
Table S1. studies investigating gut microbiome composition in ASD subjects. 
 

Ref Country Subjects 
 

Age 
(years) 

Main outcomes  
(ASD compared to controls) 

Sample
s 

Microbiology assessment Correlation with GI 
symptoms 

Strati et 
al. (1) 
2017 

Italy ASD:40 
 
 
 
NT:40  

11.1 ± 6.
8 
 
 
 
9.2 ± 7.9 
 

Phylum 
Bacteroidetes↓ 
 
Genus  
Alistipes, Bilophila, Dialister, Prevotella, 
Parabacteroides, and Veillonella↓ 
Collinsella, Corynebacterium, Dorea, 
and Lactobacillus↑ 
Candida↑ 

Stool 
samples 

16S rRNA  (bacterial V3–V5 
hypervariable regions) 
and ITS sequencing (fungal  
ITS1 rDNA region) 
 
Pyrosequence 

High levels of bacterial 
taxa belonging to  
Escherichia/Shigella and Cl
ostridium cluster XVIII in 
constipated autistic 
subjects.  

Liu et al.  
 
(2) 
2019 
 

China ASD:   30 
 
NT:     20 

4.43 ± 1.
47 
 
4.28 ± 1.
00 
years 

Phylum 
Firmicutes↓ 
Acidobacteria↑ 
 
Family 
Veillonellaceae and  
Enterobacteriaceae↑ 
Ruminococcaceae, Streptococcaceae, 
Peptostreptococcaceae and  
Erysipelotrichaceae↓ 

Stool 
samples 

16S rRNA  
(V3-V4 hypervariable regions) 
MiSeq Illumina platform 
 

Enriched 
Fusobacterium, Barnesiella, 
Coprobacter and reduced 
butyrate-producing 
taxa in constipated 
autistic subjects.  
 

Iovene 
et al. 
(3) 
2017 

Italy ASD:    47 
 
NT:     33 

6.0 ± 2.8 
 
7.3± 3.1 
years 

Species 
Lactobacillus spp. ↓ 
Clostridium spp. ↓ 
Candida spp. ↑ 

Stool 
samples 

Culture Constipation and 
alternating bowel did 
correlate with an 
increased permeability to 
lactulose, probably due to 
the reduction of 
Lactobacilli.  

Zhang 
et al.  
(4) 
2018 

China ASD:  35 
 
NT:     6 

4.9±1.5 
 
4.6±1.1 
years 

Phylum 
Bacteroidetes ↑ 
 
Genus  

Stool 
samples 

16S rRNA  
(V3-V4 regions) 
Illumina HiSeq. 2500 platform 
 

 - 



Sutterella, Odoribacter and 
Butyricimonas ↑ 
Veillonella and Streptococcus ↓ 

Ma et al.  
(5) 
2019 

China ASD:  45 
 
NT:     45 

7.04±1.1
9 
 
7.27±1.0
7 
years 

Family 
Acidaminococcaceae  ↓ 
 
Genus 
Lachnoclostridium, Tyzzerella subgroup 
4, Flavonifractor and unidentified 
Lachnospiraceae ↓ 
 
Species  
Clostridium clostridioforme  ↑ 

Stool 
samples 

16S rRNA  
(V3-V4 regions) 
IlluminaHiSeq2500 platform 
 
 
 

- 

Coretti 
et al.  
(6) 
2018 

Italy  ASD:  11 
 
NT:     14 

35±5.7 
 
35±8.4  
months  

Phylum 
Proteobacteria and Bacteroidetes ↑ 
Actinobacteria ↓ 
 
Family 
Actinomycetaceae, Coriobacteriaceae, 
Bifidobacteriaceae, Gemellaceae and 
Streptococcaceae  ↓ 
 
Species 
Bifidobacterium longum↓ 
Faecalibacterium prausnitzii ↑ 

Stool 
samples 

16S rRNA  
(V3-V4 regions)  
 Illumina Miseq system 
 

- 

Kang et 
al.  
(7) 
2018  

USA ASD:   21 
 
NT:     23 

10.1±4.1 
 
8.4±3.4 
years 

Genus 
Prevotella, Faecalibacterium, 
Coprococcus and Haemophilus ↓ 
 
Species 
Prevotella copri, Faecalibacterium 
prausnitzii and Haemophilus 
parainfluenzae ↓ 

Stool 
samples  

16S rRNA 
(V2-V3 regions) 
Genome Sequencer FLX 
Titanium System 

- 

Zou et 
al.  

China ASD:   48 
 

2-7 
years 

Phylum  Stool 
samples  

16S rRNA  
Illumina MiSeq platform 

- 



(8) 
2020  

NT:     48  
48 
months 

Firmicutes, Proteobacteria, and 
Verrucomicrobia↓ 
Bacteroidetes↑ 
 
Genus  
Bacteroides, Prevotella, 
Lachnospiracea_incertae_sedis, and 
Megamonas ↑ 
Clostridium XlVa, Eisenbergiella, 
Clostridium IV, Flavonifractor, 
Escherichia/Shigella, Haemophilus, 
Akkermansia, and Dialister↓ 
 
Species  
Bacteroides vulgatus and Prevotella 
copri ↑ 
Bacteroides fragilis and Akkermansia 
muciniphila↓ 

Plaza-
Dìaz et 
al.  
(9) 
2019 

Spain ASD:  48  
 
 
NT:    57 

 
 
2-6 
years 

Phylum  
Actinobacteria and Proteobacteria ↑ 
 
Class 
Actinobacteria, Bacilli, Erysipelotrichi, 
and Gammaproteobacteria↑ 
 
Family  
Bacillaceae, Bifidobacteriaceae, 
Corynebacteriaceae, Desulfohalobiaceae, 
Enterobacteriaceae, Enterococcaceae, 
Erysipelotrichaceae, Fusobacteriaceae, 
Microbacteriaceae, and 
Thermoactinomycetaceae ↑ 
Lachnospiraceae ↓ 
 
Genus  

Stool 
samples 

16S rRNA 
(V3 and V4 regions) 
Miseq Illumina sequencing 
system 

- 



Bacillus, Bifidobacterium, Butyrivibrio, 
Enterococcus, Hespellia, Prevotella↑ 
 
Species  
Clostridium bolteae, and Clostridium 
difficile ↑ 

Wang et 
al.  
(10) 
2019 

China ASD:       
43 
 
NT :         
31 

4.51±2.2
3 
 
3.14±1.7
3 
years 

Phylum 
Actinobacteria ↑ 
Species  
Clostridium botulinum and Eggerthella 
lenta ↑ 
Bacteroides vulgatus ↓ 
 

Stool 
samples  

Shotgun metagenomic 
sequencing 
  
Illumina Hiseq4000 sequencer 
 

- 

Dan et 
al.  
(11) 
2020 

China ASD:     
143 
 
NT:       
143 

5.189±0.
170 
 
 
4.937 
±0.155 
years 

Phylum 
Firmicutes, 
Proteobacteria and Actinobacteria 
↑ 
Bacteroidetes↓ 
 
Genus 
Dialister, Escherichia-Shigella, 
and Bifidobacterium↑ 
Prevotella, Megamonas, 
and Ruminococcus ↓ 

Stool 
samples 

16S rRNA sequencing  
Illumina Hiseq platform 
 

Constipation in ASD was 
correlated to an increased 
α-diversity. Coprobacter, 
Barnesiella, 
and Veillonella  were 
increased  in constipated 
ASD children, whereas 
Fusobacterium was 
reduced.  

Ding et 
al.  
(12) 
2020 

China ASD:    77  
 
NT:       50 

38.5 ± 11
.7 
 
 
 
42.9 ± 14
.5 
months 

Genus 
Unidentified 
Clostridiales, unidentified 
Lachnospiraceae, unidentified 
Erysipelotrichaceae, Dorea, Collinsella, 
and Lachnoclostridium↑ 
Bacteroides, Faecalibacterium, Parasutte
rella, and Paraprevotella↓ 

Stool 
samples 

16S rRNA  
(V4 region) 
Illumina HiSeq platform 
 

- 

Pulikka
n et al.  
(13) 

India ASD:   30 
 
NT:      24  

9.5  
 
 

Phylum 
Firmicutes↑ 
 

Stool 
samples 

16S rRNA  
(V3 region) 
NextSeq500  

- 



2018 9.5  
years 

Family 
Lactobacillaceae, Bifidobacteraceae, 
Veillonellaceae↑ 
Prevotellaceae↓ 
 
Genus 
Bifidobacterium, Lactobacillus, 
Megasphaera, and Mitsuokella↑ 
Prevotella, Faecalibacterium, Roseburia 
↓ 

 
 

Cao et 
al. 
(14) 
2021 

China ASD:   45 
 
NT:      41 

6.80±3.7
9 
 
5.16±0.9
9 
years 

Family 
Lachnospiraceae↓ 
 
Genus  
Bacteroides, Bifidobacterium↓ 
Clostridium, Desulfovibrio, 
Streptococcus, Neisseria, Bacillus, 
Proteus and Streptomyces ↑ 

Stool 
samples 

16S rRNA  
(V4 region) Illumina Hiseq 
apparatus 
 
 

- 

Ahmed 
et al.  
(15) 
2020 

Egypt ASD:    41 
 
NT 
sibling-
group: 45 
 
NT  
Unrelated
-group: 
45 

 Genus  
ASD and their siblings compared to 
the NT unrelated-group: 
Bacteroides,  Ruminococcus ↑ 
 
ASD compared to their siblings: 
Bifidobacterium ↑ 
 

Stool 
samples 

SYBR Green Real-Time PCR  
 

- 

Alsham
mari  et 
al.  
(16) 
2020 

Saudi 
Arabia 

ASD:     57 
 
NT:        
57 

3-12 
years 

Species 
Clostridium Perfringens ↑ 

Stool 
samples 

Culture High levels of C. 
perfringens and its toxin 
gene (Cpb2) have been 
related to GI symptoms in 
ASD. 

Khalil et 
al.  

Egypt ASD:       
58 

5.41±1.5
5 

Species Stool 
samples  

Quantitative real-time PCR No statistically significant 
correlation was found.  



(17) 
2021 

 
NT 
sibling-
group:  
45 
 
NT  
Unrelated
-group: 
45 

 
 
4.31±3.2
3 
 
 
 
 
5.36±2.6 
years 

Clostridium difficile is not specifically 
prevalent in ASD subjects.  

 

Zou et 
al. 
(18) 
2021 

China ASD:     29 
 
NT:         
31  

2-6 
years 

Genus  
Saccharomyces ↑ 
Aspergillus↓ 
 
Species 
Aspergillus versicolor ↓ 
Saccharomyces cerevisiae ↑ 

Stool 
samples 

ITS2 region sequencing  
Illumina MiSeq platform 
 

- 

Finegol
d et al.  
(19) 
2017 

USA ASD:      
33 
NT:        
13 

2-9 
years 

Species 
Clostridium Perfringens ↑ 
 

Stool 
samples 

Culture 
 

High levels of beta2-toxin 
positive C. Perfringens 
have been found in 
autistic children with GI 
symptoms.  

Luna et 
al. (20) 
2017 

USA ASD:      
14 
 
NT with 
GI 
symptom
s: 
15 
 
NT 
without 
GI 

8.5 
 
 
10.5 
 
 
5.5  
years 

Order  
Clostridiales ↑ 
 
Genus  
Clostridium, Lachnoclostridium, 
Flavonifractor↑ 
Dorea, Blautia, Sutterella ↓ 
 
Species 
Clostridium lituseburense, 
Lachnoclostridium bolteae, 
Lachnoclostridium hathewayi, 

Rectal 
biopsy 
specime
ns  

16S rRNA gene  
(V1V3 and V4 regions) 
MiSeq Illumina platform 
 

ASD-GI subjects show a 
significant increase in 
several mucosa-
associated Clostridiales.  



symptom
s:   6 

Clostridium aldenense, Flavonifractor 
plautii ↑ 
Dorea formicigerans, Blautia luti, 
Sutterella spp. ↓ 

Kandeel 
et al.  
(21) 
2020  

Egypt  ASD:  30  
 
NT:   30 

4.4 ± 2.1 
years  
 

Genus  
Clostridium ↑ 
 
Species 
Clostridium paraputri, Clostridium 
bolteae, Clostridium diffiicile and 
Clostridium clostridiioforme  ↑ 

Stool 
samples 

Real-time PCR 
 

- 
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Table S2. studies investigating the effects of gut microbial-based treatments in ASD patients and rodent models. 

Study/ 

Country  

Study design  Subjects Type of 
interventio
n  

Intervention details Dose and 
frequency of 
intervention  

Duration  Key findings  

Shaaban et 
al., 2017 [1] 
Egypt 

A prospective, 
open-label 
study 

30 ASD 
subjects (Age 
range: 5-9 
years old) 

Probiotics  Each gram contains 100x106 
CFU of three probiotic 
strains, including 
Lactobacillus acidophilus, 
Lactobacillus rhamnosus and 
Bifidobacterium longum 

5g/day, 
administered 
once daily  
 

3 months Increased counts of 
Bifidobacteria and Lactobacilli; 
Improvements in both GI and 
core symptoms of ASD 

Santocchi et 
al.,  
2020 [2] 
Italy 

Double-blind 
randomized 
placebo-
controlled trial 

85 ASD 
children, 22 
lost 
(Age range: 
18-72 months 
old)  

Probiotics Intervention group (N=42): 
Each packet contained 450 
billions of eight probiotic 
strains, 
including Streptococcus 
thermophilus, Bifidobacterium 
breve, Bifidobacterium 
longum, Bifidobacterium 
infantis, Lactobacillus 
acidophilus, Lactobacillus 
plantarum, Lactobacillus para-
casei, Lactobacillus delbrueckii 
subsp. bulgaricus 
Placebo group (N=43):  
4.4 g of maltose and silicon 
dioxide 
 

2 packets/day 
for 1 month and 
1 packet/day for 
the following 5 
months 

6 months No statistically significant 
difference in autism severity 
compared with placebo.  
ASD children with GI 
symptoms experienced 
improvements in GI complaints, 
adaptive functioning, 
developmental pathways, and 
multisensory processing.  
Autistic children without GI 
symptoms showed 
improvements in core 
symptoms of ASD  
 

Arnold et 
al.2019 [3] 
USA 

Randomized, 
crossover pilot 
trial 

13 ASD 
children, 3 
lost 
(Age range: 
3-12 years 
old) 

Probiotics  Probiotic supplementation: 
Each half packet contains 900 
billion bacteria, including L. 
casei, Lactobacillus plantarum, 
Lactobacillus acidophilus, and 
Lactobacillus delbrueckii subsp. 
Bulgaricus, B. longum, 

Half packet 
twice daily 
during the first 
4 weeks; full 
packet twice 
daily if no effect 
was observed at 

19 weeks Suggested health benefit in 
children with ASD and GI 
complaints 



Bifidobacterium infantis, 
Bifidobacterium breve), S. 
thermophiles.  

Group1 (N=6) : 8 week 
probiotic 
supplementation+3-week 
washout + 8 week placebo 
Group2 (N=4): 8 week 
placebo +3-week washout + 8 
probiotic supplementation 
 

4 week and 15-
week visit 

Wang et al. 
2020 [4] 
China 

Double-blind, 
placebo-
controlled 
intervention 
study 

26 ASD 
children (Age 
range: 2-8 
years old) 

Probiotics+ 
Prebiotics 

Intervention group (N=16):  
Fructo-oligosaccharide+ 
Bifidobacterium infantisBi-26, 
Lactobacillus 
rhamnosusHN001, 
Bifidobacterium lactisBL-04, 
and Lactobacillus 
paracaseiLPC-37 

(1010CFU/pack/day) 
 
Placebo group (N=10): 
maltodextrin 

1010CFU/pack/d
ay 

3.6 months Significant reduction in GI 
symptoms and autism severity; 
fecal SCFAs, plasma 
neurotransmitters and related 
metabolites approached values 
similar to those in NT controls; 
decreased counts of  
Clostridium’s relative abundance 
and increased levels of B. 
longum 

Tabouy et al. 
2018 [5], 
Israel 

 Shank3 KO 
mice 

Probiotics Mice were gavaged 109 

bacteria of L. reuteri 
reconstituted in a volume of 
200 μl of PBS  

 

Twice a week   3 weeks Modifications in GABA receptor 
expression and protein levels in 
the brain; partial attenuation of 
unsocial behaviors in male mice 
and repetitive patterns in both 
male and female mice 

Kang et al. 
2017 [6], 
USA 

An open-label 
clinical trial 

18 ASD 
children (Age 
range: 7-16 
years old) 

MTT Day 1-14: Vancomycin 
(40mg/kg per day, divided 
into three doses not to exceed 
2 mg per day);  

 18 weeks Increased bacterial diversity and 
increased counts of 
Bifidobacterium; improvements 
in both GI and core symptoms 



Day 12-74: Prilosec 20 mg 
daily  
Day 15: MoviPrep standard 
kit with half dosage 
administered at 10 am and 
the other half at 4 pm  
Day 16: participants received 
either oral administration of 
SHGM for 2 days 
(2.5 × 1012 cells/day divided 
into three oral doses) or a 
single rectal dose of SHGM 
(2.5 × 1012 cells/day). 
Then, the first subgroup 
received lower oral doses for 
8 weeks directly after the 
major initial dose 
(2.5 × 109 cells) while 
participants who received 
the initial rectal dose waited 
for 1 week and then were 
administered with lower oral 
doses for 7 weeks 
(2.5 × 109 cells) 
+ 8-week follow up  
 

of ASD; beneficial effects 
persisted after 8 weeks from the 
end of the treatment 

Goo et al. 
2020 [7], 
Korea 

 Fmr1 KO 
mice 

FMT FMT from normal mice to 
Fmr1 KO mice was 
conducted daily for 4 weeks 

 4 weeks Improved autistic-like 
behaviors, especially memory 
deficits and social withdrawal;  
increased counts of A. 
municiphila; decreased brain 
levels of TNFα and Iba1  

 



Chen et al. 
2020 [8]  
China 

 MIA-induced 
ASD mice 

GMT The offspring were divided 
into four groups for oral 
gavage treatment: Control 
healthy mice treated with 200 
μL saline;  MIA-offspring 
treated with 200 μL saline; 
MIA-offspring treated with 
original donor gut 
microbiota suspended in 200 
μL saline; MIA-offspring 
treated with cultured 
microbiota from pooled 
original human gut 
microbiota suspended in 200 
μL saline 

  

the treatment 
was 
implemented 
every other day 
7 times.  

 

 Improved anxiety-like and 
stereotyped behaviors; 
improved serum levels of 
chemokines; improved gut 
microbiome composition 

Grimaldi et 
al. 2018 [9] 
England 

Randomized, 
double-blind, 
placebo-
controlled trial 

30, 4 lost  
(Age range: 
4-11 years 
old) 

Prebiotics Prebiotic: B-GOS mixture 
(Bimuno® ; 1.8g: 80% GOS) 
Placebo: Maltodextrin-
GLUCIDEX® 1.8 g 

1.8g/day 6 weeks Improved GI and core 
symptoms of ASD; increased 
counts of  Bifidobacteria and 
Lachnospiraceae family; 
improved metabolic profiles 

Liu et al., 
2017[10] 
China 

Single-blind, 
non 
randomized 
intervention 
pilot study 

64 ASD 
children (Age 
range: 1-8 
years old) 

Vitamin A Participants with an 
insufficient plasma retinol 
status (<1.05 μmol/L) 
received Vitamin A 
supplementation  
 

Once with a 
dose of 
200,000 IU 

6 months No significant differences in 
ASD-related symptoms; 
Increased proportion of 
Bacteroidetes/Bacteroidales; 
Decreased levels of 
Bifidobacterium 

Newell et al., 
2016 
[11] 
Canada 

 BTBR mice  Ketogenic 
Diet  

 Mice were fed a 
KD for 10-14 
days 

7 weeks Reduced total gut microbial 
counts in both cecal and fecal 
matter; increase in Firmicutes, 
especially C. coccoides and C. 
leptum and decrease in 
Bacteroidetes 



Sanctuary et 
al., 2019  [12] 
USA 
 

Randomized, 
double-blind, 
crossover 
clinical trial 

20 ASD 
children, 12 
lost  
(Age range:2-
11 years old) 

Bovine 
colostrum 
product+ 
probiotics 

Group1: BCP+B.fragilis for 5 
weeks+ 2-week washout+ 
BCP only for 5 weeks 
Group2: BCP only for 5 
weeks+2-week washout+ 
BCP+B.fragilis for 5 weeks 

Probiotics: 20 
billion CFU/day 
BCP: 0.15g/Ib 
body weight per 
day 

12 weeks Improvements in both GI 
symptoms and aberrant 
behaviors were observed. 
Beneficial effects resulted to be 
more prominent in the BCP only 
group 
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