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Abstract

The mitochondrion is the power plant of the eukaryotic cell, and tRNAs are the fundamen-
tal components of its translational machinery. In the present paper, the evolution of mito-
chondrial tRNAs was investigated in the Cetacea, a clade of Cetartiodactyla that retuned
to water and thus had to adapt its metabolism to a different medium than that of its main-
land ancestors. Our analysis focussed on identifying the factors that influenced the evolu-
tion of Cetacea tRNA double-helix elements, which play a pivotal role in the formation

of the secondary and tertiary structures of each tRNA and consequently manipulate

the whole translation machinery of the mitochondrion. Our analyses showed that the sub-
stitution pathways in the stems of different tRNAs were influenced by various factors,
determining a molecular evolution that was unique to each of the 22 tRNAs. Our data sug-
gested that the composition, AT-skew, and GC-skew of the tRNA stems were the main
factors influencing the substitution process. In particular, the range of variation and the
fluctuation of these parameters affected the fate of single tRNAs. Strong heterogeneity
was observed among the different species of Cetacea. Finally, it appears that the evolu-
tion of mitochondrial tRNAs was also shaped by the environments in which the Cetacean
taxa differentiated. This latter effect was particularly evident in toothed whales that either
live in freshwater or are deep divers.

Introduction

Mitochondrial tRNAs are fundamental components of the translational machinery of the mito-
chondrion, which is the powerhouse of the eukaryotic cell. In most Metazoa, the mitochondrial
genome (mtDNA) contains 22 tRNAs genes (hereafter named trnX, where X is the single letter
IUPAC code for the corresponding amino acid). For most amino acids, a single tRNA repre-
sents the whole codon family. Leucine and Serine are the only known exceptions and possess
two tRNAs belonging to two distinct families (i.e., frnL1 and tnL2, and trnSI and trnS2, respec-
tively). Occasionally, multiple copies of the same tRNA are present in animal mtDNAs. In this
latter case, however, they are the product of duplication/multiplication processes and do not
represent distinct codon families [1].
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TRNAs play a key role in mitochondrial activity; thus, it is plausible that they experienced
strong evolutionary constraints, particularly concerning their structural integrity, possibly fur-
ther reinforced by the fact that there is a single tRNA for most amino acids.

In present paper, the evolution of mitochondrial tRNAs was investigated in the Cetacea, a
clade of Cetartiodactyla that returned to the water and consequently adapted its metabolism to
an environment different from that of its mainland ancestors [2,3]. Cetaceans breathe air,
despite their multiple adaptations to life in water, and therefore represent a very interesting
benchmark to test whether this array of adaptations has left any signatures on mitochondrial
tRNAs. Cetacea is the most diverse group of current living aquatic mammals and includes 93
species [4]. A complete mtDNA genome is available for 49 species [5-17] (S1 Table). These
taxa encompass all families and most of the currently recognised genera, thus providing a very
good coverage of the clade.

Cetacean tRNAs have a genomic placement matching the canonical gene order of the Ver-
tebrata mtDNA [18] (Fig 1). This means that fourteen mitochondrial tRNAs (i.e., truD, trnF,
trnG, trnH, trnl, trnK, trnLl, trnL2, trnM, trnR, trnS1, trnT, trnV and trn W) are encoded in the
o strand, while the remaining eight (trnA, trnC, trnE, trnN, trnP, trnQ, trnS2, and trnY) are
found in the complementary  strand [18].

Every tRNA exhibits a secondary structure, usually a cloverleaf shape, where double-helix
stems are alternated with single-stranded nucleotides (Fig 1). Finally, each tRNA is further
arranged in space to generate the functional, L-shaped tertiary structure [19].

The double-stranded elements found in tRNAs are the acceptor stem, the DHU stem, the
anticodon stem and the TWC stem (Fig 1). The acceptor stem is invariably composed by 7
pairs (hereafter 1-7ac-pair) of bases (Fig 1), and the DHU stem contains 3 to 4 pairs (hereafter
1-4dh-pair) and is absent from the trnS1 of many animal species, including all those studied in
this paper. The pairs in the anticodon stem usually number five (hereafter 1-5an-pair), with
two exceptions in mammalian trnS1 and trnS2. In both these genes, there is an extra pair
located in position 5’ with respect to the standard arrangement that does not have homologous
structural counterparts in other tRNAs. This pair has been numbered here as the 0 pair. Finally,
the TWC stem exhibits a variable number of pairs ranging from four to six (hereafter 1-6tp-
pair) (Fig 1). A general scheme is available for numbering the placement of every nucleotide in
the secondary structure of a tRNA [20] (Fig 1). However, in the present work, we utilised the
very simplified system presented in Fig 1, which strictly focused on the pairs found in the dif-
ferent stems. This alternative scheme is, in our view, much easier to follow for the general
reader, who not necessarily accustomed to the more sophisticated system devised by Sprinzl
et al. [20].

In present paper, the canonical Watson-Crick base pairings will be indicated by the stan-
dard dash symbol (-) (e.g., A-T). The base pairings involving G and T will be presented with a
dot () symbol (e.g., GeT). Finally, the base pairings implying a mismatch (see below) will be
described by a vertical dash (|) symbol (e.g., A|A).

Different arrangements can be observed when an identical pair is compared in the ortholo-
gous tRNAs of two species A and B. The pair is made by the same couple of bases in both taxa
(e.g., A-T, G-C, and the opposite), or the pair is differently arranged in the two species. In this
latter case, there are three possibilities (1-3). (1) With respect to species A, the B taxon exhibits
a simple/double mismatch in the pair (e.g., A|A vs. A-T; C|C vs. A-T). In this case, the substi-
tution/s pattern leads to a disruption of the secondary structure of the stem for that pair. Mis-
matches that do not prevent the formation of the cloverleaf structure or the tertiary structure
are not rare in tRNAs. Mismatches can be corrected through editing processes or can persist in
the tRNA stems as unusual pairings [21]. (2) With respect to species A, the B taxon exhibits the
substitution of a single base of the pair (this can arise at the 5" end as well as the 3’ end of the
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Fig 1. The tRNA nomenclature and the gene order of vertebrate mtDNA. Ac, pair of the acceptor stem;
dh, pair of the DHU stem; an, pair of the anticodon stem; tp, pair of the T¥C stem. The numbering of pairs
follows a 5’ — 3’ orientation. The 5’ nucleotide of a pair is marked with a, while the 3’ base is marked with b.
The numbering scheme of Sprinzl et al. [20] is provided only for the stems. Base pairings are indicated as
follows: —, canonical Watson-Crick base pairing; ¢, base pairing involving G and T; |, base pairing implying a
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mismatch. A The gene order of vertebrate mtDNA is depicted at the bottom, linearised starting from cox1.
Genes encoded on the a-strand (right to left orientation) are underlined in green, while those encoded on the
B-strand are underlined in red (left to right orientation). Gene nomenclature: atp6 and atp8: ATP synthase
subunits 6 and 8; cob: apocytochrome b; cox7-3: cytochrome c oxidase subunits 1-3; nad7-6 and nad4L:
NADH dehydrogenase subunits 1-6 and 4L; rnS and rrnL: small and large subunit ribosomal RNA (rRNA)
genes; and X: transfer RNA (tRNA) genes, where X is the one-letter abbreviation of the corresponding amino
acid. In particular, L1 identifies the CTN codon family; L2 the TTR codon family, S1 the AGY codon family,
and S2 the TCN codon family. CR, Control Region.

doi:10.1371/journal.pone.0158129.g001

pair), which does not alter the secondary structure of the stem (e.g., GeT vs. A-T). This type of
change is named hemi-compensatory base change (HCBC) [22] because its occurrence does
not alter the secondary structure itself (Fig 1) [21,23,24]. (3) Finally, species B exhibits a couple
of complementary bases different than species A (e.g., A-T vs. G-C). In this case, a fully com-
pensatory base change (FCBC) occurs in species B with respect to A. This change is named
fully compensatory because the substitution of both bases does not jeopardise the secondary
structure integrity [22]. Two types of FCBCs exist: one (hereafter named type I) implies the
substitution of a purine-pyrimidine pair with another purine-pyrimidine couple and vice versa,
and the other (hereafter named type II) is characterised by a purine-pyrimidine vs. pyrimidine-
purine substitution. The occurrence of type I is favoured over that of type II because type I can
be produced through an intermediated HCBC. Conversely, type II requires passage through a
mismatch step.

Our paper mainly focuses on identifying the factors that influenced the evolution of the ele-
ments of the tRNA double helix of Cetacea, which play a pivotal role in the formation of the
secondary and tertiary structure of each tRNA and consequently modify the whole translation
machinery of the mitochondrion. FCBCs, HFBCs and mismatches are globally indicated in this
paper with the acronym CSBPSs (Change of Sequence in a Base Pair of a Stem).

Materials and Methods
Sequencing of the mtDNA of Ziphius cavirostris G. Cuvier, 1823

For the present study, we sequenced the complete mitochondrial genome of a specimen of Z.
cavirostris. The striated muscle tissue (approximately 0.5 g) used as the starting material to
extract the total DNA was obtained from a female specimen of Z. cavirostris that had been
stored since 2007 at -80°C at the Mediterranean marine mammal tissue bank (MMMTB, www.
marinemammals.eu) of the University of Padova (specimen # ID 135). MMMTB is a non-
profit public organisation that preserves for scientific purposes the tissues of Cetacean speci-
mens that beached and died naturally along the Italian Coasts. MMMTB promotes the study
and conservation of Cetacea. MMMTSB is officially supported by the Italian Ministry of Envi-
ronment and is CITES credited. The scientific study of tissues obtained from MMMTB does
not require the approval of an ethical committee.

The extraction was performed through a salting-out protocol [25]. The amplification and
sequencing of mitochondrial DNA were performed using a mixture of mammalian universal
primers [26] and primers specifically designed against available sequences belonging to the
family Ziphiidae. The quality of DNA was assessed through electrophoresis in a 1% agarose
gel. The PCR products were directly sequenced using the primers used for amplification. The
sequencing was performed by BMR Genomics (http://www.bmr-genomics.it/; Padua, Italy).
Both strands of PCR products were sequenced to ensure the standard accuracy required by this
type of sequencing activity. The mtDNA consensus sequence was assembled using the SeqMan
II program from the Lasergene software package (DNAStar, Madison, WI). The coverage of
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the whole consensus sequence was at minimum 2X and in most cases 3X to 4X. The genome
was annotated following the strategy briefly described below [27,28].

Initially, the mtDNA sequence was translated into putative proteins using the Transeq pro-
gram available on the EBI website. The true identity of these polypeptides was established
using the BLAST program [29,30]). The boundaries of genes were determined as follows. The
5'ends of protein-coding genes (PCGs) were defined as the first legitimate in-frame start
codon (ATN, GTG, TTG, GTT) in the open reading frame (ORF) that was not located within
an upstream gene encoded on the same strand. The only exceptions were atp6 and nad4, which
were previously demonstrated to overlap with their upstream gene i.e., atp8 and nad4L, respec-
tively, in many mtDNAs [31]. The PCG terminus was defined as the first in-frame stop codon
that was encountered. When the stop codon was located within the sequence of a downstream
gene encoded on the same strand, a truncated stop codon (T or TA) adjacent to the beginning
of the downstream gene was designated as the termination codon. This codon was thought to
be completed by polyadenylation, thereby producing a complete TAA stop codon after tran-
script processing. Finally, pairwise comparisons with orthologous proteins were performed
using the ClustalW program [32] to better define the limits of the PCGs.

Regardless of the real initiation codon, formyl-Met was assumed to be the starting amino
acid for all proteins as has been previously demonstrated in other mitochondrial genomes
[33,34]).

Transfer RNA genes were identified using the tRNAscan-SE program [35] or recognised
manually as sequences having the appropriate anticodon and capable of folding into the typical
cloverleaf secondary structure of tRNAs [31]. The validity of these predictions was further
enhanced by comparison based on multiple alignment and structural information to published
orthologous counterparts [36].

The boundaries of the ribosomal rrnS and rrnL genes were those defined by the pairs of
tRNAs adjacent upstream/downstream to these genes (i.e., trnF and trnV for rrnS; trnV and
trnL2 for rrnL).

Dataset construction

At least one complete mtDNA sequence for 49 cetacean species is currently available in Gen-
Bank (2015.09.30 release) (S1 Table). For some taxa, multiple sequences are available (e.g., Phys-
eter macrocephalus). To ensure a balanced treatment of the different species, only one mtDNA
sequence was included in the main dataset (see below). The only exception was Orcinus orca.
For the killer whale, seven sequences were included, each representing one of the main clades
recently identified within this taxon [13,37,38] that are possibly/probably distinct cryptic spe-
cies; see de Bruyn et al. [39] for a different view. Before creating the datasets, both ingroup and
outgroup mtDNA sequences were manually re-annotated to have high-quality annotated
genomes. This was fundamental for identifying the correct boundaries of tRNAs. The analyses
performed on tRNA evolution were very time-consuming; thus, the sequences of Mesoplodon
grayi, Mesoplodon ginkgodens and Neophocaena asiaeorientalis became available too late to be
fully implemented in our study. However, the sequences of M. grayi and N. asiaeorientalis were
considered in some analyses (see the Results section). The complete reference dataset contained
94 taxa (listed as 94T-set in the paper). 94T-set included 46 cetaceans plus a broad selection of
the main Artiodactyla lineages and two Perissodactyla. A list of taxa that were analysed in this
paper is provided in S1 Table. The taxonomy of Cetacea used in the present paper follows that
of Perrin [4]. The status of Tursiops australis as a distinct species is under scrutiny [4], but it was
retained here provided that multiple mtDNA sequences exist for this taxon and were worthy of
consideration, irrespective of the taxonomic validity of this species.
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Multiple alignments of orthologous genes

Initially, each set of the 13 orthologous protein-coding genes derived from 94T-set was aligned
using the pipeline implemented in the TranslatorX server [40]. This webtool ensures that the
alignment of DNA sequences is obtained using as a backbone the multiple alignment derived
from the amino acid counterparts. The MAFFT program was used to produce the alignments
[41,42]). Successively, the Gblocks program (with the most stringent parameters activated)
was used to the select the most conserved positions of the alignments [43]. Finally, the 13
Gblocks-processed nucleotide alignments were concatenated into a single multiple alignment
(94T.13PCG.set).

The sequences of the orthologous tRNAs obtained from 94T-set were manually aligned con-
sidering the secondary structures predicted with tRNA-scan or that were available in the litera-
ture (see S1 tRNAs multiple alignments) [36]. The same strategy was applied to produce
multiple alignments necessary to investigate the intraspecific variation of every tRNA for the
species of cetaceans for which several/many mtDNA sequences exist. In the case of the 94T-
trnXs alignment, it was not possible to model the substitution process for the most variable
portions located in the DHU and TWC loops of some tRNAs. In contrast, it was always possible
to model the substitution process within the Cetacea clade.

Irrespective of the strategy used to obtain the multiple alignments, these alignments were
successively imported into MEGA 5.2.2 [44] for further bioinformatic analyses.

Statistics of DNA/amino acid sequences

The AT-skew = (A-T)/(A+T) and the GC-skew = (G-C)/(G+C) were computed for the o
strand of the full-length mtDNA of all 94 analysed taxa to evaluate the compositional biases
[45]. The base compositions were determined with the EditSeq program from the Lasergene
software package (DNAStar, Madison, WI).

The evaluation of the level of saturation in the DNA/amino acid substitution process was
assessed for 94T.13PCGe.set as well as for the orthologous tRNAs. In the case of 94T.13PCG.set,
pairwise distances were calculated separately for whole codons, first + second positions, first
positions, second positions, third positions and amino acids.

Initially, the p-distance and the maximum composite likelihood distance were calculated for
each pairwise-comparison. Then, the (maximum composite likelihood distance—p-distance)
difference was calculated for every pairwise comparison as a measure of the underestimation of
the number of substitutions that is obtained through the p-distance. Indeed, the p-distance
does not correct for possible multiple substitution events at a single position of the alignment.
With no or minimal saturation, the (maximum composite likelihood distance—p-distance)
difference is null or very small. In contrast, it exceeded the unit when the saturation process
progressed sensibly. The (maximum composite likelihood distance—p-distance) difference
was used instead of the more traditional (p-distance / maximum composite likelihood dis-
tance) ratio [46] because it allows for the calculation to be performed automatically on thou-
sands of pairwise comparisons in a spreadsheet without the necessity of eliminating null
maximum composite likelihood distances. Finally, the average (maximum composite likeli-
hood distance—p-distance) difference was used as a global descriptor of saturation of the sub-
stitution process for every set of orthologous tRNAs.

The distances were computed with MEGA 5.2.2 [44]. The computations of the skews as well
as other statistical calculations were performed using Microsoft Excel (Microsoft ™).

The total number of codons present in the whole set of Cetacea PCGs was calculated with
the MEGA program. Stop codons were excluded from the calculation because they are not
linked to a tRNA family. Analogously, start codons were not considered because different
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codons determine the same formyl-Met as the starting amino acid [33,34]. Finally, the total
number of codons belonging to each codon family was calculated, and the abundance of each
codon family was expressed as the number of codons per thousand codons.

Phylogenetic analyses and the reference tree

Maximum likelihood phylogenetic analyses [47] were performed using the program RAXML
7.4.2 [48] implemented in the graphical user interface raxmlGUI 1.3.1 [49]. A nonparametric
bootstrap test [50] was performed to assess the robustness of the topologies (1,000 replicates).
Phylogenetic analyses were performed on nucleotide/amino acid datasets exhibiting the highest
phylogenetic signals. In the case of DNA datasets, the GTR evolutionary model [51] was
applied, while the heterogeneity of the substitution process was modelled with the CAT [52].
In the case of amino acid datasets, the MTMAM substitution matrix [53] was used in combina-
tion with the CAT algorithm. Partitioning schemes were used to test their effect on the tree
topologies.

Phylogenetic analyses were performed on the position 2, positions 142, and amino-acid
subsets of 94T.13PCGe.set, which exhibited the highest signals, with and without partitions.

All of the obtained trees were identical to the topology depicted in S1 Fig. In the topology,
most of the nodes received bootstrap support. The tree in S1 Fig was generated from the amino
acid dataset. The topology revealed that many amino acids changed along the branch reaching
the root of Cetacea. The mysticete Caperea marginata and, more markedly, the odontocetes
Kogia breviceps, P. macrocephalus, Platanista minor, Lipotes vexillifer, Pontoporia blainvillei,
Inia geoffrensis, and Monodon monoceros showed branches that were decidedly longer that
those of other Cetacean species. No further details are presented here on the phylogeny of Ceta-
cea. A comment must be introduced to explain this point. The phylogeny of Cetacea is a very
active field of study, and several papers have been published on this topic [12,14,15,54-64].
The overall phylogenetic relationships among major lineages were consistently recovered in
the studies mentioned above and are depicted in S1 Fig. In contrast, the vast majority of the
published trees exhibit one or more points of disagreement. In the present paper, the topology
of S1 Fig was used as a reference tree to map the evolution of CSBPSs. Alternative phylogenetic
relationships were considered to test whether they could produce relevant changes in our
results (data not shown). These topologies gave, at most, marginal variations restricted to single
nodes and did not alter the global evolutionary pathway for the CSBPSs. Thus, they will not be
described in detail in the present paper.

Tracking the substitution patterns of orthologous tRNAs along the
reference tree

The CSBPSs occurring in the multiple alignments of orthologous tRNAs were tracked along a
reference tree according to the maximum likelihood method available in MEGA 5.2.2 [44] and
according to the maximum parsimony approach implemented in the Mesquite program [65].
In the latter, the nucleotide changes were assumed to be unordered events. The mismatches
occurring at the boundaries between DHU and T'WC arms and loops were not considered.
This choice was dictated by the fact that in some cases, the length of the arms was variable
without disrupting the secondary structure (S1 tRNAs Multiple Alignments).

Results

Introductory note. Here, only the main results are provided. A more detailed description is pre-
sented in S1 Extended Results.
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The mitochondrial genome of Ziphius cavirostris

The mtDNA of a specimen of Z. cavirostris, sequenced for this paper, is briefly described here.
The new mitochondrial genome was 16,352 bp long. This value was very close to the average
value obtained for the dataset analysed in the present work (16,436 + 124). The Z. cavirostris
genome contained the 37 genes almost universally found in animal mtDNAs i.e., 13 PCGs, two
ribosomal rRNAs and 22 tRNAs. The gene order was typical for vertebrate mtDNAs (Fig 1),
with 28 genes encoded on the o-strand and nine present on the opposite B-strand. Most of the
PCGs started with ATG and ended with TAA or the incomplete stop codons TA(a) and T(aa).
The genes on the same/opposite strand overlapped, were contiguous or were separated by
intergenic spacers encompassing a variable number of nucleotides (S2 Fig). The mtDNA
sequence of Z. cavirostris is available in EBI/GenBank under accession number LN997430.

Occurrence of CSBPSs in the tRNAs of Cetacea

The computation of the p-distance and (maximum composite likelihood distance—p-distance)
difference allowed the level of conservation and the possible underestimation of the substitu-
tion patterns in Cetacea tRNAs (S3 and S4 Figs, respectively) to be determined. The most con-
served tRNA was trnG, and the most variable was trnH. The minimum and maximum values
for the (maximum composite likelihood distance—p-distance) difference were observed in
trnE and trnH, respectively. The (maximum composite likelihood distance—p-distance) differ-
ence values demonstrated that the observed CSBPSs did not grossly underestimate the true
number of CSBPSs in the tRNAs.

A total of 603 CSBPSs (136 FCBCs, 320 HCBCs, and 147 mismatches) were identified in the
tRNAs of Cetacea (Fig 2; S1 tRNA Multiple Alignments).

Most of the FCBCs were of type I (131), and only four were of type II. T-A vs. A-T occurred
on the 5an-pair of trnH. G-T vs. T-A was found on the 7ac-pair of trnQ. C-G vs. A-T was
identified on the 2tp-pair of trnE. A-T vs. T-A was detected on the 2tp-pair of trnN (Fig 2; S1
tRNA Multiple Alignments).

The number of FCBCs detected in a single tRNA ranged from 1 to 18 (Figs 1 and 2). Ten or
more FCBCs were found only in o-strand-encoded tRNAs (Figs 1 and 2). Most of the -strand
tRNAs exhibited four or fewer FCBCs. The bases alternating on the type I FCBCs followed
three patterns (a-c). (a) Only purines alternated at the 5" end of the pair, and only pyrimidines
occurred at the 3’ end (e.g., trnD). (b) Both purine/pyrimidine bases occurred in the substitu-
tion at the 5’ and 3’ ends of the pair (e.g., trnA) with a variable prevalence of the first/second
type of base. (c) Only pyrimidines alternated at the 5" end, and only purines occurred at the 3’
end of the pair (e.g., trnC) (S1 tRNA Multiple Alignments).

The 320 HCBCs were distributed mainly into four symmetrical types (Fig 2; S1 Extended
Results). The number of HCBCs in a single tRNA ranged from 0 (trnN) to 35 in (trnE). The
distribution of HCBCs was B-strand biased. Indeed, the o-strand tRNAs showed 144 HCBCs,
while the B-strand tRNAs exhibited 176 HCBCs (Fig 2).

The 147 mismatches belonged to 35 different types (Fig 2; SI1 Extended Results) and ranged
from 0 (e.g., trnP) to 30 (trnR). The mismatches exhibited an uneven and o.-strand-biased dis-
tribution (Fig 2, S1 Extended Results).

Patterns of CSBPS distribution in Cetacea tRNAs

The distribution of CSBPSs was very variable in the tRNAs (Fig 2; S1 Extended Results).
FCBCs, HCBCs, and mismatches were linked in their abundance (> 7) in several a-strand
tRNAs (Fig 2). A second patter, mainly observed in B-strand tRNAs, had a high number of
HCBCs coupled with a low number of FCBCs and mismatches. A low number of mismatches
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PLOS ONE | DOI:10.1371/journal.pone.0158129 June 23,2016 9/24



@’PLOS ‘ ONE

Evolution of Cetacean Mitochondrial tRNAs

coupled with a moderate number of FCBCs and a higher number of HCBCs was present in
trnD, trnL1, and trnY. A small number of base changes characterised trnl and trnN. Few
FCBCs and HCBCs and a good number of mismatches occurred in trnM. Finally, trnV exhib-
ited a high number of mismatches coupled with a good number of FCBCs and a low number of
HCBCs (Fig 2; S1 tRNAs multiple alignments).

Factors influencing the occurrence and type of CSBPSs

The total number of codons encoded by the cetacean mtDNAs as well the number of codons for
each codon family were homogenous (Fig 2; S1 Extended Results). The number of FCBCs,
HCBCs, and mismatches were not linked to the abundance of codon families (Fig 2; S1 Extended
Results).

Globally, the occurrence of CSBPSs in different tRNAs was influenced by the combined
action of (a) the base content variation and (b) the asymmetrical compositional biases of the
stems. These latter in several cases were opposite to the values computed for the strand encod-
ing the analysed tRNAs. In particular, the range of variation and the fluctuation of base con-
tent, AT- and GC-skews, had a major impact on the type and abundance of CSBPSs (Fig 2; S1
Extended Results; S5 and S6 Figs).

Finally, the abundance of FCBCs, HCBCs, and mismatches did not appear to be linked to
the genomic placement of different tRNAs (Figs 1 and 2). A couple of examples support this
statement. TrnA and trnN, both on the B-strand and adjacent, exhibited very different behav-
iours. In contrast, trnR and trnT, both on the o-strand and well separated, had very similar
patterns.

The stem positions associated with CSBPSs

The stem positions involved in base changes (hereafter named SPICs) were mapped and ana-
lysed in the different tRNAs (Figs 3 and 4). One, two and even all three types of substitutions
were observed in the same SPIC (e.g., trnF, Fig 3). The number of SPICs was very variable
within the 22 tRNAs (Fig 3). Due to the heterogeneity of the substitution patterns, a perfect
correspondence did not exist between the percentage of SPICs and the global percentage of
CSBPSs occurring in a single tRNA. Despite these vagaries, the percentage of SPICs was in
good agreement with the global percentage of CSBPSs. The percentages of SPICs and FCBCs
exhibited similar behaviours. Many more discrepancies existed among the percentage of SPICs
and the global percentages of HCBCs and mismatches (S1 Extended Results). Each tRNA
exhibited a unique pattern of SPICs and associated types of FCBCs, HCBCs, and mismatches.

The distributions of SPICs and CSBPSs are summarised in Fig 4. The occurrence of FCBCs
was very variable in the pairs. Some pairs (e.g., 2ac-pair) never presented an FCBC (Fig 4a).
In contrast, other pairs (e.g., 4ac-pair) were hot spots for the occurrence of FCBCs. In general,
the acceptor, the anticodon, and the T'WC stems contained most of the SPICs associated with
FCBCs. The DHU stem had a very limited number of SPICs associated with FCBCs (S1
Extended Results).

The SPICs associated with HCBCs were variably distributed in the different tRNAs (Fig 4a;
S1 Extended Results). Some positions were heavily involved with HCBCs (e.g., the 5’ end of
dh1-pair), while others never exhibited an HCBC. Furthermore, the 5" end and 3’ end could
behave differently in the same pair (S1 Extended Results).

The SPICs associated with mismatches were more abundant on acceptor and TP C stems.
Additionally, the anticodon stem presented several SPICs linked to mismatches. Very few
SPICs hosting mismatches occurred in the DHU stem. Mismatches were never detected in
some positions (Fig 4a). When the global percentage of FCBCs, HCBCs, and mismatches
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Fig 3. Distribution of CSBPSs in a single tRNA. CSBPS, change in sequence in a base pair of a stem; FCBC, fully
compensatory base change; HCBC, hemi compensatory base change; Mismatch, mismatch in a base pair of a stem;
SPIC, stem position involved in base change. The number/percentage of SPICs is provided in cyan. A green
background is used to mark the number of FCBCs occurring in a tRNA as well as the percentage that they represent
with respect to the total number of FCBCs. The orange and red backgrounds are used for the number/percentage of
HCBCs and Mismatches. A purple background is used for number/percentage of CSBPSs.

doi:10.1371/journal.pone.0158129.9003

occurring at the different SPICs was evaluated, the patterns that emerged largely mirrored the
abundance of SPICs described above (Fig 4b).
The occurrence of HCBCs and of mismatches exhibited an evident 5" end or 3’ end distribu-
tional bias in the pairs of some tRNAs (Fig 3; S8 and S9 Figs; S1 Extended Results).
Finally, the known distribution of positions in the stems, where post-transcriptional modifi-
cations occur, was mapped and compared to the SPIC behaviour (Fig 4). A simple pattern link-
ing these positions with CSBPSs/SPICs was not identified.

Phylogenetic distribution of CSBPSs

The distribution of CSBPSs along the reference tree is summarised in Fig 5, while the full
details are provided in S7-S9 Figs.
A total of 70.32% of the CSBPSs were associated with living species of Cetacea, while the
remaining 29.68% were divided among the internal nodes of the tree. In living species, the per-
centage of FCBCs was 66.91%, that of HCBCs was 72.19%, and that of mismatches was 69.39%

(Fig 5).
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stem positions known to be interested in species of Mammalia by an editing activity in at least one tRNA.

doi:10.1371/journal.pone.0158129.g004

The four FCBC:s of type II that were identified in Cetacea (see above) had a variable taxo-
nomic distribution. Two were restricted to a single species i.e., K. breviceps (trnN), and I. geof-
frensis (trnE) (S1 tRNA Multiple Alignments). The FCBC occurring in trnH appeared at the
onset of Cetacea. During the cladogenetic process, successive FCBCs of type I, HCBCs and a
mismatch were substituted for this CSBPS in some cetacean species (S7-S9 Figs, S1 tRNAs
Multiple Alignments, trnH). Finally, the FCBC of type II found in trnQ characterised most
of Odontoceti (except for P. macrocephalus + K. breviceps) and was followed by successive
HCBCs.

The analysis of the distribution of the CSBPSs revealed the occurrence of a dynamic, contin-
uous, and ongoing evolutionary mechanism of changes in the stems of tRNAs. The oldest
CSBPSs were followed by successive changes (marked with an asterisk in Fig 5) that occurred
in descendant groups at different taxonomic ranks (S7-S9 Figs). The CSBPSs were in several
cases molecular signatures for the different clades (S1 Extended Results). In contrast, in other
cases, the CSBPSs represented events of convergent/parallel evolution (S1 Extended Results).
Finally, the substitution pattern produced in some cases a secondary reversion to the condition
observed in outgroups due to the limited possibility of combinations of the four bases (S1
Extended Results).

The distribution of CSBPSs in living Cetacea exhibited a broad range of variation (Fig 5; S7-
S9 Figs, S1 tRNA Multiple Alignments). Most of Mysticeti showed a smaller number of CSBPSs
as Odontoceti. E. robustus and, more markedly, C. marginata were two exceptions to this
behaviour. Within Odontoceti, most of Delphinidae exhibited a lower number of CSBPSs than
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doi:10.1371/journal.pone.0158129.9005
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did members of other families. P. blainvillei and L. vexillifer showed the maximum number of
CSBPSs. Other species with at least 20 CSBPSs were Berardius bairdii, I. geoffrensis, K. brevi-
ceps, Pl. minor, and P. macrocephalus. The O. orca complex was a peculiar case to be analysed.
If this taxon was considered an assembly of multiple cryptic species, a very low number of
CSBPSs could be detected. In contrast, if different specimens of O. orca were considered to be
derived from a single species, then a minimum of 17 CSBPSs could be assigned to this taxon
(Fig 5).

A comparison of the reference topology (S1 Fig) with the distribution of CSBPSs (Fig 5)
showed that a good agreement existed among the lengths of the branches and the numbers of
CSBPSs.

M. grayi and N. asiaeorientalis were not considered in most of the analyses performed in the
present paper (see Materials and Methods above). However, it was possible to include the
tRNAs of these species in the multiple alignments (S1 tRNA Multiple Alignments).

The analysis of these alignments allowed us to identify for M. grayi at least 5 FCBCs, 3
HCBCs and 2 mismatches. Particularly interesting was the presence in the 2tp-pair of trnN of a
type Il FCBC (i.e., A-T vs. T-A). The total number of 10 CSBPSs found in M. grayi agreed
with the values obtained for other Mesoplodon species (Fig 5).

Two HCBCs were unquestionably peculiar to N. asiaeorientalis. They were located at the
5tp-pair of trnD and at the 2tp-pair of trnS2. Furthermore, N. asiaeorientalis shared with N.
phocaenoides most of the CSBPSs recorded for this latter species (Fig 5; S1 tRNA Multiple
Alignments).

Intraspecific variation in CSBPSs

The intraspecific level of CSBPS variation was studied in nine cetacean species (S1 Extended
Results, S2 Table). The analyses were performed for Balaenoptera physalus, M. densirostris,
Mesoplodon europaeus, O. orca, P. macrocephalus, Tursiops aduncus, Tursiops australis, Tur-
siops truncates, and Z. cavirostris. Intraspecific FCBCs were not identified, regardless of the
number of mtDNAs analysed (8-152). In contrast, a variable but limited number of HCBCs
and mismatches was detected. The number of tRNAs containing these CSBPSs varied from 1
(M. europaeus and T. australis) to 13 (B. physalus). In general, the intraspecific variation in
CSBPS was limited.

Discussion
Proximate causes of tRNA evolution in Cetacea

As outlined in the introduction, tRNAs are at the core of mitochondrial activity and play a key
role in the synthesis of mtDNA-encoded proteins.

Our analysis focussed on the changes that occurred in the stems of 22 tRNAs because they
have a major impact on the structural integrity of these molecules. It is the conservation of the
structural integrity, tightly linked to the ability to properly deliver the amino acid inside the
mitochondrial ribosome, that dictates the limit in variation that every tRNA can afford during
its evolution.

The results in the present paper show that the 22 mitochondrial tRNAs experienced contin-
uous change during the cladogenesis of Cetacea. However, these changes occurred in different
tRNAs with very different paces in terms of both numbers and types. This finding supports the
view of a complex relationship among tRNAs and several factors that can produce variation in
the stem pairs. Furthermore, it is evident that a fine tuning of the actions exerted by several
causes determined the diversity of effects described above.
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A total of 136 FCBCs, 320 HCBCs and 147 mismatches were identified in the analysis of
94T-set. A few more CSBPSs were detected in M. grayi, N. asiaeorientalis and in the study of
the intraspecific variation of selected species (see above). These latter CSBPSs did not substan-
tially alter the main outputs derived from the analysis of 94T-set. Thus, the discussion will be
focused mostly on the results obtained from the principal dataset.

Type I FCBCs dominated the evolution of cetacean tRNA stems (97%), while type II FCBCs
were very rare events. The occurrence of type I FCBCs was strongly favoured and promoted by
the pivotal role played by the GeT, T+G pairs involved in most HFBCs. Indeed, these pairs pro-
vide a very efficient switch to pass from A-T to G-C and vice versa without disrupting the
stem integrity through two rounds of HCBCs. In contrast, a type II FCBC requires an interme-
diate mismatch involving a couple of identical bases, potentially hampering the stem structure
or the simultaneous substitution of both nucleotides of pair with different types of bases, a very
rare event.

It has been shown that A-T and G-C pairs (and their symmetrical opposites) represent the
top peaks of the fitness landscape describing the evolutionary history of mitochondrial tRNAs
[66]. In contrast, GeT and A|C pairs are regarded as valleys of lower fitness that must be
crossed to go from one peak to the other [66]. However, the two valleys are structurally very
different because GeT does not jeopardise the tRNA stem structure, while A|C hampers the
stem integrity. Thus, in the fitness landscape, the GeT valley can easily be crossed. In contrast,
the pathway passing through A|C to go from A-T to G-C and vice versa is much steeper. This
statement is corroborated by different types of scientific evidence ranging from structural biol-
ogy [23] and free energy calculations for different base pairings [24] to comparative sequence
analysis and homology modelling [21] applied not only to tRNAs but to various types of RNA
molecules. Finally, the valley connecting the two peaks representing the alternative pairs of a
type II FCBC is very deep and difficult to be crossed, as demonstrated by the extremely limited
number of these events in Cetacea. The difficulty in passing through such a valley is further
corroborated by the fact that the mismatch can be almost/fully fixed, as shown in present study
for trnN. However, a mismatch is not necessarily a defect for a stem provided that it may repre-
sent a recognition signal for molecular partners [36]. Thus, it can remain in tRNA for a long
time.

Our analysis showed that the most active stem positions are involved with CSBPSs, and the
positions that are affected by post-transcriptional modifications on tRNAs are linked by a com-
plex pattern, also considering that our knowledge of the occurrence of the latter in Mammalia
is rather limited [19].

The abundance of codon families does not appear to have had a major impact on CSBPS
evolution. The composition of the strand encoding the different tRNAs as well as the AT- and
GC-skews exerts some control on the global pattern observed for CSBPSs as previously out-
lined by Helm et al. [36]. However, the distribution of FCBCs, HCBCs and mismatches is
much more influenced and controlled by the base composition, AT-skew, and GC-skew of the
tRNA stems. Indeed, our analysis has shown that it is the range of variation of composition
and skews, particularly the extent of fluctuation from positive to negative values in the tRNA
stems, that deeply affects the dynamics of the observed changes. Furthermore, this behaviour
can be heterogeneous even in different stems of the same tRNA and determines, at a micro-
scale level, the occurrence and abundance of different CSBPSs. The latter can be limited to sin-
gle species or extended to a variable number of taxa. A stochastic component certainly influ-
ences this process and acts at the most dynamic pairs of the stems generating the convergent/
parallel evolutionary changes described above. This does not mean that tRNA stems evolve at a
very fast pace, as demonstrated by the values of the (maximum composite likelihood distance
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—p-distance) difference, which demonstrated that the substitution process is very far from
saturation.

The type and distribution of CSBPSs is not only variable among the 22 tRNAs but also very
different among different species. Thus, some CSBPSs can be proficiently used as good molecu-
lar signatures to delimit and define clades within Cetacea. The CSBPS intraspecific variation
was limited, and no FCBCs were detected among the analysed species. However, the samples
were small, and a much better coverage is necessary to fully assess this point.

The analysis of the distribution of CSBPSs in the Cetacea tree allowed us to hypothesise the
role played by some factors in the evolutionary changes that occurred in the mitochondrial
genome of Cetacea during their return to water. These evolutionary pathways are discussed in
the next paragraph.

Anatomical and physiological requirements and tRNA evolution

Recent evidence [67] suggests that gene families associated with stress-responsive proteins and
anaerobic metabolism are expanded in cetaceans, while genes linked to sensory receptors and
body hair are contracted (for the latter, see also Nery et al. [68]). This confirms that whale and
dolphin genomes reflect the physiological need for a breath-holding based metabolism and
intense stress due to increased reactive oxygen species and a high-salt environment. The high
energy requirements of life in the water are testified also by the parallel evolution of the IDH2
gene, which encodes an enzyme involved in aerobic metabolism in cetaceans, primates and
bats [69].

In fact, a novel expansion of a polyalanine tract of the homeobox (Hox) genes Hoxd12 and
Hoxd13 in cetaceans implicates a selective pattern of development of the specific morphology
of the thoracic limb that is transformed into the typical flipper [70]. Conversely, in contrast to
that expected, the primate-dolphin comparison showed that the evolution of microcephalin
(MCPH1 brain-development gene) was not associated with brain size in cetaceans [71], thus
failing to pinpoint an evolutionary factor responsible for the highest brain mass in the clade of
mammals.

According to our data, the distribution of CSBPSs is very variable in the different cetacean
families (Fig 5). Most species of Delphinidae exhibit fewer CSBPSs than do other toothed
whales. The O. orca complex represents the main exception to this behaviour. The smaller
number of CSBPSs observed in Delphinidae has possibly been influenced by a combination of
the physiological requirements of the species belonging to this family (see below) as well the
relative younger age of the clade with respect to that of other Cetacea lineages [55].

Phocoenidae and Monodontidae exhibit a number of CSBPSs slightly higher than but still
comparable to that of Delphinidae. The shape of the body and the general food preferences of
these three families are similar and may cause the differences in the deep divers, including
Kogiidae, Physeteridae and Ziphiidae, and in the estuarine and freshwater species, including
Pontoporiidae, Iniidae, Lipotidae and Platanistidae. Toothed whales that live in estuarine and
freshwater habitats and cetaceans that repeatedly hunt at great depths face different but equally
challenging physiological stresses only partially shared by taxa living in less extreme environ-
ments [72,73]. We also emphasise that some physiological parameters (including bradycardia
at great depths) show specific characteristics (high percentage of arrhythmias), at least in the
trained bottlenose dolphin T. truncatus [74], indicating the persistence of ancestral terrestrial
traits in cardiac functions that would be difficult to maintain during the routine deep foraging
of beaked and sperm whales.

The reference tree used to map the CSBPSs (S1 Fig) was obtained from the analysis of the
amino acid alignment. The length of the branches provides good evidence for the amount of
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positive selection that occurred in the 13 proteins encoded in the mitochondrial genome. The
branches connecting estuarine, freshwater and deep divers of Odontoceti are among the lon-
gest observed in the reference tree (S1 Fig). Indeed, they are significantly longer that those con-
necting other cetacean taxa (p < 0.0005; one-tailed Student’s t-test, unequal sample sizes, and
unequal variances). This finding supports the view that in these taxa, the proteins were sub-
jected to positive selection, as shown previously for P. macrocephalus [75]. CSBPSs are much
more abundant in taxa that are characterised by long branches (Fig 5; S1 Fig) than in other
cetacean species (p < 0.00005; one-tailed Student’s t-test, unequal sample sizes, and unequal
variances). This match supports the view that not only did PCGs and their protein products
experience positive selection, but tRNAs were subjected to an acceleration of the substitution
process, which increased the number of CSBPSs. We suggest here that the challenging environ-
ments inhabited by estuarine, freshwater and deep water Odontoceti were responsible for at
least part of the increased rate of base changes observed in the mitochondrial genomes of these
taxa. Extreme environmental conditions have left their signature in the control region and in
the coding genes of the mitochondrial genomes of high-altitude mammals [76]. Similarly, the
mtDNA of the pika Ochotona curzoniae appears to harbour evidence of adaptation to cold and
hypoxia [77]. In general, signatures of adaptive evolution have been found in the mitochondrial
genomes of various mammals with specialised metabolic requirements [78].

Alternatively, it could be argued that the diverse numbers of CSBPSs observed in the various
toothed whales are simply the result of a random substitution process linked to the different
ages of the species. In this scenario, older species exhibit a higher number of CSBPSs because
there was more time available for random substitution to occur.

To test this second hypothesis, which it is not necessarily an alternative to the environment-
driven evolution described above, we compared the abundance of CSBPSs with the age of the
taxa.

Different time estimations exist for the appearance and split of major phyletic lineages of
Cetacea [12,15,55-58,62,63]. Dating is not consistent in different papers, and discrepancies
exist (see the references cited above).

The currently most complete dating for the Cetacea clade is that provided by McGowen et al.
[55]. According to these authors and considering only the dates relevant for the present paper,
we have the following estimates (in brackets is the 95% interval range): (a) 24.21 MYA (15.83—
31.93) for the split between P. microcephalus and Kogia genus; (b) 16.68 MYA (11.35-22.51) for
the split between I. geoffrensis and P. blainvillei; ) 22.15 MYA (16.93-27.30) for the occurrence
of the last common ancestor of L. vexillifer and I. geoffrensis + P. blainvillei; d) 32.43 MYA
(27.92-37.07) for the appearance of the lineage leading to Platanista genus; e) 10.08 MYA
(7.34-12.88) for the onset of Delphinidae; and f) 13.80 MYA (9.99-19.32) for the origin of
Balaenopteridae + E. robustus. These estimations are more or less in agreement with the molec-
ular dating based on complete mtDNA published by Hassanin et al. [15]. These authors provide
the following estimates: a) 21.9 + 3.6 MYA for the split between P. macrocephalus and K. brevi-
ceps; b) 14.0 + 3.0 MYA for the split between I. geoffrensis and P. blainvillei; and ¢) 19.9 + 3.2
MYA for the last common ancestor of L. vexillifer and I. geoffrensis + P. blainvillei.

Despite the variation in the absolute values of the estimates, the split between P. macroce-
phalus and Kogia occurred clearly before the separation between I. geoffrensis and P. blainvillei.
Furthermore, L. vexillifer belongs to an older branch than the two species just mentioned.
Finally, the differentiation of the lineage giving birth to the Platanista genus was a very early
cladogenetic event. All of these taxa exhibit similar numbers of CSBPSs, and younger species
may present more CSBPSs that do older species (O. blainvillei vs. K. breviceps). Similarly, even
if we assigned to Balaenopteridae species the CSBPSs of the intermediated nodes present in the
pathways connecting the root of this family with current taxa, thus spanning the whole 13.80
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MYA of evolution, we still have much lower values than those of P. blainvillei. An analogous
reasoning can be applied to Delphinidae.

As shown in the Results section, the substitution process in the stems of tRNAs is far from
saturation. Thus, the observed distribution of CSBPSs cannot be explained in terms of pure
random drift, even if random drift cannot be fully excluded and certainly plays/played some
role in Cetacea tRNA evolution.

C. marginata was the only baleen whale with a high number of CSBPSs (Fig 5). This species
is the sole living representative of a lineage thought to be extinct [79], and its physiology and
habitat requirements are poorly known [80]. Thus, it is currently impossible to identify the
main forces that shaped the evolution of mitochondrial tRNAs in this taxon.

Concluding remarks

During the transition from terrestrial to aquatic environments, the body plan and the physiol-
ogy of Cetacea were extensively modified, and strong molecular signatures of these changes are
becoming well documented in their nuclear genomes [81]. The results presented in this paper
show that mitochondrial genomes harbour in their sequences evidence of the transition from
terrestrial to aquatic environments and also permit differentiation among the different habitats
currently inhabited by Cetacea.

The evolution of CSBPSs was not constant during the cladogenetic process that lead to cur-
rent Cetacea and experienced two peaks of acceleration. The first peak occurred during the
return to the water by the common ancestors of whales, dolphins and their relatives. The sec-
ond one arose with the entering of some taxa into the more demanding environments repre-
sented by freshwater, estuarine and deep water habitats (Fig 5).

We outline here that the “extreme environment” hypothesis of the evolution of cetacean
tRNAs represents the best interpretation of our data given the analyses performed in the pres-
ent work. However, we do not claim that the evolution of the tRNAs was shaped only/mostly
by harsh environmental conditions. The process was certainly influenced by other causes,
including the genetic drift described above. Thus, further studies are necessary to improve our
current understanding of the evolution of cetacean tRNAs.

Supporting Information

S1 Extended Results. File including more details on the analyses performed in this paper.
(PDF)

S1 Fig. The phylogeny of Cetartiodactyla. Maximum likelihood (-InL = 66963.002109) phylo-
gram depicting the phylogenetic relationships among the major clades of Cetartiodactyla. The
tree was created by analysing the amino acid 94T-set (3716 positions) with the RAXML 7.4.2
program implemented in raxmlGUI 1.3.1. The evolutionary model was MTMAM + F + CAT.
Thirteen partitions were applied: one for every protein. The numbers represent bootstrap val-
ues expressed in percent. Only bootstrap values > 50% are provided for the nodes. The scale
bar represents 0.05 substitutions/site.

(PDF)

$2 Fig. The mitochondrial genome of Ziphius cavirostris. The gene order is depicted and lin-
earised starting from cox1. Genes encoded on the o-strand (right to left orientation) are
underlined in green, while those encoded on the B-strand are underlined in red (left to right
orientation). Gene nomenclature: atp6 and atp8: ATP synthase subunits 6 and 8; cob: apocyto-
chrome b; cox1-3: cytochrome c oxidase sub-units 1-3; nadl-6 and nad4L: NADH dehydrogenase
subunits 1-6 and 4L; rrnS and rrnL: small and large subunit ribosomal RNA (rRNA) genes;
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and X: transfer RNA (tRNA) genes, where X is the one-letter abbreviation of the corresponding
amino acid. In particular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the
AGY codon family, and S2 the TCN codon family. CR, Control Region. OL, origin of duplica-
tion of the light strand. A black circle located between two adjacent genes denotes the presence
of an intergenic spacer (in white is the number of nucleotides forming the spacer). A white cir-
cle located between two adjacent genes denotes the presence of an overlapping segment (in red
is the number of nucleotides forming the segment). Isp, intergenic spacer; start, start of the
gene; end, end of the gene; size, size of the gene. For protein-coding genes, the start codon is
provided in cyan and the stop codon in red (with incomplete stop codons written in parenthe-
ses). The anticodon is provided for every tRNA (e.g., tga for trnS2).

(PDF)

S3 Fig. Secondary structure of Cetacea tRNA and level of conservation (trnA-trnK). pDis,
p-Distance calculated for each pairwise-comparison orthologous tRNAs. MLdis, maximum
composite likelihood distance calculated for every pairwise-comparison. DIF (MLdis—pDis),
the difference between MLdis and pDis. The average values and the standard deviation are pro-
vided for both pDis and DIF. The values were computed for each set of orthologous tRNAs.
(PDF)

S4 Fig. Secondary structure of Cetacea tRNA and level of conservation (trnL1-trnV). pDis,
p-Distance calculated for each pairwise-comparison orthologous tRNAs. MLdis, maximum
composite likelihood distance calculated for every pairwise-comparison. DIF (MLdis-pDis),
the difference between MLdis and pDis. The average values and the standard deviation are pro-
vided for both pDis and DIF. The values were computed for each set of orthologous tRNAs.
(PDF)

S5 Fig. AT-skew vs. A+T% and GC-skew vs. G+C% in the 94T-set mtDNAs. The values were
calculated on the o-strand of the full-length mtDNA genomes. The X axis provides the skew
values, while the Y axis provides the A+T% and G+C% values.

(PDF)

S6 Fig. AT-skew vs. A+T% (A), and GC-skew vs. G+C% (B) in Cetacea mtDNAs. The values
were calculated on the o-strand of the full-length mtDNA genomes. The X axis provides the
AT- and GC-skew values, while the Y axis provides the A+T% and G+C% values. Species with
a placement that is difficult to identify in the main plots are depicted in the frames.

(PDF)

S7 Fig. Mapping of FCBCs on the Cetacea phylogenetic tree. FCBC, fully compensatory base
change; SPIC, stem position involved in base change. The tRNA and the stem pair involved in
FCBCs are mapped on the corresponding nodes of the reference phylogenetic tree. The tRNAs
are depicted with the single-letter [IUPAC code used for the corresponding amino acid. In par-
ticular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the AGY codon fam-
ily, and S2 the TCN codon family. The stem pair involved in FCBC is provided in superscript.
The asterisk, associated with some FCBCs indicates that these FCBCs were subjected to succes-
sive changes in one/some of the taxa located downstream of the considered node.

(PDF)

S8 Fig. Mapping of HFBCs on the Cetacea phylogenetic tree. HFBC, hemi-compensatory
base change; SPIC, stem position involved in base change. The tRNA and the SPICs involved
in HFBCs are mapped on the corresponding nodes of the reference phylogenetic tree. The
tRNAs are depicted with the single-letter IUPAC code used for the corresponding amino acid.
In particular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the AGY
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codon family, and S2 the TCN codon family. The SPIC involved in HFBC is provided in super-
script. The asterisk associated with some HFBCs indicates that these HFBCs were subjected to
successive changes in one/some of the taxa located downstream of the considered node. A
SPIC located on the 5’ side of a stem-pair is marked in orange, while a SPIC placed on the 3’
end of a pair is purple.

(PDF)

S9 Fig. Mapping of Mismatches on the Cetacea phylogenetic tree. Mismatch, mismatch in

a base pair of a stem; SPIC, stem position involved in base change. The tRNAs and SPICs
involved in mismatches are mapped on the corresponding nodes of the reference phylogenetic
tree. The tRNAs are depicted with the single-letter IUPAC code used for the corresponding
amino acid. In particular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the
AGY codon family, and S2 the TCN codon family. The SPIC involved in a mismatch is pro-
vided in superscript. The asterisk associated with some mismatches indicates that these mis-
matches were subjected to successive changes in one/some of the taxa located downstream of
the considered node. A SPIC located on the 5’ side of a stem-pair is marked in orange, and a
SPIC placed on the 3’ end of a pair is purple.

(PDF)

S1 Table. List of taxa, accession numbers in GenBank and references.
(PDF)

S2 Table. Intraspecific CSBPSs identified in some Cetacea.
(PDF)

S1 tRNA Multiple Alignments. Multiple alignments of orthologous tRNAs.
(PDF)
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S1 Supplementary Extended Results

The mitochondrial genome of Ziphius cavirostris

The mtDNA of a specimen of Z. cavirostris, sequenced for this paper, is briefly described here. The
new mitochondrial genome was 16,352 bp long. This value was very close to the average value
obtained for the dataset analysed in the present work (16,436 + 124). The Z. cavirostris genome
contained the 37 genes almost universally found in animal mtDNAs i.e., 13 PCGs, two ribosomal
rRNAs and 22 tRNAs. The gene order was typical for vertebrate mtDNAs (Fig 1), with 28 genes
encoded on the a-strand and nine present on the opposite -strand. Most of the PCGs started with
ATG and ended with TAA or the incomplete stop codons TA(a) and T(aa). The genes on the
same/opposite strand overlapped, were contiguous or were separated by intergenic spacers
encompassing a variable number of nucleotides (S2 Fig). The mtDNA sequence of Z. cavirostris is
available in EBI/GenBank under accession number LN997430.

Occurrence of CSBPSs in the tRNAs of Cetacea

The computation of values of the p-distance and (maximum composite likelihood distance — p-
distance) difference allowed the level of conservation and the possible underestimation of the
substitution patterns in Cetacea tRNAs (S3 and S4 Figs) to be determined. The most conserved tRNA
was trnG (average-pDis = 0.049 + 0.026) and the most variable was trnH (average-pDis = 0.134 +
0.059). The minimum DIFF value (average-DIF = 0.000 £ 0.002) and the maximum value (average-
DIF = 0.027 £ 0.019) were observed respectively in trnE and trnH. The (maximum composite
likelihood distance — p-distance) difference values demonstrated that the observed CSBPSs did not
grossly underestimate the true number of CSBPSs in the tRNAs.

A total of 603 CSBPSs (136 FCBCs, 320 HCBCs, 147 mismatches) were identified in the tRNAs of
Cetacea (Fig 2; S10 tRNAs multiple alignments).

Most of FCBCs were of type I (131). These FCBCs were split in 36 A-T vs. G—C, 49 G-C vs. A-T,
24 C-G vs. T-A, 22 T-A vs C-G. The distribution on a-/p-strand tRNAs of type I FCBCs was 35/1,
38/11, 19/5, and 22/2. Four FCBCs were of type II. T-A vs. A-T occurred on the San-pair of trnH.
G-T vs. T-A was found on the 7ac-pair of trnQ. C—G vs. A—T was identified on the 2tp-pair of trnE.
A-T vs. T-A was detected on the 2tp-pair of trnN (Fig 2; S10 tRNAs multiple alignments). This latter
case showed the complete pathway of the process leading to a type I FCBC. Indeed the ougroups
had the T-A pair, most of the ingroup taxa exhibited the mismatch T|T, and K. brevices and
Mesoplodon grayi (see below for this latter species) exhibited the A—T pair. Finally, a peculiar FCBC

1
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occurred in trnF (i.e. G*T vs. A|C), where a double change of bases generated a correct pairing against
a mismatch.

The number of FCBCs, detected in a single tRNA, ranged from 1 (trnC, trnE, trnl, trnN, trnS2) to 18
(trnH). Ten or more FCBCs were found only in the a-strand encoded trnF, trnH, trnK, trnR, trnS1
(Figs 1 and 2). Except for trnY (8 FCBCs), the B-strand tRNAs exhibited four or less FCBCs. The
bases alternating on the type I FCBCs followed three patterns (a-c). (a) Only purines alternated at the
5’ end of the pair and solely pyrimidines occurred at the 3’end (trnD, trnG, trnl, trnL2 and trnW). (b)
Both purine/pyrimidine bases occurred in the substitution at 5’ and 3’ends of the pair (trnA, trnF,
trnH, trnK, trnL1, trnP, trnR, trnS1, trnT, trnV, trnY) with a variable prevalence of the first/second
type of base. (c) Only pyrimidines alternated at the 5’end and only purines occurred at the 3’end of
the pair (trnC, trnM, trnS2) (S10 tRNAs multiple alignments).

The 320 HCBCs were distributed mainly in four symmetrical types a-d: (a) [5* (A vs. G), 3° (T)] (43)
and its counterpart [5” (T), 3’ (A vs. G)] (16); (b) [5’(C vs. T), 3’ (G)] (6) and its opposite [5’ (G), 3’
(Cvs. T)] (26); (c) [5” (G vs. A), 3’ (T)] (67) and the opposite [5° (T), 3* (G vs. A)] (60); (d) [5° (T
vs. C), 3’ (G)] (23) and its counterpart [5* (G), 3’ (T vs. C)] (33). Abundant was also the type (31)
[5° (A), 3’ (T vs. C)]. The a-strand tRNAs showed 144 HCBCs, while the -strand tRNAs exhibited
176 HCBCs (Fig 2).

The HCBCs had a distribution B-strand biased. The maximum number of HCBCs occurred in trnE
(35). Numerous HCBCs (>23) were present in trnA, trnP, trnQ, trnS2, and trnY. The trnC (11
HCBCs) and more markedly trnN (0 HCBC) were exceptions. The HCBCs distribution was variable
in the a-strand tRNAs with values ranging from 17 (trnH) to 2 (trnM, trnV).

The 147 mismatches belonged to 35 different types (Fig 2). Only the most abundant are described in
details below. The symmetrical [5” (A vs. G), 3°(C)] and [5°(C), 3’ (A vs. G)] mismatches occurred
respectively 25 and 6 times. The [5* (C vs. T), 3’ (A)] and [5° (A), 3’ (C vs. T)] mismatches were
found respectively 23 and 34 times. The remaining 31 types occurred 59 times and accounted for the
40.14% of the whole mismatches set. The distribution of mismatches was uneven and a-strand biased.
Indeed ten a-strand tRNAs (i.e., trnF, trnH, trnK, trnL2, trnM, trnR, trnS1, trnT, trnV and trnW)
accounted for most (131, 89.16%) of observed mismatches. Conversely, only seven mismatches

occurred in the eight tRNAs of the B-strand.

Patterns of CSBPSs distribution in the Cetacea tRNAs

The distribution of CSBPSs was very variable in the tRNAs (Fig 2). Eight tRNAs of the a-strand
(trnF, trnH, trnK, trnL2, trnR, trnS1, trnT and trnW) exhibited a linked distribution of FCBCs,
HCBCs, and mismatches with all types of CSBPS > 7. A second pattern, mainly observed in -strand
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tRNAs, implied a high number of HCBCs coupled with a low number of FCBCs and mismatches
(trnA, trnC, trnE, trnG, trnP, trnQ, trnS2). The trnD, trnL1, and trnY exhibited a low number of
mismatches coupled with a moderate number of FCBCs and a higher number of HCBCs. A low
numbers of base changes characterised trnl, and trnN. Few FCBCs and HCBCs and good number of
mismatches occurred in trnM. Finally, trnV exhibited a high number of mismatches coupled with a

good number of FCBCs and a low number of HCBCs (Fig 2; S10 tRNAs multiple alignments).

Factors influencing the occurrence and type of CSBPSs

The total number of codons encoded by the cetacean mtDNAs was homogenous (average 3777.47 +
1.23). The minimum (3775) and maximum values (3781) were observed respectively in Orcaella
brevirostris and P. minor. The number of codons for each codon family was also homogenous. The
most abundant family was Leul (codons per thousand codons = 133.10 £ 3.72). The less abundant
family was Cys (codons per thousand codons = 6.07 + 0.22) (Fig 2).

FCBCs, HCBCs, and mismatches were simultaneously abundant in a-strand tRNAs exhibiting a
broad range of codons per thousand codons (trnH, trnK, trnR, trnS1, trnL2, trnF, trnT) (Fig 2).
Mismatches were very low/absent in all the B-strand tRNAs. Mismatches were very low in trnL1 (1)
and trnl (2), both encoded on a-strand, representing the first and third most abundant family. The
smallest number of CSBPSs occurred in trnN (0 FCBC; 0 HCBC; 1 mismatch), one of the less
abundant families (codons per thousand codons = 25.35 £ 0.50). On the opposite trnl, one of the most
abundant tRNAs, ranked as the second for the minimum number of FCBCs (1), HCBCs (3) and
mismatches (2). In general, there was not a simple pattern linking codon family abundances and
richness of FCBCs, HCBCs, and mismatches (Fig 2).

The bases contents, the AT-/GC-skews were computed for the tRNAs stems and compared with those
of the encoding mtDNAs to test their effects on CSBPSs distribution (Fig 2; S5 and S6 Figs).

The tRNAs of B-strand exhibited negative/null AT-skew, and positive/null GC-skews values (Fig 2).
The a-strand tRNAs showed a more composite pattern. The trnS1 had always positive AT-skew
values. In other tRNAs the AT-skews were negative/null (e.g., trnG), or varied from negative to
positive values (e.g. trnF) within a more or less broad range. The GC-skew values were positive in
trnL1, and positive/null in trnG. In other tRNAs the GC-skew values varied from negative to positive.
The A+T contents were very variable (Fig 2).

The majority of tRNAs exhibited always A+T content > 50%. However, trnC, trnF, trnL2, trnP, trnR,
trnS2, trnW, and trnY exhibited some sequences with A+T < 50%. The A+T content was always <

50% in trnM stems.
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On o-strand: (a) the tRNAs (i.e., trnD, trnl) with high A+T content (> 62.50%) and limited variation
of AT-skews (£ 0.04) and GC-skews (£ 0.091) were linked to a small number of FCBCs; (b) a low
A+T content (< 47.62%) combined with small AT-skew values (-0,176 —-0.059), and small GC-skew
values (-0.040 — 0.043) was associated to a small number of FCBCs in trnM; (c) a high variation of
A+T content coupled to a broad range variation of AT-, and GC-skews was linked to a high number
of CSBPSs (e.g., trnF, trnH, trnL2, trnR, trnT). On B-strand a combination of always negative AT-
skews and always positive GC-skews coupled with variable A+T content was linked to a high number
of HCBCs, and low number of both FCBCs and mismatches (e.g., trnA, trnE, trnP, trnQ). An
invariable A+T content, limited variation of AT-skews, and constant GC-skews characterized trnN,
that exhibited one FCBC, one mismatch and none HCBC.

Globally, the occurrence of CSBPSs in different tRNAs was influenced by the combined action of
the base content variation, and asymmetrical compositional biases of the stems that in several cases
were opposite to the values computed for the strand encoding the analysed tRNAs. Particularly the
range of variation and the fluctuation of bases content, AT-,and GC-skews had a major impact on the
type and abundance of CSBPs (e.g., trnH vs. trnN) (Fig 2; S5 and S6 Figs).

Finally, the abundance of FCBCs, HCBCs, and mismatches did not appear to be linked to the genomic
placement of different tRNAs (Figs 1 and 2). A couple of examples support this statement. TrnA and
trnN, both on B-strand and adjacent, exhibited very different behaviours. Conversely trnR and trnT,

both on a-strand and well separated, had very similar patterns.

The stem-positions associated to CSBPSs

The stem positions involved in base changes (hereafter named SPICs) were mapped and analysed in
the different tRNAs (Figs 3 and 4). One, two and even all three types of substitution were observed
in the same SPIC (e.g., trnF, Fig 3). The number of SPICs was very variable within the 22 tRNAs
(Fig 3). The smallest number (2) of SPICs (5.00 % of the 40 stem-positions) occurred in trnN. At the
opposite, trnH presented 23 SPICs (54.76% of the 42 stem-positions) (Fig 3). Due to the
heterogeneity of the substitution patterns, a perfect correspondence did not exist between the
percentage of SPICs and global percentage of CSBPSs occurring in a single tRNA. Thus, trnH,
exhibiting the maximum number of SPICs, hosted 7.30% of the total 603 CSBPSs. Conversely, trnR,
having a lower percentage of SPICs (47.62%) hosted 9.45 % of total CSBPSs. Similarly, trnQ with
only 11 SPICs (26.19%) contained 5.47% of total CSBPSs, a value observed in tRNAs with SPICs
percentages > 35% (e.g., trnY). Despite these vagaries, the percentage of SPICs was in good
agreement with the global percentage of CSBPSs. The percentages of SPICs and FCBCs exhibited a

similar behaviour. Much more discrepancies existed among the percentage of SPICs and global
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percentages of HCBCs, and mismatches. A couple of examples corroborate this statement. The SPICs
percentage for trnE was 35.71 % while the HCBCs percentage was 10.94%, more than twice the
percentage of HCBCs (5.31%) observed in trnH, that possessed the highest percentage of SPICs (see
above). Similarly, trnH and trnM presented comparable percentages (6.12% vs. 5.44%) of
mismatches but very different percentages of SPICs (54.76% vs. 26.19%) (Fig 3). Every tRNA
exhibited a unique pattern of SPICs and associated types of FCBCs, HCBCs, mismatches.

The distributions of SPICs and CSBPSs were summarised in Fig 4. The occurrence of FCBCs was
very variable in the pairs. None tRNA presented a FCBC in the 2ac-, and 4dh-pairs (Fig 4a).
Conversely the 4ac-pair (7 tRNAs), the 2an-pair (7 tRNAs), and 2an-pair (8 tRNAs) were hot spots
for the presence of FCBCs. The acceptor stem (3-6ac-pairs), the anticodon stem (1-2,5an-pairs) and
the TYC stem (2-4tp-pairs) contained most of SPICs associated to FCBCs. The DHU stem had a very
limited number of SPICs associated to FCBCs.

The SPICs associated to HCBCs were variably distributed in the different tRNA. However, some hot
spots emerged. The 5’end of dh1-pair hosted at least an HCBCs in nine tRNAs. On the opposite, the
3’end of 2dh-pair never exhibited an HCBC and the same was true for the 5’end of the Stp-pair. The
5’-end and 3’-end could behave differently in the same pair. Thus, the 5’end of 3tp-pair hosted an
HCBC in seven different tRNA while the 3’end presented an HCBC only in two tRNAs. No HCBC
occurred in 3’-end of 2dh-pair.

The SPICs associated to mismatches were more abundant on acceptor and TYC stems. The anticodon
stem presented several SPICs associated to mismatches. Very a few SPICs hosting mismatches
occurred in the DHU stem. Mismatches were never detected in some positions (e.g., 5’end of lac-
pair, 4dh-pair, Itp-pair) (Fig 4a). When the global percentage of FCBCs, HCBCs, mismatches
occurring at the different SPICs was evaluated, the patterns that emerged largely mirrored the
abundance of SPICs just described above (Fig 4b).

The occurrence of HCBCs exhibited an evident 5’end or 3’end distributional bias in the pairs of some
tRNAs. In trnG 11 of the 12 HCBCs occurred at the 5’end of the involved pairs (Fig 3; S8 Fig).
Likewise, in trnH 15 of the 17 HCBCs were located in the 3’end of the pairs (Fig 3; S8 Fig). Also,
trnF, trnK, trnR, trnS1, trnT exhibited HCBCs distributional biases. The distribution of mismatches
exhibited an evident 5’end or 3’end bias in trnF, trnG, trnR, trnS1, and trnW (Fig 3; S9 Fig).
Finally the known distribution of positions in the stems, where occur posttranscriptional
modifications, was mapped and compared with the SPICs behaviour (Fig 4). A simple pattern linking

these positions with CSBPSs/ SPICs was not identified.
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Phylogenetic distribution of CSBPSs

The distribution of CSBPSs along the reference tree is summarized in Fig 5 while the full details are
provided in the S7-S9 Figs.

The 70.32% of the CSBPSs were associated to living species of Cetacea while the remaining 29.68%
was divided among the internal nodes of the tree. In living species, the percentage of FCBCs was
66.91%, that of HCBCs was 72.19%, and that of mismatches was 69.39% (Fig 5).

The four FCBCs of type Il identified in Cetacea (see above) had a variable taxonomic distribution.
Two were restricted to a single species i.e. K. breviceps (trnN), and I. geoffrensis (trnE) (S10 tRNAs
multiple alignments). The FCBC occurring in trnH appeared at the onset of Cetacea. During the
cladogenetic process, successive FCBCs of type I, HCBCs and a mismatch substituted this CSBPS
in some cetacean species (S7-S9 Figs, S10 tRNAs multiple alignments, trnH). Finally, the FCBC of
type 11, found in trnQ, characterized most of Odontoceti (except P. macrocephalus + K. breviceps)
and was followed by successive HCBCs.

The analysis of the distribution of the CSBPSs revealed the occurrence of a dynamic, continuous, and
still ongoing evolutionary mechanism of changes on the stems of tRNAs. The oldest CSBPSs were
followed by successive changes (marked with an asterisk in Fig 5) that occurred in descendant groups
at different taxonomic ranks (S7-S9 Figs). The CSBPSs were in several cases molecular signatures
for the different clades as shown in the examples described below a referred for simplicity to a single
tRNA.

The A-T vs. G—-C, a FCBC of type I occurring at the 1dh-pair of trnH, distinguished the Ziphiidae
from other Cetacea (Fig 5; S7 Fig). Similarly the [ 5°(G vs. A), 3’ (T)] HCBC, observed in the 7ac-
pair of trnH, differentiated P. blainvillei from other cetacean taxa (Fig 5; S8 Fig, S10 tRNAs multiple
alignments, trnH). Finally, the T|C vs. T-A, a mismatch located at the 3’end of the 2tp-pair of the
same tRNA, sets apart Delphinidae from other Cetacea (Fig 5; S9 Fig).

In other cases, the CSBPSs represented events of convergent/parallel evolution. Thus, the T-A vs.
C-G FCBC, located at the tp4-pair of trnF, was shared by Balaena misticetus and Eschrichtius
robustus (Fig 5; S7 Fig, S10 tRNAs multiple alignments, trnF). Analogously, Neophocaena
phocaenoides, O. brevirostris, Feresa attenuata and O. orca complex exhibited the same HCBC [
5’(G vs. A), 3’ (T)], at the 4ac-pair of trnD (Fig 5; S8 Fig, S10 tRNAs multiple alignments, trnD).
Finally, the T|T vs. A—T mismatch, at the 6ac-pair of the trnC, appeared independently in Sousa
chinensis and O. orca complex (Fig 5; S9 Fig, S10 tRNAs multiple alignments, trnC).

The substitution pattern produced in some cases the secondary reversion to the condition observed in

outgroups, due to the limited possibility of combinations of the four bases. Thus, in M. monoceros a
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secondary A—T vs. G—C FCBC occurred in the Sac-pair of trnW (Fig 5; S7 Fig, S10 tRNAs multiple
alignments, trnW). Similar reversions were observed also for HCBCs and mismatches.

The distribution of CSBPSs in living Cetacea exhibited a broad range of variation (Fig 5; S7-S9 Figs,
S10 tRNAs multiple alignments). Most of Mysticeti showed a smaller number CSBPSs than
Odontoceti. E. robustus (10 CSBPSs) and, more markedly, C. marginata (19 CSBPSs) were two
exceptions to this behaviour. Within Odontoceti, most of Delphinidae exhibited a lower number of
CSBPSs than members of other families. P. blainvillei and L. vexillifer showed the maximum number
(30) of CSBPSs. Other species with at least 20 CSBPSs were Berardius bairdii (20), 1. geoffrensis
(23), K. breviceps (24), PIl. minor (28), and P. macrocephalus (26). O. orca complex was a peculiar
case to be analysed. If this taxon was considered as an assembly of multiple cryptic-species a very
low number of CSBPSs could be detected. Conversely, if different specimens of O. orca were
considered to be derived from a single species, then a minimum of 17 CSBPSs could be assigned to
this taxon (Fig 5).

Comparison of the reference topology (S1 Fig) with the distribution of CSBPSs (Fig 5) showed that
a good agreement existed among the lengths of the branches and the numbers of CSBPSs.

The distribution of CSBPSs was further investigated in the ten species of Odontoceti with a minimum
of 4 FCBCs (Fig 5). None tRNA, exhibiting at least one FCBC, was shared by all taxa. However,
when a tRNA was shared by different species, a FCBC could be located in the same stem-pair in
different taxa (e.g. Sac-pair of trnH in P. blainvillei and P. macrocephalus) (S7 Fig, S10 tRNAs
multiple alignments). Similar patterns were detected for HCBCs and mismatches (S8 and S9 Figs,
S10 tRNAs multiple alignments).

M. grayi and N. asiaorientalis were not considered in most of the analyses performed in present paper
(see above Materials and methods). However, it was possible to include the tRNAs of these species
in the multiple alignments (S10 tRNAs multiple alignments).

The analysis of these alignments allowed to identify for M. grayi at least 5 FCBCs (trnH, 3tp-pair;
trnN,; trnQ, 1-an-pair; trnT, lan-pair; trnW, Stp-pair), 3 HCBCs (trnC, 5’ end of lac-pair; trnF, 5°
end of 3an-pair; trnQ, 5’end of 3an-pair) and 2 mismatches (trnL2, 5’ end of 7ac-pair; trnV, 3’ end
of 4an-pair). Particularly interesting was the presence in the 2tp-pair of trnN of a FCBC of type II
(i.e. A-T vs. T-A). The total number of 10 CSBPSs found in M. grayi was in agreement with values
obtained for other Mesoplodon species (Fig 5).

Two HCBCs resulted unquestionably peculiar to N. asiaorientalis. They were located respectively at
the Stp-pair of trnD [(G), (T vs. C)], and at 2tp-pair of trnS2 [5°(A vs. G), 3’(T)]. Furthermore, N.
asiaorientalis shared with N. phocaenoides most of CSBPSs recorded for this latter species (Fig 5;
S10 tRNAs multiple alignments).
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Intraspecific variation of CSBPSs

The intraspecific level of CSBPSs variation was studied in nine cetacean species (S2 Table). The
analyses were performed for Balaenoptera physalus, M. densirostris, Mesoplodon europaeus, O.
orca, P. macrocephalus, Tursiops aduncus, Tursiops australis, Tursiops truncates, and Z. cavirostris.
Intraspecific FCBCs were not identified, irrespective to the number of mtDNAs analysed (8—152).
Conversely, a variable, but limited, number of HCBCs and mismatches was detected. B. physalus
exhibited intraspecific HCBCs and mismatches in 13 tRNAs. M. densirostris presented CSBPSs in
six tRNAs, while M. europaeus showed one HCBC in trnL2. In the O. orca complex intraspecific
CSBPSs, not present in 7 sequences included in 94T-set, were found in seven tRNAs. P.
macrocephalus exhibited CSBPSs in four tRNAs. T. aduncus, showed one HCBC in trnF and trnT.
T. australis presented a mismatch in trnS1. In T. truncatus CSBPSs were found in trnD, trnF, trnL2,
trnR, and trnV. Finally in Z. cavirostris a single HCBC was identified in trnD, trnH, trnK, trnL2,

trnS1, and trnT. As a general behaviour, the intraspecific variation of CSBPSs resulted limited.
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Figure S1. The phylogeny of Cetartiodactyla.
Maximum likelihood (-InL = 66963.002109) phylogram depicting the phylogenetic relationships among the major clades of Cetartiodactyla.

The tree was created by analysing the amino acid 94T-set (3716 positions) with the RAXML 7.4.2 program implemented in raxmIGUI 1.3.1.
The evolutionary model was MTMAM + F + CAT. Thirteen partitions were applied: one for every protein. The numbers represent bootstrap
values expressed in percent. Only bootstrap values >50% are provided for the nodes. The scale bar represents 0.05 substitutions/site.
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Figure S2. The mitochondrial genome of Ziphius cavirostris.

Tthe gene order is depicted and linearised starting from cox17. Genes encoded on the a-strand (right to left orientation) are underlined in
green, while those encoded on the B-strand are underlined in red (left to right orientation). Gene nomenclature: atp6 and atp8: ATP
synthase subunits 6 and 8; cob: apocytochrome b; cox17-3: cytochrome c oxidase subunits 1-3; nad7-6 and nad4L: NADH dehydrogenase
subunits 1-6 and 4L; rrnS and rrnL: small and large subunit ribosomal RNA (rRNA) genes; and X: transfer RNA (tRNA) genes, where Xis the
one-letter abbreviation of the corresponding amino acid. In particular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the
AGY codon family, and S2 the TCN codon family. CR, Control Region. OL, origin of duplication of the light strand. A black circle located
between two adjacent genes denotes the presence of an intergenic spacer (in white is the number of nucleotides forming the spacer). Awhite
circle located between two adjacent genes denotes the presence of an overlapping segment (in red is the number of nucleotides forming the
segment). Isp, intergenic spacer; start, start of the gene; end, end of the gene; size, size of the gene. For protein-coding genes, the start
codon is provided in cyan and the stop codon in red (with incomplete stop codons written in parentheses). The anticodon is provided for
every tRNA(e.g., tga for trnS2).
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Figure S3. Secondary structure of Cetacea tRNA and level of conservation (trnA-trnK).

pDis, p-Distance calculated for each pairwise-comparison orthologous tRNAs. MLdis, maximum composite likelihood distance
calculated for every pairwise-comparison. DIF (MLdis—pDis), the difference between MLdis and pDis. The average values and the
standard deviation are provided for both pDis and DIF. The values were computed for each set of orthologous tRNAs.
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Figure S4. Secondary structure of Cetacea tRNA and level of conservation (trnL1-trnV).

pDis, p-Distance calculated for each pairwise-comparison orthologous tRNAs. MLdis, maximum composite likelihood distance
calculated for every pairwise-comparison. DIF (MLdis—pDis), the difference between MLdis and pDis. The average values
and the standard deviation are provided for both pDis and DIF. The values were computed for each set of orthologous tRNAs.
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Figure S5. AT-skew vs. A+T% and GC-skew vs. G+C% in the 94T-set mtDNAs.

The values were calculated on the a-strand of the full-length mtDNA genomes. The X axis provides the skews values, while the Y axis provides the A+T% and G+C% values.
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Figure S7. Mapping of FCBCs on the Cetacea phylogenetic tree.

FCBC, fully compensatory base change; SPIC, stem position involved in base change. The tRNAand the stem pairinvolved in FCBCs
are mapped on the corresponding nodes of the reference phylogenetic tree. The tRNAs are depicted with the single-letter IUPAC code
used for the corresponding amino acid. In particular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the AGY codon
family, and S2 the TCN codon family. The stem pair involved in FCBC is provided in superscript. The asterisk, associated with some
FCBCs indicates that these FCBCs were subjected to successive changes in one/some of the taxa located downstream of the
considered node.
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Figure S8. Mapping of HFBCs on the Cetacea phylogenetic tree.

HFBC, hemi-compensatory base change; SPIC, stem position involved in base change. The tRNA and the SPICs involved in HFBCs
are mapped on the corresponding nodes of the reference phylogenetic tree. The tRNAs are depicted with the single-letter IUPAC code
used for the corresponding amino acid. In particular, L1 identifies the CTN codon family, L2 the TTR codon family, S1 the AGY codon
family, and S2 the TCN codon family. The SPIC involved in HFBC is provided in superscript. The asterisk associated with some
HFBCs indicates that these HFBCs were subjected to successive changes in one/some of the taxa located downstream of the
considered node. A SPIC located on the 5' side of a stem-pair is marked in orange, while a SPIC placed on the 3" end of a pair is
purple.
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Figure S9. Mapping of mismatches on the Cetacea phylogenetic tree.

Mismatch, mismatch in a base pair of a stem; SPIC, stem position involved in base change. The tRNAs and SPICs involved in
mismatches are mapped on the corresponding nodes of the reference phylogenetic tree. The tRNAs are depicted with the single-
letter IUPAC code used for the corresponding amino acid. In particular, L1 identifies the CTN codon family, L2 the TTR codon family,
S1 the AGY codon family, and S2 the TCN codon family. The SPIC involved in a mismatch is provided in superscript. The asterisk
associated with some mismatches indicates that these mismatches were subjected to successive changes in one/some of the taxa
located downstream of the considered node. A SPIC located on the 5’ side of a stem-pair is marked in orange, and a SPIC placed on
the 3'end of a pairis purple.
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Suina
Suina
Suina
Suina
Tylopoda
Tylopoda
Tylopoda
Tylopoda
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia
Ruminantia

Ruminantia

Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Pecora
Tragulina

Tragulina

Equidae

Rhinocerotidae

Perissodactyla

Equus caballus Linnaeus, 1758

Ceratotherium simum (Burchell, 1817)

X79547
Y07726

Cetartiodactyla Montgelard, Catzeflis and Douzery, 1997

Suidae

Suidae

Suidae

Tayassuidae
Camelidae

Camelidae

Camelidae

Camelidae
Antilocapridae
Bovidae Alcelaphinae
Bovidae Antilopinae
Bovidae Antilopinae
Bovidae Antilopinae
Bovidae Antilopinae
Bovidae Antilopinae
Bovidae Antilopinae
Bovidae Antilopinae
Bovidae Bovinae
Bovidae Bovinae
Bovidae Bovinae
Bovidae Bovinae
Bovidae Bovinae
Bovidae Caprinae
Bovidae Caprinae
Bovidae Caprinae
Bovidae Cephalophinae
Bovidae Hippotraginae
Bovidae Reduncinae
Cervidae Capreolinae
Cervidae Capreolinae
Cervidae Cervinae
Cervidae Cervinae
Cervidae Muntiacinae
Giraffidae

Giraffidae

Moschidae
Tragulidae
Tragulidae
Hippopotamidae

Hippopotamidae

Phacochoerus africanus (Gmelin, 1788)
Potamochoerus porcus (Linnaeus, 1758)
Sus scrofa Linnaeus, 1758

Pecari tajacu (Linnaeus, 1758)
Camelus bactrianus Linnaeus, 1758
Camelus dromedarius Linnaeus, 1758
Lama guanicoe (Miller, 1776)

Vicugna pacos (Linnaeus, 1758)
Antilocapra americana Ord, 1815
Alceplaphus buselaphus (Pallas, 1766)
Antilope cervicapra (Linnaeus, 1758)
Gazella gazella (Pallas, 1766)
Neotragus moschatus VVon Dueben, 1846
Ourebia aurebi (Zimmermann, 1783)
Pantholops hodgsonii (Abel, 1826)
Procapra gutturosa (Pallas, 1777)
Raphicerus campestris (Thunberg, 1811)
Bos taurus Linnaeus, 1758

Boselaphus tragocamelus (Pallas, 1766)
Bubalus bubalis (Linnaeus, 1758)
Syncerus cafer (Sparrman, 1779)
Tragelaphus oryx (Pallas, 1766)

Capra hircus Linnaeus, 1758

Ovibos moschatus (Zimmermann, 1780)
Ovis aries Linnaeus, 1758

Cephalophus natalensis A. Smith, 1834
Oryx gazzella (Linnaeus, 1758)

Redunca fulvorufula ( Afzelius, 1815)
Alces alces (Linnaeus, 1758)

Capreolus capreolus (Linnaeus, 1758)
Cervus elaphus Linnaeus, 1758

Dama dama dama (Linnaeus, 1758)
Muntiacus muntjak (Zimmermann, 1780)
Giraffa camelopardalis (Linnaeus, 1758)
Okapia johnstoni (P. L. Sclater, 1901)
Moschus moschiferus Linnaeus, 1758
Hyemoschus aquaticus (Ogilby, 1841)
Tragulus kanchil Raffles, 1821
Hexaprotodon liberiensis (Morton, 1849)

Hippopotamus amphibius Linnaeus, 1758

DQ409327
JN632688
FJ237000
AP003427
EF212037
JN632608
EU681954
NC_002504
JN632597
JN632593
JN632598
JN632640
JN632669
JN632680
DQ191826
JN632689
JN632693
AY526085
EF536350
AF547270
EF536353
JN632704
GU295658
FJ207536
AF010406
JN632618
JNG32678
JN632695
JN632595
JN632610
AB245427
JN632629
AY225986
JN632645
ING32674
JN632662
JN632650
JN632709
IN632625

AJ010957

Xu and Arnason 1994

Xu and Arnason 1997

Wau et al. 2007

Hassanin et al. 2012

Unpublised; Alves and Fernandez

Unpublished; Yasue et al.

Ji et al. 2009
Hassanin et al. 2012
Di rocco et al. 2010
Ursing et al. 2000
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Xu et al. 2005
Hassanin et al. 2012

Hassanin et al. 2012

Unpublished; Chung and Ha

Hassanin et al. 2012

Unpublished; Verma et al

Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2010
Hassanin et al. 2009
Hiendleder et al. 1998
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Unpublished; Wada et al
Hassanin et al. 2012
Unpublished; Shi et al
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012
Hassanin et al. 2012

Hassanin et al. 2012

Ursing and Arnason 1998
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Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea
Cetacea

Cetacea

Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Mysticeti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti
Odontoceti

Odontoceti

Balaenidae
Balaenidae
Balaenidae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Balaenopteridae
Eschrichtiidae
Neobalaenidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Delphinidae
Iniidae
Lipotidae

Monodontidae

Balaena mysticetus Linnaeus, 1758
Eubalaena australis (Gray, 1821)
Eubalaena japonica (Lacépéde, 1818)
Balaenoptera acutorostrata Lacépede, 1804
Balaenoptera bonaerensis Burmeister, 1867
Balaenoptera borealis Lesson, 1828
Balaenoptera brydei Olsen, 1913
Balaenoptera edeni Anderson, 1879
Balaenoptera musculus (Linnaeus, 1758)
Balaenoptera omurai Wada et al., 2003
Balaenoptera physalus (Linnaeus, 1758)
Megaptera novaeangliae (Borowski, 1781)
Eschrichtius robustus (Lilljeborg, 1860)
Caperea marginata (Gray, 1846)
Cephalorhynchus heavisidii (Gray, 1828)
Delphinus capensis Gray, 1828

Feresa attenuata Gray, 1874

Globicephala macrorhynchus Gray, 1846
Globicephala melas (Traill, 1809)
Grampus griseus (G. Cuvier, 1812)
Lagenorhynchus albirostris (Gray, 1846)

Orcaella brevirostris (Owen in Gray, 1866)

Orcaella heinsohni Beasley, Robertson and Arnold, 2005

80rcinus orca (Ant_A1) Linnaeus, 1758
bOrcinus orca (Ant_B1) Linnaeus, 1758
Corcinus orca (Ant_C1) Linnaeus, 1758
dOr(:inus orca (CNPNRAL) Linnaeus, 1758
€orcinus orca (ENAHNL1) Linnaeus, 1758
fOrcinus orca (ENPOAL2) Linnaeus, 1758
90rcinus orca (WNPTRUL1) Linnaeus, 1758
Peponocephala electra (Gray, 1846)
Pseudorca crassidens (Owen, 1846)

Sousa chinensis (Osbeck, 1765)

Stenella attenuata (Gray, 1846)

Stenella coeruleoalba (Meyen, 1833)
Tursiops aduncus (Ehrenberg, 1833)
Tursiops australis Charlton-Robb et al., 2011
Tursiops truncatus (Montagu, 1821)

Inia geoffrensis (Blainville, 1817)

Lipotes vexillifer Miller, 1918

Monodon monoceros Linnaeus, 1758

AJ554051
AP006473
AP006474
AJ554054
AP006466
AP006470
AP006469
AB201258
X72204
AB201256
X61145
AP006467
AJ554053
AJ554052
JN632624
EU557094
JF289171
JF339976
JF339972
EU557095
AJ554061
JF289177
JF339977
GU187217
GU187215
GU187210
GU187189
GU187178
GU187201
GU187159
JF289175
JF289173
EU557091
EU557096
EU557097
EU557092
KF570364
EU557093
AJ554059
AY789529
AJ554062

Arnason et al. 2004
Sasaki et al. 2005
Sasaki et al. 2005
Arnason et al. 2004
Sasaki et al. 2005
Sasaki et al. 2005
Sasaki et al. 2005
Sasaki et al. 2006

Arnason and Gullberg 1993

Sasaki et al. 2006
Valverde et al. 1994
Sasaki et al. 2005
Arnason et al. 2004
Arnason et al. 2004
Hassanin et al. 2012
Xiong et al. 2009
Vilstrup et al. 2011
Vilstrup et al. 2011
Vilstrup et al. 2011
Xiong et al. 2009
Arnason et al. 2004
Vilstrup et al. 2011
Vilstrup et al. 2011
Morin et al. 2010
Morin et al. 2010
Morin et al. 2010
Morin et al. 2010
Morin et al. 2010
Morin et al. 2010
Morin et al. 2010
Vilstrup et al. 2011
Vilstrup et al. 2011
Xiong et al. 2009
Xiong et al. 2009
Xiong et al. 2009
Xiong et al. 2009
Moura et al. 2013
Xiong et al. 2009
Arnason et al. 2004
Yan et al. 2005

Arnason et al. 2004

&0 sequences representative of the main clades identified within the Orcinus orca complex (Morin et al. 2010)
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Table S1. List of taxa, accession number in GenBank and reference (3/3)

Cetacea Odontoceti ~ Phocoenidae **Neophocaena asiaeorientalis Pilleri & Gihr, 1972 KP170488 Unpublished; Liu et al.
Cetacea Odontoceti  Phocoenidae Neophocaena phocaenoides (G. Cuvier, 1829) KC777291 Unpublished; Xu et al
Cetacea Odontoceti  Phocoenidae Phocoena phocoena (Linnaeus, 1758) AJ554063 Arnason et al. 2004
Cetacea Odontoceti  Kogidae Kogia breviceps (Blainville, 1838) AJ554055 Arnason et al. 2004
Cetacea Odontoceti  Physeteridae Physeter macrocephalus Linnaeus, 1758 AJ277029 Arnason et al. 2000
Cetacea Odontoceti Platanistidae Platanista minor Owen, 1853 AJ554058 Arnason et al. 2004
Cetacea Odontoceti  Pontoporidae Pontoporia blainvillei (Gervais and d'Orbigny, 1844) AJ554060 Arnason et al. 2004
Cetacea Odontoceti  Ziphiidae Berardius bairdii Stejneger, 1883 AJ554057 Arnason et al. 2004
Cetacea Odontoceti ~ Ziphiidae Hyperoodon ampullatus (Forster, 1770) AJ554056 Arnason et al. 2004
Cetacea Odontoceti  Ziphiidae Mesoplodon densirostris (Blainville, 1817) KF032861 Unpublished; Morin et al
Cetacea Odontoceti ~ Ziphiidae Mesoplodon europaeus (Gervais, 1855) KC776688 Unpublished; Morin et al
Cetacea Odontoceti  Ziphiidae **Mesoplodon grayi von Haast, 1876 KF981442 Thompson et al 2015.
Cetacea Odontoceti ~ Ziphiidae *** Mesoplodon ginkgodens Nishiwaki and Kamiya, 1958 KR534596 Yao et al 2015

Cetacea Odontoceti  Ziphiidae Ziphius cavirostris G. Cuvier, 1823 LN997430  this paper

** species used only in selected comparisons and not fully implemented in the analyses; ***, this species become available too late to be implemented
in the analyses.
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Table S2. Intraspecific CSBPSs identified in some Cetacea

Balaenoptera physalus
(152 mtDNAs)

Thirteen tRNAs exhibited intraspecific HCBCs and mismatches in B. physalus. Only mismatches were
identified in trnD (1 seq, 1 mismatch), trnL2 (5 segs, 1 mismatch), trnR (2 seq, 1 mismatch), trnS1
(1seq, 1 mismatch), and trnT (3 seqs, 3 mismatches). A combination of HCBCs and mismatches was
found in trnF (4 segs, 2 HCBC and 2 mismatches) trnH (20 segs with 4 mismatches, 12 segs with 1
HCBC), trnP (2 segs, 1 HCBC + 1 mismatch). Only HCBCs were identified in trnA (4 segs, 3 HCBCs),
trnC (2 segs, 1 HCBC), trnE (1 seq, 1 HCBC) trnL1 (14 segs, 1 HCBC) trnN (1 seq, 1 HCBC). The

number of sequences interested by a single CSBPS ranged from 1 to 12.

Mesoplodon densirostris
(11 mtDNASs)

Six tRNAs of M. densirostris presented CSBPSs i.e. trnL2 (7 segs, 1HCBC), trnQ (1 seq, 1 HCBC),
trnR (7 segs, 1 HCBC), trnS2 (3 segs, 2 HCBCs), trnV (3 segs, 2 mismatches), and trnW (7 segs,
2HCBCs). In M. europaeus only trnL.2 showed a CSBP (1 seq, 1 HCBC).

Mesoplodon europaeus
(11 mtDNAS)

In M. europaeus only trnL2 showed a CSBP (1 seq, 1 HCBC).

Orcinus orca complex
(86 mtDNASs)

In the O. orca complex we report here only the intraspecific CSBPSs not present in the seven sequences
included in 94T-set. Seven tRNAs shown extra CSBPSs i.e. trnC (1 seq, 1 HCBC), trnD (2 segs, 1
HCBC), trnG (1 seq, 1 mismatch), trnK (2 segs, 1 HCBC), trnS1 (2 seqs with 1 mismatch, 1 seq with 1
HCBC), trnT (1 seq, 1 HCBC), trnW (34 segs, 1 HCBC).

Physeter microcephalus
(18 mtDNASs)

Four tRNAs of P. macrocephalus exhibited extra CSBPSs i.e. trnA (1 seq, 1 HCBC), trnF (1 seq, 1
HCBC), trnS2 (7 seq, 1 HCBC), and trnT (1 seq, 1 mismatch).

Tursiops aduncus
(20 mtDNASs)

In T. aduncus, one HCBC was found in trnF (5 segs) and trnT (10 segs).

Tursiops australis
(8 mtDNAS)

In T. australis one mismatch was identified in trnS1 (1 seq).

Tursiops truncatus
(48 mtDNASs)

In T. truncatus CSBPSs were found in trnD (30 seqgs, 1 HCBC), trnF (2 seqgs, 1 mismatch), trnL2 (1
seq, 1 MISM), trnR (2 segs, 2 mismatches), and trnV (1 seq, 1 HCBC).

Ziphius cavirostris
(20 mtDNASs)

In Z. cavirostris a single HCBC was identified in trnD (8 seqs), trnH (2 segs), trnK (2 segs) trnL2 (3
seqs), trnS1 (1 seq), and trnT (1 seq).

The intraspecific CSBPSs are described following this scheme: tRNA involved (number of sequences (segs) showing the CSBPS, number and type of

CSBPSs associated).

CSBPS, change of sequence in a base pair of a stem; HCBC, hemi-compensatory base change in a base pair of a stem; mismatch, a mismatch in a base

pair of a stem.



trnA (ALA) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant  EEER 12345 kel 7654321]
* *
Ceratotherium simum trnA C] - T TGC, G C]
Equus caballus trnA - A AT TGCG G
Pecari tajacu trnA - T TGCG -G
Phacochoerus africanus trnA - T TGC -GG
Potamochoerus porcus trnA - T TGC -G C
Sus scrofa trnA | T TGC -A
Camelus bactrianus trnA - A TGC G
Camelus dromedarius trnA - A TGC G
Lama guanicoe trnA - A TGC G
Vicugna pacos trnA - A TGC G
Hyemoschus aquaticus trnA - A TGC G
Tragulus kanchil trnA - C TGC, G GA
Giraffa camelopardalis trnA - TGC G
Okapia johnstoni trnA - TGC
Antilocapra americana trnA - A TGC GAG
Moschus moschiferus trnA - A TGC
Muntiacus muntjak trnA - TGC G
Capreolus capreolus trnA - TGC G G
Alces alces trnA - TGC G G
Cervus elaphus trnA - TGC G
Dama dama trnA | TGC G
Boselaphus tragocamelus trnA - TGC C
Tragelaphus oryx trnA - TGCG G
Bos taurus trnA | TGC G G
Bubalus bubalis trnA - TGC G
Syncerus caffer trnA - TGC G
Neotragus moschatus trnA - TGC G
Alcelaphus buselaphus trnA -G TGCG G G
Oryx gazella trnA - TGC
Pantholops hodgsonii trnA - TGC GA
Ovibos moschatus trnA | TGC G G
Capra hircus trnA - TGC G
Ovis aries trnA - TGC G
Cephalophus natalensis trnA - TGC GA
Redunca fulvorufula trnA - T TGCG
Ourebia ourebi trnA - TGCG G A
Antilope cervicapra trnA - TGCG A
Gazella gazella trnA - TGCG G A
Procapra gutturosa trnA -TA TGC A
Raphicerus campestris trnA - TGC A
Hexaprotodon liberiensis trnA Gl - A A G| TGC GCG GA Cl
Hippopotamus amphibius trnA G| - A A G[ITGC G GCG C|
Eubalaena australis trnA | T TGC
Eubalaena japonica trnA - T TGC
Balaena mysticetus trnA - T TGC
Caperea marginata trnA - T TGC -
Eschrichtius robustus trnA - T g T6CG 8
Balaenoptera acutorostrata trnA - T TGC
Balaenoptera bonaerensis trnA — T TGC
Balaenoptera physalus trnA - T C[ITGC
Megaptera novaeangliae trnA - T C[ITGC
Balaenoptera musculus trnA — T TGC
Balaenoptera omurai trnA - T TGC
Balaenoptera borealis trnA - T TGC
Balaenoptera brydei trnA — T TGC G
Balaenoptera edeni trnA - T TGC G
trnA - 1C] TGC, G
Physeter macrocephalus trnA G - T TGC G
Platanista minor trnA - T TGCG A G
Ziphius cavirostris trnA -G T TGC GA
Mesoplodon densirostris trnA - A T TGC GA
Mesoplodon europaeus trnA - T TGCG GA G
**\Mlesoplodon grayi trnA - A T TGCG GA
Berardius bairdii trnA - T TGC G
Hyperoodon ampullatus trnA -G T TGCG A
trnA - T TGC GAGA
Inia geoffrensis trnA G T TGC GGGA
Pontoporia blainvillei trnA - T TGC G G G
Monodon monoceros trnA - T TGC G
ikl trnA - T TGC G
trnA | T TGC G
trnA - T TGC G
Cephalorhynchus heavisidii trnA - T TGC A
Sousa chinensis trnA - T TGC
Stenella attenuata trnA - T TGC
Tursiops australis trnA - T TGC
Tursiops truncatus trnA - T TGC
Tursiops aduncus trnA - T TGC A
Delphinus capensis trnA - T TGC
Stenella coeruleoalba trnA - T TGC
Orcaella brevirostris trnA | AT TGC
Orcaella heinsohni trnA - AT TGC
Grampus griseus trnA - T TGC
Pseudorca crassidens trnA | T TGC.G
Feresa attenuata trnA - T TGC
Peponocephala electra trnA - T TGC G
Globicephala macrorhynchus trnA - T TGC
Globicephala melas trnA - T TGC
Lagenorhynchus albirostris trnA - T TGC|
Orcinus orca WNPTRU1 trnA — T TGC
Orcinus orca AntAl trnA - T TGC
Orcinus orca AntBl trnA - T TGC
Orcinus orca AntCl trnA | T TGC
Orcinus orca ENAHN1 trnA - T TGC
Orcinus orca CNPNRAL trnA - T TGC
Orcinus orca ENPOAL2 trnA | T TGC
* *
ant  [ZEEA 12345 54321 YRR d
(00000001111 2222002222 2Kk 3334 /] 44445 556668 7
12345670123 0123156 73 ez 7 390 1] 67890 eielok 3456789

. the most common base for the position.

. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A—A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).

. type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G- C vs A - T)

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
. a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent; , , molecular signature for a taxon.

position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-4(5) in the T¥C stem; ant, anticodon; d, discriminator nucleotide.



trnC (CYS) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
123456 7j1234] ant 1234 vl 76543210
Ceratotherium simum trnC G GCA -7
Equus caballus trnC A GCA G TT
Pecari tajacu trnC G GCA - T
Phacochoerus africanus trnC G GCA -7
Potamochoerus porcus trnC A A GCA - T
Sus scrofa trnC G GCA - T
Camelus bactrianus trnC A GCA ACT
Camelus dromedarius trnC A GCA ACT
Lama guanicoe trnC A GCA'G ACT
Vicugna pacos trnC A GCA'G ACT
Hyemoschus aquaticus trnC G GCA GAT
Tragulus kanchil trnC A GCA GCT
Giraffa camelopardalis trnC A G GCA - T
Okapia johnstoni trnC A G GCA -T
Antilocapra americana trnC G GCA ACT
Moschus moschiferus trnC G GCA - T
Muntiacus muntjak trnC G GCA ACT
Capreolus capreolus trnC G GCA - T
Alces alces trnC G GCA - T
Cervus elaphus trnC G GCA ACT
Dama dama trnC G GCA ACT
Boselaphus tragocamelus trnC G GCA - T
Tragelaphus oryx trnC G GCA T - T
Bos taurus trnC G GCA =T
Bubalus bubalis trnC G GCA T - T
Syncerus caffer trnC A G GCA AT
Neotragus moschatus trnC eC| GCA G - ACT
Alcelaphus buselaphus trnC A GCA'G ACT
Oryx gazella trnC A GCA - T
Pantholops hodgsonii trnC A A GCA -CT
Ovibos moschatus trnC A A GCA - T
Capra hircus trnC A A GCA ACT
Ovis aries trnC A A GCA ACT
Cephalophus natalensis trnC A GCA - T
Redunca fulvorufula trnC A GCA -7
Ourebia ourebi trnC A GCA -7
Antilope cervicapra trnC A GCA - T
Gazella gazella trnC A GCA - A
Procapra gutturosa trnC A GCA - T
Raphicerus campestris trnC G GCA -CT
Hexaprotodon liberiensis trnC A A GCA - T
Hippopotamus amphibius trnC A A GCA - T
Eubalaena australis trnC GCA G A®
Eubalaena japonica trnC GCA G A e
Balaena mysticetus trnC GCA G A @
Caperea marginata trnC GCA G A®
Eschrichtius robustus trnC GCA G A @
Balaenoptera acutorostrata trnC GCA G A&
Balaenoptera bonaerensis trnC A GCA A®
Balaenoptera physalus trnC GCA G A ¢
Megaptera novaeangliae trnC ~ [HCijec feijcc el —e—— GCA G A ®
Balaenoptera musculus trnC G GCA G A®
Balaenoptera omurai trnC GCA G A ¢
Balaenoptera borealis trnC G GCA G A ®
Balaenoptera brydei trnC G GCA G A @
Balaenoptera edeni trnC G GCA G A ¢
trnC A G G GCA -
Physeter macrocephalus trnC C] A G G A - C]
Platanista minor trnC G G A -
Ziphius cavirostris trnC A G GCA -
Mesoplodon densirostris trnC A G GCA -Ce®
Mesoplodon europaeus trnC A G GCA - e
**Mesoplodon grayi trnC A GCA -IT
Berardius bairdii trnC GCA G -
Hyperoodon ampullatus trnC A GCA:G -
trnC GCA G -e
Inia geoffrensis trnC A GCA - T
Pontoporia blainvillei trnC GCA G -
Monodon monoceros trnC GCA -
el trnC A GCA -
trnC A GCA -e
trnC A GCA| -
Cephalorhynchus heavisidii trnC A GCA - T
Sousa chinensis trnC A GCA - e T
Stenella attenuata trnC A GCA -
Tursiops australis trnC A GCA -
Tursiops truncatus trnC A GCA -
Tursiops aduncus trnC A GCA -
Delphinus capensis trnC A GCA -
Stenella coeruleoalba trnC A GCA -
Orcaella brevirostris trnC A GCA -
Orcaella heinsohni trnC GCA -
Grampus griseus trnC A GCA -
Pseudorca crassidens trnC GIIGCA G -
Feresa attenuata trnC A GCA G -
Peponocephala electra trnC GCA G T -
Globicephala macrorhynchus trnC A GCA G -
Globicephala melas trnC GCA G - e
Lagenorhynchus albirostris trnC A GCA - T
Orcinus orca WNPTRU1 trnC GCA - e T
Orcinus orca AntAl trnC GCA - T
Orcinus orca AntB1l trnC GCA - T
Orcinus orca AntCl trnC GCA - e T
Orcinus orca ENAHN1 trnC GCA - T
Orcinus orca CNPNRAL trnC GCA - T
Orcinus orca ENPOAL2 trnC 000 icice o ommmm GCA -e T
1234 ant 1234 PEZE1/6543018
00000001111 2222022333k 4 444 4555 [(:{:666677 714
123456780123 34568901 2SISNANN01 234 9012 pPAZIS678901 28]

the most common base for the position.

half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).

type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , , molecular signature for a taxon.

position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-4 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.
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trnD (ASP) multiple alignment

10 20 30 40 50 60
| | | | | |
ant 12345 54321 R
* *
Ceratotherium simum trnD --A TGTC CTIACC] A T
Equus caballus trnD C] --A TGTC T cc M g T
Pecari tajacu trnD ACA GTC A G AC A T
Phacochoerus africanus trnD - A GTC T GC
Potamochoerus porcus trnD C - A GTCG T GC G T
Sus scrofa trnD C] - A GTCG U A g T
Camelus bactrianus trnD - - e cic ©@ cc T
Camelus dromedarius trnD -l e ciC €@ G GC C T
Lama guanicoe trnD G| -C- @ cTC [¢ C Cl T
Vicugna pacos trnD G -C- € & crc g @ (¢ @ T
Hyemoschus aquaticus trnD - A GTCG G CA G G- A
Tragulus kanchil trnD - A GTC G g CA - A
Giraffa camelopardalis trnD - A GTC G C A
Okapia johnstoni trnD Ag -CA GTC G U EAAECCTA E A
Moschus moschiferus trnD -CA GTCG A A
Muntiacus muntjak trnD ©T - A GTC G CeleC C] A
Capreolus capreolus trnD © A A GTC G GC C @ A
Alces alces trnD G ~[IA GTC G (®CCle & A
Cervus elaphus trnD - A GTC G Cle{eC A
Dama dama trnD C] -CA GTC.G] G CleleC g A
Boselaphus tragocamelus trnD - A GTCG G A C A
Tragelaphus oryx trnD - A g crc § A A A
Bos taurus trnD C] -CA GTC G A g A
Bubalus bubalis trnD ACA GTCG G A C A
Syncerus caffer trnD -CA GTCG G A A
Neotragus moschatus trnD T- A GTC GC B c [ A
Alcelaphus buselaphus trnD (o - A GTC CleleC A
Oryx gazella trnD -CA q GTC A C A
Pantholops hodgsonii trnD -CA GTC A C A
Ovibos moschatus trnD -CA GTC A C A
Capra hircus trnD - A GTC A C A
Ovis aries trnD -CA GTC A C A
Cephalophus natalensis trnD (o -CA G GTC A G C A
Redunca fulvorufula trnD -CA GTC A C G
Antilocapra americana trnD -A GTC 1] G A C G
Ourebia ourebi trnD ABBGHG -CA GTC  [6A GC CHC]
Antilope cervicapra trnD A © - A GTC Cle{eC Cl
Gazella gazella trnD A © - A GTC CeleC C] G
Procapra gutturosa trnD A © -CA GTC A&eC Cl A
Raphicerus campestris trnD A G} -CA g cTC [gC GC C- i &
Hexaprotodon liberiensis trnD -1- CGTC G
Hippopotamus amphibius trnD G CGTC G C cC g
Eubalaena australis trnD GTC G A T
Eubalaena japonica trnD GTC G A C T
Balaena mysticetus trnD GTC G A T
Caperea marginata trnD GTC G A ]
Eschrichtius robustus trnD GTC G A GLYAC]
Balaenoptera acutorostrata trnD GTC G A G
Balaenoptera bonaerensis trnD GTC G A G
Balaenoptera physalus trnD GTC G A
Megaptera novaeangliae trnD GTC G A
Balaenoptera musculus trnD GTC G A
Balaenoptera omurai trnD GTC G A GC
Balaenoptera borealis trnD GTC G A
Balaenoptera brydei trnD GTC G A
Balaenoptera edeni trnD GTC G A
trnD GTC A C
Physeter macrocephalus trnD GTC A C
Platanista minor trnD © GTC G A T
Ziphius cavirostris trnD =T CGTC G A
Mesoplodon densirostris trnD G- [¢ GTC A T
Mesoplodon europaeus trnD G- & GTC G A e
**Mesoplodon grayi trnD G-TT GTC A T
Berardius bairdii trnD -1 GTC G A C
Hyperoodon ampullatus trnD - GTC G A T
trnD -CT GTC G A A
Inia geoffrensis trnD A -Ce GTC A C ur
Pontoporia blainvillei trnD G--¢ GTC G, A C T
Monodon monoceros trnD G-Ce¢ GTC.G G A T
ikl trnD G—Cg GTC G g A
trnD -IT GTC A GC
trnD - GTC G A G
Cephalorhynchus heavisidii trnD i Ci GTC A
Sousa chinensis trnD G- (¢ GTC A
Stenella attenuata trnD G-1[¢ GTC A
Tursiops australis trnD G- [® GTC A
Tursiops truncatus trnD G- [¢ GTC A T
Tursiops aduncus trnD G- [ GTC A
Delphinus capensis trnD G- [® GTC A
Stenella coeruleoalba trnD G- ¢ GTC A
Orcaella brevirostris trnD G- (¢ GTI A
Orcaella heinsohni trnD G-[¢ GTC A C
Grampus griseus trnD -Ce GTC A
Pseudorca crassidens trnD G- (¢ CGTC A T
Feresa attenuata trnD G-1l¢ GTC A
Peponocephala electra trnD G- ¢ GTC A C
Globicephala macrorhynchus trnD G-Ce GTC A
Globicephala melas trnD G-1l¢ GTC A
Lagenorhynchus albirostris trnD G- [ GTC C] A
Orcinus orca WNPTRU1 trnD G- (¢ G| GTC Cl A
Orcinus orca AntAl trnD G-1l¢ © GTC Cl A
Orcinus orca AntBl trnD G-/[¢ © GTC Cl A
Orcinus orca AntCl trnD G- (¢ © GTC Cl A
Orcinus orca ENAHN1 trnD G-1l¢ © GTC Cl A
Orcinus orca CNPNRAL trnD G-/[¢ © GTC Cl A
Orcinus orca ENPOAL2 trnD G-i¢ G| GTC CACAL
* *
1234 43211234 5T 12345 [Zkepxl76543210]
00000001111 1222002222 2|kl 33337] 44444 55566 TG 6
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. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A—A). Different colours are used to better differentiate the changes.
NS fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
N type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G- C vs A - T).
,, type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. [, , molecular signature for a taxon.
, position 1-7 in the acceptor stem; ) position 1-4 in the DHU stem; g position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.




trnE (GLU) multiple alignment

10 20 30 40 50 60
| | | | | |
ant 12345 EPEPT 6543218
Ceratotherium simum trnE G A TTC @G G
Equus caballus trnE A TTC G T C
Pecari tajacu trnE A TTC T
Phacochoerus africanus trnE G TTC T
Potamochoerus porcus trnE G TTC T
Sus scrofa trnE G TTC AT
Camelus bactrianus trnE C TTC T
Camelus dromedarius trnE C TTC T G
Lama guanicoe trnE TTC A G
Vicugna pacos trnE TTC A
Hyemoschus aquaticus trnE CA TTC TA T G
Tragulus kanchil trnE G TTC A T
Giraffa camelopardalis trnE G TTC A T
Okapia johnstoni trnt G TTC A TC
Antilocapra americana trnE G TTC T
Moschus moschiferus trnE G TTC A T
Muntiacus muntjak trnkE G TTC A T
Capreolus capreolus trnE G TTC A TT C
Alces alces trnE G TTC A T
Cervus elaphus trnE G TTC A T
Dama dama trnE G TTC A T
Boselaphus tragocamelus trnE G TTC A AT
Tragelaphus oryx trnt G TTC A TA' T
Bos taurus trnE G TTC A T
Bubalus bubalis trnE G TTC G] GA' T C]
Syncerus caffer trntE G TTC A AT
Neotragus moschatus trnE G TTC A E AT C]
Alcelaphus buselaphus trnE A TTC A AT
Oryx gazella trnE G TTC A T
Pantholops hodgsonii trnE G TTC T G
Ovibos moschatus trnE A TTC
Capra hircus trnE A TTC T
Ovis aries trnE G TTC T G
Cephalophus natalensis trnE G TTC A T
Redunca fulvorufula trnE A TTC A T
Ourebia ourebi trnE G TTC A T
Antilope cervicapra trnE G TTC A T
Gazella gazella trnE G TTC A T
Procapra gutturosa trnt G TTC A T
Raphicerus campestris trnE G A TTC A T
Hexaprotodon liberiensis trnE G| TTC Cl A
Hippopotamus amphibius trnE © TTC Cl
Eubalaena australis trnE A TTC A G
Eubalaena japonica trnE A TTC A
Balaena mysticetus trnE A TTC CA GA
Caperea marginata trnE A TTC GA
Eschrichtius robustus trnE G TTC GA G
Balaenoptera acutorostrata trnE G TTC AA GA A
Balaenoptera bonaerensis trnE G TTC GA A
Balaenoptera physalus trnE A TTC GA
Megaptera novaeangliae trnE A TTC GA G
Balaenoptera musculus trnE A TTC GA
Balaenoptera omurai trnE G TTC GA
Balaenoptera borealis trnE G TTC GA
Balaenoptera brydei trnE G TTC GA
Balaenoptera edeni trnE G TTC GA
trnE A TTC T G
Physeter macrocephalus trnE A TTC T G
Platanista minor trnE A TTC A
Ziphius cavirostris trnE A TTC A
Mesoplodon densirostris trnE - TTC A G
Mesoplodon europaeus trnE - TTC
**Mesoplodon grayi trnE - TTC
Berardius bairdii trnE A TTCG G
Hyperoodon ampullatus trnE A TTC
trnE A TTC A GA
Inia geoffrensis trnk A TTC c [JACECTA | G
Pontoporia blainvillei trnE A TTC G
Monodon monoceros trnE TTC A
el trnE TTC G
trnkE TTC G
trnE A TTC G
Cephalorhynchus heavisidii trngE TTC G
Sousa chinensis trnE TTC
Stenella attenuata trnE TTC G
Tursiops australis trnE TTC G
Tursiops truncatus trnE TTC GA
Tursiops aduncus trnE TTC G
Delphinus capensis trnE TTC G
Stenella coeruleoalba trnE TTC G
Orcaella brevirostris trnE TTC
Orcaella heinsohni trnE TTC GA
Grampus griseus trnk TTC G
Pseudorca crassidens trnkE TTC GA
Feresa attenuata trnE TTC G
Peponocephala electra trnE TTC
Globicephala macrorhynchus trng TTC G
Globicephala melas trnE TTC G
Lagenorhynchus albirostris trnE TTC GA A
Orcinus orca WNPTRU1 trnE TTC G
Orcinus orca AntAl trnE TTC G
Orcinus orca AntB1l trnE TTC G
Orcinus orca AntCl trnE TTC G
Orcinus orca ENAHN1 trnE TTC CG
Orcinus orca CNPNRAL trnE TTC G
Orcinus orca ENPOAL2 trnE TTC G
1234 43211234 5T 12345 54321 PR d
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the most common base for the position.

half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).

type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
a mismatch in the in the stem pair; |\, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.

position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.
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trnF (PHE) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant 1234 PRI 6543218
Ceratotherium simum trnF CAA----C G THIGAA iC] Al cc c--C
Equus caballus trnF TAA---TA GAA A TTC-- TH
Pecari tajacu trnF CA---AA AR GAA ] A A G--Cccl
Phacochoerus africanus trnF CT---ATC GAA A\ CTT--G
Potamochoerus porcus trnF T---ACC GAA A CTCA--
Sus scrofa trnF T---ATC GAA a CTCA--CA
Camelus bactrianus trnF GAA CC--- G G
Camelus dromedarius trnF G GAA CC—--
Lama guanicoe trnk GAA TC ---CG
Vicugna pacos trnF GAA TC ---CG

Hyemoschus aquaticus trnF GAA TCCC-AT
Tragulus kanchil trnF TAA----TA GAA ACA-CATI
Giraffa camelopardalis trnF G WTA----CC G GAA T GAGT-- G
Okapia johnstoni trnF A GAA 1] GT--
Antilocapra americana trnF G GAA GC --C
Moschus moschiferus trnF GAA --T
Muntiacus muntjak trnF GAA G --T
Capreolus capreolus trnF GAA G --C
Alces alces trnF GAA T--
Cervus elaphus trnF G GAA T--
Dama dama trnF GAA GLA--T]
Boselaphus tragocamelus trnF GAA C C--C
Tragelaphus oryx trnF GAA CC C--C
Bos taurus trnF G GAA C CC--C
Bubalus bubalis trnF GAA TCTCC-C
Syncerus caffer trnF GAA T TCCCC
Neotragus moschatus trnF GAA CC--CG
Alcelaphus buselaphus trnF GAA G --CGGA G
Oryx gazella trnF C GAA T--
Pantholops hodgsonii trnF GAA G--T
Ovibos moschatus trnF GAA C--C]
Capra hircus trnF G GAA G --CC A
Ovis aries trnF GAA C.1.--CliGa G
Cephalophus natalensis trnkF G GAA CT--CC
Redunca fulvorufula trnF GAA C--C
Ourebia ourebi trnF GAA GT--C
Antilope cervicapra trnkF GAA CAC--C
Gazella gazella trnF GAA AT--
Procapra gutturosa trnF GAA AC--
Raphicerus campestris trnF GAA AT--
Hexaprotodon liberiensis trnF Cl C CA---CCC GAA TCGCC- G|
Hippopotamus amphibius trnF Cl C  CA---CCC GAA TCACC-C ©
Eubalaena australis trnF GAA TAC- A
Eubalaena japonica trnF GAA TAC- A
Balaena mysticetus trnF GAA grAT- A&
Caperea marginata trnF GAA CCA C-C
Eschrichtius robustus trnF GAA ficcA c-ccf
Balaenoptera acutorostrata trnF GAA C AGC-CAA
Balaenoptera bonaerensis trnF C GAA C AGC-C I
Balaenoptera physalus trnF C] C GAA IC AGC-C I
Megaptera novaeangliae trnF C GAA C A T-C &
Balaenoptera musculus trnF GAA [TAA T-
Balaenoptera omurai trnF C GAA ITCA C-C I
Balaenoptera borealis trnF C GAA [TCA C-C I
Balaenoptera brydei trnF C GAA TCA C-C
Balaenoptera edeni trnF C GAA TCA C-C I
trnF C GAA A T G-C-C C
Physeter macrocephalus trnF GAAG C A cCG-C- C
Platanista minor trnF C A GAA A T A-C-
Ziphius cavirostris trnF GAA ATA-CT C
Mesoplodon densirostris trnF GAA ATA-CC C
Mesoplodon europaeus trnF GAA C ACA-CC C
**Mesoplodon grayi trnF GAA ACA-TC C
Berardius bairdii trnF GAA CA- A-C-CT C
Hyperoodon ampullatus trnF GAA GTA-CT C
trnF C - GAA A TAA C-
Inia geoffrensis trnF C GAAG c Rcc--Cc @ Ci
Pontoporia blainvillei trnF GAA AeCHICA--C} C|
Monodon monoceros trnF A GAA C --CC C
ikl trnF - GAA Cl-4--LcC C
trnF | GAA Ci----/IC C
trnF A GAA Clj- - --C C
Cephalorhynchus heavisidii trnF GAA --CT C
Sousa chinensis trnF GAA —-IT C
Stenella attenuata trnF GAA --[IT| C
Tursiops australis trnF GAA -- T C
Tursiops truncatus trnF GAA - T C
Tursiops aduncus trnF C GAA -- T C
Delphinus capensis trnF C GAA —=1T C
Stenella coeruleoalba trnF C GAA ——LT| C
Orcaella brevirostris trnF GAA A --CT @i C
Orcaella heinsohni trnF C GAA —=1T C
Grampus griseus trnF GAA - T C
Pseudorca crassidens trnF GAA —-IT C
Feresa attenuata trnF GAA A --CT C
Peponocephala electra trnF GAA C - T C
Globicephala macrorhynchus trnF GAA A ——IT C
Globicephala melas trnF GAA -- T C
Lagenorhynchus albirostris trnF GAA - T C
Orcinus orca WNPTRU1 trnF GAA A ——IT
Orcinus orca AntAl trnF GAA A --[IT|
Orcinus orca AntBl trnF GAA A —-1T
Orcinus orca AntCl trnF GAA A Cl--IT
Orcinus orca ENAHN1 trnF GAA A STl
Orcinus orca CNPNRAL trnF GAA A —=1T
Orcinus orca ENPOAL2 trnF GAA A —-T
*
ant [EEER &~ 1234 ik k176543210
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. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
,, type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. N, , molecular signature for a taxon.
, position 1-7 in the acceptor stem; Jg position 1-4 in the DHU stem; )d position 1-5 in the anticodon stem; X position 1-4 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.



trnG (GLY) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
1234 ant KPR 12345 [Zikephl 76543210l
* *
Ceratotherium simum trnG A-C TCC ATEAG A-"A
Equus caballus trnG G C-C TCC ATEAGE T- A
Pecari tajacu trnG C A- TCC C A- G
Phacochoerus africanus trnG C G-C TCC A G- CT
Potamochoerus porcus trnG C A-T TCC ATRAG A- C
Sus scrofa trnG G-T TCC AT A- CT
Camelus bactrianus trnG C . I-T TCC C ATAGCC
Camelus dromedarius trnG -T TCC C ATGATC
Lama guanicoe trnG -T TCC A A-GAGA
Vicugna pacos trnG -T TCC A A-GAGA
Hyemoschus aquaticus trnG c-C TCC A C -C- A
Tragulus kanchil trnG A-C ] TCC A C G- A
Giraffa camelopardalis trnG C cC-C TCC -C GT
Okapia johnstoni trnG CG C-C TCC C - A
Antilocapra americana trnG c-C G TCC ec C] CA- A G
Moschus moschiferus trnG C C-T TCC TA- AT
Muntiacus muntjak trnG c-C TCC - G
Alces alces trnG T-C TCC A AT
Capreolus capreolus trnG C AC G CT-T . C C TCC C G -T
Cervus elaphus trnG C-T C] TCC C] BTAL
Dama dama trnG -C TCC A- C
Boselaphus tragocamelus trnG C -C TCC C- A
Tragelaphus oryx trnG -C TCC cgg c- A RBE
Bos taurus trnG C-T G| TCC Cl C-LAGT]
Bubalus bubalis trnG C G-C © TCC Cl CT- A
Syncerus caffer trnG C A-C © TCC C] CC- A
Neotragus moschatus trnG -C TCC CA- AT
Alcelaphus buselaphus trnG C C-T TCC -CA AC
Oryx gazella trnG -T TCC -C AT
Pantholops hodgsonii trnG C - TCC -C A
Ovibos moschatus trnG -C TCC -TA A T
Capra hircus trnG C -C TCC CA -T
Ovis aries trnG C -T TCC -C AT
Cephalophus natalensis trnG C -C TCC CTA -
Redunca fulvorufula trnG C-T TCC TCA -
Ourebia ourebi trnG -C TCC CCA -T
Antilope cervicapra trnG - TCC CTA -
Gazella gazella trnG C- TCC CCA -
Procapra gutturosa trnG -C TCC CAA -
Raphicerus campestris trnG -T TCC CAA -
Hexaprotodon liberiensis trnG AAC Gl TCC Cl c@g A -GC CT G|
Hippopotamus amphibius trnG AAC © TCC @ cCe & -GCCT ©
Eubalaena australis trnG C | TCC | T
Eubalaena japonica trnG C - TCC - T
Balaena mysticetus trnG C C - TCC -
Caperea marginata trnG C -C TCC C-C TT
Eschrichtius robustus trnG C C -G TCC STAL
Balaenoptera acutorostrata trnG C C- TCC -C
Balaenoptera bonaerensis trnG C -T TCC -C T
Balaenoptera physalus trnG C C- TCC G-
Megaptera novaeangliae trnG ClC—- TCC -
Balaenoptera musculus trnG C- TCC —
Balaenoptera omurai trnG C- TCC -
Balaenoptera borealis trnG - TCC -
Balaenoptera brydei trnG C- TCC —
Balaenoptera edeni trnG - C- TCC -
trnG C -C TCC C -C
Physeter macrocephalus trnG C C- TCC -A T
Platanista minor trnG | TCC C-|
Ziphius cavirostris trnG C - TCC G-C T
Mesoplodon densirostris trnG C C- TCC -
Mesoplodon europaeus trnG C - TCC -
**Mesoplodon grayi trnG C - TCC -
Berardius bairdii trnG C EBAATE G TCC C -
Hyperoodon ampullatus trnG C C- TCC -
trnG - TCC AAC T
Inia geoffrensis trnG C C C- TCC -A AT
Pontoporia blainvillei trnG C C - TCC Cc-C
Monodon monoceros trnG C C- TCC -G
ikl trnG -T TCC © C-
trnG -T TCC G| C-
trnG C G-T TCC C-
Cephalorhynchus heavisidii trnG C C-T TCC ~CLeT]|
Sousa chinensis trnG C - TCC -C
Stenella attenuata trnG C - TCC SOACH
Tursiops australis trnG C - TCC ~CLeT]|
Tursiops truncatus trnG C - TCC -C
Tursiops aduncus trnG C - TCC -C
Delphinus capensis trnG C - TCC -C
Stenella coeruleoalba trnG C - TCC -C
Orcaella brevirostris trnG C - TCC = T
Orcaella heinsohni trnG C - TCC - T
Grampus griseus trnG C C- TCC -C T
Pseudorca crassidens trnG C - TCC *ACL
Feresa attenuata trnG C C- TCC —
Peponocephala electra trnG C - TCC -C T
Globicephala macrorhynchus trnG C C- TCC -C.'T
Globicephala melas trnG C C- TCC ~CLeT]|
Lagenorhynchus albirostris trnG C C- TCC -C T
Orcinus orca WNPTRU1 trnG C - TCC -
Orcinus orca AntAl trnG C - TCC -
Orcinus orca AntBl trnG C - TCC -
Orcinus orca AntCl trnG C - TCC |
Orcinus orca ENAHN1 trnG C - TCC -
Orcinus orca CNPNRAL trnG C - TCC -
Orcinus orca ENPOAL2 trnG C - TCC -
* *
12345671234 43211234 SR 432 1] 12345 Ykl 765432101
(00000001111} 222202222 3N 33444 44455 sI5(15(5666666 7|4
12345670123 1234867890 ECEASINS 001 2| 78901 je[o)2ici 456789048

. the most common base for the position.

. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).

. type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.

position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; } position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.




trnH (HIS) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
1234567 ant 12345 54321 R
Ceratotherium simum trnH Ccg -C GTG T O TETAAW, C]
Equus caballus trnH -C GTGG (¢ Rc- T10
Pecari tajacu trnH -- GTGA.C A C AC- C
Phacochoerus africanus trnH G| -C C GTGG T All- TA Cl
Potamochoerus porcus trnH © -C GTGG T Tc - & Ci
Sus scrofa trnH G -T C GTG T AL- TA C
Camelus bactrianus trnH | GTG T e OAAARCTC
Camelus dromedarius trnH - GTG T AG -C GC ™
Lama guanicoe trnH G| -G GTG C G ¢ - C C
Vicugna pacos trnH © -G GTG C G ¢ -C C CcC
Hyemoschus aquaticus trnH - GTG C CCCATC C C
Tragulus kanchil trnH - GC GTG T cc-C Cc C
Giraffa camelopardalis trnH G] - GTG T C TACT.CC @
Okapia johnstoni trnH - GTG T C C TACTGC
Antilocapra americana trnH - GTG A C CcGcc C
Moschus moschiferus trnH - C GTG TG TCCACT C
Muntiacus muntjak trnH - GTG T AC - T C
Capreolus capreolus trnH - GTGAG C cC- T A C
Alces alces trnH - (¢ ClIGTG T g 17- 71T [
Cervus elaphus trnH - GTGG T C -1 T.T IC
Dama dama trnH - GTG T O TETAJALCT®
Boselaphus tragocamelus trnH - GTG T EcTATT C [ (¢
Tragelaphus oryx trnH - C[IGTG, T C CACC C
Bos taurus trnH -C GTG C AC CATT C
Bubalus bubalis trnH -C CIGTG C CCCATTGC
Syncerus caffer trnH -C C[IGTG, C CCCATTGT
Neotragus moschatus trnH GHlC] - GTG T TCCACC C EEA
Alcelaphus buselaphus trnH - CIIGTG C CCCGC GC
Oryx gazella trnH - GTG C CCTACT T
Pantholops hodgsonii trnH - GTG T C TCCATT C
Ovibos moschatus trnH - CIGTG C CCTACT T
Capra hircus trnH A GTG, C CCTATC C
Ovis aries trnH --G GTGG T CTATC C
Cephalophus natalensis trnH G GTG TAAC C -GCC T
Redunca fulvorufula trnH | GTG C CC-ACC C
Ourebia ourebi trnH AG GTG T CCCGCT T
Antilope cervicapra trnH - GTG ClvaC C CGCT C
Gazella gazella trnH - GTG CIYAC C CATT T
Procapra gutturosa trnH - GTG, C TTACT
Raphicerus campestris trnH -T GTGG T C C-1.T.C
Hexaprotodon liberiensis trnH -G C GTG T C CcC CC
Hippopotamus amphibius trnH -G C GTG cC 'CLIC cc
Eubalaena australis trnH —= GTG TG C GC-C
Eubalaena japonica trnH -G GTG TG C c-C
Balaena mysticetus trnH -G GTG CG g c-c C
Caperea marginata trnH SAY GTG T -C
Eschrichtius robustus trnH -T C GTG.G Ec -C C
Balaenoptera acutorostrata trnH -G GTG C cC
Balaenoptera bonaerensis trnH -G GTG CG cC
Balaenoptera physalus trnH - GC GTG C -C
Megaptera novaeangliae trnH -G eC] GTG Ec -C C
Balaenoptera musculus trnH - GTG CG -
Balaenoptera omurai trnH - GTG.G| C C-CG
Balaenoptera borealis trnH - GTG G| CG C-
Balaenoptera brydei trnH - G GTGACl CG Cc-C
Balaenoptera edeni trnH - GTG.C CG c-C
trnH - @ @€ cicGE@CEc C -
Physeter macrocephalus trnH -G Ci @ GTGG (g C [T C-
Platanista minor trnH - GTG ClvaC C-IGL -G
Ziphius cavirostris trnH A -C GTGG Eec G C
Mesoplodon densirostris trnH A -C GTG ec T G-C
Mesoplodon europaeus trnH A -T GTG ec - T
**\lesoplodon grayi trnH A -T GTG, GC CT - T
Berardius bairdii trnH A -C GTGG G - T
Hyperoodon ampullatus trnH A -T GTG ecC TCL- C
trnH - ®C GTG [g1 €T -
Inia geoffrensis trnH C - T GTG C -C q
Pontoporia blainvillei trnH - ﬁ GTG SAA - C
Monodon monoceros trnH - @cecTc ¢ A C-—-
ol trnH - COGTG AAAE -- G
trnH - COGTG a C --4G
trnH - CEGTG ﬂ C GC--
Cephalorhynchus heavisidii trnH - C GTG A C - GC
Sousa chinensis trnH - C GTG A C - GC
Stenella attenuata trnH - C GTG a C SAEA
Tursiops australis trnH - C GTG AAAS - C
Tursiops truncatus trnH - C GTG A C A CA
Tursiops aduncus trnH - C GTG a C - G C
Delphinus capensis trnH - C GTG AAAE - GC
Stenella coeruleoalba trnH - C GTG A C - GC
Orcaella brevirostris trnH — C GTG AAAK — C
Orcaella heinsohni trnH | C CIHIGTG QVAVAC | C
Grampus griseus trnH - C GTG A C C
Pseudorca crassidens trnH | C GTG: ¢ AAAE C
Feresa attenuata trnH | C GTG A C
Peponocephala electra trnH - C G GTG A C
Globicephala macrorhynchus trnH - C GTG A («Cle
Globicephala melas trnH - C GTG ﬁ CleC
Lagenorhynchus albirostris trnH - C GTG A C C C
Orcinus orca WNPTRU1 trnH - C GTG. G| A - GC
Orcinus orca AntAl trnH | C GTGAG| ﬁ RAACTH
Orcinus orca AntB1l trnH - C GTG- G| A - GC
Orcinus orca AntCl trnH - C GTG. G| A -LGC
Orcinus orca ENAHN1 trnH - C GTG. G| a -A4GC
Orcinus orca CNPNRAL trnH - C GTG- G| - - GC
Orcinus orca ENPOAL2 trnH = C GTG.G| a AAT
1234 ant 12345 [Zkcpxl76543210]
[00000001111] 2JCCIC N 33344 44445 ESE8666666 74
123456780123 £ 234 gl 67890 jelo)iliciA 56789018

the most common base for the position.

half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).

type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G- C vs A—T)

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
a mismatch in the in the stem pair; |\, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.

position 1-7 in the acceptor stem; JJ position 1-4 in the DHU stem; )d position 1-5 in the anticodon stem; X position 1-5 in the TWC stem; ant, anticodon; d, discriminator nucleotide.
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trnl (ILE) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant 12345 EZPiT /6543218
Ceratotherium simum trnl T GAT C-1cC
Equus caballus trnl GAT AC C C - AC
Pecari tajacu trnl GAT A T AC
Phacochoerus africanus trnl GAT A C -
Potamochoerus porcus trnl T GAT A C - AC
Sus scrofa trnl T GAT A C - AC
Camelus bactrianus trnl GAT G-/°C
Camelus dromedarius trnl GAT -
Lama guanicoe trnl A GAT - C
Vicugna pacos trnl A GAT C
Hyemoschus aquaticus trnl Cl T A GAT C C G|
Tragulus kanchil trnl Ci T GAT &CCle ©
Giraffa camelopardalis trnl T GAT A
Okapia johnstoni trnl GAT A
Antilocapra americana trnl GAT C- AC
Moschus moschiferus trnl GAT - A
Muntiacus muntjak trnl GAT c- C
Capreolus capreolus trnl GAT - AC
Alces alces trnl T A GAT - C
Cervus elaphus trnl GAT C - C
Dama dama trnl GAT SAGH
Boselaphus tragocamelus trnl T GAT - C
Tragelaphus oryx trnl GAT CA - AC
Bos taurus trnl GAT --AC
Bubalus bubalis trnl GAT - AC
Syncerus caffer trnl GAT - A
Neotragus moschatus trnl A GAT SAGH
Alcelaphus buselaphus trnl GAT - AC
Oryx gazella trnl GAT cC- C
Pantholops hodgsonii trnl GAT - A
Ovibos moschatus trnl T A GAT - C
Capra hircus trnl GAT - A
Ovis aries trnl GAT - A
Cephalophus natalensis trnl GAT cC- C
Redunca fulvorufula trnl GAT C-A
Ourebia ourebi trnl T GAT CC - AC
Antilope cervicapra trnl T GAT SAGE
Gazella gazella trnl GAT c- C
Procapra gutturosa trnl T A GAT - C
Raphicerus campestris trnl GAT G- A
Hexaprotodon liberiensis trnl A GAT C
Hippopotamus amphibius trnl A GAT C C
Eubalaena australis trnl GAT --AC
Eubalaena japonica trnl GAT - AC
Balaena mysticetus trnl T GAT - AC
Caperea marginata trnl T GAT A
Eschrichtius robustus trnl T GAT A
Balaenoptera acutorostrata trnl GAT A
Balaenoptera bonaerensis trnl GAT A
Balaenoptera physalus trnl T GAT A
Megaptera novaeangliae trnl T GAT AC
Balaenoptera musculus trnl T GAT A
Balaenoptera omurai trnl GAT A
Balaenoptera borealis trnl T GAT A
Balaenoptera brydei trnl GAT A
Balaenoptera edeni trnl T GAT AC
trnl GAT, G AC [
Physeter macrocephalus trnl T GAT A
Platanista minor trnl GAT - A
Ziphius cavirostris trnl T GAT C - AC
Mesoplodon densirostris trnl A GAT C - C
Mesoplodon europaeus trnl A GAT SAGH
**\Mesoplodon grayi trnl A GAT C SAGH
Berardius bairdii trnl A GAT - AC
Hyperoodon ampullatus trnl A GAT C SAGH
trnl A GAT AL TCCe
Inia geoffrensis trnl A GAT CG- AC
Pontoporia blainvillei trnl T- GAT --€C
Monodon monoceros trnl GAT G SALCC
el trnl A GAT G- C
trnl A GAT G-eC
trnl A GAT -INeC]
Cephalorhynchus heavisidii trnl A GAT -
Sousa chinensis trnl GAT C -A
Stenella attenuata trnl GAT - A
Tursiops australis trnl GAT - A
Tursiops truncatus trnl GAT - A
Tursiops aduncus trnl A GAT C -
Delphinus capensis trnl GAT -
Stenella coeruleoalba trnl GAT - A
Orcaella brevirostris trnl A GAT -
Orcaella heinsohni trnl A GAT |
Grampus griseus trnl T A GAT - A
Pseudorca crassidens trnl A GAT - A
Feresa attenuata trnl A GAT -
Peponocephala electra trnl A GAT - C
Globicephala macrorhynchus trnl A GAT -
Globicephala melas trnl A GAT -
Lagenorhynchus albirostris trnl A GAT -
Orcinus orca WNPTRU1 trnl A @ GATE CAS
Orcinus orca AntAl trnl A @ GATE CAS
Orcinus orca AntB1l trnl A @ GATE CAS
Orcinus orca AntCl trnl A @ GATE CAG
Orcinus orca ENAHN1 trnl A @ GATE CAS
Orcinus orca CNPNRAL trnl A @ GATE CAS
Orcinus orca ENPOAL2 trnl A @& GATEY CAS
123 ant 12345 54321 [JEZRFR

(00000001 11] Wyl vy 333 CRERE 44444 SE1EE8666666 614
123456 7)012] 90183456 7 eNENNS 67 39| 56789 feic[oi¥i3456789)
the most common base for the position.

half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).

type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , , molecular signature for a taxon.

position 1-7 in the acceptor stem; J position 1-3 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.
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trnK (LYS) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant  EZEER 12345 54321d
*
Ceratotherium simum trnkK T--A TTT - T
Equus caballus trnK C] TT-A A TTT C] TTC -CC 8§
Pecari tajacu trnK - A TTT C TC —GT
Phacochoerus africanus trnk G| G--TC TTT G| C T -TC
Potamochoerus porcus trnk © A--C TTT © C] —GT
Sus scrofa trnkK G| G--TC TTT G| C G
Camelus bactrianus trnkK G--/C TTT AC CATG T C
Camelus dromedarius trnkK G--°C TTT AC CATG- C C
Lama guanicoe trnK G--TC TTT AC TAT - C
Vicugna pacos trnk G--TC TTT AT A TAT -
Hyemoschus aquaticus trnK --C g 71777 @ g C [ -ACC-TG (@
Tragulus kanchil trnK --C e TTT e g B-Ac-ccg @
Giraffa camelopardalis trnkK - © TTT & € C -AAG - T
Okapia johnstoni trnK C T TTT € C cC -T G
Antilocapra americana trnk ATC TTT, € cC A -C
Moschus moschiferus trnk C TT-T TTT, © AG -C
Muntiacus muntjak trnk -A CRCTLLIIAAS C A c AGA(® JGAE - EC AR R JAC C
Capreolus capreolus trnK --A © TTT @ € C A-ATT
Alces alces trnK -A € 7177 @ @ C AC -T
Cervus elaphus trnK G -A G| © TTT CIRS G TA -TG G
Dama dama trnK -A A g TTT @ G TGC -T
Boselaphus tragocamelus trnk Cc-T \C TTT, C] ACC -
Tragelaphus oryx trnK T -TC A TTT TACC - G
Bos taurus trnkK TIa--] TTT G| CAT -TA
Bubalus bubalis trnk ET - ¢ LLRIAACCIA G| A AT-T
Syncerus caffer trnk T --C TTT G A R CAT -TCQ
Neotragus moschatus trnkK UASE A TTT C AAC G-C
Alcelaphus buselaphus trnK C T -TA TTT C ACG -T
Oryx gazella trnK Ec T -TC TTT A TTA
Pantholops hodgsonii trnk Er-g A TTT (o AC  -T G
Ovibos moschatus trnkK LHAGCEAGCY TTT C A -TT
Capra hircus trnk TG-- TTT C -T
Ovis aries trnK TC- C TTT (o HTA T-TH
Cephalophus natalensis trnk TG-TC TTT C AC -T
Redunca fulvorufula trnkK T -G A TTT C LTACE G
Ourebia ourebi trnK -T A TTT C AC-TEA
Antilope cervicapra trnk G- A A TTT C A -T
Gazella gazella trnK G- A A TTT C N A G -T
Procapra gutturosa trnK - TTT C A A -
Raphicerus campestris trnk T-T A TTT C TA -C
Hexaprotodon liberiensis trnkK G--- Cl TTT G| C - -
Hippopotamus amphibius trnK G-—- Ci TTT g cC -C -G
Eubalaena australis trnK | TTT CCLYA- - C G
Eubalaena japonica trnK - TTT cC - C
Balaena mysticetus trnK - TTT CCLVa\-~ C
Caperea marginata trnkK TTC TTT CC. . —-
Eschrichtius robustus trnkK —- A TTT C C -CGG
Balaenoptera acutorostrata trnK -T Cl TTT © C -T C
Balaenoptera bonaerensis trnK TT C| TTT © C -TG C
Balaenoptera physalus trnkK -T A TTT TC -T
Megaptera novaeangliae trnK - A TTT RAc -T @
Balaenoptera musculus trnK -TC TTT CllA-T C
Balaenoptera omurai trnK T- TTT C -T C
Balaenoptera borealis trnkK -C TTT -T C
Balaenoptera brydei trnK - TTT -T C
Balaenoptera edeni trnK - TTT -T C
trnK T- TTT SCAATAE C
Physeter macrocephalus trnK C] - TTT A cC -GC  C G}
Platanista minor trnkK -A TTT C A-C -G C
Ziphius cavirostris trnK - TTT AAGLIS¢AASTS G
Mesoplodon densirostris trnK - C TTT A —--
Mesoplodon europaeus trnkK -‘C ‘A TTT A Cl . G-- G
**Mesoplodon grayi trnkK -T A TTT A cC - G
Berardius bairdii trnK - A TTT C A CTCCA - —— G
Hyperoodon ampullatus trnK - A TTT C A CC. . —- G
trnK -eC A TTT GC -
Inia geoffrensis trnk - A TTT T - C G
Pontoporia blainvillei trnK CTC A TTT, D AAC G - I
Monodon monoceros trnK = A TTT C C-
ikl trnK - TTT € CT C G-G Cl
trnkK G- A TTT g CT CGG [¢
trnK GG- TTT © C C- C]
Cephalorhynchus heavisidii trnK - A TTT T - C G
Sousa chinensis trnK - TTT T -G C
Stenella attenuata trnK - TTT T G- C
Tursiops australis trnkK - TTT T - C
Tursiops truncatus trnK - C TTT T - C
Tursiops aduncus trnK -T TTT T - C
Delphinus capensis trnK - TTT LTASAAR C
Stenella coeruleoalba trnK | TTT TA | C
Orcaella brevirostris trnK C- A TTT, g ¢ - C
Orcaella heinsohni trnK C- TTT T -
Grampus griseus trnK -A TTT A @ AT - C] G
Pseudorca crassidens trnK -A TTT © T - Cl
Feresa attenuata trnK -A TTT € AT - AA ¢
Peponocephala electra trnK -A TTT © AT - A @
Globicephala macrorhynchus trnK -A TTT © AT - AA ¢
Globicephala melas trnkK -A TTT & GAT - -'AA'[® G
Lagenorhynchus albirostris trnK -TC TTT T -G C
Orcinus orca WNPTRU1 trnK - @TTT - C
Orcinus orca AntAl trnK - OTTT - C
Orcinus orca AntBl trnK — OTTT — C
Orcinus orca AntCl trnK - OTTT - C
Orcinus orca ENAHN1 trnK - OTTT - C
Orcinus orca CNPNRAL trnK - OTTT - C
Orcinus orca ENPOAL2 trnK - eTTT - C
* *
432112345 ETISS 4321 12345 54321 [YRPR
Nvy PPP¥y 333 EEEEE 44444 5566 6[ LIS
890113456 7 KekEN 6 7 39| 56789 8901 2yl 0

. the most common base for the position.
R half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G- C vs A—T)
LW, type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. N, , molecular signature for a taxon.
, position 1-7 in the acceptor stem; ) position 1-4 in the DHU stem; }4 position 1-5 in the anticodon stem; X position 1-5 in the TWC stem; ant, anticodon; d, discriminator nucleotide.



trnL1 [LEU (L1, CUN)] multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant 1234 LRI 76543218
Ceratotherium simum trnLl G - G TAG. -
Equus caballus trnL1 G C- G TAG. -
Pecari tajacu trnLl C - G TAG -.C
Phacochoerus africanus trnlLl AC C- G TAG. -
Potamochoerus porcus trnLl AC - G TAG - T
Sus scrofa trnlLl AC C- G TAG -
Camelus bactrianus trnLl A -A G @ TAG E -
Camelus dromedarius trnLl A G-A G @ TAG ® -
Lama guanicoe trnlLl A -A G @ TAG [¢ -
Vicugna pacos trnLl A -A G @ TAG [¢ -
Hyemoschus aquaticus trnLl AC -A A @ TAGA [¢ -
Tragulus kanchil trnL1 A -A G TAG -
Giraffa camelopardalis trnLl -C G TAG -
Okapia johnstoni trnLl G A - G TAG G -
Antilocapra americana trnLl - G TAG -
Moschus moschiferus trnlLl - A TAG. -
Muntiacus muntjak trnLl G G A A- G TAG -
Capreolus capreolus trnLl -A TAG. -
Alces alces trnLl G G C -A G TAG. -
Cervus elaphus trnL1 G GAC A-A G TAG -
Dama dama trnLl G GAC A-A G TAG. -
Boselaphus tragocamelus trnLl G A - G TAG -
Tragelaphus oryx trnLl C - G TAG -
Bos taurus trnLl T G TAG -
Bubalus bubalis trnL1l - G TAG -
Syncerus caffer trnlLl - G TAG -
Neotragus moschatus trnlL1l - TAG -
Alcelaphus buselaphus trnL1 - TAG -
Oryx gazella trnLl G - TAG -
Pantholops hodgsonii trnLl - TAG. -
Ovibos moschatus trnLl G C - TAG -
Capra hircus trnLl - G TAG -
Ovis aries trnLl - TAG -
Cephalophus natalensis trnLl - TAG -
Redunca fulvorufula trnLl G AlNe- G TAG, - C
Ourebia ourebi trnLl G - G @ TAG §# -
Antilope cervicapra trnLl A - A & TAG ¢ -
Procapra gutturosa trnLl A - TAG -
Raphicerus campestris trnlLl - G TAG -
Gazella gazella trnlLl A -C G g A F -
Hexaprotodon liberiensis trnLl Gl G C- TAG G- Cl
Hippopotamus amphibius trnLl © G C- TAG - C|
Eubalaena australis trnL1l Cl - TAG -
Eubalaena japonica trnLl Cl - TAG -
Balaena mysticetus trnLl Ci - TAG -

Caperea marginata trnLl CcC -A TAG. - T
Eschrichtius robustus trnLl Ci G Cc-C TAG. AL
Balaenoptera acutorostrata trnLl Ci AC - TAG -
Balaenoptera bonaerensis trnLl Ci AC - TAG A
Balaenoptera physalus trnL1 Cl - TAG -
Megaptera novaeangliae trnLl Ci - TAG -
Balaenoptera musculus trnL1 Ci - TAG —
Balaenoptera omurai trnLl Cl - TAG -
Balaenoptera borealis trnLl - C TAG -
Balaenoptera brydei trnL1 - TAG G-
Balaenoptera edeni trnLl - TAG -
trnLl G - G @ TAG @ -
Physeter microcephalus trnL1 G G - & TAG [¢ -
Platanista minor trnLl A | & TAG ¥ | G
Ziphius cavirostris trnLl A - G TAG - C
Mesoplodon densirostris trnLl A - TAG SAY
Mesoplodon europaeus trnLl G A - TAG -.C
**\lesoplodon grayi trnLl G A - TTAG -C
Berardius bairdii trnLl A -C G TAG -GC G G
Hyperoodon ampullatus trnL1 A - TAG -
trnLl AC C- TAG -
Inia geoffrensis trnLl G} - B A § - C]
Pontoporia blainvillei trnLl -A TAG -
Monodon monoceros trnLl G C- TAG. -
ikl trnLl C - TAG SAY
trnLl C - TAG -.C
trnLl G - G TAG. -.C
Cephalorhynchus heavisidii trnLl G - TAG -
Sousa chinensis trnLl 6] - TAG - C
Stenella attenuata trnLl | TAG. |
Tursiops australis trnLl - TAG -
Tursiops truncatus trnLl - TAG -
Tursiops aduncus trnLl - TAG -
Delphinus capensis trnLl - TAG -
Stenella coeruleoalba trnLl - TAG. -
Orcaella brevirostris trnLl G | TAG. |
Orcaella heinsohni trnL1 - TAG. -
Grampus griseus trnLl - TAG -
Pseudorca crassidens trnLl € - TAG, - C
Feresa attenuata trnlLl - TAG =
Peponocephala electra trnL1 C - TAG -
Globicephala macrorhynchus trnL1 G C - TAG -
Globicephala melas trnLl G - TAG -
Lagenorhynchus albirostris trnLl - TAG -
Orcinus orca WNPTRU1 trnL1 | C TAG. |
Orcinus orca AntAl trnLl1 - C TAG. -
Orcinus orca AntB1l trnLl1 - C TAG. -
Orcinus orca AntCl trnL1 - C TAG -
Orcinus orca ENAHN1 trnLl1 - C TAG =
Orcinus orca CNPNRAL trnL1 - C TAG -
Orcinus orca ENPOAL2 trnLl1 - C TAG -
1234 ant [ZEEA 1234 vl 76543210
[00000001111] 22220222 33 G 34444 4555 515151566666 7 714
12345670123 2345078901 SIS EN0012 3| 9012 iAC%i56789014

. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A—A). Different colours are used to better differentiate the changes.
N fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
, , type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; '/, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , , molecular signature for a taxon.
, position 1-7 in the acceptor stem; } position 1-4 in the DHU stem; } position 1-5 in the anticodon stem; X position 1-4 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.



trnL2 [LEU (L2, UUR)] multiple alignment

10 20 30 40 50 60 70
| | | | |
123456781234 ant  [ZEEA 12345 54321 TR
Ceratotherium simum trnl2 GRA] Cc- A TAAEC - AT C TRC]
Equus caballus trnL2 © cC A TAA . C C- T C Cl
Pecari tajacu trnl2 ARG AC T TAA C- AA cc CIREAT]
Phacochoerus africanus trnlL2 © AC G TAALCC -TA C Cl
Potamochoerus porcus trnlL2 A © AC G TAA:CC -TA C Cl
Sus scrofa trnlL2 A © AC G TAALCC -TA C C
Camelus bactrianus trnlL2 A © AC TAAGA G- cC Cl
Camelus dromedarius trnlL2 A © AC TAAGA G- T Cl
Lama guanicoe trnl2 © AC TAAGA C- T Cl
Vicugna pacos trnlL2 © AC TAAGA C- LTCCE C}
Hyemoschus aquaticus trnlL2 cc C TAAAC C- AT C
Tragulus kanchil trnL2 cC TAAAC -A A
Giraffa camelopardalis trnL2 cc TAALEC - AT A ]
Okapia johnstoni trnlL2 cc g ™A [ - A C
Antilocapra americana trnl2 cc G TAALCC =CT]| A
Moschus moschiferus trnlL2 cC G TAALCC - AT A
Muntiacus muntjak trnL2 cc G TAA-AC - AT A
Capreolus capreolus trnlL2 cc G TAA - TT A ]
Alces alces trnlL2 cC G TAA - 1T A
Cervus elaphus trnL2 cc G TAA-AC - AT A
Dama dama trnlL2 cc G TAA:AC - AT A
Boselaphus tragocamelus trnlL2 cc G TAA - T A
Tragelaphus oryx trnL2 cc TAAG - A
Bos taurus trnlL2 cc TAA =AU A
Bubalus bubalis trnL2 cC TAA - T A
Syncerus caffer trnlL2 cc G TAA TA A
Neotragus moschatus trnlL2 cC G TAA - °C - 1T A
Alcelaphus buselaphus trnl2 cc G TAALLSC - 1T A 1]
Oryx gazella trnlL2 cc G TIITAALCC - 1T A
Pantholops hodgsonii trnlL2 cc TAA:CC - T
Ovibos moschatus trnl2 cc G TAALLSC - T A 1]
Capra hircus trnL2 cc G TAA:CC -°T A
Ovis aries trnL2 cc G TAACC SACH A
Cephalophus natalensis trnL2 cc G TAACC - T A
Redunca fulvorufula trnl2 cc G TAALCC wACU A
Ourebia ourebi trnlL2 cc G TAACC EACH A
Antilope cervicapra trnL2 CcC G TAA - °C -7 A
Gazella gazella trnL2 cc G TAA:CC - TT A
Procapra gutturosa trnlL2 cc G TAA:CC -'T A
Raphicerus campestris trnlL2 cc G TAALCC - T A
Hexaprotodon liberiensis trnlL2 C I cc TAAGSC C--T
Hippopotamus amphibius trnlL2 &8 A cC TAALCC C- -
Eubalaena australis trnL2 TAA C-
Eubalaena japonica trnlL2 TAA C-
Balaena mysticetus trnL2 TAA C-
Caperea marginata trnL2 TAA - °C -
Eschrichtius robustus trnlL2 TAA C-
Balaenoptera acutorostrata trnlL2 C TAA C-
Balaenoptera bonaerensis trnL2 TAA C-
Balaenoptera physalus trnlL2 TAA C-
Megaptera novaeangliae trnL2 C TAA C-
Balaenoptera musculus trnL2 TAALCC C-oT]
Balaenoptera omurai trnL2 T TAA C-
Balaenoptera borealis trnL2 C TAA C-
Balaenoptera brydei trnL2 TAA C-
Balaenoptera edeni trnL2 TAA C-
trnL2 C TAAG - C
Physeter macrocephalus trnlL2 T TAA C- C
Platanista minor trnL2 C TAA C-.0T
Ziphius cavirostris trnL2 C TAA C-.'T
Mesoplodon europaeus trnL2 TAA C-T
Mesoplodon densirostris trnL2 C TAA C-AT|
**Mesoplodon grayi trnL2 A C TAA C-
Berardius bairdii trnL2 C TAACC C-
Hyperoodon ampullatus trnL2 C TAA C-
trnL2 A TAA -
Inia geoffrensis trnlL2 G TAAG -T'T C GC
Pontoporia blainvillei trnL2 TAACC - T
Monodon monoceros trnL2 A C TAALLSC - ]
el trnL2 C TAAG C -
trnL2 C TAAGEC -
trnL2 C TAAGEC -AT
Cephalorhynchus heavisidii trnlL2 C TAAG - C
Sousa chinensis trnL2 C TAA - C
Stenella attenuata trnL2 C TAAG -
Tursiops australis trnL2 C TAAG - C
Tursiops truncatus trnL2 C TAAG - A C
Tursiops aduncus trnL2 C TAAG - C
Delphinus capensis trnL2 C TAAG - C
Stenella coeruleoalba trnL2 C TAAG - C
Orcaella brevirostris trnL2 C TAAG SACH
Orcaella heinsohni trnL2 C TAAG -°T
Grampus griseus trnL2 C T| I TAAG -T
Pseudorca crassidens trnlL2 C T ITAAG wACU
Feresa attenuata trnL2 C TITAAG wACU G
Peponocephala electra trnL2 C T TAAG -'T
Globicephala macrorhynchus trnL2 C TAA - TT
Globicephala melas trnL2 C TAA - 1T
Lagenorhynchus albirostris trnL2 C TAAG C- T Cl
Orcinus orca WNPTRU1 trnL2 C C TAA SACLH Cl
Orcinus orca AntAl trnL2 C C TAA - AT Cl
Orcinus orca AntB1l trnL2 C C TAA - AT Cl
Orcinus orca AntCl trnL2 C C TAA - AT Cl
Orcinus orca ENAHN1 trnL2 C C TAA SACH Cl
Orcinus orca CNPNRAL trnL2 C C TAA EACH Cl
Orcinus orca ENPOAL2 trnL2 C C TAA SACL C|
12345671234 ant 12345 [Zkepxl76543210]
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the most common base for the position.

half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).

type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
a mismatch in the in the stem pair; |\, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.

position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.
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trnM (MET) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant  EKEER 12345 [XkevXil 7654321}
* e Fera
Ceratotherium simum trnM -C CAT A C
Equus caballus trnM - CAT A CC
Pecari tajacu trnh CAT C CleleC
Phacochoerus africanus trnM CAT C A
Potamochoerus porcus trnM C CAT C
Sus scrofa trnM GC CAT C C A
Camelus bactrianus trnM - CAT C
Camelus dromedarius trn\ - CAT
Lama guanicoe trnh - CAT C
Vicugna pacos trnl - CAT C
Hyemoschus aquaticus trnM - CAT C
Tragulus kanchil trnM T CAT C
Giraffa camelopardalis trnM - Cl CAT G| C
Okapia johnstoni trnM - C| CAT © C
Antilocapra americana trnM - CAT
Moschus moschiferus trnl - CAT
Muntiacus muntjak trnM - CAT
Capreolus capreolus trnM - CAT C
Alces alces trnM - CAT
Cervus elaphus trnM - CAT C
Dama dama trnM | CAT C
Boselaphus tragocamelus trnM - CAT C
Tragelaphus oryx trn - CAT CLAALIC A
Bos taurus trnh | CAT
Bubalus bubalis trn - CAT ccC
Syncerus caffer trni - CAT C
Neotragus moschatus trnh -1cC CAT C
Alcelaphus buselaphus trnM - CAT C
Oryx gazella trnM - CAT
Pantholops hodgsonii trnM - CAT C
Ovibos moschatus trnh | CAT
Capra hircus trnM - CAT
Ovis aries trn\ - CAT C
Cephalophus natalensis trnM - CAT
Redunca fulvorufula trnM - CAT ClAC
Ourebia ourebi trni - C] CAT c] [BATAE
Antilope cervicapra trnM - CAT
Gazella gazella trni - CAT
Procapra gutturosa trnl - CAT C
Raphicerus campestris trnM - CAT ccC
Hexaprotodon liberiensis trnl -C CAT A
Hippopotamus amphibius trnM -C CAT AC C
Eubalaena australis trnM -C CAT C A
Eubalaena japonica trnM -C CAT C A
Balaena mysticetus trnM = CAT C A
Caperea marginata trnM - CAT C A
Eschrichtius robustus trnl | CAT C A
Balaenoptera acutorostrata trnM -C CAT A
Balaenoptera bonaerensis trnM -C CAT C A
Balaenoptera physalus trnM -C CAT C A
Megaptera novaeangliae trnM =] CAT C A
Balaenoptera musculus trnM -C CAT A
Balaenoptera omurai trnM -C CAT C A
Balaenoptera borealis trnM -C CAT A
Balaenoptera brydei trnM -C CAT A
Balaenoptera edeni trnM -C CAT C A
trnM -C CAT C A
Physeter macrocephalus trnM -C CAT C A
Platanista minor trnM -C CAT EAEA
Ziphius cavirostris trnM - CAT A
Mesoplodon densirostris trnM - CAT A
Mesoplodon europaeus trnM - CAT C A
**Mesoplodon grayi trnM - CAT A
Berardius bairdii trnM G- CAT A
Hyperoodon ampullatus trnM - CAT C A
trnM - 1] CAT A C A
Inia geoffrensis trnl - CAT C
Pontoporia blainvillei trnM - CAT ccC
Monodon monoceros trnM G G- G CAT C A
ikl trnM T- CAT C C A
trnM T- CAT C C A
trnM T- CAT C C A
Cephalorhynchus heavisidii trnM = Cl CAT © C C A
Sousa chinensis trnM | Cl CAT © ccC A
Stenella attenuata trnM | Cl CAT © A
Tursiops australis trnM - Cl CAT © A
Tursiops truncatus trnM — C] CAT © A
Tursiops aduncus trnM - Cl CAT © A
Delphinus capensis trnM = Cl CAT © C A
Stenella coeruleoalba trnM - Ci CAT © A
Orcaella brevirostris trnM | CAT C A
Orcaella heinsohni trnM = Cl CAT © C C A
Grampus griseus trnM - C] CAT © C A
Pseudorca crassidens trnM -C Cl CAT © C A
Feresa attenuata trnM - Cl CAT © C A
Peponocephala electra trnM - C] CAT © C A
Globicephala macrorhynchus trnM - Cl CAT © C C A
Globicephala melas trnM = Cl CAT © C A
Lagenorhynchus albirostris trnM — CAT C A
Orcinus orca WNPTRU1 trnM | Cl CAT G| CACTACeleC] A
Orcinus orca AntAl trnM | Cl CAT © CACIACeeC] A
Orcinus orca AntBl trnM - Cl CAT © CACLICeeC A
Orcinus orca AntCl trnM | Cl CAT © CACTACeleC] A
Orcinus orca ENAHN1 trnM | Cl CAT © CACIACeeC] A
Orcinus orca CNPNRAL trnM - Cl CAT © ClACLICeeC A
Orcinus orca ENPOAL2 trnM | C| CAT G| ClACIACieeC] A
* Fes ak %
12345671234 ant 12345 54321 [YRPR
(00000001111} 333 EREIE 44445 5566 6[ LIS
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. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
, , type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.
, position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; } position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.




trnN (ASN) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant  EZEER 12345 54321 FEPRd
* *
Ceratotherium simum trnN GTT - TGG
Equus caballus trnN GTT - TG
Pecari tajacu trnN C GTT T AG
Phacochoerus africanus trnN GTT T A
Potamochoerus porcus trnN GTT T A
Sus scrofa trnN G GTT T A
Camelus bactrianus trnN C GTT - AGG
Camelus dromedarius trnN C C GTT - AGG
Lama guanicoe trnN C GTT - AGG
Vicugna pacos trnN C GTT - AGG
Hyemoschus aquaticus trnN [GGT(g GTT G- T N A G
Tragulus kanchil trnN C GTT, E- LS CA AGG
Giraffa camelopardalis trnN GTT - G G G
Okapia johnstoni trnN G GTT - G G
Antilocapra americana trnN GTT - G G G
Moschus moschiferus trnN G GTT - G G
Muntiacus muntjak trnN GTT - G G G
Capreolus capreolus trnN C G GTT - G G G
Alces alces trnN G GTT - G G G
Cervus elaphus trnN G GTT - G G G
Dama dama trnN G GTT - G G G
Boselaphus tragocamelus trnN GTT - G G
Tragelaphus oryx trnN ATG G GTT - G G G
Bos taurus trnN AGC G GTT — G G G
Bubalus bubalis trnN C GTT - G G G
Syncerus caffer trnN CG GTT - G G G
Neotragus moschatus trnN T GTT -C G A G
Alcelaphus buselaphus trnN T G GTT - G G G
Oryx gazella trnN T G GTT | G G G
Pantholops hodgsonii trnN TC GTT - G G G
Ovibos moschatus trnN TC G GTT - G G G
Capra hircus trnN ATC GTT - G G G
Ovis aries trnN T G GTT - G G G
Cephalophus natalensis trnN T GTT T- G G G
Redunca fulvorufula trnN T GTT - G G G
Ourebia ourebi trnN T G GTT - G G G
Antilope cervicapra trnN NIG GTT -C G G G
Gazella gazella trnN = GTT -C G G G
Procapra gutturosa trnN T GTT T- G G G
Raphicerus campestris trnN ACG T GTT - G G G
Hexaprotodon liberiensis trnN GTT - G G
Hippopotamus amphibius trnN GTT - G GC
Eubalaena australis trnN GTT | T
Eubalaena japonica trnN GTT - T
Balaena mysticetus trnN C GTT - T
Caperea marginata trnN C GTT - T
Eschrichtius robustus trnN C GTT A- T
Balaenoptera acutorostrata trnN GTT A- T
Balaenoptera bonaerensis trnN GTT A- T
Balaenoptera physalus trnN GTT A- T
Megaptera novaeangliae trnN GTT A- T
Balaenoptera musculus trnN GTT A- T
Balaenoptera omurai trnN GTT A- T
Balaenoptera borealis trnN C GTT - T
Balaenoptera brydei trnN GTT - T
Balaenoptera edeni trnN GTT - T
trnN C GTT, - A (¢CCC |
Physeter macrocephalus trnN C GTT - T
Platanista minor trnN T GTT | T
Ziphius cavirostris trnN C GTT - T
Mesoplodon densirostris trnN C GTT A- T
Mesoplodon europaeus trnN GTT A- T
**\lesoplodon grayi trnN GTT A- A T
Berardius bairdii trnN C GTT A- T
Hyperoodon ampullatus trnN C GTT - T
trnN GTT - T
Inia geoffrensis trnN GTT - T
Pontoporia blainvillei trnN GTT - T
Monodon monoceros trnN GTT - T
ikl trnN GTT - - T
trnN GTT | A T
trnN C GTT - T
Cephalorhynchus heavisidii trnN C GTT - T
Sousa chinensis trnN C TIGTT | T
Stenella attenuata trnN C GTT - T
Tursiops australis trnN C GTT - T
Tursiops truncatus trnN C GTT - T
Tursiops aduncus trnN C GTT - T
Delphinus capensis trnN C GTT - T
Stenella coeruleoalba trnN C GTT - T
Orcaella brevirostris trnN GTT - T
Orcaella heinsohni trnN C GTT - T
Grampus griseus trnN C GTT - T
Pseudorca crassidens trnN GTT | T
Feresa attenuata trnN GTT - T
Peponocephala electra trnN GTT - T
Globicephala macrorhynchus trnN GTT - T
Globicephala melas trnN GTT - T
Lagenorhynchus albirostris trnN C GTT - T
Orcinus orca WNPTRU1 trnN C GTT | T
Orcinus orca AntAl trnN C GTT - T
Orcinus orca AntBl trnN C GTT - T
Orcinus orca AntCl trnN C GTT | T
Orcinus orca ENAHN1 trnN C GTT - T
Orcinus orca CNPNRAL trnN C GTT - T
Orcinus orca ENPOAL2 trnN C GTT | T
* *
123456 7)123] RE ant [EER 12345 54321 R

(0000000111 22202223334 144] 55555 [SE1Eee67777774
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. the most common base for the position.

. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).
N , , half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
, , type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.
, position 1-7 in the acceptor stem; ) position 1-3 in the DHU stem; ) position 1-5 in the anticodon stem; X position 1-5 in the TYC stem; ant, anticodon; d, discriminator nucleotide.




trnP (PRO) multiple alignment

10 20 30 40 50 60
1 1 | | | |
1234567 ant 1234 kel 76543210}
Ceratotherium simum trnP = TGG C A-GG-
Equus caballus trnP - TGG C A-G -
Pecari tajacu trnP - TGG CA--G-T
Phacochoerus africanus trnP Gli- TGG C G-—-IT|
Potamochoerus porcus trnP G - TGG C G---T
Sus scrofa trnP G- TGG C A--G-T
Camelus bactrianus trnP - Cl TGG G| C T-G-
Camelus dromedarius trnP € A- C TGG € C T-G- C]
Lama guanicoe trnP A- Cl TGG © A C T-G-
Vicugna pacos trnP A- C| TGG © A C T-G-
Hyemoschus aquaticus trnP - TGG CG T- -
Tragulus kanchil trnP -C TGG G- G
Giraffa camelopardalis trnP -A TGG CAAT- -
Okapia johnstoni trnP A -AC TGG CCGT-G- T
Antilocapra americana trnP - TGG AA C AT--
Moschus moschiferus trnP -A TGG A C AT- -
Muntiacus muntjak trnP -A TGG C AT-G-
Capreolus capreolus trnP - TGG C AT- -
Alces alces trnP -A TGG A C AT- -
Cervus elaphus trnP -A TGG A C AT-G-
Dama dama trnP -A TGG A AT- -
Boselaphus tragocamelus trnP -A TGG C AT-G-
Tragelaphus oryx trnP -A TGGEA CGGT--
Bos taurus trnP -A TGGEG CIGC- -
Bubalus bubalis trnP -A TGG A C AT- -
Syncerus caffer trnP -A TGG A C AT- -
Neotragus moschatus trnP - TGG C AT- -
Alcelaphus buselaphus trnP -A TGG A C ATT G
Oryx gazella trnP -A TGG A C AT- -
Pantholops hodgsonii trnP -A TGG A C AT- -
Ovibos moschatus trnP -A TGG A C AT- -
Capra hircus trnP -A TGG A C AT-G-
Ovis aries trnP - TGG A CIAT- -
Cephalophus natalensis trnP -A TGG A C CT- -
Redunca fulvorufula trnP -G TGG A C AT- -
Ourebia ourebi trnP -A TGG AT- -
Antilope cervicapra trnP -A TGG A C AT-G-
Gazella gazella trnP -A TGG A C AT-G-
Procapra gutturosa trnP --C TGG A CCAT- -
Raphicerus campestris trnP -A TGG A CTAT- -
Hexaprotodon liberiensis trnP -IC TGG C -GG-
Hippopotamus amphibius trnP -C TGG A c cAG-Cli
Eubalaena australis trnP - TGG G -GA
Eubalaena japonica trnP - TGG A -GA
Balaena mysticetus trnP TGG G -G
Caperea marginata trnP - TGG C A-GA
Eschrichtius robustus trnP | C TGG G -G
Balaenoptera acutorostrata trnP - TGG G -G
Balaenoptera bonaerensis trnP - TGG G -G
Balaenoptera physalus trnP - TGG G- A
Megaptera novaeangliae trnP - TGG G - A
Balaenoptera musculus trnP - IA TGG G -G
Balaenoptera omurai trnP - TGG AG- CA
Balaenoptera borealis trnP - TGG G - A
Balaenoptera brydei trnP - TGG G A
Balaenoptera edeni trnP - TGG GlI- A
trnP ~1KeC! TGG A G
Physeter macrocephalus trnP - TGG =G|
Platanista minor trnP - TGG C A-GA
Ziphius cavirostris trnP - TGG CG -
Mesoplodon densirostris trnP - TGG CGL-
Mesoplodon europaeus trnP - TGG G -G
**Mesoplodon grayi trnP - TGG CGT-
Berardius bairdii trnP - TGG G-
Hyperoodon ampullatus trnP - TGG GT A
trnP A - TGGEG! -G A ]
Inia geoffrensis trnP - TGG -GG
Pontoporia blainvillei trnP — TGG T - T
Monodon monoceros trnP | TGG C-|
el trnP - TGG A
trnP — TGG A
trnP G - TGG G C
Cephalorhynchus heavisidii trnP - TGG -
Sousa chinensis trnP - TGG -
Stenella attenuata trnP | TGG -
Tursiops australis trnP - TGG -
Tursiops truncatus trnP - TGG -
Tursiops aduncus trnP - TGG -
Delphinus capensis trnP - TGG -
Stenella coeruleoalba trnP - TGG -
Orcaella brevirostris trnP - TGG -
Orcaella heinsohni trnP - TGG -
Grampus griseus trnP - TGG -
Pseudorca crassidens trnP - TGG -
Feresa attenuata trnP | TGG -
Peponocephala electra trnP - TGG -
Globicephala macrorhynchus trnP - TGG -
Globicephala melas trnP - TGG -
Lagenorhynchus albirostris trnP - TGG -
Orcinus orca WNPTRUL trnP - TGG -
Orcinus orca AntAl trnP - TGG -
Orcinus orca AntB1l trnP - TGG -
Orcinus orca AntCl trnP - TGG -
Orcinus orca ENAHN1 trnP - TGG -
Orcinus orca CNPNRAL trnP - TGG -
Orcinus orca ENPOAL2 trnP - TGG -
1234567 ant [ZEER 1234 kvl 76543210
(0000000)1111} CICICIN 3334 4] 4444 5566 HTE6
12345670123 & 234 [l 6789 8901 kY140

. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A = T).
L0, type Il fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |\, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , , molecular signature for a taxon.
, position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; ﬂ position 1-5 in the anticodon stem; X position 1-4 in the TWC stem; ant, anticodon; d, discriminator nucleotide.



trnQ (GLN) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
1234] 4321] ant 12345 [XkevXil 7654321}
Ceratotherium simum trnQ Al G---'T TIITTGLG G A AR
Equus caballus trnQ ---TC AT EGcA g A
Pecari tajacu trnQ A G--- T A TTG:G GTTR G G
Phacochoerus africanus trnQ A T--- T TTG @cTT G G
Potamochoerus porcus trnQ ” T-—-T TTG ®GTT G G
Sus scrofa trnQ ﬁ T-—- T TTG ®@GTT G G
Camelus bactrianus trnQ h G G---CG TTG G G
Camelus dromedarius trnQ A G--- C] TG CHel G
Lama guanicoe trnQ ﬁ TTG G C A
Vicugna pacos trnQ ai TTG G C A
Tragulus kanchil trnQ G TTG G C] A
Hyemoschus aquaticus trnQ G| TTG G G G
Giraffa camelopardalis trnQ ﬁ G €. c.[gnTTeE A g
Okapia johnstoni trnQ A G [ c.(& I TTGGG G G
Antilocapra americana trnQ ﬁ G Gl € I TTGGG gcAa
Moschus moschiferus trnQ ﬁ -—— - G © I TTGGG G A
Muntiacus muntjak trnQ A -—— - G A © I TTGG GA A C
Capreolus capreolus trnQ ﬁ -—— -G € TTGG G A
Alces alces trnQ A -——- - G A ©ITTGG G A ]
Cervus elaphus trnQ h G A © I TTGG GG A
Dama dama trnQ ” G € I TTGG GG A
Boselaphus tragocamelus trnQ ﬁ G ©ITTGEG G A
Tragelaphus oryx trnQ a TTGGG G G
Bos taurus trnQ A G © I TTGG G A G
Bubalus bubalis trnQ A G © I TTGGG G AT
Syncerus caffer trnQ A G © I TTGGG G AT C C
Neotragus moschatus trnQ A G © TTGG Q A G
Alcelaphus buselaphus trnQ ﬁ G © ITTGLG G A G C
Oryx gazella trnQ N G & TTGGG G A
Pantholops hodgsonii trnQ ” G € TTGGG G A
Ovibos moschatus trnQ ﬁ G € I TTGGG G A G. IC
Capra hircus trnQ h G © I TTGGG G A
Ovis aries trnQ ” —_— - G © I TTGGG G A
Cephalophus natalensis trnQ A -—— -G € TTGGG G A
Redunca fulvorufula trnQ A - G © ' TTGGG G A C
Ourebia ourebi trnQ -—= - G © TTGLG G A
Antilope cervicapra trnQ T--—- - G € TTGG G A
Gazella gazella trnQ T-—- - G © I TTGGG G A
Procapra gutturosa trnQ -—- - G € T1TcG g G A G IGlIGA
Raphicerus campestris trnQ -—— -G €1 TTGGG G A
Hexaprotodon liberiensis trnQ © G TTG @GcA G A
Hippopotamus amphibius trnQ © G TTGLG @ GA G A
Eubalaena australis trnQ A CITTG Al
Eubalaena japonica trnQ A ClITTG N
Balaena mysticetus trnQ A CITTG ﬂ
Caperea marginata trnQ G CITTG ”
Eschrichtius robustus trnQ A ClITTG G ﬁ
Balaenoptera acutorostrata trnQ A CITTG G C ﬂ
Balaenoptera bonaerensis trnQ A CITTG G ”
Balaenoptera physalus trnQ A ClITTG G ﬁ
Megaptera novaeangliae trnQ A CITTG G ﬂ
Balaenoptera musculus trnQ A CITTG G
Balaenoptera omurai trnQ A C[ITTG G ﬁ
Balaenoptera borealis trnQ A TTG G ﬂ
Balaenoptera brydei trnQ A TTG G
Balaenoptera edeni trnQ A TTG G a
trnQ A CuTTG G C A
Physeter macrocephalus trnQ c] A CITTG A C a
Platanista minor trnQ TTG, CHe a
Ziphius cavirostris trnQ ---A CuTTG G ClA
Mesoplodon densirostris trnQ A -—— A CITTG G ”
Mesoplodon europaeus trnQ e A --——- A CITTG A G A
**Mesoplodon grayi trnQ © --- A TTG g A G ﬁ
Berardius bairdii trnQ -—— A CITTG G G ﬁ
Hyperoodon ampullatus trnQ g A e G/ TTG G g a
trnQ G} --- A ClITTG G C}
Inia geoffrensis trnQ ———IA CITTG G G Al
Pontoporia blainvillei trnQ A TG G G a
Monodon monoceros trnQ A AC TTG A g
ikl trnQ TTG ® G A G
trnQ TTG ® G A G ”
trnQ A TTG G G A
Cephalorhynchus heavisidii trnQ TTG G a
Sousa chinensis trnQ TTG G C
Stenella attenuata trnQ TTG G Al
Tursiops australis trnQ T TTG G C a
Tursiops truncatus trnQ A TTG G C
Tursiops aduncus trnQ TTG G
Delphinus capensis trnQ TTG G
Stenella coeruleoalba trnQ TTG G
Orcaella brevirostris trnQ A TTG G A
Orcaella heinsohni trnQ TTG G
Grampus griseus trnQ TTG G ﬂ
Pseudorca crassidens trnQ TTG G G
Feresa attenuata trnQ TTG G
Peponocephala electra trnQ TTG G
Globicephala macrorhynchus trnQ CITTG G
Globicephala melas trnQ CITTG G
Lagenorhynchus albirostris trnQ CITTG G Al
Orcinus orca WNPTRU1 trnQ C © TTG G G C| A
Orcinus orca AntAl trnQ C © TTG G Cl ﬁ
Orcinus orca AntBl trnQ C © TTG G Cl R
Orcinus orca AntCl trnQ C © TTG G C| A
Orcinus orca ENAHN1 trnQ C © TTG G Cl ﬁ
Orcinus orca CNPNRAL trnQ C © TTG G Cl N
Orcinus orca ENPOAL2 trnQ C © TTG G C| a
12345671234 4321} ant  EZEER 12345 ¥kl 76543210}
(00000001111} 2222 334 v 55555 [SE(S16(86 77777714
12345670123 6789 890 Ml 23456 456 78IS 6

. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).
N , , half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
, , type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.
N, pW%MJMMWWWﬁMmXWWMLMMMDmMmmXmmwLﬁMMWMMwmmemmLﬁMMTWﬂm;WWMWmmmmmmmmmmmk




trnR (ARG) multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant 12345 Skeral/ 6543210
Ceratotherium simum trnR A C- TCG -1-ACT 1]
Equus caballus trnR c-C TCG A -- CT
Pecari tajacu trnR A G-- TCG -C-T T
Phacochoerus africanus trnR A -C TCG - -.CT
Potamochoerus porcus trnR 2 -C TCG —1-AT
Sus scrofa trnR A -C TCG -1-ACT]
Camelus bactrianus trnR G| --C T TCG T --CT Cl
Camelus dromedarius trnR G --C TT TCG T ——.AC, Ci
Lama guanicoe trnR A —— T TCG T --  GT
Vicugna pacos trnR A - T TCG T --  GT
Hyemoschus aquaticus trnR T -—C TCG T -- GT
Tragulus kanchil trnR C --C TCG T -G C
Giraffa camelopardalis trnR GC-A TCG T C-- T
Okapia johnstoni trnR -C TCG C -
Antilocapra americana trnR T -C TCG - T
Moschus moschiferus trnR C = TCG T C-- GT
Muntiacus muntjak trnR TG - TCG T - - T
Capreolus capreolus trnR C G-A C TCG T -—-.C
Alces alces trnR C = TCG T -- T
Cervus elaphus trnR T -C TCG TE EEAAAIT
Dama dama trnR T -C TCG T ~- T C
Boselaphus tragocamelus trnR T -C TCG T -
Tragelaphus oryx trnR C - G TCG T -
Bos taurus trnR C | TCG T wmAAL
Bubalus bubalis trnR T - TCG T C-- C
Syncerus caffer trnR C - TCG TE -
Neotragus moschatus trnR T -C TCG T C-—- T
Alcelaphus buselaphus trnR T G-C TCG T C--
Oryx gazella trnR C - TCG T -
Pantholops hodgsonii trnR T G -C TCG T -- C
Ovibos moschatus trnR T -C TCG T -- T
Capra hircus trnR T -C TCG T -
Ovis aries trnR T -C TCG T AN C
Cephalophus natalensis trnR T -C TCG T C-—-
Redunca fulvorufula trnR T - TCG TE S AL
Ourebia ourebi trnR T A TCG T C—{I-l4AT C
Antilope cervicapra trnR C - TCG T - -
Gazella gazella trnR T — TCG T - -
Procapra gutturosa trnR - TCG T CjI-C-/\A T, T
Raphicerus campestris trnR C C-- TCG T -
Hexaprotodon liberiensis trnR -C TCG AT A -C- CG
Hippopotamus amphibius trnR -C TCG AT AC-C-
Eubalaena australis trnR T -C TCGAeC A —— C
Eubalaena japonica trnR T -C TCG A - C
Balaena mysticetus trnR T -C TCG A —- C
Caperea marginata trnR T -C TCG A - C
Eschrichtius robustus trnR CAT| - g 1cc [# EEAAATY
Balaenoptera acutorostrata trnR T - TCGLAeC (CTEEACALY
Balaenoptera bonaerensis trnR C - TCGAeC Cl-- T
Balaenoptera physalus trnR T G - TCG.AeC - T
Megaptera novaeangliae trnR T -C TCGAeC —= T C
Balaenoptera musculus trnR T - TCGLAeC - T C
Balaenoptera omurai trnR T - TCG.AeC - T C
Balaenoptera borealis trnR T - TCG.AeC - T
Balaenoptera brydei trnR T (CAS TCGLAeC —— T
Balaenoptera edeni trnR C G - TCG.AEC - T
trnR C -C TCG - A
Physeter macrocephalus trnR Cl -C TCG G -- G|
Platanista minor trnR IAIBC - TCGl.C! A CT- G C Gl T]
Ziphius cavirostris trnR C - TCG -C C
Mesoplodon densirostris trnR C- TCG CA A
Mesoplodon europaeus trnR c-C TCG T [€C -C
**Mesoplodon grayi trnR -C TCG C -C
Berardius bairdii trnR C -C TCG -C
Hyperoodon ampullatus trnR C -C TCG -C- A G
trnR (oflC -- TCG C T-C G €
Inia geoffrensis trnR - TCGeC C CA--
Pontoporia blainvillei trnR C -C TCG T [€C - A
Monodon monoceros trnR (OB C! = G TCGlAeC T- T G|
il trnR [CAll (¢ G- TCG.eC T- T ©
trnR A ® G- TCG.eC T- T ©
trnR C G - TC@ T- G
Cephalorhynchus heavisidii trnR Cl G- TCGAeC = ©
Sousa chinensis trnR Cl G- @ T1CC @ - ©
Stenella attenuata trnR A& - g T1CC & | ©
Tursiops australis trnR Cl G- TCGLAeC -C ©
Tursiops truncatus trnR C] G- g 17Cc @ - ©
Tursiops aduncus trnR Cl G- & TCC (¢ - T ©
Delphinus capensis trnR Cl G- e TCC -] ©
Stenella coeruleoalba trnR Cl G- g TCC & -C G|
Orcaella brevirostris trnR Ao - TCGlAeC ~C! ©
Orcaella heinsohni trnR Ao T-C e TCC [ - ©
Grampus griseus trnR A G- e TCC [ -C ©
Pseudorca crassidens trnR Cl G- g T1CC @ -C © G
Feresa attenuata trnR Cl - TCGAeC — ©
Peponocephala electra trnR C] G- TCG.°C - ©
Globicephala macrorhynchus trnR G- TCGAeC -
Globicephala melas trnR G- TCGAeC =
Lagenorhynchus albirostris trnR A - g 1CC [¢ Ce- G
Orcinus orca WNPTRU1 trnR A | g TCC ® Cle- C
Orcinus orca AntAl trnR A - @ TCC ® Co- C
Orcinus orca AntBl trnR A - e TCC [ Ce- C
Orcinus orca AntCl trnR A | @ TCC ® Cle- C
Orcinus orca ENAHN1 trnR A - @ TCC ® Co- C
Orcinus orca CNPNRAL trnR A - e TCC [ Ce- C
Orcinus orca ENPOAL2 trnR A | g TCC & Cle- C
123456 43211234 SNERTES 54321 YRR d
(000000 222202222 30K 3 6666 6[ 5 /
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. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).

. type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A = T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A—A). Different colours are used to better differentiate the changes.

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
. a mismatch in the in the stem pair; '/, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , , molecular signature for a taxon.
position 1-7 in the acceptor stem; J position 1-4 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-4(5) in the T¥C stem; ant, anticodon; d, discriminator nucleotide.



trnS1 [SER (S1, AGY)] multiple alignment

10 20 30 40 50 60
| | | | | |
ant 12345 EEEA 6543214
* *
Ceratotherium simum trnS1 © A - GCT..C -CC T- G- M Cle
Equus caballus trnSil © - GCT -C T -C A Cle
Pecari tajacu trnSl - GCT.-C -C - G-
Phacochoerus africanus trnSl -T GCTA.C - SNAALVAACTe:
Potamochoerus porcus trnSl -C GCT.AC -IT - A -
Sus scrofa trnSl -T GCT2-C - L TAALAAR
Camelus bactrianus trnS1 CG- GCT - A - -
Camelus dromedarius trnS1 AR GCT - A | |
Lama guanicoe trnSl - GCT--C -CA -
Vicugna pacos trnSi1l - GCTa.C -CA -
Hyemoschus aquaticus trnSi G Cc-TC GCT ATECCT G - T (oC]
Tragulus kanchil trnSil - GCT AT[EC - C
Giraffa camelopardalis trnSi1 CG-CA GCT2C GTA- - G
Okapia johnstoni trnSl C - GCT  C ' IACA- T -
Antilocapra americana trnS1 - GCT.-C AT[ECC C - G
Moschus moschiferus trnSl -CA GCT ATETC T -
Muntiacus muntjak trnSl T-CAl § GCT E LTAA TA- T G
Capreolus capreolus trnSl - GCT.-C AT[EC - G
Alces alces trnSl Cla-C GCT, ATECCT TA- G
Cervus elaphus trnSi -C GCT: C I PATECC TA- T G
Dama dama trnS1 | GCT2.C ATGC  CGTG A T G
Boselaphus tragocamelus trnS1 - GCT: C I IATECC -
Tragelaphus oryx trnS1 - GCT ATE-C -
Bos taurus trnS1l | GCT ATEC LUCy G
Bubalus bubalis trnS1 Cc -C GCT ATECC -
Syncerus caffer trnSl -C GCT ATECC -
Neotragus moschatus trnSl - GCT AT[ECC T-
Alcelaphus buselaphus trnSil - GCT ACeCC T -
Oryx gazella trnSi1 -C GCT ATECC -
Pantholops hodgsonii trnSl Cl- GCT AT(EC TT- G
Ovibos moschatus trnS1 A - GCT CAClecC T -
Capra hircus trnSi - GCT.2C ATEC I T Te-
Ovis aries trnsSl | GCT ATECC T - T
Cephalophus natalensis trnS1l - A GCT.-C ATETC -
Redunca fulvorufula trnSl C - GCT: C I UATE-C T -
Ourebia ourebi trnSi -C GCT ACGC T - G
Antilope cervicapra trnSl - GCT--C GT[€CC T -
Gazella gazella trnSl - GCT.2C ATECCT Te-
Procapra gutturosa trnS1 - GCT.AC ATECCT TT-
Raphicerus campestris trnSl C GCT ATEC T TT- T
Hexaprotodon liberiensis trnSl © C - GCT -C T - [oC
Hippopotamus amphibius trnS1 © C - GCT -C T - Cl
Eubalaena australis trnSil T GCT2-C = -
Eubalaena japonica trnS1 T GCTAAC - -
Balaena mysticetus trnSl CT GCT.C - -
Caperea marginata trnS1 T GCT - T-
Eschrichtius robustus trnS1 TC GCT2-C -C - GT
Balaenoptera acutorostrata trnS1l C GCT, — — T
Balaenoptera bonaerensis trnS1 C GCT - -
Balaenoptera physalus trnS1 GCT - -
Megaptera novaeangliae trnS1l T GCT.AC - -G
Balaenoptera musculus trnSi1 TC GCTAAC - -
Balaenoptera omurai trnSl1 GCT - -
Balaenoptera borealis trnS1l TA GCT.AC -IT -
Balaenoptera brydei trnS1 A GCT -IT - C
Balaenoptera edeni trnSl TA GCT -T -
trnsi g o GCT cC -CT -7 E
Physeter macrocephalus trnSi1 GCT.AC Cee-IT T - -
Platanista minor trnSil GCT2-C - - T G-
Ziphius cavirostris trnS1 GCT, - - -CC
Mesoplodon densirostris trnSl GCTAC -IT - T -C
Mesoplodon europaeus trnS1 GCT.-C - - -C
**Mesoplodon grayi trnSil GCT.2C - ucy -C
Berardius bairdii trnS1l g g cctr @ B - - -
Hyperoodon ampullatus trnS1l C GCT--C - - -C
trnS1l A GCT . .C T-1A — T G-
Inia geoffrensis trnSi C GCT T - T G-
Pontoporia blainvillei trnSl TC EIAABTCETGCY g T- G- R
Monodon monoceros trnS1 T GCT, cc ——— HAAG
ikl trnSl GCT| CA — —
trnS1 GCT CA — —
trnS1l GCT, TCT - — G
Cephalorhynchus heavisidii trnS1l ﬁ T GCT, AC T- -
Sousa chinensis trnS1 AAL GCT TG T T- |
Stenella attenuata trnS1l A GCT, G T T- -
Tursiops australis trnSl a T GCT G G T T- -
Tursiops truncatus trnSil AT GCT G T T- -
Tursiops aduncus trnSl1 A T GCT G T T- -
Delphinus capensis trnSl a T GCT, G T T- -
Stenella coeruleoalba trnSi1 AAL GCT G T T- |
Orcaella brevirostris trnSi A GCT GC g™ 1 -3
Orcaella heinsohni trnSil a GCT, ACT T- -
Grampus griseus trnSl AT GCT GCT T- S TG
Pseudorca crassidens trnS1 A T GCT AC T- -
Feresa attenuata trnS1 A GCT, ACT T- —
Peponocephala electra trnSil ﬁ T GCT TGCT T- -
Globicephala macrorhynchus trnS1 A GCT CCT T- -
Globicephala melas trnSl a GCT| CCT T-C |
Lagenorhynchus albirostris trnS1l ﬂ T GCT GCT - -
Orcinus orca WNPTRU1 trnSi - A GCT TGCT - -
Orcinus orca AntAl trnS1 A A GCT TGCT - - G
Orcinus orca AntBl trnS1l A A GCT, TGCT - |
Orcinus orca AntCl trnSl - A GCT2-C TGCT - -
Orcinus orca ENAHN1 trnS1 A A GCT TGCT - -
Orcinus orca CNPNRAL trnS1 a A GCT, TGCT - -
Orcinus orca ENPOAL2 trnSl ARCILY GCT, TGCT -] |
* *
012345 ETa a4 3210 12345 [Zikcphl 76543210l
0000000 111111 PP a> 7733 33334 55555EEEEEE6
1234567 34567 SNPICENG 78901 67890 iAcZi5678901 28]

. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A—A). Different colours are used to better differentiate the changes.
NS fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
N type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G- C vs A - T).
,, type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.
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trnS2 [SER (S2, UCN)] multiple alignment

10 20 30 40 50 60 70
| | | | | | |
ant 54321 12345 [Zikep k17654321061
Ceratotherium simum trnS2 AA  C Al TGA CITAS
Equus caballus trnS2 A TGA GIFTAR
Pecari tajacu trnS2 Adecieicd] TGA [© €c-A R
Phacochoerus africanus trnS2 C TGA e - ”
Potamochoerus porcus trnS2 C G TGA € e -A R G
Sus scrofa trnS2 TGA ¢ €G- ﬁ
Camelus bactrianus trnS2 C G TGA -A H
Camelus dromedarius trnS2 C A TGA -A R
Lama guanicoe trnS2 T C G, TGA - ﬁ
Vicugna pacos trnS2 T C G, TGA - a
Hyemoschus aquaticus trnS2 T} c B TGA € Be-TT
Tragulus kanchil trns2 e cg G TGA Ho-T
Giraffa camelopardalis trnS2 TGA AG—T A
Okapia johnstoni trnS2 Ag TGA ClARRJAGA
Antilocapra americana trnS2 C A TGA G-T
Moschus moschiferus trns2 A TGA! N -T
Muntiacus muntjak trnS2 TGA SICCA
Capreolus capreolus trnS2 A TGA -T
Alces alces trns2 A TGA -T
Cervus elaphus trnS2 TGA -T
Dama dama trnS2 TGA -T
Boselaphus tragocamelus trnS2 E TGA AG-T
Tragelaphus oryx trnS2 TGA A =T
Bos taurus trnS2 © TGA ”G—T
Bubalus bubalis trnS2 © TGA h -C
Syncerus caffer trnS2 © TGA AG—T
Neotragus moschatus trnS2 G TGA AGTTG C]
Alcelaphus buselaphus trnS2 G TGA ﬁ -T
Oryx gazella trnS2 G TGA -T C
Pantholops hodgsonii trnS2 G TGA A.-T
Ovibos moschatus trnS2 G TGA aG—C
Capra hircus trnS2 G TGA A -T
Ovis aries trns2 T (¢ G TGA ARSI IAGEA
Cephalophus natalensis trnS2 T G TGA ” -T
Redunca fulvorufula trns2 [EA G TGA a -T
Ourebia ourebi trnsS2 G TGA T-T
Antilope cervicapra trnS2 Al TGA ARReAGA
Gazella gazella trnS2 E G TGA AG—T
Procapra gutturosa trnS2 @ A G TGA AG—T
Raphicerus campestris trnS2 G LT AACT] T-T. <A
Hippopotamus amphibius trnS2 G| TGA Al .n Cl
Hexaprotodon liberiensis trnS2 © TGA AG- ﬂ Ci
Eubalaena australis trnS2 Al TGA MeAcAs
Eubalaena japonica trnS2 N TGA G- N
Balaena mysticetus trnS2 ” A ﬂ TGA G- ”
Caperea marginata trnS2 ﬁ TGA G- ﬁ
Eschrichtius robustus trnS2 h A TGA G- h
Balaenoptera acutorostrata trnS2 ” TGA G- ”
Balaenoptera bonaerensis trnS2 ﬁ TGA Ak ﬁ
Balaenoptera physalus trnS2 N AA TGA GleRd N
Megaptera novaeangliae trnS2 ” TGA €G- ”
Balaenoptera musculus trnS2 R TGA €G- N“
Balaenoptera omurai trnS2 ﬁ G TGA Al ﬁ'
Balaenoptera borealis trnS2 ” TGA G- ”
Balaenoptera brydei trnS2 R TGA G- n
Balaenoptera edeni trnS2 ﬁ TGA G- ﬁ
Kogia breviceps trnS2 ” T G TGA ¢ -A .h
Physeter macrocephalus trnS2 n Gl AA TGA CTAR ﬂ. G
Platanista minor trnS2 ﬁ G TGA T-T A
Ziphius cavirostris trnS2 H A G TGA @ BIAGAA|
Mesoplodon densirostris trnS2 n A G TGA -T 'ﬁ C
Mesoplodon europaeus trnS2 ﬁ TGA -] a
**\Mlesoplodon grayi trnS2 N A G TGA -T
Berardius bairdii trns2 A PSTA TGA -
Hyperoodon ampullatus trnS2 ﬁ A G TGA -]
Lipotes vexillifer trnS2 N G TGA G- Al
Inia geoffrensis trnS2 ” T G TGA G-A ﬂ
Pontoporia blainvillei trns2 AGAG &1 g TGA MEAGAA
Monodon monoceros trnS2 N TGA —
**Neophocaena asiaeorientalis trnS2 ” GT A G TGA - ﬂ
Neophocaena phocaenoides trnS2 ﬂ AA C TGA © —
Phocoena phocoena trnS2 A AA C TGA GACTASCACA| (¢
Cephalorhynchus heavisidii trnS2 ” A TGA © -
Sousa chinensis trnS2 A A TGA G - A
Stenella attenuata trnS2 n A TGA © -
Tursiops australis trnS2 ” A TGA -
Tursiops truncatus trnS2 n A TGA © -
Tursiops aduncus trnS2 n A TGA © ~
Delphinus capensis trnS2 ” A TGA © -
Stenella coeruleoalba trnS2 n A TGA © -
Orcaella brevirostris trnS2 n A TGA © ~
Orcaella heinsohni trnS2 ” A TGA © -
Grampus griseus trnS2 R A C TGA © -
Pseudorca crassidens trnS2 ﬁ TGA © —
Feresa attenuata trnS2 H A TGA © -
Peponocephala electra trnS2 n A TGA © -
Globicephala macrorhynchus trnS2 ﬁ A TGA © —
Globicephala melas trnS2 H A TGA -
Lagenorhynchus albirostris trnS2 A Al TGA € -
Orcinus orca WNPTRU1 trnS2 ﬁ EA CE H TGA © —
Orcinus orca AntAl trnS2 N €A Clg n TGA © ~
Orcinus orca AntB1l trnS2 ” @A CE ” TGA © -
Orcinus orca AntCl trnsS2 A A Cl a TGA G —
Orcinus orca ENAHN1 trnS2 n @A C A TGA GASTAS
Orcinus orca CNPNRAL trnS2 ” @ A C e Al TGA © —
Orcinus orca ENPOAL2 trnS2 a gA Cl a TGA G |
12345671234 4321} ant  EEEEE 12345 ¥kl 76543210}
(000000 11 112222222 2 ccic I 333344 44445 5566 6[ L5
12345670012 8901134567 EREING 73901 67890 8901 2yl 0

. the most common base for the position.
W, half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).
N half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a taxon.
position 1-7 in the acceptor stem; )4 position 1-4 in the DHU stem; Pposition @)1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.




trnT (THR) multiple alignment

10 20 30 40 50 60 70
| | | | | |
ant EEEER 1234 ikcyXl 765432 18]
* *
Ceratotherium simum trnT TG--- T T TGT| Rc--c -0 C
Equus caballus trnT ce TCGCAC T TGT G A CGTTT- C]
Pecari tajacu trnT A T T-- A TGT A G C GT —--T- C
Phacochoerus africanus trnT A-—- TGT T T C
Potamochoerus porcus trnT TC-—- TGT TGL--¢-T-
Sus scrofa trnT C TA-—- TGT GGC---- C C
Camelus bactrianus trnT Clj---GATIAG TGT T G C -- ' -T
Camelus dromedarius trnT Cl-—-GLTIICA TGT TG (ceCoeAbECACE
Lama guanicoe trnT C T ---G. T G TGT TC TCG--T -
Vicugna pacos trnT C T ---G T A TGT TC TCG-- -
Hyemoschus aquaticus trnT T-— T TGT A TT -TA
Tragulus kanchil trnT TC---C.' T TGT a T TC - T AC
Giraffa camelopardalis trnT C - Al TGT, A T ECCAZALL
Okapia johnstoni trnT CC --— G TGT T - -
Antilocapra americana trnT T -—- G TGT G- C- C
Moschus moschiferus trnT C AT-AT A TGT SCHAS
Muntiacus muntjak trnT C ---C A TGT - -
Capreolus capreolus trnT A'Ti---C A TGT T -°T --T
Alces alces trnT CATH---T A TGT TAGN.- -
Cervus elaphus trnT C ---C A TGT G - T -
Dama dama trnT Cy---C A TGT ICAS
Boselaphus tragocamelus trnT C -—- A TGT - - C
Tragelaphus oryx trnT TU--- G TGT AT -T-T C
Bos taurus trnT C TCT-—-—- A TGT G CUAR
Bubalus bubalis trnT Tii--- A TGT - - C
Syncerus caffer trnT TU--- A TGT - - C
Neotragus moschatus trnT C TGG--- A TGT G GT -TTG-T C
Alcelaphus buselaphus trnT C] CT - A TGT, G - - C]
Oryx gazella trnT TT-—- Al TGT, A -CCACCC
Pantholops hodgsonii trnT - TGT G TCA T -
Ovibos moschatus trnT g cC--TEg 1A TGT, G - -G C
Capra hircus trnT C ---C A TGT T G- -
Ovis aries trnT C.---C A TGT G - -
Cephalophus natalensis trnT CiTi-—- A TGT - -
Redunca fulvorufula trnT TU--- A TGT (CALJAASCIIAT
Ourebia ourebi trnT CAT---T A TGT - T -
Antilope cervicapra trnT C T i-—- A TGT G -G -
Gazella gazella trnT BT ---TE 1A TGT, G -G -
Procapra gutturosa trnT TC-—- A ColTGT A -
Raphicerus campestris trnT gc--—- g A TGT, T ---AT
Hexaprotodon liberiensis trnT Cl TGG--C T TGT AG- - G|
Hippopotamus amphibius trnT Ci TG --C' T TGT AG- G -- ©
Eubalaena australis trnT T-- CoUTGT CAAL AT
Eubalaena japonica trnT T-- CLITGT -G A AT
Balaena mysticetus trnT T--G CLUTGT ~CLVA AT
Caperea marginata trnT C-- T TGT -T A
Eschrichtius robustus trnT CT-- TITGT -C A
Balaenoptera acutorostrata trnT CT-=LYT]| TGT GCG A
Balaenoptera bonaerensis trnT T--'T TGT G A
Balaenoptera physalus trnT T-- T TGT - GA
Megaptera novaeangliae trnT T-- T TGT - A
Balaenoptera musculus trnT T-- TTGT, — A
Balaenoptera omurai trnT T-- T TGT - -G T
Balaenoptera borealis trnT CT-- TITGT, - A
Balaenoptera brydei trnT CT-- TTGT, - A
Balaenoptera edeni trnT CT-- T TGT - A
trnT -—= CoTGT -- ATT C
Physeter macrocephalus trnT C C-—- CoUTGT --G GTT G
Platanista minor trnT gc CG-- THTGT C G- AT G
Ziphius cavirostris trnT (AR CTITGT T SR AAL
Mesoplodon densirostris trnT T —- TITGT C -- AT G
Mesoplodon europaeus trnT T —- TTGT C -—- AT
**Mesoplodon grayi trnT C -- T TGT T -- ATT T
Berardius bairdii trnT (CASE RAC TGT e AARCCALIALY
Hyperoodon ampullatus trnT C - CTTGT cC Re-—- AT ]
trnT ——- TGT - T T
Inia geoffrensis trnT C -- TGT -- TAT C
Pontoporia blainvillei trnT C C—- A TGT T -- TAA- - C
Monodon monoceros trnT C -- TGT -- - TCT
ikl trnT - - TGT A -- T
trnT o TASE TGT, A —— T
trnT | ACT TGT A - T T
Cephalorhynchus heavisidii trnT (AR TGT —= TT
Sousa chinensis trnT C —- TGT - TT
Stenella attenuata trnT ClA-- TGT —=IAT| TT
Tursiops australis trnT - TGT - TT
Tursiops truncatus trnT C -—- C] TGT © - TT
Tursiops aduncus trnT C -- Cl TGT © -— T  TT
Delphinus capensis trnT (AR Cl TGT © —= TT
Stenella coeruleoalba trnT Cl—- C| TGT © — TT
Orcaella brevirostris trnT Cla-- CoTGT G-- TT
Orcaella heinsohni trnT (AR TGT —= TT
Grampus griseus trnT C —- TGT - -T
Pseudorca crassidens trnT C —- TGT - -T
Feresa attenuata trnT (AR TGT —— -T
Peponocephala electra trnT C -—- TGT G-- T- -T
Globicephala macrorhynchus trnT C —- TGT - - C
Globicephala melas trnT (AR TGT —= - C
Lagenorhynchus albirostris trnT C —- CoUTGT -— T TT
Orcinus orca WNPTRU1 trnT - TGT - T T
Orcinus orca AntAl trnT -- TGT -- T T
Orcinus orca AntBl trnT —— TGT —— T T
Orcinus orca AntCl trnT - TGT - T T
Orcinus orca ENAHN1 trnT -] TGT -] HACH
Orcinus orca CNPNRAL trnT —= TGT —= T T]
Orcinus orca ENPOAL2 trnT - TGT - T T
* *
(PR [PREE ont EEEEE 1234 ik k176543210
2222022233 CKICIN 34444 4455 (81566777774
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. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).

N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. N, , molecular signature for a determined taxa.
position 1-7 in the acceptor stem; Jg position 1-4 in the DHU stem; } position 1-5 in the anticodon stem; X position 1-4 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.



trnV (VAL) multiple alignment

10 20 30 40 50 60 70
| | | | | |
ant  EZkER 1234 izl 76543210
* *
Ceratotherium simum trnV - C] CIITAC/ZeClc[g TAC A-ARY (]
Equus caballus trnV -- C.ECITAC TC A-AA
Pecari tajacu trnV T-A TAC C C C G-TA
Phacochoerus africanus trnV C-T C TAC C - CACh
Potamochoerus porcus trnV A-T C] ClITAC C] - CGTQH
Sus scrofa trnV C-T C TAC -aTGTA
Camelus bactrianus trnV --A Cl I\ ITAC G| T-GGA-AL
Camelus dromedarius trnV --A C A I TAC © T- GA-Al
Lama guanicoe trnV G--A Cl TAC © T-  A-AA G
Vicugna pacos trnV G--A C| TAC © T-  A-Al G
Hyemoschus aquaticus trnV -- TAC T-G G A
Tragulus kanchil trnV - TAC T- CTTTA
Giraffa camelopardalis trnV - C TAC - TAT A
Okapia johnstoni trnV - (o TAC € [Ecacee ﬁ
Antilocapra americana trnV - C TAC -GCATALC
Moschus moschiferus trnV —- C TAC T- TAT A
Muntiacus muntjak trnV --T C TAC T C C
Capreolus capreolus trnV C-T C TAC T- C
Alces alces trnV C-T TAC —CTAT
Cervus elaphus trnVv -- TAC T- TAT JA
Dama dama trnV o GC CTAC | TAT
Boselaphus tragocamelus trnV - TAC -
Tragelaphus oryx trnV --T TAC -
Bos taurus trnV - C TAC C T- CAT
Bubalus bubalis trnV --T C TAC - CA C
Syncerus caffer trnV --T C TAC T-
Neotragus moschatus trnV --T C] TAC C] T- CA
Alcelaphus buselaphus trnVv - TAC - CAT
Oryx gazella trnV IABC] - TAC - TAT G|
Pantholops hodgsonii trnV C -C-T 1] TAC A - CA T G
Ovibos moschatus trnV ~C-T] TAC - TGT A
Capra hircus trnV -C- C TAC - TATT
Ovis aries trnV -T-T TAC - CATTA
Cephalophus natalensis trnV --T C TAC - CA &
Redunca fulvorufula trnVv --T C TAC ~CT]|
Ourebia ourebi trnV --T TAC - CA A
Antilope cervicapra trnV Cl --T TAC C T- CA TA G|
Gazella gazella trnVv C| --C TAC C T- CA TA ©
Procapra gutturosa trnV --G TAC C T- TA A
Raphicerus campestris trnV --T TAC T- CA T
Hexaprotodon liberiensis trnV G CCC TAC - T
Hippopotamus amphibius trnV G TTT TAC/ecC - TA
Eubalaena australis trnV o TAC C ~ACT] T
Eubalaena japonica trnV - TAC - CT T
Balaena mysticetus trnV -= TAC C ~LCC T
Caperea marginata trnV --T TAC C -GGC C
Eschrichtius robustus trnV —- TAC C - GT T
Balaenoptera acutorostrata trnV --T TAC C SAA C
Balaenoptera bonaerensis trnV —— TAC -T C
Balaenoptera physalus trnV - G TAC C - GC T
Megaptera novaeangliae trnv --T TAC A ~LGC C
Balaenoptera musculus trnV —— TAC C -4GC C
Balaenoptera omurai trnV - TAC C - GTT T G
Balaenoptera borealis trnV —= TAC C - GT T
Balaenoptera brydei trnVv —— TAC C - GT T
Balaenoptera edeni trnV --T TAC C - GT T
trnVv --T cC TAC C ~LGC, T
Physeter macrocephalus trnV C --T TAC C - GCT T
Platanista minor trnV o TAC C T-CTAA T
Ziphius cavirostris trnV G} - TAC/eeC Co ©-IGT TE
Mesoplodon densirostris trnV --T TAC CcC - GT T
Mesoplodon europaeus trnV G] --T TAC C - GT TE
**\Mlesoplodon grayi trnV --T TAC C C - GT T
Berardius bairdii trnv Ece --T TAC - GC (GAICHC]
Hyperoodon ampullatus trnV © —- TAC C -T T
trnVv -=T TAC COLT=/AT] T
Inia geoffrensis trnV -- TAC ®CACRAAL C
Pontoporia blainvillei trnv --A Il °CITAC R A E - T
Monodon monoceros trnV --T TAC SAAIRT C
ikl trnVv -- TAC C - TT C
trnV o TAC C - TT C
trnVv - TAC C - CT C
Cephalorhynchus heavisidii trnV —= AITITAC C SAAN T
Sousa chinensis trnV o TAC C -.CT C
Stenella attenuata trnV —- TAC ~AACT, C
Tursiops australis trnV —= TAC C SAAGN T C
Tursiops truncatus trnV - TAC C - CT C
Tursiops aduncus trnV - TAC C - CT C
Delphinus capensis trnV —= TAC C SAAGN C
Stenella coeruleoalba trnVv —— TAC C —L0CT,| C
Orcaella brevirostris trnV q --A TAC C ~ACT, T
Orcaella heinsohni trnVv --A TAC C SAAGN T
Grampus griseus trnV - TAC - CT C
Pseudorca crassidens trnV o TAC -G CT C
Feresa attenuata trnV —= TAC SAALRT C
Peponocephala electra trnV - TAC - TT C
Globicephala macrorhynchus trnV - TAC -T C
Globicephala melas trnVv - TAC SAAL C
Lagenorhynchus albirostris trnV --T TAC C EAA C
Orcinus orca WNPTRU1 trnV o @TAC C -.C T
Orcinus orca ENAHN1 trnV —- ®TAC C AN T
Orcinus orca AntAl trnV —— ®TAC C EAA T
Orcinus orca AntB1l trnV o ®TAC C -..C T
Orcinus orca AntCl trnV —- ®TAC C AN T
Orcinus orca CNPNRAL trnV —— @TAC C EAA T
Orcinus orca ENPOAL2 trnV — @TAC C -..C T
* *
12345671234 43211234 SR 432 1] 1234 kvl 76543210
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. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T — G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.
. fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NS type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).
,, type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; |, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. N, , molecular signature for a determined taxa.
, position 1-7 in the acceptor stem; J position 1-3 in the DHU stem; } position 1-5 in the anticodon stem; X position 1-4 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.



trnW (TRP) multiple alignment
10 20 30 40 50 60 70
| | | | | | |
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Ceratotherium simum trnW CR--& - EATEITCA C -AC
Equus caballus trnW CAT C TCA ] g - ¢
Pecari tajacu trnW C --TC- C] TCA iC C -AA
Phacochoerus africanus trnW C--AC- TCA ﬁ C -AG C
Potamochoerus porcus trnW T--AC- TCA ] C -AG C
Sus scrofa trnW C--AC- TCA ] T C -AG C
Camelus bactrianus trnW C --TC- TCA ] T CAC-AA
Camelus dromedarius trnW O TAEAGEClo TCA ] CAT-AA
Lama guanicoe trnW -— - TCA ] C --A
Vicugna pacos trnW - - TCA Tl C --A
Hyemoschus aquaticus trnW --TC- TCA C . --C
Tragulus kanchil trnW -— - TCA -
Giraffa camelopardalis trnW —-—=i- TCA -
Okapia johnstoni trnW - - TCA- ‘I FAASTE
Antilocapra americana trnW -—— - TCA A C -
Moschus moschiferus trnW - - TCA T -
Muntiacus muntjak trnW G| C-—- - TCA G - A Cl
Capreolus capreolus trnW © CcC--= - TCA A - A Cl
Alces alces trnW © T--TC- TCA A - A C]
Cervus elaphus trnW © T-- - TCA C - A Cl
Dama dama trnW G| T--{&C- TCA SAAZTIY C|
Boselaphus tragocamelus trnW -—— - TCA -T
Tragelaphus oryx trnW C] ——— - TCA C- C]
Bos taurus trnW e Cl TCA EAAG
Bubalus bubalis trnW (CARECEE TCA -
Syncerus caffer trnW -— - TCA -
Neotragus moschatus trnW ——— TCA T -
Alcelaphus buselaphus trnW - TCA C -
Oryx gazella trnW —-— - TCA -
Pantholops hodgsonii trnW ——— TCA -
Ovibos moschatus trnW e O TCA -G
Capra hircus trnW —==l- TCA -
Ovis aries trnW e Ch TCA -
Cephalophus natalensis trnW - TCA -A
Redunca fulvorufula trnW —=0—= TCA (CAARTT
Ourebia ourebi trnW A CE TCA C -AC
Antilope cervicapra trnW C —- - TCA -
Gazella gazella trnW (OACECERS TCA -
Procapra gutturosa trnW Cll—-0-- TCA EAAR
Raphicerus campestris trnW C -- TCA -
Hexaprotodon liberiensis trnW C--- C- TCA ﬁ T-A
Hippopotamus amphibius trnW C-— - TCA e T-A
Balaena mysticetus trnW A- - TCA -
Eubalaena australis trnW A-C - TCA -
Eubalaena japonica trnW A-ol- TCA -
Caperea marginata trnW C --‘C- G TCA T -
Eschrichtius robustus trnW --'C- TCA -
Balaenoptera acutorostrata trnW A C €A TCA —
Balaenoptera bonaerensis trnW C T Gl TCA -
Balaenoptera physalus trnW S CClo TCA -
Megaptera novaeangliae trnW —oleC- TCA Cli-
Balaenoptera musculus trnW S CCle C] TCA |
Balaenoptera omurai trnW G - C- TCA -
Balaenoptera borealis trnW - C- CACCT A C] -
Balaenoptera brydei trnW -ccC- TCA -
Balaenoptera edeni trnW SCCle € TCA |
trnw C - C- L AAGE 1] c..-CiC
Physeter macrocephalus trnW C.--cC TCA T -ICC
Platanista minor trnW --l)- TCA -
Ziphius cavirostris trnW ~--0C- TCA U ~1IC
Mesoplodon densirostris trnW o C T A TCA & G- C
Mesoplodon europaeus trnW ---C TCA C - .CC
**Mesoplodon grayi trnW ---CC TCA T ET G- Cﬁ
Berardius bairdii trnW [T TCA Cl.'A-CCC
Hyperoodon ampullatus trnW -— - TCA T C - .CC
trnW -A -- TCA T - C
Inia geoffrensis trnW -—-iC G TCA i T TLIC
Pontoporia blainvillei trnW -—= TCA G - C C
Monodon monoceros trnW TCA C
il trnW TCA TC
trnW TCA TC
trnW TCA TC
Cephalorhynchus heavisidii trnW TCA CIVAT]
Sousa chinensis trnW - TCA T C
Stenella attenuata trnW - - TCA T
Tursiops australis trnW o TCA T
Tursiops truncatus trnW ——— TCA T
Tursiops aduncus trnW -— - TCA T
Delphinus capensis trnW ——0— TCA T
Stenella coeruleoalba trnW Gl—-- TCA T
Orcaella brevirostris trnW ——- TCA T
Orcaella heinsohni trnW G —-- AT TCA T
Grampus griseus trnW e TCA cC T
Pseudorca crassidens trnW -—=lIG! TCA cC T
Feresa attenuata trnW ——— TCA CLVAT]
Peponocephala electra trnW e TCA CIYAC
Globicephala macrorhynchus trnW -—= TCA cC T
Globicephala melas trnW ——) TCA (CAALY
Lagenorhynchus albirostris trnW --T - TCA C T
Orcinus orca WNPTRU1 trnW ——{e- TCA C
Orcinus orca AntAl trnW —=0- TCA C
Orcinus orca AntBl trnW ——0— TCA C
Orcinus orca AntCl trnW ——{e- TCA C
Orcinus orca ENAHN1 trnW e C A TCA C
Orcinus orca CNPNRAL trnW ——0— A TCA C
Orcinus orca ENPOAL2 trnW o C A TCA C
* *
123456 7]1234] ant ZKEFE 12345 [ZikepAl 76543210l
00000001111 2222022333k 4 444 45555 66666 TE;
1234567480123 [3456[18901 2EESISYANN 01 234] 90123 oki%1567890114

. the most common base for the position.
. half compensatory base change in the stem pair (e.g. T— G vs C — G; A-T vs G-T).
N ,, half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A—A). Different colours are used to better differentiate the changes.
NS fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C-G vs T-T).
NN type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G- C vs A - T).
,, type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
N, a mismatch in the in the stem pair; ', substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. [, , molecular signature for a determined taxa.
x, pmmMJmmMWWNmmKWmMHAmmdemmemmLMMMMmMmmmeMmLﬁMMTWmm;MMMW@mdmmmMMWWMM




trnY (TYR) multiple alignment
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Ceratotherium simum trnY A--T GTA T -GC
Equus caballus trnY G -- GTA G G -A C]
Pecari tajacu trnY -- GTA cc -
Phacochoerus africanus trnY ~- GTA —-€-Ci
Potamochoerus porcus trnY - G GTA - -
Sus scrofa trnY - GTA A - -C
Camelus bactrianus trnY ~- GTA - GAGC
Camelus dromedarius trnY -- GTA - GAGC
Lama guanicoe trnY -- GTA - CAAC
Vicugna pacos trnY - GTA - CAAC
Hyemoschus aquaticus trnY A C-- GTA JAAGE ]
Tragulus kanchil trnY - GTA C] T -G @
Giraffa camelopardalis trnY C] -A GTA G 6 -T C
Okapia johnstoni trnY C-AT| GTA T -T
Antilocapra americana trnY -A GTA CG -CC
Moschus moschiferus trnY -G GTA -T
Muntiacus muntjak trnY -G GTA T T TAA
Capreolus capreolus trny -A A GTA GA TGTAA
Alces alces trnY -G GTA C TAC
Cervus elaphus trnYy TG GTA TGTAT
Dama dama trnY -G GTA TATAT
Boselaphus tragocamelus trnY -T GTA TG -T
Tragelaphus oryx trnY -A GTA -G -T
Bos taurus trnY C-A GTA TG -CT
Bubalus bubalis trnY - GTA TG -G
Syncerus caffer trnY - GTA TG -GC
Neotragus moschatus trnY -A GTA G G -T
Alcelaphus buselaphus trnY -G GTA G TG -T
Oryx gazella trnY -G GTA G T -T
Pantholops hodgsonii trnY -A GTA GA TG -T
Ovibos moschatus trnY -A A GTA GA TG -T
Capra hircus trnY C-A A GTA GA TG -T
Ovis aries trnY -A A GTA GA TA-T
Cephalophus natalensis trnY -G GTA G AG -TC
Redunca fulvorufula trnY C -T A GTA T- GTC
Ourebia ourebi trnY C-- GTA TG -G
Antilope cervicapra trnY C-A GTA G TG -C
Gazella gazella trnY -A GTA TG -C
Procapra gutturosa trnY -A GTA GA TT -A
Raphicerus campestris trnY -A GTA GA - =T
Hexaprotodon liberiensis trnY - GTA GT -
Hippopotamus amphibius trnY - GTA GT - -
Eubalaena australis trnY -- GTA -
Eubalaena japonica trnY -- GTA -
Balaena mysticetus trnY - GTA - -
Caperea marginata trnY -- GTA --
Eschrichtius robustus trnY -- GTA - -
Balaenoptera acutorostrata trnY - GTA A- -
Balaenoptera bonaerensis trnY - GTA - -
Balaenoptera physalus trnY —— GTA —lale—
Megaptera novaeangliae trnY - GTA SAGE
Balaenoptera musculus trnY - GTA - -
Balaenoptera omurai trnY —— GTA —lale—
Balaenoptera borealis trnY - GTA SAGE
Balaenoptera brydei trnY - GTA - -
Balaenoptera edeni trnY —— GTA m \Cm
trnY ~- GTA A-  -C
Physeter macrocephalus trnY - GTA A- -
Platanista minor trnY —— GTA -A A-C
Ziphius cavirostris trnY - GTA -A -
Mesoplodon densirostris trnY - GTA -AG -
Mesoplodon europaeus trnY —= GTA g -€GLE-C ﬁ
**Mesoplodon grayi trnY - GTA -AG -C
Berardius bairdii trnY -- GTA - =
Hyperoodon ampullatus trnY —= GTA RCCAGH
trnY ~- GTA -AA-
Inia geoffrensis trnY - GTA G € A AcC F
Pontoporia blainvillei trnY - GTA - -
Monodon monoceros trnY —- GTA AC A AAGH
el trnY - GTA © AA - C]
trnY -- GTA © AA  A- C]
trny -- GTA EE M - [EF
Cephalorhynchus heavisidii trnY - GTA © -A - Cl
Sousa chinensis trnY M - A GTA AA AA
Stenella attenuata trnY —— GTA -AG -
Tursiops australis trnY - GTA -A -
Tursiops truncatus trnY -- GTA -A -
Tursiops aduncus trnY - GTA -A -
Delphinus capensis trnY - GTA -A -
Stenella coeruleoalba trnY -- GTA -A -
Orcaella brevirostris trnY —— GTA -A -
Orcaella heinsohni trnY ~- GTA -A -
Grampus griseus trnY - GTA - -
Pseudorca crassidens trnY —— GTA - -
Feresa attenuata trnY —— GTA - -
Peponocephala electra trnY - GTA - -
Globicephala macrorhynchus trnY - GTA - -
Globicephala melas trnY - GTA - -
Lagenorhynchus albirostris trnY - GTA AAG -
Orcinus orca WNPTRU1 trnY —= GTA -A -
Orcinus orca ENAHN1 trnY ~- GTA -A -
Orcinus orca AntAl trnY -- GTA -A -
Orcinus orca AntB1l trnY -- GTA -A -
Orcinus orca AntCl trnY —— GTA -A -
Orcinus orca CNPNRAL trnY —=! GTA -A -
Orcinus orca ENPOAL2 trnY -= GTA -A -
123 ant 12345 54321 SRR
(00000001 11] 2222222 2 G 33334 44444 SE1EE8666666 614
123456 7)012] 01204567 SNIICEING 7390 56789 feic[oi¥i3456789)

the most common base for the position.

half compensatory base change in the stem pair (e.g. T~ G vs C — G; A-T vs G-T).

half compensatory base change in the stem pair exhibiting a mismatch (e.g. T-A vs A-A). Different colours are used to better differentiate the changes.

fully compensatory base change in the stem pair exhibiting a mismatch (e.g. C—-G vs T-T).

type I fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs purine — pyrimidine, e.g. G—C vs A - T).

type II fully compensatory base change in the stem pair (i.e. purine — pyrimidine vs pyrimidine — purine, e.g. A — T vs T — A). Different colours are used to better differentiate the changes.
a mismatch in the in the stem pair; |\, substitution pattern not modelled; *, pair in the stem in which a mismatch is prominent. , molecular signature for a determined taxa.

position 1-7 in the acceptor stem; J position 1-3 in the DHU stem; J position 1-5 in the anticodon stem; X position 1-5 in the T¥C stem; ant, anticodon; d, discriminator nucleotide.
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