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Abstract
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental disorder, but the underlying pathophysi-
ological mechanisms of ADHD remain unclear. Gut microbiota has been recognized to influence brain function and behaviors. 
Therefore, this study aimed to determine whether imbalanced gut microbiomes identified by a 16S rRNA sequencing approach 
are involved in the pathophysiology of ADHD. We recruited a total of 30 children with ADHD (mean age: 8.4 years) and a 
total of 30 healthy controls (mean age: 9.3 years) for this study. The dietary patterns of all participants were assessed with the 
food frequency questionnaire. The microbiota of fecal samples were investigated using 16S rRNA V3V4 amplicon sequenc-
ing, followed by bioinformatics and statistical analyses. We found that the gut microbiota communities in ADHD patients 
showed a significantly higher Shannon index and Chao index than the control subjects. Furthermore, the linear discriminant 
analysis effect size (LEfSe) analysis was used to identify differentially enriched bacteria between ADHD patients and healthy 
controls. The relative abundance of Bacteroides coprocola (B. coprocola) was decreased, while the relative abundance of 
Bacteroides uniformis (B. uniformis), Bacteroides ovatus (B. ovatus), and Sutterella stercoricanis (S. stercoricanis) were 
increased in the ADHD group. Of all participants, S. stercoricanis demonstrated a significant association with the intake 
of dairy, nuts/seeds/legumes, ferritin and magnesium. B. ovatus and S. stercoricanis were positively correlated to ADHD 
symptoms. In conclusion, we suggest that the gut microbiome community is associated with dietary patterns, and linked to 
the susceptibility to ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a com-
mon neurodevelopmental disorder that occurs in child-
hood and can persist into adulthood. This disorder affects 
3–10% of school-age children throughout the world [1] 
and may result in failures related to academic achievement, 
interpersonal relationships, and mental health [2, 3]. The 
underlying pathophysiological mechanisms of ADHD are 
multidimensional. In recent years, compelling evidence 
has revealed multicomponent bidirectional signaling 
pathways between the gut and the brain [4]. The concept 
of a “gut–brain axis”, which refers to a link between gut 
microbiota and brain function, has been applied to several 
neuropsychiatric disorders [5, 6]. Therefore, investigating 
the profiles of gut microbiota in patients with ADHD may 
provide us a new insight of the pathophysiology to this 
neurodevelopmental disorder [7].

The gut microbiota of humans is determined by genetic, 
epigenetic, and dietary factors [8]. Previous evidence has 
indicated that host–microbe interactions play a key role 
in brain development [9–13]. For example, both probiot-
ics and prebiotics can have different impacts on the cen-
tral nervous system (CNS) according to the administered 
microbial species or oligosaccharides [12]. A 3-year fol-
low-up study revealed that children that received antibiot-
ics in the first year of life subsequently had more behav-
ioral difficulties and symptoms of depression during the 
follow-up [14]. Another study revealed that probiotic sup-
plementation during the first 6 months of life may reduce 
the risk of neuropsychiatric disorder development (i.e., 
ADHD and autistic spectrum disorder) later in childhood 
[15]. Moreover, dietary habits and balanced nutrients may 
affect children’s behavior and learning [16]. Since ADHD 
is a neurodevelopmental disorder characterized by behav-
ioral problems and learning disabilities, some research-
ers have proposed that ADHD may be associated with 
“unhealthy” diets, such as increased intake of sweetened 
desserts or fried foods [17–19]. Dietary habits play a key 
role in the modulation of gut microbiota composition [20]. 
However, the profile of gut microbiota and the potential 
relationship between diet and gut microbiota in children 
with ADHD continue to be poorly understood.

The development of high-throughput sequencing tech-
nology, such as advances in next-generation sequencing 
(NGS), has facilitated significant breakthroughs in micro-
bial ecology studies [21]. NGS has also led to the estab-
lishment and rapid expansion of research in the field of 
“metagenomics”, which is often defined as the analysis 
of DNA from microbial communities in environmental 
samples without the need for culturing [22]. 16S riboso-
mal RNA (16S rRNA) is a component of the 30S small 

sub-unit of prokaryotic ribosomes [23]. Studies of 16S 
rRNA are useful phylogenetic markers for identifying bac-
terial taxa in a given sample [24, 25]. Many 16S rRNA 
sequencing statistical/computational tools and databases 
have since been developed to enable the utilization of the 
huge influx of data [26]. As a result, combining 16S rRNA 
sequencing data with a case–control format can provide 
candidate pathogens that may be associated with complex 
diseases and serve as a reference for further studies aimed 
at clarifying the pathogenesis of a disease [27]. Aarts et al. 
[28] investigated the profile of gut microbiota in patients 
with ADHD using 16S rRNA marker gene sequencing 
(16S) to identify bacterial taxa and their predicted gene 
functions. The researchers found no difference in alpha 
diversity between patients with ADHD and controls, but 
ADHD patients had a 12.7% to 20.5% increased Bifido-
bacterium genus. Moreover, the increased proportion of 
Bifidobacterium could predict the function of dopamine 
precursor synthesis and were associated with decreased 
neural responses to reward anticipation identified using 
functional magnetic resonance imaging (fMRI). To date, 
few studies have investigated the role of gut microbiota in 
ADHD using a 16S rRNA sequencing approach [28–30].

A comprehensive analysis of human gut microbiota 
would be helpful for revealing the mechanisms of these 
host–microbe interactions. We hypothesize that gut micro-
biota profiles may differ considerably between ADHD 
patients and healthy control subjects. Furthermore, since 
dietary intake plays a vital role in modulating microbiota 
composition, we propose that dietary habits are involved in 
gut microbiome and are thus further connected to the patho-
genesis of ADHD. This study aimed to determine whether 
an imbalance of gut microbiomes was involved in the 
pathophysiology of ADHD using the 16S rRNA sequenc-
ing approach.

Methods

Study participants

The Institutional Review Board (IRB) at Chang Gung 
Memorial Hospital in Taiwan approved our research pro-
tocol. This study consisted of eligible patients with ADHD 
treated in the outpatient Department of Child Psychiatry 
at Chang Gung Children’s Hospital in Taiwan and healthy 
control children. We obtained the written informed consent 
from the parents or guardians of the participants as required 
by the IRB prior to the start of this study.

The criteria for ADHD patients consisted of the follow-
ing: (1) a clinical diagnosis of ADHD by a senior child psy-
chiatrist based on the criteria provided in the Diagnostic 
and Statistical Manual of Mental Disorders, Fourth Edition, 
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Text Revision (DSM-IV-TR) through structured interviews 
conducted based on the Chinese version of the schedule for 
affective disorders and schizophrenia for school-age chil-
dren, epidemiologic version (K-SADS-E) [31]; (2) aged 
between 6 and 16 years; and (3) must have never taken any 
medications to treat their ADHD. We excluded the following 
from our study: (1) patients with a history of neuropsychiat-
ric diseases or major physical illnesses (such as intellectual 
disabilities, autism spectrum disorder, bipolar disorders, 
major depressive disorders, psychotic disorders, substance 
dependence, epilepsy, severe head trauma, or gastrointestinal 
disorders); and (2) patients who are vegetarians or were cur-
rently taking probiotics or antibiotics.

The healthy control subjects were children without 
ADHD between the ages of 6 and 16 years within the same 
catchment area. They had no known major physical illnesses 
or any of the aforementioned major neuropsychiatric dis-
eases. We also excluded those currently taking probiotics 
or antibiotics from the healthy control group.

Sample collection

We collected fecal samples from both ADHD patients and 
healthy controls using the standard method of scooping a 
pea-sized piece of feces, placing it in a 50-ml Falcon tube, 
and storing it at 4 °C immediately after collection and then 
at − 80 °C within 24 h. Total DNA extraction of the fecal 
samples was carried out using a  QIAamp® DNA Stool Mini 
Kit (QIAGEN, Tokyo, Japan) following the manufacturer’s 
instructions. To increase the recovery of bacterial DNA, 
particularly from Gram-positive bacteria, we pretreated 
the samples with lytic enzymes using the stool kit prior to 
extraction. Briefly, 100 mg of fecal sample was suspended 
in 10 mL of Tris–EDTA buffer (pH 7.5), and 50 μL of 
100 mg/mL lysozyme type VI purified from chicken egg 
white (MPBIO, Derby, UK) and 50 μL of 1 mg/mL puri-
fied achromopeptidase (Wako, Osaka, Japan) were added. 
The solution was incubated at 37 °C for 1 h with mixing, 
0.12 g of sodium dodecyl sulfate (final conc. 1%) was added, 
and the suspension was mixed until clear. Next, 100 μL of 
20 mg/mL proteinase K (Wako) was added, followed by 
incubation at 55 °C for 1 h with mixing. The cell lysate was 
then subjected to ethanol precipitation. The precipitant was 
dissolved in 1.6 mL of ASL buffer from the stool kit and 
subsequently purified using the  QIAamp® DNA Stool Mini 
Kit (QIAGEN).

16S rRNA amplicon sequencing

The DNA samples were subjected to the first-run PCR 
reaction, where the specified forward primer (TCG 
TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT 

ACGGGNGGC WGC AG) and reverse primer (GTC 
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA 
CTACHVGGG TAT CTA ATC C) were designed to amplify 
the V3–V4 genomics region of bacterial 16S rRNA genes. 
Using approximately 550 bp PCR products confirmed with 
gel electrophoresis, the products were then subjected to 
library preparation for 16S rRNA sequencing. We prepared a 
DNA library according to the 16S rRNA Sequencing Library 
Preparation instructions (Illumina, California, USA). The 
prepared amplicons were sequenced on the MiSeq sequencer 
(Illumina, California, USA) using the 600-cycle sequencing 
reagent and specifying the pair-end mode.

Clinical measurements

A senior psychiatrist used the K-SADS-E diagnostic tool 
[31] to conduct interviews with all the participants in 
both the ADHD patient group and the control group. The 
K-SADS-E is a semistructured diagnostic interview that is 
designed to assess current and past episodes of psychopa-
thology in children and adolescents according to DSM-IV 
criteria [31]. The K-SADS-E is administered by interview-
ing the parent(s) and the child and finally acquiring sum-
mary ratings that include all sources of information. The 
validity and reliability of the Chinese version of K-SADS-E 
has been established in Taiwan [32].

Furthermore, an experienced child psychologist con-
ducted the Wechsler Intelligence Scale for Children—Fourth 
Edition (WISC-IV) [33] with individual patients in a room 
designed to reduce variability in testing conditions. The 
Swanson, Nolan, and Pelham Version IV Scale (SNAP-IV) 
parent form and SNAP-IV teacher form were completed 
by the patients’ parents and teacher, respectively [34–36]. 
Patients were also interviewed by a clinician using the 
ADHD rating scale (ADHD-RS) [37].

Dietary pattern assessment

We adopted a validated food frequency questionnaire (FFQ) 
to evaluate participants’ dietary intake in the previous year 
[38]. This questionnaire included the frequencies and 
amounts of 49 food items consumed from eight food groups. 
The FFQ had a fixed format and open-ended questions with 
regard to major staple foods, oils/fats, sugars, and supple-
ments and also included their frequency of consumption. 
Standard portion size and frequency were recorded to esti-
mate the daily intake of foods and nutrients. We calculated 
daily dietary patterns and nutrients intake levels by multi-
plying the amount of food eaten daily, the level estimated 
from frequency, and nutrient concentrations. We determined 
calorie intake level by summing the calories from the food 
and beverages consumed. All nutrients were calorie-adjusted 
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using the residue method. The validity of FFQ has been veri-
fied in our previous study [39].

Statistical and bioinformatics analysis

We analyzed data with the statistical software package 
SPSS, version 16.0 (SPSS Inc., Chicago, IL, USA). Vari-
ables were presented as either the mean (standard deviation) 
or frequency. Two-tailed p values < 0.05 were considered 
statistically significant. We applied the Chi-square test or 
Fisher’s exact test to compare gender distribution between 
the ADHD patients and the controls. Furthermore, we used 
an independent t test or Mann–Whitney U test to determine 
the potential differences in age and clinical assessments 
between the ADHD patients and healthy controls. Multiple 
linear regression was performed to analyze the relationships 
between the relative abundance of bacteria, dietary patterns, 
and ADHD clinical symptoms, respectively (controlling for 
age, sex, body mass index and FSIQ).

16S rRNA gene amplicon sequence results were analyzed 
using Mothur v1.39.5 [40] in accordance with the MiSeq 
SOP [41]. In short, the 16S rRNA V3–V4 sequencing reads 
were initially demultiplexed using MiSeq Reporter v2.6. The 
demultiplexed paired reads were then assembled into a sin-
gle contig with the following parameters: minimum length 
of 405 bp, maximum length of 428 bp, and no ambiguity. 
The single contig consisted of the effective reads from all 
samples clustered into OTUs based on a 97% sequence simi-
larity according to Illumina MiSeq SOP [41] and following 
the steps described here: (1) sequencing filtering and trim-
ming to de-replicate the working sequence set and align it 
with the SILVA bacteria reference 16S alignment (release 
132) distributed with Mothur (v1.38.1) [40]. (2) Sequencing 
error reduction. (3) PCR chimera removal after screening 
with UCHIME (v4.2) [42]. (4) Taxonomy assignment of 
sequences. We ran the Mothur implementation of the Naïve 
Bayesian Classifier [43] against the homemade RDP rRNA 
training set (v9) to create a taxonomic assignment for every 
sequence with a minimum bootstrap confidence score of 
80%. (5) Clustering into OTU. The clustering of sequences 
was carried out at a threshold identity of 0.03% using the 
average neighbor algorithm.

We performed alpha rarefaction analysis, including 
observed OTUs, Chao1, Shannon, Simpson, and ACE index, 
using custom R scripts and data acquired from Mothur 
output files or calculated by QIIME [44]. Beta diversity 
analysis, which included weighted and unweighted UniFrac 
distance metrics calculated using QIIME and PCoA plots 
were generated using R scripts. Finally, we used linear dis-
criminant analysis effect size (LEfSe) [45] to determine the 
taxa that most likely explains the differences between the 
experimental samples and the control samples.

Results

Demographic data

We collected fecal samples from 30 children with ADHD 
(mean age: 8.4 years, 76.7% male) and 30 healthy con-
trols (mean age: 9.3 years, 60% male). The characteristics 
of the ADHD patients and healthy controls are summa-
rized in Table 1. Patients with ADHD were significantly 
shorter, had lower scores in the full scale intelligence quo-
tient (FSIQ), perceptual reasoning index (PRI), working 
memory index (WMI), and processing speed index (PSI), 
and displayed a greater severity of inattention and hyper-
activity/impulsivity symptoms as rated by parents (SNAP-
IV parent form), teachers (SNAP-IV teacher form), and 
clinicians (ADHD-RS).

We extracted total DNA samples from the fecal sam-
ples and analyzed them for 16S rRNA V3V4 ampli-
con sequencing and bacterium category identification. 
The average number of raw paired reads per sample 
was 266,022 ± 21,720 reads for ADHD patients and 
373,471 ± 26,496 reads for healthy controls (Supplemen-
tary Table 1). After selecting the qualified reads, the aver-
age quality-filtered reads per sample were 54,670 ± 5296 
for ADHD and 70,099 ± 4544 for healthy controls.

Alpha diversity and beta diversity

Microbial diversity was assessed either within a commu-
nity (alpha diversity) or between the collection of sam-
ples (beta diversity). We calculated three different values 
to assess the alpha diversity: “Chao1” estimates spe-
cies abundance; observed OTU estimates the amount of 
unique OTUs found in each sample, and “Shannon index” 
accounts for both richness and evenness. Gut microbiota 
communities from the ADHD patients demonstrated Shan-
non index (p = 0.0378) and Chao index (p = 0.0351) that 
were significantly increased compared to the healthy con-
trols (Fig. 1a, b and Supplementary Table 2). The Simp-
son index was significantly lower in ADHD patients com-
pared with healthy controls (Fig. 1c). The ACE was similar 
between the ADHD and control groups (Supplementary 
Table 2).

The beta diversity was assessed using a principal 
coordinate analysis (PCoA) plot for healthy controls and 
ADHD patients. The unweighted unifrac and weighted 
unifrac PCoA plots indicated that the gut microbiomes 
were similar between the healthy controls and ADHD 
patients (Fig. 1d). Overall, these results indicated that the 
gut microbiota communities were similar between ADHD 
patients and healthy controls.
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Gut microbiome profiling

The gut microbiome dataset from healthy controls and 
ADHD patients revealed a total of nine phyla, five of 
which accounted for 99% of all the bacteria (Table 2). The 
healthy controls demonstrated a dominance of Bacteroi-
detes (73.68%), followed by Firmicutes (11.71%), Proteo-
bacteria (8.21%), Fusobacteria (0.02%), and Actinobacteria 
(0.33%). The bacteria composition at the phylum level of the 
ADHD group closely resembled that of the healthy controls. 
The abundance of Fusobacteria was higher in the ADHD 
group (median = 0.28%) than in the healthy control group 
(mean = 0.02%) (p = 0.041).

The top ten most abundant genera are shown in Table 3. 
At the genus level, the top five genera were Bacteroides, 
Prevotella, Parabacteroides, Phascolarctobacterium, and 
Escherichia Shigella. The abundance of Fusobacterium 
was elevated in the ADHD group (0.28%) compared to the 
healthy control group (0.02%) (p = 0.041). Overall, the bac-
teria profiles of the healthy controls and ADHD patients 
were similar.

LEfSe analysis

We used the LEfSe analysis to identify the specific bacte-
ria phylotypes that were differentially altered between the 
healthy controls and ADHD patients. The LEfSe plot as a 
result of the ADHD and control groups is shown in Fig. 2a. 
The relative abundance of Bacteroides coprocola (B. copro-
cola) in the ADHD group was significantly lower than in the 
control group, while the relative abundance of Bacteroides 
uniformis (B. uniformis), Bacteroides ovatus (B. ovatus), 
and Sutterella stercoricanis (S. stercoricanis) in the ADHD 
group were significantly higher than in the control group 
(Fig. 2b). The distribution of enriched bacteria was also 
identified at genus level using LEfSe analysis (Supplemen-
tary Fig. 1). The relative abundance of Fusobacterium was 
enriched in ADHD group; otherwise, the relative abundance 
of Lactobacillus was enriched in healthy controls.

Supplementary Table 3 lists the dietary and nutrient sta-
tus between the ADHD group and control group. Compared 
to the control children, children with ADHD demonstrated 
a higher intake proportion of refined grains (p = 0.027) and 

Table 1  Characteristics of 
patients with ADHD and 
healthy control children

Data are expressed as mean ± SD or n (%)
ADHD-RS ADHD rating scale, SNAP-IV the Swanson, Nolan, and Pelham—version IV scale for ADHD, 
WISC-IV the Wechsler Intelligence scale for children—fourth edition, I inattention scores, H hyperactivity/
impulsivity scores
*p < 0.05
a Statistical values are expressed as t value or χ2

ADHD
(n = 30)

Controls
(n = 30)

Statistical  valuesa p values

Sex (n, %) 1.926 0.165
 Boy 23 (76.7) 18 (60)
 Girl 7 (23.3) 12 (40)

Age (years) 8.4 ± 1.7 9.3 ± 2.2 1.753 0.085
Height (cm) 130.3 ± 9.9 2.711 0.009*
Weight (kg) 30.7 ± 10.2 35.6 ± 10.6 1.651 0.069
Way of delivery 0.404 0.525
 Normal spontaneous delivery 25 (86.2) 24 (80)
 Cesarean section 4 (13.8) 6 (20)

WISC
 Full-scale intelligence quotient 98.7 ± 10.7 108.7 ± 13.4 3.202 0.002*
 Verbal comprehension index 102.4 ± 13.4 104.9 ± 13.7 0.712 0.479
 Perceptual reasoning index 97.3 ± 10.8 110.3 ± 15.3 3.813 < 0.001*
 Working memory index 101.2 ± 11.8 110.6 ± 11.6 3.125 0.003*
 Processing speed index 95.1 ± 9.0 101.9 ± 9.1 2.932 0.005*

Clinical measures
 SNAP-IV parent form (I) 16.0 ± 6.6 5.1 ± 5.9 6.608 < 0.001*
 SNAP-IV parent form (H) 14.4 ± 6.9 3.3 ± 4.8 7.161 < 0.001*
 SNAP-IV teacher form (I) 15.6 ± 6.3 3.8 ± 3.8 8.396 < 0.001*
 SNAP-IV teacher form (H) 11.8 ± 7.0 2.7 ± 3.0 6.218 < 0.001*
 ADHD-RS (I) 23.6 ± 4.3 1.3 ± 3.7 21.60 < 0.001*
 ADHD-RS (H) 23.5 ± 5.2 1.6 ± 4.3 17.86 < 0.001*



292 European Child & Adolescent Psychiatry (2020) 29:287–297

1 3

a lower proportion of dairy (p = 0.020) and vitamin B2 
(p = 0.033). Table 4 shows the correlations between the 
relative abundance of bacteria, dietary patterns, and ADHD 
symptoms among all participants (ADHD patients and con-
trols). We found that the amounts of S. stercoricanis had a 

significant correlation to the intake of dairy, nuts/seeds/leg-
umes, ferritin and magnesium. B. uniformis was correlated 
to fat and carbohydrate intake. However, B. ovatus and B. 
coprocola was not associated with any of the dietary patterns 
identified by the FFQ. The relative abundance of B. ovatus, 
and S. stercoricanis had a positive correlation with ADHD 
symptoms, while B. uniformis and B. coprocola levels were 
not significantly correlated with ADHD symptoms.

Discussion

We used a 16S rRNA sequencing platform to screen the 
bacteria communities in the fecal samples of both ADHD 
children and healthy subjects. The gut microbiota commu-
nities in ADHD showed a significantly higher alpha (Shan-
non index and Chao index) than the control subjects. The 
Simpson index was significantly reduced in ADHD patients. 
The relative abundance of Fusobacterium and Lactobacillus 
was enriched in ADHD group and controls, respectively. We 

Fig. 1  Comparison of the gut microbiota structures in ADHD patients 
and healthy controls. The boxplots of Shannon index (a), Chao index 
(b) and Simpson index (c) were constructed to evaluate microbiome 

diversity. d PCoA plots were constructed using unweighted unifrac 
and weighted unifrac analysis

Table 2  Relative abundance of different bacteria phyla in ADHD 
patients and healthy controls

Data are expressed as median (25% percentile–75% percentile)
*p < 0.05
a The p value of Mann–Whitney U test presents the difference 
between healthy controls and ADHD

Phylum ADHD Healthy controls p  valuea

Bacteroidetes 72.04 (63.51–76.63) 73.68 (67.82–80.64) 0.220
Firmicutes 10.61 (8.15–12.97) 11.71 (8.06–16.20) 0.947
Proteobacteria 10.32 (4.83–13.21) 8.21 (5.50–11.61) 0.311
Fusobacteria 0.28 (0.02–3.28) 0.02 (0.00–0.45) 0.041*
Actinobacteria 0.36 (0.17–2.35) 0.33 (0.01–1.15) 0.225
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found significant differences in four species (B. uniformis, 
B. ovatus, B. coprocola, and S. stercoricanis) between the 
ADHD group and the control group using LEfSe analysis. 
Furthermore, the relative abundances of B. uniformis, B. 
ovatus, and S. stercoricanis were correlated with ADHD 
symptoms and dietary indices. We therefore suggest that 
the four previously mentioned bacterial species may serve 
as potential microbiota markers for ADHD.

According to a previous study [24], 2000 Illumina 
sequence reads for each sample are sufficient to estimate 
unbiased relative abundances of bacterial species. In this 

study, our samples averagely reached over 50,000 sequence 
reads, much more than the suggested 2000. Therefore, our 
samples should have reached unbiased estimates of rela-
tive abundances of bacterial species in both control and 
case sets. We found that the Shannon index, Chao index 
and Simpson index were significantly different between 
ADHD patients and healthy controls. However, the ACE 
index, a measure of richness which is similar with Chao1, 
did not show group differences. The inconsistent trends of 
Chao1 and ACE index may be explained by discrepancy 
in the calculation equations of these two indexes [46], or 

Table 3  Relative abundance of 
the ten most abundant genera 
in ADHD patients and healthy 
controls

Data are expressed as median (25% percentile–75% percentile)
*p < 0.05
a The p value of Mann–Whitney U test presents the difference between healthy controls and ADHD

Genera ADHD Healthy controls p  valuea

Bacteroides 59.78 (48.16–67.46) 61.72 (50.91–66.43) 0.717
Prevotella 0.02 (0.00–1.16) 0.06 (0.01–7.11) 0.116
Parabacteroides 3.83 (1.71–4.59) 3.46 (1.77–6.73) 0.865
Phascolarctobacterium 1.88 (0.32–3.98) 1.82 (0.75–4.96) 0.734
Escherichia Shigella 0.68 (0.11–5.24) 1.82 (0.33–3.35) 0.460
Alistipes 4.32 (0.02–7.37) 0.68 (0.21–2.49) 0.437
Veillonella 0.54 (0.06–2.04) 0.39 (0.05–1.84) 0.620
Sutterella 0.34 (0.01–2.42) 0.28 (0.00–3.90) 0.858
Fusobacterium 0.28 (0.02–3.28) 0.02 (0.00–0.45) 0.041*
Akkermansia 0.01 (0.00–1.52) 0.00 (0.00–0.34) 0.304

Fig. 2  Distinct taxa identified in the ADHD patients and healthy controls using LEfSe analysis. Linear discriminant analysis (LDA) plots (a) and 
the relative abundance of bacteria (b) as results of the ADHD and control groups
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the marginal difference of the diversity of gut microbi-
ome between patients with ADHD and healthy controls. 
A previous case–control study [28] found no significant 
difference in alpha diversity (using the same metrics as 
in the current paper) nor in relative abundance of Fuso-
bacterium between ADHD patients and healthy controls. 
In addition, Aarts et al. [28] discovered that young adults 
with ADHD showed an increased amount in the Bifido-
bacterium genus. However, we observed no difference in 
the Bifidobacterium genus between the ADHD group and 
the control group. One possible explanation for these dis-
crepancies is that the population recruited in the aforemen-
tioned study was adults with ADHD, while our study pop-
ulation was children with ADHD. In a hypothesis-driven 
approach, Aarts et al. [28] targeted candidate microbial 
taxa associated with dopamine neurotransmission based 
on pathway analysis and predicted bacterial gene function. 
Clinical and preclinical data have shown that gut micro-
biota can regulate complex physiological reactions, such 
as the expression of BDNF [47], HPA axis responsiveness 
[48], and the immune system [49]. The microbiome poses 
peripheral immune homeostasis and predisposes host sus-
ceptibility to neuropsychiatric disorders [50, 51]. There-
fore, continuous research is necessary to clarify whether 
the role of gut microbiota in the pathogenesis of ADHD is 
moderated by immunological function.

Bacteroides are commonly found in the human intes-
tine where they participate in a symbiotic host–bacterial 
relationship with humans. They help break down food and 
produce valuable nutrients and energy that the body needs 
[52]. B. uniformis is a putative bacterial species associated 
with the degradation of the isoflavone genistein in human 
feces. In high degraders, B. uniformis may be a candidate 
for genistein degradation based on fecal isoflavone degrada-
tion in the presence of these species [53]. Although part of 
the normal human gut flora, B. ovatus is the least common 
of the Bacteroides intestinal isolates. In one comprehen-
sive 16S rRNA sequence-based enumeration of the colonic 
microbiota of three healthy adult humans, it represents, on 
average, 0.034% of all 16S rRNA sequences and 0.041% of 
the sequences in its division. This organism is occasionally 
isolated from clinical specimens and can also be isolated 
from poultry [54–56]. B. coprocola produces many extracel-
lular enzymes that assist in the breakdown of such complex 
plant polysaccharides as cellulose and hemicellulose, as well 
as host-derived polysaccharides like mucopolysaccharides 
[57]. Our findings agree with that by Aarts et al. [28] which 
observed overrepresentation of B. uniformis and B. ovatus 
in ADHD patients. Bacteroides were found to be associated 
with development of the frontal lobe, cerebellum, and hip-
pocampus region in healthy women [58]. We propose that 
the aforementioned three bacterial species may potentially 

Table 4  Correlations between relative abundance of specific bacteria, dietary patterns, and ADHD symptoms among all samples in the control 
and ADHD group

Data are expressed as B value, standard error (SE) and p value using multiple linear regression model
ADHD-RS ADHD rating scale, SNAP-IV the Swanson, Nolan, and Pelham—version IV scale for ADHD, WISC-IV the Wechsler Intelligence 
scale for children—fourth edition, I inattention scores, H hyperactivity/impulsivity scores
*p < 0.05

Bacteroides uniformis Bacteroides ovatus Bacteroides coprocoia Sutterella stercoricanis

B SE p value B SE p value B SE p value B SE p value

Dietary patterns
 Dairy (unit) − 0.24 2.05 0.906 − 1.45 2.84 0.604 − 1.75 1.97 0.380 − 9.55 3.89 0.018*
 Nuts/seeds/legumes (unit) − 0.37 0.82 0.648 − 0.97 1.13 0.399 0.74 0.78 0.349 7.41 1.55 0.000*
 Fat (g) 0.64 0.27 0.023* − 5.56 0.38 0.149 − 0.30 0.26 0.253 − 0.09 0.52 0.861
 Carbohydrate (g) 1.67 0.57 0.005* − 0.03 0.79 0.973 − 0.48 0.55 0.382 0.37 1.08 0.733
 Ferritin (mg) 0.40 0.56 0.481 − 1.20 0.78 0.132 − 0.43 0.54 0.427 3.17 1.07 0.005*
 Magnesium (mg) 170.82 174.70 0.334 − 77.99 242.80 0.750 67.443 167.73 0.690 673.28 331.93 0.049*
 Vitamin B2 (mg) − 0.12 1.23 0.923 − 2.46 1.70 0.156 − 1.83 1.18 0.128 − 3.40 2.33 0.152
 Niacin (mg) 2.59 17.72 0.884 39.80 24.62 0.113 10.32 17.01 0.547 1.53 33.66 0.964

Clinical symptoms
 SNAP-IV parent form (I) 32.42 18.77 0.091 38.16 28.09 0.151 23.05 18.02 0.208 34.60 35.66 0.338
 SNAP-IV parent form (H) 18.88 17.43 0.285 57.14 24.22 0.023* 18.45 16.73 0.277 33.52 33.12 0.317
 SNAP-IV teacher form (I) 5.24 18.90 0.783 − 2.38 26.27 0.928 − 11.30 18.15 0.537 32.96 35.91 0.364
 SNAP-IV teacher form (H) − 1.16 16.15 0.943 26.17 22.45 0.250 − 11.31 15.51 0.470 85.71 30.69 0.008*
 ADHD-RS (I) 15.58 10.01 0.127 18.24 13.91 0.197 6.71 9.61 0.489 19.47 19.02 0.312
 ADHD-RS (H) − 4.91 10.08 0.629 21.09 14.01 0.140 4.42 9.68 0.650 20.06 19.15 0.301
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alter development and function of the brain and play a role 
in the pathophysiology of ADHD.

Sutterella stercoricanis is a Gram-negative, oxidase- and 
catalase-negative, anaerobic and microaerophilic, non-spore-
forming, rod-shaped bacterium from the genus Sutterella in 
the Sutterellaceae family and has been isolated from canine 
feces [59]. One previous study demonstrated that Sutterella 
is a major component of the microbiota in more than half of 
autistic children [60]. Our results revealed that S. stercori-
canis was strongly correlated with diet (dairy, nuts/seeds/
legumes, ferritin and magnesium). Our previous study has 
found that multidimensional allergic and nutritional factors 
may play a role in the pathophysiology of ADHD [61, 62]. 
The current study result suggests that S. stercoricanis may 
be associated with dietary patterns and linked to the sus-
ceptibility to ADHD. Although the causal inference of gut 
microbiota, diet and ADHD characteristics needs further 
clarification, S. stercoricanis may serve as a preferred target 
of dietary modification for treatment of ADHD.

We found that ADHD children and healthy controls 
have different dietary and nutrient patterns. Compared to 
the control group, the ADHD group demonstrated a higher 
proportion of refined grains intake, a lower proportion of 
dairy and vitamin B2 intake. These findings were mostly 
comparable with our previous work [39]. Taken together, 
the results herein support the association between ADHD 
and unhealthy diets or nutrient deficiencies. Unhealthy diet 
such as high fat and sugar consumption may change the 
healthy microbiota composition which leads to an imbal-
anced microbial population in the gut, a phenomenon known 
as “gut dysbiosis” [63]. It is possible that the gut microbiota 
species we identified are related to the alterations in dietary 
intake in patients with ADHD. It warrants further investiga-
tion whether the four species we have found in this study are 
reliable biomarkers of ADHD of their own right, or just an 
outcome fluctuated with diet/nutrient patterns. Our study 
showed that the OTUs that correlated with dietary pattern 
in the regression models did significantly differentiate cases 
from controls. The difference in the abundance of bacterial 
species between ADHD and controls may be related to both 
the pathophysiology and the dietary pattern of patients with 
ADHD. Future studies are warranted to unravel whether spe-
cific ADHD-symptom-related bacteria may be changed in 
abundance by changes in diet pattern or supplements includ-
ing vitamins/pro-/pre-/syn-biotics.

This study has several limitations that should be noted. 
First, this study was conducted using a cross-sectional 
method. Even though we identified four microbiota mark-
ers between ADHD patients and healthy control subjects, 
early life events during initial colonization and microbi-
ota development (e.g., birth delivery mode, breastfeeding 
or not, previous antibiotic use, and dietary patterns) can 
influence general and mental health later in life [64–66]. 

This study was unable to depict the longitudinal change 
and associated factors of gut microbiota. Second, while 
we observed that four bacterial species were correlated 
with ADHD clinical symptoms, the mechanisms underpin-
ning the association between gut microbiota and ADHD 
have yet to be clearly explained. Third, vegetarians were 
excluded in the current study. Our study result may not 
be applicable in those with different diet patterns such 
as gluten free, vegan or specific diets like paleo, low 
carb. Future studies may be needed to explore patterns of 
microbiome in these specific dietary groups. Moreover, 
the patient and control groups were not perfectly age- and 
sex-matched. We excluded patients with major neurode-
velopmental comorbidities to eliminate the potential con-
founding effect of comorbidities. According to the norma-
tive data of the Chinese version of the SNAP-IV [67], the 
symptom severity of our ADHD samples were relatively 
low compared to typical ADHD patients. The study sam-
ple may not represent overall ADHD population. Finally, 
we found that the most abundant phylum is Bacteroidetes 
followed by Firmicutes both in the ADHD and in the con-
trol group in Taiwan. However, a previous study indicated 
that the most abundant phylum was Firmicutes among the 
Singapore Chinese adult population [68]. Therefore, the 
gut microbiota community may be varied across different 
age groups or socio-environmental circumstance. The dif-
ference in ethnic populations may also contribute to the 
different results in the Aarts et al. [28] study. It warrants 
further verification whether our finding can be generalized 
to ADHD children in other ethnic populations.

In conclusion, we found different variability of gut 
microbiome in alpha diversity and our findings suggest 
that increased proportion of B. uniformis, B. ovatus, and 
S. stercoricanis and decreased proportion of B. coprocola 
may be associated with susceptibility to ADHD. This indi-
cates that gut microbiome dysbiosis may be associated 
with dietary habit, and potentially alter the pathophysi-
ology of ADHD. However, the mechanisms supporting 
the association between gut microbiota and ADHD still 
require further investigation.
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