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Dynamic A-to-l RNA editing in response to gut
microbiome in honey bees

Yuange Duan,’ Min Huang,' Lin Ye,' Ling Ma, Yashuai Wu, Yating Du, Jiyao Liu,
Fan Song, Li Tian, Wanzhi Cai, Hu Li, Xin Zhou, and Shiqi Luo

State Key Laboratory of Agricultural and Forestry Biosecurity, MOA Key Laboratory of Pest Monitoring and Green Management,
Department of Entomology, College of Plant Protection, China Agricultural University, Beijing 100193, China

ADAR-mediated adenosine-to-inosine (A-to-I) mRNA editing contributes to the proteomic diversity and behavioral com-
plexity of animals. Although recent studies indicate that the gut microbiome influences various aspects of animal behavior,
the potential involvement of RNA editing in gut-brain interactions remains unexplored. Here, we perform comparative
transcriptomic analyses between heads of germ-free (GF) versus conventional (CV) honey bees. A total of 1528 A-to-l ed-
iting sites are identified in honey bee heads, among which nonsynonymous editing sites are overrepresented compared with
random expectation. Overall editing levels are significantly downregulated in GF compared with CV, but the Adar gene is
not differentially expressed. However, the Adar p.482 lle > Met auto-recoding site, which is speculated to modulate Adar
activity, is identified as a high-confidence differential editing site (DES) with decreased editing level in GF. Quantification
of gut microbiota across 12 CV individuals reveals a significant positive correlation between p.482 lle > Met editing level
and Lactobacillus and Bombilactobacillus abundance. Colonization of a single bacterium Lactobacillus or Bombilactobacillus instead
of Gilliamellain GF bees successfully restores the Adar p.482 lle > Met and the global editing level. Our work demonstrates the
complex and dynamic transcriptomic diversity exerted by A-to-l RNA editing and discovers the axis of gut—Lactobacillus/
Bombilactobacillus-brain—-Adar-global RNA editing, providing an exciting scenario that gut microbiomes could impact

RNA editing, which might further facilitate phenotypic plasticity of social insects.

[Supplemental material is available for this article.]

Adenosine-to-inosine (A-to-I) mRNA editing, mediated by the
deamination enzyme adenosine deaminase acting on RNA
(ADAR), is a prevalent type of RNA modification in metazoans
(Palladino et al. 2000a; Savva et al. 2012b). Inosine is recognized
as guanosine by cellular machineries, and therefore, A-to-I RNA ed-
iting leads to similar consequences to A-to-G mutations, diversify-
ing the transcriptome (Eisenberg and Levanon 2018; Duan 2025).
Editing events taking place in coding sequences (CDSs) might alter
the genomically encoded amino acid and lead to nonsynonymous
changes, namely, “recoding” (Alon et al. 2015). Genome-wide pro-
filing of RNA editing sites has been performed in several metazo-
ans, showing us highly distinct distributions of RNA editing
events (Liscovitch-Brauer et al. 2017; Porath et al. 2017; Duan
et al. 2023a; Zhang et al. 2023). Although extensive RNA editing
on noncoding repetitive elements was observed in most species
(Porath et al. 2017; Cao and Duan 2025; Duan et al. 2025a), recod-
ing is overrepresented in two major clades, coleoids (Cephalopoda)
(Alon et al. 2015; Liscovitch-Brauer et al. 2017) and Drosophila
(Insecta) (Yu et al. 2016; Yablonovitch et al. 2017a; Duan et al.
2024a).

The temporospatial regulation of RNA editing circumvents
the pleiotropic effects caused by DNA mutations, facilitating the
organisms to adapt to changing environments. Experimental evi-
dence in the octopus (Birk et al. 2023; Rangan and Reck-Peterson
2023) and fungi (Xin et al. 2023; Qi et al. 2024) supports the ad-
vantage of flexible RNA editing under different biotic or abiotic
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conditions. Other in silico observational studies revealing such
flexibility include the temperature-dependent RNA editing in ecto-
therms (Rieder et al. 2015; Yablonovitch et al. 2017b; Duan et al.
2024b), tissue- and stage-specific RNA editing in animals
(Graveley et al. 2011; Duan et al. 2023c, 2025b; Zheng et al.
2024b), and caste-specific RNA editing in social insects (Li et al.
2014a; Porath et al. 2019). In a broader range of species and condi-
tions, the flexibility of RNA editing has not been systematically
investigated.

The western honey bee (Apis mellifera) is a social insect that
has acquired the ability to generate phenotypically distinct castes
from the same genome. It has been extensively studied for their
complex behaviors (Zayed and Robinson 2012). Although it is be-
lieved that RNA editing contributes to such phenotypic plasticity
in social insects (Li et al. 2014a; Porath et al. 2019), several recent
studies have shown that the honey bee gut microbiota can influ-
ence the host behavior and gene expression in the brain. For in-
stance, the gut microbes can enhance learning and memory
(Zhang et al. 2022a; Zhong et al. 2024) and modify the sugar sen-
sitivity of honey bees (Zheng et al. 2017; Zhang et al. 2022b). Gut
microbiota can also affect the amount of host neurotransmitters
(Zhang et al. 2022b) and modulate the social network (Liberti
et al. 2022) as well as foraging-related behavior in bees (Liberti
et al. 2024; Vernier et al. 2024).

Honey bees are a model organism for gut microbiota research
(Zheng et al. 2018) and have a simple and host-specific gut
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conditions, germ-free bees can be colo-
nized with gut bacteria to restore the con-
ventional normal state, which provides a
good system for studying the functions
of gut microbiota such as in the gut-
brain axis (Cryan et al. 2019).

A-to-I RNA editing as a means of
proteomic diversifier in nervous system
affects various neuronal processes and
animal behaviors (Li et al. 2014a;
Porath et al. 2019), but its connection
to gut microbiota remains unclear. In this work, we bridge this
gap by comparing the RNA editomes of conventional (CV) and
germ-free (GF) honey bees, revealing the complex and dynamic
transcriptomic diversity exerted by A-to-I RNA editing, and dis-
cover the roles of Adar in the gut microbiome-brain axis. Our study
indicates that RNA editing may regulate the honey bee’s pheno-
typic and behavioral complexity through interactions with gut
microbiomes.

Figure 1.

Results

The new version of A. mellifera genome contains
a single Adar protein

The new A. mellifera genome version HAv3.1 was updated in 2019
(Wallberg et al. 2019). Similar to the previous investigation in the
bumble bee (Porath et al. 2019), it is essential to confirm the com-
pleteness of Adar gene in the new genome. In the A. mellifera ge-
nome version HAv3.1, two transcripts (XM_026445265.1 and
XM_006563327.3) are annotated. We cloned those transcripts
with RACE and only validated one transcript XM_006563327.3
with a shorter 3’ UTR, not affecting the annotated CDS
(Supplemental Fig. S1). The full-length cloned Adar transcript is
2545 bp, encoding a predicted protein of 663 amino acids (AAs).
The N terminus contains two dsRNA-binding domains (AA posi-
tions 78-140 and 197-241), and the C terminus contains one
deaminase domain (AA positions 294-659).

Count

A-to-I RNA editomes of honey bee samples. (4) Scheme of identifying A-to-1 RNA editing sites
in the honey bee samples. Three conventional (CV) and three germ-free (GF) samples were used. Heads
were used to construct RNA-seq libraries, and bodies were subjected to DNA resequencing. The reliable
RNA-DNA differences (RDDs) were regarded as RNA editing sites. (B) The number of different types of
mismatches in the RDDs. Only the RDDs in the genic region were considered. A-to-G RDDs represent
A-to-I RNA editing sites. The numbers of A-to-I editing sites for each functional category are shown in
a barplot. (C) Histogram showing the distribution of editing levels of A-to-l RNA editing sites. (D)
Comparison of editing levels of nonsynonymous and synonymous sites in CV and GF honey bees. P-val-
ues were calculated by Wilcoxon rank-sum tests. (E) GO enrichment of genes with nonsynonymous ed-
iting in honey bee samples.

A-to-l RNA editomes in CV and GF honey bees

To investigate the effect of the gut microbiome on A-to-I RNA ed-
iting profile in A. mellifera, we fed the homogenates of nurse bee
hindguts to the newly emerged GF bees to generate CV bees
(Methods). Subsequently, we characterized the RNA editomes of
CV and GF groups, each comprising three 7-day-old individuals
(Fig. 1A). The heads of each group were used to construct an
RNA-seq library, and their respective bodies were subjected to
DNA resequencing (Fig. 1A). On average, we obtained 11.56 Gb
RNA-seq data and 5.78 Gb DNA-seq data for each of the six sam-
ples, covering an average genome-wide depth of 26x for DNA-
seq and 68x for RNA-seq (for statistics, see Table 1; for expression
profile of six samples, see Supplemental Fig. S2). Throughout
this paper, CV bees are regarded as the control group, whereas
GF bees represent an experimentally modified condition in which
newly emerged bees are prevented from receiving homogenates
from nurse bees.

Following the methods of our previous work (Duan et al.
2024a), we used meticulous pipelines to identify RNA-DNA differ-
ences (RDDs; Methods) (Fig. 1A). A union of 2251 RDDs was iden-
tified in genic region. We found that 1528 (68%) of the RDDs
belonged to A-to-G variation, representing reliable A-to-I RNA ed-
iting sites (Fig. 1B; Supplemental Table S1). The numbers of such
editing sites per sample ranged from 1295 to 1474 (for details,
see Supplemental Table S2). These A-to-I RNA editing sites identi-
fied by comparing the DNA and RNA sequences of matched sam-
ple were termed “regular editing sites.” The median editing level of
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Table 1. Sequencing depth of samples used in this study

Data size (Gb)

Genome-wide coverage (x)

Sample RNA-seq DNA-seq RNA-seq” DNA-seq
(@Y 9.66 5.67 57 25
cv2 10.49 6.45 62 29
Cv3 12.73 5.73 75 25
GF1 14.27 4.96 84 22
GF2 11.73 6.02 69 27
GF3 10.47 5.87 62 26

“The RNA-seq coverage was calculated by data size divided by the total length of genic region instead of whole genome size. (CV) conventional bees;

(GF) germ-free bees.

1528 regular editing sites was 14.3%, and only 8.7% of all sites had
an editing level >50% (Fig. 1C). These findings resembled the edit-
ing patterns observed in leaf-cutting ants (Hymenoptera), in
which the median editing level was 12.6%, and ~8% of sites had
a level exceeding 50% (Li et al. 2014a). Moreover, an average of
399 reads covered each editing site (median=178), and 56 reads
supported the editing event on each site (median=23), demon-
strating sufficient depth for a set of reliable editing sites
(Supplemental Fig. S3). The validation of individual RNA editing
sites (and the corresponding positions in DNA) was performed
by Sanger sequencing in subsequent sections.

In parallel, we also utilized a DNA-free method to identify
hyperediting sites in the transcriptome (Porath et al. 2014;
Zhang et al. 2017). A total of 5 x 10*~10° A-to-I hyperediting sites
were detected in six samples (Supplemental Fig. S4). Notably, the
hyperediting methodology is prone to finding clustered editing
sites in lowly expressed intergenic or repetitive regions (Porath
et al. 2017), with an average read support of about 1.5 for editing
events in our data (Supplemental Fig. S4). This result is consistent
with the pattern observed in bumble bees, in which many hyper-
editing sites were identified (Porath et al. 2019).

Functional annotation of 1528 A-to-I editing sites revealed
211 nonsynonymous (Nonsyn) sites, 67 synonymous (Syn) sites,
and 1250 intronic sites, whereas no UTR sites were detected (Fig.
1B). Note that exons of genes are generally annotated from the be-
ginning of CDSs, and therefore, UTRs are poorly annotated. The
Nonsyn/Syn ratio (211/67 =3.15) was significantly higher than
random expectation (4,492,737/1,986,130=2.26 if we change all
adenosines to guanosines in the reference genome, P=2.9 x 1074
Fisher’s exact test). This reflects the signals of positive selection
on Nonsyn editing sites. Moreover, the median editing levels
were higher for Nonsyn sites than for Syn sites (Fig. 1D). We
then examined the Gene Ontology (GO) of genes with Nonsyn ed-
iting, finding an enrichment in neuron-related genes like trans-
porters, synapses, and ion channels (Fig. 1E).

Differential editing sites between CV and GF honey bees

To identify bona fide differential RNA editing sites (DESs), three
replicates might not be sufficient, and thus, we expanded the
data size to increase statistical power. We further obtained a second
batch of honey bees and generated head transcriptomes of 12 CV
and 12 GF samples (Methods). The RNA editing sites identified
from the first batch of data were used as anchors. RNA editing lev-
els were quantified for each of the new CV and GF sample or
pooled samples. We first compared the global editing levels

between CV and GF. We found that CV had significantly higher
editing levels compared with GF (Fig. 2A).

Adar is the sole factor that mediated A-to-I RNA editing in in-
sects (Palladino et al. 2000a). The overall difference in editing effi-
ciency is attribute to either the differential expression of Adar gene
or the altered catalytic activity of Adar enzyme. To investigate
these two possibilities, we first performed differential expression
analysis between CV and GF. Totally 1144 differentially expressed
genes (DEGs) were obtained, including 654 significantly upregu-
lated and 490 downregulated genes in GF (FDR<0.05 and log,|
fold-change|>1; Methods). However, Adar expression did not
show significant differences between CV and GF samples (Fig.
2B), and this insignificance was confirmed by qPCR on Adar ex-
pression (Fig. 2C). It suggests that the global differential editing
level might be mediated by the change in Adar activity, which
will be discussed in subsequent sections.

Next, we identified individual RNA editing sites that show re-
markable editing level changes between GF and CV. Statistical sig-
nificance was assessed using comparison of editing levels in the
12 CV and 12 GF samples (Methods) (Fig. 2D). We totally obtained
145 DESs between the two conditions. Because of the overall lower
editing levels in GF, 122 (84.1%) of DESs showed downregulation in
GF compared with CV, and only 23 sites (15.9%) of DESs were upre-
gulated in GF (Fig. 2E). The 122 downregulated sites included 40
Nonsyn, 10 Syn, and 72 intronic sites, whereas the 23 upregulated
sites included six Nonsyn, two Syn, and 15 intronic sites (Fig. 2F).
Considering that the comparison of editing levels between the 12
CV and 12 GF samples might identify some sites with low coverage
that do not reflect reliable differences in editing efficiency, we fur-
ther refined the DESs by requiring sufficient sequencing depth in
the pooled samples (P<0.05 under Fisher’s exact tests) (Fig. 2D).
The stringent criteria yielded 59 DESs, including 49 downregulated
(83.1%) and 10 upregulated sites in the GF samples. Among the
downregulated sites under GF conditions, 19 were Nonsyn, four
were Syn, and 26 were located in introns (Fig. 2F).

We wonder whether differential editing is correlated with the
differential expression of host genes. We compared the expression
level (reads per kilobase per million mapped reads [RPKM]) of the
edited genes in CV and GF. The 140 downregulated sites in GF
mapped to 81 unique genes, and these genes did not show differ-
ential RPKM values between the two conditions (P=0.12,
Wilcoxon rank-sum test). Similarly, the 15 upregulated sites in
GF mapped to 12 unique genes, with no significant difference in
expression level between two conditions (P=0.48, Wilcoxon
rank-sum test). This suggests that the differential RNA editing lev-
els at specific sites are more likely to reflect changes in editing

Genome Research 715
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Figure 2. Differential RNA editing between CV and GF. (A) Boxplots showing the overall distribution of pooled editing levels in CV and GF samples. The P-
value was calculated by paired Wilcoxon rank-sum test. (B) Volcano plots for differential expression analysis on 12 CV and 12 GF samples. The x-axis rep-
resents the log; fold-change (GF/CV) in gene expression. The y-axis represents the logjo-transformed adjusted P-value. The orange dashed line represents
the threshold of significance. The Adar gene is labeled in red. (C) Barplots showing Adar expression levels measured by qPCR in 12 CV and 12 GF samples.
The P-value was calculated by a t-test. (D) Procedures of defining differential editing sites (DESs). A Wilcoxon rank-sum test comparing 12 CV and 12 GF
samples was applied to the editing level of each site. Sites with P<0.05 were defined as DESs. Fisher’s exact tests were then applied to the pooled allele
counts of CV and GF. DESs with P<0.05 were further defined as stringent DESs. (E) Scatterplot showing the editing levels in CV and GF. Levels from pooled
reads were used. Colored sites are DESs belonging to different genomic categories. (F) Pie charts showing the annotation of DESs and heatmap illustrating
the editing levels of stringent DESs with CV > GF. (G) Functional enrichment of significantly up- and downregulated genes in GF. Circle size represents num-
ber of genes. (BP) Biological process; (MF) molecular function; (CC) cellular component.

activity rather than being a consequence of altered host gene
expression.

Moreover, because the removal of RNA editing will trigger au-
toimmune response (Liddicoat et al. 2015), we question whether
there are inflammatory signatures in GF bees in which RNA editing
is overall decreased. We performed functional enrichment of the
654 significantly upregulated and 490 downregulated genes in
GF bees, finding that the upregulated genes indeed showed
autophagy signals (Fig. 2G). This observation aligns well with
the lower editing levels in GF.

Variation in microbial composition in CV bees correlates with the
greater molecular variations in the host compared to GF bees
We sought to validate the DESs using Sanger sequencing. Prior to

this, we observed a general trend in which CV samples exhibited
greater molecular variation compared with GF samples. Principal

component analysis (PCA) based on both gene expression and
RNA editing levels revealed that CV samples were widely dispersed,
whereas GF samples formed a tightly clustered group (Fig. 3A),
suggesting greater intragroup variation among CV samples.
Consistently, the standard deviation of RNA editing levels was sig-
nificantly greater in CV samples than in GF samples (Fig. 3B).

This phenomenon could potentially be explained by varia-
tions in gut microbiota composition among the CV bees. To test
this hypothesis, we quantified the total microbial abundance
across all samples and found that GF bees harbored negligible
microbiota (traditionally defined as 10° CFUs), whereas CV bees
exhibited high and variable microbial loads, ranging from 10° to
10'° CFUs (Fig. 3C). 16s tTRNA sequencing data from bee gut fur-
ther revealed substantial variation in the relative abundance of mi-
crobial lineages across the 12 CV samples (Fig. 3D). The most
abundant microbe genera are Bartonella, Snodgrassella, and
Lactobacillus.
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ing domain and one catalytic deaminase
domain, and the p.482 Ile>Met auto-
recoding site is located in deaminase
domain (Fig. 4A; Duan et al. 2023b).
Previous studies have reported that the
p-482 Ile>Met editing site is broadly
conserved across multiple Hymenoptera
species (Duan et al. 2023b; Zheng et al.

°
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Figure 3.

Bombilactobacillus (G) in each CV bee.

We hypothesized that the variations in gene expression or
RNA editing levels in the CV samples might be attributed to specif-
ic microbial lineage. We performed a correlation analysis between
the proportion of each microbe in individual CV samples and the
corresponding expression or editing levels. In total, 40 unique mi-
crobial lineages were identified, among which 15 microbes were
detected in at least four out of the 12 CV individuals. We found
that Lactobacillus and Bartonella had the largest number of correlat-
ed editing sites, whereas Sphingomonas had the largest number of
correlated genes (for results of adjusted P<0.1, see Fig. 3E; for re-
sults of raw P<0.05, see Supplemental Fig. SS5). As expected, Adar
expression showed no significant correlation with any microbial
lineage (adjusted P-values ranged from 0.79 to one for different mi-
crobes), further supporting the notion that microbiota changes do
not drive differential Adar expression. Next, we examined the over-
lap between stringent DESs and those sites showing significant

Proportion of Bombilactobacillus

Intragroup variations of gut microbiota of CV and GF bees. (A) Principal component analyses
of gene expression (RPKM) and editing levels of CV and GF samples. CV samples are in orange, and GF
samples are in green. (B) Boxplot comparing the standard deviation of editing level in CV and GF. P-value
was calculated by Wilcoxon rank-sum test. (C) Distribution of total microbiota abundance of 12 CV and
12 GF samples. The y-axis is logqo-transformed. (D) Microbial lineage composition in each of the 12 CV
samples. (E) Barplots showing the numbers of editing sites and genes with significant correlation (adjust-
ed P<0.1) with the relative abundance of each microbial lineage. (f,G) Spearman’s correlation between
the editing level of the Adar p.482 lle>Met site and the relative proportion of Lactobacillus (F) and

2024a) and that its auto-editing level cor-
relates with global editing activity in
bumble bees (Porath et al. 2019), suggest-
ing a regulatory role of Ile>Met editing
in modulating Adar activity. Consistent
with this, our results showed that Adar
p-482 Ile > Met editing levels were signif-
icantly correlated with per-sample cumu-
lative editing levels (a proxy for global
editing activity) across CV and GF indi-
viduals (Fig. 4B). Moreover, CV samples
exhibited significantly higher editing
levels at this auto-recoding site compared
with GF samples as revealed by our DES analysis (Fig. 4C). The dif-
ferential editing at the Adar p.482 Ile>Met site was further con-
firmed by manual inspection and visualization of transcriptome
alignment (Fig. 4D) and was validated by Sanger sequencing of
the 12 CV and 12 GF samples (Fig. 4E,F).

This robust pattern raises the possibility that the core gut bac-
teria Lactobacillus/Bombilactobacillus might regulate the Adar p.482
Ile > Met auto-editing level in the head, thereby affecting the Adar
editing activity and ultimately shaping the global neuronal
editome.

0.005 0.010 0.015 0.020

Colonization of Lactobacillus/ Bombilactobacillus in GF restores
the Adar lle > Met editing level as well as global editome

To test this Lactobacillus/Bombilactobacillus—Adar-editome axis, we
downloaded the brain transcriptomes generated by previous
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Figure 4. Demonstration and validation of differential editing at Adar p.482 lle > Met site between CV
and GF. (A) Protein architecture of Adar. The p.482 lle > Met recoding site is highlighted. (B) Pearson’s
correlation between the Adar p.482 lle>Met editing level and the overall cumulative editing level in
each sample. (C) Boxplot comparing the Adar p.482 lle > Met editing levels in 12 CV and 12 GF transcrip-
tomes (NGS data). The P-value was calculated by Wilcoxon rank-sum test. (D) Integrative Genomics
Viewer (IGV) (Robinson et al. 2011) visualization of the Adar p.482 lle>Met editing site in DNA-seq
and RNA-seq. Genome resequencing was shown for the first batch data (three CV and three GF), and
the transcriptome was shown for the second batch data without matched DNA-seq (12 CV and 12
GF). A randomly chosen sample for each group was displayed. (E) Sanger sequencing of the Adar
p.482 lle>Met site. Sanger traces of representative DNA and RNA samples were shown. (F) Boxplot
showing the Sanger editing levels of the Adarp.482 lle > Met sitein 12 CV and 12 GF samples. The P-value

was calculated by Wilcoxon rank-sum test.

studies that align with our research requirements (Zhang et al.
2022a,b). These data include the brain transcriptomes from CV
and GF bees, together with the GF bees inoculated with a single
bacterial species from Gilliamella (Gi), Bombilactobacillus (Firm-4
[F4]), or Lactobacillus (Firm-5 [F5]), and three biological replicates
were performed for each condition (Fig. 5A). According to the ex-
pressional analyses of the original literatures, Adar was not differ-
entially expressed between GF and any other conditions (Zhang
etal. 2022a,b). If Lactobacillus and Bombilactobacillus are the prima-
ry bacterial groups affecting the Adar p.482 Ile > Met and global ed-
iting levels, we should expect a differential editing pattern
between GF and any of the CV, F4, and FS samples, whereas GF
and Gi should exhibit no substantial difference.

We quantified the editing status on 1528 candidate editing
sites, finding that the overall editing levels were higher for the
CV, F4, and F5 samples, whereas Gi and GF samples were lower
(Fig. 5B). Particularly, we focused on the Adar p.482 Ile > Met site
and observed that the editing level was higher in CV, F4, and F5
and lower in Gi and GF (Fig. 5C). This trend was confirmed by
manual inspection of the sequence alignment (Fig. SD).

Differential editing analysis revealed 208 DESs between CV
and GF (39 up and 169 down in GF), 255 DESs between F4 and

F

GF (81 up and 174 down in GF), and
244 DESs between F5 and GF (78 up
and 166 down in GF). We then compared
the nonsynonymous sites downregu-
lated in GF across these data sets with
the DESs from our 12 CV versus 12 GF
samples (Fig. SE). Four nonsynonymous
sites were shared, but the Adar p.482 Ile
>Met site was not included. The exclu-
sion resulted from the marginally signifi-
cant P-value for this site in the public
data set of (three CV vs. three GF) under
a two-tailed Fisher’s exact test (Fig. 5C).
Notably, when one-tailed test was ap-
plied, the Adar p.482 Ile>Met site
showed significant difference across all
comparisons.
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CV gDNA

’ ’
5 AAAATAGCT 3

CV cDNA
5 aaaatGeeT 3

AN

L

GF cDNA

, ,
S paaatacer 3

JANV
Adar p.482 lle>Met site
IP
L

L 2

1

Validation of Nonsyn editing sites by
Sanger sequencing and the functional
implication of their differential editing

=0.010
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GF
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To better understand the specific func-
tional divergence of individual DES un-
der different conditions, we selected the
highly reliable DESs and performed
Sanger validation. The Adar p.482 Ile>
Met site has been validated in Figure 4.
We focused on the four significantly
downregulated nonsynonymous sites in
GF bees shared by different comparisons
(Fig. SE).

Honey bee transcript XM_0065638
27.3 encodes a phosphatidylinositol-
binding clathrin assembly protein
(PICALM) LAP. PICALM is typically in-
volved in clathrin-mediated endocytosis
of protein trafficking, and the mutations
in this gene are associated with
Alzheimer’s disease (AD) and other neuro-
pathological phenotypes (Schubert et al. 2012; Merthan et al. 2019),
implying the gene’s crucial function in maintaining neuronal ho-
meostasis. This LAP gene has a high-confidence DES p.464 Arg>
Gly downregulated in GF. The differential editing is validated by
Sanger sequencing (Fig. 6A).

Transcript XM_026439421.1 is orthologous to Drosophila
gene FBgn0016977 (spen) that encodes split ends protein. Spen is
involved in neuronal cell fate and axon guidance during develop-
ment (Gu et al. 2017). Drosophila lacking spen has deficiency in lip-
id and protein catabolism, which influences phenotypic responses
to diets (Gillette et al. 2020). As validated by Sanger sequencing,
honey bee spen has a p.322 Tyr>Cys recoding site with signifi-
cantly higher editing level in CV than in GF (Fig. 6B).

Transcript XM_006570837.3 is orthologous to Drosophila
gene quiver (qvr; also known as sleepless). This gene encodes an ex-
tracellular modulator of the potassium channel Shaker (Ruan et al.
2017). Honey bee qvr gene has a p.106 His > Arg recoding site with
significantly lower level in GF than all other conditions (Fig. 6C).

Then, voltage-gated potassium channel protein Shab
(XM_026443517.1) has a p.62 Thr> Ala recoding site showing a
differential editing level (Fig. 6D). Different from the universally
conserved Shab Ile>Met recoding site in metazoans (Liscovitch-

1
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level of the Adar p.482 Ile>Met auto-
recoding site, thereby enhancing Adar
enzymatic activity and, in turn, modulat-
ing the global editome (Fig. 7).
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Figure 5. Validation of the gut bacteria—Adar—-editome axis using brain transcriptomes of single bacte-
rial inoculation. (A) Experimental design of the public data. The CV and GF bees were defined similarly to
our study. The monocolonized bees were generated by inoculating a single microbial species (F4, F5, or
Gi) to the GF bees, respectively. (B) Comparison of global RNA editing levels. Reads from three biological
replicates were pooled. Wilcoxon rank-sum tests were used to determine the significance. (C)
Comparison of the Adar p.482 lle > Met editing level. Reads from three biological replicates were pooled.
Fisher’s exact tests were used to determine the significance. (D) IGV visualization of the Adar p.482 lle >
Met editing level in public transcriptomes. (E) Venn diagram showing the overlap of downregulated non-
synonymous editing sites in GF from different comparisons. (*) P<0.05; (**) P<0.01; (***) P<0.001;

(n.s.) not significant.

Brauer et al. 2017; Porath et al. 2019; Duan et al. 2024a), this Thr >
Ala recoding appears to be honey bee specific. The different extent
of editing in CV and GF might reflect a response to microbiota
unique to the honey bee.

In addition to these four nonsynonymous sites shared by dif-
ferent comparisons in which GF bees constantly have significantly
lower editing levels (Fig. SE), we also validated other DESs identi-
fied in our 12 CV versus 12 GF comparison. For example, transcript
XM_006561721.3 encoding a leukocyte receptor (member 8) has a
p-363 Lys> Arg recoding site with a lower level in GF (Fig. 6D).
Although these recoding sites are not always located in the prelim-
inarily annotated domains, their regulatory role in protein folding,
function, and translocation could not be excluded.

Taken together, our results suggest a model that the presence
of gut microbe Lactobacillus/Bombilactobacillus elevates the editing

Including Adar p.482 lle>Met site

°

latory role in neurotransmitter levels,
synaptic plasticity, and neurogenesis in
the host central nervous system (Cryan
and Dinan 2012; Sherwin et al. 2019).
Meanwhile, A-to-I mRNA editing media-
ted by Adar also regulates a wide range of
neuron-related traits in animals (Mehler
and Mattick 2007; Li et al. 2014b;
Rajendren et al. 2021). Disruption of
RNA editing will cause multiple neuro-
logical disorders in humans (Slotkin
and Nishikura 2013; Yamashita and
Kwak 2014; Song et al. 2022) and other
mammals (Sommer et al. 1991; Egebjerg
and Heinemann 1993; Seeburg et al.
1998; Higuchi et al. 2000), as well as ab-
normal behaviors in insects and other in-
vertebrates (Palladino et al. 2000b;
Tonkin et al. 2002; Savva et al. 2012a).
The contribution of RNA editing to com-
plex behavior is especially noteworthy in
eusocial insects owing to their ability to
generate phenotypically diversified indi-
viduals under the same genome (Li et al.
2014a; Porath et al. 2019).

In this work, we investigated the
head/brain transcriptomes of CV and
GF honey bees. We found that the Adar
p-482 Ile>Met auto-recoding level, to-
gether with the overall editing levels,
was downregulated in GF. However,
because Adar itself was not differentially
expressed between CV and GF, it raises
a compelling question of how the global
RNA editing profile is differentially regulated between the two con-
ditions. It is previously speculated that this Ile > Met editing site in
the bumble bee positively regulates the enzymatic activity of Adar
(Porath et al. 2019). The observation that the Ile >Met recoding
level is positively correlated with the transcriptome-wide editing
level across different individuals supports this assumption.

Although the gut bacterial composition of adult worker hon-
ey bees is relatively stable compared with that of other insects
(Engel and Moran 2013), notable individual variations exist
among members of the same colony (Moran et al. 2012;
Rothman et al. 2018). The honey bee gut microbiota exhibits spa-
tiotemporal dynamics and is influenced by host genetics, nutri-
tion, pesticide exposure, and pathogens (Luo et al. 2024). In the
second batch of samples collected from Sanya, Hainan, China,
we observed a notably high abundance of Bartonella in many
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Figure 6. Sanger validation of high-confidence nonsynonymous DESs with significantly lower editing levels in GF compared to other conditions. Sanger
traces for representative samples were displayed. Boxplots show the comparison of Sanger editing levels between 12 CV and 12 GF. (A)
Phosphatidylinositol-binding clathrin assembly protein (PICALM) LAP. (B) Split ends protein spen. (C) Ly-6 protein qvr. Note that 12 CV and 12 GF samples
were subjected to PCR, but only nine CV and six GF samples were successfully sequenced. (D) Voltage-gated potassium channel protein Shab and leukocyte

receptor member 8.

individuals, which may be associated with the sampling season
and location. Among the differential RNA editing sites identified
in the 12 GF and 12 CV bees, a moderate number overlapped
with those identified from public data sets of GF and CV samples.
This slight discrepancy may be attributed to variations in the gut
microbial composition among different CV bees. Although micro-
bial colonization consistently increased RNA editing levels at the
Adar p.482 Ile >Met site and elevated global editing activity, only
a subset of editing sites remained stable across conditions. The ma-
jority of editing events appeared to vary with changes in micro-
biota composition. These RNA editing sites are not entirely fixed
but exhibit a certain degree of context dependency and plasticity.

Our study suggests the distinct roles for different gut microbes
in the gut-brain-RNA editing axis and provide further evidence
supporting a potential regulatory role of Lactobacillus and
Bombilactobacillus in Adar auto-editing, which in turn affects the
global RNA editome. The inoculation of these bacterial species

might alter the neurotransmitter level, sucrose responsiveness,
and learning efficiency in honey bees (Zhang et al. 2022a,b).

The precise mechanisms through which gut microbes affect
Adar auto-editing also need further elucidation. Current evidence
suggests that small-molecule metabolites derived from gut micro-
biota can enter the circulatory system and participate in gut-brain
communications (Krautkramer et al. 2021; Ahmed et al. 2022).
These metabolites are likely among the key factors influencing
Adar-mediated RNA editing, particularly at the p.482 Ile>Met
site. Future studies could compare metabolomes of CV and GF
bee groups to identify key differential bacterial metabolites, there-
by clarifying the regulatory pathway from specific gut microbes to
Adarp.482 Ile > Met RNA editing. Promising candidate metabolites
include tryptophan-derived compounds such as indole deriva-
tives, which are produced by Lactobacillus in honey bees and influ-
ence learning and memory (Zhang et al. 2022a). Short-chain fatty
acids (SCFAs) produced by the bee gut microbiota are also
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Figure 7. The Lactobacillus/Bombilactobacillus-Adar—editome axis. The
presence of gut microbe Lactobacillus/Bombilactobacillus elevates the edit-
ing level of the Adar p.482 lle >Met auto-recoding site, increasing the en-
zymatic activity of Adar, and consequently affects the global editome.

candidate metabolites (Zheng et al. 2017), and they can modulate
neurogenesis and behavior in mammals (Koh et al. 2016).

Thus, A-to-I RNA editing in animals is more flexible than we
previously understood. Eusocial insects are typical examples show-
ing the powerful epigenetic plasticity that can generate phenotyp-
ically distinct individuals from the same genome. RNA editing is
such an epigenetic approach that shapes the phenotypic plasticity
and animals, especially the eusocial insects (Li et al. 2014a; Porath
etal. 2019). In our current work, we further propose a new layer of
plasticity conferred by RNA editing that can also respond to the gut
microbiome. It suggests that RNA editing is widely used by the eu-
social insects to cope with external challenges and meanwhile
meet the demand for achieving sociality. Moreover, in future
works, it will be interesting to investigate the role of RNA editing
in the gut-brain axis among more social insects or other animals.
Do other target editing sites respond to the gut microbiome? Does
the gut microbiome manipulate the Adar pathway to broadly reg-
ulate insect behavior? What benefit do microbes derive from their
influence over the RNA editing pathway? Answers to these ques-
tions will help us establish a more comprehensive functional land-
scape of A-to-I RNA editing in the light of adaptive evolution and
complete the complex connectome of gut-brain interaction.

Taken together, using honey bees as a model, we delicately
demonstrate the complex and dynamic transcriptomic diversity
conferred by A-to-I RNA editing. We bridge the gut-brain axis
with RNA editing, providing innovative perspectives on how the
gut microbiome influences gene regulation in the nervous system.

Methods
Generation of GF and CV honey bees

The honey bee bacterial colonization process followed the proto-
col of Powell et al. (2014). Late-stage pupae were taken from the
brood frames, placed in sterile plastic bins, and then kept in an in-
cubation chamber at 35°C, and these newly emerged bees were
germ-free (Kwong and Moran 2016). These GF bees aged 0-24 h
were starved for 2 h before being inoculated. The bacterial solution
was prepared from the hindguts of 20 nurse bees by homogeniza-
tion using a tissue grinder (Tiangen OSE-Y50), followed by suspen-
sion in 3 mL of PBS.

The first batch of honey bees was collected from an apiary lo-
cated in Beijing, China, in July 2019. The CV groups were given a
mixture of the bacterial solution and an equal volume of sterile
sucrose syrup (50%, w/v), whereas the control GF group was fed
a mixture of PBS and an equal volume of 50% sterile sucrose syrup.
Both groups were also provided with sterilized pollen ad libitum.
After 24 h, all bees were fed with 50% sucrose and sterile pollen
and kept at 35°C. At 7 days after bacterial colonization in CV

bees, the heads and thoraxes of the honey bees were collected
and stored at -80°C.

To investigate the relationship between gut bacterial compo-
sition and RNA editing, we collected a second batch of honey bees
from an apiary in Sanya, Hainan Province, China, in March 2025.
To ensure that each honey bee in the CV group was successfully in-
oculated, we hand-fed each bee 10 pL of a mixture containing bac-
terial solution and an equal volume of sterile sucrose syrup (50%
w/v). The GF control group was hand-fed 10 puL of a mixture of
PBS and an equal volume of sterile sucrose syrup (50% w/v).
Both groups were provided with sterilized pollen ad libitum.
After 24 h, all bees were fed 50% sucrose syrup and sterile pollen
and maintained for 7 days at 35°C.

Extraction and sequencing of DNA and RNA
from GF and CV honey bees

For the first batch of honey bees, RNA was extracted from the heads
of three honey bees using TRIzol and designated as one biological
replicate. DNA from the thoraxes of the corresponding honey bees
in each biological replicate was extracted. For the second batch of
12 GF and CV bees, the head of each bee was set as one biological
replicate and used for RNA sequencing and quantitative PCR
(qPCR). The gut of each honey bee was collected for 16S rRNA se-
quencing. The detailed experimental procedures regarding the first
and second batches of sequencing data are described in the
Supplemental Methods.

Acquisition of public data

The reference genome and annotation files of honey bee A. melli-
fera were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/
), genome version HAv3.1, submitted by Wallberg et al. (2019).
The public brain transcriptomes of CV, GF, F4, F5, and Gi bees
were downloaded from the NCBI BioProject database (https
://www.ncbi.nlm.nih.gov/bioproject/) under accession numbers
PRJNA783076 and PRINA743412.

Mapping and variant calling

We mapped the DNA-seq reads to the reference genome with
BWA-MEM version 0.7.17-r1198 (Li and Durbin 2009). The PCR
duplicates were removed using Picard version 2.27.5. For RNA-
seq reads, we used two aligners to map the reads to the reference
genome. Apart from BWA, we used the two-pass mode of STAR ver-
sion 2.7.6a (Dobin et al. 2013) to map the transcriptome reads. The
PCR duplicates were removed as well. For RNA-seq data, we addi-
tionally applied the SplitNCigarReads pipeline in GATK version
4.3.0.0 (McKenna et al. 2010) to facilitate variant calling near splic-
ing junctions. Then, for both DNA-seq and RNA-seq, variants were
called against reference genome using GATK HaplotypeCaller ver-
sion 4.3.0.0 (McKenna et al. 2010). To minimize the confounding
effect of sequencing errors (which likely occur at the ends of reads),
only bases with a quality greater than 30 were used, which guaran-
tees a sequencing accuracy of at least 99.9% (Xu et al. 2023). We
only kept the RNA-seq variants supported by both aligners (BWA
and STAR) to reduce misalignments.

Variant annotation

Variants were recorded in variant calling format (VCF) and subse-
quently annotated with SnpEff version 4.5 (Cingolani et al. 2012).
VCF contains the location (chromosome and position) and muta-
tion (reference allele/reads count and alternative allele/reads
count) information of each variant. To annotate each variant,
the reference genome sequence and annotation of A. mellifera
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were used build an index (SnpEff build) for this species. Then,
SnpEff will assign each variant to a genomic region (e.g., inter-
genic, exonic, or intronic) according to the genome annotation
and the location of the variant. For CDS variants, information is
provided on whether this mutation leads to synonymous or non-
synonymous changes, as well as the specific codons and amino ac-
ids before and after the mutation.

Identification of A-to-l RNA editing sites

The detailed bioinformatic procedures and parameters of identifi-
cation of RNA editing sites are described in the Supplemental
Methods. In brief, de novo identification of RNA editing sites re-
quires more stringent criteria compared with the quantification
of RNA editing status on known editing sites (Xu et al. 2023).
The de novo identification method considers the sequencing cov-
erage and number of alternative reads counts of both RNA-seq and
matched DNA-seq from the same individual, whereas the quanti-
fication of RNA editing on known sites only requires the “pileup”
of RNA-seq reads (Supplemental Methods).

Identification of DESs

DESs are referred to the RNA editing sites showing significantly dif-
ferent editing levels between the CV and GF samples. First, Fisher’s
exact tests were applied to the reference reads count and alterna-
tive reads count of pooled CV and pooled GF. If a P-value<0.05,
it suggests a significantly different proportion of reference and al-
ternative reads count between CV and GF. These sites were regard-
ed as DESs.

The pooled-read strategy might ignore the within-group var-
iation, and this variation is especially obvious at the sites with low
sequencing coverage. Therefore, we further performed Wilcoxon
rank-sum tests to compare the 12 CV and 12 GF individuals, re-
quiring a P-value<0.05. Editing sites passing both the pooled-
read comparison and cross-individual comparison were regarded
as stringent DESs.

Nevertheless, the extent of stringency of our criteria does not
affect our final conclusion that the global RNA editing activity is
reduced in GF compared with CV. Moreover, the editing levels of
the specific editing sites we are interested in were verified by
Sanger sequencing, and the level alterations between two condi-
tions were manually scrutinized. These key results were not affect-
ed by the global pipeline for detecting DESs.

Gene expression analysis in RNA-seq data

The software featureCounts (v 2.0.3) was used to quantify the reads
mapped to each gene (Liao et al. 2014). Uniquely mapped reads
were used. Differential expression analysis was performed using
DESeq2 v1.34.0 (Love et al. 2014). PCA was done by R function
“princomp.” Gene expression measured by RPKM was used as in-
put for PCA.

16S rRNA sequence analysis

After demultiplexing, the 16s rRNA sequences were filtered using
fastp (v0.19.6) (Chen et al. 2018) and merged using FLASH
(v1.2.11) (Magoc and Salzberg 2011). Reads with a quality score
below 20, incorrect primers, or ambiguous bases were discarded.
High-quality sequences were then denoised using the DADA2
plugin (Callahan et al. 2016) within the QIIME2 pipeline with
default parameters (Bolyen et al. 2019). Denoised sequences gen-
erated by DADA2 are referred to as amplicon sequence variants
(ASVs). To reduce the impact of sequencing depth on down-
stream analyses, the number of sequences per sample was

rarefied to 39,712, which still provided an average Good'’s cover-
age of 99.99%. Taxonomic assignment of ASVs was performed us-
ing the naive Bayesian classifier (Wang et al. 2007) integrated in
QIIME2, with the SILVA 16S rRNA database (v138.2) as the refer-
ence (Quast et al. 2013).

Validation of RNA editing sites by Sanger sequencing

For the p.482 Ile > Met editing site in Adar, we conducted amplifi-
cation of Adar from both gDNA and cDNA extracted from the same
sample (the first batch data of three CV and three GF). For cDNA
synthesis, 1 ug of total RNA was incubated with gDNA wiper
(Vazyme Biotech) for 2 min at 42°C to remove genomic DNA prior
to the reverse-transcription reaction. The cDNA was synthesized
using the HiScript III RT supermix (Vazyme Biotech), with the re-
action carried out for 15 min at 37°C followed by 5 sec at 85°C. For
other editing sites to be validated, the procedures were the same ex-
cept that cDNA was synthesized with HiScript IV all-in-one ultra
RT supermix for qPCR (Vazyme Biotech R433-01) in 12 CV and
12 GF. Sanger sequencing files are provided in Supplemental
Data S1.

The 50 pL PCR reaction mixture included 1 pL of cDNA or
gDNA template, 20 uM of each primer (see Supplemental Table
S3), and 2 xphanta max master mix (dye plus) from Vazyme
Biotech. The amplification conditions were denaturing for 30 sec
at 94°C; then 30 cycles of denaturing for 15 sec at 94°C, annealing
for 15 sec at 58°C, and extension for 15 sec at 72°C; and final ex-
tension for 5 min at 72°C. Analysis of the sequencing chromato-
grams of the PCR products derived from DNA templates
confirmed the absence of SNP at the site. The PCR products ob-
tained from cDNA templates were utilized to determine the RNA
editing levels of G/(A+G) by assessing the peak heights of base
A/G at the editing site.

qPCR analysis

The cDNA for qPCR analysis of Adar was synthesized from 1 ng of
total RNA using HiScript III RT supermix (Vazyme Biotech) in a
20 pL reaction volume and subsequently diluted fivefold. Each
10 pL PCR reaction mixture contained 1 pL of cDNA template,
2 uM of each primer (refer to Supplemental Table S3), and 5 pL
of Taq Pro universal SYBR qPCR master mix from Vazyme
Biotech. The thermal cycling conditions were as follows: initial
denaturation for 30 sec at 95°C, followed by 40 cycles of denatu-
ration for 10 sec at 95°C, and annealing/extension for 30 sec at
60°C. Melting curves were generated by heating for 15 sec to
95°C, cooling for 60 sec to 60°C, and then reheating for 15 sec
to 95°C. The honey bee actin gene was used as the reference
gene with primers sourced from Zufelato et al. (2004), and rela-
tive expression levels were determined using the 2-AACT method
(Schmittgen and Livak 2008). Each sample was run in triplicate
on the same plate, with a negative control using RNase-free water
as the template.

RACE of Adar gene in honey bee

The full-length nucleotide sequence of Adar was amplified using
the rapid-amplification of cDNA ends (RACE) technique with the
HiScript-TS 5'/3' RACE kit (Vazyme RA101). Gene-specific primers
for 5 RACE (5’ GSP, 5’ nested GSP) and 3’ RACE (3’ GSP, 3’ nested
GSP) were designed (Supplemental Table S3) based on the known
sequences of Adar (gene ID: 408529) in NCBI. The detailed exper-
imental procedures are described in the Supplemental Methods.
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Protein architecture analysis

Domain annotation of proteins was predicted by InterProscan v5.0
with default parameters (Jones et al. 2014). The protein sequences
were used as input files.

Statistical tests

Statistical tests and graphical works were performed in R studio (R
version 3.6.3) (R Core Team 2020). For the comparisons involving
variables with nonnormal distribution (such as editing levels),
nonparameter Wilcoxon rank-sum tests were used.

Data access

The raw sequencing data generated in this study have been submit-
ted to the Genome Sequence Archive (GSA; https://ngdc.cncb.ac
.cn/gsa/) under accession numbers CRA018500 (three CV and
three GF, head transcriptome, and DNA resequencing of matched
individual) and CRA029680 (12 CV and 12 GF head transcrip-
tomes and 12 CV gut microbiota).
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