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Abstract

Background Adenosine-to-inosine (A-to-1) RNA editing is a co-/post-transcriptional modification introducing

A-to-G variations in RNAs. There is extensive discussion on whether the flexibility of RNA editing exerts a proteomic
diversification role, or it just acts like hardwired mutations to correct the genomic allele. Eusocial insects evolved the
ability to generate phenotypically differentiated individuals with the same genome, indicating the involvement of
epigenetic/transcriptomic regulation.

Methods We obtained the genomes of 104 Hymenoptera insects and the transcriptomes of representative species.

recoding site in Adar gene.

Comparative genomic analysis was performed to parse the evolutionary trajectory of a regulatory lle > Met auto-

Results At genome level, the pre-editing lle codon is conserved across a node containing all eusocial
hymenopterans. At RNA level, the editing events are confirmed in representative species and shows considerable
condition-specificity. Compared to random expectation, the editable lle codon avoids genomic substitutions to Met
or to uneditable lle codons, but does not avoid mutations to other unrelated amino acids.

Conclusions The flexibility of Adar auto-recoding site in Hymenoptera is selectively maintained, supporting the
flexible RNA editing hypothesis. We proposed a new angle to view the adaptation of RNA editing, providing another
layer to explain the great phenotypical plasticity of eusocial insects.

Keywords A-to-I RNA editing, Adar, Auto-recoding, Hymenoptera, Adaptive

Background

A-to-1 RNA editing in metazoans

The ADAR (adenosine deaminase acting on RNA)
enzymes in metazoans mediate the prevalent adenosine-
to-inosine (A-to-I) RNA editing [1]. Numerous adeno-
sines in the transcripts are potential targets of ADARs
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which preferentially bind to a particular sequence con-
text in the double-stranded RNA (dsRNA) structures [2,
3]. Thousands to millions of editing sites were identified
in different animal species but the genomic distributions
of such sites are lineage-specific [4, 5]. While the mam-
malian RNA editing sites mainly occur in non-coding
regions and repetitive elements [6—9], insects have a large
fraction of editing sites in coding sequence (CDS) [10-
15]. Since inosines will be recognized as guanosines by
cellular machineries [16, 17], A-to-I RNA editing resem-
bles A-to-G mutations and can change the amino acid
(AA) encoded by the DNA. Therefore, nonsynonymous
RNA editing events are also termed “recoding” sites and
largely diversify the proteome [18, 19]. There has been a
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long-term discussion on whether the RNA recoding sites
are designed to facilitate adaptive evolution [20, 21], or
alternatively, the recoding events are just byproducts of
promiscuous RNA editing [22, 23].

Signals of adaptation of A-to-I RNA recoding

The original evidence for adaptive RNA recoding was
found by observing overrepresented numbers of recod-
ing sites compared to the random expectation. Also, the
editing levels of recoding sites were higher than the neu-
tral synonymous sites [12, 24, 25]. These suggest the posi-
tive selection on recoding sites, leaving us an impression
that RNA recoding drives adaptive evolution due to the
flexible regulation because recoding sites can increase
proteomic diversity in a controllable manner. However,
researchers realized that positive selection on recoding
sites does not fully stand for the advantage of flexibility.
If G-allele is constantly better than A-allele, then A-to-
I RNA editing will also be maintained, but it just makes
an incomplete compensation to rescue the genomic
A-allele rather that to diversify the proteome. Under the
“G-better hypothesis’, one could envision that the edited
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adenosines should prefer to be directly replaced with a
genomic G during evolution (Fig. 1A). This scenario is
different from our common understanding of the post-
transcriptional regulatory role of RNA editing.

In contrast, if the advantage of RNA editing is the flex-
ibility of the temporal-spatial regulation, then the edit-
ing sites should avoid genomic mutations because the
alteration of genome sequence would permanently abol-
ish the flexibility of RNA editing (Fig. 1B). Therefore,
the stringent definition of “adaptive recoding” is the
narrow-sense one, which only refers to the advantage of
“flexible RNA editing” over the hardwired DNA muta-
tions. Conceivably, the essence of flexibility is to adjust
the relative proportions of A- and G-alleles according to
which version is fitter under a particular condition [26—
28]. In other words, the flexible RNA editing hypoth-
esis predicts that editing levels should be variable and
condition-dependent.

Different from the comparative genomics analysis to
prove the overall avoidance of mutations on editing sites,
the condition-specificity of RNA editing can be tested on
individual sites, but this is not the most challenging part
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Fig. 1 Comparative genomic evidence for adaptive A-to-| RNA recoding. (A) The G-better hypothesis predicts that the genomic A-to-G substitution at
RNA editing sites should be beneficial and be maintained by natural selection. (B) The flexible RNA editing hypothesis predicts that genomic mutations
at RNA editing sites should be suppressed by natural selection. (C) Auto-recoding sites in Adar gene. The domains of Adar protein are displayed. The cur-
rent recoding sites and the ancestral genome sequences are shown for two different editing sites in D. melanogaster and B. terrestris. Abbreviations: sp.,

species; mut., mutation
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in proving the flexible RNA editing hypothesis. The best
approach to demonstrate the advantage of editing is to
construct the fully-edited and uneditable mutant organ-
isms and measure their fitness changes. This idea has
already been accomplished in fungi [27]. However, since
the genetic manipulation and fitness assays are unfeasible
for most animal species, in this article, we only discuss
the potential bioinformatic and comparative genomic
methodologies to judge the adaptation of RNA editing
events. Moreover, to compare the advantage of RNA
editing over an uneditable state, question comes that
how to define an uneditable allele given that an adenosine
always has the potential to be edited? The solution will
require the degeneracy of synonymous codons.

Adar auto-recoding sites in insects enable the comparison
between editable and uneditable states

Insects experienced an ancestral loss of ADARI and only
had one copy of Adar gene which is orthologous to mam-
malian ADAR2 [29]. Insect Adar has two dsRNA-binding
domains at the N-terminal and one deaminase domain
at the C-terminal [30]. In Drosophila melanogaster (Dip-
tera: Drosophilidae), Adar mRNA has an auto-recoding
site in the deaminase domain that changes a serine resi-
due (AGC/T) to a glycine residue (GGC/T) [31]. This
recoding site is named the Ser>Gly or S>G site (Fig. 1C).
The post-edited Adar® isoform has lower catalytic activ-
ity than the unedited Adar’ isoform, making a negative
feedback loop that stabilize the global RNA editing effi-
ciency [31]. A few years after the discovery of Drosoph-
ila Adar Ser>Gly site, another Ile>Met (ATA>ATG)
auto-recoding site in Adar was found in eusocial insect
bumblebee Bombus terrestris (Hymenoptera: Apidae)
(Fig. 1C), and this site again seemed to affect the overall
editing efficiency [32]. The two auto-recoding sites at dif-
ferent positions in Adar CDS were independently gained
in fly and bee. Given these observations, it is very likely
that the functional auto-recoding site in Adar exerts a
flexible regulatory role.

Interestingly, comparative genomics analyses revealed
that the Adar Ser>Gly (AGC/T>GGC/T) auto-recoding
site in Diptera had an uneditable Ser codon (T7CN) in the
ancestral genome of all insects; accordingly, the Ile>Met
(ATA>ATG) auto-recoding site in Hymenoptera had
an uneditable Ile codon (ATC/T, denoted as “unlle”) in
the ancestral node [33] (Fig. 1C). This provides an excit-
ing evidence supporting the flexible regulatory role of
the auto-recoding sites in Adar [33]. The uneditable-
to-editable codon transition indicates the evolutionary
advantage of having the editing potential over the hard-
wired pre-editing allele. But for the majority of recoding
sites in the genome, an uneditable codon encoding the
pre-editing AA is not available, preventing the manifesta-
tion of the advantage of RNA editing using evolutionary
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genomic approach. Thus, the Adar auto-recoding sites in
insects is a very precious case for studying adaptive RNA
editing.

Eusocial insects, RNA editing, and transcriptomic plasticity
While the Ser>Gly recoding site in Adar was sufficiently
studied in Diptera [30, 31, 33], the Ile>Met recoding site
in Hymenoptera is still poorly understood [32]. Given
that (1) many eusocial insects in Hymenoptera have
evolved the ability to generate high phenotypic plastic-
ity with the same set of genome [34, 35], and that (2) the
transcriptomic plasticity introduced by A-to-I RNA edit-
ing is well-suited to shape the proteome, phenome, and
fitness of organisms, there comes a tempting possibility
that RNA editing facilitates the phenotypic regulation of
a broad range of eusocial hymenopterans. And the auto-
regulatory site in Adar might act as the key to the accu-
rate control of the overall cellular RNA editing events.

Regarding this Ile>Met auto-recoding site in Hyme-
noptera Adar gene, several questions remain to be
answered: (1) What is the evolutionary trajectory of
the genome sequence of this Ile codon in eusocial
hymenopterans? (2) Can this Ile>Met RNA editing event
be detected in other eusocial hymenopterans apart from
bumblebee? (3) Can we observe condition-specificity of
editing levels for this Ile>Met recoding site? (4) If the
editable Ile codon has evolved from an ancestral uned-
itable Ile codon, how unexpected was this transition
compared to random control? Is there a suppression on
genomic mutations on this current recoding site? (5) If
the uneditable-to-editable transition was adaptive, then
what overall signals should we observe in the current
genome and editome?

In this study, we utilized the high-quality genomes
and transcriptomes of Hymenoptera species to answer
the above-mentioned questions. The Ile>Met auto-
recoding event in Adar was identified in multiple euso-
cial hymenopterans like bumblebee, honeybee, and
leaf-cutting ant. The Ile>Met editing levels showed
remarkable condition-specificity in tested species like
bees and ants. The ancestral state of this auto-recoding
site appeared to be an uneditable Ile codon, suggest-
ing the evolutionary advantage of having the editing
potential. In the Hymenoptera phylogeny, the A-to-G
and editable-to-uneditable transitions were significantly
suppressed at the Ile>Met site, suggesting the strong
maintenance on the “editability’, but the mutations to
other AAs were not suppressed. Interestingly, termites
(Blattodea) do not have this editable Ile codon, suggest-
ing that distantly-related eusocial insects might utilize
different molecular strategies to achieve the flexibility of
eusociality. In the light of comparative and evolutionary
genomics, our work developed a new angle to view and
test the adaptation of global or individual RNA recoding
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sites. We revealed adaptive RNA editing sites in eusocial
hymenopterans, providing another layer to account for
the great phenotypical plasticity of eusocial insects.

Results

Conservation of Adar lle > Met auto-recoding site in
eusocial insects of Hymenoptera

To obtain a clear evolutionary trajectory of Ile>Met
auto-recoding site in Hymenoptera, we searched the pub-
lic database NCBI for the high-quality genome sequences
of Hymenoptera species. We selected 104 well-annotated
Hymenoptera genomes and constructed the species tree
using orthologous genes (Materials and Methods). By
aligning the Adar CDS, we found that most of the spe-
cies had an ATA codon identical to the editable Ile codon
reported in bumblebee [32]. Particularly, there is a mono-
phyletic branch with all species having ATA codon, and
we defined its ancestral node as nodel (Fig. 2). This node
includes 57 species and contains all the best-known
eusocial insects in Hymenoptera such as bumblebee,
honeybee Apis mellifera (Hymenoptera: Apidae), and
leaf-cutting ant Acromyrmex echinatior (Hymenoptera:
Formicidae). Totally, 42 eusocial insects are included in
nodel (Fig. 2).

To examine whether the RNA editing event in bum-
blebee is conserved across nodel, we downloaded pub-
licly available transcriptomes and confirmed that this
ATA codon is indeed edited to ATG in other euso-
cial hymenopterans like honeybee and leaf-cutting ant
(Fig. 2). Note that bees (Apidae) and leaf-cutting ants
(Formicidae), which have diverged for 160 Mya [36],
belonged to the two earliest diverging clades in nodel.
This suggests that the Ile>Met recoding event was likely
to already exist at nodel and might be conserved across
all the 57 extant species in nodel (Fig. 2). However, we
reserve the possibility that the honeybee and ant editing
events might be independently gained during evolution,
and thus a wider range of transcriptome data are needed
to confirm that the Ile>Met recoding event is indeed
conserved across species in nodel.

Remarkable condition-specificity of lle > Met editing site in
representative eusocial hymenopterans

Next, we try to find evidences to support the flexible
RNA editing hypothesis of this Ile>Met recoding site in
Adar gene. Before we resort to the comparative genomic
approaches, we first dig into this Ile>Met site itself. As
we have introduced, flexible RNA editing hypothesis
requires that the editing levels are condition-dependent
because the relative proportions of A- and G-allele should
be adjusted according to which allele is fitter under a
specific condition [27]. The condition-specificity, which
generally includes tissue-specificity, developmental stage-
specificity, environment-sensitivity, treatment-sensitivity,
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and caste-specificity for eusocial insects, is a necessary
but insufficient requirement for adaptive RNA editing.

We investigated the transcriptomes of different tissues
and castes/sub-castes of honeybee and leaf-cutting ant
[38]. If the Ile>Met RNA recoding exerts a flexible role,
then there might be differentiated editing levels across
different conditions as reported in bumblebee [32]. Not
surprisingly, in honeybees, the Ile>Met editing level was
highest in heads and much lower in thoraces and abdo-
mens, exhibiting high tissue-specificity (Fig. 2 and Addi-
tional filel: Supplementary Figure S1). Moreover, the
editing levels in drone (male), forager (female, worker),
and nurse (female, worker) were also remarkably different
(Fig. 2). Drone heads had an editing level 2.7 times higher
than the average level in worker brains and then the edit-
ing levels in foragers were also significantly higher than
those in nurses (Fig. 2). In leaf-cutting ants, the recoding
levels also showed remarkable differences among gynes,
large workers, and small workers (Fig. 2). Apart from
the six nurse and six forager samples of honeybees, the
comparison between single samples without biological
replicates is not applicable. However, Wilcoxon rank sum
tests could be used to calculate the differential editing
levels between 12 honeybee worker samples versus any of
the remaining bee or ant samples, respectively. All of the
remaining single sample showed a marginally significant
editing level when compared to the 12 honeybee work-
ers (1 versus 12 comparison, P=0.07). The pattern will
become significant (P=0.0057) if we treat the three ant
brain samples as biological replicates and perform a 3
versus 12 comparison between ant brains and honeybee
brains. All these observations increased the possibility
that the Adar Ile>Met auto-recoding levels in eusocial
hymenopterans largely depend on different conditions
like the species identity, castes/sub-castes, and tissues,
supporting the notion that this site exerts its function
with a flexible manner. Moreover, apart from the drone
(male, haploid) sample in A. mellifera with high editing
level in heads, the other samples displayed in Fig. 2 were
all female (diploid) bee/ant samples that showed consid-
erably lower editing levels in brains. This again raises the
possible sex-specific or even allele-specific regulation of
Adar Ile>Met recoding site. Nevertheless, the condition-
specificity is only tested in two species and more data are
needed to obtain a robust conclusion across the phyloge-
netic tree. Next, as we have stated, the condition-specific
editing level is only a necessary but insufficient require-
ment for the flexible RNA editing hypothesis. To make a
robust in silico inference, we need comparative genomic
evidence to show the evolutionary constraint on this site
that maintains its “editability”
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Fig. 2 Conservation of Adar lle > Met auto-recoding site in eusocial insects of Hymenoptera. Left panel: The species tree constructed from orthologous
genes of 104 hymenopterans is displayed. The eusocial insects are labeled with a dot after the Latin name. The genomic codon at lle >Met site in each
species is indicated by different colors: editable isoleucine (edlle, red), uneditable isoleucine (unlle, blue), methionine (orange), other AAs (purple), and
gap (grey). Note that we aim to show that none of the species mutated to Met and thus we keep Met in the color caption and indicate that it is absent in
the tree. The inferred codons in crucial nodes were labeled by colored triangles. Right panel: The editing levels of lle > Met site in representative samples
of eusocial species Acromyrmex echinatior and Apis mellifera are visualized by IGV. Screenshots were shown. Non-representative samples of nurses and
foragers were displayed in Additional file1: Supplementary Figure S1. The differential editing levels between six nurses and six foragers (mean+S.E.) was
measured by Wilcoxon rank sum test. Note that in drone heads of Apis mellifera, an AAA>GAA (Lys > Glu) RNA editing site shows strong linkage disequi-
librium [37] with the nearby lle > Met recoding site. The linkage will not be discussed in this study
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The general conservation level of RNA editing sites does
not directly imply the advantage of flexible editing

As previously reported in other non-social insects like
Drosophila, the edited adenosines are more conserved
than unedited adenosines at the nonsynonymous posi-
tions, meaning that RNA recoding sites tend to avoid
genomic mutations during evolution [12]. Similar pat-
terns were seen in cephalopods [21, 24]. These obser-
vations seem to support the advantage of flexible RNA
editing. However, the general conservation level of
recoding sites does not tell us which kind of mutation
was avoided. In fact, the flexible RNA editing hypothesis
only states that an editable A-allele is better than G-allele
or an uneditable A-allele (and thus the genomic A-to-
G mutations should be avoided), but does not predict
that A-allele is better than other alleles/AAs (Fig. 3A).
The fitness of the pre-editing AA and post-edited AA is
condition-specific, and the flexible RNA recoding can
switch between A- and G-alleles so that having editing
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potential is conceivably better than having hardwired
A- or G-allele alone [27]. But the relative fitness of other
alleles, which largely relies on the function of the proteins
with the particular AA, is unpredictable (Fig. 3A). There-
fore, merely measuring the conservation level of editing
sites is not informative enough. Under the flexible RNA
editing hypothesis, one may expect that: compared to
the many unedited adenosines in the genome (as a con-
trol), the edited adenosines should avoid genomic A-to-
G mutations or the editable-to-uneditable transition,
but should not avoid the mutations leading to other AAs
(Fig. 3A).

Adar lle > Met site in eusocial hymenopterans is
evolutionarily constrained

Next, we will test the flexible RNA editing hypothesis
on the Adar Ile>Met (ATA>ATG) auto-recoding site in
Hymenoptera. Most of the hymenopterans, especially the
species in nodel, have an ATA codon at the orthologous
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Fig. 3 Evolutionary constraint on Adar lle > Met recoding site in node1 of hymenopterans. (A) Schematic diagram showing the fitness of different alleles,
and the effects of several types of mutations under the flexible RNA editing hypothesis. The editable allele is conceivably fitter than the pre-editing AA or
post-edited AA alone, but the fitness of other AA is unpredictable. (B) The observed and expected occurrences of different types of derived mutations on
lle>Met site in the species of nodel. The other 12 unedited ATA codons in Adar CDS were used as control (neutral expectation). Only the ATA > ATG and
the ATA > unlle mutations rather than other mutations were suppressed. The mean +standard error (S.E) of each group was shown. **, observed < mean

— 2XS.E; *** observed < mean — 3xS.E
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position (Fig. 2). The other non-ATA codons in the phy-
logeny include the post-edited codon ATG (encoding
Met), the uneditable Ile codons (ATC and ATT), codons
encoding other AAs, or gaps (Fig. 2). According to the
different types of mutations classified in Fig. 3A, here
we defined the following types of mutations on the ATA
codon: (1) ATA>ATG; (2) ATA>ATC or ATA>ATT;
(3) ATA to other codons not encoding Ile, namely
ATA>other AAs; (4) deletion of ATA, namely ATA >gap
(Fig. 3B).

From the phylogeny of nodel, we discovered that
none of the 57 species had this editing ATA codon (Ile)
mutated to hardwired ATG codon (Met) or uneditable
Ile codon (ATC and ATT) (Figs. 2 and 3B). The observed
transition rates were 0 / 57 among the species. In con-
trast, there are 12 additional unedited ATA codons in
the Adar CDS serving as control groups to calculate the
random expectation (Fig. 3B). By focusing on ATA>ATG
and ATA >unlle mutations, we found that the expected
numbers of species with such codon substitutions in
nodel were significantly higher than the observed zero
occurrence (Fig. 3B). This means that the Ile>Met editing
site strongly avoids the genomic mutations to the post-
edited AA or the hardwired pre-editing status, and thus
indicating the need for being editable at this Ile>Met
codon position. However, for the mutations leading to
other unrelated AAs or gaps, the differences between
observed and expected numbers of species were insignifi-
cant (Fig. 3B). This comparison cancels the bias caused
by the background conservation level of different posi-
tions and therefore the results suggest that the avoidance
of ATA>ATG or ATA >uneditable mutations at Ile>Met
recoding site is not simply due to the background noises.

Here we give two examples of high substitution rates
for unedited ATA codons in Adar CDS (Fig. 4). Codon
#106 (according to the CDS coordinate annotated in
A. mellifera) is an ATA codon and it has considerable
instances of ATA>ATG and ATA>unlle transitions
among the species in nodel (including a few eusocial
insects). Another unedited ATA codon #336 has as many
as 12 ATA >unlle transitions among the species in nodel,
including multiple eusocial insects (Fig. 4). These cases
demonstrate a considerable evolvability of the Adar CDS
in Hymenoptera, but for the Ile>Met recoding sites, the
ATA>ATG and ATA>unlle substitutions were particu-
larly suppressed in the genomes. The results support the
flexible RNA editing hypothesis which stresses that an
editable allele is fitter than hardwired G-allele or unedit-
able allele.

Baseline A > G substitution rate in adar CDS in
Hymenoptera

Since the ATA>ATG mutation takes place at the 3rd
codon position, we then looked at the nonsynonymous
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A>G mutations at the 1st and 2nd codon positions as
well as the synonymous A >G mutations at the 3rd codon
position to get a clearer profile of the baseline substitu-
tion rate in the phylogeny (Fig. 5). The best annotated
species in Hymenoptera is A. mellifera, which has an
Adar CDS of 664 codons and thus 663 AAs. Among
them, 431 codons contain adenosines and totally 631
adenosines are there (one codon might contain more
than one adenosine). Apart from the adenosine at the
3rd position of the Ile>Met auto-editing codon (codon
#482), there are 630 unedited adenosines in Adar CDS
(Fig. 5A). Presume that an adenosine is mutated to a gua-
nosine, the 630 adenosines will have 212 nonsynonymous
mutations at the 1st codon position, 215 nonsynonymous
mutations at the 2nd codon position, 12 nonsynony-
mous mutations at the 3rd codon position, and 191 syn-
onymous mutations at the 3rd codon position (Fig. 5A).
The 12 nonsynonymous sites at the 3rd codon positions
are all ATA>ATG mutations which have been discussed
above.

Interestingly, compared to the mutations in the 1st
and 2nd codon positions, the 3rd codon position had a
remarkably higher A>G substitution rate in the nodel
species (Fig. 5B). Given this high baseline A>G substi-
tution rate at the 3rd codon position, the Ile>Met RNA
recoding site has robustly maintained 0 occurrence of
genomic A>G mutations among the 57 species in nodel,
suggesting the strong suppression on mutations at this
RNA editing sites. The results again highlight the flexible
RNA editing hypothesis where an editable status is more
advantageous than hardwired alleles.

Adar is differentially expressed in different honeybee
samples and correlates with its auto-recoding level

In addition to the potential impact of Ile>Met recod-
ing on the catalytic activity of Adar enzyme, the expres-
sion level of Adar itself also affects the global editing
efficiency. We calculated the Adar expression level in
different honeybee samples (Materials and Methods). It
turns out that Adar expression varies a lot across samples
(Fig. 6A). Foragers have significantly higher Adar expres-
sion than nurses; while in drones, head has much higher
Adar expression than thorax and abdomen. Interestingly,
Adar expression is significantly positively correlated with
the Ile>Met auto-recoding level (Fig. 6A). These observa-
tions might suggest that this conserved Ile>Met editing
in Adar has a potential causal correlation with differential
RNA editing being observed either in Adar itself or tran-
scriptome-wide. Although only one editing site in a few
species is studied in this work, the correlation between
Ile >Met auto-recoding level and the transcriptome-wide
editing efficiency has been observed in bumblebee [32].
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Adar codon #106 (ATA) in Hymenoptera
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Adar codon #336 (ATA) in Hymenoptera
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Fig. 4 Two representative unedited ATA codons in Adar CDS and the evolutionary trajectories in Hymenoptera. Eusocial insects are labeled with black
circle. In the hymenopteran genomes, these two codons have a remarkable number of substitutions from ATA to other codons. ATA was defined as

editable lle codons (edlle, red). The other codons can be an uneditable lle codon (unlle, ATC or ATT, blue), a codon encoding Met (orange), a codon en-
coding other AAs (purple), or be deleted in a few species (gap, grey). In both cases, the non-ATA codons appeared in eusocial insects that were labeled
with dot after the Latin name. The inferred codons in crucial nodes were labeled by colored triangles. The most recent common ancestor of all eusocial

hymenopterans converged to node1, which was inferred to have an ATA codon

Why is lle > Met recoding site special along adar CDS?

As we have mentioned, apart from this Ile>Met auto-
recoding site, the other 12 ATA codons in Adar CDS are
not edited. Here comes a question that why is this auto-
recoding site so special along Adar CDS? It is well-estab-
lished that animal ADAR (Adar) enzymes preferentially

target dsRNA structure [2, 3, 39]. We folded the flank-
ing sequences of Ile>Met recoding site within Adar
pre-mRNA (Materials and Methods) and found that the
auto-recoding site is located in a highly stable hairpin
structure (Fig. 6B). This potentially explains the editabil-
ity of this site in eusocial insects.
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different types of derived mutations in the species of node1. Mean +standard error (S.E.) were shown. The result of the 3rd codon position was compared
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In addition, we looked at the protein sequence similar-
ity of different species. In the phylogenetic tree of Hyme-
noptera, we defined two sister clades: node2 and node3
(Fig. 7A). Node2 contains all the eusocial hymenopter-
ans. We did not use nodel because it does not have a
sister clade with sufficient number of species. We calcu-
lated the pairwise identity of protein sequences for the
two RNA binding domains and one deaminase domain,
respectively. The within-clade identity is slightly lower in
node2 than node3, but a clear trend is that within-clade
identity is higher than the inter-clade identity between
node2 and node3 (Fig. 7A), suggesting that the edit-
ability of Ile>Met recoding site is generally maintained
in node2 eusocial insects while in node3 the sequence
context might not be favorable for RNA editing. How-
ever, we acknowledge that if we observe a higher within-
group identity among node2 species, then it will be a
more convincing evidence supporting the uniqueness
and editability of Ile>Met recoding in eusocial insects.
Nevertheless, the moderate conservation level of Adar
protein sequence among eusocial Hymenoptera makes a
sharp contrast to the highly constrained Ile>Met recod-
ing site in this clade, which highlights a putative function
and essentiality of this RNA editing site.

Adar is expressed in eusocial termites (Blattodea) but the
orthologous site is an uneditable ile codon

Hymenoptera contributes most of the well-known euso-
cial insects, but eusociality did independently emerged
in insects of other orders. Termites, originally classified
as Isoptera but has now been grouped into Blattodea, are
eusocial insects of an earlier-diverging clade [40]. We are
curious whether termites exhibit a similar adaptive evo-
lution of RNA editing. We obtained the Adar sequence
of three Blattodea species including two termites (Cop-
totermes formosanus and Zootermopsis nevadensis) and
a cockroach (Blattella germanica), and searched for
their head transcriptomes. Genome sequence compari-
son shows that the position corresponding to honeybee
Ile>Met editing site is an uneditable Ile codon ATT in
three Blattodea species (Fig. 7B). This precludes the pos-
sibility of RNA editing at this position. Transcriptome
mapping shows that Adar is expressed in heads but no
A-to-I RNA editing events were observed in the entire
CDS (Fig. 7B).

These results seem contradictory to the notion that
the Ile>Met recoding contributes to the flexibility
of eusociality in Hymenoptera. However, the “evolu-
tionary tinkering” theory [41], originally proposed by
Jacob in 1977 [42], tells us that the evolutionary pro-
cess is imperfect and that the genomes of organisms



Zheng et al. BMC Genomics (2024) 25:803

Page 10 of 15

A Apis mellifera
g 800 - P=0.047 - 0.5
§ :g Adar expression vs.
< 600 - 6 auto-recoding level
S ®
2 o) -
a 400 - 0256 B PCC=0.937
S = P=0.0188
3 200 - ™
4 <
o 1)
S o
< 0 - -0

Head

Thorax Abdomen Nurse Forager

Drone

Apis mellifera

Adar pre-mRNA

—0—
5—3
—d
5—®
65—
5—>
5—®
a——
—
5B

5—®,
5—0)

Worker brain

lle>Met recoding

— 11l

B
32—
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of honeybee

are making corrections and improvements based on
what they already have. It is possible that eusociality of
distantly related clades was achieved through different
molecular mechanisms. While eusocial Hymenoptera
take advantage of auto-recoding in Adar gene, termites
might benefit from RNA editing at other positions, or
from other mechanisms like gene expression regulation.

Discussion

Measuring the adaption of individual editing sites using
phylogenetic methodology

In this article, we found a novel angle to measure the
adaptation of RNA recoding sites. Previous methodolo-
gies mainly focus on the genome-wide comparison of the
occurrence and editing levels between nonsynonymous
and synonymous sites [12], making an attempt to dis-
cover the selection force acting on the overall recoding
sites. This methodology has two potential limitations: (1)
we can only know the selection on the global RNA edit-
ing profile. But for individual editing sites, we cannot tell
whether it is beneficial or not; (2) the analysis can show
the signal of adaptation to indicate that recoding events

are beneficial, but it is unclear what exactly the advantage
is. Flexible diversification of the proteome is one of the
possible advantages, but mimicking a DNA mutation (if
G-allele is constantly better) can also confer an advantage
to the organism compared to no editing. Either flexible
RNA editing or mimicking DNA mutations can lead to
the overrepresentation of recoding sites compared to
random expectation [12, 43].

Our current works propose a new methodology for
judging the adaptation of individual RNA editing sites
and can even exactly tell what hypothesis does this site
conform to. In the context of phylogeny, the G-better
hypothesis predicts a preference on genomic substitu-
tions from A to G; but the flexible RNA editing hypoth-
esis predicts that such A-to-G mutations should be
avoided, so do the mutations to an uneditable allele. The
question is, how to measure the preference or avoid-
ance? What is the negative control group to be compared
with? The solution is to look at the same type of codons
located in the same gene (Figs. 3B and 4), or the adeno-
sines located at the same codon position (1st, 2nd, or 3rd
) within the same gene (Fig. 5).
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Using the new methodology, our observations on the
Adar Ile>Met auto-recoding sites in Hymenoptera sup-
port the flexible RNA editing hypothesis. This meth-
odology fully takes advantage of the large number of
publicly available genomes, it circumvents the searching
for appropriate transcriptomes to identify RNA edit-
ing sites. As established in this field, the accurate iden-
tification of RNA editing sites requires transcriptomes
from the head or nerve systems and the matched DNA
re-sequencing from the matched individual [10, 24, 44].
These requirements are extremely unfeasible in small-
sized insects. Therefore, our comparative genomic
approach in the light of phylogeny will facilitate the infer-
ence of adaptation of RNA recoding.

Vertical and horizontal approaches to investigate the
flexible RNA recoding sites

Our analyses on substitution rates in the phylogeny of
Hymenoptera were performed in a vertical dimension

where the sequences in many different species were
used. By showing that the Ile>Met edited codon was
rarely replaced with hardwired genomic alleles, the flex-
ible RNA editing hypothesis was supported. In contrast,
there is another horizontal dimension that can puta-
tively judge the advantage of flexible RNA editing. Take
the Adar auto-recoding site for instance, Hymenoptera
has an Ile>Met site evolved from an ancestral unedit-
able Ile codon, and Diptera has a Ser>Gly site evolved
from an ancestral uneditable Ser codon (Fig. 1C). If
the uneditable-to-editable transitions are beneficial at
genome-wide level and are likely to be maintained by
natural selection, then in the current genomes of extant
species, we should observe an enrichment of such non-
synonymous editing sites whose pre-editing codon has
an uneditable counterpart(s). The ATA>ATG (Ile>Met)
and AGC/T>GGC/T (Ser>Gly) recoding events are the
perfect cases.
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We interrogate the previously reported RNA editome
of bumblebee [32]. Totally 164 recoding sites were iden-
tified, among which 27 sites were Ser>Gly (16.5%) and
8 sites were Ile>Met (4.9%). In contrast, presume that
all the adenosines in CDS were replaced with guano-
sines, there will be 6,020,316 nonsynonymous muta-
tions, including 176,475 Ser>Gly mutations (2.9%) and
133,351 Ile>Met mutations (2.2%). The observed occur-
rences of Ser>Gly and Ile>Met recoding were signifi-
cantly higher than random expectation estimated from
genome-wide investigation (P<0.05 in both cases under
Fisher’s exact tests). This enrichment of Ser>Gly and
Ile>Met RNA recoding sites supports the advantage
of RNA editing (being editable), where the uneditable-
to-editable transitions might be driven by the need for
editing and be selectively maintained during evolution.
However, we do not claim that all the observed Ser>Gly
and Ile>Met editing sites in bumblebee have an unedit-
able codon in the ancestral genome of Hymenoptera or
insects. The enrichment is just a tendency: many uned-
ited codons (e.g. ATA) in the genome might also evolve
from an ancestral uneditable codon (e.g. ATC or ATT),
but editing has not yet occurred in the current species;
the current recoding sites (e.g. edited ATA) might also
be inherited from a deeply conserved editing site that
appeared in the common ancestor.

Flexible RNA editing facilitates the transcriptomic plasticity
of eusocial insects?

Eusocial insects have evolved the ability to generate phe-
notypically differentiated individuals from the same set
of genomes [34, 35]. This phenomenon promotes the
investigation on epigenetic or transcriptomic regula-
tions, where RNA editing is possibly one of the regula-
tory mechanisms. In bumblebee, previous study showed
the correlation between the Adar Ile>Met auto-recoding
level and the global editing efficiency [32], suggesting a
feedback regulatory role of the hymenopteran auto-edit-
ing site just like the Adar Ser> Gly site in Drosophila [31].
Our results show that although the Ile codon is mutated
in a few Hymenoptera species, the latest branch contain-
ing all the eusocial hymenopterans consistently has the
ATA codon across the phylogeny (Fig. 2). This observa-
tion raises a possibility that the Adar-mediated RNA
editing contributes to the phenotypic plasticity in euso-
cial insects so that the global RNA editing activity should
be precisely regulated by the Ile>Met auto-recoding site.
This auto-recoding sites in Adar might act as a stabilizer
through a feedback loop and this mechanism is indis-
pensable only when RNA editing itself is important for
the organism.
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Future perspectives

Several questions are promisingly to be addressed in the
future: (1) For the many other eusocial hymenopterans in
nodel defined by us, can Ile>Met recoding be detected
in the transcriptomes? This will be tested when appropri-
ate data are generated. (2) Is there condition-specificity
of the Ile>Met recoding site in other eusocial insects like
what we have shown for leaf-cutting ant and honeybee?
(3) For the non-social hymenopterans which might have
lower needs for phenotypic plasticity, if Ile>Met editing
is detected in their transcriptomes, then what will be the
significance of RNA editing to these species? Answers
to these questions will help us establish the connec-
tion between RNA editing and the sociality of insects,
advancing our understanding on the molecular basis of
phenotypic plasticity, and help bridge the gap between
genotype and phenotype.

Conclusions

In the Hymenoptera phylogeny, the genomic A-to-G and
editable-to-uneditable transitions were significantly sup-
pressed at the Ile>Met site, but the mutations to other
AAs were not suppressed. As a consequence of adaptive
evolution from uneditable-to-editable status, the recod-
ing sites with such editable codons are enriched in the
current genome. In the light of comparative and evolu-
tionary genomics, our work developed a new angle to
view and test the adaptation of global or individual RNA
recoding sites. We revealed adaptive RNA editing sites
in eusocial hymenopterans, providing another layer to
account for the great phenotypical plasticity of eusocial
insects.

Materials and methods

Data Availability

The analysis of the Adar auto-recoding codon involves
the reference sequences of Hymenoptera species, which
were downloaded from NCBI https://www.ncbi.nlm.nih.
gov/. The detailed links of the data were supplemented
in our previous works [30, 33]. The phylogeny of Hyme-
noptera was also retrieved from our previous study [30].
The brain transcriptomes of leaf-cutting ant Acromyrmex
echinatior were downloaded from NCBI under acces-
sion ID SRP031846. The caste- and tissue-specific tran-
scriptomes of honeybee Apis mellifera were downloaded
from NCBI under accession ID SRR445999-SRR446004
(nurse brain) and SRR446005-SRR446010 (forager brain),
and from Genome Sequence Archive (GSA, https://
ngdc.cncb.ac.cn/gsa/) under accession ID CRA002262
(drone head/thorax/abdomen). The RNA editing sites
in bumblebee Bombus terrestris was downloaded from
the original study [32]. The Adar CDS sequences of 104
Hymenoptera species were provided as fasta format
in Additional file2: Supplementary Data 1. The Adar
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sequences of three Blattodea species were retrieved from
a previous study involving gene alignment in insects [33].
Their transcriptomes were downloaded from NCBI with
accession IDs SRR10273596 (Coptotermes formosanus),
DRR110550 (Zootermopsis nevadensis), and SRR6041831
(Blattella germanica). The determination of eusocial
hymenopteran insects was based on the following list of
literatures [45-56].

Sequence alignment and codon extraction

The protein sequences of Adar genes were aligned using
the G-INS-i strategy in MAFFT v7.310 [57] with default
parameters. Then, with TranslatorX v1.1 [58], the nucle-
otide sequences (CDS sequence) of Adar genes were
aligned based on the pre-aligned protein sequences.
Default parameters were used. The alignment file was
split with tri-nucleotide periodicity, extracting all the
aligned codons.

Transcriptome mapping and the visualization of RNA
editing sites

The transcriptomic reads were mapped to the Adar CDS
using BWA v0.7.17 under default parameters [59]. The
reference sequences of different species were used for
mapping the reads of the corresponding species. The
editing levels on the Ile>Met recoding site were visual-
ized through IGV. Gene expression of Adar was mea-
sured by RPKM (reads per kilobase per million mapped
reads). The number of mapped reads for each library
refers to the reads mappable to the reference genome of
Apis mellifera version Amel_HAv3.1.

Presumed A-to-G mutations in adar CDS as a random
expectation

To obtain an expected occurrence of codon transi-
tions in the Hymenoptera phylogeny, we utilized the
Apis mellifera Adar CDS as the reference sequence due
to its highest accuracy among hymenopteran species.
The Adar CDS of 664 codons encoding 663 AAs except
the last stop-codon. Among them, 431 codons contain
at least one adenosine and totally 631 adenosines are
there. Apart from the adenosine at the 3rd position of
the Ile>Met auto-recoding site, there are 630 unedited
adenosines in Adar CDS. Presume that an adenosine is
mutated to a guanosine, according to the consequence
in codon changes, these 630 adenosines will include 212
nonsynonymous mutations at the 1st codon position, 215
nonsynonymous mutations at the 2nd codon position,
12 nonsynonymous mutations at the 3rd codon posi-
tion, and 191 synonymous mutations at the 3rd codon
position. Then the substitution rate at each position was
calculated by counting how many species have a different
codon or AA in the Hymenoptera phylogeny.
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RNA structure prediction

The dsRNA secondary structure was folded through
online server RNAstructure (https://rna.urmc.rochester.
edu/RNAstructureWeb/). The entire pre-mRNA of hon-
eybee Adar gene was retrieved, and the 2000 bp region
centered by the Ile>Met editing site was used as input
sequence.

Statistics and graphic works

The statistics like mean and S.E. were performed in R stu-
dio (version 3.6.3). The graphic works were done in R stu-
dio or Adobe Illustrator version 2023.

Abbreviations
AA Amino acid

A-to-l Adenosine-to-inosine

ADAR Adenosine deaminase acting on RNA
CDS Coding sequence

dsRNA Double-stranded RNA

mut. Mutation

Nonsyn  Nonsynonymous

Syn Synonymous

SE Standard error

sp. Species

edlle Editable isoleucine codon
unlle Uneditable isoleucine codon
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