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A B S T R A C T   

The extreme conservation of mitochondrial genomes in metazoans poses a significant challenge to understanding 
mitogenome evolution. However, the presence of variation in gene order or genome structure, found in a small 
number of taxa, can provide unique insights into this evolution. Previous work on two stingless bees in the genus 
Tetragonula (T. carbonaria and T. hockingsi) revealed highly divergent CO1 regions between them and when 
compared to the bees from the same tribe (Meliponini), indicating rapid evolution. Using mtDNA isolation and 
Illumina sequencing, we elucidated the mitogenomes of both species. In both species, there has been a dupli-
cation of the whole mitogenome to give a total genome size of 30,666 bp in T. carbonaria; and 30,662 bp in 
T. hockingsi. These duplicated genomes present a circular structure with two identical and mirrored copies of all 
13 protein coding genes and 22 tRNAs, with the exception of a few tRNAs that are present as single copies. In 
addition, the mitogenomes are characterized by rearrangements of two block of genes. We believe that rapid 
evolution is present in the whole Indo-Malay/Australasian group of Meliponini but is extraordinarily elevated in 
T. carbonaria and T. hockingsi, probably due to founder effect, low effective population size and the mitogenome 
duplication. All these features - rapid evolution, rearrangements, and duplication - deviate significantly from the 
vast majority of the mitogenomes described so far, making the mitogenomes of Tetragonula unique opportunities 
to address fundamental questions of mitogenome function and evolution.   

1. Introduction 

The eukaryotic cell originated at least 1.75 billion years ago, when 
two prokaryotic lineages (archaeon and bacterium) fused, establishing 
an intimate symbiotic relationship [1,2]. Most of the genes in the 

original bacterial genome were transferred to the archaeon genome. In 
animals, the number of genes in the former archaeon genome increased 
from 3000 to 20,000; while the number of genes of the ancestral bac-
terium reduced from 3000 to 37 genes, resulting in the nuclear genome 
and the mitochondrial genome as we currently know them, respectively 
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[3]. While the nuclear genome of eukaryotes has been expanded in size, 
via an increase in the number of introns, proliferation of transposons, 
gene duplications, and increase in length with intergenic regions, animal 
mitochondrial genomes have evolved in the opposite direction, losing 
genes to the nuclear genome [4]. This way, animal mitochondrial ge-
nomes normally contain no introns or large intergenic spacers [5], with 
a few exceptions [6]. 

Nuclear and mitochondrial genes have an intimate and synchronized 
interaction that is fundamental to respiratory function and results in 
ATP production via oxidative phosphorylation (OXPHOS) - one of the 
most important biological functions - through the mitochondrial elec-
tron transport system [3,7]. Four of the five mitochondrial electron 
transport system subunits are produced by the interaction of the 13 
proteins encoded in the mitochondrial genome, together with around 73 
proteins encoded by genes from the nuclear genome [7]. Because of its 
central importance for cellular respiration, the mitochondrial genome is 
evolutionarily conserved with respect to both the order and number of 
genes. It is small and relatively uniform in size (15–20 kb in length) 
among vertebrate and invertebrate animals [5,8]. However, while a 
circular molecule encoding 13 protein genes, two rRNA genes, and 22 
tRNA genes is considered the typical mitogenome structure, several 
exceptions have been described [6]. Gene rearrangements have been 
reported in ascidia (tunicates) [9,10], birds [11], reptiles [12–14], and 
amphibians [15–17]. Mitochondrial genome expansions are known from 
seed beetles [18] and in ark shell bivalves [19]; a fragmented mito-
chondrial genome (in which the mitochondrial genes are split across two 
or more circular mt-chromosomes) was identified in booklice [20]; and 
linearization has occurred in some terrestrial isopod species [21,22]. In 
Hymenoptera, significant rearrangements in the gene order have been 
described so far in the parasitic wasp Nasonia [23], in the Neotropical 
stingless bee Frieseomelitta varia [24], and in two species of Lepidotrigona 
[25], a stingless bee genus from Indo-Malay/Australasian group. 

Tetragonula carbonaria and Tetragonula hockingsi are highly eusocial 
stingless bees (Apidae: Tribe Meliponini) distributed across tropical and 
subtropical regions of Australia [26,27]. They are part of a cryptic 
species complex of endemic Australian Tetragonula that includes at least 
two other species (T. davenporti and T. mellipes), known as the Carbo-
naria complex [26,28,29]. Initial efforts to sequence a fragment of the 
mitochondrial CO1 (cytochrome oxidase I) gene in these bees returned 
sequences with gaps and stop codons, which were recently confirmed to 
be the misamplification of numts (nuclear DNA from mitochondrial 
origin) [30]. After isolating mtDNA from nuclear DNA, the numts were 
confirmed in the nuclear fraction but surprisingly, conservative CO1- 
barcode primers for bees and PCR amplification of the pure mitochon-
drial fraction failed to recover the true mt-CO1 sequences. Instead, 
Illumina sequencing of the whole mitogenomes using the purified 
mtDNA isolate recovered CO1 sequences in both species that were 
extremely divergent relative to bees from the same tribe (Meliponini), 
with high nucleotide polymorphism between T. carbonaria and 
T. hockingsi, indicating rapid evolution [30]. The remaining reads of this 
sequencing showed that the mitogenomes of these species were non- 
standard, and a challenge to assemble. Here we assemble the complete 
mitogenomes of T. carbonaria and T. hockingsi, and then discuss possible 
links between their enigmatic structure and the extreme rapid mitoge-
nome evolution in this group. 

2. Materials and methods 

2.1. Sampling, DNA extraction and sequencing 

One thorax each of frozen individuals of T. carbonaria (Sydney, NSW, 
2009, R.Brito Tc40) and T. hockingsi (Cardwell, QLD, 2009, R.Brito 179) 
were used for mitochondrial isolation, following a protocol for isolating 
insect mitochondrial genomes [31] that separates mitochondria from 
nucleus by sequential centrifugation. The pure mtDNA extractions from 
each species were then sequenced using the Miseq sequencer with the 

Nextera DNA XT library kit for 150 bp reads (paired reads); 20 million 
reads were generated per library. Sequencing was performed by the 
Macrogen Company (South Korea). 

2.2. Mitogenome assembly and gene annotation 

The first mitogenome assemblies and alignments were made using 
Geneious Pro 10.2.5 software [32], through the DeNovo alignment 
method and the reference guided method using the complete mitoge-
nomes of other species as reference. The genomes used were recovered 
from GenBank: Apis mellifera syriaca (KY926882), Bombus ignitus 
(NC10967), Lepidotrigona flavibasis (MN747147), and Melipona bicolor 
(AF466146). The final mitogenome structure was assembled manually 
in Geneious Pro 10.2.5 software. Annotations were made using MITOS2 
WebServer [33]. For comparative analyses, we selected 22 bee mito-
genomes comprising 13 different genera and six different families. The 
wasp Philanthus triangulum, from the superfamily Apoidea, and the 
shrimp Squilla mantis, which represents the ancestral pancrustacean 
mitochondrial genome organization [34], were used as out-groups. 

2.3. Sequence analyses 

To confirm the nucleotide sequence of challenging regions, i.e., re-
gions containing inversions, rearrangements, ambiguous tRNA and AT- 
rich regions found in the mitogenomes of T. carbonaria and T. hockingsi, 
13 primers were designed for PCR amplification and Sanger sequencing 
(Table S1). PCR tests using different combinations of these primers were 
made according to Françoso & Arias [35] with the annealing tempera-
ture gradient ranging from 38 to 48 ◦C. The mitogenomes' structures and 
the ambiguous tRNA were confirmed using the whole genome complete 
data (nuclear + mitochondrial; long read sequencing) from a 
T. carbonaria individual larva (Brisbane, QLD) generated independently 
and shipped to Dovetail Genomics for Hi-C processing. These reads were 
aligned using the duplicated genome as reference in Geneious Pro 10.2.5 
software and the overall alignment coverage and quality were evalu-
ated. To confirm the mitogenome size, 30 ng of T. hockingsi mtDNA was 
loaded in a 0.4 % agarose gel with low voltage (37 V) for a total of 10 h, 
using the lambda DNA/HindIII ladder (higher fragment size of 23,130 
bp; Promega). 

3. Results 

3.1. First assembly - characterization of the whole mitogenome of 
T. carbonaria and T. hockingsi: idiosyncrasies and linear structure 

The mitogenomes of T. carbonaria and T. hockingsi were assembled, 
characterized and compared with complete mitogenomes of other bee 
species that are available in GenBank (Fig. 1 and Table 2). The first 
version of the mitogenomes of both species presented a linear structure 
(i.e., the tail did not overlap with the head) and revealed atypical 
characteristics shared by both species. These are: 

(i) A low AT content of ~72 %: this value is lower than those re-
ported for any other bee species reported to date (which range 
from 78.6 % in Andrena comellia to 86.8 % in Bombus ignitus and 
Melipona scutellaris), but is nonetheless higher than that of Squilla 
mantis, representing the ancestral pancrustacean mitogenome 
(70 %; Table 2);  

(ii) Rearrangements: An entire block containing the genes ND6, CytB, 
ND1, 16S, 12S and some tRNA genes is translocated and inverted; 
and another entire block containing the genes ND5, ND4, ND4L 
and some tRNA genes is translocated, though gene order is 
retained (Fig. 1). These inversions and rearrangements were 
confirmed by PCR amplification and Sanger sequencing (Figs. S1 
and S2), and by mapping the reads of whole genome Illumina 
sequencing data of another individual of T. carbonaria to our 
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assembly, resulting in consistent and regular coverage across the 
mitogenome (Fig. S3);  

(iii) A repeated region at the head of the mitogenomes (based on a 
linear representation of the mitogenomes, as shown in Fig. 1): 
Two duplicated and mirrored regions (R1) were found at the head 
of each mitogenome, with an internal AT-rich region (AT1; Fig. 1 
and Tables 1 and 2). These regions were confirmed by PCR 
amplification and Sanger sequencing for both species (Figs. S1 
and S2);  

(iv) A repeated region at the tail of the mitogenomes (as above, as 
shown in Fig. 1): Two duplicated and mirrored regions were 
found at the tail of each mitogenome (R2), with an internal region 
inside them, all these regions being AT rich (AT2; Fig. 1 and 
Tables 1 and 2). These regions are different from the repeated 
regions at the head of the mitogenomes and were confirmed by 
PCR amplification and Sanger sequencing for T. carbonaria 
(Fig. S1);  

(v) An ambiguous tRNA: An ambiguous tRNA in which nearly half of 
the aligned reads generated in the Illumina sequencing of purified 
mtDNA presented a cytosine (50.6 % and 51.7 % for T. carbonaria 
and T. hockingsi, respectively), and the other half present a 
thymine (49.4 % and 48.3 % for T. carbonaria and T. hockingsi, 
respectively) in the second position of the anticodon, encoding 
two different amino acids, glutamic acid and glycine. This 
ambiguous tRNA was confirmed by PCR amplification and Sanger 
sequencing (Figs. S1 and S2), in which double peaks can be 
observed (representing C and T) at that locus (Figs. S4 and S5). 
Likewise, the same polymorphism was present in an approxi-
mately equal proportion of reads from the additional whole- 
genome sequencing data of T. carbonaria. 

3.2. Final assembly - interpreting the first characterization of the whole 
mitogenome of T. carbonaria and T. hockingsi: a duplicated mitogenome 

Although both mitogenomes were easily assembled and all the genes 
were recovered, the first structure assembled was not circular. Never-
theless, the repeated regions and the two AT-rich regions, together with 
the ambiguous tRNA found in both species, instead point to a circular 
structure with the duplication of the entire mitogenome of both species 
separated from each other by two distinct fragments of the original AT- 
rich region (Table 1; Figs. 2 and 3). 

This duplication was confirmed by PCR and Sanger sequencing of 
some specific positions (Tables S1 and S2, and Figs. S1 and S2); by 
agarose gel, that confirmed a genome size >23,130 bp (Fig. S6); and by 

aligning reads generated by long read sequencing (Hi-C) of another in-
dividual of T. carbonaria to the duplicated mitogenomes (Fig. S3). The 
coverage across all genes and other regions was constant and with no 
gaps, and thus consistent with a full duplication (rather than duplication 
only of certain genes). Despite the usual level of base variation, expected 
due to Illumina sequencing error, the reads are all uniform, indicating 
that the two versions of each gene found in the duplicated mitogenome 
present the same sequence, except for the ambiguous tRNA and the 
tRNAs located in the AT regions. 

3.3. Differences between the mitogenomes of T. carbonaria and 
T. hockingsi 

The pairwise nucleotide divergence between T. carbonaria and 
T. hockingsi across the full mitogenomes was 20.2 %, which is extraor-
dinarily high for what are believed to be recently-diverged congeneric 
and cryptic species. Among the protein coding genes divergence ranges 
from 29.2 % (ATP8) to 16.4 % (CO1). This corroborates previous work 
showing high pairwise nucleotide divergence at mt-CO1 between these 
species and is consistent with a high rate of nucleotide substitution [30]. 
The main differences in structure between these mitogenomes results 
from tRNA genes rearrangements. Tetragonula carbonaria presents an 
inversion of tRNALys (when comparing with the outgroups) and a 
translocation of tRNAAla from cluster 1 to cluster 2 in both sides of each 
duplicated mitogenome, while T. hockingsi presents tRNAAla as single 
copy (Fig. 1). Still, the general characterization and structure of their 
mitogenomes are the same. 

4. Discussion 

4.1. Duplication of the whole mitogenome of T. carbonaria and 
T. hockingsi 

Here we found un unprecedent duplication of the whole mitogenome 
of T. carbonaria and T. hockingsi. Changes in mitogenome architecture 
are extremely rare due to its importance for cellular respiration [3]. 
Where they have been reported previously, they have involved a change 
from a single circular chromosome to either a fragmentation into mul-
tiple circular chromosomes, or to a linearized mitogenome [20]. In 
contrast, Tetragonula carbonaria and T. hockingsi have a circular mito-
genome constituted of two duplicated and mirrored single mitogenomes 
(Figs. 2 and 3), with two different AT-rich regions between them - a 
structure known as an amphimer [36]. This atypical structure may be 
the only form of DNA that can stably retain large duplications with no 

Fig. 1. First assembly (incomplete and linear) of the mitogenomes of Tetragonula carbonaria and Tetragonula hockingsi, compared to mitogenomes deposited in 
GenBank of Lepidotrigona flavibasis (MN747147), Melipona bicolor (AF466146), Bombus ignitus (NC10967) and Apis mellifera syriaca (KY926882). The relationship 
among these species is showed before their names, and were based on the published global stingless bee phylogeny (Rasmussen & Cameron 2010). In red are the 
translocated and inverted genes of T. carbonaria and T. hockingsi, and in green are the translocated genes of T. carbonaria and T. hockingsi. Ambiguous tRNA (G/E 
tRNA, between CO3 and ND3 in T. carbonaria and T. hockingsi): in which nearly half of the aligned reads generated in the Illumina sequencing presented a cytosine, 
and the other half present a thymine in the second position of the anticodon, encoding two different amino acids: glutamic acid and glycine, respectively. AT-rich 
regions (in grey): In T.carbonaria and T. hockingsi, there is a repeated and mirrored region at the head (R1) of their mitogenomes, with an AT-rich region between 
them (AT1). At the tail of their mitogenomes, there is another different repeated and mirrored region (R2) with an internal region inside them, being all these regions 
AT-rich. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 1 
Characterization of the complete mitochondrial genomes of Tetragonula carbonaria and Tetragonula hockingsi. The codons of the tRNA genes are shown in brackets. CDS: 
coding sequence.  

Tetragonula carbonaria Tetragonula hockingsi 

Name Type Position Length (bp) Strand Name Type Position Length (bp) Strand 

AT1 AT 1–124  124  AT1 AT 1–144  144  
Repeat 1 Repeated region 265–125  141  Repeat 1 Repeated region 145–300  156  
tRNALys [ttt] tRNA 56–125  70 + tRNALys [ttt] tRNA 2–71  70 −

tRNAIle [gat] tRNA 169–235  67 − tRNAAla [tgc] tRNA 101–165  65 −

tRNAMet [cat] tRNA 262–331  70 + tRNAIle [gat] tRNA 170–237  68 −

ND2 CDS 483–1346  864 + tRNAMet [cat] tRNA 265–332  68 +

tRNAAla [tgc] tRNA 1446–1509  64 − ND2 CDS 477–1349  873 +

tRNACys [gca] tRNA 1448–1513  66 + tRNACys [gca] tRNA 1460–1526  67 +

tRNATrp [tca] tRNA 1552–1619  68 + tRNATrp [tca] tRNA 1581–1649  69 +

tRNATyr [gta] tRNA 1643–1708  66 − tRNATyr [gta] tRNA 1679–1746  68 −

CO1 CDS 1798–3294  1497 + CO1 CDS 1819–3345  1527 +

tRNALeu2 [taa] tRNA 3354–3420  67 + tRNALeu2 [taa] tRNA 3391–3456  66 +

CO2 CDS 3442–4086  645 + CO2 CDS 3478–4122  645 +

tRNAAsp [gtc] tRNA 4112–4180  69 + tRNAAsp [gtc] tRNA 4148–4216  69 +

ATP8 CDS 4181–4342  162 + ATP8 CDS 4217–4381  165 +

ATP6 CDS 4348–5019  672 + ATP6 CDS 4456–5058  603 +

CO3 CDS 5028–5795  768 + CO3 CDS 5067–5834  768 +

tRNAGlu [ttc] tRNA 5825–5892  68 + tRNAGlu [ttc] tRNA 5873–5943  71 +

ND3 CDS 5923–6237  315 + ND3 CDS 5944–6288  345 +

tRNAArg [tcg] tRNA 6246–6311  66 − tRNAArg [tcg] tRNA 6298–6364  67 −

tRNAGln [ttg] tRNA 6449–6515  67 + tRNAGln [ttg] tRNA 6475–6541  67 +

srRNA (12S) rRNA 6525–7294  770 + srRNA (12S) rRNA 6550–7322  773 +

tRNAVal [tac] tRNA 7294–7360  67 + tRNAVal [tac] tRNA 7319–7385  67 +

lrRNA (16S) rRNA 7349–8733  1385 + lrRNA (16S) rRNA 7387–8756  1370 +

tRNALeu1 [tag] tRNA 8711–8779  69 + tRNALeu1 [tag] tRNA 8734–8800  67 +

ND1 CDS 8780–9664  885 + ND1 CDS 8813–9658  846 +

tRNASer2 [tga] tRNA 9705–9771  67 − tRNASer2 [tga] tRNA 9726–9792  67 −

CytB CDS 9836–10,876  1041 − CytB CDS 9857–10,930  1074 −

ND6 CDS 10,942–11,430  489 − ND6 CDS 10,963–11,463  501 −

tRNAThr [tga] tRNA 11,505–11,573  69 + tRNAThr [tga] tRNA 11,526–11,593  68 +

tRNAAsn [gtt] tRNA 11,676–11,745  70 + tRNAAsn [gtt] tRNA 11,710–11,778  69 +

tRNAPhe [gaa] tRNA 11,771–11,838  68 − tRNAPhe [gaa] tRNA 11,792–11,854  63 −

ND5 CDS 12,088–13,461  1374 − ND5 CDS 12,061–13,482  1422 −

tRNAHis [gtg] tRNA 13,498–13,564  67 − tRNAHis [gtg] tRNA 13,519–13,585  67 −

ND4 CDS 13,581–14,858  1278 − ND4 CDS 13,596–14,813  1218 −

ND4L CDS 14,882–15,133  252 − ND4L CDS 14,899–15,150  252 −

tRNAPro [tgg] tRNA 15,240–15,305  66 − tRNAPro [tgg] tRNA 15,271–15,336  66 −

tRNASer1 [tct] tRNA 15,365–15,425  61 + tRNASer1 [tct] tRNA 15,374–15,434  61 −

Repeat 2 Repeated region 15,227–15,338  112  Repeat 2 Repeated region 15,241–15,368  128  
AT2 AT 15,339–15,450  112  AT2 AT 15,369–15,438  70  
Repeat 2 Repeated region 15,451–15,562  112  Repeat 2 region Repeated region 15,566–15,439  128  
tRNAPro [tgg] tRNA 15,486–15,551  66 + tRNAPro [tgg] tRNA 15,471–15,536  66 +

ND4L CDS 15,658–15,909  252 + ND4L CDS 15,657–15,908  252 +

ND4 CDS 15,933–17,210  1278 + ND4 CDS 15,994–17,211  1218 +

tRNAHis [gtg] tRNA 17,227–17,293  67 + tRNAHis [gtg] tRNA 17,222–17,288  67 +

ND5 CDS 17,330–18,703  1374 + ND5 CDS 17,325–18,746  1422 +

tRNAPhe [gaa] tRNA 18,953–19,020  68 + tRNAPhe [gaa] tRNA 18,953–19,015  63 +

tRNAAsn [gtt] tRNA 19,046–19,115  70 − tRNAAsn [gtt] tRNA 19,029–19,097  69 −

tRNAThr [tga] tRNA 19,218–19,286  69 − tRNAThr [tga] tRNA 19,214–19,281  68 −

ND6 CDS 19,361–19,849  489 + ND6 CDS 19,344–19,844  501 +

CytB CDS 19,915–20,955  1041 + CytB CDS 19,877–20,950  1074 +

tRNASer2 [tga] tRNA 21,020–21,086  67 + tRNASer2 [tga] tRNA 21,015–21,081  67 +

ND1 CDS 21,127–22,011  885 − ND1 CDS 21,149–21,994  846 −

tRNALeu1 [tag] tRNA 22,011–22,079  69 − tRNALeu1 [tag] tRNA 22,007–22,073  67 −

lrRNA (16S) rRNA 22,058–23,442  1385 − lrRNA (16S) rRNA 22,051–23,420  1370 −

tRNAVal [tac] tRNA 23,430–23,496  67 − tRNAVal [tac] tRNA 23,488–23,422  0 −

srRNA (12S) rRNA 23,497–24,266  770 − srRNA (12S) rRNA 23,485–24,257  773 −

tRNAGln [ttg] tRNA 24,276–24,342  67 − tRNAGln [ttg] tRNA 24,266–24,332  67 −

tRNAArg [tcg] tRNA 24,480–24,545  66 + tRNAArg [tcg] tRNA 24,443–24,509  67 +

ND3 CDS 24,554–24,868  315 − ND3 CDS 24,519–24,863  345 −

tRNAGly [tcc] tRNA 24,899–24,966  68 − tRNAGly [tcc] tRNA 24,864–24,934  71 −

CO3 CDS 24,996–25,763  768 − CO3 CDS 24,973–25,740  768 −

ATP6 CDS 25,772–26,443  672 − ATP6 CDS 25,749–26,351  603 −

ATP8 CDS 26,449–26,610  162 − ATP8 CDS 26,426–26,590  165 −

tRNAAsp [gtc] tRNA 26,611–26,679  69 − tRNAAsp [gtc] tRNA 26,591–26,659  69 −

CO2 CDS 26,705–27,349  645 − CO2 CDS 26,685–27,329  645 −

tRNALeu2 [taa] tRNA 27,371–27,437  67 − tRNALeu2 [taa] tRNA 27,351–27,416  66 −

CO1 CDS 27,497–28,993  1497 − CO1 CDS 27,462–28,988  1527 −

tRNATyr [gta] tRNA 29,083–29,148  66 + tRNATyr [gta] tRNA 29,061–29,128  68 +

tRNATrp [tca] tRNA 29,172–29,239  68 − tRNATrp [tca] tRNA 29,226–29,158  69 −

tRNACys [gca] tRNA 29,277–29,342  66 − tRNACys [gca] tRNA 29,347–29,281  67 −

tRNAAla [tgc] tRNA 29,281–29,344  64 + ND2 CDS 29,458–30,330  873 −

(continued on next page) 
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impairments of replication and transcription [36]. Although amphi-
meric genomes have been reported in some bacterial and yeast plasmids, 
and in chloroplasts of algae and higher plants, an amphimeric structure 
in mitochondrial genomes is extremely rare [36]. The duplication here 
reported could have arisen in the ancestral species of the Carbonaria 
species complex from the replication of a single mitogenome in which 
copies broke and fused at the control region, forming a final structure 
compound of two mirrored identical single mitogenomes (Fig. 4), except 
the tRNAGLY and the tRNAGLU (the “ambiguous tRNA”), that are present 
in single copies in mirrored positions, and the tRNASER1 and tRNALYS, 
that are present in single copies in the AT1 and AT2 regions, respectively 
(Figs. 2 and 3). 

The symmetry in both copies of the duplicated mitogenome identi-
fied here, in which each mirrored mitogenome shares practically iden-
tical bases, is unexpected, particularly as it challenges the Tandem 
Duplication – Random Loss mechanism (TD-RL) [37]. In this model, 
gene duplication should enable loosening of selection on one of the 
copies, and consequently result in mutation accumulation and even 
random loss of one copy of each gene [37–39]. An example of this TD-RL 
mechanism was described in the parthenogenetic geckos from the Het-
eronotia binoei complex. These species have mitogenomes that range in 
size from 17 to 27 kb as a result of tandem replications (Moritz 1991, 
Zevering et al. 1991, Fujita et al. 2007). In one parthenogenic lineage 
(3N2), mitochondrial genes evolve as expected when they exist in 

duplicate: one gene copy remains active and functional, whereas de-
letions and base-pair mutations render the other copy a pseudogene 
[40–42]. In contrast to Heteronotia geckos, the mitogenome structure of 
Tetragonula suggests that an efficient repair system between duplicated 
copies must exist. A possible explanation for this gene conservation 
within the duplicated mitogenome is the homogenizing effect of gene 
conversion [42,43]. Gene conversion has been observed between 
duplicated control regions of the mitogenomes of several taxa, including 
birds [44], snakes [12], ticks [45], Australasian agamid lizards [46] and 
sea cucumbers [47]. In plants, gene conversion is commonly observed in 
their plastidial genomes. Nearly all land plants have a plastome 
composed of two copies of an inverted repeat (IR) region, and two 
different single-copy (SC) regions. The two copies of the IR region nor-
mally have low divergence when comparing to the two SC regions, 
suggesting that the duplicative nature of the IR reduces the substitution 
rate within this region [48]. Perry & Wolfe [49] observed that when this 
IR is lost, as in the IR-lacking clade of legumes, the synonymous sub-
stitution rate of the remaining IR copy increased to a value similar to 
that of other SC genes. These findings suggest that the reduced substi-
tution rate is linked to the duplicative nature of the IR because of a copy- 
dependent repair mechanism. However, while gene conversion could 
explain the homogenization of genes within each duplicated mitoge-
nome of Tetragonula, it itself does not explain the high rate of nucleotide 
substitutions in this genus. Nevertheless, as observed in Tetragonula, 

Table 1 (continued ) 

Tetragonula carbonaria Tetragonula hockingsi 

Name Type Position Length (bp) Strand Name Type Position Length (bp) Strand 

ND2 CDS 29,447–30,307  861 − tRNAMet [cat] tRNA 30,475–30,542  68 −

tRNAMet [cat] tRNA 30,459–30,528  70 − tRNAIle [gat] tRNA 30,570–30,637  68 +

tRNAIle [gat] tRNA 30,555–30,621  67 + Repeat 1 Repeated region 30,507–30,662  156  
Repeat 1 Repeated region 30,525–30,665  141        

Table 2 
Characterization of mitochondrial genomes of bees, highlighting the species Tetragonula carbonaria and Tetragonula hockingsi (in bold), that curiously presented two 
regions compatible with the AT region in bees. Philanthus triangulum (wasp) and Squilla mantis (shrimp; ancestral pancrustacean) were used as outgroups. Adapted from 
Françoso et al. (2019).  

Species Length (bp) A (%) T (%) AT (%) C (%) G (%) CG (%) AT rich region GenBank access number 

Length A (%) T (%) 

Andrena bicolor  15,422  43.6  35.8  79.4  13.4  7.2  20.6 – – – KT164666 
Andrena camellia  15,065  46  32.6  78.6  14.7  6.7  21.4 396 48.2 31.1 KX241615 
Apis andreniformis  17,529  41.7  44.2  85.9  7.5  6.6  14.1 1123 47.2 47.3 KF736157 
Apis cerana  15,895  42.3  41.6  83.9  9.8  6.3  16.1 562 46.3 49.6 NC014295 (GQ162109) 
Apis cerana japonica  15,917  42.3  41.7  84  9.7  6.3  16 568 46.6 50.5 AP017314 
Apis florea  17,694  44.7  41.4  86.1  8.8  5.1  13.9 1987 56.6 37.1 JX982136 (NC_021401) 
Apis koschevnikovi  16,050  42.5  42.1  84.6  9.3  6.1  15.4 952 47 48.2 KY348372 
Apis mellifera capensis  16,470  43.3  41.5  84.8  9.6  5.6  15.2 881 51.4 44.7 KX870183 
Bombus consobrinus  17,966  43.7  43  86.7  8.8  4.5  13.3 – – – MF995069 
Bombus ignitus  16,434  43.5  43.3  86.8  8.4  4.8  13.2 859 49 47 DQ870926 (NC010967) 
Bombus lapidarius  17,817  44.1  41.8  85.9  9.7  4.4  14.1 – – – KT164641 
Colletes gigas  15,885  42.1  44.1  86.2  7.4  6.4  13.8 539 41.4 42.1 NC026218 (KM978210) 
Frieseomelitta varia  15,144  39.6  48.2  87.8  5.3  6.9  12.2 198 49.5 48 WNWW01002174 
Halictus tumulorum  15,268  40.4  41.1  81.5  12.2  6.3  18.5 – – – KT164609 
Hylaeus dilatatus  15,475  44.3  41.5  85.8  8.8  5.4  14.2 – – – NC026468 (KP126800) 
Lasioglossum lativentre  13,069  40.2  40.3  80.5  12.8  6.6  19.5 – – – KT164682 
Lepidotrigona flavibasis  15,408  38.9  39.4  78.3  10.7  11  21.7 344 47 38.8 MN747147 
Megachile sculpturalis  16,581  42.8  40.6  83.4  10.7  5.9  16.6 1289 42.7 46 NC028017 (KT223644) 
Melipona bicolor  14,422  44  42.7  86.7  8.3  5  13.3 255 42 56.1 NC004529 
Melipona scutellaris  14,862  43.9  42.9  86.8  8.2  5  13.2 – – – NC026198 (KP202303) 
Nomada goodeniana  15,201  41  45.2  86.2  6.9  6.9  13.8 – – – RSZAXPI001602–16 
Rediviva intermixa  16,875  38.5  41.3  79.8  10.6  9.6  20.2 1186 27.8 26 NC030284 (KR864834) 
Tetrapedia diversipes  15,358  42.6  41.7  84.3  9.8  5.9  15.7 588 43 43.5 NC060989 
Tetragonula carbonaria  30,666  35.9  36.5  72.3  13.9  13.8  27.7 AT1: 124 44.4 42.7 OQ918628 

AT2: 112 46.4 39.3 
Tetragonula hockingsi  30,662  36  36.4  72.4  14  13.6  27.6 AT1: 144 40.3 46.5 OQ918629 

AT2: 70 42.9 42.9 
Philanthus triangulum  16,029  44.4  39.2  83.6  10.3  6.1  16.4 1039 39.5 46.2 NC017007 (JN871914) 
Squilla mantis  15,994  35.1  35.1  70.2  16.8  13  29.8 862 42.2 34.5 AY639936  
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some genera of plants such as Pelargonium, Plantago and Silene present 
highly accelerated synonymous rates despite their IR location, indi-
cating hypermutation [42]. This hypermutation would be induced by a 
higher level of error-prone double-strand break repair in these regions, 
which generates substitutional rate variation [42] but still within the 
constraint of a strong purifying selection. 

4.2. Mitogenome duplication and asymmetry in tRNA – a one-way ticket 

The only difference found between the mirrored copies of the 
duplicated mitogenomes of Tetragonula outside the AT regions (where 
the break point occurred and may have resulted in loss of some tRNAs; 
Figs. 2 and 3) is the second base of the anticodon of a tRNA that encodes 
for glutamic acid in one side of the mitogenome, and glycine in the 
other. These ambiguous tRNA genes found in the Tetragonula species are 
presented side by side in both species of Lepidotrigona due to a trans-
location of tRNAGLU to beside the tRNAGLY, between CO3 and ND3 genes 
(Fig. 1) [25]. This rearrangement in Lepidotrigona suggests, in this order: 
1) a whole mitogenome duplication with both tRNAGLY and tRNAGLU in 
each side of the duplicated mitogenome; 2) a substitution of the second 
base of the tRNAGLY anticodon in one copy of this gene, transforming it 
in tRNAGLU; and 3) loss of both copies of the original tRNAGLU in the 
duplicated mitogenome. Corroborating this hypothesis of a stochastic 
mutation shifting a tRNAGLY into a tRNAGLU, the base composition of 
both tRNAs is identical, except for the mutated base. The sequence size 
of both tRNAs of T. carbonaria and T. hockingsi is 67 bp, with just one 
base difference. For comparisons L. flavibasis has 27 divergent sites be-
tween tRNAGLU and tRNAGLY in 71 bp; M. bicolor has 17 divergent sites in 
70 bp; B. ignitus has 17 divergent sites in 77 bp; and A. mellifera has 16 
divergent sites in 68 bp, showing that tRNAGLU and tRNAGLY have 

significant divergences in these species, but the same origin in 
Tetragonula. 

Although duplication of the whole circular mitogenome appears to 
be rare, this structure, including the polymorphism in tRNA, is not 
unique among the Bilateria [21,22]. In this respect, Tetragonula mito-
genomes share some similarity with the mitogenomes of various line-
ages of terrestrial isopods (crustaceans of the suborder Oniscidea). In 
these species, the whole mitogenome is also duplicated, with two 
atypical conformations of mitogenomes described: one linear of ~14Kb 
containing the standard animal mitochondrial genes; and one circular of 
~28Kb, consisting of two fused mitogenomes, arranged in a mirrored 
structure [21,22]. Here too, the presence of heteroplasmy in some tRNA 
loci encoding two alternative tRNAs was described in different oniscid 
lineages [50,51]. Like Tetragonula, all lineages present the same two 
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Fig. 2. The complete mitochondrial genome of Tetragonula carbonaria, 
comprised of two mirrored identical single mitogenomes (excepted tRNAs 
present in single copies, in bold), separated from each other by two distinct 
fragments of the original AT-rich region (AT1 and AT2) inside of two repeated 
regions (R1and R2). A: Alanine; C: Cysteine; D: Aspartic acid; E: Glutamic acid; 
F: Phenylalanine; G: Glycine; H: Histidine; I: Isoleucine; K: Lysine; L: Leucine; 
M: Methionine; N: Asparagine; P: Proline; Q: Glutamine; R: Arginine; S: Serine; 
T: Threonine; V: Valine; W: Tryptophan; Y: Tyrosine. 
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Fig. 3. - The complete mitochondrial genome of Tetragonula hockingsi, 
comprised of two mirrored identical single mitogenomes (excepted tRNAs 
present in single copies, in bold), separated from each other by two distinct 
fragments of the original AT-rich region (AT1 and AT2) inside of two repeated 
regions (R1and R2). A: Alanine; C: Cysteine; D: Aspartic acid; E: Glutamic acid; 
F: Phenylalanine; G: Glycine; H: Histidine; I: Isoleucine; K: Lysine; L: Leucine; 
M: Methionine; N: Asparagine; P: Proline; Q: Glutamine; R: Arginine; S: Serine; 
T: Threonine; V: Valine; W: Tryptophan; Y: Tyrosine. 

Fig. 4. Hypothesis about the origin of the whole genome duplication in Tet-
ragonula carbonaria and Tetragonula hockingsi. A, B and C represent the normal 
stages of mitochondrial genome replication, followed by a break in the control 
region (D, in black), resulting in two repeated regions before and after each half 
of control region, and two internal regions between these repeated regions, rich 
in “A” and “T” (E). 
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expected bases at very similar frequencies (~50 %) at the shared SNPs 
[51]. In this group, the idea that dimers arise from replication of the 
linear monomers was excluded, since the duplicated mitogenome ex-
pected would have totally identical monomers, and this is not the case 
with the ambiguous tRNA loci. Using long read sequencing technology, 
Peccoud et al. [51] concluded that most, if not all, dimers derive from 
the replication of the other circular dimers, and that monomers would be 
unable to replicate due to their hairpins. In these oniscids, the two 
mirrored tRNA genes are thought to have been identical in the ancestral 
dimeric genome, and to have become asymmetric over time due to an 
“anticodon shift” (from TGC to TAC via base substitution). 

The ambiguous tRNA loci in both oniscids and Tetragonula is an 
example of balancing selection, in which essential heteroplasmy is 
maintained [50,51]; that is, the maintenance of duplicated mitogenomes 
would ensure the inheritance of all essential tRNAs [51]. The duplica-
tion and the asymmetry therefore represent a one-way ticket, because a 
regression to the original form of a single mitogenome would never be 
parsimoniously viable (although some gene loss could occur at some 
point through the TD-RL mechanism). The unusual duplicated structure 
of Tetragonula mitogenomes indeed may be considered adaptive, since it 
cannot be reversed. 

Small size is a characteristic of mitogenomes that are under selection. 
Mitogenomes of animals have high rates of replication, and mtDNA 
transcription puts a limit on metabolic processes in tissues with high 
energy demands [18,52,53]. Consequently, an asymmetric duplicated 
and functional genome may provide efficiencies when compared to two 
single mitogenomes, as it can save energy during replication and tran-
scription [51]. The results reported here provide a framework for testing 
the functional consequences of having a duplicated mitogenome. 

4.3. Rearrangements in the mitogenome 

Extreme rearrangement in the mitogenome is considered rare event, 
but when it happened, they can provide valuable information about 
mitogenome function and evolution. In both T. carbonaria and 
T. hockingsi, an entire block containing the genes ND6, CytB, ND1, 16S, 
12S and some tRNAs has been translocated and inverted; and another 
entire block containing the genes ND5, ND4, ND4L and some tRNAs 
genes has been translocated, relative to the mitogenomes of most other 
bees (Fig. 1). The same rearrangement (except by some tRNA trans-
locations) was described in the mitogenomes of the stingless bees Lep-
idotrigona flavibasis and Lepidotrigona terminate [25], but with no 
evidence of mitogenome duplication in those species (Fig. 1). Interest-
ingly, the break points of these rearrangements coincide with the three 
polycistronic transcripts found in the mitogenome of the solitary bee 
Tetrapedia diversipes [54], indicating independence of each block in the 
transcriptional process, which may have allowed the rearrangements 
found in Tetragonula to occur without compromising mitochondrial 
activity. 

In the stingless bee F. varia, a similar reshuffling in gene order was 
described in one block of genes. In F. varia the first break point was after 
the ND3 gene, and the entire block with the genes ND5, ND4 and ND4L 
(genes labelled green in the Tetragonula mitogenomes in Fig. 1) is 
inverted and translocated. Unlike Tetragonula, however, a second block 
with the genes ND1, 16S, 12S and the AT-rich region was also inverted 
and translocated in F. varia [24]. 

Rare gene rearrangements that are shared by different lineages that 
have a common ancestor are a valuable tool for phylogenetics studies 
[55–58]. Tetragonula and Lepidotrigona belong both to the Indo-Malay/ 
Australasian group inside the Meliponini tribe [59], indicating that 
this extreme rearrangement in their mitogenomes may be present in the 
whole Indo-Malay/Australasian group. Frieseomelitta belongs to the 
Neotropical group of Meliponini, and the estimated divergence between 
this group and the Indo-Malay/Australasian is at least 70MYBP [59]. 
More studies on mitogenome evolution in meliponines from across their 
distribution are needed to understand if these rearrangements described 

in Tetragonula, Lepidotrigona and Frieseomelitta have a common ancestor 
or if they were independent events in common mitogenome regions. 

4.4. Rapid evolution 

The high mutation rate in mtDNA is unexpected because of the 
essential functions of mitochondrial genes [8]. Most mutations accu-
mulating in mitogenomes are usually considered neutral (i.e. mostly 
synonymous), due to strong purifying selection [7,60–63]. However, it 
is now recognized that some mtDNA polymorphisms can contribute to 
key evolutionary processes such as phenotypic variation, adaptation to 
different climates, and speciation [3,7,60–69]. 

The mutation rate of mitogenomes ranges from 15 to 34 substitutions 
per site per billion years for all bilaterian animal groups, which is 9 to 25 
times those for the nuclear genomes in the same lineages [4]. For in-
vertebrates, this rate varies between 2 and 6 times [23,70], being 2.4 
times faster in Drosophila, and 35 times faster in the parasitic wasp 
Nasonia – one of the highest substitution rates known [23]. In the Car-
bonaria complex, current evidence of an approximately 26 times higher 
mutation rate in mtDNA relative to nuclear genes [71] points to a rate of 
mitochondrial substitution that is much higher than that observed in 
nearly all other insects. Non-coding nuclear sequences flanking EF-1α 
(10 kb) and Opsin (26 kb) genes of T. carbonaria and T. hockingsi revealed 
very low nucleotide divergence (0.7–1 %) [71], indicating that rapid 
evolution in this group is a mitochondrial phenomenon. Most of the 
mutations are synonymous and biased to GC. Given the importance of 
mitochondrial genes to cell function, this suggests a very strong pur-
ifying selection “protecting” the integrity of mitochondrial genes. Mu-
tation accumulation is not uniform across the protein coding genes of 
the mitogenome. In Tetragonula, the ATP8 gene was the most divergent 
between species (29.2 %), followed by ND3 and ND6 (27.7 % and 27.2 
%, respectively). These results are like those described for the parasitic 
wasp Nasonia [23], showing that these genes have the highest acceler-
ated mutation rate among these mitogenomes. 

Elevated sequence divergence, frequent rearrangement of mito-
chondrial genes, and fragmentation of the mitogenome was observed in 
a genus of booklice, Liposcelis [20], despite strong purifying selection. 
Comparing this genus to other Metazoan clades, Feng et al. [20] 
observed that species that are more closely related to species with 
fragmented mitogenomes also exhibit higher sequence divergence. The 
authors hypothesize that rapid mitogenome evolution might be 
explained by a faster mitogenome replication rate, whereby high repli-
cation rates can decrease the gene order stability, and sometimes 
sporadically lead to mitogenome fragmentation. In fact, given the long 
branches in the phylogeny in Tetragonula [30] and in Lepidotrigona [25], 
the whole Indo-Malay/Australasian group is likely to experience rapid 
evolution in their mitogenomes, being particularly elevated in the 
Australian species of the Carbonaria complex. The mitogenomes of 
Lepidotrigona also presented lower AT content when compared to bees 
mitogenomes in general (78.34 %) [25], indicating a GC-biased 
mutation. 

Investigating variations in the mitogenome structure and gene order 
across Indo-Malay/Australasian group will shed further light on the 
relationship between atypical mitogenome structure and rapid rates of 
nucleotide substitution. Furthermore, continued work is needed to un-
derstand if the high mutation rate and, consequently, the high mito-
chondrial diversity in this group plays a role in their diversification and 
speciation [3,7,62]. 

4.5. Rapid evolution, rearrangements & duplicated mitogenomes in the 
Carbonaria complex 

The mitogenome of Lepidotrigona is a key missing link that sheds light 
on the likely temporal order in which accelerated evolution, rear-
rangements and mitogenome duplication happened in the Carbonaria 
complex, since both rapid evolution and the same rare mitogenome 
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rearrangement pattern are observed in the Lepidotrigona mitogenome, 
but with no evidence of mitogenome duplication [25]. Thus the rapid 
evolution and the mitogenome rearrangement may be present in the 
whole Indo-Malay/Australasian group, though with the rapid evolution 
more intensified in the Tetragonula genus, especially in the Carbonaria 
complex. This exceptional higher rate of mitochondrial evolution in the 
Carbonaria complex could be explained by a) The founding effect: As 
discussed by Françoso et al. [30], the ancestor of this complex likely 
migrated from South-East Asia to Australia [26] and diverged into at 
least four endemic species (including T. carbonaria and T. hockingsi) 
[28]. Rapid evolution could be the result of a founder effect with a 
population bottleneck followed by expansions [30,72–75]; b) The low 
effective population size: Tetragonula are eusocial bees (in which just 
queens and males are reproductive) [76,77], and probably monandrous 
[78,79], which further decreases their effective population size. This 
very low effective population size could allow the fixation of a mito-
chondrial haplotype with suboptimal conditions in this new environ-
ment during the colonization of Australia. As a compensatory 
mechanism, the mitochondrial activity increased, intensifying rates of 
replication and transcription [23]. This increase of mitochondrial ac-
tivity could lead to hypermutation driven by the release of free radicals 
as a subproduct of the electron transport chain. c) Mitogenome dupli-
cation: The duplicated mitogenome may elevate the rate of nucleotide 
substitutions that can be tolerated. First, mutations occur in one dupli-
cated copy that are neutral or positive. Then, the repair mechanism, 
probably through recombination during the replication of the genome 
can homogenize the new mutations and fix them in both copies – similar 
to the homogenization mechanism that occurs in the duplicated regions 
of plant plastomes (gene conversion). This could explain the rapid 
evolution in the mitogenomes observed between species, while simul-
taneously explaining why both copies of the duplicated mitogenomes 
are (practically) identical. Still, the up regulation of mitochondrial ac-
tivity caused by the duplicated genes would generate unusually high 
rates of respiration and consequently, increase even more the mutation 
rate and the rapid evolution. 

5. Conclusion 

The atypical mitogenomes of T. carbonaria and T. hockingsi described 
here are unique and are remarkable in their rapid evolution, rear-
rangements, and whole genome duplication. They highlight that mito-
genomes can be evolutionarily dynamic, and that diversity in their 
structure and evolution needs to be studied further. Because the features 
of Tetragonula mitogenomes deviate from most mitogenomes described 
so far, they provide a model system to address questions of mitogenome 
function and evolution such as replication, transcription, regulation, 
recombination, repair mechanisms, purifying selection, balancing se-
lection, concerted evolution, mitonuclear ecology, and speciation. 
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