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Abstract — The analysis of mitochondrial DNA polymorphism has been applied in multiple organisms to obtain
information about species biology, ecology, population dynamics, and evolution. In this manuscript, the complete
sequencing and characterization of the mitochondrial genome (mtGenome) of Tetrapedia diversipes are reported
and discussed from comparative and evolutionary perspectives among all mtGenomes available for bees so far. The
T. diversipes mtGenome is 15,358 bp long and exhibits the typical set of genes and an A+T-rich region of 588 bp.
The overall base composition is biased towards A/T (84.3%), with 42.6% A, 41.7% T, 9.8% C, and 5.9% G
nucleotides. The obtained data also comprise the mitochondrial DNA methylation and single-nucleotide polymor-
phic sites of one 7. diversipes population. Transcription follows the “tRNA punctuation” model, with at least three
primary polycistronic transcripts that are posteriorly processed. Additionally, higher expression rates of the /6S gene
suggest the existence of an exclusive transcription site in this region, and the differential expression of the /25 gene
between larvae and adults reveals different isoforms for this gene. The sequence order of protein-coding and rRNA
genes is conserved across different bee lineages, and differences are restricted to tRNA gene positions. The present
results characterize numerous understudied aspects of bee mtGenomes, and a major evolutionary review of this
molecule within the group is provided. Therefore, this work is a valuable resource for studying mitochondrial
molecular biology and evolution in bees.

mtGenome organization / mitochondrial methylation / mitochondrial transcription / oil-collecting bees /
Tetrapedia diversipes

1. INTRODUCTION

Since the completion of the first mitochondrial
genome (mtGenome) from humans in 1981
(Anderson et al. 1981), thousands of these
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molecules have been sequenced. At present, ac-
cording to the NCBI database, the genome of this
organelle is the most sequenced cukaryotic ge-
nome, and approximately 80 complete or nearly
complete mtGenomes of bees have been made
publicly available. In contrast to this trend, other
characteristics of mitochondrial DNA (mtDNA)
molecules have rarely been described (Smith
2015; Tian and Smith 2016). Therefore, data on
other mitochondrial characteristics, such as mito-
chondrial transcription (Stewart and Beckenbach
2009; Margam et al. 2011) and methylation
(Tacobazzi et al. 2013; Mawlood et al. 2016), are
missing for most organisms.
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Nevertheless, a great number of studies rely on
the analysis of mtDNA sequence polymorphisms
to obtain information on species biology, ecology,
population dynamics, and evolution (Avise et al.
1987; Beheregaray 2008; Hickerson et al. 2010).
In Hymenoptera, mtGenomes have been especial-
ly useful for evolutionary and phylogenetic anal-
yses because rearrangements in this molecule are
frequent in this group (Mao et al. 2015).

The vast majority of bee species are solitary
(Michener 2007), and although they are top polli-
nators of crops and wild plants, solitary bees are
extremely underrepresented in genetic studies
(Neumann and Seidelmann 2006). Tetrapedia
diversipes Klug (1810) is a solitary oil-
collecting bee of the tribe Tetrapediini (Michener
2007) distributed from Costa Rica to Argentina
(Moure 2012) that nests in pre-existing holes in
wood, including trap nests (Aguiar and Martins
2002; Alves-dos-Santos 2003; Gazola and
Gardéfalo 2009). Given its wide distribution and
nesting aggregation behavior, this bee species is
easy to manage and sample, which makes
T. diversipes a useful Neotropical solitary bee
model.

In the present manuscript, the sequencing and
characterization of the 7. diversipes mtGenome is
described and discussed from an evolutionary
perspective. The obtained data comprise the com-
plete sequencing and annotation (including the
A+T region) results for the molecule along with
its transcriptomic and DNA methylation profiles
and the identification of single-nucleotide poly-
morphism sites (SNPs) from one population. In
addition to the identified genomic characteristics,
inferences about the evolutionary dynamics of the
mtDNA in bees were made based on a major
comparative review with other bee mtGenome
sequences available at GenBank.

2. MATERIALS AND METHODS
2.1. Sampling and DNA extraction

All samples were obtained from the same trap
nest aggregation in Sao Paulo, Brazil (23° 33" S),
thus representing one population of 7. diversipes .
To increase the sequencing coverage and avoid
numts (nuclear copies of mitochondrial origin),
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some DNA extracts were enriched for mtGenome
sequences using the protocol described by
Francoso et al. (2015). Library preparation and
sample sequencing on both Illumina® and Sanger
platforms were performed by Macrogen (South
Korea). For DNA methylation analyses, whole-
bisulfite sequencing was conducted on the
[llumina® NextSeq 500 platform at the University
of Georgia following the protocol described in
(Urich et al. 2015).

2.2. The complete mitochondrial genome
sequence, assembly and annotation

To guarantee assembly quality and sequence
completeness, different strategies were combined
to obtain the entire mtGenome of 7. diversipes :

1. Mitochondrial enrichment followed by
NGS—the first partial assembly. Under this
approach, Illumina® sequencing of
4,000,000 single reads (approximate size of
100 bp), representing more than 2,000-fold
coverage, was performed in DNA extracts
enriched for mtDNA molecules from one
female bee. Library preparation was per-
formed according to the instructions of the
manufacturer as adapted by Monica Carlsen
(personal communication). The quality of the
[llumina reads was evaluated using the
FastQC v0.11.2 program (Andrews 2010).
This dataset was then independently assem-
bled in two ways. [1A] First, Geneious Pro
v5.6.3 software (Kearse et al. 2012) and the
raw reads were used. Reference assemblies
(based on the mtGenomes of Apis mellifera
[NC 001566] and Bombus ignitus
[NC _010967]) and denovo assembly were
performed. Contigs congruent in all three as-
semblies were then extended, realigning all
reads to them iteratively. After each iteration,
the extended sequence was manually curated.
[1B] The second assembly strategy relied on
the MITObim v1.8 program (Hahn et al.
2013). Under this approach, reads were ini-
tially cleaned by removing the first two nu-
cleotides with the FASTX v0.0.14 toolkit
(Gordon 2009), and low-quality bases (phred
score below 20) and small reads (less than 20
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nucleotides) were removed with Seqyclean
v1.9.10 (Zhbannikov et al. 2017). To main-
tain a maximum coverage of 50-fold, as indi-
cated for the MITObim pipeline, the cleaned
reads were digitally normalized before as-
sembly following the protocol of Brown
et al. (2012). Paired reads were interleaved
using khmer v2.0 (Crusoe et al. 2015). The
final MITObim assembly was conducted with
a combination of three different approaches
using denovo and reference-based exten-
sions, referred to here named ASB0O, ASB1,
and ASB2. For the de novo assembly
(ASBO), a fragment of the Cytochrome C
Oxidase I (CO1) gene from T diversipes
was used as the seed. In the reference assem-
bly (ASB1), the complete mitochondrial ge-
nome from B. ignitus was used as a reference.
For the ASB2 assembly, the contigs resulting
from ASB1 were used as extension seeds for
a new denovo assembly. Posteriorly, ASBO,
ASB1, and ASB2 were aligned using
Geneious to obtain a manually curated con-
sensus sequence combining all three assem-
blies. This consensus sequence was used as a
reference in a new assembly with MITObim,
which returned the final 1B assembly. Final-
ly, assemblies 1A and 1B were compared to
generate a consensus sequence.

NGS of nonenriched DNA—the second par-
tial assembly. Independent sequencing of the
total DNA from one T. diversipes male was
performed using the TruSeq DNA PCR-Free
kit for paired-end library preparation and
the Illumina® HiSeq 2500 platform, gener-
ating 293,600,062 paired reads. Based on
the first partial genome as a reference, these
new sequencing data were assembled under
a reference-guided approach with Geneious
v9.1.6. All parameters used were the de-
faults, and the Bowtie2 aligner was set to
“fast accurate read mapper and end to end
alignment”. Due to the presence of paired-
end reads, the coverage of the aligned reads
from this new dataset was more homoge-
neous than that generated previously,
allowing the extension and completion of
some missing regions compared with the
first partial mtGenome.
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3. Sanger sequencing—mtGenome final assem-
bly. PCR extension followed by Sanger se-
quencing was performed to solve low-support
regions (i.e., regions with low coverage) and
ambiguities between assemblies and to recov-
er missing regions. Several primers were de-
signed using Primer3 (Rozen and Skaletsky
2000) (Table S1; Figure S1) and tested using
all the possible combinations for the L and H
strands. The PCR conditions followed
Francoso and Arias (2013), with the anneal-
ing temperatures ranging from 38 to 56 °C.
The amplification of the A+T-rich region
failed in direct sequencing attempts; thus, this
region was cloned into the pGEM plasmid
vector (PROMEGA), which was then used
to transform competent Escherichia coli
DHS5-a cells prior to sequencing. Genome
annotation was performed using the MITOS
web server (Bernt et al. 2013), which employs
a specialized algorithm that uses similarities
and structure-based searches to improve mi-
tochondrial genome annotation.

2.3. Transcript assembly

The RNA-Seq data for 7. diversipes adults and
larvaec were obtained from Araujo et al. (2018).
Mitochondrial transcripts from both developmen-
tal stages were assembled using the reference and
denovo assembly methods. The reference assem-
bly of the transcripts was generated using the
HISAT2 v2.0.5 (Kim et al. 2015) and StringTie
v1.2.2 (Pertea et al. 2015) programs based on the
final mtGenome. In the denovo assembly, mito-
chondrial transcripts were identified through a
blastn search (minimum e-value le-5) from the
complete transcriptome of 7. diversipes (Araujo
et al. 2018) against the complete mtGenome. Re-
dundant transcripts, i.e., transcripts overlapping
the same mitochondrial region in the denovo as-
sembly, were manually curated so that only the
largest transcript was retained.

2.4. SNP identification

Transcriptomic data were also used to identify
SNPs in the mitochondrial genome of
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T. diversipes . Therefore, the SNP information
represents the mitochondrial diversity of 36 indi-
viduals from the studied population (Araujo et al.
2018). The cleaned read alignments (bam files)
used previously for transcriptome reference as-
sembly were analyzed via the variant-calling pipe-
line combining the SAMtools mpileup (v0.1.19)
and BCFtools view (v0.1.19) utilities (Li et al.
2009). Only SNPs with a minimum quality of 30
and 30-fold coverage were selected. SNPs were
manually curated through alignment checking of
the reads with the IGV tool (Robinson et al. 2011).

2.5. DNA methylation analyses

DNA methylation data were obtained from the
whole-body DNA extract of one founder female.
Reads obtained from bisulfite sequencing were
cleaned using the Trim Galore v0.4.3 (Krueger
2012) wrapper script, with default parameters.
The alignment of the reads to the mitochondrial
genome and methylation calling were executed
following the Bismark v0.17.0 pipeline (Krueger
and Andrews 2011). Alignment quality was eval-
vated using Qualimap v2.2 (Garcia-Alcalde et al.
2012).

2.6. mtGenome comparisons

Twenty-three mtGenomes, comprising the ge-
nomes of bees from thirteen genera and six fam-
ilies, were compared. The wasp Philanthus
triangulum (Apoidea), and Squilla mantis , which
represents the ancestral pancrustacean mitochon-
drial genome organization (Cook et al. 2005),
were used as external groups. All genomes were
aligned using the MUSCLE algorithm (Edgar
2004) implemented in Geneious 9.1.6, and the
rearrangements were visually compared. The
length and non-ambiguous base composition were
also obtained with Geneious. Only one complete
mtGenome per genus of the Anthophila lineage
was used in the analyses, except when differences
in arrangement were observed. When more than
one mtGenome was available per genus, we se-
lected the most complete molecule (i.e., the mol-
ecule containing the greatest number of protein-
coding genes, PCGs) including the A+T-rich re-
gion and the longest sequence assembled as the
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representative. Partial genomes were also used
when no others were available to represent a ge-
nus, but only mtGenomes verified at GenBank
were employed.

3. RESULTS
3.1. Genomic characterization
3.1.1. mtGenome sequence

The complete mtGenome of 7. diversipes was
15,358 bp in length and exhibited the typical set of
genes (Table I), including 13 PCGs, 22 transfer
RNAs (tRNA), two ribosomal RNAs (rRNA) and
the A+T-rich noncoding region (GenBank acces-
sion number: MN732885). The overall base com-
position was biased towards A/T (84.3%), with
42.6% A, 41.7% T, 9.8% C, and 5.9% G. The
PCGs CO!, CO2, and CytB presented the lowest
A/T content among the other PCGs (Table S2),
and, in general, a lower A/T content is correlated
with higher average coverage of short reads
(Figures S2 and S3).

3.1.2. Transcription analyses

From the adult RNA-Seq analysis, 6,408,822
paired reads were aligned to the mtGenome (mean
coverage of 37,323-fold, 167,141 s.d.), and from
the larval data, 9,495,025 paired reads were
aligned (mean coverage of 55,313-fold, 261,975
s.d.) [alignments available at NCBI—BioProject
ID: PRINA590962]. The assembly of the tran-
scripts resulted in three contigs for both develop-
mental stages when the reference genome was
used and six contigs for larvae and ten for adults
via the denovo assembly method. The reduction in
coverage was more pronounced in regions
encoding tRNAs, affecting transcript continuity,
especially when the de novo assembly method is
used (Figure 1). In the same figure, it is possible to
note the alignment of few reads in a small portion
of the A+T-rich region (between 164 and 362 bp
and 432 and 502 bp).

Coverage analyses of the transcripts also indi-
cated a bias in the expression of ribosomal RNAs.
In both developmental stages, the second-highest-
coverage region of the mtGenome was obtained
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Table L. Tetrapedia diversipes mitochondrial genome annotation. tRNA gene codons are shown in brackets. L: light
strand; H: heavy strand. Clusters of tRNAs are defined according to gene junction positions.

Cluster Gene Position Size (bp) Strand
1 tRNAA [18] 560-620 61 L
tRNA Met [eat] 621-685 65 L
tRNA e 24l 717780 64 L
tRNA " [1e] 779-844 66 H
- ND2 890-1801 912 L
2 tRNA @ [ea] 1839-1907 69 H
tRNA B 18ta] 1915-1980 66 H
tRNA TP [1ea 1993-2057 65 L
- CoI 2058-3584 1527 L
3 {RNA Leu? [1aa] 3616-3682 67 L
- Cco2 3683-4348 666 L
4 (RNA AP (8] 43664431 66 L
(RNA & (11 4435-4502 68 L
- ATPS 4504-4656 153 L
- ATP6 4656-5309 654 L
- CO3 5321-6109 789 L
5 tRNA O ltec] 6117-6185 69 L
- ND3 6210-6530 321 L
6 (RNA A5 (817 6544-6609 66 L
tRNA A8 lice] 6629-6690 62 H
tRNA Ser! et 6707-6762 56 L
tRNA €™ 1] 6763-6827 65 H
{RNA Pl [8aa] 68286892 65 H
- ND5 7044-8468 1425 H
7 (RNA % [e'el 8532-8595 64 H
- ND4 8625-9854 1230 H
- ND4L 10,059-10,328 270 H
8 (RNA T 118 10,336-10,400 65 L
(RNA T lies] 10,406-10,469 64 H
- ND6 10,519-10,968 450 L
- CytB 11,036-12,100 1065 L
9 tRNA S¢2 1] 12,145-12,211 67 L
- NDI 12,250-13,131 882 H
10 tRNA Lol [1eg] 13,126-13,193 68 H
- rRNAL (165) 13,151-14,516 1366 H
11 tRNA el ltac] 14,505-14,571 67 H
- rRNAS (12S) 14,569-15,329 761 H
- Control region 15,330-559 588 -

(A+T-rich region)
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T. diversipes Mitochondrial Genome

15358 bp

Figure 1. Transcription of the mitochondrial genome of Tetrapedia diversipes. From inner to outer circles: 1,
representation of genomic positions; 2, genome annotation. Gray: protein-coding genes; orange: tRNA; purple:
rRNA, and red: A+T-rich region. 3, GC content graph, where the outer peaks represent guanine or cytosine
nucleotide bases; 4 and 7, in pink: mitochondrial transcripts obtained using the reference assembly method (4 from
larvae and 7 from adult data); 5 and 8, in dark purple: mitochondrial transcripts obtained using the denovo assembly
method (5 from larvae and 8 from adult data); 6 and 9: expression coverage of RNA-Seq sequencing, in which blue
areas represent coverage greater than 50-fold. In circle 6, larval sample coverage is represented, and the red areas are
regions with coverage < 50; in circle 9, adult sample coverage is shown, and orange areas represent coverage < 50.

for the COI gene (with approximately 250,000-
fold maximum coverage). Nevertheless, the cov-
erage in the 16S region reached values six-fold
greater than those in adults (= 1,450,000-fold
maximum coverage) and up to nine-fold greater
in larvae (= 2,200,000-fold maximum coverage)
(Figure 2). This enormous increase in coverage
was only observed for this gene; therefore, it was
not skewed by a richer GC content and did not
include the 12S ribosomal gene region (200-fold
maximum coverage in adults and 51-fold in lar-
vae). Additionally, the comparison of the 12S
sequences from adults and larvae revealed a
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sudden decrease in coverage in the 5’ portion of
128 in larvae (Figure S4).

3.1.3. SNPs

Eighty-one SNPs were identified in the studied
population (Table S3). Most of the SNPs (64.2%)
were in protein-coding regions, particularly at the
third codon position, which led to synonymous
mutations in most cases. Only 18.5% of the SNPs
resulted in nonsynonymous substitutions. The
ND4 gene presented the highest number of
nonsynonymous SNPs (five) and the greatest
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Figure 2 . Bulk RNA-Seq coverage and cytosine methylation (mC) across the mtGenome. From top to bottom: the
first panel shows the bulk distribution of RNA-Seq reads; the second panel shows the GC percentage for
comparison; the third panel shows the percentage of methylation estimated for all cytosines from a female founder
sample; and in the last panel, PCG positions are indicated along the mtGenome for reference. In the methylation
panel, the red dashed line marks the mean mC level in the whole mtGenome. Below the panels, the order of the main
mitochondrial genes verified for 7. diversipes is presented.

number of SNPs (twelve). However, CO3 was the 3.1.4. DNA methylation
PCG with the highest SNP ratio (Figure S5). The

number of SNPs observed in coding regions was Bisulfite sequencing coverage across the
correlated with the region size (Pearson coeffi- mtDNA was uniform, with a mean coverage of
cient=0.74) (Figure S5). 1,566-fold (279 s.d.). Altogether, 161,789 reads
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with a mean length of 148 bp were aligned to the
mitochondrial genome [alignments available at
NCBI—BioProjectID: PRINA590962]. The
mean overall methylation level of the genome
was 0.96%, with 0.6% methylated cytosines in
the CpG context, 0.7% in the CHG context and
1.0% in the CHH context. Among all the cyto-
sines identified as methylated, 96.6% occurred at
a non-CpG site in the genome. In Figure 2, where
the methylation profile of all cytosines is indicat-
ed, it can be noted that that C-methylation gener-
ally showed the opposite pattern to the GC content
across the genome. Indeed, GC content and C-
methylation were negatively correlated in the
T diversipes mtGenome (Pearson coefficient =
—0.54).

3.1.5. Genomic comparisons across multiple
bee species

The general profiles of the analyzed genomes
are provided in Table S4. Most of the 23
mtGenomes analyzed presented the typical gene
content of 13 PCGs, two rRNAs, 22 tRNAs, and
one extra copy of each of fRNA** and tRNA 5"
Apis koschevnikovi nevertheless presented a du-
plication of ZRNA ™' rather than fRNA **". Among
the 21 bee genomes, Melipona bicolor presented
the highest A/T ratio (87%), and bees from the
Andrenidae family exhibited the lowest (78.6%
and 79.4%). The longest mtGenome was from
Bombus consobrinus, which consisted of
17,966 bp (Table S4). The order and orientation
of the PCGs and rRNAs were conserved in all
species. Differences were restricted to changes in
tRNA positions, possibly due to local inversions,
translocations, and shuffling of adjacent tRNA
clusters (Table I, Figure 3).

Most of the events were translocations, espe-
cially from tRNA cluster 6 (ND3-ND5 junction)
to cluster 1 (A+T-rich region-ND2 junction), and
many of the variations represented putative syn-
apomorphies at the family or genus level
(Figure 3). Compared with the ancestral
pancrustacean genome, represented here by Squil-
la mantis , T. diversipes differed in cluster 6 (in-
cluding a shuffling of tfRNA™ shuffling and
inversion of fRNA ¢, inversion of tRNA ", and
translocation of tZRNA ' from cluster 6 to cluster
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1), in cluster 2 (shuffling of tRNA™), and in
cluster 4 (shuffling between tRNA'™* and tRNA
APy (Figure 3).

4. DISCUSSION
4.1. Genomic characterization

Due to the repetitive nature and high A/T con-
tent of the mitochondrial genomes of bees, the
completion of the 7 diversipes mtGenome was
challenging, even with the use of high-throughput
sequencing. Therefore, multiple approaches for
sequencing and data analyses were necessary. Al-
though Illumina sequencing using enriched
mtDNA and total DNA generated a very high
average coverage, this coverage was extremely
heterogeneous and was correlated with the GC
content across the genome (Figures S2 and S3).
In general, regions with a lower A/T content, such
as the COI, CO2, and CytB genes, were well
represented, while other areas, such as the genes
encoding tRNAs, ND2, and /2§ and the A+T-
rich region, presented lower coverage and a re-
duced mapping quality (Table S2; Figure S2).
This methodological bias was most likely induced
by problems in the alignment of short reads into
repetitive regions, and it greatly impacted the
assembly of these areas. Consequently, the effec-
tive completion of the A+T-rich region was only
possible by traditional methods of amplification
with cloning and Sanger sequencing.

In addition to the complete sequence of the
mtGenome, we also report the polymorphic sites
of the studied population in this molecule
(Table S3). These data might be useful for popu-
lation genetic, phylogenetic and conservation
studies (revised by Smith 2015) and are especially
relevant considering all of the efforts recently
applied to develop conservation strategies for na-
tive bees (Dicks et al. 2016; Potts et al. 2016), due
to their importance as pollinators of native and
commercial plants (Garibaldi et al. 2014, 2016).
In general, the number of SNPs was correlated
with gene size (Figure S5), but a higher ratio of
SNPs could be observed in the CO3 and ND4
genes, suggesting that these genes are good can-
didates for phylogenetic and taxonomic studies.



Evolutionary perspectives on bee mtDNA from mito-OMICS analyses of a solitary species

v Inversion
= Shuffle

— Translocation
() Location

.-.. Dubious
placement

Ser1+Glu (cl6—cl1)
'
+

539

Ap. cerana
4,—: ip.cerana japonica

Ap. kos

Ap. mellifera capensis

[ Ap- andreniformis
S Ap. florea

Gln (cl1 =128 AT) B. ignitus
: B. 50bi s

Apidae

Lys (cl4—cl1) Mel. bicolor
Mel. scutellaris

Ala (cl6—>‘c|1)
+

Asn=Arg (cl6)
+ 7. diversi

N

,
Arg (cl6—ND6-CytB)

Cys (cl2—ND6-CytB) An. bicolor
o e Sy
An. camellia

Ser (cl9 —ND6-CytB)

Meg. sculpturalis | Megachilidae

Andrenidae

Ha. tumulorum
Lys=Asp (cl4) —|: Halictidae
} L. lativenire
t Ser2 (cl9—cl1)
H C. gigas
() . Colletidae
His*> (cl7 s 3 Hy. dil
Val (cl115725 AT) - dilatatus

Glu (cl6—cl5)
'
+

Mellitidae

R. intermixta

,
lle (cl1—12S AT)

P

Sq. mantis

Figure 3 . Putative synapomorphies in bee mitochondrial genomes. The wasp Philanthus triangulum and Squilla
mantis , which represents the ancestral pancrustacean mitochondrial genome organization, were used as external

groups.

Analyses of the mitochondrial transcriptome
led to some insightful observations about mtDNA
expression dynamics in this species. These results
suggest that mitochondrial genome transcription
in T diversipes follows the “tRNA punctuation”
model (Ojala et al. 1981), with the formation of at
least three primary polycistronic transcripts that
are posteriorly processed at tRNA positions, lead-
ing to the potential formation of 13 mitochondrial
mRNAs. This is supported by the reduction in the
coverage of the mitochondrial transcriptome in
tRNA regions and the reconstruction of three dis-
tinct transcripts after mitochondrial transcriptome
assembly. This processing mechanism of mito-
chondrial mRNA through tRNA punctuation is
apparently conserved in many organisms
(Taanman 1999; Stewart and Beckenbach 2009),
including bees (Crozier and Crozier 1993). How-
ever, mRNA transcription and processing in each
species is variable, and the number of primary and
processed transcripts may differ (Taanman 1999;
Stewart and Beckenbach 2009; Neira-Oviedo
et al. 2011; Tian and Smith 2016).

As can be observed in Figure 2, the coverage of
the RNA-Seq data across the mtDNA showed a
considerably higher expression rate of 16S.
Higher expression of this gene has also been
observed in other insects such as Drosophila
(Torres et al. 2009), mosquitoes (Neira-Oviedo
et al. 2011), and one bee (Araujo and Arias
2019). In mammals, increased expression of ribo-
somal genes has been associated with the exis-
tence of an exclusive transcription site for the /65
and the /2§ genes (Taanman 1999). In
T diversipes mtDNA, the existence of this differ-
ential transcription site is also supported by the
increase in the coverage of 16S; however, the
region of higher sequence coverage does not com-
prise the smaller ribosomal gene. Reduced tran-
scription coverage of 12S decoupled from 16S has
also been reported in Drosophila (Torres et al.
2009) and M. bicolor (Araujo and Arias 2019)
and might be driven by a methodological bias
caused by the reduced polyA tail of the 12S
mRNA, rather than by differences in transcription
initiation itself (Stewart and Beckenbach 2009).
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Considering that the library preparation method
used in the present study for RNA-Seq sequenc-
ing relied on the polyA structure to select
mRNAEs, it is possible that the employed method-
ology was not appropriate to efficiently capture
128 transcripts (Neira-Oviedo et al. 2011). There-
fore, although some evidence suggests the exis-
tence of an alternative transcription site for /6S in
T. diversipes and other insects, it is still unclear if
12§ is also transcribed.

Another intriguing result from transcription da-
ta was the great decrease in coverage observed in
the 12S 5’ region in larvae compared with that in
adults (Figure S4). This is unlikely to be a result of
methodological bias because the two samples
were prepared using the same methods; thus, this
difference suggests that 7. diversipes presents at
least two distinct isoforms of this mitochondrial
gene, one of which is transcribed in the larval
stage and the other in the adult stage. Evidence
of multiple isoforms of the 128 has been reported
previously in the bee M. bicolor, in which the
RNASeq coverage in /2S conflicted with the
complete annotation of this gene in the 5’ region
(Araujo and Arias 2019) and for the stink bug
Erthesina fullo on the basis of long read sequenc-
ing (Gao et al. 2016).

Low levels of gene expression in the control
region of mtDNA have been reported in mam-
mals, where they are associated with the produc-
tion of an initiation primer or a long non-coding
RNA that functions in the control of both the
transcription and replication of the mitochondrial
genome (Taanman 1999; Gao et al. 2018). Ac-
cordingly, it is possible that this small portion of
the A+T-rich region in the RNA-Seq read align-
ment (between 164 and 362 pb and 432 and
502 pb), refers to a similar region functionally
relevant for the initiation of transcription and/or
replication of the mtGenome in 7. diversipes (and
possibly other bees, Araujo and Arias 2019).
However, as discussed previously, the A+T-rich
region presents low complexity and is very repet-
itive; consequently, the alignment of short reads to
this region cannot be trusted without further
evidences.

The first studies on DNA methylation in mito-
chondria were performed in the 1970s (Nass 1973),
but it was not until 2011, after the association of the
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DNMT1, DNMT3A, and DNMT3B methyltrans-
ferases with the mitochondria (as reviewed in
lTacobazzi et al. 2013), that the importance of DNA
methylation in mtDNA dynamics began to receive
more attention. Evidence suggests that, similar to
methylation of nuclear DNA, changes in mtDNA
methylation are driven by environmental elements
(Tacobazzi et al. 2013). Differential DNA methyla-
tion in mitochondria has been associated with aging
(Mawlood et al. 2016), diseases (Infantino et al.
2011; Iacobazzi et al. 2013) and metabolic processes
that play a role in oxidative stress (as discussed in
van der Wijst and Rots 2015). Specifically, for
T. diversipes foundresses, changes in mitochondrial
gene expression are related to differences between
individuals from different reproductive generations
(Araujo et al. 2018). Therefore, it would be interest-
ing to determine whether the changes in the pattern
of mtDNA methylation documented here are asso-
ciated with these changes and other mechanisms of
expression control in mitochondria.

4.2. Genomic comparisons across multiple
bee species

Although mitochondrial genomes have been
described as highly conserved (Wolstenholme
1992), the order in which genes are arranged is
more variable than initially predicted, especially
for tRNA genes. For example, cluster 6 (ND3 -
ND5 junction) is a region of frequent rearrange-
ments in Hymenoptera that are rarely described in
other groups of Insecta (Dowton et al. 2003).
Interestingly, tRNA translocations are not recipro-
cal in this region; i.e., this cluster tends to lose
genes instead of gaining them from other clusters
in bee mtGenomes (Dowton et al. 2003).

On the basis of the comparison of Apis,
Melipona, and Bombus, Dowton et al. (2009)
suggested that the translocation of tRNA* to
cluster 1 is an Apidae synapomorphy. In the pres-
ent work, this hypothesis was corroborated by the
analyses of the genus Tetrapedia and Nomada
and extended to the family Megachilidae. It was
also suggested that the shuffling between tRNA™”
and tRNA™* in cluster 4 (CO2-ATP8 junction)
would erroneously phylogenetically group
Bombus and Apis because this shuffling was not
present in Melipona (Silvestre et al. 2008).
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However, in Figure 3, it is possible to see that this
event is actually distributed among all bees. Thus,
the translocation of ZRNA ** is instead a synapo-
morphy in Melipona .

Although frequent tRNA rearrangements are
common, some genomic positions are highly con-
served. For example, ZRNA ™" in cluster 6 (ND3 -
NDS3 junction) and tRNA”” in cluster 8 (ND4L -
NDG6 junction) exhibit the same position and orien-
tation in all bees. It has been suggested that the
tRNA™" position might be under selective con-
straint because this gene is located at a site where
transcription polarity changes; therefore, it could be
a putative signal for endonucleolytic cleavage dur-
ing the maturation of the primary polycistronic tran-
script (Ojala et al. 1981; Dowton et al. 2003). The
same reasoning can be used to explain the position
of t(RNA™ in cluster 8 (Table I; Figure 1), since
both genes are phylogenetically conserved and lo-
cated at sites of polarity changes. Additionally, these
tRNAs are positioned adjacent to cleavage sites of
the polycistronic transcripts assembled for
T diversipes (Figure 1), reinforcing the hypothesis
of their functional role as maturation signals.

5. CONCLUSIONS

Here, we provide a valuable dataset for the mito-
chondrial genome of 7. diversipes, including its
complete sequence and annotation, transcription pat-
terns in two life stages, methylated sites in females
during nest foundation and population genomic di-
versity determined through SNP identification. Ad-
ditionally, we combined the present sequencing data
with database sequences to understand the molecu-
lar mechanisms underlying mitochondrial genomic
evolution in bees through a comparative review of
all available bee mtGenomes. The results highlight
the importance of tRNA rearrangement events in the
evolution of this molecule in bees and the existence
of DNA methylation in the 7. diversipes mitochon-
drial genome in a predominant non-CG context, and
they show some intricate mechanisms involved in
gene expression regulation. The reported analyses
and datasets may be used to address important evo-
lutionary questions not only concerning
T. diversipes but also for other bee species, especial-
ly regarding the underrepresented group of solitary
bees.
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