keywords: gut microbiota, dysbiosis, type 1 diabetes mellitus, children

Introduction
Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by insufficient insulin production due to partial 
or complete destruction of pancreatic islet beta cells in genetically susceptible individuals; the condition is induced by 
innate and adaptive immunity, especially by autoreactive T-cells.1

A number of environmental factors may act as triggers for T1DM, including pregnancy-related and perinatal factors, 
viruses, ingestion of cereals and cow’s milk, and the use of antibiotics and probiotics. These factors also affect the 
microbiota, which explains the hypothesis that the gut microbiome has a role in linking environmental influences with the 
development of T1DM.2

Each individual differs not only in his/her own genetic material but also in his/her gut microbiota which form a complex 
microbial community of ~4X1013 cells.3 These organisms form symbiotic relationships with their host and have many 
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beneficial functions, including the maintenance of intestinal epithelial integrity and the regulation of immunological 
activities.4 What this means is that dysbiosis can lead to the loss of immune regulatory effects on the gut mucosa, a loss 
which is associated with a number of inflammatory and immune-mediated diseases, including T1DM; this occurs especially in 
childhood.5

The role of the gut microbiota in the pathogenesis of T1DM has become an important subject of investigation.6 It is, 
however, difficult to determine the alterations in the microbiota that are consistently associated with T1DM during the 
early childhood period, when the gut microbiota is unstable, and the seroconversion is occurring early in those children 
who will develop diabetes. At this point it has not yet been determined whether these microbial changes are a cause of 
diabetes, a response to it, or both7 and whether these changes are consistent irrespective of the geographical locality 
which is a known important factor shaping the microbiota composition.8

When trying to assess the complexity of the thousands of bacterial species in the gut, one option is a categorization 
method that assigns an individual’s microbial profile to certain clusters, known as enterotypes, which are suggested to be 
biomarkers of the gut ecology and might reduce the large interindividual microbial variation and are geographically 
stratified.9 These are named depending on the abundance of signature taxa, such as Bacteroides and Prevotella, the main 
identified enterotypes, followed by Ruminococcaceae.10,11

The key methodology to study these bacterial populations and to analyze microbiome data is 16S ribosomal RNA 
sequencing, which focuses on the relative abundances and diversity of the various taxa found in microbiome samples.12 

However, these analyses do not show relationships between the taxa in a community, which are represented using 
networks.13

Although several studies have linked dysbiosis to T1DM by tracking changes in microbial composition, very few 
have studied the enterotypes, the relationships between the taxa in a community and whether locality has any effect on 
these findings. This study therefore aimed to bridge this gap by studying the microbiota of a sample of healthy and 
controlled diabetic Egyptian children in two Egyptian cities. The locations selected were Assiut in Upper, or Southern, 
Egypt and Ismailia in Lower, or Northern, Egypt. Northern Egypt is more industrialized and has among the highest 
socioeconomic and educational levels in the country, while Assiut is one of the poorest towns in the country, and lies in 
the southern region, where the economy relies upon agriculture and the population is often exposed to chemical 
fertilizers.

Materials and Methods
Study Participants and Design
This was a case-control study that was conducted over a period of one year from January to December 2017. Representative 
participants were recruited from two geographical regions with different socioeconomic settings. The first group was from 
Assiut in Upper Egypt and was represented by seventeen diabetic children (AsDM) and eight healthy subjects as controls 
(AsC). The second group was from Ismailia in Lower Egypt and was composed of fifteen diabetic children (IsDM) and eight 
healthy subjects as controls (IsC). The study was carried out according to the principles of the Declaration of Helsinki and 
was approved by the Ethics Committee of the Faculty of Medicine, Assiut University (Institutional Review Board (IRB) 
reference number 17300404/2016). The parents of the studied children were informed about the purpose of the study and 
consents were taken from them for the enrollment of their children in the study.

The diagnosis of T1DM was made according to the criteria of the American Diabetes Association.14 The treatment 
and follow-up of the diabetic children were done according to a standard medical protocol, in which patients were 
undergoing treatment with multiple doses of insulin. The inclusion criteria included controlled diabetic status in terms of 
normal blood glucose and glycosylated hemoglobin (HbA1C), the absence of any allergic, inflammatory disease, or 
diarrhea. Also included were patients who had not had any antibiotics or probiotics or any other medical treatment that 
may affect the intestinal microbiota two months before sampling. The controls were healthy children who were matched 
according to gender, age, mode of delivery and duration of breastfeeding. All participants had normal body mass 
indices (BMI).
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Sample Collection and Microscopic Parasitological Examination
Stool samples were obtained from the diabetic children during their regular follow-up in the outpatient clinic of the 
Assiut University Pediatric Hospital, Assiut, Egypt and from the Health Insurance Organization Hospital, Ismailia, 
Egypt. Samples were also collected from matched healthy subjects who fulfilled the inclusion criteria. In Assiut, the 
samples were sent for processing to the Medical Research Centre of the Faculty of Medicine at Assiut University; in 
Ismailia, they were sent to the Microbiology Department in the Faculty of Pharmacy at Port Said University. 
A parasitological examination was done on all the stool samples when they reached the laboratories.

DNA Extraction and PCR Amplification and Sequencing of 16S rRNA Gene
This was performed using the PureLinkTM Microbiome DNA Purification Kit from Thermofisher Scientific, USA, 
according to the manufacturer’s instructions. The DNA concentration was estimated by Nanodrop spectrophotometer.

The PCR cycling conditions followed those reported by Ramadan et al.15 The V3-V4 regions of the 16S rRNA gene 
were amplified using the following primers with included Illumina adaptor, as follows:

Forward Primer.
5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG3'.
Reverse Primer.
5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC'.
Validation of the size and quality of the amplified products was done using 1% agarose gel. Amplicons were purified 

by the Agencourt XP Ampure Beads (Beckman Coulter, USA). Finally, PCR amplicons of negative controls and fecal 
samples were sent to IGA Technology Services in Udine, Italy, where they were sequenced using the Illumina MiSeq 
platform (Illumina, USA).

Bioinformatic Analyses
Preprocessing of the Raw 16S rRNA Datasets
The QIIME software package was used for sequence analysis.16 In brief, merging of the paired-end sequences generated by 
the Illumina MiSeq was done using the join_paired_ends.py script with default parameters. After that, merged fastq 
sequences were quality filtered from low-quality sequences (Phred score value ≤28 and ≤465 bp, chimeric sequences and 
ambiguous reads). The generated sequences were classified as Operational Taxonomic Units (OTUs) at 97% similarity by 
UCLUST.17 Finally, OTUs were assigned to the corresponding taxonomic levels against the Greengenes database v13_8.18

OTU Based Data Analyses and Statistical Analysis
Three alpha diversity-based methods (Observed species, Chao1 and Shannon index) were used to calculate the alpha 
diversity of the datasets. The microbial relations among the gut microbiomes were elucidated using beta diversity 
analysis by Principal Coordinate Analysis (PCoA) based on weighted and unweighted uniFrac distances. Statistical 
significance of differences among the studied groups was estimated using the unpaired Wilcoxon rank sum test and the 
Kruskal Wallis rank sum test. Also, to identify the statistically significant genera that differed between AsDM and IsDM, 
Welch’s t-tests (confidence interval method, P < 0.05) was measured. For multigroup comparisons, false discovery rate 
method (FDR) was performed to adjust all P-values.19 Furthermore, for inferring the correlations of bacterial community 
members to participants’ clinical metadata, Spearman correlation coefficient was applied to genera that were detected 
with mean relative proportion ≥ 0.23% using R package, Hamsic.20

To determine the Enterotypes of the gut microbiota, the relative abundance of genera in all datasets were used for 
clustering using Partitioning around medoids (PAM) algorithm and Jensen–Shannon divergence (JSD), then the optimum 
number of clusters was identified using the Calinski-Harabasz (CH) index.21

For defining the core microbiome in our datasets, the compute_core_microbiome.py script was used. The OTU was 
considered as a core taxon of the whole dataset if it was present in at least 80% of all samples, while it was considered as 
a core taxon of a given dataset if it presented in 100% of samples of that study group.
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Biomarker Determination and Function Prediction of Gut Microbiota
This was done by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) where 
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) Database pathways were predicted based on the 
taxa ID in Greengenes.22,23 Moreover, LEfSe (ver. 1.0) analysis tool was used for determining the potential biomarkers 
(Taxa or KEGG metabolic pathways with logarithmic LDA scores > 3.0 and α= 0.05 at level 2 level 3).24

Availability of Data
The 16S rRNA raw sequences have been deposited in SRA at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA647206 
under accession number PRJNA647206.

Results
Population Characteristics
The study population consisted of a total of 32 children with controlled T1DM (17 from Assiut and 15 from Ismailia with 
mean age of 7.3 ± 2.8 and 7.5 ± 2.5 years respectively) and 16 healthy controls aged 7.3 ± 1.8 years (eight from each city). 
The clinical characteristics are listed in Table 1. Giardia cyst was detected in four stool samples from the AsDM group.

Distinct Structure of Microbial Communities in Harmonious Association to State of 
Health and Locality
A total number of 3,754,432 raw sequences was obtained from the study groups. After the quality- filtering and removal 
of potentially chimeric sequences, a total number of 2,965,462 high-quality reads were available, and were used for 
downstream analyses.

Taxonomic assignments of 16S rRNA reads resulted in 5269 OTUs, 21 phyla, 58 classes, 113 orders, 209 families, 
and 518 genera across all samples. Specifically, analysis of bacterial phyla showed Firmicutes and Bacteroides as the 
major phyla amongst all the groups (Figure 1). Their relative abundance was 94.8% in the healthy control groups, while 
for the diabetic groups, the proportions were 86.9% in AsDM and 95.4% in IsDM.

Analysis of the mean Firmicutes and Bacteroides ratio (F/B) showed that it was generally higher in the control groups 
than in the corresponding diabetic groups from the same locality. However, IsC showed a significantly higher mean ratio 
(1.7) than AsC (0.75) (Kruskal–Wallis, P= 2.96×10−4). For the Ismailia region, the mean F/B ratio was 1.7 in the control 
group and 1.5 in the diabetic group. Notably, the F/B ratios in the Assiut groups were much lower than those in the 
Ismailia groups, with 0.75 for the control group and 0.6 for the diabetic group. The phyla Proteobacteria and 
Actinobacteria were next in order, though at much lower percentages, as shown in Figure 1. There was a distinct subset 

Table 1 Characteristics of the Study Population

Diabetic Children Controls

Assiut (n= 17) Ismailia (n= 15) Assiut (n= 8) Ismailia (n= 8)

Age (mean ± SD) (years) 7.3 ± 2.8 (6–9) 7.5 ± 2.5 (6–9) 6.9 ± 2.1 (6–9) 7.7 ± 1.5 (6–9)

Sex male/female (%) 9/8 (52.9/47.1%) 9/6 (60/40%) 4/4 (50/50%) 5/3 (62.5/37.5%)

Duration of DM (median) 

(years)

3.3 (0.5–7) 3.2 (3–7) – –

BMI (Kg/m2) (mean ± SD) 15.4 ± 1.3 15.5 ± 0.9 14.9 ± 0.8 16.2 ± 1.5

RBG (mg/dl) (mean ± SD) 167.9 ± 28.4 (115–210) 166.1 ± 26.3 (125–209) 89.4 ± 8.9 (75–100) 89.4 ± 8.9 (75–100)

HbA1C (mean ± SD) 7.9 ± 0.7 (6–9) 7.9 ± 0.9 (6–9.1) 4.9 ± 0.3 (4.3–5.2) 4.9 ± 0.3 (4.3–5.2)

Abbreviations: BMI, body mass index; HbA1C, glycated haemoglobin; RBG, random blood glucose; SD, standard deviation.
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of samples consisting of the four children of the AsDM group with giardia. Their taxonomic profiles were different from 
those of the other diabetic samples, with Bacteroides (~59.4%) and Proteobacteria (~32.47%,) being the major phyla, 
with a relatively diminished representation of Firmicutes.

The overall alpha diversity indices showed statistically significant differences in terms of the evenness and richness 
within the datasets (Wilcoxon test, P= 0.001). The control groups in both localities showed statistically higher diversity 
than their corresponding diabetic groups (Wilcoxon test, P= 0.001). The IsC manifested significantly more diverse 
communities than did AsC (Wilcoxon test, P= 0.001) (Figure 2A).

Moreover, visualization of weighted UniFrac distance by PCoA plot showed significant distinction in bacterial 
communities between all study groups (PERMANOVA; R2= 0.169, P= 0.001) (Figure 2B). Surprisingly, although 
there was a distinct clustering for each study group, the bacterial communities of the diseased groups were relatively 
close to each other, in contrast to the bacterial communities of the controls.

At the genus level, there were 21 genera exhibiting varied patterns in each study group, as shown in Figure 3. Prevotella, 
Faecalibacterium, Bacteroides and Lactobacilli were among the genera representing the core microbiome of the entire 
dataset, but they were in relatively different proportions, especially in the diabetic groups. For instance, Prevotella and 
Faecalibacterium were significantly enriched in AsDM and IsDM groups, respectively. Meanwhile, many genera played dual 
roles as core genera for all the datasets and also as potential biomarkers for a given study group; for example, Collinsella for 
the AsDM group, and Succinivibrio, Blautia, Catenibacterium and Bifidobacterium for the IsDM group. See Table 2 and 
Supplementary Tables S1 and S2.

Gut Inhabitants Notably Shape the Compositional Characteristics of Enterotypes
The samples were assigned to five enterotypes (E 1–5), and these were mainly dependent on the health status and locality. 
Enterotype E1 (AsC) had 18 genera, E2 (IsDM) had 17 genera, E3 (IsC) had 19 genera, E4 (the four samples of giardia in 
AsDM) presented a cluster distinct from the other AsDM samples and E5 (AsDM) had 17 genera. The leading genera in the 

Figure 1 A bar plot of the relative abundance of different phyla in the gut microbiota of the study groups; (A) Control groups (Assiut and Ismailia) and (B) Diabetic groups 
(Assiut and Ismailia).
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five enterotypes were Prevotella in E1, E3 and E5, Faecalibacterium in E2 and Bacteroides in E4, as shown in Figure 4 and 
Supplementary Tables S3 and S4.

Network Correlation Analysis
The strength of the correlation between the top 29 of the most abundant genera was estimated using the Spearman correlation 
coefficient (r ≥ ± 0.63, P ≤ 0.01). The over-representation of Prevotella had a negative impact on the abundance of the 
Faecalibacterium, Blautia, Lachnospira and Lactococcus genera. The Mitsoukella, Catenibacterium, Slackia, Eubacterium, 
Dialister and Succinivibrio genera were positively correlated to each other. The genus Bacteroides was positively correlated 
with Parabacteroides and negatively correlated with Sarcina and Collinsella genera, as shown in Figure 5.

Function Prediction of the Abundant KEGG
In the KEGG modules of the AsDM group, we observed gene functions for neurodegenerative diseases (LDA= 2.9, P= 
0.003), carbohydrate metabolism (amino sugar and nucleotide sugar metabolism, LDA= 4.1, P= 0.009), as well as for 
xenobiotic biodegradation and metabolism (toluene degradation, LDA= 2.9, P= 0.03), while for the IsDM group, we 
observed gene function of carbohydrate metabolism (starch and sucrose metabolism, LDA= 4, P= 0.04).

Figure 2 Diversity analyses of gut microbiomes. (A) Bacterial alpha diversity indices were represented by box plots of the following indices: the number of observed species 
Chao1 index and Shannon diversity index. X-axis represented the study groups, while alpha indices were plotted on the Y-axis. The median was represented by the line in 
each box, the interquartile range (IQR) between the 25th and 75th percentile was delimited by the box, and the range was outlined by the whisker. The nonparametric 
Wilcoxon rank-sum test was used to define the statistical significance of pairwise comparisons. Significant differences were displayed with either NS (P> 0.05), * (P< 0.05), ** 
(P< 0.01) or *** (P< 0.001). (B) Principal coordinates analysis (PCoA) of gut microbiomes based on weighted UniFrac distance matrices. PCoA plot represented the 
similarity distances between gut microbiota of healthy and diseased groups. The significant clustering was denoted by ellipses (Adonis: r2= 0.047, P= 0.00092).
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In the AsC control groups, a number of gene functions were observed: of carbohydrate metabolism (fructose and 
mannose metabolism, LDA= 3.9, P= 0.001 and ascorbate and aldarate metabolism, LDA= 2.9, P= 0.0001). In the IsC 
group, the gene functions found were replication, recombination and repair proteins (LDA= 3.9, P= 0.02), carbohy-
drate metabolism (propanoate metabolism, LDA= 3.7, P= 0.02) and amino acid metabolism (LDA= 3.2, P= 0.02).

Discussion
Children are considered a unique category because in early childhood their gut microbiota is unstable, before evolving 
into its adult configuration.25 Generally, differences in gut microbiota have been reported normally not only across wide 
international geographical areas with different socio-economic settings but also among people with similar cultural and 
genetic backgrounds.26 So, this raised the research question, whether the geographical locality influenced the composi-
tional and functional characteristics of T1DM-associated gut microbiota in controlled diabetic children from two 
Egyptian cities. Unfortunately, worldwide there are only limited studies discussing this point; for the situation in 
Egypt, studies are almost non-existent.

In our study, the alpha diversity of the samples was significantly higher among the controls than the diabetic groups of 
the same locality. The effect of the geographical difference was clearly apparent among the same groups in both areas.

Similar results were reported in previous studies,27,28 which also detected significant variations in the gut microbiota 
of healthy subjects than the diabetic groups. The lack of bacterial diversity could mean that their ability to digest 
a diverse diet would be limited and could lead to a number of gut microbial fermentation products, which might 
eventually cause metabolic diseases, including diabetes.29

Figure 3 Genus level analysis of gut microbiomes. (A) Relative abundance of most predominant genera in diabetic groups. (B) Difference in mean proportions between 
diabetic groups measured by confidence of intervals. (C) Green boxes represented core genera in all samples and the numbers defined the percentage of the presence of 
genera in all data set. (D) Colored boxes indicated the core microbiome of each diabetic group and strikes represented the significance difference of genera between diabetic 
groups [NS (P< 0.05), * (P< 0.05), ** (P< 0.01) or *** (P< 0.001)]. (E) LEfSe inferred potential biomarkers for each group and numbers indicated LDA scores.
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When examining the phylum level among the diabetic groups, the increased prevalence of Actinobacteria and 
Proteobacteria was generally accompanied with an under-representation of Firmicutes. IsDM exhibited a higher 
frequency of Bacteroidetes than that found in their corresponding controls. Other studies have reported similar findings 

Table 2 Significant Genera Amongst the Studied Groups

Genera Group FDR LDA Score P Significance Statistical Test

Parabacteroides AsC IsC 3.21E-02 0.16 0.03209 * Wilcox

Desulfovibrio AsC IsC 0.0283 0.14 0.0283 * Wilcox

Lactobacillus AsC IsC 1.89E-02 0.076 0.0189 * Wilcox

Enterococcus AsC IsC 0.036 2.41 0.037 * Wilcox

Dialister AsC IsC 0.0321 1.33 0.0321 * Wilcox

Butyricimonas AsC AsDM 0.0065 2.75 0.0066 ** Wilcox

Eubacterium AsC AsDM 3.16E-02 3.09 0.03156 * Wilcox

Akkermansia AsC AsDM 3.24E-03 4.23 0.00324 ** Wilcox

Campylobacter IsC IsDM 0.0084 1.93 0.0084 ** Wilcox

Desulfovibrio IsC IsDM 0.0091 2.07 0.0092 ** Wilcox

Catenibacterium IsC IsDM 0.0091 1.83 0.0092 ** Wilcox

Collinsella IsC IsDM 9.15E-03 4.15 0.00915 ** Wilcox

Ruminococcus IsC IsDM 0.033 4.23 0.033 * Wilcox

Turicibacter IsC IsDM 9.15E- 3.93 0.00915 ** Wilcox

Eubacterium IsC IsDM 8.80E-03 3.67 0.0088 ** Wilcox

Klebsiella IsC IsDM 0.028 3.04 0.028 * Wilcox

Dialister IsC IsDM 0.0091 2.82 0.0092 ** Wilcox

Bilophila IsC IsDM 0.0091 1.35 0.0092 ** Wilcox

Faecalibacterium AsDM IsDM 0.0275 0.615 0.0275 * Wilcox

Streptococcus AsDM IsDM 0.0027 3.24 0.0028 ** Wilcox

Lactobacilli AsDM IsDM 4.25E-03 0.571 0.00425 ** Wilcox

Lachnospira AsDM IsDM 0.015 2.22 0.015 * Wilcox

Collinsella AsDM IsDM 2.68E-04 1.97 0.00027 *** Wilcox

Eubacterium AsDM IsDM 2.42E-02 1.47 0.02425 * Wilcox

Turicibacter AsDM IsDM 4.93E- 0.319 0.00049 *** Wilcox

Enterococcus AsDM IsDM 0.023 1.72 0.024 * Wilcox

Klebsiella AsDM IsDM 0.01 1.90 0.011 * Wilcox

Akkermansia AsDM IsDM 3.38E-02 0.616 0.03384 * Wilcox

Roseburia AsDM IsDM 1.21E-02 2.41 0.01209 * Wilcox

Faecalibacterium AsDM IsDM 0.0275 3.43 0.0275 * Wilcox

Note: ns: P > 1; *: P < 0.05, **: P < 0.01; ***: P < 0.001. 
Abbreviations: AsC, Assiut controls, AsDM, Assiut diabetes mellitus; FDR, false discovery rate; IsC, Ismailia controls; IsDM, Ismailia diabetes 
mellitus; LDA, linear discriminant analysis.
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of a reduced abundance of Firmicutes in children with T1DM, lower than that found in healthy children.28,30 The special 
group of four children in the Assiut diabetes group who had giardia cysts in their stool samples surprisingly showed 
enriched abundance of Bacteroidetes and Proteobacteria and markedly diminished Firmicutes, in line with findings 
previously reported by Barash et al.31 Giardia infection increases bacterial load and invasiveness as a sequela to intestinal 
barrier disruption,32 which highlights its possible role in diabetes. It is also a reflection of the poor socioeconomic status. 
Other findings are in line with results of previous studies. For example, the control groups in this study generally showed 
a higher mean F/B ratio than the DM groups from the same locality; similar results were previously presented in studies 
by Murri et al28 and De Goffau et al.33 There were also differences in the mean F/B ratios of the two control groups, with 
IsC exhibiting a significantly higher F/B ratio than that found in AsC, a result highlighting the influence of geographical 
location with its resultant difference in the socioeconomic status, poverty, education, hygiene, and nutritional habits. 
Members of the Bacteroidetes decrease the mucosal integrity of the gut, activate inflammatory pathways and block T-reg 
differentiation by producing acetate, succinate and propionate,30,34 while Firmicutes, by the production of butyrate, 
enhance the gut barriers by reverse mechanisms, as explained in the findings of Louis and Flint.35

In this study, Bifidobacterium, a core genus in all the samples, was higher in the IsC group than in the IsDM group, 
while the reverse was true in the Assiut samples. The IsDM group reported a significantly higher percentage of 
Bifidobacterium than did the AsDM group; it was also a biomarker for IsDM. Most other studies have reported that 
Bifidobacterium was found in higher abundance in control groups than in diabetic groups.28,30,36,37 Another core genus in 
all samples was Lactobacilli, but here, in both localities, the percentage was unusually higher among the diabetic groups 
than in their corresponding controls, with the abundance being significantly higher in the IsDM group than in the AsDM 
group. Other studies have produced contradictory results regarding the abundance of Lactobacilli in people with diabetes 
mellitus.28,38 It appears that the protective effects of these two genera may depend on the presence of other gut bacteria to 

Figure 4 Enterotype clusters identified using PCoA analysis in the gut microbiota. Enterotype cluster 1 (Assiut controls), enterotype cluster 2 (Ismailia DM), enterotype 
cluster 3 (Ismailia controls), enterotype cluster 4 (Assiut DM with giardiasis) and enterotype cluster 5 (AsDM).
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work together in a complementary way.39 They produce lactate and acetate, but not butyrate and/or propionate,40 thus 
contributing to the health effects indirectly mediated by SCFA.

An interesting finding is that the diabetic groups in both localities showed greater enrichment of Bacteroides than did 
their corresponding control groups. This finding - that Bacteroides are the prominent genus leading to T1DM-associated 
dysbiosis, regardless of the age, ethnicity or geography of the sample - has also been reported by other studies.6,28,30,36 

The abundance of this genus is proportional to the number of T1DM autoantibodies.33,41 It has also been reported that 
this genus is positively correlated with levels of zonulin, which is a physiological modulator of intercellular tight 
junctions; it increases gut permeability and disrupts the intestinal barrier function, thus leading to the genesis of 
metabolic disorders.30 Bacteroides also produce Glutamic acid decarboxylase (GAD) which can stimulate GAD auto-
immunity by molecular mimicry.34

There is a controversy regarding the association of the genus Prevotella with T1DM, and researchers differ as to whether 
they see it as beneficial or harmful. Some studies have associated Prevotella spp. with gut inflammation, autoimmune diseases, 
insulin resistance and diabetes.42 The present study, in contrast, found Prevotella to be lower in the diabetic groups than in their 
corresponding control groups in the same locality, a finding in line with that of many other studies. A number of other 
researchers have argued that Prevotella species are beneficial microbes, and see them as able to improve glucose metabolism 
stimulated by the intake of prebiotics and to produce more SCFA from carbohydrates in the diet, thus maintaining the integrity 
of the intestinal wall;43,44 this argument is supported by the results of our study.

The Ruminococcus genus was found at a higher abundance in the control groups than in the corresponding diabetic 
groups in both cities; this was similar to data reported in previous studies.6 A negative correlation was found between the 
Ruminococcus genus and the levels of HbA1C and zonulin, which could affect gut permeability in T1DM.30 Many 
members of this genus have a strong gastrointestinal mucin-degrading ability and release lactate, acetate and propionate, 
some of which can be used by other bacteria to produce such end products as butyrate.34

There is contradictory evidence regarding the genus Faecalibacterium, which is a member of the Ruminococcaceae. 
In this study, it was found to be a core genus in all samples and was found in higher abundance amongst the diabetic 

Figure 5 Estimated co-occurrence at the genus level among the DM samples. Assiut samples were presented by the green color, while Ismailia samples were presented by 
the red color. The size of a node represented its relative abundance. The blue lines represented negative association, and the red lines represented positive associations.
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groups in both cities than in their corresponding control groups; this was similar to the findings of a previous study.36 It 
was also significantly higher in IsDM than AsDM. F. prausnitzii was found to be a biomarker for IsC; it has 
a predominant butyrate-producing capacity and a known anti-inflammatory molecule (MAM), a metabolite needed for 
gut homeostasis.45

Many genera in this study were strongly dependent on geographical location and thus were not consistent with 
T1DM. These included Dialister, lachnospira, Blautia, Dorea and Veillonella, and their role suggests that geographical 
location may have a greater driving effect than the disease itself.

In the current study, the overall structure of the gut microbiota is categorized into five distinct and discrete patterns 
called enterotypes with interactions among community members. The leading genera in the five enterotypes were 
Prevotella in E1, E3 and E5, Faecalibacterium in E2 and Bacteroides in E4. It was previously reported that the 
Egyptian gut enterotype belongs to the Prevotella enterotype,46 an enterotype which has been associated with carbohy-
drate consumption, a fact which would explain its abundance in many groups in this study. Bacteroides was not 
significantly abundant in all the enterotypes, a situation arising from the lack of meat in the children’s diet, an indication 
of their low socioeconomic level.47 The enterotypes in children are affected by breast-feeding duration in early life and 
pre-school dietary lifestyle. Three enterotypes were identified in 281 Dutch school-age children (6–9 years) dominated by 
the genera Bacteroides, Prevotella, and Bifidobacterium.48 In that study, the children, which were in the same age as this 
study, were found to have an overall adult-like gut microbiota.48

It was also found that species tend to co-occur most frequently either with species with which they most strongly 
compete, or with genetically similar taxa, or with those which respond to environmental stimuli in the same manner, that 
is, with similar functionality.49

In this study, Prevotella (a Bacteroidetes member) had a negative impact on the abundance of many of the Firmicutes 
members, such as the Faecalibacterium, Blautia, Lachnospira and Lactococcus genera, which include many SCFA 
producers. Also, many of the polysaccharide-degrader genera that previously characterized the Egyptian gut, such as 
Eubacterium, Mitsuokella and Catenibacterium, were shown in this study to be positively related to each other. The 
Succinivibrio genus, which was linked to pathogenicity and infections and was previously reported to be enriched in the 
Egyptian gut, was also found in an earlier study to have a positive correlation with the polysaccharide degraders.46

The assembly of functional microbial communities can be driven by an analysis of microbial co-occurrence 
patterns.50 Several microbial functions were significantly over- or under-represented in the four groups in the study, 
which was due to significant differences in their gut composition. The relative abundance of genes associated with 
a given pathway may indicate an increased metabolic activity of the gut microbiota with regard to this pathway.30 As 
Egyptians consume a large quantity of cereals in their diet, it has not surprisingly been found previously that many 
carbohydrate utilization pathways tend to be abundant in Egyptian stool samples.46 The increase in the abundance of 
Prevotella in the control groups may be one of the factors behind the increased expression of amino acid and 
carbohydrate metabolism pathways, because Prevotella actively interacts with a variety of microbes to accelerate the 
metabolism of carbohydrates in the body.51

There was a significant expression of the gene functions for neurodegenerative diseases (NDs) in the AsDM group. 
This might be attributable to a significant increase in several genera such as Akkermansia and Lachnospira, as well as to 
the fact that there was significantly less Faecalibacterium and Bifidobacterium in AsDM than in IsDM that was in line 
with previous studies.52,53

Like several recent studies, we observed the enrichment of many modules in the gut microbiota of the diabetic 
groups, including the amino sugar and nucleotide sugar metabolism pathways, as well as the biodegradation and 
metabolism of xenobiotics in the AsDM group.54 The starch and sucrose metabolism found in the IsDM group was 
also in line with the results of several recent studies.55 The latter pathway was also reported in a previous study to be 
strongly associated with the development of T2D.56 An interesting finding was the enhanced expression of the toluene 
degradation pathway in the AsDM group, which could be attributed to the increased exposure to toluene found in 
pesticides and other pollutants, as agriculture is common in Assiut. This may also explain the enhanced expression of 
gene functions for neurodegenerative diseases in the AsDM group, as exposure to toluene has previously been linked to 
central nervous tissue diseases.57 These findings highlight the influence of locality on the gut functions.
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It was clear in this study that in the diabetic groups there were many compensatory mechanisms attempting to 
compensate for increased glucose levels. For example, the significant increase in the amino sugar metabolism was an 
attempt to stimulate insulin secretion by combining amino acids with glucose; this would lead to protein synthesis and 
amino acid transport in the target tissues. The degrading of complex carbohydrates such as cellulose and starch from the 
diet leads to the production of glucose,58 which explains the increased expression of starch metabolism in the IsDM 
group.

While many studies in this field indicate that there are generally great variations in the patterns of relative abundance 
of gut microbiota, the group-specific differentiation between cases and controls in this study does pose a challenge. 
A recent systematic review has reported that twenty-four scientific articles have confirmed the association between gut 
microbiota dysbiosis and T1DM,59 with several mechanisms being suggested as regards the role of the gut microbiota in 
the pathogenesis of T1DM. One of these mechanisms is that some bacteria increase mucin degradation and thus reduce 
the integrity and increase the permeability of intestinal mucosa, which leads to bacterial penetration and stimulation of 
the immune system as well as to the production of antibodies against these bacteria. These antibodies then cross-react 
with the surface antigens of the pancreatic beta cells; this, along with T cell cross-reactivity, results in the destruction of 
beta cells and the formation of T1DM.60

This study highlights the way that exposure to different environments acts as a selective pressure in shaping gut 
microbial ecology.61 Northern or Lower Egypt, the region surrounding Ismailia, is more industrialized than the south 
(also known as Upper Egypt) where Assiut is located. The North generally is characterized by higher socioeconomic and 
educational levels than the South, while Southern Egypt (especially its rural areas) has higher levels of poverty and 
Illiteracy Rate. The economy of the south relies upon agriculture, so that the population may suffer from exposure to 
agricultural chemicals like fertilizers. Assiut, in fact, has the highest incidence of poverty in all of Egypt (~65), a figure 
much higher than that in Ismailia (~ 15),62 in addition to the high Illiteracy Rate (Ismailia 17.7 and Assiut 28.4).63 This 
definitely affects the dietary habits of the people and results in a different pattern of gut microbiota.

The main limitation of this study is the limited number of subjects in the sample, which means that it can only be 
considered as a pilot study. Other limitations include the fact that the genetic status of the control group subjects is 
unknown, especially the presence or absence of T1DM susceptibility genes. The study also lacked the dietary history of 
the children enrolled, especially as any deficiency of iron, vitamin A or zinc could affect the gut microbiota. In addition, 
it was impossible to prove the cause-and-effect relationships in the study, as the design was a cross-sectional one. The 
strengths of our study, however, lie in its being the first to be done in Egypt, as well as in its careful design, its well- 
matched groups, and in the next-generation sequencing of the microbiome.

Conclusion
Irrespective of their geographical location, the diabetic groups were characterized by several consistent microbiota 
profile including significantly lower alpha diversity than the controls as well as a lower mean Firmicutes/ 
Bacteroidetes (F/B) ratio, and reduced proportions of Firmicutes and the genera Prevotella and Ruminococcus. 
There were also significantly enriched representations of Actinobacteria, Bacteroidetes and Proteobacteria and the 
genera Lactobacilli, Bacteroides and Faecalibacterium. On the other hand, many genera were strongly dependent on 
geographical location and thus were not consistent with T1DM. These included Dialister, lachnospira, Blautia, Dorea 
and Veillonella, suggesting that the geographical location may have a greater driving effect than the disease itself. 
Lowered bacterial diversity associated with T1DM clearly stratified microbiomes into separate clusters that were 
based on the health status and the geographical locality of the groups. It was also clear that Giardia shaped the 
compositional characteristics of enterotypes, especially a diminished abundance of Firmicutes. The overall functional 
potential of microbiomes associated with T1DM was characterized by the over-representation of many genes, and 
included some mechanisms compensating for increased glucose levels, such as the metabolism of amino sugar to 
stimulate insulin secretion.
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