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ABSTRACT

Transfer RNAs are present in all types of cells as well
as organelles. tRNAs of animal mitochondria show a low
level of primary sequence conservation and exhibit even
“bizarre” secondary structures, lacking complete domains
of the common cloverleaf. Such sequences are hard to
detect and hence frequently missed in computational
analyses and mitochondrial genome annotation. Here,
we introduce an automatic annotation procedure for
mitochondrial tRNA genes in Metazoa based on sequence
and structural information in manually curated covariance
models. The method, applied to re-annotate 1,876
available metazoan mitochondrial RefSeq genomes, allows
to distinguish between remaining functional genes and
degrading “pseudogenes”, even at early stages of divergence.
The subsequent analysis of a comprehensive set of
mitochondrial tRNA genes gives new insights into the
evolution of structures of mitochondrial tRNA sequences as
well as into the mechanisms of genome rearrangements. We
find frequent losses of tRNA genes concentrated in basal
Metazoa, frequent independent losses of individual parts of
tRNA genes, particularly in Arthropoda, and wide-spread
conserved overlaps of tRNAs in opposite reading direction.
Direct evidence for several recent Tandem Duplication-
Random Loss events is gained, demonstrating that this
mechanism has an impact on the appearance of new
mitochondrial gene orders.

INTRODUCTION

The typical gene complement of metazoan mitochondria is
remarkably conserved, comprising genes for 13 proteins, 2
ribosomal RNAs, and 22 transfer RNAs (tRNAs), two specific
for Leucine and Serine, respectively, and a single one for
each of the other 18 amino acid specificities (1). Some
exceptions to this rule have been descrilforiseveral non-
bilaterian animalswhich feature additional genes (2), and
for many bivalve molluscwhich exhibit an additional, sex-
specific ORF of unknown function (3). Most of the deviati,)ns
however, involve the loss of tRNAs. In extreme cases, such
as Cnidaria (4, 5) or Chaetognatha (6), only one or two
of the tRNAs are encoded in thmitochondria genome
(mitogenome), the missing ones being functionally replace
by nuclear tRNAs (7, 8). In addition, the tRNA genes of
metazoarmitogenome often appear degenerated. In many
cases, they still show the famous cloverleaf structureldmit
the otherwise highly conserved D-loops and/or T-loops (9).
Some tRNAs lost complete arms (10, 1This is the case
for all tRNAs in several mitogenom¢rom Nematoda (12).
Losses of complete D- and domains were also reported in
Chelicerata (13, 14, 15, 16). Due to the lack of the systeamati
investigation of mitochondrial tRNAs (mt-tRNAs), howeyer
na overview of these features throughout the metazoan Tree
of Life has become available so far.

The order and reading direction of the geon (typically)
circular mitogenomes varies throughout Metazoa and hence
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constitutes a valuable source of information for phylodiene each of the 22 tRNA families. With the recent improvements
reconstructions (17, 18, 19). The mechanisicausing of thel nf er nal software (33) the required computational
genome rearrangements, however, are poorly understoodesources have been reduced to a level that poses no
Most computational approaches assume that either inveysio restrictions in the context of mitogenomes any more. The
or transpositions are the elementary operations takingstrategy followed here is therefore to usef er nal as search
place. Inversions can be explained by inter-mitochondrialengine for specialized covariance models for each of the 22
recombination (20, 21). Tandem duplications of parts of mt-tRNAs and for some of the aberrant tRNA structures.
the genome with subsequent random loss of duplicates, odVe implemented a script called TFi (mitochondrial
the other handwere suggeste in ar analysi: of lizard tRNA findeJ which invokesl nf er nal using all covariance
mitogenomes (22). Investigation into the mechanisms ofmodels. It predicts anticodons for all candidates and then
mitogenome rearrangements require examples of very recerselects plausible hits that are most likely true mt-tRNAsisT
rearrangement events since in such cases it is likely tieat thpipeline is intended to be used automaticallyallmetazoan
genomic sequence will have maintained information that canmitogenomes without specific adjustments for individual
be used to distinguish between different hypotheses. Sincéaxonomical families. More precisely, no prior knowledge
the genomic positions omt-tRNAs are rearranged much about expected tRNA sequences or structures is required
more frequently than the larger protein-coding genes andsince we use a single set of generic CMs to annotate all
rRNA genes(as showr e.g by the date compilecin (23)), a  metazoan genomes. An alternative strategy would be to
correct and complete annotation of mt-tRNAs is an importantuse specific CM models for particular clades, such as the
prerequisite for a systematic investigation into reareangnt ~ nematode-specific model bRNAscan- SE, or to modify the
mechanisms. thresholds and parameters of the other search tools in e-clad
Typically, non-mt-tRNAs are among most highly conserved specific way. However, this would implicitly make additiéna
genes (24). Despite their short size and their divergenc@ssumptions and also reduce the specificity of the searth too
predating the last universal common ancestor, their hogyolo on other clades. Hence, in order to build a generally apipléca
is still clearly recognizable (25). The preservation of pipeline, we opt for generic CMs that are phylogenetically
a common structural layout, and the extreme sequenc@gnostic.
conservation makes it possible to use a single tool,
t RNAscan- SE, to identify tRNAs with nearly perfect
accuracy in the nuclear DNA of eukaryotes and in the genomeyA—rERlALS AND METHODS
of procaryotes alike (26)Mt-tRNAs, however, are often Alignments and covariance models

structurally diverged (27, 28). This makes their detectiod For the constructiol of the covarianc models«we started from

lannotatlon a challenging computational problem (29) are haan initial set of tRNAs obtained by scanning all available
ead to the development of specialized tools suclARBEN ; -

(30) for this purpose. In contrast toRNAscan- SE which metazoan mitogenomes of the NCBI RefSeq, version 39
searches for a complete cloverleaf structé@\EN (30) first (32) with botht RNAscan- SE and ARVEN. t RNAscan- SE

; ™ - . annotation were computer invoking the options- O and- X
identifies only the most conserved domain, the anticodor . .
stem. The subsequent evaluation of possible D-stem and 'IB to ensur thai the progran searche Only W'th the built-in
stem structures and the search for an acceptor stem theCM anc thai the numbe of false negative is reduce: to a
provides specificity. NeverthelessRWEN buys its increased ~Minimum. After removing duplicates we sorted the sequences
sensitivity at the expense of a substantial false discovery@ccording to their corresponding amino acid as defined by the
rate. In its normal mode of OperatiohRNAscan- SE uses anticodon. For bOth Serir!e and leucine there are two ng[JpS (0]
covariance models (CMs) (specific tthe three domains tRNAsrecognizing two distinct anticpdonsclasses. In Heec .
of life) to investigate the initial candidates. Insteade th Of serine the two groups are very different and can be easily
mitogenome can be searched directly with the CMs, leading tdlistinguished by thcodon: they recognize (UCNvs. AGY).

an increase in sensitivity. State of the art annotationlisipe ~ For the leucine tRNAs, however, multiple duplication/diele
thus use results of both programs followed by inspectionevents occurred throughout metazoan eVOIUtlon, in which
by eye and manual curation the results (31). This is in remolded Leu-UUR tRNA genes have taken over the role of
particular the case for the 1,8imetazoa mitochondrial ~iSoaccepting Leu-CUN tRNAs (34, 35). Since this makes it

RefSeq genomes (32) used in the present study. We restrictéH,‘POSSible to determine orthology by the anticodon alone we

ourselves to RefSeq genomes because this database isthe bgdlially treated the leucine tRNAs as a single set.
source for a test set of non-redundmetazoa mitogenomes. We constructed 21 initial alignments corresponding to the

All these genomes are curated by NCBI staff, feature a2l tRNA classes using@ ust al W(36). The NCBI taxonomy

consistent format, and fulfill minimum quality standardse W (Www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy) waedi

may expect, therefore, that annotation errors in this deta s 5 9guide tree since we observed that this Ieads’to an

are rare enough to allow a meaningful statistical compariso ImProvement of the alignment compared @ ust al Ws

of annotation tools. estimate of the guide tree. Nevertheless, extensive manual
Both ARVEN and t RNAscan- SE use common models €diting was required to rearrange poorly aligned sequences

for all tRNAs hence employ a consensus of the feature@nd to exclude likely false-positives. These alignmentsewe
specific to individual tRNA families. Given the moderateesiz USed to build a first set of CMs usirignf er nal . For the
of metazoan mitogenomes of usually less than 20kb it isleucine tRNA we used the integrated function calling the

well within reach to use a covariance model customized to’ - ¢t @r get option of I nfernal to build two separate
CMs. Thest correspond to the two major tRNA-Leu classes,
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change for false positive hits below this limit.

Figure 1. The M TFi annotation pipeline for complete metazoan
mitogenomes. Starting from alll nf er nal -hits, overlapping (i.e.,
conflicting) predictions are reconciliated in a step-wisecgedure.

for anticodon are left empty and the hit is tagged with the
amino acid of the CM that found this hit.

namely the ancestral Leu-CUN group and the Leu-UUR Typically the CMs for specific tRNAs also recognize several
together with all their secondarily remodelled descenslant  other tRNAs, albeit in most cases with much largevalues.

The complete collection of metazoan mitogenomes was~or each locus, th& TFi pipeline accepts only the hit of
then scanned again with these 22 CMs. The resultinghe CM matching with the smallegf-value. In practice, this
new set of predictions was alignewith cmal i gn to simple rule is sufficient tdisambiguate overlapping CM hits.
the covarianc models of the correspondin tRNA family. Note that no score cutoffs are used for the 22 top hits at
Manual editing again lead to a noticeable improvementthis point. In order to accommodate overlapstRNA genes,
of the structural alignments. Althoughnf er nal already  several cases of which are well documented in mitogenomes
implements strategies to compensate for biased samplind9, 37, 38)M TFi by default regards predictions that overlap
we excluded nearly identical sequences and kept only anot more than 10 nt as distinct loci. After this first iteratio
subset with approximately uniform phylogenetic distribnt  in which best hits are accepted according to their identity,
in the final seed alignments, which, depending on primaryM TFi tries to annotate copies of tRNA genes in remaining
sequence conservation of the tRNA family, consist of 33 togenomic locations. Hits without a specified anticodon ase al
69 sequences. The 22 final CMs were calibrated to enablennotated during this second step.
I nf er nal to computep-values andz-values of matches. Almost all tRNA families exhibit a large diversity and
in particular include aberrant sequences that lack complet
. . . . structural domains. As a consequence there is no naturdf cut
Mitochondrial tRNA finder M TFi value for thel nf er nal bit-score that would be analogous
Since mt-tRNAs of the different families are distant to the COVE score threshold used irRNAscan- SE. In
homologues of each other, a search with one CM typicallyorder to determine an appropriate cutoff for thef er nal
not only recognizes members of the tRNA family on which predictions we therefore compared the predictions of the 22
it was trained but also reports several other tRNA genes. Th&€Ms to the existing RefSeq annotations. Fig. 2 shows that
mitochondrial tRNA findefM TFi ) is a script that invokes true-positives are nearly unaffected At&=0.001, while the
I nf er nal to search the target mitogenome with all 22 CMs false-positives drop to a nearly constant value at thislleve
and theremploys a stepwise procedure (Fig. 1) to evaluate and-or this reason we used this-value as a cutoff to predict
summarize the search results. Its output is a comprehensivemaining tRNA genes in the second step. We note that, in
annotation of tRNA genes. contrast to the bitscore, th&-value is computed using a

For all I nf er nal -hits, M TFi attempts to predict an model-specific calibration.
anticodon. To this end, the number of interior stems and the Due to the variability of mitochondrial genetic codes
length of the loops is evaluated. If only two interior stem (28) the correspondence of anticodon and isoacceptor
loops are predicted, i.e., in the case of tRNAs which lost aclass is ambiguous. ThusM TFi allows the user
secondary domain (e.g., the D-domain or the T-domain), firsto specify a code from the NCBgenetic code page
the loops are scanned funpairecregions of "nt. If only one  (http://www.ncbi.nim.nih.gov/Taxonomy/Utils/wprintgcgi)
loop has this expected size, it is interpreted as the argitod or to supply modified codes. FinallyM TFi offers a
loop. If both loops have 7 unpairnt, the loop closest to the variety of output options to facilitate the manual inspeti
mean of the sequence is regarded as the anticodon loop. If nof the results. It is also possible to distinguish between
loop containing exactly nt is found also a loop size of 9 genes and degrading pseudogenes as calculdied
is considered. If no candidate for an anticodon loop can bevalues allow comparisons of all hits. The re-annotation
found according to these rules, the corresponding datssfieldof the mitogenomes withM TFi was performed at the
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Table 1. Comparisons of mt-tRNA predictions and RefSeq annotafiére consis of the bes hits for individual tRNAs from the first
data covers 40,521 mt-tRNA gene annotations of 1,876 Ref@egpmes. stey of M TFi ancotheltRNAswith £ <0.1. We first created
Numbers of true positives (TP), false positives (FP), faisgatives (FN), a”gnmems for each isoacceptor family usihgf ernal .
sensitivity (Sens.), and precision rate (Prec.) are calnedative to the RefSeq Within each of these alignment®) TFi hits were sorted

annotation. taxonomically such that known tRNAs and putative false
positives from the most closely related species are located
Method TP FP__FN Sens. Prec. iy adjacent rows to facilitate the manual inspection. We
RefSeq (40,521) found 272 tRNA candidates in 170 organisms that closely
tRNAscan-SE 36,374 688 4,147 0.898 0.981  match a homologous known tRNA gene in both its conserved
ARVEN 39,569 5957 952 0.977 0.869  primary and secondary structures, 145 of which are in aufdliti
M TFi 39953 873 568 0986 0.979  supported by CME-valuessmaller than10~%. About 30

sequences from Metatheria were originally tagged as false

positives due to an incorrect anticodon assignment, theroth

242 hits were newly identified. Examples of corrected and
High Performance Clusteof the TU Dresden (http://tu- newly found tRNAs are given in Supplementary figure 1.

dresden.de/dieu_dresden/zentraleinrichtungen/zih/hpc). All alignments containing newly identifiemt-tRNAs and

M TFi is available for download at our website their homologues in related organisms are compiled in
(http:/Avww.bioinf.uni-leipzig.de/software.html) inding all ~ Supplementary dataset 1. We reclassified these cases as true
required CMs. mt-tRNAs.

Many of the remaining false positive hits are introduced
becauseM TFi includes at least one hit for each of the
22 canonical tRNAs. Some clades, however, have lost most
The complete dataset was stored in a MySQL of their mitochondrially encoded tRNAs. Loss of tRNAs in
(http://www.mysqgl.com/) database server based on theCnidaria, for instance, accounts for about 283 of the false
tRNAdb system (39, 40) allowing further investigations. predictions Othel false positive hits occul in Arthropod: (71

The complete data analysis was performed with the help ohjts) Nematod (31 hits) anc othel basa metazoar (except
internal functions of the database server. In addition, 888U ~1iqaria 59 hits). A further group of 264 false positives is

I nfernal and theRALEE Emac: mode (41) for detailed easilyrecognizabl by large overlap: with mitochondria gene

alignment studies, e.g., to distinguish false and truetpesi :
hits. Plots of secondary structures within this study wereannotations and a lack of conserved secondary structures.

performed using th&NAp| ot program (42). Several additional false positives are the result ounusual
genetic code or of RNA editing of the anticodon (44), since
this leads to an assignment of the tRNA candidate to an
RESULTS AND DISCUSSION incorrec aminc acic specificity.

All tRNA genes annotated in RefSeq that were not
recovered byM TFi were also inspected manually on
The complete set of 1,876 metazoan mitogenomes (Fig. 3)he basis of structure-annotated multiple alignments. We
was annotated independently witiRNAscan- SE, ARVEN, eliminated 146 annotations that showed neither recogtdzab
andM TFi and then compared to the RefSeq annotation. Ansequence similarity nor a plausible structural consesuati
annotation item computed by one of the three methods wadlost of the false negatives that were not detected or only
counted as true positive if it overlapped a RefSeq entry withfound with E-valueslargei than the cutoff lack one arm of
the same identity. We disregarded strand information aad ththe cloverleaf structure. These cases are concentrated in a
distinction between the two serine and leucine tRNAs sincefew taxonomic groups: arthropods (127 hits), nematode? (10
the RefSeq annotation shows a high level of misannotatibns ohits), molluscs (14 hits), and basal metazoans, in pasicul
this type, see e.g. (43). All hits without an overlap with8ed|  poriferans (22 hits).
were counted as false positives. Table 1 summarizes the Some of the most unusual mt-tRNAs are found in
results, showing that the use of family-specific CMs incesas Arachnida (14). Therefore, we evaluated all three programs
sensitivity above the level dARVEN while at the same time in more detail on these genome&s$kVEN was able to detect
reaching the same precision rates as thoseRbiAs can- SE. 82.8% and tRNAscan recovered only 50.4% of the 9,191
We note thar our estimate of the precisior rate of ARWEN annotated mt-tRNA:of Arachnida in RefSeq whiléd TFi
(86.9% is more favorable thar the 80.2% reportec by its performed best with 89.7%. A similar situation was reported
authors (30). for tRNA sequences in Cecidomyiidae (45), where tRNAs

The NCBI RefSeq is currently the most comprehensive datdack the 3" end. In the two available genomed, TFi
source for mitogenomes and their annotation. It is not agperf  retrieved the majority (24 hits) whilARVEN reported 21
gold standard, however. A detailed analysis of mitogenpmesandt RNAscan- SE recovered only 7 of the RefSeq tRNA
for instance, revealed more than a dozen annotation errorgnnotations. For both families togethst, TFi produced 62
including missing tRNAs, inaccurate positions, wrong iegd ~ false positive hitsARVEN 233, andt RNAscan- SE 22. As
directions, and incorrect anticodons and isoacceptorliesni M TFi always reported most true positive and fewer false
affecting 7 of the 1€echinodermar mitogenomes (43). In  Positive hits compared tARVEN its results are the best
order to obtain more realistic performance estimates, we th Starting point for annotating genomes featuring compjetel
manually inspected about 3,250 false positive hThese truncated tRNA sequences. These results also show that

Data evaluation

Re-annotation ofmt-tRNA genes
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Taxonomy Number of Genomes Table 2. Conserved overlaps of mt-tRNA genes that have been obseroezl
Mammalia 208 than 50 times in the datas(The size of the overlap: is giver as numbe of

TesI:udines overlappin nucleotides Where multiple value: are given they are sortec by
Archosauria

[N
N W
oo

‘E Lepidosauria 83 & the frequenc with which they appea Overlap: tha appea in less thar 10%
Amphibia 7 (8¢ of the mitogenome in & listec clade are omittec from the table The relative
Coelacanthimorpha 2 8 ] ] . . . .
L Dipnoi 3 [ ¢ > o orientatior of the overlay is indicatec by “+” (sam« strand anc “-” (opposite
Actinopterygii 664 e -g strands)
Elasmobranchii 9 3 S .
Holocephali 1 S 8
Hyperoartia 2 o)
Hyperotreti 2 g
?SE{QZ'{;“"“’“ 12 # tRNA Genes Overlap Taxonomy
Remichorma. | 2 1,189 tRNAET {(RNACT— 13,2 Vertebrata (1056)
| E?;ﬁ‘r:rbe“'da ! 2y o) o | 8 3 Arthropoda (131)
~ R IEIE1Y 3. Priapuida (1)
5ruslacza Sg % <3 . g 8 1 Xenoturbellida (1)
yriapoda T o 2 9] —
Chelicerata a6 £(=]= 902 tRNACT— - tRNAMetF 1 Vertebrata (825)
- Onychophora 2 < u
Nematoda 32 1 Arthropoda (76)
g h g 3 Onychophora (1)
prachiopoda : 639 tRNAT "+ (RNATTO— 1 Vertebrata (607)
Vollsoa 7 8 1,2 Arthropoda (24)
Nemertea 2 8 1 Cephalochor. (8)
Sipuncula 2 = SeriT TeulT
gzz;eet?;natha 2 - 230 tRNA - tRNA 1 \ertebrata (230)
Acoelomata 3 188 tRNAI"PT - {RNACYS— 8,1 Arthropoda (187)
Ela_cfozoa zg 1 Priapulida (1)
orifera
119 tRNACTU+ _{RNATTE— 2,1 Arthropoda (119)
53 tRNAATIF _tRNAAST 1,3 Arthropoda (53)
A Ser1
Figure 3. Taxonomic distribution of metazoan mitogenomes invetgigjan 51 tRNAM"T - tRNAST T 1,3 Arthropoda (51)
this study.
t RNAscan- SE is not suitable to deal with such highly )
divergent sequences. degrade mt-tRNAs are functionally replacer by tRNAs
importec from the nucleus (7). A similar situation is observed
Loss ofmt-tRNA genes in Onychophora, where onincomplet¢ set: of truncate mt-

. tRNA genes were found (49). Here, extensive tRNA editing
Some¢ animal: do not encod: the full se of 22 m-RNA 5 capable of repairing large fragments of truncated tRNA
genes. Instead, they import the missitRNAs from the  molecules (50). Our data also reflect previous reports on the
cytosol. Cnidarians (46) and some Ceractinomorpha (smonge|oss of tRNA genes in other taxonomic families, including
belonging to Porifera) (47) lost up to 21 tRNA genes and chaetognatha (51) and Rotifera (5For thest clades, we
only encode tRNA’“!. Some members of these clades gid not find complete sets of 22 tRNA genand some of
encode tRNA™ or copies of tRNA’®! and import the the predicted tRNAs have extremely poBkvalues. Since
remaining tRNAs. Another well-known case is the loss of we found no other tRNA genes in corresponding genomes,
a single mt-tRNAY* gene in marsupials (48). Our data are one can conclude that, once a nuclear tRNA has replaced
entirely consistent with these findings: we did not predicta mt-tRNA, the lost tRNA genes are not restored in the
any previously unknown tRNA genes within these three mitogenome. This implies that the absence of mt-tRNA genes
taxonomic groups, althoughl TFi recovered some of the are phylogenetically informative markers that could help t
reported pseudogenes of the highly variable tRMAlike clarify ambiguities. In basal metazoans, for instance, som
sequences in marsupials, albeit only with a larE-value  clades lost the gene for tRNAP, while others still encode
cutoff (£>0.1). Similarly, most of the putative candidates in it.
Cnidaria and sponges detectedinTFi 's first search step are
most likely false positives. .

Within the Sciaroidea, a subfamily of the Insecta, where OVverlapping mt-tRNA genes
dramatically truncated sequences are described (45),unglfo  Overlapping mt-tRNA genes have long been known
only a subset of tRNA genes, many with very pobr throughout metazoans (9, 37, 38). In order to investigate
values. These tRNA sequences completely lack the 3" endhow wide-spread such overlaps are, we considered overlaps
including the full T-stem region. This severe degradationof up to 1( nt as distinct tRNA loci. From candidates with a
suggests that these organisms feature an unknown mechanisijrwise overlap of more than ntM TFi selects only the
for repairing these tRNAs and/or for attaching amino acidspne with the largesf-value. TheM TFi script allows the

to them. At presen it is unknowr whethe thesc small  yser to change this default value 1if and to consider even
fragment still encod: functiona tRNAs, or whethe they  larger levels of overlap.
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Our systematic analysis revealed more than 3,700 cases
of overlaps between tRNA genes in all 1,876 metazoan
mitogenomes. A summary of the taxonomically most °
conserved overlapping tRNA genes is given in Table 2.

Single nucleotid: overlaps are most common. Taxonomically
conserved overlaps are mostly found for tRNAs encoded

on different strands. This may be correlated to the fact

that no alternative cleavaging of the primary transcript is

needed in this situation. For example, this is the case for

the highly conserved tRNA® and tRNAZ!™ overlaps on
different strands for up to nt in arthropods and vertebrates.
Hyperoartia seems to be an exception as it is the only group

within the vertebrates where no overlaps could be detected.

The most remarkable example of overlapping tRNA genes
are tRNAT"P and tRNACYS in Arthropoda (53), see Fig. 4.
We investigated this link of two tRNA genes systematically
and confirmed examples in every subphylum of Arthropoda.

In contrast to this general picture, there are many spele#s t
independently lost the overlap. The two genes are located

on different strands and overlap by up t n8 They show a

very high level of sequence conservation of the acceptor.ste

Mutations in this short region would simultaneously affect

a stem region in each of the tRNAs. Arthropoda genomes

L1 [
G Cc 3
IR ERERRR
I I .
[GIGJUJCJUJU]A]
5 tRNACYs
Q)
tRNATP
that lost this correlation do not show this strong sequence
[ [ (€ EY EN Y
[TTITT1]
AIGICUIU[L]
acceptor stems obrosophila melanogaste(Hexapoda) in ¥
comparison tdEremobates palpisetulosiS4) (Chelicerata),
which overlapby abou 8 nt, are nearly perfectly conserved,

conservation any more. The difference of overlapping and
non-overlapping acceptor stems are illustrated in Fig. Ail&V
the same region is much more variable, e.g., in other Hexapod
like Damon diadem#55), where the overlap is reduced to a
single nucleotide.

Our data demonstrate that overlapping tRNAs have a
profound effect on pr!mary sequence cpnservatlon, Whlc?Figure 4. Overlapping tRNA"? and tRNACYs genes in Arthropoda.
needs to _be tak.en in account' €.g., In the context 0Drosophila melanogaste(Hexapoda, A) andEremobates palpisetulosus
phylogenetic studies based on (single) tRNA genes such aghelicerata, B) feature overlapping genes whiRamon diadema
recently reported (56). Also when concatenated tRNAs argChelicerata, C) encodes both genes with an overlap of only As a result

used (57), overlaps cannot be neglected. Like loss eventdhe conservation of the stem region between the two Chet&especies is

: ch less pronounced than between the two organisms fegioverlapping
overlaps can also be used as a phylogenetic marker as on nes of 8 nt at their 3’ ends even though they are membersnopletely

the overlapping ”.nk _between two genes is broken (e.g..gifferent subphyla. Conserved nucleotides are highlifiteold.
by a tandem duplication-random loss event), the two genes

rapidly diverge making it unlikely to regain an overlapping

configuration. an approximation of the phylogeny we mapped all tRNA

A dramatic type of overlap, suggesting that functional . 2= .
tRNAs could also be expressed from the reverse strand opcduences and their characteristics to generate an owervie
f the distribution of exceptional structures and manually

known tRNA genes, was postulated (58). We searched th(ghecked spots of structural divergencAs summarize in
completel nf er nal output, i.e., all candidate predictions P 9

used byM TFi , for predictions that nearly perfectly overlap 1aPI€ 3,hotspot of diversity in presenc or absenc of D-

)
tRNATP

B)

tRNATP
3

with opposite reading direction, albeit without success. anc T-domains are found throughout the two major groups
of protostomes (Ecdysozoa and Lophotrochozoa). In cantras
Exceptional structures ofmt-tRNAs both Deuterostomi anc diploblasts (Placozoa, Porifera, and

Cnidaria) show classical cloverleaf structures with onfe\a
More than 90% of mt-tRNAs share thcommor global  exceptions.
cloverleaf secondary structure of nuclear encoded tRNA We detecte the well-knowr lack of a D-domair (and
sequences, i.e., a structure with four stems and three.l@ops innovatior of a D-armr rep|acemer domain in m]-tRNASGT]
large number of exceptional mt-tRNAs have been describqu) in nearly all Metazoa In a few exception: a classical
previously that lack either the D-domain or the T-domain. cloverlea was retrieved Frequer exception were found
The CM-based approach greatly facilitates a comprehensiv.. ) : Serd
detectiol anc analysis, since it provides efficient and N basa metazoa lineages Mt-tRNA lacks alsc a D-
accurate structural alignments of individual tRNAs to the domain but however only in Lophotrochozo anc Ecdyeoa,
family-specific norm. Using the NCBI taxonomic tree as with highes penetranc in Bryozo: anc Nematod (in
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Table 3. Exceptional structures of mt-tRNA genes and loss of tRNAegen
“o” indicates occasional events, “+” frequent-%§0%) events and “#"
highlights taxa that all share the same abnormality. Therl'Seolumn
summarizes tRNA®" genes exceptionally featuring the classical cloverleaf
(“CI") or commonly lost the D-domain (“D”). Columns “Ser2*Cys” and
“others” indicate tRNA genes that lost the D-domain (“D"het T-domain
(“T™ or one of both domains (“D/T"). The “missing” column sumarizes

where it was not possible to find a complete set of 22 tRNA gerittsn the
genomes.

Taxonomy
Deuterostomia
Mammalia
Testudines
Archosauria
Lepidosauria
Amphibia
Coelacanthimorpha
Dipnoi
Actinopterygii
Elasmobranchii
Holocephali
Hyperoartia
Hyperotreti
Cephalochordata
Tunicata
Echinodermata
Hemichordata
Xenoturbellida
Ecdysozoa
Diplura
Ellipura
Insecta
Crustacea
Myriapoda
Chelicerata
Onychophora
Nematoda
Priapulida
Lophotrochozoa
Annelida
Brachiopoda
Bryozoa
Entoprocta
Rotifera
Mollusca
Nemertea
Sipuncula
Platyhelminthes
Basal Metazoa
Chaetognatha - - - - +
Cnidaria - - - - +
Placozoa g - - - _
Porifera

Serl Ser2 Cys others missing
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Deuterostomi this tRNA is always of complet 4-arnr type).
Accordingly thest loss event: appea to be independen Our
date alsc revealer independer losse of the D-domair in
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Acceptor
stem

T-domain
o

Anticodon '}
domain }

Figure 5. Examples of tRNA'Y® secondary structures derived genes in
A) Crustacea (leftT. japonicus middle: D. pulex right: L. salmoni$, B)
Myriapoda §. causeyaeN. annularusA. gracilipe9, andC) Chelicerata B.
occitanusD. diademaH. flava). In each familysome organisms present four-
arm cloverleafs (middle column), others present tRNAs imgsthe T-domain
(left) or the D-domain (right). Anticodons are highlightedbold.

tRNACYS | in Amphibia Tunicata Bryozoa Platyhelminthes,
anc Arthropod: in additior to thos¢ previoush reportet in
Lepidosauria (59, 60anc Mammalie (61). Further while
the compensatio of the loss of the D-domair by a D-
arm replacemer loop seem to be a very commor even in
all Cephalochorda tRNAC¥$, the absenc of eithe the D-
domair or the T-domair is the rule for Nematod tRNACYs,
A patrticularly nice cast of variability in domair loss concerns
Campode lubbock which lacks the D-domair of tRNACY*
while a norma cloverlea structure is preser in the closely
relatedCampodea fragilig62). The high frequenc: of these
event: suggest tha: the abnorme tRNACY$ shoulc be still
functional The widesprea loss of eithel the D- or the T-
domair lead:to the well knowr large diversity in structure for
Arthropoc mt-tRNAs (14, 15, 63) Our taxonomic overview
now identifiec thai this variability is focuse( on only three
hotspots Chelicerate Crustace: anc Myriapod: mi-tRNAs
numerousl lostarms of the cloverlea structure with different
pattern ever within eact group indicatin¢ a large number
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of independer events. Fig. fillustrate: thest paralle events
for all three hotspots In contrast othel Arthropode groups
sucl as Insecti show only very occasion: deviation: from the
classice cloverlea structure.

In additior to structure missing¢ eithel the D or the T-
domains we retrievec structure with truncatel acceptor
stems This unusue situatior discovere in Lithobius
forficatus anc calling for specific editinc mechanisir to
gair mature tRNAs (64), coulc now be confirmec alsc for
othei relatec organism in Myriapoda The cast of Nematoda
mt-tRNAs was alsc analyzei in details Rathe thar being
the exception (65),bizarre tRNAs appea to be the rule.
Interestingly ever with the reducer sensitivity of M TFi for
shorte sequence in genere (due to their reducer information
content anc for tRNAs lacking individual arms in particular
(as the deletior incurs a scor¢ penalty) we founc tRNAs
without T-domain: throughou the whole taxonomic group.
This led us to the subfamily Enoplei where we obtainec a
very low sensitivity and in addition hits with minimal tRNA
structure featurin¢ botlk D- anc T-sten replacemer loops.
Therefore we constructe groug-specific new covariance
models built only from nematod sequence anc searche for
missin¢ genes This leac us to predic extremel truncated
sequence of only acceptc- anc anticodol stems We were
not able to find othel candidate featurin¢ D- or T-stem: in the
sam«genome: Thest truncate: structure coulc be predicted
for severe tRNA families including including tRNAAs™,
tRNACYS, anc tRNATY" (Fig. 6). Some hits overlay with
previou: tRNA annotation in RefSec others were newly
found Interestingly since gen¢ overlap: coulc be reducerto a
minimurr someof our hits fit muck bette with the annotations
of the adjacer gene thar in prior tRNA annotatior The
newly detecte structure preser rathe conserve stems
as< compare within Enople: or to Caenorhabdit elegans.
As accepta stem: define the 3'/5’ end: of tRNA genes,
their high conservatio strongly sugges! tha we found
a correc annotatior Thest nematod specific result: are
not includec in the statistica evaluatiol of the previous
sectior since it requirecsignifican manua postprocessin As
more informatior become available it may be worth while,
however to appen a searcl with specific CMs for aberrant
structure as a furthei steg in theM TFi pipeline.

The results of this systemati analysii of exceptional
structure illustrates major feature of the evolutior of
metazoa mt-tRNAs. All basa metazoa mi-tRNAs fold into
the commor cloverleaf supporting a secondar structure
from which all metazoa mt-tRNAs originate from. Import
mechanisir appeare alsc very early in evolutior as
Chaetognatl anc Cnidari¢ already losi mos of their
mitochondria encode tRNAs anc neec to impori them
from the cytosol Mechanism to compensate/ade to
tRNAs with lost D-domain: emerge shortly afterwards
as nearly all Bilateric (Ecdysozo: Lophotrochozo: and

[12:00 17/5/2012 preprint.tex]

A) mt-tRNAAsn

Hexamermis
agrotis

Thaumamermis
cosgrovei

Romanomermis
nielseni

Trichinella

Caenorhabditis |
L spiralis

elegans

B) mt-tRNACys

Trichinella

Caenorhabditis 1
A spiralis

elegans

C) mt-tRNATYr

Hexamermis
agrotis

Caenorhabditis {
elegans

Figure 6. Examples of tRNAs without D- and T-domains in several Enaple
in comparison to known mitochondrial tRNAs 8. elegans Sequences
were found with refined nematode-specific covariance moAnticodons
are highlightec in bold.

Deuterostomiz encod ai leas for one tRNA missin¢ a D-

domain Equivalen mechanisn for mt-tRNAs lacking the

T-domair appeare only in Ecdysozo anc Lophotrochozoa,
finally leadin¢ to mitochondria translatior machinerie in

Enoplei tolerating minimal tRNAs lackinc bott domains.
Thest furthel developmeni seen to have ariser aftel the

split from the Deuterostomi (showin¢ only sequencelacking

the D-domain) Only Tunicat: exceptionall encodi mt-

tRNAs lacking the T-domair which suggest ar independent
evolutionan event.

Tandem Duplication-Random Loss events in mitogenomes

The increased sensitivity of the CM-based approach
frequently reveals additional hits of duplicated mt-tRNAs
In most cases these additional candidates appear to be
degrading and most likely constituting pseudogenes as they
show largel E-values than the best scoring copy of the
homologous gene (Fig. 7). Such cases provide direct evidenc
for the mechanisms of mitogenome rearrangements (66).
The systematic survey reported here therefore providestdir
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evidence for the profound impact of Tandem Duplication- &
Random Loss events (TDRLs) on the appearance of new gene
orders in several sub-phyla. According to the orders of tRNA
genes, we identified 77 genomes showing patterns of tandem
duplications. We recovered, in addition to the well-stddie
examples, such as those Hhieteronotia binoeiand other
Lepidosauria (67) also unknown events. To our knowledge thi
is the first systematic survey for tandem duplication-rando
loss events throughout the metazoa.

Mosl! tanden duplication: seen to occul directly on the
same strand (Fig. 7A).Severe example coulc be retrieved
in mitogenomes of Actinopterygii. The mitogenome of the
deep sea eel-like fisMonognathus jespersef8) shows a
large tandem duplication including at least 9 tRNA genes
which were, so far, incorrectly annotated as a control megio
In fact, this large duplication is comparable in terms of the
number of duplicated genes to previously reported events in
Plethodon (69)The duplicate( parts of the gonomestill show B)

the sam« gene order. One copy of mt-tRNA€? is missing

in our predictions. Its remnant, which can be identified by
direct sequence alignment, lacks parts of both the D-domain
and the anticodon region. For the other mt-tRNAs we observe
large differences in thé’-values of the two copies, clearly
distinguishing the intact tRNAs from their error-ridderpoes
which most likely are not functional any more. As a result of
these events, the gene order of the remaining 22 best-gcorin
tRNA genes has been completely rearranged. A similar
situation has been reported fdormichthys operosyanother
bony fish (70). Again we can clearly distinguish functional
and degrading copies in the small cluster of tRMA and 0)

Preprint, , Vol. , No.

Direct duplication, random gene loss

AECh) ﬁ} AECHNABCH) q> BRI

Monognathus jesperseni (Actinopterygii, NC_013612)
(M} clP[1[n[E]t[alalm][YIcl

current gene order

A S

ical new gene order

Normichthys operosus (Actinopterygii, NC_011009)
s2[D]S2[d ]

[DIs2}

current gene order

<

hypothetical new gene order

Diretmus argenteus (Actinopterygii, NC_008127)

(A[N[C]Y]a[n]C]Y]
) <
[AN[C]Y]

current gene order

>

hypothetical new gene order

Direct duplication, complete fragment loss

DR |{> AECHMAELD) ﬁ} ABCHNT

Galaxiella nigrostriata (Actinopterygii, NC_008448)
(g r[h[GIR]H]

current gene order

>

hypothetical new gene order

Aneides hardii (Amphibia, NC_006338)

(E[P[FIV]LZe[p]f]i2]
(E[P[F]V[L2

current gene order

>

hypothetical new gene order

Inverse duplication, random gene loss

9

NATKIXID $ EICIAD)

FotTa)> $ [AEICD)

tRNA4SP resulting in an inverted gene order compared -{aBEED- ) {ABCEXEEERY [ {ARKCH-EXER- [ AEHEE

to the ancestral observed for many other Actinopterygii
(71). In Diretmus argenteysfor instance, already half of
the duplicated fragment is degenerated. It is part of the
WANCY region, which has been identified as a hotspot for
tandem duplications in vertebrate genomes (72). The eakntu
outcome does not appear to be decided yet as at least half of
the duplicated tRNA genes do not have acquired mutations
that distinguish the copies. D)

Ramulus hainanense (Arthropoda, NC_013185)
-

—
MIQ[i[i[a]M]
Tl 1 M

current gene order

>

hypothetical new gene order

Multiplication, random gene loss

Some mitogenomes containing tandem duplications seem to q> q> ﬁ}

be losing a complete fragment with all duplicated tRNA genes
(Fig. 7B). We found this case in mitogenomes of the black-
stripe minnowGalaxiella nigrostriataand the Sacramento
mountain salamandekneides hardii(73). A reasorfor the
disappearance of these large fragments but not of randomly
selected genes is maybe due to different transcriptios Kate
parts of the mitogenome as it is known in human (74).

We founc the first convincing cast of ar inverse TDRL
in the walking stickRamulus hainanenggig. 7C). It is an
inverse TDRL in progress whose comparison of Hwwalues

Chauliodus sloani (Actinopterygii, NC_003159)

Clcfc|C|C|——-—— G
w ?r*
_

current gene order

>

hypothetical new gene order

Figure 7. Tandem duplication-random loss events in metazoan mitoges.
Only duplicated tRNA genes are shown, lower case lettelisatel degrading
genes with larger E-values than the best scoring copy of the homologous

suggests that at least one tRNA will survive in each copy ofgene copy) The one-letter code is usec for abbreviatini aminc acids. Boxes

the cluster, while the two copies mt-tRNA? do not yet show
any differences.

An extensiol of TDRLs is the occurrenc of
“multiplications”, i.e., the inclusior of multiple copies
followed by randon loss of duplicates The mitogenom of
Chauliodu: sloan has two loci with up to 5 copiet of the
sam«tRNA. In this cast there is na effect on the gen¢ order.

with dashed outlines show pseudogenes that were not detbgtt TFi

but by manual inspection. Dashed lines illustrate largeogen segments
containing other genes. Unknown hypothetical new genersiate visualized
by “?” as the duplicated tRNA genes do not have acquired roatatet.

Results of TDRL events can be studied in closely related

mitogenomes that still have duplicated tRNA genes (Fig. 8).

Nice examples are the salamander spdelathodon cinereus
P. elongatus and P. petraeus which exhibit numerous
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Amphibia:

cin [E]VIL2[ TTOIMIW]ATNTCTY]S2[D GQ—|§ E TPl t[p
Elo [E]VI2[T[oM[W[AIN[CIY[S2[DIK[G[RIAISILT [ F[E [P [T]
pet [F]VIL2[T[Q[MIW[AINICIY[S2[DIKIG[RIAIS E TIP]
Mollusca:

Hon[T]T[E[D[m[sAIMIS2 P[K]C ] YIvIGIVIR]H LI F[A]W
Ang E[D[m[sycaM|s2[PIKIC] V] MEBEMEBEREIFREN
Ari E[D[m[sicM|S2[PIKIC] [V] V] [GIVIR[H[K[Q[LI[F[ATW
Gig E[D[MJsIc2[m[So[PIKIC] [V] V] [GIVIR[H[K[Q[LI[F[ATW
sik E[D[m|SicaAmS2[PIK]IC]| [N] Y] [GIVIRTATKIQILI[FIATW
vir [1]T]E] s PlGIMIKIClVIDImIs2 Y] [RIHINJOILITFTATW]

Placozoa:

—_—

Bz1[RIW[L2[D] r IN[SYKITISZm[GTH]FICTP i IMIQIYIETVIATL]]
> —_—— >

Bz2|RIWIL2[D] r IN[SYK]TISAMJGTH]FICTPIVIE]Y]QIm| I JA]L1]
> - -—

Figure 8. Results of Tandem Duplication-Random Loss events in matazo
mitogenomes of closely related organisms Amphibia (Elo: Plathodon
elongatus Cin: P. cinereus Pet: P. petraeuy Mollusca (Hon:Crassostrea
hongkongensjsAng: C. angulata Ari: C. ariakensis Gig: C. gigas Sik: C.
sikamea Vir: C. virginica), anc Placozoa (Tri:Trichoplax adhaerensBZ4
Placozoan sp. BZ49BZ1: Placozoan sp. BZ10101BZ2: Placozoan sp.
BZz2423. Different gene order: anc nor-degradin candidate of duplicated

event: (iTDRL hypothesis The mos plausible¢ alternative
explanatiol require: two independer inversion: of different
parte of this region: without destroying any of the tRNA

gene in the process. TheeEMBOSS tool equi ckt andem

(75) identifies 12 repeate sequence with a lengtt up to

25 nts within the EYQMIV regior of the T. adhaerens
genome Togethe with the degradin: copie: of tRNAM¢t and

tRNAA™Y this constitute compelling evidenc: for the iTDRL

hypothesis.

Over all, duplication events occur more oftethan
previously expected: M TFi  annotated 329 potential
isoacceptc tRNA genes in 210 mitogenomes. This number
includes only copies with plausibig-values ¢ < 0.001). We
expect that there are many additional tRNA copies that are
already degraded beyotthis cutoff. Our analysis thus most
probably underestimates the number of TDRL events. This
emphasizes the impact of TDRL events to the evolution of mt-
tRNA genes as every duplication event is a potential strtin
point for changing the gene order of these mitogenomes.
While the standar model i.e., a tanden duplicatior followed
by a complett loss of one of the redundar copies is well
understoo from a formal/bioinformatic point of view

gene are showr in bold. Lower case letters indicate degrading genes (lower (76, 77),our result motivate alsc for furthel studie: of the

E-values than the best scoring copy of the homologous geng.capows
indicate inverted duplicated genome fragments which afg present in
Placozoa.

duplications (69) of the region containing tRNA%,
tRNAsT 7" tRNAs’™ and others. A comparison @-values

TDRL model In particular this include: multiplications,
case with inverse duplications anc especiall the possibility
of partia loss It is generallr believec thar different kinds
of rearrangeme operation have modifiec the gen¢ order
of metazoa mitogenome throughou evolution including
inversions transposition: inverse transpositior anc TDRL

again clearly shows an ongoing change of the gene ordefl)- Thestoperation have differen mechanisti explanations.

in Plathodon elongatusEven though the two copies of
tRNAs "7 either TEP or EPT, will be different from the
ancestral statETPas found also in other vertebrates(1).

We sugges thal a rearrangeme mode consisting of tandem
duplicatior or inverse¢ tanden duplicatior followed by
randon loss is more parsimoniou in the numbe of necessary

Similar events occurred in Mollusca where gene ordersexplanation for the observe rearrangements.

of 6 genomes show partial differencerassostrea
hongkongensj<C. angulata C. ariakensisC. gigas andC.
sikameashow nearly the same gene orders, onlZirgigas
another copy of tRNA’¢? seems to degrade. In contra€t,

CONCLUSION

virginica shows a gene order pattern different from related The use of specific covariance models for the 22 types of
organisms probably because it forms the most basal branchRNAs occurring in the mitogenomes of Metazoa leads to
of the group. At least one large stretch of duplicated DNA is & significant improvement of tRNA predictions, in partiaula
shared by all six Crassostrea mitogenomes. The fact that aflegarding tRNAs with missing domains and/or other struadtur
homologous gene copies are encoded on the same stranderrations. Implementedin the TFi pipeline the approach
further supports the hypothesis that they arose through &ets the stage for a consistent re-annotation of mt-tRNAs

common TDRL event.

in animals. In addition to recovering nearly all known

Another example of fast evolving genome organizationsMt-tRNAs, M TFi - discovered 242 previously unannotated
are Placozoa. Here, duplications and inversions of wholdRNAs. Overal,M TFi provides a substantial improvement
tRNA clusters can be observed. The single duplicated tRNAIN both sensitivity and precision rate for tRNA annotation

genesin Trichoplax adhaerensPlacozoan sp. BZ4%nd
Placozoan sp. BZ101&how similar patterns, onjlacozoan
sp. Bz2423differs from them as another tRNA®* gene

in animal mitogenomes. The pipeline can also be used as
an efficient way to check existing tRNA annotation. We do
not employ clade-specific covariance models for truncated

is slightly more degenerated. In addition, an inversion oftRNAs because this would imply a prior knowledge of the

the tRNALYStRNATH" cluster is present ifPlacozoan sp.
BZ49 Most interesting in terms of TDRL events the
EYQMIV regior of T. adhaerensThe mos likely explanation
of the differeni position: of tRNAY in the trichopla> strains
is a single inverse duplicatior followed by randon loss

[12:00 17/5/2012 preprint.tex]

expectecstructura variations. Furthermore, the use of specific
CMs in other taxonomic families would lead to incorrect
predictions as these unrelated CMs would only find truncated
tRNAs. Such a procedure would require extensive manual
post-processing. It appears more efficient, thus, to céstré
pipeline to generic, phylogenetically agnostic models.
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The comparative analysis of mt-tRNAs across Metazoa 6.
reveals systematic patterns of tRNA loss, aberrant tRNA
structures, and overlapping tRNA genes. While loss of
tRNASs is particularly prevalent in basal metazoan clades, w
observe that both tRNA overlap and deviant tRNA secondary
structures are particularly frequent in Arthropoda. Werfdu 8.
a surprising number of independent loss events for secgndar
structure elements and for overlapping patterns. In pdeic
there is compelling evidence for several functional tRNAet t
lack both the T-domain and the D-domain in Enoplea.

The sensitivity of the CM-based approach made it possible
to detect hundreds of tRNA pseudogenes. Our data imply tha{0
tandem duplications of stretches of mitogenomic DNA are™
a frequent phenomenon. Consequently, TDRLs are common
mechanism leading to major reorganizations of mitochadri 11.
gene orders. In addition to conventional TDRLs, we
also found evidence for inverse tandem duplications with

subsequent random loss of duplicate gene copies. 12.
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