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Abstract
Background: Recent studies have revealed thousands of A-to-I RNA editing events in primates, but the origination
and general functions of these events are not well addressed.
Results: Here, we perform a comparative editome study in human and rhesus macaque and uncover a substantial
proportion of macaque A-to-I editing sites that are genomically polymorphic in some animals or encoded as noneditable nucleotides in human. The occurrence of these recent gain and loss of RNA editing through DNA point
mutation is significantly more prevalent than that expected for the nearby regions. Ancestral state analyses further
demonstrate that an increase in recent gain of editing events contribute to the over-representation, with G-to-A
mutation site as a favorable location for the origination of robust A-to-I editing events. Population genetics analyses
of the focal editing sites further reveal that a portion of these young editing events are evolutionarily significant,
indicating general functional relevance for at least a fraction of these sites.
Conclusions: Overall, we report a list of A-to-I editing events that recently originated through G-to-A mutations in
primates, representing a valuable resource to investigate the features and evolutionary significance of A-to-I editing
events at the population and species levels. The unique subset of primate editome also illuminates the general
functions of RNA editing by connecting it to particular gene regulatory processes, based on the characterized
outcome of a gene regulatory level in different individuals or primate species with or without these editing events.
Keywords: RNA editing, Origination, Primate evolution, G-to-A mutation, Population genetics

Introduction
RNA editing is a post-transcriptional mechanism that introduces differences between RNA and its corresponding
DNA sequence [1]. One type of RNA editing events, the
A-to-I editing, is catalyzed by adenosine deaminase acting on RNA (ADARs) acting on dsRNAs. Due to the
prevalence of dsRNA structures formed by the inverted
repeated Alus in primates, which are the preferred substrates of ADARs, A-to-I editing is the most common
type of RNA editing in primates [2]. The recent
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next-generation sequencing technology dramatically accelerated the study of A-to-I editing regulation on a
genome-wide scale [3–6], with nearly 3% of the human
genome estimated to be subject to the regulation [4].
Most A-to-I RNA editing sites in primates are contributed by the expansion of primate-specific Alu elements
[6, 7]. Of these widespread A-to-I RNA editing sites in
primates, only a small proportion is located in
well-recognized functional regions, such as the
protein-coding or miRNA encoding loci, and presumably
implicated in altering sequences of proteins or miRNAs
[1, 3, 5, 8, 9]. As population genetics analyses have recently hinted at the functional relevance for editing sites
in other genomic regions, functional dissection of these
pervasive RNA editing sites has emerged as a critical
issue in the field [5, 10–12]. While several recent studies
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have suggested the potential crosstalk between RNA
editing and other regulatory processes, such as alternative splicing, piRNA biogenesis and cytosolic dsRNA response [10, 11, 13, 14], an in-depth functional
perspective of the widespread A-to-I editing sites in primate evolution remain to be addressed.
Recently, a group of A-to-I RNA editing sites has been
reported in candidate gene studies to be genomically
encoded as non-editable nucleotide in other closely related species [15, 16], representing a recent birth or
death process of RNA editing through DNA point mutations. Importantly, comprehensive characterization of
this subset of RNA editome, if exists, could advance the
evolutionary and functional interrogation of primate
RNA editing regulation in the following regards. First,
because RNA editing identification depends heavily on
the quality and sequencing depth of the transcriptome,
defining a species-specific editing site in a comparative
transcriptome study could be confounded by multiple
factors such as technical limitation in ascertaining true
absence of editing from the failure of detection [17]. In
contrast, a distinctive list of RNA editing gain or loss
events through DNA point mutations constitutes a valuable alternative to confidently define newly originated,
species-specific RNA editing events. This possibility is
supported by the notions that the editing regulation in
out-group species is explicitly absent (genomically
encoded as non-editable nucleotides) and that the ancestral state of these sites could be inferred with sequence
data of multiple reference species. This unique group of
RNA editing events with evolutionary age may thus provide a basis for studying the evolutionary significance of
RNA editing in primate evolution. Second, comparative
genomics analyses of these RNA editing events could
also provide functional connection of RNA editing to
particular gene regulatory processes. As the editing sites
detected in one species were genomically encoded as
non-editable nucleotides in the other species, a
cross-species comparison of the outcome of a gene regulatory level may provide clues to the functional implications of these species-specific editing sites, which would
further illuminate the general functions of RNA editing
regulation.
Although cases of the birth or death process of RNA
editing through DNA point mutation have been reported, the generality of this phenomenon on a
genome-wide scale, the models underpinning the
phenomenon, and the applications of these events in
evolutionary and functional interrogation of RNA editing
regulation remain largely unresolved. In particular, this
phenomenon on the population level, in which the
A-to-I RNA editing sites detected in some individuals
are genomically encoded as non-editable nucleotides in
other individuals, would complement these analyses.
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However, this type of polymorphic editing sites is
intentionally omitted primarily due to the potential false
positives of these events and their consequent removal
by the editing-calling computational pipelines [4, 18–
20].

Results
Recent gain and loss of Alu-associated A-to-I RNA editing
through DNA mutation in rhesus macaque

To study the recent gain and loss of RNA editing in primates, we used rhesus macaque as a model animal and
profiled the RNA editome in six tissues (prefrontal cortex, cerebellum, heart, kidney, muscle, and testis) of the
same macaque animal (Fig. 1a). To this end, we applied
a stringent RNA editing-calling pipeline on the poly(A)-positive and rRNA-depleted RNA-seq data (Additional file 1: Table S1), which was implemented based
on our previous experiences in technical accuracy [5, 10]
(“Methods”). Among the 2,828,972 candidate sites identified, 2,735,258 sites (or 96.69%) were located on the
Alu repeat elements. For these Alu-associated candidates, 2,638,838 sites (or 96.47%) were associated with
A-to-I transitions, which were used in the following analyses (Additional file 2: Table S2). Notably, these Alu-associated A-to-I RNA editing sites verified multiple
known features of RNA editing events in primates, such
as a conserved sequence motif for ADARs recognition
nearby the editing sites, as well as a quantitative correspondence between the tissue-specific profile of the RNA
editome and the expression level of ADARs in that tissue
(Additional file 2: Figure S1A, S1B), indicating that these
candidate sites represent bona fide RNA editing events
mediated by ADARs.
As it has been reported in some case studies that
A-to-I RNA editing sites could be genomically encoded
as non-editable nucleotide in other species, representing
a recent gain and loss process of RNA editing through
DNA mutations [15, 16], we first examined the generality of such a phenomenon across species, by performing
a genome-wide comparative analysis between human
and rhesus macaque. Notably, for the 2,223,166 Alu-associated A-to-I RNA editing sites detected in the macaque animal with correspondence to the human
orthologous sites, 281,578 (12.67%) are genomically
encoded as G in human on the basis of the reference
genome, with 255,056 (11.47%) sites (hgG) being fixed in
the human population on the basis of the 1000 Genomes
Project [21]—a significantly higher proportion than the
nearby non-edited, homozygous A sites (Nearby-A, Fisher’s exact test, P value < 2.2 × 10− 16, Fig. 1b). Even when
controlled for the variation of position-dependent mutation rates, by requiring the control sites located in the
same Alu with the same trinucleotide context, the editing sites still showed a significantly higher level of

An et al. Genome Biology

(2019) 20:24

Page 3 of 12

Fig. 1 Genome-wide identification of the species-specific and polymorphic Alu-A-to-I RNA editing sites in rhesus macaque. a An overview of the
experimental design. b The distribution of the proportions of human-macaque sequence differences is shown for the focal RNA editing sites
(Index 0) as well as the nearby non-edited, homozygous A sites within 25 bp upstream or downstream of the focal editing sites (Nearby-A Index).
hgG, hgT, and hgC: the macaque editing sites genomically encoded as G, T, and C in human orthologous sites, respectively. c The distribution of
the proportions of polymorphic sites within macaque population is shown for the focal editing sites (Index 0) and the nearby homozygous A
sites within 25 bp upstream or downstream of the focal editing sites (Nearby-A Index). polyAG, polyAT, and polyAC: the macaque editing sites
located on the A/G, A/T and A/C polymorphic sites in the macaque population, respectively

overlap with A/G divergent sites between human and
rhesus macaque (Fisher’s exact test, P value < 2.2 × 10−
16
, Additional file 2: Figure S2A). In contrast, 29,446
(1.32%) sites were genomically encoded in human as Cs
or Ts, with 27,212 (1.22%) fixed, a proportion not significantly higher than that of the nearby non-edited, homozygous A sites as a background (Fisher’s exact test, P
value = 1, Fig. 1b).
We then set out to investigate whether this
phenomenon exists within macaque population. Existing
computational pipelines are conventionally designed to
remove candidate editing sites located on previously annotated bi-allelic polymorphic sites [18, 22], as these
sites may represent heterozygous sites that are wrongly
assigned as homozygous A sites due to biased representation of two alleles in the genome sequencing with inadequate sequencing depth. In this study, given that the
genome of the macaque animal used to identify RNA
editing sites was sequenced with high coverage, we were
able to distinguish these two types of sequence

variations with high confidence. By combining the RNA
editing profile and the macaque polymorphism map as
we previously defined with a population of 31 macaque
animals [23] (“Methods”), we identified 27,412 A-to-I
editing sites (1.04%) located on the A/G polymorphic
sites in the macaque population (polyAG; Additional file 3: Table S3), a percentage significantly higher
than the nearby non-edited, homozygous A sites as a
background (Nearby-A, Fisher’s exact test, P value <
2.2 × 10− 16, Fig. 1c). When we controlled for the variation of position-dependent mutation rates, by requiring
the control sites located in the same Alu with the same
trinucleotide context, the editing sites still showed a significantly higher level of overlap with A/G polymorphic
sites in the macaque population (Fisher’s exact test, P
value < 2.2 × 10− 16, Additional file 2: Figure S2B). In
contrast, 7712 A-to-I editing sites (0.29%) located on the
A/C or A/T polymorphic sites (polyAC or polyAT), a
proportion not significantly higher than that of the background (Fisher’s exact test, P value = 1, Fig. 1c). The
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remaining 2,603,710 (98.67%) sites showed no sequence
variation in the 31 macaque animals sampled in our
study.
Several lines of evidence corroborated the hgG and
polyAG editing sites as bona fide A-to-I editing sites instead of false positives caused by A/G heterozygotes: (i)
the DNA coverage of these A-to-I editing sites is not
lower than other editing sites, ruling out the possibility
that these sites were wrongly assigned as homozygotes
due to biased representation under lower DNA sequencing coverage (Additional file 2: Figure S1C); (ii) the
local sequence context of these sites, but not for that of
the A/G heterozygotes, was in well accordance with the
motif of editing sites (Fig. 2a); (iii) furthermore, when estimating the frequency of G allele on mRNA level from
rRNA-depleted RNA-seq data, we found that the distribution of the editing frequency of these sites is similar
to the other classes of editing sites, and the pattern for
editing frequency across different tissues verified the
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tissue distribution of ADARs expression [5] (Fig. 2b;
Additional file 2: Figure S1B). We further experimentally
verified that the polymorphic sites associated with the
polyAG editing sites were bona fide in the macaque
population. To this end, we performed targeted region
re-sequencing in a larger population of 82 macaque animals, in addition to the initial macaque population of 31
animals [23]. DNA oligonucleotides were designed to
target 54 randomly selected polyAG sites, followed by
high-throughput sequencing of the targeted regions
(“Methods”; Additional file 4: Table S4). In the new macaque population, 68.5% (37 of 54) of the polyAG sites
were verified to be A/G polymorphic, and the frequencies of the G allele estimated from these two populations
were highly correlated (Pearson correlation coefficient =
0.97, Fig. 2c). As for the other 17 sites undetectable as
polymorphic in the new population, the frequency of the
polymorphism detected in the initial population is relatively low (median = 0.03). In addition, seven randomly

Fig. 2 Evaluation and validation of hgG and polyAG editing sites in rhesus macaque. a The enriched and depleted nucleotide sequences flanking
the Alu-associated A-to-I RNA editing sites are shown for macaque-specific editing sites (hgG), A/G polymorphic editing sites (polyAG), and A/G
heterozygote sites (Het A/G) as negative control, with the level of preference or depletion presented in height proportional to the scale. b The
distributions of editing levels in six macaque tissues, estimated as the frequency of G-harboring reads in rRNA-depleted RNA-seq data, are shown
for all Alu-associated A-to-I editing sites (All), macaque-specific editing sites (hgG) and A/G polymorphic editing sites (polyAG). As a negative
control, the frequencies of G for A/G heterozygote sites were also estimated with RNA-seq data (Het A/G). c Scatter plot shows the frequency of
the G allele in 54 randomly selected polyAG sites, as estimated by using 31 macaque animals with whole genome sequencing, and 82 animals
with targeted DNA sequencing. d Two exemplary polyAG/hgG editing sites located on the A/G polymorphic sites in the macaque population
and also genomically encoded as G in human were verified with Sanger sequencing. Two editing sites (indicated by arrow) were identified in
cDNA samples from six tissues of the same macaque animal (100MGP-001). The focal editing sites are A/G polymorphic in a macaque population
of six animals, including 100MGP-001 (“Methods”), and are genomically encoded as G in a human population of six healthy
individuals (“Methods”)

An et al. Genome Biology

(2019) 20:24

selected polyAG sites were also experimentally verified
by PCR amplification and Sanger sequencing, and all of
these sites were confirmed to be A/G polymorphic
within the population (Fig. 2d; Additional file 2: Figure
S1D; “Methods”). These results confirmed the authenticity of A/G polymorphic sites, and the extent of accuracy for the allele frequencies estimated with the initial
macaque population.
An excess of robust A-to-I editing events originated
following G-to-A mutation

Consistent with the over-representation of A/G divergent
and polymorphic sites at RNA editing sites, more transcribed hgG (6.30%) or polyAG sites (4.19%) located on
Alu elements could be detected as editing sites in contrast
to the normal adenosine sites as the background (hgA
sites, 2.65%). These findings thus suggest that sites with
A/G mutation might be the hotspot for the recent gain or
loss of robust A-to-I editing events (Fig. 1b, c). Such a
phenomenon may either represent a recent gain of RNA
editing event following a G-to-A DNA point mutation, or
the loss of an ancient RNA editing event through a
human-specific or individual-specific A-to-G mutation.
To further distinguish the two possibilities, we then set
out to characterize the formation process of these events
by performing ancestral state inferences based on
multi-genome alignment with multiple primate species
(“Methods”). For most of these A-to-I RNA editing sites,
the ancestral states were inferred to be G or A, representing “editing gain” or “editing loss”, respectively (99.91% for
hgG sites and 99.87% for polyAG sites). Specifically,
77.30% hgG editing sites (hgG-ancG) and 29.55% of
polyAG editing sites (polyAG-ancG) in rhesus macaque
follow an “editing gain model”, in which the allele of the
human-macaque ancestor or the allele of the most recent
common ancestor of macaque polymorphic sites is G. In
contrast, 22.61% hgG editing sites (hgG-ancA) and 70.32%
of polyAG editing sites (polyAG-ancA) follow an “editing
loss model” in which the ancestor allele is A.
As hgG and polyAG editing sites showed opposite patterns for the allocation of the two models, we next
sought to address possible biases introduced in the definition of these sites. In contrast to hgG sites, the definition of polyAG editing sites per se could introduce
biased allocation of the two models. To this end, because
the homozygous adenines in the macaque animal was
the prerequisite for A-to-I editing identification, A is less
likely to be the derived allele, as it is relatively difficult
to identify derived, homozygous adenines in the macaque animal for A-to-I editing identification in such an
occasion. The ancestral allele of these sites is thus more
likely to be A, and more polyAG editing sites are thus
presumably attributed to an “editing loss model”. To
control for the biases, we thus introduced matched
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controls for the two types of sites (“Methods”). Notably,
compared with the controls in adjacent non-edited A
sites encoded in the human population as G nucleotides
(hgG Control), or in non-edited, polymorphic A/G sites
in macaque population (polyAG Control), significantly
more editing sites follow the “editing gain model” (Fisher’s exact test, P value < 2.2 × 10− 16, Fig. 3a, b) for both
hgG and polyAG editing sites, evidencing an excess of
origination of robust A-to-I editing events following
G-to-A mutation.
Taken together, the over-representation of mutations
at the RNA editing sites is largely contributed to by A/G
transitions, a proportion significantly higher than the
genome-wide background or regions of Alu repeats.
Notably, it seems the pattern of over-representations is
largely contributed to by the sites with ancestral G (Additional file 2: Figure S3). Moreover, as for the finding of
a higher proportion of transcribed, Alu-associated hgG
or polyAG sites detected as editing sites, when dividing
these hgG or polyAG sites into different categories according to their ancestral status and controlling for the
variation of position-dependent mutation rates in the
same trinucleotide context, we found that the
over-representations are found specifically at hgG or
polyAG sites with ancestral G, rather than with ancestral
A (Additional file 2: Table S5).

“Opposite C-ancestral G” pairing represents a favorable
location for the origination of robust A-to-I editing event

This observation prompted us to investigate the mechanism underlying this over-represented A-to-I editing
gain from G-to-A mutation sites. Presumably, an intuitive explanation is that A sites mutated from G are more
suitable substrates for RNA editing machinery than
those from C or T. Indeed, the editing levels for hgG
sites are significantly higher than those for hgC or hgT
sites, a finding supporting this hypothesis (Additional file 2: Figure S4). Examination of the dsRNA
structure nearby the newly originated RNA editing sites
further provided explanations to this phenomenon.
Briefly, consistent with previous reports [24], we found
that the A nucleotide with an opposite C nucleotide in
the mRNA secondary structure represented a more favorable target for ADARs recognition, as evidenced by
the significantly higher editing level (Wilcoxon test, P
value < 2.2 × 10− 16, Fig. 3c). Notably, since Alu elements
are highly analogous to each other and the Alu dsRNA
structure is formed with nearly perfect base-pairing, the
opposite positions of C nucleotides are more likely to be
G nucleotides in the dsRNA structure. In the ancestral
states, the positions opposite of C nucleotides are thus
amenable to the origination of A-to-I editing events with
detectable editing frequency. In this capacity, the G-to-A
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Fig. 3 G-to-A mutation as a favorable location for the origination of robust A-to-I editing events. a, b For species-specific (hgG) and A/G polymorphic
(polyAG) editing sites, the proportions of sites with ancestral states of G are shown, respectively. The proportions of the adjacent non-edited A sites
fixed in the human population as G alleles (hgG Control), or non-edited, polymorphic A/G sites in macaque population (polyAG Control) are also
shown as the background. c The distributions of the editing frequency in six macaque tissue types (prefrontal cortex, cerebellum, heart, kidney, muscle,
and testis) are shown in boxplots. Sites with different opposite, base-pairing nucleotide in the mRNA secondary structure are shown separately in
different bins. d For hgG and polyAG editing sites with ancestral states of G allele or A allele, as well as hgA editing sites as a control, the compositions
of the opposite nucleotides (A, T, C, or G) are shown in heatmaps, with the levels of percentage proportional to the color scale

mutation site thus becomes a favorable location for the
origination of robust A-to-I editing events.
As expected, when examining the dsRNA structure of
the macaque transcript nearby these newly originated
RNA editing sites, we found an “opposite C-ancestral G”
pairing for the majority of these hgG/polyAG sites
(Fig. 3d), and the hgG/polyAG sites with ancestral G
have more opposite C compared to hgA sites, or hgG/
polyAG sites with ancestral A (Fig. 3d). Moreover, when
examining the secondary structure of the human homologous transcripts, assuming that the secondary structures have remained unchanged in the human lineage
since it had a common ancestor with rhesus macaque,
we found that 79.3% of the G sites were indeed paired
with C in human transcripts. This finding thus supports
the hypothesis that the majority of these hgG/polyAG
sites were originated from ancestral sites of GC pairing.

Notably, two possible mechanisms may underpin the
over-representation of “opposite C-ancestral G” pairing
sites: First, it is possible that the diversity between Alus
was lower in the past than the present, raising the assumption that the ancestral dsRNA structure could be
tighter than the younger one. In such an occasion, a bigger pool for “opposite C-ancestral G” pairing sites relaxing the dsRNA structures during the primate evolution
(C-G pair to C-A pair) should be expected. Second, even
when the “opposite C-ancestral G” pairing sites are not
enriched during the primate evolution, a site with “opposite C-ancestral G” pairing may represent a favorable
location for the origination of robust A-to-I editing
event, leading to its detection in our analysis. To distinguish the two mechanisms, we introduced negative controls of hgG sites (regardless of the editing status) as a
background, such as the Alu-associated, hgG sites with
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ancestral G (all hgG-ancG adenosines), as well as
Alu-associated, hgG sites with ancestral A (all hgG-ancA
adenosines). The fraction of opposite C is higher for
hgG-ancG adenosines (56%) than hgG-ancA adenosines
(28%), suggesting that the ancestral dsRNA is generally
tighter than the current one. Notably, as a higher fraction of opposite C was found for hgG-ancG editing sites
(75%) in comparison to the control group of all
hgG-ancG adenosines (56%), it is plausible that the
over-representation of “opposite C-ancestral G” pairing
sites could be attributed to a bigger pool for these sites
relaxing the dsRNA structures during the primate evolution, as well as the scenario that a site with “opposite
C-ancestral G” pairing is a favorable location for the origination of robust A-to-I editing event.
The model proposed here lends support to the features of the over-representation detected. In addition,
the list of hgG and polyAG editing sites also represents
a valuable resource to investigate the features and functions of A-to-I RNA editing events at the population
and species levels.
A portion of the newly originated RNA editing events is
evolutionarily significant

As the over-representation of mutations at the RNA
editing sites are largely contributed by the sites following
an “editing gain model”, we thus focused on these newly
originated RNA editing events through G-to-A mutations in the following analyses. On the basis of the macaque polyAG editing sites with an ancestral state of G,
we performed site spectrum analysis to investigate the
distribution of derived allele frequency of these newly
originated RNA editing sites. Considering that the prerequisite of the homozygous A in the macaque animal
for A-to-I editing identification may introduce bias of
undersampling SNPs with low allele frequency of A, we
also introduced a list of non-edited, homozygous A sites
with ancestral state of G as a matched control
(“Methods”). Notably, the newly originated editing sites
have a significantly higher average derived allele frequency than the control (Wilcoxon test, P value = 9.33 ×
10− 10, Fig. 4a). Fay and Wu’s H test [25] further showed
a significantly lower Fay and Wu’s H for these newly
originated editing sites (P value < 1 × 10− 4, “Methods”),
indicating an excess of high-frequency derived alleles for
these sites (Fig. 4a). When further dividing these newly
originated editing sites into genic sites (a combination of
exonic sites and intronic sites, considering the small
number of exonic sites) and intergenic sites, we found
that both groups of editing sites showed a significantly
higher average derived allele frequency, and a significantly lower Fay and Wu’s H statistic for editing sites
than the control sites (Additional file 2: Figure S5), although the selection signals (an excess of high-frequency
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derived alleles and lower H statistic) are relatively stronger in genic regions than intergenic regions (Additional file 2: Figure S5; “Discussion”). These findings
thus indicated the general evolutionarily significance for
at least a portion of these newly originated editing sites.
As a control, we also perform a similar site spectrum
analysis for polyAG sites with ancestral A, and a list of
non-edited, homozygous A sites with ancestral state of
A was used as a matched control. These editing sites
have a slightly lower average derived allele (G) frequency
than the control sites (Wilcoxon test, P value = 0.01,
Fig. 4b), indicating no adaptive signals to maintain these
A-to-G mutations which remove the previously existing
editing sites.
As a portion of these newly originated RNA editing
events are evolutionarily significant, they should have
implications in some general biological processes. However, considering the majority of this editome are not
connected to well-recognized functional entities, the
genome-wide selection signals revealed by population
genetics analyses are not readily explicable. The unique
subset of primate editome we identified in this study
would illuminate the general functions of RNA editing
by connecting it to particular gene regulatory processes,
based on the characterized outcome of a gene regulatory
level in different individuals or primate species with or
without these editing events (“Discussion”).

Discussion
While several case studies have reported that A-to-I
editing sites could be genomically encoded as
non-editable nucleotides in other species [15, 16], our
study is the first genome-wide effort to investigate its
generality and underlying mechanism, in human and
macaque, especially within the macaque population. The
phenomenon was not detected within population in previous studies as the computational pipelines used to
identify editing sites were designed to generally remove
candidate sites located specifically on previously annotated A/G polymorphic sites [4, 18, 20, 22]. Our findings
thus provided a comprehensive atlas (within-population
and cross-species) to investigate the recent birth and
death of A-to-I editing events through DNA point mutations. In contrast to a recent study by Popitsch et al.
[26], we found that the newly originated editing sites following G-to-A mutation contributed predominantly to
the over-representation of A/G mutations at editing
sites, likely due to the findings that G-to-A mutation site
is a favorable location for the origination of robust
A-to-I editing event.
The identification and investigation of these newly
originated A-to-I editing events also provided a basis for
clarifying the evolutionary relevance of RNA editing
regulation in primates. Through the population genetics
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Fig. 4 The newly originated RNA editing events are selectively constrained in general. a For the newly originated polyAG editing sites with
ancestral state of G, a site frequency spectrum for the derived A allele is shown (Editing Gain). As a background, a list of non-editing,
homozygous A sites with ancestral state of G (Control) was used to generate a site frequency spectrum for derived A allele (“Methods”). b For the
newly originated polyAG editing sites with ancestral state of A, a site frequency spectrum for the derived G allele is shown (Editing Loss). As a
background, a list of non-editing, homozygous G sites with ancestral state of A (Control) was used to generate a site frequency spectrum for
derived A allele (“Methods”)

analyses of the focal editing sites, we found that at least
a fraction of these young editing events are evolutionarily significant. Besides this approach, the detection of
signals for the valley of decreased polymorphism level
flanking the editing sites would presumably be additional
evidence for the evolutionary significance of the RNA
editing events [5, 27]. Accordingly, when comparing the
polymorphism levels nearby these newly originated editing sites, on the basis of population genetics data of 31
macaque animals (“Methods”), we could also found a
valley of decreased polymorphism level flanking the
newly originated macaque hgG editing sites, as

compared with the more distal regions as background
(Additional file 2: Figure S6). Notably, confounding factors, such as the frequencies of CG dinucleotides, the sequential order between the accumulation of mutations
and the introduction of editing, as well as the potential
bias introduced in RNA editing identification, may perplex the explanations of the signals. We thus controlled
for the CG dinucleotide composition or the nucleotide
composition of these regions, the valley of decreased
polymorphism level flanking the editing sites could still
be detected (Additional file 2: Figure S6, Wilcoxon test,
P value < 2.2 × 10− 16). Especially, to clarify the sequential
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order between the introduction of editing and the accumulation of mutations, we selected a subset of sites detected as editing in both rhesus macaque and out-group
species (green monkey, golden snub-nosed monkey, or
black snub-nosed monkey, Additional file 1: Table S1).
For these sites, it is plausible according to the parsimony
role that the emergence of editing occurred before the
divergence between rhesus macaque and crab-eating
macaque (Additional file 2: Figure S7A), and the potential bias introduced during RNA editing identification
process was also controlled on the branch of crab-eating
macaque. We then quantified the mutations accumulated specifically on the branch of crab-eating macaque
after the divergence of the two species. Using this list of
editing sites with a well-defined sequential relationship
between the two events, we still found a valley of a decreased segregation level flanking the ancestral editing
sites, as compared with the more distal regions (Additional file 2: Figure S7B, Wilcoxon test, P value < 2.2 ×
10− 16). Overall, although we tried to control for these
potential confounding factors, it is plausible that some
other confounding factors may still perplex the explanations of the signals; it is thus cautious to use the signals
in nearby regions as evidence to support the evolutionary significance of these sites, in contrast to the direct
evidence of the focal editing sites.
The newly originated A-to-I editing events are evolutionarily significant in general, indicating that at least a
fraction of these sites should already acquire functions
during the primate evolution. In order for these RNA
editing events to have a significant impact, the editing
must occur at sites that could be linked to cellular functions. However, the majority of this editome discussed in
this study are located on intronic (60.91%) or intergenic
(38.56%) regions, and only a small portion of the identified sites is linked to regions with well-recognized biological functions, such as protein coding (2035 sites or
0.08%). As the majority of this editome are not connected to well-recognized functional entities, the
genome-wide selection signals revealed by population
genetics analyses are not readily explicable. Therefore,
finding new general functions for the pervasive RNA
editing sites located in non-coding regions remains a
critical issue in the field [1, 11, 12].
Recently, several studies have implicated a portion of
RNA editing sites in non-coding regions in other regulatory processes, such as alternative splicing and microRNA regulation [10, 11, 13, 14, 28]. According to a
recent study by Liddicoat et al., A-to-I editing of endogenous dsRNA could prevent the activation of the
cytosolic dsRNA response by endogenous transcripts,
highlighting the functional significance of A-to-I editing
events in preventing the MDA5 sensing of endogenous
dsRNA. Another study with ADAR1-knockdown
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experiments further linked intronic A-to-I editing to
regulations of circRNA biogenesis. We also found that
the RNA editing regulation in intergenic regions could
crosstalk with piRNA biogenesis and contribute substantially to the diversification of the piRNA repertoire in
primates [10, 14, 29]. Besides these studies, several case
studies also indicated that inosine-containing RNAs with
dsRNA structures could be specifically recognized by
paraspeckle and be prevented from exporting to cytoplasm through a NEAT1-based mechanism [30–33].
These findings linking RNA editing regulation to functional entities provide new perspectives on the selection
signals maintaining these editing sites. Of note, as a
complement to these studies, comparative genomics
analyses of the special list of editing sites reported in this
study could provide functional connection of RNA editing to these gene regulatory processes: as the editing
sites detected in one species/individual were genomically
encoded as non-editable nucleotides in the other species/individuals, a cross-species or cross-population
comparisons of the outcome of a gene regulatory level
may provide clues to the functional implications of these
editing sites. Clearly, this is a practical and interesting
approach to investigate the general functions of RNA
editing in future studies.

Methods
Library preparation and deep sequencing

Total RNAs were extracted from frozen tissues following
Trizol RNA isolation procedure. The quality of the input
RNA was controlled using Agilent 2100. Total RNA
samples were then applied to strand-specific,
rRNA-depleted RNA-seq, or strand-specific, poly(A)-positive RNA-seq following the pipeline as previously described [10]. Removal of rRNA was performed following
the Epicentre Ribo-zero rRNA Removal Kit according to
the manufacturer’s protocols. The genomic DNA of macaque brain tissue was extracted using Ultra PureTM
Phenol: Chloform: Lsoamyl Alcohol (Invitrogen, 25:24:1,
V/V). Deep sequencing was then performed on Illumina
Hiseq X Ten sequencing systems with 151-bp
paired-end reads mode.
Identification and validation of the recent birth and death
events of A-to-I RNA editing

The recent birth and death events of RNA editing were
identified by first defining A-to-I RNA editing sites detected in some macaque animals while genomically
encoded as G in other animals (polyAG, polymorphic
editing sites) or in other species (species-specific editing
sites). Using a stringent computational pipeline previously reported by us [5, 10], we first identified a list of
A-to-I RNA editing sites in six macaque tissues (prefrontal cortex, cerebellum, heart, kidney, muscle, and
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testis), on the basis of both strand-specific
rRNA-depleted RNA-seq and strand-specific poly(A)-positive RNA-seq (Additional file 1: Table S1). Briefly, to
address the issue of gapped alignment and control for
false positives derived from pseudogene-related misalignments, the RNA-Seq reads were mapped to both
the macaque genome (rheMac2) and the transcriptome
(Ensembl v85) by BWA (0.7.16a-r1181). A more stringent definition of “uniquely mapped reads” was then
used, in that one read was considered to be uniquely
mapped only if it had no second-best hit or the
second-best hit comprises at least two additional sequence alignment mismatches when considering both
the genome and the transcriptome mapping models.
Candidate sites with a homozygous genotype were then
subjected to additional filtering protocol to remove candidates with low reads coverage, poor base-calling quality, and strand-biased cDNA read distributions. In this
pipeline, BWA was selected because it could provide detailed meta-data for short reads mapping (i.e., more
comprehensive mapping information of the second-best
hits).
To identify the recent birth and death events of RNA
editing within the macaque population, the polymorphism map of 31 macaque animals from the RhesusBase
PopGateway [23] was used to infer the polymorphism
status for each editing site. We further identified the recent birth and death events of RNA editing between human and rhesus macaque. Briefly, the orthologous loci
between rhesus macaque (rheMac2) and human (hg19)
were identified using LiftOver with default parameters.
Genotyping data from the 1000 Genomes Project (Phase
3) [34] were further used to clarify whether the
macaque-specific A-to-I editing events are genomically
fixed as G in the human population. As for the background sequence nearby the focal editing sites, only sites
with homozygous adenines in the macaque animal were
used, which is a requirement similarly applied to the
identification of RNA editing sites. To experimentally
verify some of these events, candidate sites with editing
level ≥ 10% were selected randomly, as a threshold for
the detection sensitivity of Sanger sequencing. DNA isolated from whole blood samples of six rhesus macaque
animals (TIANGEN, DP304–03), as well as from saliva
of six healthy human individuals (CWBIO, CW2611),
were then used in PCR amplification and Sanger
sequencing.
Targeted DNA sequencing

For 54 randomly selected polyAG sites (Additional file 4:
Table S4), we performed targeted capturing by using
probes designed by SureSelect System (Agilent Technologies, Inc., Santa Clara, USA) in a population of 82
unrelated male macaque animals [35]. Briefly, DNA
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oligo probes were designed by Target Enrichment System to capture the targeted regions. As most of the editing sites were located on highly repetitive Alu elements,
probes covering the editing sites might not reach the desired specificity. We thus designed the probes corresponding to the nearby non-repetitive regions at a
distance of about 100 bp to the focal editing sites. Three
micrograms genomic DNA was then isolated from whole
blood sample of each macaque animal, using the
QIAamp DNA Blood Mini Kit (Qiagen, Venlo,
Netherlands). The genomic DNA was then sheared to
fragments with a peak at 150–200 bp for the library construction following Agilent SureSelect XT Target Enrichment System’s instructions. Deep sequencing was
performed on Illumina Miseq sequencing system, with
151 bp paired-end reads mode. After reads mapping to
macaque genome (rheMac2), single nucleotide polymorphisms were then identified according to the standard
GATK pipeline with HaplotypeCaller.
Ancestral allele definition and population genetics
analyses

The ancestral state of macaque editing site was inferred
following the Enredo-Pecan-Ortheus (EPO) pipeline
[36]. The proportions of sequence differences between
human and macaque, as well as the proportions of polymorphic sites within a macaque population of 31 animals [23] were calculated with in-house scripts, for
species-specific editing sites and polymorphic editing
sites, respectively. As a genomic background, the adjacent homozygous non-edited A sites for each editable A
(within 25 bp upstream or downstream the focal editing
sites) were combined to calculate these proportions.
For the newly originated polymorphic editing sites in
rhesus macaque with ancestral state of G, the derived allele was defined by the EPO pipeline from eight primate
species (human, gorilla, chimpanzee, orangutan, macaque,
African green monkey, baboon, and marmoset), in which
the ancestral state for macaque and baboon was used to
polarize the polymorphism site. In this pipeline, the potential mutation bias of CpG regions was considered in
steps to simulate local sequence-dependent fluctuations in
substitution and indel rates [36]. A site frequency
spectrum for the derived A allele was then estimated with
10,000 times of bootstrap to deduce the confidence intervals. As the prerequisite of the homozygous A in the macaque animal for A-to-I editing identification may
introduce bias of undersampling SNPs with low allele frequency of A, we introduced a list of non-edited, homozygous A sites with ancestral state of G as a matched
control. The Wilcoxon tests were performed to compare
the average derived allele frequency between the two datasets. Fay and Wu’s H test [25] was also performed to investigate whether an excess of high-frequency derived
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alleles exists for newly originated editing sites. The significance of this test was further determined by comparing
the H score of newly originated editing sites against the
distribution generated by 10,000 times of bootstrap of the
control sites. Similarly, a site frequency spectrum for the
derived G allele for polyAG-ancestral A sites was then estimated and compared with matched control of
non-edited, polyAG sites with ancestral state of A. The
Wilcoxon tests were performed to compare the average
derived allele frequency between the two datasets.
On the basis of the polymorphism data from the population of 31 macaque animals, we also estimated the
polymorphism levels (π) for the nearby regions and remote regions of A-to-I RNA editing sites. The distribution of nucleotide diversity nearby these editing sites
was also calculated as a genomic background with
10,000 times of bootstrap to deduce the confidence
intervals.
RNA secondary structure prediction

For RNA editing sites within Alu elements, the nearest
inverted Alu pairs were located. The genomic distance
between two inverted Alus should be less than 5000 nt
and on the same transcript. The RNA secondary structure was then predicted by MFOLD (v3.6) [37].
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PRJNA248058 [41]. Detailed information is listed in Additional file 1: Table S1.
Authors’ contributions
CYL conceived the idea. CYL and JYC designed the study. NNA, WD, XZY,
and JYC performed most of the experiments. JP, BZH, QSS, FL, AH, and YEZ
performed part of the experiments. NNA, WD, XZY, and JYC analyzed data
and performed statistical analyses. CYL, JYC, NNA, and BCMT wrote the
paper. All authors read and approved the manuscript.
Ethics approval and consent to participate
The macaque animals used to profile the RNA editome were from Chinese
population of rhesus macaque. The samples used in this study were
obtained from the AAALAC-accredited (Association for Assessment and Accreditation of Laboratory Animal Care) animal facility at the Institute of Molecular Medicine, Peking University. The samples were obtained in
accordance with protocols approved by the Animal Care and Use Committee
of Peking University (IMM-HeAiB-1). The information regarding the macaque
population data in this study has been described in our previous publication
[23]. Briefly, 24 macaque animals from four separated facilities housed in different areas were selected and sequenced. Public whole genome sequencing data from an additional seven macaque animals were further integrated
to set up a macaque polymorphism map. We traced the information for the
last 20 years for these macaque animals and ensured that these macaque animals are unrelated to each other for the past three generations [23].
Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Laboratory of Bioinformatics and Genomic Medicine, Beijing Key Laboratory
of Cardiometabolic Molecular Medicine, Institute of Molecular Medicine,
Peking University, Beijing 100871, China. 2Department of Central Research
Laboratory, Peking Union Medical College Hospital, Peking Union Medical
College and Chinese Academy of Medical Sciences, Beijing, China. 3Biology
Department, University of Iowa, Iowa City, IA, USA. 4State Key Laboratory of
Integrated Management of Pest Insects and Rodents & Key Laboratory of the
Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy
of Sciences, Beijing, China. 5Department of Biomedical Sciences and
Graduate Institute of Biomedical Sciences College of Medicine, Chang Gung
University, Tao-Yuan, Taiwan. 6Molecular Medicine Research Center, Chang
Gung University, Tao-Yuan, Taiwan. 7Department of Cellular and Molecular
Medicine, University of California, San Diego, La Jolla, CA 92093-0651, USA.
Received: 11 July 2018 Accepted: 22 January 2019

Additional file 4: Table S4. 54 randomly selected polyAG sites of
targeted DNA sequencing. (XLSX 13 kb)

Acknowledgements
We thank Dr. Heping Cheng at Peking University and Dr. Yong E. Zhang at
Institute of Zoology, Chinese Academy of Science for insightful suggestions.
We acknowledge Qi Peng for critical reading of the manuscript.
Funding
This work was supported by grants from the National Natural Science
Foundation of China [31871272, 31522032, 31471240 and 31821091], and the
National Young Top-Notch Talent Support Program of China. The funders
played no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

References
1. Nishikura K. Functions and regulation of RNA editing by ADAR deaminases.
Annu Rev Biochem. 2010;79:321–49.
2. Bass BL. RNA editing by adenosine deaminases that act on RNA. Annu Rev
Biochem. 2002;71:817–46.
3. Park E, Williams B, Wold BJ, Mortazavi A. RNA editing in the human ENCODE
RNA-seq data. Genome Res. 2012;22:1626–33.
4. Bazak L, Haviv A, Barak M, Jacob-Hirsch J, Deng P, Zhang R, Isaacs FJ,
Rechavi G, Li JB, Eisenberg E, Levanon EY. A-to-I RNA editing occurs at over
a hundred million genomic sites, located in a majority of human genes.
Genome Res. 2014;24:365–76.
5. Chen JY, Peng Z, Zhang R, Yang XZ, Tan BC, Fang H, Liu CJ, Shi M, Ye ZQ,
Zhang YE, et al. RNA editome in rhesus macaque shaped by purifying
selection. PLoS Genet. 2014;10:e1004274.

An et al. Genome Biology

6.
7.

8.
9.

10.

11.
12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

(2019) 20:24

Daniel C, Silberberg G, Behm M, Ohman M. Alu elements shape the primate
transcriptome by cis-regulation of RNA editing. Genome Biol. 2014;15:R28.
Paz-Yaacov N, Levanon EY, Nevo E, Kinar Y, Harmelin A, Jacob-Hirsch J,
Amariglio N, Eisenberg E, Rechavi G. Adenosine-to-inosine RNA editing
shapes transcriptome diversity in primates. Proc Natl Acad Sci U S A. 2010;
107:12174–9.
Brummer A, Yang Y, Chan TW, Xiao X. Structure-mediated modulation of
mRNA abundance by A-to-I editing. Nat Commun. 2017;8:1255.
Wang Y, Xu X, Yu S, Jeong KJ, Zhou Z, Han L, Tsang YH, Li J, Chen H,
Mangala LS, et al. Systematic characterization of A-to-I RNA editing hotspots
in microRNAs across human cancers. Genome Res. 2017;27:1112–25.
Yang XZ, Chen JY, Liu CJ, Peng J, Wee YR, Han X, Wang C, Zhong X, Shen
QS, Liu H, et al. Selectively constrained RNA editing regulation crosstalks
with piRNA biogenesis in Primates. Mol Biol Evol. 2015;32:3143–57.
Nishikura K. A-to-I editing of coding and non-coding RNAs by ADARs. Nat
Rev Mol Cell Biol. 2016;17:83–96.
Li JB, Church GM. Deciphering the functions and regulation of brainenriched A-to-I RNA editing. Nat Neurosci. 2013;16:1518–22.
Solomon O, Oren S, Safran M, Deshet-Unger N, Akiva P, Jacob-Hirsch J, Cesarkas
K, Kabesa R, Amariglio N, Unger R, et al. Global regulation of alternative splicing
by adenosine deaminase acting on RNA (ADAR). RNA. 2013;19:591–604.
Liddicoat BJ, Piskol R, Chalk AM, Ramaswami G, Higuchi M, Hartner JC, Li JB,
Seeburg PH, Walkley CR. RNA editing by ADAR1 prevents MDA5 sensing of
endogenous dsRNA as nonself. Science. 2015;349:1115–20.
Tian N, Wu X, Zhang Y, Jin Y. A-to-I editing sites are a genomically encoded
G: implications for the evolutionary significance and identification of novel
editing sites. RNA. 2008;14:211–6.
Yang Y, Lv J, Gui B, Yin H, Wu X, Zhang Y, Jin Y. A-to-I RNA editing alters
less-conserved residues of highly conserved coding regions: implications for
dual functions in evolution. RNA. 2008;14:1516–25.
Zhang SJ, Liu CJ, Yu P, Zhong X, Chen JY, Yang X, Peng J, Yan S, Wang C,
Zhu X, et al. Evolutionary interrogation of human biology in well-annotated
genomic framework of rhesus macaque. Mol Biol Evol. 2014;31:1309–24.
Ramaswami G, Lin W, Piskol R, Tan MH, Davis C, Li JB. Accurate identification
of human Alu and non-Alu RNA editing sites. Nat Methods. 2012;9:579–81.
Sakurai M, Ueda H, Yano T, Okada S, Terajima H, Mitsuyama T, Toyoda A,
Fujiyama A, Kawabata H, Suzuki T. A biochemical landscape of A-to-I RNA
editing in the human brain transcriptome. Genome Res. 2014;24:522–34.
St Laurent G, Tackett MR, Nechkin S, Shtokalo D, Antonets D, Savva YA,
Maloney R, Kapranov P, Lawrence CE, Reenan RA. Genome-wide analysis of
A-to-I RNA editing by single-molecule sequencing in drosophila. Nat Struct
Mol Biol. 2013;20:1333–9.
Tyner C, Barber GP, Casper J, Clawson H, Diekhans M, Eisenhart C, Fischer
CM, Gibson D, Gonzalez JN, Guruvadoo L, et al. The UCSC genome browser
database: 2017 update. Nucleic Acids Res. 2017;45:D626–34.
Peng Z, Cheng Y, Tan BC, Kang L, Tian Z, Zhu Y, Zhang W, Liang Y, Hu X,
Tan X, et al. Comprehensive analysis of RNA-Seq data reveals extensive RNA
editing in a human transcriptome. Nat Biotechnol. 2012;30:253–60.
Zhong X, Peng J, Shen QS, Chen JY, Gao H, Luan X, Yan S, Huang X, Zhang
SJ, Xu L, et al. RhesusBase PopGateway: Genome-Wide Population Genetics
Atlas in Rhesus Macaque. Mol Biol Evol. 2016;33:1370–5.
Kleinberger Y, Eisenberg E. Large-scale analysis of structural, sequence and
thermodynamic characteristics of A-to-I RNA editing sites in human Alu
repeats. BMC Genomics. 2010;11:453.
Fay JC, Wu CI. Hitchhiking under positive Darwinian selection. Genetics.
2000;155:1405–13.
Popitsch N, Huber CD, Buchumenski I, Eisenberg E, Jantsch M, von Haeseler
A, Gallach M. A-to-I RNA editing uncovers hidden signals of adaptive
genome evolution in animals. bioRxiv. 2017.
Liscovitch-Brauer N, Alon S, Porath HT, Elstein B, Unger R, Ziv T, Admon A,
Levanon EY, Rosenthal JJC, Eisenberg E. Trade-off between transcriptome
plasticity and genome evolution in cephalopods. Cell. 2017;169:191–202 e111.
Ekdahl Y, Farahani HS, Behm M, Lagergren J, Ohman M. A-to-I editing of
microRNAs in the mammalian brain increases during development.
Genome Res. 2012;22:1477–87.
Ivanov A, Memczak S, Wyler E, Torti F, Porath HT, Orejuela MR, Piechotta M,
Levanon EY, Landthaler M, Dieterich C, Rajewsky N. Analysis of intron sequences
reveals hallmarks of circular RNA biogenesis in animals. Cell Rep. 2015;10:170–7.
Chen LL, Carmichael GG. Altered nuclear retention of mRNAs containing
inverted repeats in human embryonic stem cells: functional role of a
nuclear noncoding RNA. Mol Cell. 2009;35:467–78.

Page 12 of 12

31. Chen LL, DeCerbo JN, Carmichael GG. Alu element-mediated gene
silencing. EMBO J. 2008;27:1694–705.
32. Prasanth KV, Prasanth SG, Xuan Z, Hearn S, Freier SM, Bennett CF, Zhang
MQ, Spector DL. Regulating gene expression through RNA nuclear
retention. Cell. 2005;123:249–63.
33. Zhang Z, Carmichael GG. The fate of dsRNA in the nucleus: a p54(nrb)containing complex mediates the nuclear retention of promiscuously A-to-I
edited RNAs. Cell. 2001;106:465–75.
34. Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM,
Korbel JO, Marchini JL, McCarthy S, McVean GA, Abecasis GR. A global
reference for human genetic variation. Nature. 2015;526:68–74.
35. Chen JY, Shen QS, Zhou WZ, Peng J, He BZ, Li Y, Liu CJ, Luan X, Ding W, Li
S, et al. Emergence, retention and selection: a trilogy of origination for
functional de novo proteins from ancestral LncRNAs in primates. PLoS
Genet. 2015;11:e1005391.
36. Paten B, Herrero J, Fitzgerald S, Beal K, Flicek P, Holmes I, Birney E. Genomewide nucleotide-level mammalian ancestor reconstruction. Genome Res.
2008;18:1829–43.
37. Zuker M. Mfold web server for nucleic acid folding and hybridization
prediction. Nucleic Acids Res. 2003;31:3406–15.
38. An NA, Ding W, Yang X-Z, Peng J, He BZ, Shen QS, Lu F, He A, Zhang YE,
Tan BC-M, et al: Evolutionarily significant A-to-I RNA editing events
originated through G-to-A mutations in primates. Sequence Read Archive
2019, PRJNA397934: https://www.ncbi.nlm.nih.gov/bioproject/397934.
Accessed 30 Jan 2019.
39. Berthelot C, Villar D, Horvath JE, Odom DT, Flicek P. Complexity and
conservation of regulatory landscapes underlie evolutionary resilience of
mammalian gene expression. Nat Ecol Evol. 2018;2:152–63.
40. Zhou X, Wang B, Pan Q, Zhang J, Kumar S, Sun X, Liu Z, Pan H, Lin Y, Liu G,
et al. Whole-genome sequencing of the snub-nosed monkey provides
insights into folivory and evolutionary history. Nat Genet. 2014;46:1303–10.
41. Yu L, Wang GD, Ruan J, Chen YB, Yang CP, Cao X, Wu H, Liu YH, Du ZL,
Wang XP, et al. Genomic analysis of snub-nosed monkeys (Rhinopithecus)
identifies genes and processes related to high-altitude adaptation. Nat
Genet. 2016;48:947–52.

