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memory abilities of honeybees
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Science and Nutritional Engineering, China Agricultural University, Beijing, China

Autism spectrum disorder (ASD) is a set of neurodevelopmental disorders, with an
increasing incidence. Gastrointestinal symptoms are common comorbidities of
ASD. The gut microbiota composition of children with autism is distinct from that
of typical developmental (TD) children, suggesting that the gut microbiota probably
influences on hosts via the microbiota-gut-brain axis. However, the relationship
between intestinal dysbiosis and host brain function remains unclear. In this study,
we creatively developed a honeybee model and investigated the potential effects
of fecal microbiota on hosts. Fecal microbiota from children with autism and
TD children were transplanted into microbiota-free honeybees (Apis mellifera),
resulting in induced ASD-fecal microbiota transplantation (FMT) honeybees
(A-BEE group) and TD-FMT honeybees (T-BEE group), respectively. We found that
cognitive abilities of honeybees in the A-BEE group were significantly impaired in
olfactory proboscis extension response conditioning. Metagenomics was used
to evaluate fecal microbiota colonization, revealing several differential species
responsible for altered tryptophan metabolism and taurine metabolism within the
bee gut, including Bacteroides dorei, Bacteroides fragilis, Lactobacillus gasseri, and
Lactobacillus paragasseri. Furthermore, fecal microbiota from children with autism
downregulated brain genes involved in neural signaling and synaptic transmission
within honeybees. Notably, differentially spliced genes observed within brains
of honeybees from the A-BEE group largely overlapped with those identified in
human diagnosed with autism via SFARI and SPARK gene sets. These differentially
spliced genes were also enriched within pathways related to neural synaptic
transmission. Our findings provide novel insights into the pivotal role of the human
gut microbiota, which may contribute to neurological processes in honeybees.
Additionally, we present a few research sources on gut-brain connections in ASD.

KEYWORDS

Apis mellifera, autism, human fecal microbiota, cognitive impairment, microbiota-gut-
brain axis

1 Introduction

Honeybees (Apis mellifera), as social insects, exhibit complex social behaviors and brain
functions. Moreover, their stable and simple gut microorganisms provide certain availability
for investigating the microbiota-gut-brain interaction (Engel et al., 2012; Zheng et al., 2018;
Zhang et al., 2022b). The research conducted by our team revealed that the gut bacteria of bees
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not only influence their behavior and metabolism in the intestines
but also modify the levels of neurotransmitters and the transcriptional
programs in their brains (Zhang et al., 2022a,b). Gilliamella regulates
carbohydrate and glycerophospholipid intestinal metabolism
pathways (Zheng et al., 2016), whereas Lactobacillus Firm4 and
Firm5 primarily affect amino acid metabolism pathways, thereby
influencing circulating metabolites and cognitive behavior (Zhang
et al.,, 2022a). Interestingly, our research has found unique gene
expression characteristics in the transcriptome of behaviorally
disrupted bee brains that are associated with genes involved in
regulating olfactory function and labor division. These bees usually
do not respond to social stimuli (Zhang et al., 2022a). Notably, there
is evidence of homologous molecular mechanisms underlying social
responses between bees and humans (Shpigler et al, 2017).
Psychiatric disorders have also been linked to atypical alternative
splicing (AS) of genes related to autism spectrum disorder (ASD;
Sharon et al.,, 2019). Furthermore, we have identified overlapping AS
genes associated with behavioral disruption in bee brains that
coincide with human autism gene data sets (Zhang et al., 2022b). The
brains of mice colonized by the gut microbiota from human with
autism are also affected (Sharon et al., 2019). In an autism mouse
model study, Golubeva et al. found that the interactions between
intestinal microbiota, gut physiology, and social behavior (Golubeva
et al,, 2017). These findings suggest that deep conservation of genes
related to social responsiveness across humans and distant insect
species provides an opportunity to investigate microbiota-gut-brain
interaction. Bees transplanted with human fecal microbiota may play
a helpful role in exploring the relationship between autism and
intestinal microbiota.

ASD is a set of heterogeneous neurodevelopmental disorders
characterized by social interaction disorders, language communication
disorders, and repetitive stereotypical behavior, that seriously impact
the lives of those with autism and place heavy psychological and
economic burdens on their families and society (Lai et al., 2014).
Autism has a large male predominance with a male to female ratio of
approximately 4:1 (Wang J. et al., 2022). The prevalence of ASD has
increased 20-30 fold in the last 40 years globally, but the causes are not
well-understood (Wang J. et al., 2022). Rare gene changes, or
mutations, as well as small common genetic variations have been
detected in subjects with autism, implying a genetic component (Fang
et al,, 2021, 2023). A growing area of research has focused on the
interaction of genetic and environmental factors, and the gut
microbiota represents an interface between environmental and genetic
risk factor (Waltes et al., 2019; Chen et al., 2020; Yu et al., 2023).
Gastrointestinal symptoms are common comorbidities of ASD (Lai
et al, 2014; Vuong and Hsiao, 2017), suggesting that microbiota
dysbiosis is involved in ASD (Finegold et al., 2010; Adams et al., 2011;
Vuong and Hsiao, 2017; Kang et al., 2018; Wan et al., 2022). A study
on the gut microbiota found that compared with typical developmental
(TD) children, there were differences in both alpha and beta diversities
of gut microbes in children with autism (Liu et al., 2019). In addition,
intestinal metabolomics revealed differences in the intestines of
children with autism, along with differences in the microbiota. The
study found that compared with healthy individuals, intestinal
metabolism in individuals with autism differed in multiple
microorganism-mediated pathways, including bile acid metabolism,
taurine metabolism, unsaturated fatty acid metabolism, and
tryptophan metabolism (Agus et al., 2018; Zhu et al., 2022). In a study
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comparing metabolites in the urine of children with autism and TD
children, one of the most differentiated metabolic pathways was that
of tryptophan. In children with autism, the kynurenine pathway was
upregulated and the serotonin pathway was downregulated, resulting
in melatonin deficiency (Gevi et al., 2016). A clinical study found that
sleep disorders in children with autism were associated with cognitive
decline, bad mood, and behavioral disorders, and that appropriate and
regular melatonin supplementation could relieve these symptoms
(Galli et al., 2022). These differential metabolites are often essential for
the central nervous system’s growth, development, and normal
functioning (Evans et al., 2008). Moreover, studies have reported that
fecal microbiota transplantation (FMT) can improve Tourette
syndrome and autism symptoms (Kang et al., 2017, 2019; Zhao et al.,
2017, 2020; Li N. et al., 2021; Nirmalkar et al., 2022). Our team
performed FMT to treat six children with autism, producing
significant improvements in their symptoms. These findings were
published in a case report in 2017 (Huijun Zhao et al., 2017). These
findings suggest that gastrointestinal microbes affect immune,
metabolic, and nervous system development and function in the host.
Studies on gut microbiology may be an important avenue for
understanding autism.

Animal models commonly employed in the study of ASD diseases
aim to replicate the core symptoms associated with ASD, particularly
late-stage brain dysfunction such as social, learning, and emotional
impairments. Honeybees are social insects, possessing a unique
behavioral structure characterized by a series of complex social
interactions within and beyond the hive. These complex behaviors
largely depend on sensory sensitivity, particularly olfactory sensitivity
(Braun and Bicker, 1992; Moauro et al., 2018; Leger and McFrederick,
2020). For instance, bees can use olfactory information to locate food
sources, recognize nestmates and communicate information, identify
potential predators to resist harm, transmit hormonal signals and
engage in feeding behavior (Arenas et al., 2007; Farina et al., 2007;
Sandoz, 2011). Behavioral protocols have been established to
quantitatively evaluate the learning and memory abilities of honeybees
based on their olfactory proboscis extension response (PER), and
we adopted this method as an indicator for studying bee brain
function (Sandoz, 2011; Matsumoto et al., 2012; Van Nest, 2018;
Zheng et al., 2018). Moreover, microbiota-free animals have unique
advantages when studying the mechanisms of diseases related to the
microbiota-gut-brain axis (Bauman and Schumann, 2018; Li Z. et al,
2021). The use of microbiota-free honeybees is a well-established
technique that obviates the need for antibiotic administration, thereby
closely resembling the organism’s natural physiological state (Zheng
etal,, 2018; Zhang et al., 2022a). Therefore, microbiota-free honeybees
were selected for this study.

In this study, we attempted to transplant fecal microbiota from
children with autism into the gut of microbiota-free bees to develop a
new honeybee model for studying ASD. Behavioral experiments were
used to assess the learning and memory abilities of honeybees.
Metagenomics was used to evaluate the colonization of fecal
microbiota in the intestines of bees receiving FMT, the in-depth
exploration of the effect of ASD fecal microbiota on the gene
expression characteristics of the bee brain transcriptome, and the
impact of ASD fecal microbiota on intestinal metabolism. Thus,
we attempted to validate the potential utility of bees as a novel model
in ASD microbiome research, aiming to provide novel possible clues
for understanding ASD mechanisms.
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2 Materials and methods

2.1 Children clinical information collection
and fecal sample collection

The ASD-CHILD group, consisting of children diagnosed with
ASD, was recruited at the First Medical Center of Chinese PLA
General Hospital. The normally developing children (the TD-CHILD
group) were enlisted from the kindergartens in the identical vicinity.
Consent was obtained from the guardians of all participants for the
collection of fecal samples and clinical information. The caregivers/
parents received brief training on the use of sterile medical containers
and sterile tubes Subsequently, the caregivers/parents immediately
transferred the fresh feces to an insulated box with ice cubes. The feces
were delivered to the laboratory on ice within 2 h. Transportation of
the fecal samples was handled by designated members of our team.
Approval for the study was granted by the Ethics Committee of
Chinese PLA General Hospital, with the assigned approval number
$2015-110-02. The legal guardians of all children provided written
informed consent before enrollment. Enrolled subjects were not
allowed participate in another study.

Children with autism who met the following criteria were
included: (1) >3 years old and diagnosed with ASD according to the
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
criteria and Autism Diagnostic Observation Schedule, Second Edition
(ADOS-2) and (2) experienced gastrointestinal symptoms (Schneider
et al., 2006; Gotham et al., 2007; Jurek et al., 2022). The exclusion
criteria for children with autism were as follows: (1) children
diagnosed with fragile X syndrome, karyotype abnormalities, other
genetic diseases, and/or brain malformation; (2) had ulcerative colitis,
Crohn’s disease, or bowel cancer; (3) had undergone a probiotic/
prebiotic intervention in the last 3 months; (4) underwent FMT
treatment; (5) had a serious dietary preference; or (6) used antibiotics
and antifungal medications 3 months before fecal sample collection.
Children with autism were allowed to continue their routine
treatments, such as rehabilitation training or psychiatric medications.
The Childhood Autism Rating Scale, Second Edition (CARS-2) is
applied to assess the overall severity of core ASD symptoms, and based
on this scale, patients are characterized as follows: “not autism (<30),”
“mild-to-moderate autism (30-36.5),” or “severe autism (>36.5)”
(Chlebowski et al., 2010; Dawkins et al., 2016; Jurek et al., 2022).
CARS-2 includes a 15-item scale (14 questions regarding discrete
behaviors and 1 opinion question on autism), with each item having
a score of 1-4 that reflects the severity of deviation compared to
expectations for peers of the same chronological age. The TD children
had to fulfill the subsequent conditions: (1) no ASD or developmental
disorders, such as attention deficit hyperactivity disorder, anxiety,
depression, oppositional defiance disorder or severe depressive
disorder; (2) no first-degree relatives with a mental disorder; (3) no
gastrointestinal symptoms in the past 3 months; and (4) no intake of
probiotics or antibacterial agents in the past 3 months. The caregivers/
parents of TD children completed a screening questionnaire about
medical and family history, and the children underwent laboratory
blood, urine, and stool examinations to dismiss the possibility of
infectious diseases and metabolic syndromes. The detailed process of
donor screening was based on the methodology previously established
by our team (Wang et al., 2020; Zhao et al., 2020). The guardians of all
children included in this study completed consultations about their
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children’s dietary habits. We assessed various dimensions that might
affect nutritional intake, including ethnicity, food selectivity, pica, and
quantity of food intake. The gastrointestinal symptoms of children
were evaluated using the gastrointestinal severity index (GSI),
including constipation, diarrhea, average stool consistency, stool
smell, flatulence, abdominal pain, unexplained daytime irritability,
nighttime awakening, and abdominal tenderness (Adams et al., 2011).
Previous research indicated that gastrointestinal symptoms are
common in children with autism, and such children tend to exhibit
high risk of intestinal microbiota dysbiosis (Wang J. et al., 2022; Wang
H. et al,, 2023). Therefore, we recruited children with autism
accompanied by gastrointestinal symptoms. The GSI was completed
by caregivers/parents during each assessment. There are gender
differences in children with autism (Wang J. et al., 2022). However, the
honeybees in the experiment were worker bees, and all worker bees
are female in natural world. Therefore, gender factors were not
considered in the study.

2.2 Generation of microbiota-free
honeybees

All honeybees (Apis mellifera) used in this study were obtained
from honeycombs provided by the Dr. Zheng laboratory. Microbiota-
free honeybees were generated in Dr. Zheng’s laboratory using Dr.
Zheng’s methods (Zheng et al., 2019). During the transition from
honeybee pupa to adult emergence, there is a natural microbiota-free
period when newly emerged workers contain few or no bacteria
(Engel et al., 2012; Zheng et al., 2018; Zhang et al., 2022b). Therefore,
we referred to the honeybees obtained during this physiological stage
as microbiota-free bees. Briefly, at the late stage of pupation, the pupae
were manually transferred to sterile incubators where they continued
to develop at 35°C and 50% humidity until eclosion. As the gut
bacteria in honeybees are not strictly anaerobic, honeybee guts were
ground and diluted to a cell count of 1x107, and the absence of
bacterial growth on agar plates was used to define microbiota-free
honeybees. The newly emerged honeybees (Day 0) were placed in
sterile cup cages and fed sterile sucrose solution and sterile pollen for
24h, after which they were divided into three groups, namely
conventional (CV group) honeybees, ASD-FMT honeybees (A-BEE
group), and TD-FMT honeybees (T-BEE group), with 25-30 bees per
cup, and subjected to the corresponding interventions (Day 1). The
pollen and sucrose solution provided to each group of bees were
identical to avoid the impact of differences in bee diet on the study.

2.3 Honeybee colonization

In their natural state, newly emerged honeybees primarily acquire
a relatively stable gut microbiota through feeding for 3-4 days (Zheng
etal., 2018). Therefore, this study conducted FMT on microbiota-free
honeybees by adding human fecal microbiota to their feed. Fresh fecal
samples from ASD-CHILD and TD-CHILD donors were collected
promptly and transferred by their parents to the laboratory within 4h,
after which they were suspended in 25% sterilized glycerol and stored
in a sample bank at —80°C. Frozen fecal samples were pretreated
before honeybee colonization. Briefly, the fecal samples were
resuspended in sterilized phosphate-buffered saline (PBS; Solarbio,
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Beijing, China) to a final concentration of 0.1 g/ml, and the larger food
residues were filtered out through a sterile 100 pm diameter filter
membrane (Biologix, Shandong, China). The filtrate was then
centrifuged at 1,000 x g and 4°C for 3 min to extract the supernatant
(Sharon et al., 2019). For the colonization of the A-BEE group, 1 ml of
supernatant from ASD-CHILD fecal samples was collected as
described above and mixed thoroughly with 1 ml of sterilized sucrose
solution (50%, w/v) and 0.3 g of sterilized pollen to obtain a final fecal
suspension concentration of 0.05 g/ml for feeding. For the colonization
of the T-BEE group, food was prepared using the same method but
using TD-CHILD fecal samples. The CV group was fed a mixture of
5ul of wild bee hindgut homogenate with 1 ml of 1x PBS, 1 ml of
sterilized sucrose solution (50%, w/v), and 0.3 g of sterilized pollen.
Experimental honeybees were fed suspension-containing chow for the
first 3 days (Days 1-3), with food changed every 24 h. Each honeybee
group was then placed in an incubator at 35°C and 50% relative
humidity and provided with sterilized sucrose (50%, w/v) and
sterilized pollen until Day 8. On Day 8, behavioral experiments were
conducted on each honeybee group. At the end of the experiment, the
brains and intestines of the honeybees were collected for
additional analyses.

2.4 Learning and memory test

Considering that the ability to recognize, understand, and
remember odors is the cornerstone of many of the social activities in
bees and one of the essential means of communication among
individuals, we performed experiments based on olfactory learning
and the PER to reflect changes in bee behavior and brain function
(Sandoz, 2011; Huijun Zhao et al., 2017; Liu et al., 2017; Van Nest,
2018). The olfactory learning and memory abilities of each honeybee
group were measured on Day 8 (i.e., when they were 8days old).
We used methods reported in previously published studies by our
team (Chang et al., 2022; Zhang et al., 2022a). The honeybees were
then placed in a rearing box for 2h of starvation. In the test, nonanol
(I-nonanol, purum >98.0% GC; Sigma-Aldrich, St. Louis, MO, USA)
and n-hexanal (caproaldehyde, purum >99.0% GC; Macklin;
Shanghai, China) were used as odor sources, with nonanol used for
olfactory learning and n-hexanal used as a negative control. During
conditioning, all honeybees were subjected to five rounds of training,
with each round lasting 10 min. After five rounds of training, the
honeybees were left in the experimental environment for 2 h without
being fed. Subsequently, they were subjected to a memory test. Briefly,
two odor stimuli (nonanol or hexanal) were presented randomly, and
a clean odorless syringe was presented after each odor stimulus to
exclude the effects of visual stimuli. PER was observed and recorded,
and honeybees that performed PER only under nonanol stimulation
were considered to have succeeded in the memory tests (Figure 1A).

2.5 Tissue collection

After completing the behavioral tests, the entire intestine of each
honeybee, including the midgut, ileum, and rectum, was dissected on
ice. The intestine was collected in a 1.5 mL sterile centrifuge tube and
stored in liquid nitrogen in a freezer at —80°C. On the same day, the
thorax was fixed to a beeswax plate using a dissecting needle, and the
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entire brain was obtained by removing the head cuticle under a
dissecting microscope (Nikon SMZ745T, Japan). The whole honeybee
brain was placed on a slide and immersed in RNAlater (Thermo Fisher
Scientific, Waltham, MA, USA). In addition, the glands on the brain
tissue (pharyngeal and salivary glands), two compound eyes, and
three single eyes were removed on ice using cell forceps and placed in
sterilized 1.5ml centrifuge tubes that were stored in liquid nitrogen.
These samples were also stored in a freezer at —80°C.

2.6 Hematoxylin—eosin staining of the
intestines

The dissected honeybee intestines were fixed into a fixative
solution (8% w/v paraformaldehyde), rinsed with PBS, dehydrated in
ethanol, and transferred into xylene. The tissue was then placed in
paraffin wax, which was dried at 60°C.The paraffin-embedded tissue
was cooled to complete solidification, after which it was sectioned at
a thickness of 4-6 mm. The sections were consecutively submerged in
xylene and a series of ethanol solution, dyed with hematoxylin for
5min, and processed with 1% acidic ethanol (1% hydrochloric acid in
70% ethanol). Then, the objects were washed in purified water, treated
with eosin for 3 min, and submerged again in ethanol and xylene. A
microscope (Leica, Wetzlar, Germany) was used to examine the
morphological composition of the intestinal tissue.

2.7 Honeybee intestinal DNA extraction
and shotgun metagenome sequencing

The entire digestive tract of the honeybee was pulverized using a
sterile disposable mortar and pestle that was free of enzymes, and
genomic DNA was extracted from each sample individually using
cetyltrimethylammonium bromide (CTAB) bead beating. The specific
experimental procedure details can be found in the team’s previous
research (Chang et al.,, 2022). Six biological replicates of each group
were used for metagenomic sequencing analysis.

The DNA samples were sent to BGI Genomics Co., Ltd.
(Guangzhou, Shenzhen, China) for shotgun metagenome sequencing.
Sequencing was conducted on a DNBSEQ-T1&TS5 system, resulting in
the generation of 150 bp paired-end reads. The sequencing quality was
assessed using fastp v0.23.2 with its default parameters. Reads
belonging to the honeybee reference genome (version Amel_HAv3.1)
and human reference genome (version hg_19) were removed separately
using BWA v0.7.17-r1188 and SAMtools v1.9. Metaphlan2 v3.0.14 was
employed to analyze the community structure of each sample at the
phylum and species levels, employing its default parameters. Then
we ran the “merge_metaphlan_tables.py” script in Metaphlan2 to
merge our human bacterial genome samples into one table in which
the relative normalized abundances per sample were listed.

2.8 Honeybee brain RNA extraction and
transcriptome sequencing

Six biological replicates were included in each group for

transcriptome sequencing. Total RNA from the honeybee brain was
extracted using a Quick-RNA MiniPrep Kit (Zymo Research, Irvine,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278162
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

10.3389/fmicb.2023.1278162

TD-CHILD ASD-CHILD
P
(" 2 > -] ‘e *
3
1 NS ﬁ@ o

*
r o

\/ /’P\ . a\% ASD-BEE
Ty
7»%‘ TD-BEE
AR
‘

FIGURE 1

test.

Brood comb Pupa MF workers
Obtain MF workers Inoculation
B
o o o] o]
o [e'e) 0 o
2sscore<3 o® [e)e]
1S score <2
0 score <1 | |
Relationship to people Imitation Remotional reponse Body use Object use
oPp o coo)es|
o (e o) o
o
oooq
| [ [
Adaptation to change  Visual response _ Listening response T,::;::;'L:;L“g Fear and nervousness Verbal communication
O . 0 O O © ASD-CHILD1
[e)e) © ASD-CHILD2
© ASD-CHILD3
O @ ASD-CHILD4
@© ASD-CHILDS
pliieir Actiy level e%?,;ﬂm;‘fg‘;gfg, Goneral Impressions © ASD-CHILDG
D Olfactory learning E Olfactory learning
80
<y <)
£ € 6
o o
o o
]
g £ 40
@
8 8
4 4
o s 20
o o
0 T T T 1 o T T T 1
1 2 3 4 5 1 2 3 4 5
Time Time
~4— TD-BEE1 —&= CV —— T-BEE —@— A-BEE
—— TD-BEE2 ~&— ASD-BEE5
ASD-BEE6 ~o— ASD-BEE3
~o— ASD-BEE4 —e— ASD-BEE1
—o— ASD-BEE2

Nonanol
@57,
S 4
S )"%
N | )
onane Needle tube o v
@ 25k
ey 2 =4
3 \?é 3
)& P g‘?
Sucrose e Hexanal "\S/ Z
@ @5

Olfactory learning Olfactory memory test
C
Age BMI Gl CARS-2
D s (year) (kg/m2) | score total | Crade
TD-CHILD1 F 5 16.4 0 NA NA
TD-CHILD2 M 5 14.6 0 NA NA
ASD-CHILD1 F 4 15.4 3 52 Severe
ASD-CHILD2 M 5 16.3 6 39 Severe
ASD-CHILD3 F 6 14.4 5 41 Severe
ASD-CHILD4 M 6 15.1 4 38.5 Severe
ASD-CHILDS F 9 16.2 5 52 Severe
ASD-CHILD6 F 3 17 4 37 Severe
F Memory test G Memory test
<0.0001
100 100
: 3 3
8 50 8 50
5 5
g I~
& &
2 N gD O 2 g
For® O BB od o

<0 »(0 Pgo \»‘50\»50\»‘50»90 P50
I Non-responder
X Responder

I Non-responder
3 Responder

Fecal microbiota from ASD donors affects the learning and memory of honeybees. (A) Schematic illustration of the experimental design: microbiota-
free honeybees were fed sterile sucrose water and pollen for the first 24 h after eclosion. Then honeybees aged 1-3 days were colonized with fecal
microbiota from TD or ASD donors. Olfactory learning and memory experiments were performed when the honeybees were 8 days old, after which
tissues and samples were collected. (B) ASD donors’ scores for the 15 items in CARS-2. The color of the ball represents each child with autism, and the
position of the ball represents the child’s score on the corresponding item. (C) Basic clinical information of the donors (see Supplementary Table S1 for
more details). (D) Learning curves for a positively rewarded conditioned stimulus [CS; sample size: TD-BEE 1 (n = 39), TD-BEE 2 (n = 40), ASD-BEE 1

(n =40), ASD-BEE 2 (n = 40), ASD-BEE 3 (n = 40), ASD-BEE 4 (n = 40), ASD-BEE 5 (n = 40), ASD-BEE 6 (n =40), CV (n =40); N = 359 in totall. (E) Learning
curves for the A-BEE group (includes ASD-BEE 1-6) and the T-BEE group (includes TD-BEE 1 and 2). Differences between groups were determined
using the chi-squared test. (F) Ratio of honeybees that were successful in the memory test (sample sizes are the same as those in D). (G) Ratio of
honeybees successful in the memory test in the A-BEE and the T-BEE groups. Differences between groups were determined using the chi-squared

CA, USA). The RNA samples from the honeybee brains were sent to
BGI Genomics Co., Ltd. (Guangzhou, Shenzhen, China) for
transcriptome sequencing. The sequencing was conducted on a
DNBSEQ-TI1&T5 system, resulting in the generation of 150bp
paired-end reads.

Fastp v0.23.2 was used to evaluate the sequencing quality of each
sample, employing its default parameters. Using HISAT2 v2.2.1,
we constructed an index of the honeybee reference genome (Amel_
HAv3.1) and aligned the fastp-trimmed reads to this index using
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HISAT?2 with default parameters. Quantification of gene expression
was performed using HTSeq v2.0.1 in the “union” mode, considering
only reads that clearly mapped to a single gene. Reads that were
aligned to multiple positions or overlapped with more than one gene
were excluded. Differential expression analysis was performed using
the DESeq2 package (v1.34.0) in R (v4.1.0; Love et al, 2014).
Functional analysis of genes was based on KEGG (http://www.kegg.
jp/ or http://www.genome.jp/kegg/), and homology markers were
detected using Clustering Diagram v3.10.1 (Wu et al., 2015). Weighted
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correlation network analysis (WGCNA) is used to identify gene
modules that exhibit coordinated expression and explore gene
networks associated with the phenotypes of interest, with the aim of
uncovering key genes within these network relationships. We used the
package WGCNA v1.71 in R v4.1.0 for weighted gene coexpression
network analysis (Langfelder and Horvath, 2008).

Based on the honeybee reference genome, event-level differential
splicing analysis was conducted using rMATS version 4.0.2 (turbo).
To quantify AS events, a ratio metric known as percent-spliced-in
(PSI) value based on exons was employed. Normalization was
performed using an efficient length of 1. The PSI value was calculated
for several classes of AS events, including skipped exons (SE),
alternative 5 splice sites (A5SS), alternative 3’ splice sites (A3SS),
mutually exclusive exons (MXE), and retained introns (RI). Events
with a p value less than 0.05 were deemed to have differential splicing
between the A-BEE group and T-BEE group. In order to find
similarities between the genes that are expressed or spliced differently
in the honeybee brain and those in human with ASD, we aligned 3,531
high-quality reference protein sequences, which represent 948 known
autism risk genes (SFARI and SPARK) were aligned against protein
sequences associated with the honeybee genome using BLASTP with
a two-way best matching strategy (Altschul et al., 1990; Zhang et al.,
2022b). In total, 649 autism-associated protein sequences were
matched with a similarity greater than 30% and an E value less than
0.000394.

SFARI: https://gene.sfari.org/.

SPARK for autism: http://spark-sf.s3.amazonaws.com/SPARK
gene_list.pdf.

2.9 Metabolomic analysis of honeybee
intestine

Untargeted metabolomics was performed on six biological
replicates from each group. Novogene Co., Ltd. (located in Beijing,
China) conducted liquid chromatography-mass spectrometry (LC-
MS) analyses. The analyses were conducted using a Vanquish Ultra-
High-Performance Liquid Chromatography (UHPLC) system
(Thermo Fisher Scientific) along with an Orbitrap Q Exactive HF-X
Mass Spectrometer (Thermo Fisher Scientific), operating in both
positive and negative polarity modes. Compound Discoverer 3.1
(Thermo Fisher Scientific) was used to process the raw data files
produced by UHPLC-MS/MS to obtain accurate qualitative and
relative quantitative results. The analysis of metabolomics data was
conducted utilizing the MetaboAnalyst interface (version 5.0) software
(Pang et al., 2021).

2.10 Statistical methods

2.10.1 Metagenomic data

Microbial alpha diversity was evaluated according to richness and
diversity (Richness/Shannon index) at the species level. Principal
coordinate analysis (PCoA) based on the unweighted UniFrac distance
matrices was used to evaluate the bacterial similarities between the
A-BEE and T-BEE groups, and significance was determined using
permutational multivariate analysis of variance (PERMANOVA). The
gut bacterial abundances were compared between the A-BEE and
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T-BEE groups using the pairwise Mann-Whitney U test, with p values
adjusted using the Benjamini-Hochberg procedure to decrease the
false discovery rate (FDR).

2.10.2 Transcriptomic data

Non-normally distributed continuous data were compared using
the Mann-Whitney U test. The data were expressed as mean + standard
deviation or median (interquartile range). Data analysis was
performed using GraphPad Prism v9.0.0 (86; Mitteer and Greer, 2022).

2.10.3 Metabolomics data

Statistical analysis of the targeted metabolomics data was
performed using MetaboAnalyst (version 5.0). The concentrations of
the metabolites were not normalized, transformed, or scaled-in prior
to statistical analysis. Features with >50% missing values were
removed from the subsequent analysis. Statistical significance was
determined using the Mann-Whitney U test with a p value <0.05, and
a marginal difference was defined as p <0.05 and a fold change (FC)
>2 (i.e., log2FC>1).

2.10.4 Multiomics association

We performed a correlation analysis of the normalized
metagenome, transcriptome, and metabolome data. Pearson
correlation was used to analyze the six biologically parallel means of
each group (p<0.05). Neural network graphs were visualized using
Cytoscape v3.9.1 (Shannon et al., 2003).

3 Results
3.1 Basic information of enrolled children

A total of 5 TD children were recruited during the study period.
Of them, three were eventually excluded: one child had a family
history of mental illness, and the guardians of two children withdrew
midway through the study (Figure 2B). Therefore, two TD children
participated throughout the entire study. Fourteen children with
autism were admitted to Chinese PLA General Hospital outpatient
clinic during the study period. Three children with autism were
eventually excluded based on inclusion and exclusion criteria. Of the
excluded children, one had a diagnosis of karyotype abnormalities,
two had severe dietary preferences. The guardians of five children
withdrew consent midway through the study, because they wanted
their children to receive treatments beyond those permitted in the
study (Figure 2A). According to CARS-2, all six children aged 3 to
with (Figure 1G;
Supplementary Table S1). These items of CARS-2 were counted and
plotted (Figure 1B). According to the score, the ASD-CHILD group
exhibited imperfections in their relationships with people, imitation,

9years severe autism were enrolled

and verbal communication, but they exhibited lower fear and
nervousness scores. According to the clinical data, no child with
taking psychiatric medications in the study
(Supplementary Table S1). And all the enrolled children had received

autism was

behavioral treatment. The behavior therapy conducted by special
institutions agreed by the government for ASD was mainly applied
behavior analysis therapy (Granpeesheh et al., 2009). The children
participating in the study did not experience severe dietary bias, and
their nutritional status were good. The average body mass index (kg/
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FIGURE 2

Flowchart of fecal donors in each group throughout the study. (A) A flowchart of the ASD-CHILD group. (B) A flowchart of the TD-CHILD group

m?) of the TD-CHILD group was 15.48, versus 15.73 in the
ASD-CHILD group (Supplementary Table S1). The gastrointestinal
symptoms of children with autism were evaluated using the GSI, and
the results showed that the scores ranged from 3 to 6 (Figure 1C;
Supplementary Table S1). The GSI scores reflected gastrointestinal
symptoms in enrolled children with autism.

3.2 Fecal microbiota from children with
autism impacts the learning and memory
of microbiota-free honeybees

The A-BEE group exhibited differences in learning and memory
abilities compared to the T-BEE group. After several rounds of
training, more than half of the honeybees in the T-BEE group (i.e.,
TD-BEE 1 and TD-BEE 2) learned to recognize the conditioned
stimulus (CS), whereas less than half of the honeybees in the A-BEE
group (ie., ASD-BEE 1-6) learned to recognize the CS
(Figures 1A,D,E). After five rounds of training, the average correct
response rates of the T-BEE and A-BEE groups were significantly
different at 70.87 and 38.75%, respectively (p <0.05, chi-square test).
In the memory test, the memory accuracy of the TD-BEE 1 and
TD-BEE 2 groups was 61.54 and 52.50%, respectively, whereas the
memory accuracy of the ASD-BEE 1-6 groups was 12.50, 17.50, 15.00,
20.00, 25.00, and 35.00%, respectively (Figure 1F). Moreover, the
average accuracy of the A-BEE group (20.83%) in the 2h memory test
was significantly lower than that of the T-BEE group (56.96%; p <0.05,
chi-square test; Figure 1G). In brief, the bees’ behavior was affected by
the fecal microbiota in children with autism, which showed a decline
in learning and memory abilities.
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3.3 Transplanted bees can partially
reproduce the intestinal microbiome of
children with autism and TD children

Metagenomic sequencing and bioinformatics analyses of
TD-CHILD, ASD-CHILD, T-BEE, and A-BEE samples revealed that
the alpha diversity of the intestinal contents of colonized honeybees
was lower than that of their child donor counterparts. Nevertheless,
the between-group differences in the alpha diversity of the humanized
honeybee intestinal contents were largely consistent with their
corresponding donor counterparts (Figures 3A,B). At the species level,
the percentages of the top 20 species in terms of abundance in the bee
guts of the T-BEE and A-BEE groups were different. Although there
were differences in species abundance between the intestinal
microbiomes of honeybees colonized by donor fecal microbiota and
the corresponding donor sample microbiomes, the composition ratio
of the top 20 most abundant species was similar among the
microbiomes (Figures 3C,D). In addition, beta diversity analysis
results revealed consistency within the groups, whereas differences
were evident between the T-BEE and A-BEE groups (Figure 3E). In
other words, microbiota-free bee colonization of donor gut microbes
can reproduce the structure and composition of donor gut microbes
to some extent. To analyze bacterial colonization, a phylum level
analysis was conducted. There was no significant consistent difference
in the relative abundance of Bacteroidetes between children with
autism and TD children. The relative abundance of Firmicutes in the
intestinal tracts of children with autism was lower than that of TD
children (Supplementary Figure S1B). The differences were analyzed
at the species level, and the resulting volcano plot indicated 63
different strains between groups, of which 30 and 33 were enriched in
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FIGURE 3

Colonization of honeybees with donor fecal microbiota. (A,B) The alpha diversity of the gut microbiota in honeybees was measured as a richness index,
and the Shannon index from shotgun metagenomic sequencing revealed a significant difference between the A-BEE and T-BEE groups. The short line at
the top of the figure indicates the alpha diversity of the donor fecal microbiota. Differences between groups were determined using the two-sided Mann—
Whitney U test. (C) Percentages of the top 20 species in terms of abundance in honeybee gut microbiota in the T-BEE group (TD-BEE 1 and TD-BEE 2)
and in the TD-CHILD group (TD-CHILD 1 and TD-CHILD 2). (D) Percentages of the top 20 species in terms of abundance in honeybee gut microbiota in
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FIGURE 3 (Continued)

the A-BEE group (ASD-BEE 1-6) and the abundance of the species in the ASD-CHILD groups (ASD-CHILD 1-6). (E) PCoA of unweighted UniFrac
distances at the species level from the honeybee gut microbiota profiles of the A-BEE group (includes ASD-BEE 1-6) and the T-BEE group (includes TD-
BEE 1 and 2). Differences between the groups were evaluated using PERMANOVA. (F-N) Normalized abundance of the species in the intestines of
honeybees in the A-BEE and T-BEE groups. Differences between groups were determined using the two-sided Mann—Whitney U test.

the A-BEE and T-BEE groups, respectively (Supplementary Figure S1A).
Although Bacteroidetes did not show significant consistent differences
at the phylum level, there were more different bacteria at the species
level, such as Bacteroides fragilis (B. fragilis), Bacteroides intestinalis
(B. intestinalis), Bacteroides uniformis (B. uniformis), and Bacteroides
dorei (B. dorei) which were significantly enriched in the T-BEE group
but showed low relative abundance in the A-BEE group. Moreover, the
relative abundance of Eubacterium eligens (E. eligens), Faecalibacterium
prausnitzii (E prausnitzii), Klebsiella aerogenes (K. aerogenes),
Lactobacillus gasseri (L. gasseri), and Lactobacillus paragasseri
(L. paragasseri) were significantly higher than in the A-BEE group’s
bee guts (Figures 3F-N).

To evaluate the effect of fecal microbiota from ASD-CHILD
donors on honeybee intestines, the length of their intestines was
measured, including the midgut, ileum, and rectum. There was no
significant difference in the length of the intestines among the groups
(Supplementary Figures S1C,D). Hematoxylin—eosin staining was also
performed on the ileum (Supplementary Figure S1E) and midgut
(Supplementary Figure SI1F) to identify any changes in the intestinal
structure; however, no significant structural disparities in the intestine
were observed among the experimental groups.

3.4 Fecal microbiota from children with
autism impacts honeybee brain function by
regulating gene expression and alternative
splicing

The behavior of bees is associated with the expression of genes in
their brains (Whitfield et al.,, 2003; Tino et al., 2023); therefore,
transcriptomic sequencing was executed. To associate clusters of genes
correlated with the A-BEE and T-BEE groups, WGCNA was
performed. Honeybees inoculated with different intestinal microbes
were used as the sample traits. Based on the gene expression in the
honeybee brains, 12 modules (ME) were clustered using WGCNA
(Figures 4A,B). The black module gene cluster (MEblack) was
significantly correlated with different ASD-CHILD and TD-CHILD
fecal microbiota-colonized honeybees (p<0.001; Figure 4B). To
determine between-group differences in the MEblack module of
genes, a Wilcoxon rank-sum test was performed, which indicated that
the expression of MEblack genes differed significantly between the
A-BEE and T-BEE groups, i.e., it was downregulated in the A-BEE
group (p=0.023; Supplementary Figure S2). These genes were
significantly enriched in synaptic signaling pathways, such as the
serotonergic synapse, dopaminergic synapse, and synaptic vesicle
cycle, as well as in amino acid metabolism pathways, such as
tryptophan metabolism, nicotinate and nicotinamide metabolism,
and glutathione metabolism (Figure 3C). We also compared these
differentially expressed genes with the established brain-related gene
sets of children with autism. Of the 147 genes in the MEblack module,
10 genes were found to intersect with the SFARI gene set (Figure 4D).
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Of the intersected genes, the differentially expressed genes ANKS1A
(ankyrin repeat and SAM domain-containing protein 1A), GRIP1
(glutamate receptor-interacting protein 1), ALDHs (aldehyde
dehydrogenase, mitochondrial), POLR3A (DNA-directed RNA
polymerase III subunit RPC1) and AADC (aromatic-L-amino-acid
decarboxylase) were associated with basal brain development, blood-
brain barrier function, substance metabolism, and neural synapse
functions (Figures 4E-I; Wassenberg et al., 2017; Harting et al., 2020;
Tan et al., 2020; Ryu et al., 2021).

Moreover, the AS of bee brains’ genes was also correlated with
fecal microbes. KEGG functional enrichment analysis of the
differentially expressed genes in the honeybee brain (MEblack)
suggested the involvement of the spliceosome pathway (Figure 4C).
Therefore, different AS events in the brains of honeybees colonized
with fecal microbes from ASD-CHILD and TD-CHILD donors were
analyzed. According to rMATS analysis of the different native splicing
events of brain-related genes, 44,705 events were detected, with SE
being the most abundant among the different AS types. Events
accounting for approximately 20% of each AS type exhibited
significantly different inclusion rates among the A-BEE groups, with
multiple exclusive exceptions exhibiting the highest proportion of
significant events (Figures 5A,B). In total, 1,486 genes were involved
in differential AS events, of which 181 intersected with the SFARI gene
set and 37 intersected with the SPARK gene set (182 genes in total).
Interestingly, almost all homologous genes identified belong to the
SFARI gene set that was associated with ASD with high confidence
(Figure 5C). Enrichment analysis of the differentially spliced genes
revealed that the enriched KEGG pathways regulated in the brains of
the A-BEE and T-BEE groups included glutamatergic synapses,
serotonergic synapses, GABAergic synapses, and dopaminergic
pathways (Figure 5D). The enrichment analysis results also revealed
that some genes, such as 5-HT1 (serotonin receptor), AC3 (adenylate
cyclase 3), and GRD (GABA-gated ion channel), were involved in
multiple pathways related to neural synapses, and these genes were
differentially expressed in the A-BEE and T-BEE groups. Furthermore,
different AS events could occur in a single gene and exhibit different
inclusion rates (Figure 5E). Thus, fecal microbiota from ASD-CHILD
donors can induce differential gene expression in the brains of
honeybees while also inducing AS, thereby affecting genes that are
essential for the social behavior of bees and are also associated
with ASD.

3.5 Fecal microbiota from children with
autism impacts intestinal metabolites in
honeybees

Nontargeted metabolomics and gas chromatography/mass
spectrometry were used to analyze the intestinal contents of
honeybees. The metabolic profiles of the A-BEE group and T-BEE
group honeybees were significantly different in both positive and
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FIGURE 4

Fecal microbiota from ASD donors affects the expression of learning and memory-related genes in the brains of honeybees. (A,B) WGCNA revealed 12
gene modules (ME) that were correlated with different honeybee groups (the A-BEE group and the T-BEE group). Colored names represent gene
modules assigned by the WGCNA pipeline. Heatmap colors indicate positive/negative Spearman correlation coefficients. The correlation coefficients
are located above, and the p values are shown in parentheses below, within the squares. (C) KEGG enrichment pathways of MEblack genes (Fisher
exact test). (D) Venn diagram of MEblack module genes and the overlap of these genes with the SPARK and SFARI gene data sets. (E~I) Normalized
count of the genes in the brains of A-BEE and T-BEE honeybees. Differences between the groups were evaluated using the unpaired t test. ANKS1A:
ankyrin repeat and SAM domain-containing protein 1A; GRIP1: glutamate receptor-interacting protein 1; ALDH: aldehyde dehydrogenase,
mitochondrial; POLR3A: DNA-directed RNA polymerase Ill subunit RPC1; and AADC: aromatic-L-amino-acid decarboxylase.

negative polarity modes (Figures 6A,D). To determine the differential ~ and positive polarity modes. Then, according to KEGG enrichment
metabolites between the groups, DESeq2 was used to conduct a  analysis of the differentially upregulated and downregulated
difference analysis on the data obtained from the detection of negative ~ metabolites in the T-BEE and A-BEE groups (Figures 6B,C,E,F), the
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Fecal microbiota of children with autism affect AS in honeybee brains. (A) Number of the differential AS events in the brains of honeybees in the A-BEE
group compared with the T-BEE group. (B) Stacked column graph showing the relative abundance of different types of AS events. A3SS: alternative 3
splice site; A5SS: alternative 5’ splice site; MXE: mutually exclusive exon; RI: retained introns; SE: skipped exon. (C) Venn diagram of differentially spliced
genes in the brains of honeybees in the A-BEE and T-BEE groups (gnotobiotic bee spliced genes; FDR <0.05), and their overlap with SPARK and SFARI
gene datasets. (D) KEGG pathways regulated in the brains of the A-BEE group honeybees based on differentially spliced genes (Fisher exact test).
(E) Differentially spliced events in the 5-HT1, AC3, and GRD gene present in both the SPARK and SFARI gene data sets. 5-HT1: serotonin receptor; AC3:
adenylate cyclase 3; and GRD: GABA-gated ion channel.

upregulated and downregulated pathways in the A-BEE group
included the tryptophan, taurine, and bile acid metabolism pathways;
therefore, the altered substances involved in these metabolism
pathways were explored. A two-sided Mann-Whitney U test was used
to determine the differences between the groups in terms of the
substances in these pathways (Figure 6G). The differential metabolites
were largely involved in the tryptophan metabolism pathway. Dietary
tryptophan can be broken down by intestinal microbes into various
indole derivatives, such as 3-indole acrylic acid (IA) and indole-3-
pyruvate (IPA), which are one of key components of homeostasis in
the intestine (Agus et al., 2018). Additionally, tryptophan can
be broken down by the host into serotonin and melatonin, which are
substances associated with cognitive ability. It is also metabolized by
the kynurenine pathway, which is mediated by host enzymes. It could
affect the production of kynurenine and kynurenic acid. Compared
with the T-BEE group, melatonin and serotonin in the A-BEE group
were significantly downregulated in the serotonin metabolism
pathway; IA and IPA were also downregulated in the indole pathway,
and L-kynurenine was enriched in the kynurenine pathway.
Furthermore, the L-kynurenine/L-tryptophan ratio was significantly
higher in the A-BEE group than in the T-BEE group (p<0.05). In
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conclusion, the colonized microbiome in the honeybee intestine was
involved in tryptophan metabolism, possibly by regulating the
conversion of tryptophan to indole derivatives, serotonin,
and kynurenine.

The honeybee intestinal microbiome also regulated the
metabolism pathway of taurine, a metabolite involved in nervous
system function. Taurine can be generated via the taurine synthetic
pathway or from the bile acid metabolism pathway. Both L-cysteine
and L-cysteine sulfinic acid are precursors of taurine in the taurine
synthesis pathway. L-cysteine levels did not differ among the groups,
whereas L-cysteine sulfinic acid was upregulated in the A-BEE group
(Figure 6H). The bile acid metabolism pathway, which involves
microorganisms, was also analyzed, and taurocholic acid was
significantly enriched in the T-BEE group. Taurocholic acid can
be hydrolyzed into taurine under the joint mediation of
microorganisms and hosts. This partly explains why A-BEE group
honeybees had more precursors for taurine synthesis in their intestine
but not more taurine than T-BEE group honeybees, i.e., more taurine
was produced in the intestinal tract of the T-BEE group honeybees
through the bile acid metabolism pathway than in the intestinal tract
of A-BEE group honeybees via this pathway.
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FIGURE 6

Colonization of honeybees with the fecal microbiota of children with autism affects intestinal metabolism. (A) Sparse partial least squares discriminant
analysis based on all metabolites detected in the positive polarity mode in the gut of honeybees. Sample plots were clustered with 95% confidence
intervals. (B,C) KEGG enrichment pathways downregulated and upregulated in the hemolymph of honeybees in the A-BEE group compared with the
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FIGURE 6 (Continued)

T-BEE group based on differentially regulated metabolites (Fisher exact test). (D) Sparse partial least squares discriminant analysis based on all
metabolites detected in the negative polarity mode in honeybee guts. Sample plots were clustered with 95% confidenceintervals. (E,F) KEGG
enrichment pathways downregulated and upregulated in the hemolymph of honeybees in the A-BEE group compared with the T-BEE group based on
differentially regulated metabolites (Fisher exact test). (G) Tryptophan metabolism via the kynurenine, serotonin, and indole pathways. Green arrow:
involvement of gut bacteria in the process. Black arrow: primarily host-mediated process. Box plot shows the differences in the differential metabolites
in the three pathways between the A-BEE and the T-BEE groups. Group differences were tested using the two-sided Mann-Whitney U test.

(H) Metabolites involved in the formation of taurine via the taurine synthesis and bile acid metabolism pathways. Box plot shows the differences of the
differential metabolites in the two pathways between the A-BEE and the T-BEE groups. Group differences were evaluated using the two-sided Mann-

Whitney U test.

3.6 Association analysis of differential
bacteria and gut metabolites in the
honeybee gut and differently expressed
genes in the honeybee brain

Compared with honeybees colonized by TD-CHILD fecal
microbiota, honeybees colonized with fecal microbiota from
ASD-CHILD donors exhibited different microbiota structures and
intestinal metabolomics as well as different brain-related gene
expression and impaired cognitive abilities. To explore the relationship
between these groups, an association analysis using Pearson’s
correlation was conducted. First, association analysis using the
metagenomics and metabolomics data was performed and a
correlation analysis thermogram was plotted by performing
association analysis of the different strains and substances involved in
the pathway of interest (Supplementary Figure S3A). Subsequently,
association analysis using metabolomics and transcriptomics data was
performed, and a correlation analysis heat map was plotted according
to the association analysis between substances involved in the
pathway of interest and genes in the MEblack module
(Supplementary Figure S3B). The results showed that some strains
deficient in the A-BEE group were significantly positively correlated
with the metabolites of the tryptophan-indole metabolism and bile
acid hydrolysis pathways, both of which involve the participation of
intestinal bacteria, and these metabolites were significantly positively
correlated with some genes in the MEblack module (|r| >0.7, Figure 7).
Interestingly, most identified strains belonged to the phylum
Firmicutes and the phylum Bacteroidetes, such as E. eligens, L. gasseri,
B. fragilis, and B. dorei. Genes were related to synaptic function
according to functional annotation. For example, both E. eligens and
B. fragilis exhibited positive correlations with 3-IA, and this metabolite
was also positively correlated with the expression of genes that regulate
synaptic function, including LOC100578939 (single Ig IL-1-related
receptor, SIGIRR). Furthermore, B. dorei belongs to the phylum
Bacteroidetes, which is related to taurodeoxycholic acid and taurine
in the taurine pathway. These metabolites were strongly associated
with LOC412890 (A disintegrin and metalloproteinase with
thrombospondin motifs 3, ADAMTS3), which is involved in
regulating amino acid metabolism in bee brains.

4 Discussion

Several studies have confirmed that many neuropsychiatric
diseases are closely related to intestinal microecology (Petra et al.,
2015; Quigley, 2017; Generoso et al., 2021). Children with autism
mainly exhibit psychoneurological symptoms, and gastrointestinal
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dysfunction and immune imbalance are prevalent in these studies,
suggesting that the microbiome is involved in ASD (Adams et al,,
2011; Lai et al., 2014; Petra et al., 2015; Madra et al., 2020). Numerous
studies have investigated the microbiomes and metabolomes of
children with autism compared with TD control groups (Coretti et al.,
2018; Kang et al, 2018; Jones et al., 2022). In addition, animal
experiments have confirmed that treatment with fecal microbiota
from children with autism promotes behavior in mice associated with
the core behavioral characteristics of ASD (Sharon et al., 2019). In the
present study, we used honeybees as a model for the first time to
investigate the effects of fecal microbiota from children with autism
on host pathophysiology and behavior. We found reduced cognitive
performance in A-BEE group honeybees compared to T-BEE group
honeybees, which were colonized with ASD-CHILD and TD-CHILD
fecal microbiomes, respectively. Notably, our findings demonstrate
that alterations in the gut microbiota of children with autism can
influence the host’s nervous system and cognitive behavior without
establishing a causal relationship between gut microbiota and ASD.
The gut microbiota is one of the crucial factors in gut-brain
communication. Through metagenomic analysis, we hope to
identify potential bacterial candidates that may contribute to the
observed behavioral differences in honeybees. Compared with the
T-BEE group, some species were lacking or low in abundance in the
A-BEE group, e.g., B. fragilis, B. intestinalis, B. uniformis, E. eligens,
E prausnitzii, Klebsiella aerogenes, L. gasseri, L. paragasseri, and
B. dorei. In a cohort study from China, the abundance of B. fragilis
was lower in children with autism than in TD children and was
accompanied by the downregulation of the tryptophan metabolism
pathway (Zou et al., 2020). Furthermore, research suggests that oral
administration of the human commensal B. fragilis to ASD mice
modulated autism-related intestinal physiology and improved
behavioral abnormalities (Hsiao et al., 2013). B. uniformis was
found to impact the reward response in the rat brain of food-
addicted rats and reduce their anxiety (Agusti et al, 2021).
Interestingly, two randomized, controlled, double-blind placebo
trials found that supplementation with L. gasseri relieves chronic
stress, a finding that has been validated in multiple animal studies
(Kang et al., 2010; Kim et al., 2018; Nishida et al., 2019). Bacteria
including B. intestinalis, E. eligens, E. prausnitzii, and B. dorei, are
involved in the regulation of host immune function and play
important roles in maintaining host immune balance (Chung et al.,
2017; Lopez-Siles et al., 2017; de Filippis et al., 2021; Pereira et al.,
2021; Yasuma et al., 2021). Interestingly, K. aerogenes, the first
recorded human intestinal symbiont sensitive to pineal gland/
gastrointestinal melatonin, was enriched in the T-BEE group. This
species is considered the biological clock of the intestinal
microbiome because it can sense the secretion of melatonin and
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FIGURE 7
Honeybee gut microbiota affect the honeybee brain through metabolites. Network diagram of the macrogenome, transcriptome, and metabolome
drawn using Cytoscape. Blue and red edges indicate positive and negative correlations, respectively; edge width represents the correlation strength.
Nodes shown in different shades of green, purple, and blue represent different phyla, metabolites in different metabolic pathways, and genes involved
in different pathways, respectively. Group differences were determined using a Spearman rank test.

simultaneously express circadian rhythms (Paulose et al., 2019;
Graniczkowska et al., 2022). These results partly explain the
behavioral changes observed in honeybees colonized by the
intestinal microbiome of ASD-CHILD donors. Although definitive
causality between these differential gut bacteria and behavioral
changes in hosts cannot be established, the experimental evidence
suggests that these gut bacteria hold potential research value on the
correlation between ASD and gut microbiota.

Intestinal microbiota impact gene expression and host
behavior through various means, among which the regulation of
intestinal metabolism allows intestinal microbiota to send
regulatory signals to the host central nervous system (Rogers
et al., 2016; Morais et al., 2021). We found that the intestinal
microbiota of ASD-CHILD donors affected the intestinal
metabolism of honeybees through multiple pathways, including
the tryptophan and taurine metabolism pathways. Taurine is
essential for brain development (Benrabh et al., 1995; Kilb and
Fukuda, 2017; Oja and Saransaari, 2022). We found higher taurine
levels in the intestines of T-BEE group honeybees than in the
intestines of A-BEE group honeybees. Increased taurocholic acid
levels were also found in the intestines of T-BEE group honeybees,
which can be further hydrolyzed into taurine by intestinal
microorganisms. Supplementation with royal jelly to upregulate
taurine metabolism pathways has shown potential for ameliorating
cognitive decline in aging bees (Chen et al., 2017). Furthermore,
the modulation of bee brain sensitivity through taurine
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supplementation can enhance and consolidate nursing and
foraging behaviors (Han et al., 2017). Interestingly, one study
observed that mice colonized with ASD fecal microbiota also
exhibited differences in the taurine metabolism pathway by
studying mouse autism models (Golubeva et al., 2017). The
differential metabolites between the T-BEE and A-BEE groups
were more enriched in the tryptophan metabolism pathway.
Compared with T-BEE group honeybees, higher L-kynurenine
levels were found in the intestines of A-BEE group honeybees,
whereas the levels of melatonin and indole pathway-related
substances were reduced. Metabolic disorders of the kynurenine
pathway are closely related to nervous system diseases (Zhang
et al., 2020; Chen et al., 2021; Mithaiwala et al., 2021). The
upregulation of the kynosurine pathway causes marked autistic-
like behaviors, repetitive stereotyped behavior, worse learning and
memory abilities, and a despairing mood in rats (Kong et al,,
2022). As an immunomodulator, antioxidant, and neuroprotective
agent, melatonin is inversely associated with brain inflammation
and neurodegenerative diseases. Moreover, several studies have
found a relationship between melatonin and ASD (Hardeland
et al., 2006; Tordjman et al., 2017; Hardeland, 2019; Cardinali,
2021). Melatonin is involved in the neurogenesis and plasticity of
neurogenic neural stem cells and in the development of the fetal
brain (Jin et al., 2018; Lord et al., 2018; Wu et al., 2020). An fMRI
study on the central nervous system found that melatonin can
induce sleep-like changes, which in turn affect the language and
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memory processing functions of the hippocampus and improve
memory (Gorfine et al., 2007). In studies pertaining to bees, it was
found that melatonin significantly influenced their social behavior
of bees across various age groups and was involved in regulating
their division of labor (Yang et al., 2007). Furthermore, melatonin
was reported to enhance the antioxidant capacity of bees and
safeguard worker bees against pesticide effects during foraging
activities (Li et al., 2022). In the present study, more IA and IPA
were produced by the T-BEE group than by the A-BEE group in
the indole pathway, in which IA has the AhR ligand. In our
previous research, we found that higher levels of AhR ligands
improve learning and memory abilities in honeybees, but the
inhibition of AhR can impair these abilities (Zhang et al., 2022a).
Overall, the gut microbiome influences brain function through
multiple metabolic pathways, including more intricate and
multifaceted mechanisms.

The behavior of honeybees is closely related to gene expression
in their brains, and homologous molecular mechanisms underlying
the social responses of honeybees and humans are well-documented
(Shpigler et al.,, 2017; Zhang et al., 2022b). Compared with the
T-BEE group, we found that a set of differentially expressed genes
in the brains of A-BEE group honeybees were downregulated, e.g.,
those involved in receptor interaction, tryptophan metabolism, and
serotonergic and dopaminergic synapse pathways, which are
associated with critical brain functions. Synaptic plasticity is a key
mechanism of higher brain functions, and one form of synaptic
plasticity is related to the regulation of AMPAR abundance and
properties. The gene LOC408965 encodes GRIP1. GRIPI is an
AMPAR (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor) binding protein involved in the regulation of the traffic
and synaptic targeting of AMPARs. The AMPAR level determines
the synaptic excitation intensity, which is necessary for maintaining
learning and memory functions (Trotman et al., 2014; Tan et al,,
2020). Previous studies have found that mice exhibiting reduced
expression of brain-encoded genes develop several neuroses,
including reduced memory capacity (Wang G. et al., 2022). In
addition, studies of individuals with autism have shown that the
gene that encodes GRIP1 in the brain is downregulated, which is
associated with neurological symptoms (Ahsgren et al., 2005;
Mejias et al., 2011; Choudhury et al., 2012). Notably, ASD-related
genes are not only disrupted in terms of their expression levels but
also AS in the bee brain, consistent with previous study findings
(Chang et al.,, 2022; Zhang et al., 2022a,b). The AS genes were found
to overlap with the SFARI gene data set, which is associated with
human autism and disturbed social responses in bees (Figure 6).
We found more differentially AS genes in the brains of honeybees
in the A-BEE group, which were present in both the SPARK and
SFARI gene data sets, than did a mouse autism model study (Sharon
et al, 2019). Correspondingly, KEGG enrichment analysis of
differentially expressed AS genes that overlapped with this data set
revealed that the genes were significantly enriched in glutamatergic
synapse, serotonic synapse, GABAergic synapse, and dopaminergic
pathways as well as neuroactive ligand-receptor interaction, taste
transduction, and circadian rhythm pathways, which are related to
synaptic function and widely involved in nervous system functions
(Chattopadhyaya, 2011; Frenguelli, 2022). Genes in the enrichment
pathway exhibited different inclusion rates, e.g., 5-HT1, which
encodes a serotonin receptor known to be involved in higher brain
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functions and behavior (Lucki, 1991; Kosari-Nasab et al., 2019). In
a previous study, 5-HT1B-knockout mice were more aggressive and
reactive than wild-type mice, and 5-HT1A-knockout mice exhibited
more anxiety than wild-type mice (Zhuang et al, 1999). The
5-HT1A agonist 8-hydroxy-2-(di-n-propyl amino) tetralin
improves autism-related behaviors in the offspring of mice exposed
to valproic acid (Wu et al., 2018). Taken together, the findings
suggest an association between FMT and altered gene expression in
the bee brain, which may account for the impaired learning and
memory abilities observed in bees colonized with fecal microbiota
from children with autism.

Intestinal metabolites act a bridge between the intestinal
microbiome and the central nervous system (Massey et al., 2023;
Wang T. et al., 2023). Therefore, we tried to explore the relationships
among metabolites, intestinal bacteria, and brain gene expression.
We found that substances in the tryptophan and taurine
metabolism pathways are associated with more than one bacterial
species and related to the expression of multiple brain genes (| r |
>0.7, p<0.05). And these bacteria mainly belong to Bacteroidetes
and Firmicutes. Interestingly, in a study, it was also found that the
guts of BTBR mice displayed impaired bacteria-mediated bile
transformation and serotonin production, while at the phylum
level, it displayed changes in the abundance of Bacteroidetes and
Firmicutes (Golubeva et al., 2017). Bacteria belonging to the
phylum Firmicutes, including E. eligens, L. paragasseri, and
L. gasseri, and the phylum Bacteroides, including B. dorei, and
B. fragilis, had a lower relative abundance in the A-BEE group was
reduced and these bacteria were positively associated with several
key metabolites of the tryptophan pathway. We found that both
E. eligens and B. fragilis are positively correlated with 3-IA. Bee
brain genes, such as SIGIRR, which have positively correlate with
3-IA, are involved in the synaptic function. According to the
results, we speculated that E. eligens and B. fragilis affect the brain
functions of the host through the regulation of the tryptophan-
indole metabolism pathway. In addition, we found that B. dorei,
which belongs to Bacteroidetes, is associated with taurodeoxycholic
acid and taurine in taurine pathway. Although these findings have
undergone rigorous scientific analysis, they solely reflect the
potential impact of gut bacteria on the host rather than establishing
a causal relationship. Further investigation is warranted to
elucidate the molecular mechanisms underlying these multiple
omics associations.

The composition and physiological functions of the human gut
microbiota are highly complex, posing challenges for replication in
animal models. Moreover, ASD, as a neurodevelopmental disorder
primarily characterized by social impairment, further complicates
research on animal models. Our study represents a pioneering effort
by utilizing honeybees colonized with intestinal microorganisms
from children with autism as a model to investigate the interplay
between ASD and microbiome structure, intestinal metabolism,
brain expression, and cognitive behavior. While this study is an
innovative project that contributes valuable insights into ASD
microbiota research, it has certain limitations. As mentioned before,
honeybees are social animals, offering a unique perspective
compared with other existing models. However, as a recently
developed experimental model, bees have certain limitations. First,
because global research using bees as experimental models is
unusual, knowledge about these bee models is scarce and the body
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of literature and the number of comparative investigations are
limited. Second, despite significant genetic similarities between the
brain genomes of honeybees and humans and numerous shared
genes, the evolutionary distance between insects like bees and
mammals such as germ-free mice or rats remains substantial. Third,
the bees used in the experiment are worker bees. All worker bees
are female, which has potential bias in studying human diseases,
especially those with gender differences. Moreover, the small body
of bees implies that they have a short intestinal length and small
intestinal capacity. Consequently, the bee intestine does not provide
a strictly anaerobic environment similar to that of humans, making
it a less favorable environment for the growth of strict anaerobes.
Thus, some facultative anaerobes, such as Escherichia coli (E. coli)
may have an advantage in bee gut colonization. As in other insects
(Johnson and Barbehenn, 2000), the oxygen content in different
parts of the bee intestine is not identical. Our study only collected
the entire intestine of bees for gut microbiota analysis. These
physiological characteristics may explain why the level of E. coli in
bees that had undergone FMT was higher than expected despite
having a greater variety of bacterial species than anticipated.
Furthermore, there are differences in bee dietary habits compared
to humans, which may affect the colonization of human gut
microbiota in the guts of honeybees. However, different species
have different dietary habits, and there are varying degrees of
differences in dietary habits compared to humans, whether it is the
widely used classic animal models such mice and rats, or other
animal models that are more closely related to humans. This is a
common problem faced by animal model research and one of the
limitations of our study. Although bees have potential as models for
studying human gut microbiota, they may not fully reflect all
processes occurring in the human gut microbiota owing to their
own characteristics. Additionally, our study included fecal samples
from both ASD and healthy children who do not possess native bee
microbiota, thereby posing a risk of tissue damage to bee intestines.
Intestinal length serves as an important indicator reflecting
intestinal inflammation of honeybee populations (Chang et al.,
2022). Therefore, in our study, the influence of both intestinal tissue
structure and length was considered to minimize any influence of
intestinal damage on behavioral studies in our bee model. Notably,
we did not find any significant differences in gut structure and
length between honeybees colonized with fecal microbiota from
children with autism and those colonized with fecal microbiota
from TD children, suggesting a certain level of tolerance toward
human fecal microbiota within honeybee intestines. In our study,
all participants underwent meticulous screening based on
predefined inclusion and exclusion criteria to ensure a certain
degree of representativeness, whereas the small number of fecal
donors is a limitation of our research. Therefore, a comprehensive
comparative analysis of fecal microbiota was not conducted in the
children or honeybees, and only an objective presentation was
provided. Moreover, some studies have reported that the majority
of ASD patients are male (Wang J. et al., 2022; Tofani et al., 2023).
Considering the gender characteristics of experimental bees, gender
was not considered in this study, and thus the ASD subjects
included in this study not reflecting the known gender ratio in
ASD. In addition, there are still some patients who have not found
any accompanying gastrointestinal symptoms. Therefore, the
subjects with autism included in this study had gastrointestinal
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symptoms, who may not be representative of the entire ASD
population. The dietary status is a key factor affecting gut
microbiota, and there are many indicators to evaluate it, such
dietary preferences and dietary intakes (Seo and Je, 2018).
We excluded the influence of dietary preferences in the study, but
did not quantify dietary intake. A survey of dietary intakes can
comprehensively evaluate the impact of dietary intakes on research.
In this study, we did not conduct a quantitative survey of dietary
intakes among enrolled children, and used BMI as an indirect
evaluation indicator. Although the BMI can indirectly reflect
dietary intake (Descarpentrie et al., 2023; Yoong et al., 2023), not
including dietary intakes is one of the limitations in the study.
Nevertheless, our findings support the hypothesis that gut
microbiota in children with autism can influence host brain
function and behavior to some extent. Furthermore, we present
supplementary evidence supporting bees as a novel model for
studying microbiota-gut-brain interactions in ASD. Our team
intends to conduct a larger-scale investigation to delve deeper into
the intriguing findings for mechanistic elucidation.

In conclusion, this pioneering study explores bees as a model
for human gut microbiota research, revealing impactful insights
into the relationship between gut microbiota and ASD. Our
findings underscore the influence of autism-associated microbiota
on bee cognition and metabolism, highlighting significant gene
overlap with human ASD gene sets. Thus, further in-depth
exploration of the mechanisms of the microbiota-gut-brain axis in
ASD is necessary.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

YL: Methodology, Visualization, Writing - original draft, Writing—
review & editing. YZ: Data curation, Validation, Visualization, Writing
- review & editing. XL: Data curation, Investigation, Writing - review
& editing. YM: Software, Writing — review & editing, Methodology.
ZZ: Methodology, Writing - review & editing, Validation. HZ:
Conceptualization, Project administration, Supervision, Writing —
review & editing. YY: Conceptualization, Funding acquisition,
Resources, Writing — review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

We are grateful for the support of all the children and families who
participated in this study.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278162
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Adams, J. B., Johansen, L. J., Powell, L. D., Quig, D., and Rubin, R. A. (2011).
Gastrointestinal flora and gastrointestinal status in children with autism--comparisons
to typical children and correlation with autism severity. BMC Gastroenterol. 11:22. doi:
10.1186/1471-230X-11-22

Agus, A., Planchais, J., and Sokol, H. (2018). Gut microbiota regulation of tryptophan
metabolism in health and disease. Cell Host Microbe 23, 716-724. doi: 10.1016/j.
chom.2018.05.003

Agusti, A., Campillo, I, Balzano, T., Benitez-Pdez, A., Lopez-Almela, I,
Romani-Pérez, M., et al. (2021). Bacteroides uniformis CECT 7771 modulates the brain
reward response to reduce binge eating and anxiety-like behavior in rat. Mol. Neurobiol.
58, 4959-4979. doi: 10.1007/s12035-021-02462-2

Ahsgren, I, Baldwin, I, Goetzinger-Falk, C., Erikson, A., Flodmark, O., and
Gillberg, C. (2005). Ataxia, autism, and the cerebellum: a clinical study of 32 individuals
with congenital ataxia. Dev. Med. Child Neurol. 47, 193-198. doi: 10.1017/
$0012162205000356

Altschul, S. E, Gish, W., Miller, W., Myers, E. W,, and Lipman, D. J. (1990). Basic local
alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/S0022-2836(05)80360-2

Arenas, A., Fernandez, V. M., and Farina, W. M. (2007). Floral odor learning within
the hive affects honeybees' foraging decisions. Naturwissenschaften 94, 218-222. doi:
10.1007/s00114-006-0176-0

Bauman, M. D., and Schumann, C. M. (2018). Advances in nonhuman primate
models of autism: integrating neuroscience and behavior. Exp. Neurol. 299, 252-265.
doi: 10.1016/j.expneurol.2017.07.021

Benrabh, H., Bourre, J. M., and Lefauconnier, J. M. (1995). Taurine transport at the
blood-brain barrier: an in vivo brain perfusion study. Brain Res. 692, 57-65. doi:
10.1016/0006-8993(95)00648-A

Braun, G., and Bicker, G. (1992). Habituation of an appetitive reflex in the honeybee.
J. Neurophysiol. 67, 588-598. doi: 10.1152/jn.1992.67.3.588

Cardinali, D. P. (2021). Melatonin and healthy aging. Vitam. Horm. 115, 67-88. doi:
10.1016/bs.vh.2020.12.004

Chang, R, Chen, ], Zhong, Z., Li, Y., Wu, K., Zheng, H., et al. (2022). Inflammatory
bowel disease-associated Escherichia coli strain LF82 in the damage of gut and cognition
of honeybees. Front. Cell. Infect. Microbiol. 12:983169. doi: 10.3389/fcimb.2022.983169

Chattopadhyaya, B. (2011). Molecular mechanisms underlying activity-dependent
GABAergic synapse development and plasticity and its implications for
neurodevelopmental disorders. Neural Plast. 2011:734231. doi: 10.1155/2011/734231

Chen, L. M,, Bao, C. H.,, Wu, Y,, Liang, S. H., Wang, D., Wu, L. Y,, et al. (2021).
Tryptophan-kynurenine metabolism: a link between the gut and brain for depression in
inflammatory bowel disease. J. Neuroinflammation 18:135. doi: 10.1186/
512974-021-02175-2

Chen, Y,, Fang, H., Li, C., Wu, G, Xu, T, Yang, X,, et al. (2020). Gut Bacteria shared
by children and their mothers associate with developmental level and social deficits in
autism spectrum disorder. mSphere 5:¢01044-20. doi: 10.1128/mSphere.01044-20

Chen, D,, Liu, F, Wan, J. B,, Lai, C. Q, and Shen, L. R. (2017). Effect of major royal
jelly proteins on spatial memory in aged rats: metabolomics analysis in urine. J. Agric.
Food Chem. 65, 3151-3159. doi: 10.1021/acs.jafc.7b00202

Chlebowski, C., Green, J. A., Barton, M. L., and Fein, D. (2010). Using the childhood
autism rating scale to diagnose autism spectrum disorders. J. Autism Dev. Disord. 40,
787-799. doi: 10.1007/s10803-009-0926-x

Choudhury, P. R,, Lahiri, S., and Rajamma, U. (2012). Glutamate mediated signaling
in the pathophysiology of autism spectrum disorders. Pharmacol. Biochem. Behav. 100,
841-849. doi: 10.1016/j.pbb.2011.06.023

Chung, W. S. E, Meijerink, M., Zeuner, B., Holck, J., Louis, P., Meyer, A. S., et al.
(2017). Prebiotic potential of pectin and pectic oligosaccharides to promote anti-
inflammatory commensal bacteria in the human colon. FEMS Microbiol. Ecol. 93. doi:
10.1093/femsec/fix127

Frontiers in Microbiology

17

10.3389/fmicb.2023.1278162

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1278162/
full#supplementary-material

Coretti, L., Paparo, L., Riccio, M. P, Amato, ., Cuomo, M., Natale, A., et al. (2018).
Gut microbiota features in Young children with autism spectrum disorders. Front.
Microbiol. 9:3146. doi: 10.3389/fmicb.2018.03146

Dawkins, T., Meyer, A. T., and Van Bourgondien, M. E. (2016). The relationship
between the childhood autism rating scale: second edition and clinical diagnosis
utilizing the DSM-IV-TR and the DSM-5. J. Autism Dev. Disord. 46, 3361-3368. doi:
10.1007/s10803-016-2860-z

de Filippis, E, Paparo, L., Nocerino, R., Della Gatta, G., Carucci, L., Russo, R., et al.
(2021). Specific gut microbiome signatures and the associated pro-inflamatory functions
are linked to pediatric allergy and acquisition of immune tolerance. Nat. Commun.
12:5958. doi: 10.1038/541467-021-26266-2

Descarpentrie, A., Calas, L., Cornet, M., Heude, B., Charles, M. A., Avraam, D,, et al.
(2023). Lifestyle patterns in European preschoolers: associations with socio-
demographic factors and body mass index. Pediatr. Obes.:.e13079. doi: 10.1111/
ijp0.13079

Engel, P, Martinson, V. G., and Moran, N. A. (2012). Functional diversity within the
simple gut microbiota of the honey bee. Proc. Natl. Acad. Sci. U. S. A. 109, 11002-11007.
doi: 10.1073/pnas.1202970109

Evans, C., Dunstan, H. R., Rothkirch, T., Roberts, T. K., Reichelt, K. L., Cosford, R.,
et al. (2008). Altered amino acid excretion in children with autism. Nutr. Neurosci. 11,
9-17. doi: 10.1179/147683008X301360

Fang, Y., Cui, Y, Yin, Z., Hou, M., Guo, P,, Wang, H.,, et al. (2023). Comprehensive
systematic review and meta-analysis of the association between common genetic
variants and autism spectrum disorder. Gene 887:147723. doi: 10.1016/j.
gene.2023.147723

Fang, E, Ge, M., Liu, J., Zhang, Z., Yu, H., Zhu, S., et al. (2021). Association between
genetic variants in DUSP15, CNTNAP2, and PCDHA genes and risk of childhood
autism spectrum disorder. Behav. Neurol. 2021, 1-6. doi: 10.1155/2021/4150926

Farina, W. M, Griiter, C., Acosta, L., and Mc Cabe, S. (2007). Honeybees learn floral
odors while receiving nectar from foragers within the hive. Naturwissenschaften 94,
55-60. doi: 10.1007/s00114-006-0157-3

Finegold, S. M., Dowd, S. E., Gontcharova, V,, Liu, C., Henley, K. E., Wolcott, R. D.,
et al. (2010). Pyrosequencing study of fecal microflora of autistic and control children.
Anaerobe 16, 444-453. doi: 10.1016/j.anaerobe.2010.06.008

Frenguelli, B. G. (2022). The glutamatergic synapse - a key hub in neuronal
metabolism, signalling and plasticity. Neuropharmacology 207:108945. doi: 10.1016/j.
neuropharm.2022.108945

Galli, J., Loi, E., Visconti, L. M., Mattei, P,, Eusebi, A., Calza, S., et al. (2022). Sleep
disturbances in children affected by autism spectrum disorder. Front. Psychol. 13:736696.
doi: 10.3389/fpsyt.2022.736696

Generoso, J. S., Giridharan, V. V,, Lee, ., Macedo, D., and Barichello, T. (2021). The
role of the microbiota-gut-brain axis in neuropsychiatric disorders. Braz. J. Psychiatry
43,293-305. doi: 10.1590/1516-4446-2020-0987

Gevi, E, Zolla, L., Gabriele, S., and Persico, A. M. (2016). Urinary metabolomics of
young Italian autistic children supports abnormal tryptophan and purine metabolism.
Mol. Autism 7:47. doi: 10.1186/s13229-016-0109-5

Golubeva, A. V, Joyce, S. A., Moloney, G., Burokas, A., Sherwin, E., Arboleya, S., et al.
(2017). Microbiota-related changes in bile acid & tryptophan metabolism are associated
with gastrointestinal dysfunction in a mouse model of autism. EBioMedicine 24,
166-178. doi: 10.1016/j.ebiom.2017.09.020

Gorfine, T,, Yeshurun, Y., and Zisapel, N. (2007). Nap and melatonin-induced changes
in hippocampal activation and their role in verbal memory consolidation. J. Pineal Res.
43, 336-342. doi: 10.1111/j.1600-079X.2007.00482.x

Gotham, K., Risi, S., Pickles, A., and Lord, C. (2007). The autism diagnostic
observation schedule: revised algorithms for improved diagnostic validity. J. Autism Dev.
Disord. 37, 613-627. doi: 10.1007/s10803-006-0280-1

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278162
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1278162/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1278162/full#supplementary-material
https://doi.org/10.1186/1471-230X-11-22
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1007/s12035-021-02462-2
https://doi.org/10.1017/S0012162205000356
https://doi.org/10.1017/S0012162205000356
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1007/s00114-006-0176-0
https://doi.org/10.1016/j.expneurol.2017.07.021
https://doi.org/10.1016/0006-8993(95)00648-A
https://doi.org/10.1152/jn.1992.67.3.588
https://doi.org/10.1016/bs.vh.2020.12.004
https://doi.org/10.3389/fcimb.2022.983169
https://doi.org/10.1155/2011/734231
https://doi.org/10.1186/s12974-021-02175-2
https://doi.org/10.1186/s12974-021-02175-2
https://doi.org/10.1128/mSphere.01044-20
https://doi.org/10.1021/acs.jafc.7b00202
https://doi.org/10.1007/s10803-009-0926-x
https://doi.org/10.1016/j.pbb.2011.06.023
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.3389/fmicb.2018.03146
https://doi.org/10.1007/s10803-016-2860-z
https://doi.org/10.1038/s41467-021-26266-z
https://doi.org/10.1111/ijpo.13079
https://doi.org/10.1111/ijpo.13079
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1179/147683008X301360
https://doi.org/10.1016/j.gene.2023.147723
https://doi.org/10.1016/j.gene.2023.147723
https://doi.org/10.1155/2021/4150926
https://doi.org/10.1007/s00114-006-0157-3
https://doi.org/10.1016/j.anaerobe.2010.06.008
https://doi.org/10.1016/j.neuropharm.2022.108945
https://doi.org/10.1016/j.neuropharm.2022.108945
https://doi.org/10.3389/fpsyt.2022.736696
https://doi.org/10.1590/1516-4446-2020-0987
https://doi.org/10.1186/s13229-016-0109-5
https://doi.org/10.1016/j.ebiom.2017.09.020
https://doi.org/10.1111/j.1600-079X.2007.00482.x
https://doi.org/10.1007/s10803-006-0280-1

Lietal.

Graniczkowska, K. B., Shaffer, C. L., and Cassone, V. M. (2022). Transcriptional effects
of melatonin on the gut commensal bacterium Klebsiella aerogenes. Genomics
114:110321. doi: 10.1016/j.ygeno0.2022.110321

Granpeesheh, D., Tarbox, J., and Dixon, D. R. (2009). Applied behavior analytic
interventions for children with autism: a description and review of treatment research.
Ann. Clin. Psychiatry 21, 162-173.

Han, B, Fang, Y., Feng, M., Hu, H., Hao, Y., Ma, C,, et al. (2017). Brain membrane
proteome and phosphoproteome reveal molecular basis associating with nursing and
foraging behaviors of honeybee workers. J. Proteome Res. 16, 3646-3663. doi: 10.1021/
acs.jproteome.7b00371

Hardeland, R. (2019). Aging, melatonin, and the pro- and anti-inflammatory
networks. Int. . Mol. Sci. 20:1223. doi: 10.3390/ijms20051223

Hardeland, R., Pandi-Perumal, S. R., and Cardinali, D. P. (2006). Melatonin. Int. J.
Biochem. Cell Biol. 38, 313-316. doi: 10.1016/j.biocel.2005.08.020

Harting, 1., al-Saady, M., Krigeloh-Mann, I, Bley, A., Hempel, M., Bierhals, T., et al.
(2020). POLR3A variants with striatal involvement and extrapyramidal movement
disorder. Neurogenetics 21, 121-133. doi: 10.1007/s10048-019-00602-4

Hsiao, E. Y., McBride, S. W,, Hsien, S., Sharon, G., Hyde, E. R., McCue, T,, et al.
(2013). Microbiota modulate behavioral and physiological abnormalities associated
with neurodevelopmental disorders. Cells 155, 1451-1463. doi: 10.1016/j.
cell.2013.11.024

lino, S., Oya, S., Kakutani, T., Kohno, H., and Kubo, T. (2023). Identification of
ecdysone receptor target genes in the worker honey bee brains during foraging behavior.
Sci. Rep. 13:10491. doi: 10.1038/s41598-023-37001-7

Jin, Y., Choi, J., Won, J., and Hong, Y. (2018). The relationship between autism
spectrum disorder and melatonin during fetal development. Molecules 23:198. doi:
10.3390/molecules23010198

Johnson, K. S., and Barbehenn, R. (2000). Oxygen levels in the gut lumens of
herbivorous insects. J. Insect Physiol. 46, 897-903. doi: 10.1016/S0022-1910(99)00196-1

Jones, J., Reinke, S. N., Mousavi-Derazmahalleh, M., Palmer, D. J., and Christophersen, C. T.
(2022). Changes to the gut microbiome in young children showing early behavioral signs of
autism. Front. Microbiol. 13:905901. doi: 10.3389/fmicb.2022.905901

Jurek, L., Baltazar, M., Gulati, S., Novakovic, N., Nufez, M., Oakley, J., et al. (2022).
Response (minimum clinically relevant change) in ASD symptoms after an intervention
according to CARS-2: consensus from an expert elicitation procedure. Eur. Child
Adolesc. Psychiatry 31, 1-10. doi: 10.1007/s00787-021-01772-z

Kang, D. W, Adams, J. B, Coleman, D. M., Pollard, E. L., Maldonado, J.,
McDonough-Means, S., et al. (2019). Long-term benefit of microbiota transfer therapy
on autism symptoms and gut microbiota. Sci. Rep. 9:5821. doi: 10.1038/
541598-019-42183-0

Kang, D. W,, Adams, J. B., Gregory, A. C., Borody, T., Chittick, L., Fasano, A., et al.
(2017). Microbiota transfer therapy alters gut ecosystem and improves gastrointestinal
and autism symptoms: an open-label study. Microbiome 5:10. doi: 10.1186/
540168-016-0225-7

Kang, D. W,, Ilhan, Z. E., Isern, N. G., Hoyt, D. W,, Howsmon, D. P,, Shaffer, M., et al.
(2018). Differences in fecal microbial metabolites and microbiota of children with
autism spectrum disorders. Anaerobe 49, 121-131. doi: 10.1016/j.anaerobe.2017.12.007

Kang, J. H., Yun, S. I, and Park, H. O. (2010). Effects of Lactobacillus gasseri BNR17
on body weight and adipose tissue mass in diet-induced overweight rats. J. Microbiol.
48, 712-714. doi: 10.1007/s12275-010-0363-8

Kilb, W., and Fukuda, A. (2017). Taurine as an essential neuromodulator during
perinatal cortical development. Front. Cell. Neurosci. 11:328. doi: 10.3389/
fncel.2017.00328

Kim, J., Yun, J. M., Kim, M. K., Kwon, O., and Cho, B. (2018). Lactobacillus gasseri
BNR17 supplementation reduces the visceral fat accumulation and waist circumference
in obese adults: a randomized, double-blind, placebo-controlled trial. . Med. Food 21,
454-461. doi: 10.1089/jmf.2017.3937

Kong, Q., Chen, Q., Mao, X., Wang, G., Zhao, J., Zhang, H., et al. (2022).
Bifidobacterium longum CCFM1077 ameliorated neurotransmitter disorder and
neuroinflammation closely linked to regulation in the kynurenine pathway of autistic-
like rats. Nutrients 14:1615. doi: 10.3390/nu14081615

Kosari-Nasab, M., Shokouhi, G., Azarfarin, M., Bannazadeh Amirkhiz, M., Mesgari
Abbasi, M., and Salari, A. A. (2019). Serotonin 5-HT1A receptors modulate depression-
related symptoms following mild traumatic brain injury in male adult mice. Metab.
Brain Dis. 34, 575-582. doi: 10.1007/s11011-018-0366-4

Lai, M. C,, Lombardo, M. V., and Baron-Cohen, S. (2014). Autism. Lancet 383,
896-910. doi: 10.1016/S0140-6736(13)61539-1

Langfelder, P, and Horvath, S. (2008). WGCNA: an R package for weighted correlation
network analysis. BMC Bioinform. 9:559. doi: 10.1186/1471-2105-9-559

Leger, L., and McFrederick, Q. S. (2020). The gut-brain-microbiome Axis in bumble
bees. Insects 11:517. doi: 10.3390/insects11080517

Li, N., Chen, H., Cheng, Y., Xu, F, Ruan, G., Ying, S., et al. (2021). Fecal microbiota
transplantation relieves gastrointestinal and autism symptoms by improving the gut
microbiota in an open-label study. Front. Cell. Infect. Microbiol. 11:759435. doi: 10.3389/
fcimb.2021.759435

Frontiers in Microbiology

18

10.3389/fmicb.2023.1278162

Li, Z., Duan, ], Chen, L., Wang, Y., Qin, Q., Dang, X., et al. (2022). Melatonin enhances
the antioxidant capacity to rescue the honey bee Apis mellifera from the ecotoxicological
effects caused by environmental imidacloprid. Ecotoxicol. Environ. Saf. 239:113622. doi:
10.1016/j.ecoenv.2022.113622

Li, Z., Zhu, Y. X,, Gu, L. J,, and Cheng, Y. (2021). Understanding autism spectrum
disorders with animal models: applications, insights, and perspectives. Zool. Res. 42,
800-823. doi: 10.24272/.issn.2095-8137.2021.251

Liu, L., Dong, Y., Ye, M., Jin, S., Yang, J., Joosse, M. E., et al. (2017). The pathogenic
role of NLRP3 Inflammasome activation in inflammatory bowel diseases of both mice
and humans. J. Crohns Colitis 11, jjw219-jjw750. doi: 10.1093/ecco-jcc/jjw219

Liu, E, Li, J., Wu, E, Zheng, H., Peng, Q., and Zhou, H. (2019). Altered composition
and function of intestinal microbiota in autism spectrum disorders: a systematic review.
Transl. Psychiatry 9:43. doi: 10.1038/s41398-019-0389-6

Lopez-Siles, M., Duncan, S. H., Garcia-Gil, L. J., and Martinez-Medina, M. (2017).
Faecalibacterium prausnitzii: from microbiology to diagnostics and prognostics. ISME
J. 11, 841-852. doi: 10.1038/isme;j.2016.176

Lord, C., Elsabbagh, M., Baird, G., and Veenstra-Vanderweele, J. (2018). Autism
spectrum disorder. Lancet 392, 508-520. doi: 10.1016/S0140-6736(18)31129-2

Love, M. L, Huber, W,, and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/
513059-014-0550-8

Lucki, I. (1991). Behavioral studies of serotonin receptor agonists as antidepressant
drugs. J. Clin. Psychiatry 52, 24-31.

Madra, M., Ringel, R., and Margolis, K. G. (2020). Gastrointestinal issues and autism
spectrum disorder. Child Adolesc. Psychiatr. Clin. N. Am. 29, 501-513. doi: 10.1016/j.
chc.2020.02.005

Massey, W., Kay, K. E., Jaramillo, T. C., Horak, A. J. 3rd, Cao, S., Osborn, L. ], et al.
(2023). Metaorganismal choline metabolism shapes olfactory perception. J. Biol.
Chem.:105299. doi: 10.1016/.jbc.2023.105299

Matsumoto, Y., Menzel, R., Sandoz, J. C., and Giurfa, M. (2012). Revisiting olfactory
classical conditioning of the proboscis extension response in honey bees: a step toward
standardized procedures. J. Neurosci. Methods 211, 159-167. doi: 10.1016/j.
jneumeth.2012.08.018

Mejias, R., Adamczyk, A., Anggono, V., Niranjan, T., Thomas, G. M., Sharma, K., et al.
(2011). Gain-of-function glutamate receptor interacting protein 1 variants alter GluA2
recycling and surface distribution in patients with autism. Proc. Natl. Acad. Sci. U. S. A.
108, 4920-4925. doi: 10.1073/pnas.1102233108

Mithaiwala, M. N., Santana-Coelho, D., Porter, G. A., and O’Connor, J. C. (2021).
Neuroinflammation and the kynurenine pathway in CNS disease: molecular
mechanisms and therapeutic implications. Cells 10:1548. doi: 10.3390/cells10061548

Mitteer, D. R., and Greer, B. D. (2022). Using GraphPad Prism's heat maps for efficient,
fine-grained analyses of single-case data. Behav. Anal. Pract. 15, 505-514. doi: 10.1007/
540617-021-00664-7

Moauro, M. A., Balbuena, M. S., and Farina, W. M. (2018). Assessment of appetitive
behavior in honey bee dance followers. Front. Behav. Neurosci. 12:74. doi: 10.3389/
fnbeh.2018.00074

Morais, L. H., Schreiber, H. L. IV, and Mazmanian, S. K. (2021). The gut microbiota-
brain axis in behaviour and brain disorders. Nat. Rev. Microbiol. 19, 241-255. doi:
10.1038/s41579-020-00460-0

Nirmalkar, K., Qureshi, F, Kang, D. W.,, Hahn, ], Adams, J. B., and
Krajmalnik-Brown, R. (2022). Shotgun metagenomics study suggests alteration in
sulfur metabolism and oxidative stress in children with autism and improvement
after microbiota transfer therapy. Int. J. Mol. Sci. 23:13481. doi: 10.3390/
ijms232113481

Nishida, K., Sawada, D., Kuwano, Y., Tanaka, H., and Rokutan, K. (2019). Health
benefits of Lactobacillus gasseri CP2305 tablets in Young adults exposed to chronic
stress: a randomized, double-blind, placebo-controlled study. Nutrients 11:1859. doi:
10.3390/nu11081859

Oja, S. S., and Saransaari, P. (2022). Taurine and the brain. Adv. Exp. Med. Biol. 1370,
325-331. doi: 10.1007/978-3-030-93337-1_31

Pang, Z., Chong, J., Zhou, G., de Lima Morais, D. A., Chang, L., Barrette, M., et al.
(2021). MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional
insights. Nucleic Acids Res. 49, W388-w396. doi: 10.1093/nar/gkab382

Paulose, J. K., Cassone, C. V., Graniczkowska, K. B., and Cassone, V. M. (2019).
Entrainment of the circadian clock of the enteric bacterium Klebsiella aerogenes by
temperature cycles. iScience 19, 1202-1213. doi: 10.1016/.is¢i.2019.09.007

Pereira, G. V., Abdel-Hamid, A. M., Dutta, S., D’Alessandro-Gabazza, C. N., Wefers, D.,
Farris, J. A., et al. (2021). Degradation of complex arabinoxylans by human colonic
Bacteroidetes. Nat. Commun. 12:459. doi: 10.1038/s41467-020-20737-5

Petra, A. I, Panagiotidou, S., Hatziagelaki, E., Stewart, J. M., Conti, P, and
Theoharides, T. C. (2015). Gut-microbiota-brain Axis and its effect on neuropsychiatric
disorders with suspected immune dysregulation. Clin. Ther. 37, 984-995. doi: 10.1016/j.
clinthera.2015.04.002

Quigley, E. M. M. (2017). Microbiota-brain-gut Axis and neurodegenerative diseases.
Curr. Neurol. Neurosci. Rep. 17:94. doi: 10.1007/s11910-017-0802-6

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278162
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ygeno.2022.110321
https://doi.org/10.1021/acs.jproteome.7b00371
https://doi.org/10.1021/acs.jproteome.7b00371
https://doi.org/10.3390/ijms20051223
https://doi.org/10.1016/j.biocel.2005.08.020
https://doi.org/10.1007/s10048-019-00602-4
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1038/s41598-023-37001-7
https://doi.org/10.3390/molecules23010198
https://doi.org/10.1016/S0022-1910(99)00196-1
https://doi.org/10.3389/fmicb.2022.905901
https://doi.org/10.1007/s00787-021-01772-z
https://doi.org/10.1038/s41598-019-42183-0
https://doi.org/10.1038/s41598-019-42183-0
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1016/j.anaerobe.2017.12.007
https://doi.org/10.1007/s12275-010-0363-8
https://doi.org/10.3389/fncel.2017.00328
https://doi.org/10.3389/fncel.2017.00328
https://doi.org/10.1089/jmf.2017.3937
https://doi.org/10.3390/nu14081615
https://doi.org/10.1007/s11011-018-0366-4
https://doi.org/10.1016/S0140-6736(13)61539-1
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3390/insects11080517
https://doi.org/10.3389/fcimb.2021.759435
https://doi.org/10.3389/fcimb.2021.759435
https://doi.org/10.1016/j.ecoenv.2022.113622
https://doi.org/10.24272/j.issn.2095-8137.2021.251
https://doi.org/10.1093/ecco-jcc/jjw219
https://doi.org/10.1038/s41398-019-0389-6
https://doi.org/10.1038/ismej.2016.176
https://doi.org/10.1016/S0140-6736(18)31129-2
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.chc.2020.02.005
https://doi.org/10.1016/j.chc.2020.02.005
https://doi.org/10.1016/j.jbc.2023.105299
https://doi.org/10.1016/j.jneumeth.2012.08.018
https://doi.org/10.1016/j.jneumeth.2012.08.018
https://doi.org/10.1073/pnas.1102233108
https://doi.org/10.3390/cells10061548
https://doi.org/10.1007/s40617-021-00664-7
https://doi.org/10.1007/s40617-021-00664-7
https://doi.org/10.3389/fnbeh.2018.00074
https://doi.org/10.3389/fnbeh.2018.00074
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.3390/ijms232113481
https://doi.org/10.3390/ijms232113481
https://doi.org/10.3390/nu11081859
https://doi.org/10.1007/978-3-030-93337-1_31
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1016/j.isci.2019.09.007
https://doi.org/10.1038/s41467-020-20737-5
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.1016/j.clinthera.2015.04.002
https://doi.org/10.1007/s11910-017-0802-6

Lietal.

Rogers, G. B., Keating, D. ], Young, R. L., Wong, M. L,, Licinio, J., and Wesselingh, S.
(2016). From gut dysbiosis to altered brain function and mental illness: mechanisms and
pathways. Mol. Psychiatry 21, 738-748. doi: 10.1038/mp.2016.50

Ryu, H,, Lee, H,, Lee, J., Noh, H., Shin, M., Kumar, V., et al. (2021). The molecular
dynamics of subdistal appendages in multi-ciliated cells. Nat. Commun. 12:612. doi:
10.1038/541467-021-20902-4

Sandoz, J. C. (2011). Behavioral and neurophysiological study of olfactory perception and
learning in honeybees. Front. Syst. Neurosci. 5:98. doi: 10.3389/fnsys.2011.00098

Schneider, C. K., Melmed, R. D., Barstow, L. E., Enriquez, F. J., Ranger-Moore, ]., and
Ostrem, J. A. (2006). Oral human immunoglobulin for children with autism and
gastrointestinal dysfunction: a prospective, open-label study. J. Autism Dev. Disord. 36,
1053-1064. doi: 10.1007/s10803-006-0141-y

Seo, Y., and Je, Y. (2018). A comparative study of dietary habits and nutritional intakes
among Korean adults according to current depression status. Asia Pac. Psychiatry
10:¢12321. doi: 10.1111/appy.12321

Shannon, P,, Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003).
Cytoscape: a software environment for integrated models of biomolecular interaction
networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

Sharon, G., Cruz, N. ., Kang, D. W, Gandal, M. J., Wang, B., Kim, Y. M,, et al. (2019).
Human gut microbiota from autism spectrum disorder promote behavioral symptoms
in mice. Cells 177, 1600-1618.e17. doi: 10.1016/j.cell.2019.05.004

Shpigler, H. Y, Saul, M. C., Corona, E, Block, L., Cash Ahmed, A., Zhao, S. D,, et al.
(2017). Deep evolutionary conservation of autism-related genes. Proc. Natl. Acad. Sci. U.
S. A. 114, 9653-9658. doi: 10.1073/pnas.1708127114

Tan, H. L,, Chiu, S. L., Zhu, Q., and Huganir, R. L. (2020). GRIP1 regulates synaptic
plasticity and learning and memory. Proc. Natl. Acad. Sci. U. S. A. 117, 25085-25091. doi:
10.1073/pnas.2014827117

Tofani, M., Scarcella, L., Galeoto, G., Giovannone, E, and Sogos, C. (2023). Behavioral
gender differences across pre-school children with autism spectrum disorders: a cross-
sectional study. J. Autism Dev. Disord. 53, 3301-3306. doi: 10.1007/s10803-022-05498-y

Tordjman, S., Chokron, S., Delorme, R., Charrier, A., Bellissant, E., Jaafari, N., et al.
(2017). Melatonin: pharmacology, functions and therapeutic benefits. Curr.
Neuropharmacol. 15, 434-443. doi: 10.2174/1570159X14666161228122115

Trotman, M., Barad, Z., Guévremont, D., Williams, J., and Leitch, B. (2014). Changes
in the GRIP 1&2 scaffolding proteins in the cerebellum of the ataxic stargazer mouse.
Brain Res. 1546, 53-62. doi: 10.1016/j.brainres.2013.12.027

Van Nest, B. N. (2018). The olfactory proboscis extension response in the honey bee:
a laboratory exercise in classical conditioning. J. Undergrad. Neurosci. Educ. 16, A168-
Al76.

Vuong, H. E., and Hsiao, E. Y. (2017). Emerging roles for the gut microbiome in
autism  Spectrum disorder. Biol. Psychiatry 81, 411-423. doi: 10.1016/j.
biopsych.2016.08.024

Waltes, R., Freitag, C. M., Herlt, T., Lempp, T., Seitz, C., Palmason, H., et al. (2019).
Impact of autism-associated genetic variants in interaction with environmental factors
on ADHD comorbidities: an exploratory pilot study. J. Neural Transm. (Vienna) 126,
1679-1693. doi: 10.1007/s00702-019-02101-0

Wan, Y., Zuo, T, Xu, Z., Zhang, F, Zhan, H, CHAN, D, et al. (2022).
Underdevelopment of the gut microbiota and bacteria species as non-invasive markers
of prediction in children with autism spectrum disorder. Gut 71, 910-918. doi: 10.1136/
gutjnl-2020-324015

Wang, G., Chen, L., Chen, H., Li, Y., Xu, Y., Xing, Y., et al. (2022). Glutamate receptor
interacting protein 1 in the dorsal CA1 drives alpha-amino-3-hydroxy-5-methyl-4-
Isoxazolepropionic acid receptor endocytosis and exocytosis bidirectionally and
mediates forgetting, exploratory, and anxiety-like behavior. Neuroscience 498, 235-248.
doi: 10.1016/j.neuroscience.2022.07.009

Wang, H., Liu, S., Xie, L., and Wang, J. (2023). Gut microbiota signature in children
with autism spectrum disorder who suffered from chronic gastrointestinal symptoms.
BMC Pediatr. 23:476. doi: 10.1186/s12887-023-04292-8

Wang, J., Ma, B., Wang, J., Zhang, Z., and Chen, O. (2022). Global prevalence of autism
spectrum disorder and its gastrointestinal symptoms: a systematic review and meta-
analysis. Front. Psychol. 13:963102. doi: 10.3389/fpsyt.2022.963102

Wang, T., Pan, C,, Xie, C., Chen, L., Song, Z., Liao, H,, et al. (2023). Microbiota
metabolites and immune regulation affect ischemic stroke occurrence, development,
and prognosis. Mol. Neurobiol. 60, 6176-6187. doi: 10.1007/s12035-023-03473-x

Wang, Y., Ren, R,, Sun, G., Peng, L., Tian, Y., and Yang, Y. (2020). Pilot study of
cytokine changes evaluation after fecal microbiota transplantation in patients with
ulcerative colitis. Int. Immunopharmacol. 85:106661. doi: 10.1016/j.intimp.2020.106661

Frontiers in Microbiology

19

10.3389/fmicb.2023.1278162

Wassenberg, T., Molero-Luis, M., Jeltsch, K., Hoffmann, G. E, Assmann, B., Blau, N,
et al. (2017). Consensus guideline for the diagnosis and treatment of aromatic l-amino
acid decarboxylase (AADC) deficiency. Orphanet J. Rare Dis. 12:12. doi: 10.1186/
$13023-016-0522-z

Whitfield, C. W,, Cziko, A. M., and Robinson, G. E. (2003). Gene expression profiles
in the brain predict behavior in individual honey bees. Science 302, 296-299. doi:
10.1126/science.1086807

Wu, H. E, Chen, Y.J., Chu, M. C, Hsu, Y. T., Lu, T. Y., Chen, I. T., et al. (2018). Deep
brain stimulation modified autism-like deficits via the serotonin system in a Valproic
acid-induced rat model. Int. J. Mol. Sci. 19:2840. doi: 10.3390/ijms19092840

Wu, Z. Y, Huang, S. D, Zou, J. J., Wang, Q. X,, Naveed, M., Bao, H. N,, et al. (2020).
Autism spectrum disorder (ASD): disturbance of the melatonin system and its
implications. Biomed. Pharmacother. 130:110496. doi: 10.1016/j.biopha.2020.110496

Wu, Y. Y, Zhou, T,, Wang, Q., Dai, P. L., Xu, S. E, Jia, H. R, et al. (2015). Programmed
cell death in the honey bee (Apis mellifera) (Hymenoptera: Apidae) worker brain
induced by Imidacloprid. J. Econ. Entomol. 108, 1486-1494. doi: 10.1093/jee/tov146

Yang, L., Qin, Y, Li, X,, Song, D., and Qi, M. (2007). Brain melatonin content and
polyethism in adult workers of Apis mellifera and Apis cerana (Hym., Apidae). J. Appl.
Entomol. 131, 734-739. doi: 10.1111/j.1439-0418.2007.01229.x

Yasuma, T., Toda, M., Abdel-Hamid, A. M., D'’Alessandro-Gabazza, C., Kobayashi, T.,
Nishihama, K., et al. (2021). Degradation products of complex arabinoxylans by
Bacteroides intestinalis enhance the host immune response. Microorganisms 9:1126. doi:
10.3390/microorganisms9061126

Yoong, S. L., Lum, M., Wolfenden, L., Jackson, J., Barnes, C., Hall, A. E., et al. (2023).
Healthy eating interventions delivered in early childhood education and care settings
for improving the diet of children aged six months to six years. Cochrane Database Syst.
Rev. 8:Cd013862. doi: 10.1002/14651858.CD013862.pub3

Yu, X., Mostafijur Rahman, M., Carter, S. A, Lin, J. C., Zhuang, Z., Chow, T., et al.
(2023). Prenatal air pollution, maternal immune activation, and autism spectrum
disorder. Environ. Int. 179:108148. doi: 10.1016/j.envint.2023.108148

Zhang, Z., Mu, X., Cao, Q,, Shi, Y., Hu, X, and Zheng, H. (2022a). Honeybee gut
Lactobacillus modulates host learning and memory behaviors via regulating tryptophan
metabolism. Nat. Commun. 13:2037. doi: 10.1038/s41467-022-29760-0

Zhang, Z., Mu, X,, Shi, Y., and Zheng, H. (2022b). Distinct roles of honeybee gut
bacteria on host metabolism and neurological processes. Microbiol. Spectr. 10:e0243821.
doi: 10.1128/spectrum.02438-21

Zhang, Q. Sun, Y, He, Z,, Xu, Y,, Li, X,, Ding, ], et al. (2020). Kynurenine regulates
NLRP2 inflammasome in astrocytes and its implications in depression. Brain Behav.
Immun. 88, 471-481. doi: 10.1016/j.bbi.2020.04.016

Zhao, H. ], Luo, X,, Shi, Y. C,, Li, J. E, Pan, E, Ren, R. R, et al. (2020). The efficacy of
fecal microbiota transplantation for children with Tourette syndrome: a preliminary
study. Front. Psychol. 11:554441. doi: 10.3389/fpsyt.2020.554441

Zhao, H., Peng, L., Ren, R., Wang, X,, Jia, T., Zou, L., et al (2017). Treatment of a case
of ASD with fecal microbiota transplantation. Chin. J. Microecol. 3, 309-312. doi:
10413381/j.cnki.cjm.201703014

Zhao, H., Shi, Y., Luo, X., Peng, L., Yang, Y., and Zou, L. (2017). The effect of fecal
microbiota transplantation on a child with Tourette syndrome. Case Rep. Med. 2017,
1-3. (in Chinese). doi: 10.1155/2017/6165239

Zheng, H., Nishida, A., Kwong, W. K., Koch, H., Engel, P, Steele, M. L, et al. (2016).
Metabolism of toxic sugars by strains of the bee gut symbiont Gilliamella apicola. MBio
7:€01326-16. doi: 10.1128/mBi0.01326-16

Zheng, H., Perreau, J., Powell, J. E., Han, B., Zhang, Z., Kwong, W. K., et al. (2019).
Division of labor in honey bee gut microbiota for plant polysaccharide digestion. Proc.
Natl. Acad. Sci. U. S. A. 116, 25909-25916. doi: 10.1073/pnas.1916224116

Zheng, H., Steele, M. I, Leonard, S. P,, Motta, E. V. S., and Moran, N. A. (2018). Honey
bees as models for gut microbiota research. Lab Anim. 47, 317-325. doi: 10.1038/
541684-018-0173-x

Zhu, J., Hua, X., Yang, T., Guo, M., Li, Q,, Xiao, L., et al. (2022). Alterations in gut
vitamin and amino acid metabolism are associated with symptoms and

neurodevelopment in children with autism spectrum disorder. J. Autism Dev. Disord.
52,3116-3128. doi: 10.1007/s10803-021-05066-w

Zhuang, X., Gross, C., Santarelli, L., Compan, V., Trillat, A. C., and Hen, R. (1999).
Altered emotional states in knockout mice lacking 5-HT1A or 5-HT1B receptors.
Neuropsychopharmacology 21, S52-560. doi: 10.1038/sj.npp.1395371

Zou, R., Xu, E, Wang, Y., Duan, M., Guo, M., Zhang, Q,, et al. (2020). Changes in the
gut microbiota of children with autism spectrum disorder. Autism Res. 13, 1614-1625.
doi: 10.1002/aur.2358

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278162
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.1038/s41467-021-20902-4
https://doi.org/10.3389/fnsys.2011.00098
https://doi.org/10.1007/s10803-006-0141-y
https://doi.org/10.1111/appy.12321
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/j.cell.2019.05.004
https://doi.org/10.1073/pnas.1708127114
https://doi.org/10.1073/pnas.2014827117
https://doi.org/10.1007/s10803-022-05498-y
https://doi.org/10.2174/1570159X14666161228122115
https://doi.org/10.1016/j.brainres.2013.12.027
https://doi.org/10.1016/j.biopsych.2016.08.024
https://doi.org/10.1016/j.biopsych.2016.08.024
https://doi.org/10.1007/s00702-019-02101-0
https://doi.org/10.1136/gutjnl-2020-324015
https://doi.org/10.1136/gutjnl-2020-324015
https://doi.org/10.1016/j.neuroscience.2022.07.009
https://doi.org/10.1186/s12887-023-04292-8
https://doi.org/10.3389/fpsyt.2022.963102
https://doi.org/10.1007/s12035-023-03473-x
https://doi.org/10.1016/j.intimp.2020.106661
https://doi.org/10.1186/s13023-016-0522-z
https://doi.org/10.1186/s13023-016-0522-z
https://doi.org/10.1126/science.1086807
https://doi.org/10.3390/ijms19092840
https://doi.org/10.1016/j.biopha.2020.110496
https://doi.org/10.1093/jee/tov146
https://doi.org/10.1111/j.1439-0418.2007.01229.x
https://doi.org/10.3390/microorganisms9061126
https://doi.org/10.1002/14651858.CD013862.pub3
https://doi.org/10.1016/j.envint.2023.108148
https://doi.org/10.1038/s41467-022-29760-0
https://doi.org/10.1128/spectrum.02438-21
https://doi.org/10.1016/j.bbi.2020.04.016
https://doi.org/10.3389/fpsyt.2020.554441
https://doi.org/10.13381/j.cnki.cjm.201703014
https://doi.org/10.1155/2017/6165239
https://doi.org/10.1128/mBio.01326-16
https://doi.org/10.1073/pnas.1916224116
https://doi.org/10.1038/s41684-018-0173-x
https://doi.org/10.1038/s41684-018-0173-x
https://doi.org/10.1007/s10803-021-05066-w
https://doi.org/10.1038/sj.npp.1395371
https://doi.org/10.1002/aur.2358

	The fecal microbiota from children with autism impact gut metabolism and learning and memory abilities of honeybees
	1 Introduction
	2 Materials and methods
	2.1 Children clinical information collection and fecal sample collection
	2.2 Generation of microbiota-free honeybees
	2.3 Honeybee colonization
	2.4 Learning and memory test
	2.5 Tissue collection
	2.6 Hematoxylin–eosin staining of the intestines
	2.7 Honeybee intestinal DNA extraction and shotgun metagenome sequencing
	2.8 Honeybee brain RNA extraction and transcriptome sequencing
	2.9 Metabolomic analysis of honeybee intestine
	2.10 Statistical methods
	2.10.1 Metagenomic data
	2.10.2 Transcriptomic data
	2.10.3 Metabolomics data
	2.10.4 Multiomics association

	3 Results
	3.1 Basic information of enrolled children
	3.2 Fecal microbiota from children with autism impacts the learning and memory of microbiota-free honeybees
	3.3 Transplanted bees can partially reproduce the intestinal microbiome of children with autism and TD children
	3.4 Fecal microbiota from children with autism impacts honeybee brain function by regulating gene expression and alternative splicing
	3.5 Fecal microbiota from children with autism impacts intestinal metabolites in honeybees
	3.6 Association analysis of differential bacteria and gut metabolites in the honeybee gut and differently expressed genes in the honeybee brain

	4 Discussion
	Data availability statement
	Author contributions

	References

