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ABSTRACT
Although A-to-I RNA editing leads to similar effects to A-to-G DNA mutation, nonsynonymous RNA 
editing (recoding) is believed to confer its adaptiveness by ‘epigenetically’ regulating proteomic 
diversity in a temporospatial manner, avoiding the pleiotropic effect of genomic mutations. 
Recent discoveries on the evolutionary trajectory of Ser>Gly auto-editing site in insect Adar 
gene demonstrated a selective advantage to having an editable codon compared to uneditable 
ones. However, apart from pure observations, quantitative approaches for justifying the adaptive
ness of individual RNA editing sites are still lacking. We performed a comparative genomic 
analysis on 113 Diptera species, focusing on the Adar Ser>Gly auto-recoding site in Drosophila. 
We only found one species having a derived Gly at the corresponding site, and this occurrence 
was significantly lower than genome-wide random expectation. This suggests that the Adar 
Ser>Gly site is unlikely to be genomically replaced with G during evolution, and thus indicating 
the advantage of editable status over hardwired genomic alleles. Similar trends were observed for 
the conserved Ile>Met recoding in gene Syt1. In the light of evolution, we established 
a comparative genomic approach for quantitatively justifying the adaptiveness of individual 
editing sites. Priority should be given to such adaptive editing sites in future functional studies.
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Introduction

The metazoan ADAR (adenosine deaminase acting 
on RNA) enzyme, which mainly expresses in the 
nervous system, catalyses adenosine-to-inosine 
(A-to-I) RNA editing [1]. To date, A-to-I editing is 
found to be one of the most widely observed RNA 
modifications in animals, with millions of adeno
sines being potentially editable in animal transcrip
tome [1–3]. Since inosine is read as guanosine, A-to- 
I RNA editing shares similar properties with A-to-G 
DNA mutations (Figure 1(a)). As a result, editing 
within the coding sequences (CDS) has the potential 
to alter the genetically encoded amino acids, result
ing in nonsynonymous mutations, often referred to 
as ‘recoding’ [4]. Nonetheless, a fundamental differ
ence between A-to-I RNA editing and A-to-G DNA 
mutations lies in the flexibility of RNA editing that 
could be regulated in a temporal-spatial manner, 

whereas DNA mutations are permanently integrated 
into the genome and may trigger pleiotropic effects. 
For example, a DNA mutation might benefit the 
adult fruitfly but be deleterious or lethal to the 
larva, and then this mutation could not be main
tained during evolution as antagonism appeared 
between different developmental stages. But RNA 
editing provides an epigenetic approach for regulat
ing the proteome.

Considering the advantages of RNA editing 
over DNA mutation, early studies posited that 
nonsynonymous RNA editing serves as a driving 
force for adaptive evolution. This is because the 
editing mechanism can diversify the transcriptome 
and proteome when needed, aiding organisms in 
adapting to variable environments [5,6]. 
Numerous studies have reported the overrepresen
tation of nonsynonymous RNA editing events in 
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the transcriptomes of various species, such as 
insects [7–10], cephalopods [4,11,12], microbes 
[13–16], and seed plants [17,18], suggesting the 
positive selection on recoding events. This 
prompts us to believe that there is a selective 
advantage of the seemingly adaptive RNA editing 
mechanism. However, it remains unanswered how 
can we support the notion that ‘having the poten
tial to be edited’ (editable allele) is superior to 
‘having only one version of the A- or G-allele’ 
(uneditable allele or fixed-G)? Under the adaptive 
RNA editing hypothesis, it is expected that the A- 
and G-alleles should have higher fitness under 
different conditions, respectively (e.g., A is better 
under condition#1 and G is better under 

condition#2), and the RNA editing level could be 
regulated accordingly (more A under condition#1 
and more G under condition#2) so that the edita
ble state gains an advantage due to this flexibility 
(Figure 1(b)).

Genome-wide studies and debates on the adap
tation of nonsynonymous RNA editing focus on 
cephalopods where recoding events are prevalent. 
Earlier studies first found that the numbers and 
editing levels of recoding sites in cephalopods 
exceeded the neutral expectation, therefore 
prompting that recoding events were overall adap
tive [4,11]. Then, a non-adaptive explanation was 
proposed based on restorative and harm- 
permitting theories [19]. Later, new genomic 

Figure 1. A-to-I RNA editing and the evolution of adar S > G auto-recoding site in insects. (a) A-to-I RNA editing mediated by ADAR 
protein. I is recognized as G by cellular machineries. (b) Predictions made by the adaptive RNA editing hypothesis. A and G alleles are 
fitter under different conditions while RNA editing could adjust the relative proportions of two alleles. When a is fitter under 
a particular condition, the editing level decreases to represent more A, and vice versa. (c) The adar S > G auto-recoding site forms 
a negative feedback loop that stabilizes the RNA editing efficiency. (d) Evolution of adar S > G site in insects. Editable serine codons 
are colored in red; uneditable serine codons are colored in blue; glycine codons are colored in orange. The phylogenetic tree of all 
diptera species was colored with the codon classification of adar S > G site.
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evidences were found to support the adaptive and 
diversifying hypothesis [20,21]. These comparative 
genomic studies have the following common fea
tures: (1) they essentially investigate the selection 
force acting on the overall (rather than individual) 
nonsynonymous editing sites, such as observing 
the overrepresentation of recoding sites, or analys
ing the fraction of recoding sites being replaced 
with other nucleotides during evolution; (2) the 
number of species used was usually restricted to 
the species with high-quality transcriptome data. 
For example, four coleoids species were used in 
Liscovitch-Brauer et al. 2017 paper [11] and two 
more species were added in Shoshan et al. 2021 
paper [21]. Given a single nonsynonymous editing 
site, there still lacks an in silico approach to judge 
whether this recoding site is adaptive or not. 
Particularly, we expect an approach that analyses 
the genome evolution alone and thus avoids the 
requirements on transcriptome data, then more 
species could be used. This notion will be men
tioned later again.

For justifying the adaptiveness of individual 
RNA editing sites, a recent research in fungi has 
taken significant steps towards addressing ‘how 
the editable state is better than the uneditable 
state or hardwired G’ by constructing mutant 
strains [22]. In the case of a specific A-to-I RNA 
editing site in Fusarium graminearum, solid obser
vations proved that the genomically uneditable 
mutant exhibits higher fitness during the asexual 
stage, while the genomically fixed-G mutant is 
fitter during the sexual stage. In contrast, the wild- 
type (being editable) could smartly regulate the 
editing level and achieves a higher average fitness 
across both stages [22]. This is the first experi
mental evidence showing the real adaptiveness of 
an individual RNA editing site. Then, similar con
clusions were made based on observations of dif
ferential protein dynamics of edited and unedited 
isoforms under different temperatures [23–25]. 
However, in addition to these case studies requir
ing functional experiments, there is a growing 
anticipation for the development of 
a comparative genomics approach capable of 
deducing the advantages (or necessity) of RNA 
editing over the uneditable state or hardwired 
G-allele. The previous genome-wide studies largely 
focused on the global trend of selection pattern on 

nonsynonymous editing sites, but it is relatively 
difficult to tell exactly which editing sites are adap
tive [11,21]. This is because for an individual edit
ing site, the evolutionary transcriptomic 
methodology will be constrained by the limited 
number of species with qualified transcriptome 
data. Therefore, given a particular recoding site, 
we ask how could we know the necessity (adap
tiveness) of RNA editing from comparative geno
mic approaches and without conducting 
experiments on the uneditable and fully edited 
mutants? This in silico approach, once established, 
could significantly expand the catalogue of adap
tive RNA editing sites, enhancing our understand
ing of the evolutionary significance of the RNA 
editing mechanism.

In this article, we will first present our recent 
discoveries concerning the evolutionary trajectory 
of S>G auto-recoding site in the insect Adar gene, 
asserting that this represents the initial phase of an 
experiment-free approach for identifying potential 
adaptive RNA editing sites. Then, we tried to pro
pose additional comparative genomic approach to 
infer the adaptiveness of RNA editing. Particularly, 
for the Adar S>G auto-recoding site in Drosophila, 
we only found 1 out of 113 Diptera species had 
a derived Gly at the corresponding site, and this 
extremely low fraction was significantly lower than 
the random expectation. This suggests that the 
A-to-I editing sites, at least for this particular 
S>G site, are unlikely to be genomically replaced 
with G during evolution, and thus indicating the 
advantage of editable sites over hardwired geno
mic alleles. In the light of evolution, we established 
a comparative genomic approach for quantitatively 
justifying the adaptiveness of RNA editing. We 
provide novel and interesting perspectives for the 
RNA editing community.

Results

Gain of Adar S>G auto-recoding site in insects 
indicates the selective advantage of RNA editing

Early studies uncovered that the sole Adar gene in 
insect genome, which is orthologous to mamma
lian ADAR2 [26], possesses an auto-recoding site 
(S>G site) in Drosophila melanogaster and this 
editing event is likely to be highly conserved in 
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(at least) the Drosophila genus [27]. Notably, the 
function of Drosophila S>G site is well studied. 
Editing at this S>G site converts a serine codon 
(AGC) into a glycine codon (GGC), leading to the 
edited AdarG isoform with reduced catalytic activ
ity compared to the unedited AdarS isoform, estab
lishing a negative feedback loop (as shown in 
Figure 1(c)). Despite the deep conservation of the 
editing event on this editable serine codon (AGC/ 
T, denoted as edSer) in several Drosophila species 
[27], the sequence alignment and phylogeny of all 
400 high-quality arthropod genomes revealed that 
the common ancestor of insects had an uneditable 
serine codon (TCN, denoted as unSer) at this 
position (Figure 1 (d)) [27]. This evolutionary 
transition from unSer-to-edSer highlights the 
potential advantage of having the ability to be 
edited (editable) compared to being constantly 
limited to only one protein version (uneditable or 
hardwired G). Moreover, at the corresponding 
position of this Adar S>G site, our studies suggest 
that the unSer-to-edSer transition independently 
occurred for multiple times during insect evolu
tion, reinforcing the selective advantage of RNA 
editing [27,28]. Notably, the analyses are not 
restricted to the species with qualified transcrip
tome, which largely broaden the evolutionary 
scale. Meanwhile, we also stress that the analysis 
on Adar Ser>Gly site largely benefits from the fact 
that Ser has six codons and two of which were 
editable at the 1st codon position (AGC/T) and 
four were uneditable at the 1st codon position 
(TCN). The other qualified recoding sites are (1) 
Arg>Gly (AGA/G>GGA/G): Arg has six codons 
and two of which were editable at the 1st codon 
position (AGA/G) and four were uneditable at the 
1st codon position (CGN); (2) Ile>Met 
(ATA>ATG): Met has three codons one of which 
was editable at the 3rd codon position (ATA) and 
two were uneditable at the 3rd codon position 
(ATC/T). For other nonsynonymous editing 
codon, they do not have an uneditable counterpart 
that could prevent the nonsynonymous editing 
and maintain the pre-edited amino acid.

Thus, using the Adar Ser>Gly auto-recoding site 
with known function as an example, our recent 
works followed the previous efforts in judging the 
adaptation of RNA editing from an evolutionary 
angle [11,19,21], and continued to look for an 

experiment-free methodology for identifying poten
tially adaptive and functional RNA editing sites (at 
single site level). The key innovative concept is to 
first find a recoded codon with an uneditable coun
terpart and then make full use of the phylogeny and 
evolutionary history of the editing site to illustrate 
the importance of having an editable status com
pared to an uneditable ancestral state.

A new prediction for adaptive RNA editing based 
on comparative genomics

Notably, the previously proposed observations of 
the uneditable-to-editable transition during evolu
tion [27,28] were ‘pure descriptive’ although it 
might suggest a selective advantage of having the 
editable codon. A quantitative approach with neu
tral expectation is still lacking. Here, we propose 
another quantitative genomic criterion to judge 
whether an RNA editing site is adaptive. Take the 
Drosophila Adar S>G site for instance, if this editing 
event is advantageous due to its flexibility (editabil
ity), then its genomic sequence should not be 
replaced with G during evolution because 
a hardwired G would abolish the flexibility 
(Figure 2(a)). As a consequence, genomic G at this 
corresponding position is deleterious and should be 
suppressed across the phylogeny (Figure 2(b)). The 
strength of suppression is absolutely quantifiable 
based on the following workflow.

For the numerous unedited adenosines in CDS, 
there is no clear evidence for the advantage of 
genomic A over genomic G (Figure 2(c)), and 
therefore we should not expect a suppression of 
A-to-G transition in the phylogeny (Figure 2(d)). 
With such a clear prediction, we could test whether 
a particular (nonsynonymous) RNA editing site is 
adaptive by looking at the A-to-G transition rate in 
the phylogeny: if the editing site has significantly 
lower transition rate than the unedited adenosines 
(e.g., unedited adenosines within the same CDS), 
then this might serve as supporting evidence for the 
flexible advantage of RNA editing mechanism, at 
least for the particular editing site.

Adar alignment in diptera species

The ancestral state of the Adar S>G auto-recoding 
site was an uneditable serine codon (TCN, unSer) at 
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the common ancestor of all insects, while in Diptera 
the editable serine codons (AGC/T, edSer) are domi
nant (Figure 1 (d)). This suggests that the unSer-to- 
edSer transition occurred in the ancestor of Diptera 
(but not necessarily the most recent common ances
tor of this order). In addition, the presence, conser
vation, and essentiality of this S>G editing site have 
been confirmed in at least the Drosophila genus.

According to the aforementioned prediction, if 
this RNA editing site is adaptive due to the flex
ibility of editing mechanism, then the genomic 
A-to-G mutation should be suppressed at the cor
responding position in other species. For Adar S>G 
site, the A version encodes Ser and G version 
encodes Gly, so we searched this orthologous site 
in 113 Diptera species. We obtained 84 Ser, 1 Gly, 
17 gaps, and 11 other amino acids (AAs) 
(Figure 3(a)). For the gaps and other AAs, they 
usually differ by at least two nucleotides from the 
original codon. They might either (1) come from 
the inaccurate assembly or annotation of some 
genomes; or (2) reflect the genetic drift that fixes 

some non-functional sequences. These gaps or AAs 
are unlikely to derive from a single point mutation 
during evolution. Since they only make up a small 
fraction of the species at this particular S>G site, we 
will only focus on species with Ser and Gly. The 
frequency of derived AA (Gly) is 1/(84 + 1) = 1.18% 
in Diptera. In other words, at this functional RNA 
editing site, the genomic sequence seems unlikely to 
be replaced with G due to the abolishment of flex
ibility by A-to-G mutation.

Next, we wonder whether this ‘transition rate’ of 
1.18% at S>G site is lower than random expectation. 
To achieve a quantitative estimation of the expected 
transition rate, we parsed all the codons in the 
D. melanogaster Adar CDS and performed similar 
comparative genomic analyses. Adar CDS has 670 
codons (669 AAs excluding the stop codon), among 
which 415 codons contain at least one adenosine 
(Figure 3(b)). S>G site is the only RNA editing site 
in Adar CDS of D. melanogaster and therefore all the 
other codons could be regarded as ‘unedited control.’ 
Totally 578 unedited adenosine sites were found 

Figure 2. Putative evidence for adaptive RNA editing based on comparative genomic analysis. (a) For a potentially adaptive A-to-I 
RNA editing site, the editable status is fitter than hardwired G. (b) The genomic A-to-G mutations should be depleted at adaptive 
RNA editing sites because the hardwired G-allele would abolish the flexibility conferred by RNA editing. (c) As a control, unedited 
adenosines do not have a clear (predictable) fitness change after A-to-G mutation. (d) For the unedited adenosines in 
D. melanogaster. The genomic replacement of A-to-G should be frequently observed in the phylogeny.
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among these 415 codons. By presuming an A-to-G 
mutation, we annotated the 578 adenosines and 
classified them as 135 synonymous sites and 443 
nonsynonymous sites (including 210 nonsynon
ymous sites at the 1st codon position, 226 nonsynon
ymous sites at the 2nd codon position, and 7 
nonsynonymous sites at the 3rd codon position) 
(Figure 3(b)).

For each of the 443 nonsynonymous adenosine 
sites in Adar of D. melanogaster, let (Figure 3(c)):

Original_codon = this adenosine-containing 
codon in D. melanogaster. Such as codon AGT 
at the Adar S>G site.

Original_AA = the AA encoded by the 
Original_codon. Such as Ser for the Adar S>G 
site. Note that the Original_AA could also be 
encoded by several other synonymous codons, 
not only the Original_codon.

Derived_AA = presume an A-to-G mutation in 
the Original_codon and predict the AA outcome. 
Such as Gly for the Adar S>G site. Note that the 
Derived_AA could also be encoded by several 
other synonymous codons, not only the A-to-G 
version of the Original_codon.

Other_AA = AA encoded by other codons at the 
corresponding position in other species.

The transition rate at a nonsynonymous 
site = Derived_AA/(Derived_AA + Original_AA).

For each of the 135 synonymous adenosine sites, we 
only define Original_codon, G_version_codon, and 
Other_codon because A-to-G does not change AAs.

The transition rate at a synonymous site =  
G_version_codon/(G_version_codon + Original_c
odon).

All these parameters will be compared between 
the edited and unedited adenosines in Adar CDS.

Figure 3. The basic concepts used for downstream analyses. (a) In 113 diptera species, the codons and AAs corresponding to the 
adar S > G site were displayed. (b) Classification of unedited adenosines in D. melanogaster adar gene. (c) Definition of original 
codon/AA and derived codon/AA. Transition rates were calculated using the original and derived codons/AAs.
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Derived genomic G at nonsynonymous editing 
site is significantly avoided

For each of the 578 unedited adenosines in Adar 
CDS, we found that the transition rates for nonsy
nonymous sites were 6.13 ± 0.75%, 4.02 ± 0.48%, and 
2.88 ± 2.1% for the 1st, 2nd, and 3rd codon positions, 
respectively (Figure 4(a)). The S>G auto-recoding 
site (the only editing site in Adar CDS) is located at 
the 1st codon position with a transition rate of 1.18%, 
which is significantly lower than random expectation 
(observed < mean − 3 × S.E. of expectation). In con
trast, for synonymous sites, the A-to-G substitution 
was much more common than nonsynonymous sites 
(Figure 4(a)), and this is expected due to the relaxed 
selection on silent sites. However, considering that 
synonymous codon usage bias prefers G/C-ending 
codons compared to A/T-ending codons due to dif
ferential translation rates (decoding rates) [29,30], 
the synonymous A-to-G mutations at the 3rd codon 

positions are intuitively favoured by natural selec
tion. We therefore looked at the synonymous A-to-C 
and A-to-T mutations at the 3rd codon positions. 
The synonymous transition rates were 24.5 ± 1.95% 
for A-to-C and 26.4 ± 1.82% for A-to-T, which were 
still significantly higher than the missense transition 
rates, suggesting the overall deleterious nature of 
missense mutations. Our results demonstrated that 
the nonsynonymous editing site is less likely to be 
genomically replaced with G in sibling species, 
reflecting the advantage of RNA editing over the 
hardwired G-allele.

Since our calculation of transition rate did not 
consider the ‘gapped’ species at a particular site, we 
need to exclude the potential bias caused by gaps 
(Figure 4(b)). On average, about 18 (15.9%) of the 
113 Diptera species had gaps at a particular site cor
responding to the adenosines in D. melanogaster 
(Figure 4(b)). To test whether the number of gaps 

Figure 4. A-to-G transition in other diptera species is significantly avoided for the RNA editing site in drosophila Adar. (a) Mean ± S.E. 
(standard error) of the expected transition rate from original AA (codon) to derived AA (codon). Unedited adenosines were used and 
shown as squares and whiskers. The observed transition rate at adar S > G site was labeled in the plot. (b) Definition of gapped 
diptera species and histogram showing the numbers of gaps at each site. (c) Mean ± S.E. (standard error) of the expected transition 
rate using unedited adenosines with > 18 gapped species in diptera.
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affect the transition rate from Original_AA to 
Derived_AA, we retrieved the sites with > 18 (med
ian) gaps. The results showed that the distribution of 
transition rates (Figure 4(c)) was similar to what we 
observed using all sites, where the expected rates from 
unedited adenosines were much higher than the 
observed 1.18% transition rate at S>G site. Then, the 
synonymous A-to-C and A-to-T transition rates at 
the 3rd codon positions were 23.4 ± 2.66% and 28.6 ±  
2.63%, which were again remarkably higher than 
nonsynonymous transition rates, excluding the effect 
of codon usage bias. This suggests that our conclusion 
is robust under different cut-offs. Here, we illustrate 
several examples to show that the unedited adeno
sines indeed had much higher transition rate to be 
replaced with G version in Diptera species (Figure 5).

For example, site c.1703A>G (p.568Ile>Val) had 
a transition rate of 11/(11 + 89) = 11.0% in Diptera, 
9 times higher than the transition rate of S>G editing 
site (Figure 5). If we reasonably allowed more 

gapped species (allowing >20 gaps), we would find 
sites like c.261A>G (p.87Ile>Met) that had 
a transition rate of 10/(10 + 56) = 15.2% in Diptera, 
12 times higher than the transition rate of S>G edit
ing site (Figure 5). More strikingly, this transition 
rate could be as high as 53/(53 + 34) = 60.9% for site 
c.706A>G (p.236Ile>Val). Compared to Adar S>G 
editing sites, these cases all exhibited a dramatically 
higher fraction of derived AA in the phylogeny.

Notably, for Adar S>G site, the ancestral AA is 
known to be Ser. For the many other unedited 
(nonsynonymous) adenosines, the ancestral AAs 
remained unclear. Nevertheless, one could infer 
from the fact that for each site, the majority 
(average = 98.5%) of the AA in Diptera belonged 
to the original AA (encoded by D. melanogaster), 
so that this original AA was likely to be the 
ancestral state while the derived AA appeared 
during evolution (just like the examples shown 
in Figure 5).

Figure 5. Examples of unedited nonsynonymous adenosines in adar CDS with high transition rate. The information of each site (CDS 
position, AA position, AA change of the site and the numbers of each category) was displayed in the plot.
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Taken together, by using the unedited adeno
sines as a control, we quantitatively proved that 
the editing site(s) is unlikely to be genomically 
mutated to G in the phylogeny, indicating the 
potential evolutionary adaptiveness (which is, the 
flexibility) of RNA editing mechanism.

Conditional regulation of Adar S>G auto- 
recoding

Following this line of thought, we would expect 
such adaptive mechanism to be regulated by envir
onmental conditions. To validate this expectation, 
we retrieved the RNA editomes of Drosophila 
brains under different temperatures (Materials 
and Methods). In three Drosophila species, the 
Adar S>G recoding level decreased with tempera
ture (Figure 6(a)). Moreover, since this recoding 
site affects the activity of ADAR, we would expect 
that such flexibility will also be reflected by overall 
editing levels or specific target sites. First, we 
found that the overall editing levels were down- 
regulated at high temperature (Figure 6(b)).

This seems paradoxical with the negative effect 
of S>G auto-recoding on editing activity. 
However, the global down-regulation of editing 
level was likely caused by the well-known effect 
that high temperature unravels dsRNA structure 
and reduces editing level. In fact, the fold-change 
of down-regulation for Adar S>G site was 0.21, 
0.37, 0.18 for D. melanogaster, D. simulans, and 
D. pseudoobscura (mean of fold-changes in female 
and male), while this fold-change for the global 
editing level was 0.90, 0.89, 0.90 for three 
Drosophila species. This suggests that the reduced 
Adar recoding level has actually ‘buffered’ the 
decrease of overall editing efficiency, echoing the 
notion that auto-edited Adar isoform has lower 
editing activity. Moreover, for individual editing 
sites, one can always find outliers that show the 
opposite trend to the globally decreased editing 
level, such as Tyr>Cys site in gene Pi4KIIIα 
(Figure 6(c)) and Ser>Gly site in gene CG2747 
(Figure 6(d)). These results support the condi
tional regulation of Adar auto-recoding sites and 
the effect on overall editing activity.

Moreover, given the putative adaptiveness of 
Adar Ser>Gly site, one would expect such site to 
be regulated in time and space. To address this 

question, we retrieved the transcriptomes of dif
ferent developmental stages (time) and heads/ 
bodies (space) of D. melanogaster [8] and found 
that Adar Ser>Gly editing level varies extensively 
across these samples (Figure 6(e)). These results 
generally support the active and regulatory role of 
this editing site, but we also recognize that more 
transcriptomes from various conditions (like cir
cadian time, social experience, motivational states) 
are needed to fully prove the editing to be an 
adaptive mechanism.

Evolution of Ile>Met recoding site in Syt1: 
derived genomic G is absent

As we have clarified, the comparison between 
editable versus uneditable codon is the direct 
reflection of the advantage of RNA editing. The 
Adar Ser>Gly site is a typical case where the 
ancestral sequence in Diptera was uneditable 
and in later clades the editable codon emerged. 
This comparison benefits from the fact that Ser 
has six codons and two of which were editable at 
the 1st codon position and four were uneditable. 
Similar analysis is applicable to Arg>Gly recoding 
at the 1st codon position and Ile>Met recoding at 
the 3rd codon position (see the previous subsec
tions for details). We wonder whether we could 
find evidence for the potential adaptiveness of 
other recoding sites.

A well-known neuronal gene with extensive 
recoding events is Syt1 (Synaptotagmin 1). Notably, 
an Ile>Met recoding site is highly conserved across 
insects [31] and this site meets our criteria to test the 
adaptiveness of ‘editability.’ In Drosophila brains, 
this Ile>Met site (FBtr0077726_CDS:405) has editing 
levels of 0.7 ~ 0.8 in different fly species (Materials 
and Methods). By looking at the orthologous site in 
all 113 Diptera species (Figure 7(a)), we found the 
following patterns: (1) this site does not have derived 
genomic G (encoding Met) in all tested Diptera 
species; (2) the ancestral state of this codon, although 
not for sure, was likely an uneditable Ile codon 
(Figure 7(a)). The results support the adaptation of 
Syt1 Ile>Met recoding site. This site was originally 
uneditable and then gained editability during evolu
tion, once gained an editable codon, the replacement 
with G would be deleterious and was suppressed in 
this clade. Note that according to the codons 
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observed in Diptera (Figure 7(a)) together with the 
editable codons present in other insect orders, we 
reserve the possibility that the ancestor of Diptera 
had an editable Ile codon and the few uneditable Ile 
codons were actually the derived ones. Anyway, this 
occasion does not deny the potential advantage of an 
editable status reflected by the absence of derived 
G (Met) in all species.

Then, we parsed all the unedited adenosines in 
the Syt1 CDS in D. melanogaster. By looking for 
the species where the original AA in 
D. melanogaster were replaced with the post- 

edited AA in the genome of a target species, we 
calculated the fraction of derived AA for each 
codon (Figure 7(b)). The Ile>Met recoding site at 
the 3rd codon position had remarkably lower tran
sition rates than the unedited (missense) adeno
sines at the 3rd codon position (Figure 7(b)). This 
pattern held true when we considered the unedited 
sites with many gapped species in the alignment 
(Figure 7(c)). These results again highlight the 
unlikelihood of Syt1 Ile>Met site to be replaced 
with G during evolution, supporting its advantage 
of being editable.

Figure 6. Editing levels under different conditions. (a) S > G auto-recoding level in three different drosophila species under 25°C and 
30h. (b) Global editing level of shared editing sites across three species. (c) and (d) Display two examples of elevated editing level 
under high temperature. The trend is conserved across three species. D. mel, D. melanogaster; D. sim, D. simulans; D. pse, 
D. pseudoobscura. (e) S>G auto-recoding level in 10 samples of different developmental stages and head/body of male/female 
adults. Data were retrieved from our previous study [8].
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Discussion

Judging the adaptiveness of individual editing 
sites in the light of evolution: an attempt to 
narrow down the list of candidate sites for 
functional validation

In this work, by analysing CDS alignment of Adar 
gene in 113 Diptera species, we found evidence 
suggesting that the A-to-I editing sites, at least 
for this particular Adar S>G auto-recoding site, 
significantly avoid to be genomically replaced 
with G during evolution, and thus indicating the 
advantage of editable sites (flexible) over hard
wired genomic alleles (not regulatable).

For a long time, although the positive selection 
on nonsynonymous RNA editing has been 
observed for several representative species 
[8,11,12], it is unclear how exactly RNA editing 
is better than the hardwired G-allele, and could we 

find other genomic evidence to prove the necessity 
of RNA editing. Moreover, the global adaptive 
signals for nonsynonymous RNA editing sites 
does not represent the functional importance of 
every single RNA editing site. It is still challenging 
to narrow down the candidates of functional RNA 
editing sites. Given an individual RNA editing site, 
only experimental instead of in silico approach is 
available to infer its adaptiveness. Based on the 
ideas of previous evolutionary genomics studies, 
our current study provides a step towards solving 
these issues with in silico approaches, without the 
need to conduct experiments with mutant animals. 
Using our comparative genomic methods, one 
could quantitatively judge how unexpected it is 
to observe an AA transition in the phylogeny, 
and the type of AA transition is determined by 
the information of an editing site in the target 
species (like D. melanogaster). The abundant 

Figure 7. A-to-G transition in other diptera species is significantly avoided for the Ile>Met (I > m) recoding site in Syt1. (a) In 113 
diptera species, the codons and AAs corresponding to the Syt1 I > M site were displayed. (b) Mean ± S.E. (standard error) of the 
expected transition rate from original AA (codon) to derived AA (codon). Unedited adenosines were used and shown as squares and 
whiskers. The observed transition rate at Syt1 I > M site (rate = 0) was labeled in the plot. (c) Mean ± S.E. of the expected transition 
rate using unedited adenosines with > 17 (median value for all sites) gapped species in diptera.
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unedited adenosines within the same gene could 
be used as control (background) to judge the 
extent of transition rate of the RNA editing site. 
Conceivably, not every editing site had 
a significantly lower transition rate compared to 
random expectation. Thus, we propose that the 
significant ones are more likely to be truly adap
tive. Our work provides an approach to putatively 
judge whether a given editing site is adaptive so 
that the selected candidate sites might be given the 
priority for functional studies in the future.

Limitations and cautions

Indeed, in the comparison with unedited adeno
sines, a hidden hypothesis is that the AA replace
ments (by A-to-G) at the corresponding sites are 
completely random so that their occurrences could 
be used as a neutral expectation. However, many 
of the background unedited adenosines were 
mainly nonsynonymous sites. The relative fitness 
of the two protein isoforms resulted from A- and 
G-alleles depends on the shift in protein function 
after the A-to-G substitution. This sheds uncer
tainty to the use of unedited adenosines as random 
control. Nevertheless, although it is currently 
unfeasible to predict the functional impact of 
every nonsynonymous A-to-G substitution, we 
believe that at under a large scale of random muta
tions, we should have unbiased chances to obtain 
beneficial, neutral, or deleterious mutations. 
Therefore, the overall unedited adenosines could 
be used as a neutral control to measure the selec
tion force acting on Adar S>G site.

More interestingly, while we observed differential 
A-to-G transition rates between edited (1.18%) and 
unedited (mean = 6.13%) adenosines at the 1st 

codon position (nonsynonymous), this difference 
was not seen for A-to-T transition (as a control). 
In detail, the A-to-T transition rate for Adar S>G 
editing site (which means, observing a Cys in the 
Diptera phylogeny) was 3/(84 + 3) = 3.45%, but this 
ratio for unedited adenosines was 3.49 ± 0.65% 
(mean ± S.E.) at the 1st codon position, suggesting 
that no constraint is added to the A-to-T transition 
of this editing site, further supporting the unique 
suppression of A-to-G DNA mutation at this posi
tion. For A-to-C mutation, there are cases where 
A-to-C at the 1st codon position leading to 

synonymous changes, complicating the compari
son, and therefore this type of mutation was not 
considered. Nevertheless, we hold the view that the 
most convincing evidence for advantageous editing 
is still the differential A-to-G transition rates seen 
in our results, and the comparison on A-to-T muta
tions only serves as auxiliary evidence. Then, con
sidering the existence of synonymous codon usage 
bias, one should be cautious to compare the muta
tion rates at the 3rd codon positions as we have 
already performed in the Results section. Taken 
together, we fully demonstrated that in Diptera 
species, the genomic mutations abolishing Adar 
auto-editing site is suppressed, and this suppression 
is unique to A-to-G mutations, indicating the adap
tiveness of A-to-I RNA editing mechanism.

The complexity of Adar S>G site in diptera

Nevertheless, we should be cautious since the selec
tion force acting on the Adar S>G site might be 
complicated. Because S>G recoding changes Adar 
activity in a plastic way, it has the potential to affect 
editing at all editing sites. Thus, editing at any of the 
other downstream sites could be driving the selec
tion of editing at the S>G site. This does not disprove 
the importance of Adar S>G site, however one 
should be aware that (1) the selection on S>G site 
might be indirect. It is possible that the constraint on 
some downstream editing site has constrained the 
S>G site itself; (2) one could also envision that the 
selection on this S>G site is particularly strong due to 
the need to regulate Adar activity, but this situation 
maybe not applicable to many other sites.

Next, another issue worth thinking is that is this 
Adar S>G site truly edited outside the Drosophila 
genus although the genome sequences show edita
ble codons? To answer this question, we searched 
and downloaded the head transcriptomes of sev
eral Diptera species: Anopheles gambiae, Aedes 
aegypti, Culex quinquefasciatus, and Bactrocera 
tryoni. The first three species are mosquitoes, and 
the last species is close to fruitfly. We directly 
mapped the RNA-Seq reads to the corresponding 
Adar sequence in that species to see whether the 
S>G site had signals of A-to-G variation (Materials 
and Methods). It turned out that a reliable editing 
signal was only observed in fly Bactrocera tryoni 
(Figure 8). This suggests that although the unSer- 
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to-edSer transition at genome level occurred very 
early during Diptera evolution, the RNA editing 
events at edSer codon only emerged lately, at least 
after the split between mosquito and fly.

However, the absence of S>G editing events in 
some early Diptera clades (mosquito) does not 
negate the benefit of S>G recoding in flies. When 
we only focus on the monophyly of all kinds of 
flies, the fraction of transition to genomic Gly is 
exactly zero (Figure 8), confirming the essentiality 
for maintaining the editable status.

Summary

In the light of evolution, we established 
a comparative genomic approach for quantitatively 
justifying the adaptiveness of RNA editing. We 

provide novel and interesting perspectives for the 
RNA editing community. With this experiment- 
free methodology, one could narrow down the 
adaptive RNA editing sites and such sites should 
be given a priority in the functional studies.

Materials and Methods

Dataavailability

The analysis ofthe Adar auto-recoding codon 
involves the reference sequences of 113Diptera 
species which were downloaded from NCBI 
https://www.ncbi.nlm.nih.gov/. Thedetailed links 
of the data were supplemented in our previous 
works [27, 28]. The phylogenyof Diptera was also 
retrieved from our previous study [27].

Figure 8. Checking the editing status of adar S > G site in representative diptera species. Editing event at this position was already 
observed in the drosophila genus. For non-drosophila clades, head transcriptomes of four species were downloaded and mapped to 
the adar sequence. Accession IDs of the transcriptome data were given above each sample. Screenshots of IGV visualization at S > G 
site was displayed. Not all RNA-Seq reads were displayed. The detected editing event and the editing level were highlighted.
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Sequencealignment and codon extraction

The amino acidsequences of the Adar gene were 
aligned using G-INS-i strategy in MAFFTv7.310 
[32], defaultparameters were used. Then, using 
TranslatorX v1.1 [33], the nucleotidesequences of 
Adar gene were aligned based on the pre-aligned 
amino acidsequences. Default parameters were 
used. The entire alignment file was split bycodon 
(tri-nucleotide) and then the alignment of each 
codon was extracted. Thealignment of Syt1 CDS 
(D. melanogaster transcript ID FBtr0077726) in 
Diptera species was done with an identical 
approach.

Usingpublic data to calculate the editing levels at 
particular sites

To validatewhether the Adar S>G site isedited in 
other non-Drosophilaspecies in Diptera, we down
loaded the head transcriptomes of Anopheles gam
biae (SRR11292942), Aedesaegypti (SRR11292920), 
Culex quinquefasciatus (SRR11292936), and 
Bactroceratryoni (SRR8662651) from NCBI 
(https://www.ncbi.nlm.nih.gov/). We directly 
mapped the RNA-Seq reads to the Adar CDS 
sequence of that species. BWA [34,35] with 
defaultparameters was used and the editing status 
at S>G site was visualized byIGV.

For the brain transcriptomes of Drosophila under
different temperatures (25h and 30h), RNA editing 
sites, levels, andannotations were directly retrieved 
from our previous work. The raw data wereuploaded 
to NCBI SRA (https://www.ncbi.nlm.nih.gov/sra) 
with accession ID SRP074828. For threeDrosophila 
speciesD. melanogaster, D. simulans, and D.pseu
doobscura, we obtained the samples of normalcondi
tion (25h) and heat stress (30h for 14h). Femaleand 
male samples were available for each condition. The 
editing siteinformation was summarized in 
SupplementaryTable S1 (D.melanogaster, samples 
B2 and B3 refer to female normaland 30h 14h, sam
ples B6 and B7 refer to malenormal and 30h 14h), 
Supplementary Table S2 (D. simulans, samples S2 
andS3 refer to female normal and 30h 14h, samples 
S6 and S7 refer to malenormal and 30h 14h), and 
Supplementary Table S3 (D. pseudoobscura, samples 
P2 andP3 refer to female normal and 30h 14h, sam
ples P6 and P7 refer to malenormal and 30h 14h). 

The developmental transcriptomesand RNA edi
tomes of D.melanogaster were retrieved from our 
previous study [8].

Statisticsand visualization

The statisticslike mean and S.E. were performed in 
R studio (version 3.6.3). The graphicworks were 
done in R studio or Adobe Illustrator version 
2023.

Abbreviations

AA amino acid.
A-to-I adenosine-to-inosine.
ADAR adenosine deaminase acting on RNA.
CDS coding sequence.
S.E. standard error
edSer editable serine codon
unSer uneditable serine codon
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