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Abstract

Background: During evolutionary history, molecular mechanisms have emerged to cope with deleterious mutations.
Frameshift insertions in protein-coding sequences are extremely rare because they disrupt the reading frame. There are a
few known examples of their correction through translational frameshifting, a process that enables ribosomes to skip
nucleotides during translation to regain proper reading frame. Corrective frameshifting has been proposed to act on the
single base pair insertion at position 174 of the mitochondrial NADH dehydrogenase subunit 3 gene (ND3) that has been
observed in several turtles and birds. However, the relatively sparse taxonomic representation has hampered our
understanding of the evolution of this insertion in vertebrates. Results: Here, we analyzed 87,707 ND3 sequences from
10,309 vertebrate taxa to reveal the evolutionary history of this insertion and its common genomic characteristics. We
confirmed that the insertion only appears in turtles and birds and reconstructed that it evolved independently in both
groups with complex patterns of gains and losses. The insertion was observed in almost all bird orders but was absent in all
members of the diverse Passeriformes. We found strong conservation in the nucleotides surrounding the insertion in both
turtles and birds, which implies that the insertion enforces structural constraints that could be involved in its correction.
Conclusions: Our study demonstrates that frameshifts can be widespread and can be retained for millions of years if they
are embedded in a conserved sequence theme.

Keywords: programmed frameshift; sequence analysis; ancestral state reconstruction; mitochondrion; ND3

Background

Comparative analysis of molecular sequences across the diver-
sity of life lets us discover which molecular mechanisms have
been conserved and which have been modified throughout evo-
lution. Insertions or deletions in protein-coding genes are usu-

ally selected against because they result in frameshifts that
disrupt the amino acid coding frame and result in dysfunc-
tional proteins [1]. Albeit rare, examples of corrective frameshift-
ing exist, in which ribosomes regain the proper reading frame
[2]. Programmed translational frameshifts have been character-
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2 Multiple origins of a frameshift insertion in a mitochondrial gene in birds and turtles

ized in viruses, retrotransposons, bacteria, yeast, and in mam-
malian antizymes (reviewed in [3, 4]). Additionally, corrective
frameshifting was proposed to be acting in the mitochondria
of a range of animals (ants [5], glass sponges [6], oysters [7],
birds [8, 9], and turtles [9, 10]), where +1 frameshift insertions
have been reported in up to 6 different mitochondrially encoded
genes [11] with no clear functional consequences. Alternatively,
other mechanisms than corrective frameshifting could explain
the absence of functional consequences of the frameshift inser-
tion, such as non-canonical translation of tetra or penta codons,
which might be an ancient translation mechanism [12], or RNA
editing [13].

Three common sequence features that surround frameshift
insertions were identified in the better-known examples of
translational frameshifts (Ty1 and Ty3 genes in yeast, antizyme
gene in mammals, prfB in Escherichia coli): a transfer RNA (tRNA)
that enables the ribosome to “slip” on the ribosome P-site, a
rarely used codon in the A-site promoting the stall, and a com-
monly used codon in the +1 frame [14]. In mitochondrial genes
with frameshifts, the mechanism leading to a programmed cor-
rective frameshift is not as well characterized but the DNA
sequence surrounding the mitochondrial frameshift insertions
has the same features, indicating that the mechanism that fa-
cilitates the correction could be the same [11]. Three models
have been proposed that may enable translational frameshift-
ing [13]. The “pause-and-slip” model proposes that a pause is
induced at the A-site of the ribosome and that the P-site tRNA
can pair with the +1 codon, allowing it to slip out of frame [15].
A second model proposes that abnormal tRNA structures en-
able the frameshift [16]. The “out-of-frame” model proposes that
the recruited tRNA skips the additional nucleotide in the A-site
[11]. This out-of-frame correction of the frameshift is thought
to act in glass sponges because of the conserved genomic fea-
tures in several mitochondrial genes containing frameshifts
[13].

The out-of-frame model may also apply to the frameshift in-
sertion found in the mitochondrial genomes of certain turtles
and birds, where a +1 frameshift insertion occurs at position
174 of the NADH dehydrogenase 3 gene (hereafter ND3–174+1)
[9]. The nucleotide sequence around the ND3–174+1 insertion
is conserved in a way that would facilitate out-of-frame pairing
[13]. The insertion is usually found in a codon CUN, with N be-
ing the insertion, which produces a wobble pairing with tRNA-
leucine when entering the P-site of the ribosome [11]. The codon
downstream of the insertion is usually AGU, a rarely used codon
for serine, which enters the A-site [11]. The CUN in the P-site
and the AGU in the A-site are thought to initiate the frameshift
correction by causing a stall in decoding [11]. The AGU codon
further forms the beginning of a 15-bp long stem-loop RNA sec-
ondary structure [9], which may enhance the stall [11]. After
the stall has been initiated, there are 2 possibilities. One is to
maintain the shifted reading frame, which would lead to an
early termination of the protein (in birds ending after 207 bp
instead of the usual 354 bp [9]), or to produce a +1 frameshift,
leaving out A-175 and thus recovering the regular reading
frame.

ND3–174+1 was the first mitochondrial +1 frameshift de-
scribed in vertebrates, initially discovered in ostrich (Struthio
camelus) [8]. An extended investigation found that the ND3–
174+1 insertion was also present in a species of turtle and in
many other bird species (46 of 61 examined bird species) [9].
Within turtle mitogenomes, the insertion was widespread (27 of
31 examined turtle species), likely present in the ancestor and

lost 2–3 times within turtles, while being absent in crocodiles (2
species examined) and snakes (1 species examined) [11]. From
this pattern of absence and presence, it was suggested that the
insertion could have been present in a common ancestor of tur-
tles and birds (i.e., Archelosauria: birds+crocodiles, and turtles
[17]) and subsequently lost in crocodiles, and lost again in spe-
cific lineages of turtles and birds [11]. The insertion was not ob-
served in any other vertebrate lineage [9]. The relatively small
number of species investigated in each vertebrate group lim-
ited the resolution of the evolutionary history of the insertion.
Denser sampling promises to provide additional insight into the
distribution of the frameshift insertion in different lineages and
to determine not only the common features of the sequence
theme that allow the insertion to remain in the genome, but also
to find potential deviations from a conserved sequence theme.

Here, we build on the abundance of mitochondrial sequence
data publicly available for vertebrates to study the evolution
of the frameshift insertion in the mitochondrial protein-coding
gene ND3. We compiled ND3 sequences representing 10,309 ver-
tebrate taxa and reconstructed ancestral states and transfor-
mations of ND3–174+1 in different groups of Diapsida. We fur-
ther investigated sequence conservation and codon usage pat-
terns around the insertion site to identify potential common
sequence motifs associated with the absence or presence of
the frameshift insertion. This large dataset provides improved
resolution to understand the evolution of this frameshift in-
sertion and highlights that common sequence patterns appear
to be required for maintaining the programmed translational
frameshift.

Data Description

In this work, we have compiled a total of 87,708 ND3 sequences
from 10,397 unique vertebrate taxa (data available in GigaDB
[18]). Even though our focus was to represent ND3 sequences
for vertebrate species, the taxonomy used on NCBI is not always
representing formally named species. The “Organism” field in
NCBI mostly contains traditional Linnaean names for species
or subspecies, but in some cases the field contains unnamed
taxa such as undescribed species, cryptic species, or uncertain
species identification (designated with sp., cf., or a placeholder
name). Although some of the unique sequence identifiers may
not present distinct species, we include these taxa here in ad-
dition to the formally named species to represent a diversity of
patterns in ND3. This decision also allowed us to match each
unique sequence identifier to a terminal in the Open Tree of Life
phylogenetic tree (see Methods), which also integrates NCBI’s
taxonomy.

Sequences were extracted from fragments of ND3 sequences
and partial or full mitochondrial genomes downloaded from
NCBI’s GenBank and RefSeq databases. We reduced the dataset
to 1 representative sequence for each unique entry in the “Or-
ganism” field for the following analyses. If multiple sequences
for the same taxon existed, we confirmed that all sequences
agreed in the presence or absence of the insertion at position
174. Among intraspecific records, we gave sequences from Ref-
Seq preference over GenBank sequences. Among multiple Gen-
Bank records for the same taxon, a random sequence was cho-
sen. This resulted in a dataset of 10,397 vertebrate taxa, which
was further filtered to exclude ambiguously aligned sequences
to a total of 10,309 taxa for further analysis (dataset available at
[18]).
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Andreu-Sánchez et al. 3

Analysis
Patterns of presence and absence of ND3–174+1in
vertebrates

Of the 10,309 sequences for ND3, a normal reading frame of
ND3 without an insertion at position 174 was found in all in-
cluded sequences of jawless fishes (Cyclostomata, N = 30 taxa
included), cartilaginous fishes (Chondrichthyes, N = 208), lung-
fishes (Dipnoi, N = 5), bony fishes (Actinopterygii, N = 3,511),
coelacanths (Actinistia, N = 2), amphibians (Amphibia, N = 627),
mammals (Mammalia, N = 1,683), snakes, lizards, worm lizards
and tuatara (Lepidosauria, N = 305) and crocodiles (Crocodylia,
N = 22). A single-nucleotide insertion in position 174 was ob-
served in some lineages of turtles (Testudines, N = 141; 98 with
insertion) and some lineages of birds (Aves, N = 3,775; 827 with
insertion).

Because the insertion was only found in birds and turtles, we
focused further analyses on Diapsida (gene alignment in Supple-
mentary Table S1 and ND3–174 status in Supplementary Table
S2). We obtained a consensus phylogenetic tree from the Open
Tree of Life [19] for 3,464 taxa (Supplementary File S1), including
Archelosauria (birds [N = 3,063], crocodiles [N = 22], turtles [N =
126]) and their sister group Lepidosauria (N = 253) (Fig. 1A). The
insertion was absent in 2,654 diapsid taxa, while ND3–174+1 was
present in 811 bird and turtle taxa. The inserted nucleotide was
cytosine (C) in 749 taxa, thymine (T) in 53, guanine (G) in 7, and
adenine (A) in 2 taxa.

We used ancestral state reconstruction using maximum par-
simony (MP) and maximum likelihood (ML) with an equal rates
model to infer the likelihoods of the presence (any nucleotide)
or absence (gap in the alignment) of the insertion at each node
in the tree. Branch lengths were set to equal lengths because
the Open Tree of Life tree does not include branch lengths. Ab-
sence of the ND3–174+1 insertion was inferred in both MP and
ML frameworks as the likely ancestral state for the common an-
cestor of Diapsida, the common ancestor of lizards and snakes
(Lepidosauria), the common ancestor of birds and crocodiles (Ar-
chosauria) and the common ancestor of Archosauria and tur-
tles (Archelosauria) with high probability (likelihood of absence
>0.99, Fig. 1A). The common ancestor of birds (Aves) was in-
ferred to have contained the insertion (likelihood of presence
0.98). The common ancestor of turtles (Testudines) was recon-
structed without the insertion (likelihood of absence 0.97).

To quantify the number of state changes between absence
and presence of the insertion, we counted the number of tran-
sitions across nodes. We chose a conservative approach for in-
ferring a transition, which required that both parent and child
nodes had a minimal likelihood of at least 0.90 for a different
state. Nodes with a likelihood <0.90 in the ML reconstruction
also had multiple parsimonious solutions in the MP framework.
The MP and ML models therefore inferred the same number of
gains and losses in this 2-state model. Across turtles and birds,
a total of 33 gains and 47 losses of the ND3–174+1 insertion were
inferred.

To identify the specific nucleotides involved in the insertion
and their transitions, we reconstructed ML ancestral states us-
ing the 5 possible states (gap, A, T, C, G) and counted state
changes as above. The 5-state model inferred high likelihoods
(≥0.90) for more nodes than the 2-state model, which resulted
in more inferred gains and losses of the insertion under the
model with 5 states (38 gains and 52 losses). The gain of the
insertion was most frequently a C (34 gains), followed by T (4
gains). Loss of the insertion happened most frequently from C

(50 losses), followed by T (2 losses). When the insertion was
present, most transitions were from C to T (27 transitions), while
other state changes were less frequent (2 transversions from C
to G, 1 transversion from C to A, 1 transversion from T to A, 1
transition from T to C).

Complex patterns of gain and loss within turtles and
birds

Within turtles, 87 of 126 examined sequences had the insertion
and they were dispersed across the phylogeny (Fig. 1A). Using
the 2-state models, we inferred 4 losses within turtles, but no
gains could be unambiguously inferred because the nodes did
not have likelihoods ≥0.90 in the ancestral state reconstruction.
The 5-state model inferred a complex evolution with 3 gains
(likelihood >0.90), of which 2 were insertions of C and 1 was an
insertion of T (Fig. 1B). The 5-state model inferred 5 losses of the
insertion, of which 3 losses were from an ancestral C state and 2
losses were from an ancestral T state (Fig. 1B). Transitions from C
to T were most common (7 transitions), compared to other tran-
sitions (1 T to C) and transversions (1 T to A). An insertion of G
was observed in turtles in a clade of 3 species (Malaclemys ter-
rapin, Trachemys scripta, Chrysemys picta in Emysternia), but the
ancestral nucleotide of the parent node could not be inferred
unambiguously (Fig. 1B).

Within birds, 724 of 3,063 examined sequences had the in-
sertion. The common ancestor of birds was inferred to have
had an insertion of C (likelihood 0.99). The 2-state models pre-
dicted 32 gains and 49 losses, while the 5-state model inferred
34 gains and 47 losses (likelihood >0.90). Gains were mostly
of C (31 gains) or of T (3 gains). As in turtles, transitions from
C to T (20 transitions) were most common, while other state
changes were less frequent (2 transversions from C to G, 1
transversion from C to A). Different orders of birds had different
prevalence of the ND3–174+1 insertion or its absence (Fig. 1C).
The only 2 orders consistently without the frameshift insertion
were the speciose perching birds (Passeriformes, N = 2,096 in-
cluded) and the tropicbirds (Phaethontiformes, N = 2), and their
ancestors were reconstructed without the insertion (likelihood
0.99). The insertion was present in all examined sequences of
12 orders (Pterocliformes, Columbiformes, Mesitornithiformes,
Musophagiformes, Otidiformes, Opisthocomiformes, Eurypygi-
formes, Suliformes, Cariamiformes, Falconiformes, Coliiformes,
Trogoniformes). The remaining bird orders had both lineages
with and without the insertion (Fig. 1C).

Strong sequence conservation surrounding the
insertion

To identify a potential shared sequence pattern around the ND3–
174+1 insertion, we compared the nucleotide diversity between
diapsid sequences with and without the insertion. We calcu-
lated information content (R) based on Shannon entropy for
each base pair, which measures conservation of a sequence
position and has a maximum value of 2 bits if the position
is fully conserved. In taxa without the insertion (Lepidosauria,
crocodiles, certain turtles, and certain birds), the region around
position 174 (from 163 to 180 bp) of ND3 had a similar conserva-
tion level as the remainder of the gene (Fig. 2A). In contrast, all
turtle and bird species with the insertion had noticeably more
conserved base pairs (higher R values) around position 174 than
in other regions of ND3 (Fig. 2A). The distribution of values of
R around the insertion from position 163 to 180 was 20% lower
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4 Multiple origins of a frameshift insertion in a mitochondrial gene in birds and turtles

A

CB

Figure 1: Phylogenetic distribution of the insertion in position 174 of the mitochondrial ND3 gene (ND3–174+1). (A) Synthetic phylogeny of 3,464 species of Diapsida

with terminals colored according to the absence (orange) or presence (green) of the insertion. The corresponding figures with named terminals can be found in
Supplementary Figure S1. (B) Ancestral state reconstruction for turtles with states of species indicated at the tips and pie charts showing the likelihoods of states on
nodes of the phylogeny. (C) Frequency of absence (orange) or presence (green) of the insertion in each bird order. Numbers at the tips represent the number of species
that were included for each order.
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Andreu-Sánchez et al. 5

A

CB

D

Figure 2: Nucleotide and codon usage variability in ND3 of Diapsida. (A) Information content R (cubed for visualization) across the ND3 sequence in different diapsid
groups. The vertical red line marks the insertion at position 174. The red shading highlights an area of high conservation (high information content), which is only
seen in birds and turtles that have the insertion. (B and C) Sequence conservation as a sequence logo from position 163 to 180 showing variability among species

(B) with the insertion and (C) without the insertion. Note that the frameshift correction is thought to occur at the following nucleotide, by skipping the nucleotide A
at position 175. (D) Circle packing showing the frequency of codon usage in species of birds and turtles that contain the insertion. The 2 options of the shifted and
corrected reading frame following the insertion at position 174 are shown. Circle diameters indicate prevalence of a specific codon, which are grouped into larger

circles if codons are synonymous. Circle color indicates amino acid class.

in species without the insertion than with the insertion (non-
parametric Wilcoxon test, P-value <10−3) (Fig. 2A). Specifically,
when the insertion was present, nucleotides upstream of the
insertion (position 163–174) were highly conserved with some
variability on the third codon positions (Fig. 2B). The sequence
downstream of the insertion (position 175–180) was completely
conserved with a maximum information content (R = 2 bits,
Fig. 2B). When the insertion was absent, sequence conservation

was lower (R < 2 bits), particularly on the third codon positions
downstream of 174 (Fig. 2C).

We also analyzed the codon conservation in sequences con-
taining the insertion, i.e. a combined set of turtles and birds
with the insertion. The codon containing the insertion was a
leucine codon (CTN) in all but one examined species, with CTC
being most prevalent and the synonymous codons CTT, CTG,
and CTA represented at lower frequencies (Fig. 2D). Notably, the
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6 Multiple origins of a frameshift insertion in a mitochondrial gene in birds and turtles

green wood hoopoe (Phoeniculus purpureus, Bucerotiformes) de-
viated from this pattern with an ATC encoding for isoleucine.
Both leucine and isoleucine are nonpolar amino acids. For the
codons following the insertion, we considered both the 0 read-
ing frame, which is the shifted reading frame if the frameshift
insertion was retained, and the +1 reading frame, which is the
corrected reading frame if the A at position 175 was left out [ 11].
In the 0 reading frame, the first 2 codons downstream of the in-
sertion showed almost complete conservation to AGT (encoding
serine, a polar amino acid) in the first codon following the inser-
tion (position 175–177) and AGC (encoding serine, a polar amino
acid) in the second codon following the insertion (position 178–
180) (Fig. 2D). The only exception to this high codon conserva-
tion following the insertion was Baillon’s crake (Porzana pusilla,
Gruiformes) with a CGT codon (encoding arginine, a basic amino
acid) in the first following codon. In the +1 corrected reading
frame leaving out A-175, the codon following the insertion (po-
sition 176–178) was a GTA codon (encoding valine, a nonpolar
amino acid) in all sequences (Fig. 2D). The second codon follow-
ing the insertion (position 179–181) was also conserved in coding
for alanine (a nonpolar amino acid), albeit with all 4 synonymous
codons present (Fig. 2D).

No major tRNA changes in taxa with the insertion

We investigated whether lineages containing the ND3 insertion
showed differences in tRNA secondary structure, which could
enhance programmed frameshifting. We aligned a set of tR-
NAs of leucine (CUN), serine (UCN), and valine (GUN). Leucine
is the tRNAs decoding the codon where the insertion occurs
serine and valine are the 2 tRNAs that compete for being de-
coded downstream of the insertion (Fig. 2D). We compared the
predicted consensus secondary structure for each tRNA from 4
alignments, turtles and bird with and without ND3–174+1 but
did not observe consistent differences in the secondary struc-
ture between bird and turtles with the frameshift insertion (Sup-
plementary Figure S2).

Additional potential frameshifts in 5 turtle species

The translational machinery of certain birds and turtles
seems to enable programmed frameshifting in order to correct
single-nucleotide insertions in coding regions, and additional
frameshift locations could exist. Using a subset of Diapsida se-
quences with full mitochondrial genomes, we checked for other
frameshifts in the ND3 gene (Supplementary File S2). We did not
find additional frameshift insertions in the ND3 sequences of
birds (N = 703) nor in other Diapsida groups (N = 341), except for
turtles. Of 106 investigated mitochondrial genomes of turtles,
we identified 5 putative frameshifts upstream of position 174,
namely, in Cuora aurocapitata (A inserted at alignment position
121; NC 009509.1), Cuora pani (T deleted at alignment position
136 or 137; NC 014401.1), Cyclemys oldhami (possible C or T dele-
tion at alignment position 116; NC 023220.1), Pelomedusa subrufa
(G inserted at alignment position 149; NC 001947.1), and Pelu-
sios castaneus (G inserted at aligment position 149; NC 026049.1).
The 2 Cuora turtles had frameshifts in different positions. P. subr-
ufa and P. castaneus (both Pelomedusidae) had frameshifts at the
same location.

For P. castaneus, we were able to verify that the frameshift was
not due to sequencing errors by mapping high-throughput ge-
nomic sequencing reads (SRR9091361) and transcriptomic reads
(SRR629649) to the mitochondrial genome (NC 026049.1). The in-
sertion site was verified in both DNA and RNA short reads (Sup-

plementary Figure S3). We could not perform this check for the
frameshift insertions in the other 4 turtle species because no ad-
ditional genomic or transcriptomic data was available.

Discussion

In this work, we have inferred multiple origins of an insertion in
position 174 of the mitochondrially encoded NADH dehydroge-
nase 3 complex gene (ND3–174+1) on the basis of a large collec-
tion of publicly available sequences for 10,309 vertebrates. This
study significantly expands the sampling of previous studies (61
species in [9], 34 species in [11]) to provide a broader picture
across vertebrates on one hand and more fine-scale resolution
of sequence conservation on the other hand.

We confirm that the insertion is present only in turtles and
birds [9, 11], but the improved sampling shows that the in-
sertion was both more frequently gained and lost than previ-
ously thought. Different from previous interpretations, which
predicted the presence of this insertion in the common ancestor
of turtles and birds (Archelosauria), ML and MP ancestral state
reconstruction suggested an independent evolution of this in-
sertion in birds and turtles. In birds, the insertion was recon-
structed as present in the most recent common ancestor of mod-
ern birds, which lived ∼70–111 million years ago (depending on
the phylogeny [20, 21]). The insertion was retained in many lin-
eages but lost in the common ancestor of Passeriformes 39–49
million years ago [20–22] and not regained since. Additionally,
within the other bird lineages, it appeared more likely to lose the
insertion than to gain it (60% of changes were insertion losses,
while 40% were insertion gains across all tested models). In tur-
tles, the most recent common ancestor was inferred to not have
had the insertion in ND3, as opposed to previous ideas [9, 11].
Our data included 126 turtles, 93 more than in the last study on
turtle mitochondrial genomes [11], which produced an alterna-
tive interpretation of the gain and loss patterns. Within turtles,
the insertion has been independently gained 1–3 times on the
basis of our reconstructions. Within clades that have insertion,
some lineages show mutations to other nucleotides. The dom-
inance of C to T transitions in both turtles and birds (27 of 32
[84%] mutations) could be a consequence of cytosine methyla-
tion, which has also been described to be present in mitochon-
drial genomes [23].

The quality of the ND3 sequences and the observed absence
or presence of the insertion at position 174 on these sequences
is of crucial importance for our inferences. Most of the ND3 se-
quences used here originate from Sanger-sequenced ND3 genes
and chromatograms may have been hand-curated for sequenc-
ing errors. While insertions at position 174 are likely to be gen-
uine because they would have been flagged as problematic dur-
ing submission to NCBI’s Genbank and would require a special
annotation to address the frameshift insertion (often to [9]), the
absence of the insertion may be overrepresented. A frameshift
insertion in ND3 may have been curated out of the sequence
because such insertions in protein-coding sequences are ex-
tremely rare and could have been considered a sequencing er-
ror. It is therefore possible that the estimated number of loss
events in turtles and birds is overestimated. Where losses were
observed in multiple members of a clade, the most extreme case
being the absence in all 2,096 included Passeriformes, the ab-
sence of the insertion is likely real. To estimate the prevalence
of this potential problem, we compared ND3 annotations for 101
bird species that had ND3 sequences on NCBI’s GenBank (mostly
Sanger-sequenced) and also high-throughput sequenced mito-
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chondrial genomes from the Bird 10,000 Genomes Project (B10K),
for which we have ourselves created the annotations and can
therefore exclude manual modification. Reassuringly, we found
that there were no cases in which the B10K dataset contained
the insertion while the GenBank sequence did not contain it.
This assessment admittedly spans only a small fraction of the
taxa investigated here but lends support that at least in birds,
annotation errors may be limited. It is possible that submitters
of bird and turtle sequences are more aware of the possibility of
a frameshift insertion because the insertions have been reported
from these taxa [9, 11] than submitters of taxa in which the in-
sertion has not been observed, such as Lepidosauria or Mam-
malia.

It is intriguing that an insertion in exactly the same position
of the ND3 gene has independently evolved 33 (MP model) to
37 times (ML model ) across turtles and birds. This site speci-
ficity points to an underlying common feature that causes the
frameshift to occur in this position. One possibility is that there
is an increased probability to produce indels in this specific po-
sition. Alternatively, insertions may appear at a normal rate but
can only be tolerated if they are embedded in a specific sequence
motif that allows ribosomes to conduct the frameshift correc-
tion. This seems likely given the strong conservation at the nu-
cleotide and at the codon level that evolved convergently in
birds and turtles, despite their separate evolution for >240 mil-
lion years. Intriguingly, this conservation is not found in birds
and turtles without the insertion (Fig. 2A) nor in the other di-
apsids without the insertion, as expected with the degree of di-
vergence of vertebrates. Furthermore, the similar sequence and
codon conservation observed around ND3–174+1 have been de-
scribed in other mitochondrial frameshifts across animals [11].
This indicates that the heavily conserved sequence is needed for
correcting the insertion and tolerating it in the mitochondrial
genome.

Most of the features observed in this study conformed with
the ”out-of-frame” frameshift model [ 11], which is character-
ized by a weak codon tRNA interaction in the P-site, a rare codon
downstream, and an alternative codon if the reading frame is
restored, which achieves a canonical Watson-Crick match with
its tRNA [13]. Our extended sampling provides higher resolution
of the sequence conservation features that may be involved in
the programmed translational frameshift, adding examples of
species that deviate from the most commonly used codons. This
codon upstream from the translational frameshift position was
proposed to produce a wobble pairing initiating a translation
stall [11]. We found it to be highly conserved as a leucine codon
(CTN) in all examined birds and turtles with the exception of
1 bird (green wood hoopoe P. purpureus) that uses an isoleucine
codon (ATC). We further confirm that a serine codon (AGT), a
polar amino acid, was always observed after the insertion [11].
However, we also show that this pattern can be more flexible at
least in Baillon’s crake (P. pusilla), which uses an arginine codon
(CGT), encoding a basic amino acid (Fig. 2D). It is thought that
rarely used codons, such as AGT being a rarely used codon for
serine, promote the stall in the translation [11]. It is not known
whether the observed variable codon CGT is also a rarely used
codon for arginine in most vertebrates. In human mitochondria
this seems to be the case because the CGT codon is only the third
of 4 possible codons for arginine in codon preference [24]. If CGT
was also rarely used in the other vertebrates, it could be an addi-
tional example of a rare codon enhancing the translational stall.

Regarding the insertion itself, we have observed all 4 nu-
cleotides to be present in different frequencies. According to
the out-of-frame frameshift model, wobble pairing between

a sequence and the tRNA anticodon promotes frameshifting
[11]. Consequently, the insertion should rarely occur as an
adenosine because a CTA codon produces a perfect match
with the tRNA-leucine anticodon [11]. In addition to Reeve’s
turtle (Chinemys reevesi), which has previously been shown to
contain an A-insertion [11], we found an independent occur-
rence of an A-insertion in a bird, Baillon’s crake (P. pusilla),
which also has a non-synonymous codon right after the in-
sertion as described above. These 2 species may therefore be
interesting candidates for further investigations on the pro-
grammed translational frameshift in the absence of wobble
pairing.

In addition to the detailed investigation of position 174, we
found 4 additional frameshifts in ND3 in 5 turtles. Of these,
the African helmeted turtle (P. subrufa) was already described
to contain such a frameshift [11] and the frameshift of the
West African mud turtle (P. castaneus) in the same position was
annotated as a frameshift insertion on NCBI. These 2 species
are Pelomedusidae and both Pelusios and Pelomedusa contain a
number of species [25] that could be sequenced for ND3 to in-
vestigate whether the insertion is shared across Pelomedusi-
dae or independently obtained in the 2 species. The other 3
frameshifts are, to the best of our knowledge, potential new
frameshifts in the ND3 gene. These findings and the ubiqui-
tous presence of frameshifts in other mitochondrial genes of
turtles [11] suggest a broad tolerance of turtles to frameshift
insertions.

Our study demonstrates that incorporating a large number of
sequences can improve resolution in inferred evolutionary pat-
terns and give additional power to investigate sequence con-
servation. Our analyses suggest an independent origin of the
frameshift insertion in both turtles and birds, and complex pat-
terns of gains and losses within each group. The high sequence
conservation surrounding the insertion suggests purifying se-
lection retaining the sequence motifs needed for translational
frameshifting. Nonetheless, a few species deviate from the con-
served pattern. Additional losses and gains of the insertion and
other deviations from the conserved motifs will likely be found
once more sequences become available, within birds and turtles,
and possibly also in other groups.

Potential Implications

The present work advances our understanding of the distribu-
tion of the frameshift insertion in the mitochondrial gene ND3
across the vertebrate tree of life and identifies highly conserved
sequence features that seem to be associated with its occur-
rence. This will allow researchers to further study which se-
quence features allow for the corrective frameshift and to in-
vestigate the evolutionary constraints that keep the surround-
ing sequence heavily conserved. The fact that this insertion has
remained in the mitochondrial genome for millions of years in
certain birds and turtles opens the door to study the transla-
tional machinery in these lineages.

Methods
Dataset preparation

RefSeq mitochondrial genomes were downloaded from the
NCBI FTP site [26] with the term “Vertebrata” contained in
the taxonomy, resulting in 5,325 mitochondrial genomes of
which we could retrieve the ND3 sequence in 5,320 records. We
searched for nucleotide sequences containing the ND3 gene on
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the GenBank nucleotide database (accessed 11 December 2019)
with the query “NADH dehydrogenase subunit 3” AND Verte-
brata[Organism] AND mitochondrion[filter]”. A total of 92,352 se-
quence records were downloaded using a custom script. From
those, we were able to find 88,880 records of ND3 sequences.
We further included mitochondrial data from the second phase
of the B10K, which produced 336 mitochondrial genomes as
part of their whole-genome sequences [27]. Of these mitochon-
drial genomes, we included 207, which had ND3 sequences as-
sembled and which were added if the species was not already
present in the database.

Sequence alignment

One ND3 sequence for each unique taxon (10,397) was aligned
using MAFFT FFT-NS-1 (v7.407) for initial alignment [28] [18].
Next, alignment positions not present in ≥5% of the sequences
were removed using pxclsq (v0.1) [18] from the phyx suite [29]
to exclude insertions only seen in a small proportion of taxa.
Note that we also explicitly investigated other frameshifts than
ND3–174+1 across ND3 in birds and turtles (section Other pos-
sible frameshift insertions), while this alignment was focused
on the region around position 174. To remove potential low-
quality sequences around the insertion, we removed sequences
that contained a gap or an N in the 2 codons (6 nucleotides) up-
stream and downstream of the insertion and records that af-
ter visual examination were found not to be properly aligned
around ND3–174. We performed a second alignment round on
the remaining sequences with a slower and more accurate mode
of MAFFT (L-INS-i). We repeated filtering positions not in ≥5% of
sequences and repeated quality filters around position 174. The
final filtered alignment of 10,312 sequences is given in GigaDB
[18].

To confirm that all sequences of the same unique taxon had
the same pattern at position 174, we used the filtered alignment
as a framework for aligning all other intraspecific records, by us-
ing the –add function of MAFFT and applied the same filters as
above [18].

Phylogenetic distribution of the insertion

The frameshift insertion ND3–174+1 was only observed in cer-
tain species of turtles and birds, and we therefore restricted
analyses to Diapsida, i.e., birds, crocodiles, turtles, and Lepi-
dosauria (tuatara, worm lizards, snakes, lizards). This left 4,233
of 10,397 vertebrate taxa. We recorded the state of position 174
in each sequence, either being a gap in the alignment (i.e., inser-
tion absent) or being a nucleotide (i.e., insertion present as A, T,
C, G).

We used the R package rotl (v3.0.10) [30] to obtain a phylo-
genetic tree for the included species. The package queries the
Open Tree of Life database [31], which synthesizes phylogenetic
hypotheses from published datasets and adds species that have
not been included in phylogenetic analyses based on the taxo-
nomic system [19, 32]. While a fully sampled tree for Diapsida
would be preferable over a synthetic tree, it agrees in the rela-
tionships among the major Diapsida clades with phylogenetic
analyses [33–36]. Of the 4,233 Diapsida species with ND3 records,
3,465 could be matched with a terminal of the Open Tree of Life
tree (newick tree in Supplementary File S1). To summarize the
distribution of absence or presence of the insertion on a dated
bird phylogeny, we used the fossil-calibrated phylogenetic tree
from [20].

Ancestral state reconstruction

ML ancestral states were reconstructed using the function
hsp mk model in the R package castor (v1.5.5) [37]. The function
first calculates the transition matrix between different states as-
suming equal rates for transitioning from 1 state to another and
vice versa in a ML framework. We chose the equal-rates model
because it makes the least assumptions about the probabilities
of gain, loss, and transitions between different states. Given the
known states of the tips and the phylogenetic tree, the likeli-
hood of each node in the tree was calculated using the reroot-
ing method [38]. Because the Open Tree of Life synthesis phy-
logeny did not include branch lengths, the function assumes
equal branch lengths throughout the phylogeny. ML analyses
were both done for 2 states (absence or presence of the inser-
tion) and for the 5 possible states (absence, A, C, G, T).

MP reconstruction of ancestral states was performed with
the function MPR in the R package ape v5.3 [39]. MP analysis was
done for 2 states (absence or presence of the insertion). Prior to
analysis, polytomies were arbitrarily resolved using the function
multi2di in ape.

Inference of transitions between states

To count the number of nodes of the phylogeny where transi-
tions from one state to another likely occurred, we related the
likelihood from the ancestral state reconstruction of each de-
scendant node to its parent node using the R package phangorn
[40]. In the ML model, we only considered nodes with an ances-
tral state likelihood ≥0.90. If the likelihood was <0.90, the state
was considered ambiguous. A transition was counted when a
descendant node differed from its parent’s state with high likeli-
hood. This approach therefore only identifies transitions that are
accompanied with strong changes in likelihoods. On the other
hand, in the MP analysis, we counted transitions where both the
parental and the descendant nodes had a single most parsimo-
nious state. We counted the number of transitions between the
2 states (absence or presence of the insertion) in the ML and the
MP model and the number of transitions between the 5 states
(absence, A, C, G, T) in the ML model.

Sequence conservation and codon usage

Nucleotide frequencies per position across the entire ND3 se-
quence were obtained separately for diapsids without the inser-
tion and with the insertion. We calculated Shannon entropy as
a measure of nucleotide diversity [9]:

Hi = −
∑

N
freqN ∗ log2 (freqN) ,

where H is the Shannon entropy in position i of the DNA se-
quence and freqN is the frequency of nucleotide N of state {A, T,
G, C}. Shannon entropy was transformed into information con-
tent per nucleotide position:

Ri = log2(4) − Hi ,

where R is the information content at position i of the DNA se-
quence [41]. The information content was compared between
the 2 groups in the region surrounding the insertion (position
163–180) with a non-parametric Wilcoxon test and a significance
threshold (ɑ) of P < 0.05. Weblogo [42] was used to visualize the
information content of this region (position 163–181) for both
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groups. In the sequence logo, relative diversity or conservation
of each nucleotide is reflected as the height of the nucleotide,
measured in bits with a maximum value of 2 at complete con-
servation.

Codon frequencies were calculated for both the shifted read-
ing frame, the 0 reading frame, and for the corrected reading
frame, the +1 reading frame. Codons containing unknown nu-
cleotides (N) were removed. Codon frequencies were calculated
for the 6 codons surrounding the insertion (position 163–181).
The calculation of codon frequencies in the +1 reading frame
excluded the adenosine at position 175 (A-175) following the in-
sertion [11].

tRNA secondary structure prediction

The sequences for 3 tRNAs involved in translation of codons sur-
rounding the insertion were extracted from the compiled set of
full mitochondrial genomes of birds and turtles. We extracted
the tRNA for leucine, which translates the codon upstream of
the insertion; serine, which translates the codon following the
insertion in the shifted reading frame; and valine, which trans-
lates the codon following the insertion in the corrected reading
frame. We split the sequences in a group of birds and a group
of turtles, each with and without the insertion. Short sequences
were removed if they were between 2 times the standard devia-
tion of the mean nucleotide length of the group. An initial align-
ment was done using the mlocarna tRNA aligner (v2.0.0RC8) [43],
which simultaneously aligns and folds RNA sequences. Two tR-
NAs exist for leucine and serine in mitochondrial genomes, of
which CUN-leucine and UCN-serine are involved in translating
the codons around the ND3–174+1. Because Genbank records
do not always distinguish between the 2 tRNAs, we selected
the tRNA copy with the higher pairwise identity to a known
representative CUN-leucine and UCN-serine tRNA from the ini-
tial alignment. The filtered sequences were realigned with mlo-
carna. The predicted consensus secondary structure of the tRNA
alignment was visualized using the ViennaRNA web services
[44].

Other possible frameshift insertions in ND3

To extend the study to other potential insertions in the ND3 gene
in Diapsida, we compiled a dataset of 1,050 complete mitochon-
drial genomes from the Refseq database. We excluded records
without annotations or with undetermined nucleotides (N) in
the ND3 gene, resulting in 1,044 ND3 gene sequences (Crocodilia
N = 20, Lepidosauria N = 215, Testudines N = 106, Aves N = 703).
We also investigated a second dataset focused on birds of the
B10K including 328 mitochondrial genomes that were de novo as-
sembled from shotgun genomic reads [27].

Both ND3 sequence sets were aligned using the vertebrate
mitochondrial genetic codon table (“-gc def 2”) in the “alignSe-
quence” module of MACSE (v2.01) [43], which respects reading
frames and can tolerate frameshifts (Supplementary File S2).
MACSE designates frameshifts with the symbol “!” and candi-
dates were visually verified with the alignment viewer Seaview
(v5.0.4) [45]. Individual ND3 gene sequences were also anno-
tated using the “protein2genome” model of exonerate (v2.4.0)
[46] by mapping the Gallus gallus ND3 amino acid sequence
(NC 040902.1) to each of the diapsid ND3 nucleotide gene se-
quences. Exonerate designates potential frameshifts with the
symbol “#.”

Availability of Source Code and Requirements

Scripts used for data generation and analysis can be found at:
https://github.com/sergioSEa/ND3 174 vertebrates2020
Operating system(s): Bash scripts should be run in Linux OS/Mac
OS. Python and R scripts are platform independent.
Programming language: Bash, R, Python
Other requirements: Python 3 or higher, MAFFT v7.4, pxclsq v0.1.
Python packages: biopython. R packages: rotl, castor, ape, phy-
tools, ggtree, ggimage, phangorn, ggstance, Biostrings, ggrepel,
and tidyverse.
License: GNU

Data Availability

The datasets supporting the results of this article are available
in the GigaScience database GigaDB [18].

Additional Files

Supplementary Table S1: Diapsida MAFFT alignment. Alignment
of diapsid ND3 sequences after removal of positions not present
in ≥5% of taxa.
Supplementary Table S2: Status at ND3–174+1 across Diapsida.
Table of diapsid taxa and the corresponding status at ND3–
174+1 used for ancestral state reconstruction extracted from Ad-
dtional file 1.
Supplementary File S1: Diapsida phylogeny. Open Tree of Life
synthetic phylogenetic tree matched to the Diapsida taxa in-
cluded in the study.
Supplementary File S2: Diapsida MACSE alignment. Alignment
of 1,044 Refseq Diapsida sequences used for identification of
other frameshifts in the mitochondrial ND3 gene.
Supplementary Figure S1: Diapsida phylogeny with tip labels. Di-
apsida tree as presented in Fig. 1A but including taxon names.
Supplementary Figure S2: Consensus tRNA structure. Consensus
predicted tRNA structure of birds and turtles with and without
gap for the codons valine, leucine, and serine. Nucleotides pre-
sented are mock nucleotides that do not represent the actual
consensus sequence.
Supplementary Figure S3: Confirmation of insertion in the
mitochondrial genome of Pelusios castaneus by mapping of
short read sequences. Genomic (SRR9091461) and transcrip-
tomic (SRR629649) short reads were mapped to the P. castaneus
mitochondrial genome (NC 026049.1) to check whether the pre-
dicted frameshift site was present in short reads as well.
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A: adenosine; B10K: Bird 10,000 Genomes Project; bp: base pairs;
C: cytosine; G: guanine; MACSE: Multiple Alignment of Coding
Sequences; MAFFT: Multiple Alignment using Fast Fourier Trans-
form; ML: maximum likelihood; MP: maximum parsimony; N:
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