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Abstract

Background: Mitochondrial genomes are the most sequenced genomes after bacterial and fungal genomic DNA.
However, little information on mitogenomes is available for multiple metazoan taxa, such as Culicoides, a globally
distributed, megadiverse genus containing 1,347 species.

Aim: Generating novel mitogenomic information from single Culicoides sonorensis and C. biguttatus specimens, com-
paring available mitogenome mapping and de novo assembly tools, and identifying the best performing strategy and
tools for Culicoides species.

Results: We present two novel and fully annotated mitochondrial haplotypes for two Culicoides species, C. sonorensis
and C biguttatus. We also annotated or re-annotated the only available reference mitogenome for C. sonorensis and

C. arakawae. All species present a high similarity in mitogenome organization. The general gene arrangement for all
Culicoides species was identical to the ancestral insect mitochondrial genome. Only short spacers were found in C.
sonorensis (up to 30 bp), contrary to C. biguttatus (up to 114 bp). The mitochondrial genes ATP8, NAD2, NAD6, and LSU
rRNA exhibited the highest nucleotide diversity and pairwise interspecific p genetic distance, suggesting that these
genes might be suitable and complementary molecular barcodes for Culicoides identification in addition to the com-
monly utilized COI gene.

We observed performance differences between the compared mitogenome generation strategies. The mapping
strategy outperformed the de novo assembly strategy, but mapping results were partially biased in the absence of
species-specific reference mitogenome. Among the utilized tools, BWA performed best for C. sonorensis while SPAdes,
MEGAHIT, and MitoZ were among the best for C. biguttatus. The best-performing mitogenome annotator was MITOS2.
Additionally, we were able to recover exogenous mitochondrial DNA from Bos taurus (biting midges host) from a C.
biguttatus blood meal sample.

Conclusions: Two novel annotated mitogenome haplotypes for C. sonorensis and C. biguttatus using High-Through-
put Sequencing are presented. Current results are useful as the baseline for mitogenome reconstruction of the
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remaining Culicoides species from single specimens to HTS and genome annotation. Mapping to a species-specific
reference mitogenome generated better results for Culicoides mitochondrial genome reconstruction than de novo
assembly, while de novo assembly resulted better in the absence of a closely related reference mitogenome. These
results have direct implications for molecular-based identification of these vectors of human and zoonotic diseases,
setting the basis for using the whole mitochondrial genome as a marker in Culicoides identification.

Keywords: Biting midges, Mitogenomics mitogenome, Vector, Diptera, High-Throughput Sequencing, mtDNA

Background

Metazoan mitogenomes are among the most abun-
dant genomes deposited in nucleotide databases to date
[1-3], with mitochondrial markers being selected as the
most common DNA barcodes for species identification
[4]. The metazoan mitochondrial genome consists of
extranuclear DNA of relatively small size (16 to 20 kbp)
that exists in a high copy number per animal cell. Ani-
mal mitogenomes show very conserved genetic content,
a limited occurrence of gene duplications, short inter-
genic segments, and generally lack introns [5, 6]. These
features have made mitochondrial DNA (mtDNA) the
most accessible genomic information for many species.
Furthermore, the characteristics of mtDNA enable the
analysis of complex evolutionary processes such as gene
rearrangements, replication, transcription, and regula-
tion of gene expression at a resolution that is currently
not possible for nuclear genomes [6].

Most metazoan mitochondrial genomes contain 37
genes, including 22 tRNAs, 13 protein-coding genes
(PCGs), and two rRNAs [6]. Mitochondrial gene prod-
ucts are involved in cellular energy production through
oxidative phosphorylation (OXPHOS) [7]. Along with
some imported products from the cytoplasm, they also
allow for mitochondrial autonomy in DNA replication,
transcription, and translation of organellar proteins
[6]. In addition, the mitochondrial genome includes a
non-coding, A-T rich control region known as the Dis-
placement loop (D-loop), which is responsible for regu-
lating mtDNA replication and transcription [6]. Despite
gene content being preserved in most metazoans, gene
arrangements and duplications can distinguish specific
evolutionary lineages [6]. As gene rearrangements are
generally uncommon within but vary among major line-
ages, their study allows for the resolution of taxonomic
relationships using mitochondrial genome analysis
(mitogenomics), unravelling complex evolutionary his-
tories [6, 8]. Fragments of the mitogenomes can also be
transferred into the nuclear DNA, constituting nuclear
mitochondrial DNA sequences (NUMTs). Therefore, spe-
cific tests are needed to validate the mitochondrial ori-
gin of newly sequenced genomes [9]. Although mtDNA
provides limited information when species diverged
recently or if introgression has occurred [5], analyzing

the sequence variation of specific mitochondrial mark-
ers (e.g. Cytochrome c oxidase I [COI]) enables the
DNA-based identification of metazoans, as many of them
exhibit higher interspecific than intraspecific genetic dif-
ferentiation. This capability constitutes the major pillar of
DNA-barcoding and metabarcoding.

Mitogenomes in the phylum Arthropoda are the sec-
ond most studied behind Chordata [6, 10]. The mtDNAs
of Drosophila melanogaster and D. yakuba were the first
mitogenomes sequenced among invertebrates [11, 12],
and the mitogenome organization of D. yakuba, among
others, resembles the ancestral gene arrangement in
insects [13]. According to the NCBI Reference Sequence
Database (RefSeq, https://www.ncbi.nlm.nih.gov/refseq/
statistics/), thousands of mitogenomes have been released
almost 40 years after the first invertebrate mitochondrial
genomes were sequenced. The bloom of mitogenomic
information in the last decade has mainly been facili-
tated by the advances in High-Throughput Sequencing
(HTS) technologies. However, although the sequencing
capacities of such technologies enable routine sequenc-
ing of mitochondrial genomes, the full reconstruction
of mitochondrial genomes is far from being routine yet,
due to the low number of tools available for this task [14].
Reconstructing mitochondrial genomes from HTS data
can be achieved by following two main strategies: map-
ping to a reference mitogenome or de novo assembly [3].
Mapping to a reference using tools such as BWA [15, 16],
Bowtie2 [17], Bowtie [18], Minimap2 [19], BBMap [20],
and Geneious [https://www.geneious.com; Biomatters
Ltd.] is the faster and more straightforward approach,
considering a closely related reference mitochondrial
genome is available. Distantly related references can yield
erroneous mitogenome reconstructions associated with
a high number of errors/mismatches [3]. Therefore, de
novo assembly through tools such as MEGAHIT [21],
SPAdes [22], rnaSPAdes [23], MitoFlex [24], MitoZ [25],
MITObim [26], and NOVOPlasty [3] plays an essential
role in the absence of a reference or the presence of a
distantly related genome. Consequently, the best strat-
egy will rely on several factors such as target taxa, refer-
ence mitogenome availability, HTS dataset quality, and
computational power [3]. HTS generates millions to bil-
lions of reads, sufficient to sequence full mitogenomes
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cost-effectively and with an unprecedented depth of cov-
erage. However, current mitogenome sequencing efforts
are still underrepresented in many taxa. One example
of significant mitogenome underrepresentation in data-
bases (e.g., GenBank) is the polytypic genus Culicoides
(Diptera: Ceratopogonidae).

Culicoides are biting midges considered among the
smallest hematophagous insects with body sizes ranging
from 1-3 mm, and they are found abundantly worldwide
[27]. Morphological characters can only be studied in
detail with a microscope, and the lack of comprehensive
taxonomic keys for all life stages hinders species identi-
fication based on morphology. There are currently 1,347
recognized species of Culicoides [28], but a complete
and fully annotated mitochondrial genome is only avail-
able for one species (Culicoides (Meijerehelea) arakawae
Arakawa, 1910) [29] according to the Organelle Genome
Resources of NCBI (https://www.ncbi.nlm.nih.gov/
genome/organelle/). After performing a comprehensive
search for mitogenomic information on Culicoides, we
were able to find one additional, non-annotated scaf-
fold linked to the complete mitogenome of Culicoides
(Monoculicoides) sonorensis Wirth and Jones, 1957 [30].
The current taxonomic classification of Culicoides species
is mainly based on morphological characters, which pro-
vide limited taxonomic as well as phylogenetic resolution
in several cases and can result in taxonomic uncertainty
[28]. Mitogenomics is a valuable method to complement
traditional taxonomy and establish an effective and con-
sistent DNA-based molecular identification system at all
life stages. It can also be a powerful method for recon-
structing phylogenomic relationships among species.
Out of the 1,347 known Culicoides species, 336 species
are classified in species groups of uncertain affiliation,
136 lack taxonomic resolution, and 875 are classified to
the subgenus level [28]. Across their extensive geographic
range, Culicoides species are a vector for human, wild-
life, and domestic animal pathogens that include over
50 viruses (e.g. Oropouche virus, African horse sickness
virus, and bluetongue virus) that have been isolated from
these biting midges [27]. Mitogenomics for Culicoides
species offers an exceptional opportunity for inferring
phylogenomic patterns among vectors, hosts, and vec-
tored diseases; however, this approach depends on the
mitochondrial genome description for the species under
study. To facilitate mitogenomic studies in Culicoides, we
generated novel mtDNA information from single speci-
mens of two Culicoides species: C. sonorensis and Culi-
coides (Silvaticulicoides) biguttatus (Coquillett, 1901) and
re-annotated the other two available in the database. As
part of that process, we evaluated whether mitochondrial
isolation prior to DNA extraction increased mitogenome
generation efficiency and benchmarked various tools
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commonly used for mitogenome generation and annota-
tion, including mapping to reference genomes of closely
related species and de novo assembly.

Results

DNA integrity validation

DNA extractions were considered successful if DNA
extract could be quantified via Qubit and the COI gene
could be amplified via PCR using COI-specific primers,
which was the case for all specimens and mitochondrial
fractions. However, the concentrations of all extracts
were low (<1 ng/uL) (Fig. 1). Despite the success of DNA
extractions, complete mitogenomes could not be gener-
ated from samples for which mitochondria were isolated
prior to DNA extraction, likely due to the low amount of
species-specific mitochondrial DNA extracted and con-
sequently the low number of reads (from 4,872 to 21,356)
that the respective samples received (Supplementary
Table S1). Mitochondrial DNA from the Culicoides host
Bos taurus was detected in specimen C. biguttatus_G04,
ratifying the presence of exogenous DNA in the extrac-
tions (Supplementary Figure S1).

Among all the annotation tools, MITOS2 and MitoZ
performed better than MitoFlex and GeSeq on the ref-
erence mitogenomes (C. arakawae and C. sonorensis),
recovering all the 37 mitochondrial genes (13 PCGs, 22
tRNA, 2rRNA) in all the cases. GeSeq failed to identify
the ribosomal coding genes (rRNAs) (Fig. 2), overesti-
mated the number of tRNAs, or imprecisely annotated
the beginning and the end of their coding region. Mito-
Flex performed better than GeSeq but did not identify
all tRNAs and lacked the versatility of the output file,
limiting the subsequent visualization of the mitogenome
annotation. In addition, MitoZ, MitoFlex, and GenSeq
did not include the potential origin of mtDNA replica-
tion compared to MITOS2, which was selected as the ref-
erence annotation tool moving forward.

After gene annotation, the morphological species clas-
sification of the specimens was validated via molecular
identification of the species using the whole annotated
COI gene via MITOS2 from the best mitogenome of each
species. The top BLAST hit of each species confirmed the
species-specific classification based on morphological
characters (Table 1).

Evaluation of mitogenomes based on mapping

to reference genomes

BWA produced the best results for C. sonorensis (Fig. 3)
for both filtering approaches (PHRED 5 and 20), generat-
ing consensus sequences of 15,404 bp (C. sonorensis_F004
[PHRED 20]) and 15,407 bp (C. sonorensis_F002 [PHRED
20]) (Fig. 3). Those consensus sequences resulted in
15,398 and 5,214 identical sites (IS) and in 99.97% and
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Upper panel (PCR)

1. C. sonorensis_F001

2. C. biguttatus_GO1

3. C. sonorensis_F003

4. C. biguttatus G03

5. C. sonorensis_F002

6. C. biguttatus G02

7. C. sonorensis_F004

8. C. biguttatus G04

9. PCR Negative Control

10. DNA ladder

number # 15628019)

Fig. 1 Cytochrome Oxidase | PCR amplification (Upper panel) and DNA extracts (Lower panel) of each sample run on a 1% agarose gel. Specimen
names are shown on the left of the gel image, while average DNA concentrations are based on Qubit fluorometry, and their standard deviation is
shown on the right of the gel image for each DNA extract. The molecular ladder represents a 100 bp DNA ladder from Thermo Scientific (catalogue

Lower panel (DNA extracts)

1. 0.1077 ng/uL + SD 0.040
2. 0.0069 ng/uL + SD 0.0059
3. 0.0135 ng/uL £ SD 0.0005
4. Lower than 10 pg/uL

5. 0.5073 ng/uL + SD 0.0110
6. 0.4347 ng/uL £ SD 0.0155
7. 0.0748 ng/uL + SD 0.0022
8. 0.2073 ng/uL £ SD 0.0061

9. DNA ladder

99.33% pairwise identity (PI) compared to the reference
(scaffold710, GenBank accession number LN484060.1
[30]), respectively (Fig. 3). Bowtie2 was the second-best
mapper with 99.97% PI, 15,391 IS (C. sonorensis_F004)
and 99.64% PGI, 4,409 IS (C. sonorensis_F002), respec-
tively. The consensus sequences derived from the
Geneious mapper were among the lowest in percentages
of pairwise genetic identity and identical sites for C. sono-
rensis (Fig. 3).

For C. biguttatus, Bowtie2 resulted in the highest
number of identical sites and percentage of pairwise
identity to the most closely related non-specific ref-
erence mitochondrial genome available (Culicoides
arakawae AB361004.1) (Fig. 3). More specifically, 7,418
IS and 96.74% PI was recovered for C. biguttatus_G02
when filtering at PHRED 20, and 6,984 IS and 96.3% PI
for C. biguttatus_G04 at PHRED 20. Geneious ranked

second, with 3,217 IS, and 85.73% PI for C. bigutta-
tus_GO04 (PHRED 20) and 4,002 IS and 86.89% PI for C.
biguttatus_G02 (PHRED 20), followed by BBMap (2,062
IS and 82.11% PI-C. biguttatus_G04) and BWA (1,354 IS
and 84.73% PI-C. biguttatus_G04), while Bowtie did not
generate consensus sequences or good alignments in any
of the tests.

Despite Geneious ranking second in terms of IS, the
mapper consistently recovered the highest number of dif-
ferences for C. biguttatus mitogenomes when compared
to the reference mitochondrial genome, doubling the
number of differences seen in the second-best mapper
(e.g. for C. biguttatus_G04, 983 [Geneious] vs 371 [Bow-
tie2] nucleotide differences). For C. biguttatus, the Bow-
tie2 mapper was able to generate a consensus sequence of
18,140 bp and 18,137 bp for C. biguttatus_G04 (PHRED
20) and C. biguttatus_G02 (PHRED 5), respectively.

(See figure on next page.)

Fig. 2 Performance of tested annotation tools (MITOS2, MitoZ, MitoFlex, and GeSeq) for the reference mitochondrial genomes of C. sonorensis (A, B,
C,and D) and C. arakawae (E, F, G, and H). Annotation results were represented by performance, where MITOS2 had the best performance in terms
of gene annotation. PCGs, rRNA, and tRNA are indicated in green, brown, and orange, respectively. The control region (D-loop) and the intergenic

spacers are noted in blue and red
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Table 1 The molecular identity of specimens used in the present study from which novel mitogenome information was generated.
Molecular IDs were inferred from the reconstructed COI gene after mapping to the reference mitogenome, using the top BLAST
hit from GenBank and the identification engine from BOLD. Pl % — the percentage of identity; SI % — the percentage of sequence
similarity. BIN ID — Barcode Index Number Identifier

GenBank
Sample ID COl'length (bp) Accession Order
C. sonorensis_F002 1,536 LN484060.1 Diptera
C. sonorensis_F004 1,536 LN484060.1 Diptera
C. biguttatus_G02 1,539 KR656554.1 Diptera
C. biguttatus_G04 1,539 HM412494.1 Diptera
BOLD

BINID Order
C. sonorensis_F002 1,536 BOLD:AAY9576 Diptera
C. sonorensis_F004 1,536 BOLD:AAY9576 Diptera
C. biguttatus_G02 1,539 BOLD:AAG6468 Diptera
C. biguttatus_G04 1,539 BOLD:AAG6468 Diptera

Family Genus Species Pl (%)
Ceratopogonidae Culicoides C. sonorensis 99.87
Ceratopogonidae Culicoides C. sonorensis 99.93
Ceratopogonidae Culicoides C. biguttatus 100
Ceratopogonidae Culicoides C. biguttatus 99.85
Family Genus Species SI (%)
Ceratopogonidae Culicoides C. sonorensis 100
Ceratopogonidae Culicoides C. sonorensis 100
Ceratopogonidae Culicoides C. biguttatus 100
Ceratopogonidae Culicoides C. biguttatus 99.84

Geneious generated consensus sequences of 18,708 bp
for C. biguttatus_G04 (PHRED 20) and 18,687 bp for
C. biguttatus_G02 (PHRED 20). However, when using
the C. sonorensis reference mitogenome instead of the
C. arakawae mitogenome for reconstructing the mitog-
enome of C. biguttatus with Bowtie2, the resulting
mitogenome of C. biguttatus was more similar to that
of C. sonorensis than that of C. arakawae, which indi-
cated a high dependency on the used reference genome
in absence of a species-specific reference (Supplementary
Figure S2). Due to this strong mapping bias, we selected a
de novo assembled consensus sequence for C. biguttatus
(PHRED 20) to represent the mitogenome generated for
the species.

Evaluation of mitogenomes based on de novo assembly

All de novo assemblers failed to recover complete mitog-
enomes for specimens that underwent mitochondrial
isolation prior to DNA extraction, likely due to the
extremely low number of reads per specimen, which
was further reduced after trimming and quality filter-
ing (Supplementary Table S1). MEGAHIT, rnaSPAdes,
and SPAdes ranked highest in terms of IS (9,761) and
percentage of PI (100%) across the assembled sequences
for C. sonorensis_F004, regardless of the filtering strat-
egy (PHRED 5 and 20) when comparing their assem-
bled sequences to the reference scaffold710 (GenBank
accession number LN484060.1 [30] (Fig. 3). However,
sequence lengths for C. sonorensis_F004 varied by filter-
ing strategy, being identical (13,613 bp) when filtering
at PHRED 20 and varying when filtering at PHRED 5
(MEGAHIT: 13,619 bp, SPAdes: 13, 918 bp, rnaSPAdes:
13,619 bp). MEGAHIT performed the best for C. sono-
rensis_F002 (PHRED 20) with 4,216 IS, and 99.74% PI

(Fig. 3) over 15,539 bp, and MITObim recovered the low-
est metrics (3,278 IS and 99.7% PI [Fig. 3]) over 10,203 bp
at PHRED 20.

For C. biguttatus_G04, MEGAHIT (PHRED 5 and 20),
SPAdes (PHRED 5 and 20), rnaSPAdes (PHRED 5 and
20), and MitoZ (PHRED 20) performed the best with
2,413 IS and 80.26% of PI (Fig. 3). The longest assembled
mitogenome for C. biguttatus_G04 was 14,417 bp long
(SPAdes). For C. biguttatus_G02, NOVOPlasty, MitoZ,
MITObim, MEGAHIT, SPAdes, and rnaSPAdes ranked
highest with identical metrics (1,443 IS and 83.12% PI)
[Fig. 3]. The longest assembled mitogenome for C. bigut-
tatus_GO02 was 8,556 bp long (MEGAHIT).

Culicoides mitogenome description

Mitogenome size for the species ranged from 15,404 to
15,407 bp in C. sonorensis_F004 (GenBank accession
number ON758299) and C. sonorensis_F002 (GenBank
accession number ON758298), respectively (Fig. 4).
GC content for both haplotypes was identical at 21.5%.
Near-complete mitogenomes were reconstructed from
the mapping strategy with only four unidentified nucle-
otides (Ns) in C. sonorensis_F004 and one N in C. sono-
rensis_F002. The Ns were within the non-coding region
(D-loop) for C. sonorensis_F004 and within the rRNA
S for C. sonorensis_F002). Consequently, all 37 coding
genes were successfully recovered and annotated for
C. sonorensis (Fig. 4) with at least one annotator(e.g.,
MITOS2). For C. sonorensis_F004 and C. sonorensis_
F002, PCG sizes ranged from 159 (ATP8) to 1,722 bp
(NAD5), while tRNA and rRNA sizes varied from 61
[tRNA C(gca)] to 72 bp [tRNA V(tac)] and 783 (rRNA S)
to 1,313 (rRNA L), respectively. The inferred sizes of the
control region were 637 bp for C. sonorensis_F004 and
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638 bp C. sonorensis_F002. The start codon for all pro-
tein-coding regions was the standard ATN (coding for I)
start codon except for COI, which used CGA (coding for
R). No variation was seen in the stop codons of protein-
coding regions, which was inferred as TAA in all cases,

although some showed an incomplete signal (e.g., only T)
[Supplementary Table S2].

Only partial mitochondrial genomes were generated
for C. biguttatus (Fig. 5). The most complete mitogenome
generated by de novo assembling presented 14,417 bp
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(8,556 bp for C. biguttatus_G02 [PHRED 20], GenBank
accession number ON758300) and 26.7% of GC content.
The C. biguttatus_G04 mitogenome (GenBank acces-
sion number ON758301) exhibited a GC content equal to
27.6% (Fig. 5). Thirty-five out of 37 genes in the mitog-
enome of C. biguttatus_G04 were recovered, with only

rRNA SSU and tRNA V gene missing. In C. biguttatus_
G02, 14 genes were not found (trnl, trnM, trnS2, trnL1,
trnQ, trnP, trnT, trnV, trnW, rrnS, nadl, nad2, nad6, and
cob) when compared to Culicoides arakawae mitog-
enome [accession number AB361004.1] and Culicoides
sonorensis (Fig. 4 A) [accession number LN484060.1].



Milian-Garcia et al. BMC Genomics (2022) 23:584

In the case of C. biguttatus, PCG sizes ranged from 159
(ATPS) to 1,665 bp (NADS5). tRNA and rRNA sizes var-
ied from 60 [tRNA R(tcg)] to 71 bp [tRNA K(ctt)] in both
haplotypes. SSU rRNA was missing in both haplotypes.
On the contrary, LSU rRNA had a size of 1,042 (rRNA
L) in C. biguttatus_G04 and a truncated and transposed
fragment was only found for C. biguttatus G02 [rRNA
L (92 bp)]. The inferred size of the control region was
794 bp for C. biguttatus_GO04. Similar to C. sonorensis,
the start codon for all protein-coding regions was the
standard ATN (coding for I) start codon except for COI,
which used CCG in this case (coding for P). All protein-
coding genes showed identical stop codons inferred as
TAA, although some exhibited an incomplete signal (e.g.,
only T) [Supplementary Table S2].

Comparison of the best mitogenomes generated in each
approach

The best mitogenome for C. sonorensis (C. sonorensis_
F004) based on the mapping strategy with BWA had a
higher percentage of identity (99.97) and nucleotide iden-
tities (15,398) than that based on the de novo assembly
strategy with any tool. The best mitogenome was gener-
ated for C. biguttatus_G04 when using MEGAHIT, rnaS-
PAdes, SPAdes, and MitoZ, which all scored equal (2,413
IS and 80.26% PI). For C. biguttatus_G02, the mitog-
enome based on MEGAHIT ranked highest among the
assembling tools (1,443 IS and 83.12% PI, [Fig. 3]). Over-
all, the de novo assembling strategy generated a higher
quality and non-biased mitogenome for all specimens.

Both applied quality filtering approaches (PHRED
scores 5 and 20) allowed the generation of high-quality
mitogenomes, confirming sufficient quality of the raw
reads for mitogenome generation. More stringent qual-
ity trimming at PHRED 20 resulted in the best results
for both the mapper and de novo assembly strategies
for C. sonorensis and C. biguttatus specimens in most
cases. The best mitogenomes for both species generated
with the most stringent quality filtering (PHRED 20)
were annotated and used as the most complete, newly
described mitogenomes for Culicoides.

Overall gene arrangement was identical among C.
sonorensis, C. biguttatus and C. arakawae. However, sev-
eral intergenic fragments of different sizes were observed
across Culicoides mitogenomes, mainly responsible for
differences in mitochondrial genome sizes. A total of 17
spacers were found in C. sonorensis, ranging from 1 to
30 bp. On the other hand, C. biguttatus’ most complete
mitogenome showed up to 12 spacers ranging from 2 to
114 bp. Altogether, spacers occupied 298 bp in C. bigut-
tatus_G04. The largest intergenic spacer in C. bigut-
tatus was found between the genes tRNA H and NAD5
(114 bp). In C. sonorensis the largest spacer had 30 bp and
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were found between rRNA E and tRNA F and between
tRNA S2 and NADI. Inferred control region sizes ranged
from 638 bp in C. sonorensis to 794 bp in C. biguttatus.

Each generated mitogenome was evaluated using the
reference sequence to determine the pairwise genetic
identity and identical sites. When aligning the mitog-
enome sequences generated for both haplotypes within
species, they were over 99% identical within C. sonorensis
and C. biguttatus. The latter shows a highly similar hap-
lotype composition. An analysis by gene revealed that
genes ATP8, NAD2, NAD6, and LSU rRNA showed the
highest nucleotide diversity (Fig. 6) and pairwise inter-
specific genetic distance (Supplementary Figure S3), with
COI presenting the third-lowest metrics among all mito-
chondrial genes.

Discussion

Mitogenome analysis provides a unique insight into
genome and taxa evolution and sets the basis for success-
fully detecting high-resolution mitochondrial markers
for species identification and, particularly, the use of the
whole mitogenome as a marker [31]. All eight specimens
used here were morphologically and molecularly identi-
fied to the species level to avoid taxonomic uncertainty
when reporting their associated mitogenome informa-
tion. Average nucleotide diversity among Culicoides
mitochondrial genes suggests that the ATP8, NAD2,
NAD6, LSU rRNA genes are the most variable mito-
chondrial markers, followed by the NAD4, NAD4L, and
NAD5 genes. This confirms previous observations that
NADH genes evolve faster than cytochrome oxidase
genes [9]. The latter was the case for Culicoides mitog-
enomes except for NADI. In accordance with the higher
nucleotide substitution rate, ATP8, NAD2, NAD6, and
LSU rRNA genes also exhibited the highest average
pairwise genetic distances among Culicoides’ available
mitogenomes. Patterns of genetic variation among these
genes suggest they could be suitable gene combina-
tions for establishing an effective DNA-based identifica-
tion system for Culicoides. Some of these genes, such as
LSU rRNA, have proven their utility in identifying and
reconstructing the phylogeny of insect species of foren-
sic importance [31]. ATP8 and NAD6 have also shown
higher genetic variation than COI in other insects (e.g.,
Lepidopterans), which has suggested a disproportionate
focus on COI within this group for the species identifica-
tion [32]. Therefore, mitochondrial gene variation analy-
sis within the order Lepidoptera has revealed COI among
the least variable genes in the species mitogenomes and
confirmed other genes with higher genetic variability,
such as NAD2, NAD4, and NAD5 [33]. An ideal DNA
barcode marker should have a rate of molecular evolu-
tion high enough to provide maximum discrimination
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Fig. 6 Nucleotide diversity per mitochondrial protein-coding and rRNA genes within Culicoides as inferred from all mitogenomes available,
including the haplotypes generated in the present study

among the compared species. No compelling a priori
reason supports the focus on COI over any other mito-
chondrial protein-coding gene [4]. However, proper
mitochondrial molecular markers selection for other
Culicoides species identification or other derived applica-
tions of mitogenome information cannot be established
without the characterization of their mitogenome and
the establishment of comprehensive DNA reference data-
bases. Currently, there are 414 (out of 1,347) Culicoides
species with available COI records on BOLD (http://
www.boldsystems.org/) as of May 2™, 2022. Molecular
information is missing for approximately 70% of the rec-
ognized species in the genus. Given the limited data, it
is not straightforward to demonstrate that the standard

mitochondrial barcode marker (COI) works as expected
for all Culicoides or that this marker is outperformed
by the other potential mitochondrial markers. Enough
empirical information suggests COI is an insufficient
molecular marker for species identification in some Dip-
tera families [34]. In the Culicoides context, COI showed
the third-lowest values of nucleotide diversity among
Culicoides mitogenomes under study. However, the com-
plete COI gene reconstructed in the present study from
the MiSeq reads unambiguously validated the specimens’
identity and the identity of their associated mitogenome.
Despite the sufficiency of the complete COI gene to pro-
vide identification for the Culicoides species under study,
it is important to highlight that these species represent
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less than 1% of the total Culicoides, and further evalua-
tion of understudied species will be needed to check if
this pattern holds.

In addition, standard DNA-barcoding of the specimens
using the COI molecular marker might be biased in the
presence of exogenous DNA material within the blood
meal (e.g., host DNA). Consequently, additional efforts
to validate the identity of the generated mitochondrial
genomes are needed [9]. The mitogenome of the host
Bos taurus was recovered from C. biguttatus DNA reads,
confirming the potential of metagenomics for studying
vectors and their hosts simultaneously, as well as poten-
tially vectored pathogens [35—37]. Notably, all C. bigutta-
tus specimens used for mitogenome reconstruction were
sampled in a dairy barn.

In the present study, no mitogenome was gener-
ated when isolating the mitochondria before whole
mtDNA extraction due to the low mtDNA concentra-
tions and number of reads associated with mtDNA. The
low mtDNA concentrations are inevitably linked to the
limited amount of starting material, which presents a
challenge regardless of the applied mitochondrial isola-
tion methods/kits and can only be increased by pooling
multiple individuals prior to DNA extraction. Pooling
individuals was not considered in the present experi-
mental design to avoid further complications during
mitogenome reconstruction, given the possibility of the
presence of different haplotypes and since the mix of
genetic variants is a recognized challenge during insect
genome assembly and annotation [36]. The low num-
ber of generated mtDNA reads might also be due to the
lower depth of coverage used when sequencing these
libraries (up to tenfold less than that for whole-genome
sequencing libraries), which should be increased in
future attempts. Nevertheless, only eight insect mitog-
enomes have successfully been sequenced based on mito-
chondrial isolation [38]. Consequently, the vast majority
of insect mitogenomes sequenced to date (up to 98%)
have been generated without mitochondrial isolation
[33], which reaffirms the limitations of the isolation pro-
cedure (e.g., laborious protocols and additional costs per
sample). Direct shotgun sequencing for mitogenome
sequencing also has the key advantage that the approach
requires less amount of tissue, which was essential for the
present study, and is faster than approaches that involve
mitochondrial isolation [33]. Consequently, given the
success in generating full mitogenomes for Culicoides
species from single specimens without mitochondrial
isolation, future mitogenome sequencing efforts could
skip mitochondrial isolation to avoid extra protocol steps
and costs per sample processing. If mitochondrial isola-
tion is desired, improving mtDNA isolation efficiency
or using whole-genome amplification kits after isolation
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should be explored to increase mtDNA concentrations.
Furthermore, a significantly higher depth of cover-
age than that used in this study will be needed to vali-
date mitochondrial isolation as a practical approach for
mitogenome sequencing in Culicoides.

Mapping to a reference mitogenome versus de novo
assembly
Mapping to a reference mitogenome was demonstrated
to be a more accurate approach than de novo assembly
to generate Culicoides mitochondrial genomes in the
presence of a species-specific reference mitogenome.
However, mapping results were biased in the absence of
a species-specific reference genome. In the latter case, de
novo assemblers were deemed more reliable. Our com-
parison of de novo assemblers included both metagen-
omics- and metatranscriptomics-optimized assemblers
to compare their performances for mitogenome assem-
blies. Since both optimization types were among the
best performing de novo assemblers, the assembly per-
formance seems to be assembler-dependent rather than
optimization-dependent. Overall, BWA can be con-
sidered an efficient, fast, and accurate mapper for Culi-
coides mitogenome generation using MiSeq Illumina
reads in the presence of species-specific reference mitog-
enomes. Mapping strategies are, in general, faster, and
computationally less demanding than de novo assembly
and might become essential as the number of available
mitochondrial reference genomes increases. However,
this approach is not free of limitations, and checking
for potential mapping bias will be necessary when more
reference-quality Culicoides mitochondrial genomes are
being released. To date, only one Culicoides reference
mitogenome is available in NCBI Reference Sequence
Database. In the absence of specific reference mitoge-
nomes, three main de novo assembling tools, MEGAHIT,
SPAdes, and MitoZ, should be considered for optimal
Culicoides mitogenome reconstruction. The most com-
plete mitogenomes were generated for the specimens C.
sonorensis_F004 and C. biguttatus_G04 using mapping
and de novo assembling approaches, respectively.
Haplotype comparison within C. sonorensis and C.
biguttatus revealed over 99% sequence similarity, respec-
tively, confirming the accuracy of the best mapping
and assembling tools. Overall, gene arrangement and
organization of C. sonorensis and C. biguttatus mitog-
enomes were identical to the one reported for Drosoph-
ila yakuba (GenBank accession number NC_001322.1 /
[11]), which represents the ancestral gene organization
of insect mitogenomes [11]. Consequently, no translo-
cation of tRNA was observed in the generated mitog-
enomes, as has been reported for other Culicoides
species [29]. GC content was 21.5% and 26.7% for C.
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sonorensis and C. biguttatus, respectively, exhibiting the
extreme AT bias observed in insect mitogenomes [10,
32]. A long intergenic segment of 114 bp was found in
the genome region of C. biguttatus between tRNA H
and NAD5 genes. Long non-coding regions (from 65
to 1,846 pb) have been described in the mitogenome of
other six Culicoides species, including C. arakawae [29].
Those long non-coding segments might contain high
molecular variation, although there might be functional
constraints if it becomes demonstrated that they play a
role in mitogenome replication and transcription. This
hypothesis is based on the fact that the long spacers are
AT-rich segments similar to the control region and prone
to form secondary structures (e.g. stem-loops) [29]. The
presence of common intergenic spacers for the same
Culicoides mitogenome region (e.g., between tRNA H
and NAD5 genes) in divergent species like C. biguttatus
and C. sonorensis (present study) and C. arakawae [29])
might also be indicative of the common insertion origin
of the segment during evolution. Potential explanations
to the origin of these intergenic spacers are duplication,
translocation from the control region, DNA polymerase
slippage during replication, or even horizontal transfer
from nuclear DNA [29]. However, further analysis will be
necessary to determine the function and origin of these
spacers.

Conclusions and future direction

We provide two novel annotated mitogenomes for Culi-
coides, which might function as a baseline for unravelling
the poorly resolved phylogenetic relationships among
Culicoides species and establishing additional mitochon-
drial markers for molecular Culicoides identification. We
propose that the ATP8, NAD2, NAD6, and LSU rRNA
genes could be potential barcodes for Culicoides. Future
studies should focus on expanding both the available
intraspecific and interspecific mitogenome information
for the genus Culicoides in order to confirm the applica-
bility of these genes and determine the best delineation of
interspecific and intraspecific genetic distances. Whether
or not COI remains sufficient for the remaining Culi-
coides species or is outperformed by other mitochondrial
genes will require further evaluation as more Culicoides
mitogenomes become available.

Our methodology might be useful for similar studies on
Culicoides. We recommended the mapping tool BWA for
mitogenome reconstruction in the presence of species-
specific reference mitogenome and the annotation tool
MITOS2 for mitogenome annotation. De novo assem-
blers SPAdes, MEGAHIT, and MitoZ are recommended
in the lack of a species-specific reference genome for
Culicoides to avoid mapping bias. We plan to sequence
the mitogenomes of other Culicoides species, including
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the 38 Culicoides species currently described for Ontario,
and eventually reach the 57 species found in Canada [36,
39]. The establishment of a complete molecular database
containing all genomes of all viral serotypes transmitted
by Culicoides will be beneficial for the detection of viral
DNA in Culicoides HTS datasets. Similarly, the establish-
ment of a complete genome database containing all Culi-
coides hosts will be beneficial for rapid screening during
the molecular identification of biting midges. Landscape
alteration and climate change are recognized causes of
Culicoides” geographic expansions beyond their native
ranges [39]. Molecular tools to allow their identification
are critical to adequately assessing health risk, imple-
menting effective management plans, or simply evalu-
ating undocumented diversity due to geographic range
shifts. Culicoides species have a broad range of hosts and
represent severe health and economic concerns, from
wildlife and livestock health to tourism, highlighting the
importance of molecular biomonitoring and biosurveil-
lance [39]. Therefore, establishing such databases might
allow the quick molecular identification of vectored path-
ogens, vectors, and their hosts to develop effective miti-
gation plans and avoid massive economic loss.

Methods

Specimen selection

Two Culicoides species were chosen for the present
study, Culicoides sonorensis and C. biguttatus (Fig. 7). All
C. biguttatus specimens were collected with miniature
Centre for Disease Control (CDC) light traps with UV
lights (Bioquip, CA, USA) at the Ontario Veterinary Col-
lege Dairy Barn, University of Guelph, Guelph, ON Can-
ada [36]. C. sonorensis specimens belonged to a colony
of specimens that originated in Idaho (Owyhee County).
The colony has been maintained since 1973 by the United
States Department of Agriculture/Agricultural Research
Service, Arthropod-Borne Animal Disease Research
Unit (USDA/ARS, ABADRU) in Manhattan, KS. These
C. sonoresis specimens used in our study were acquired
in 2016 by the Canadian Food Inspection Agency (CFIA)
at the National Centre for Animal Diseases, Lethbridge
Laboratory. All specimens were imaged before DNA
extraction using a Leica MC170 HD camera mounted
on a Leica M205 A microscope utilizing the software
Leica LAS X (version 3.6.0.20104; Leica Microsystems,
Wetzlar, Germany), (Fig. 7). Taxonomic classifications of
the collected Culicoides specimens to species level were
based on morphological key characters [40—44].

Four specimens per species were subjected to two dif-
ferent treatments: treatment one consisted of mito-
chondrial isolation followed by genomic extraction (C.
sonorensis_ F0O01 /- CFIALET2016-COLAK-F001, C.
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C. sonorensis_F001

Fig. 7 Lateral images (left and right) of the Culicoides specimens
used in the present study. The dark macula in the abdomen of C.
biguttaus_GO01 indicates blood meal. All specimens in this figure
are female. Images were organized by treatment received, where
all the specimens listed here underwent mitochondrial isolation
previous mitogenome sequencing. Lateral images (left and right)
of the Culicoides specimens used in the present study. The dark
macula in the abdomen of C. biguttaus_G04 indicates blood meal.
All specimens in this figure are female. Images were organized by
treatment received, where all the specimens listed here underwent
direct mitogenome sequencing without mitochondrial isolation.

sonorensis_FO03 /- CFIALET2016-COLAK-F003, C.
biguttatus GO1 / FAP3ST-DAB02-025, and C. biguttatus_
GO03 / FAP3ST-DABO02-027), and treatment two consisted
of whole genomic DNA extraction (C. sonorensis_F002 /
CFIALET2016-COLAK-F002, C. sonorensis FO04 /| CFI-
ALET2016-COLAK-F004, C. biguttatus_G02 / FAP3ST-
DABO02-026, and C. biguttatus_G04 / FAP3ST-DAB02-028).
Mitochondrial isolation was conducted with the Qproteome
Mitochondria Isolation Kit (Qiagen catalogue # 37,612) fol-
lowing the manufacturer’s instructions.

DNA extraction

Genomic DNA extractions were performed with the
MagAttract High Molecular Weight (HMW) DNA
extraction kit (Qiagen, Toronto, ON Canada) using mito-
chondrial fractions and whole specimens. For the mito-
chondrial fractions, the kit was used as indicated by the
manufacturer. Modifications to the manufacturer’s rec-
ommendations were necessary when extracting from
the whole specimen and are outlined as follows: Whole
Culicoides specimens were weighed on an analytical
scale (Sartorius, Oakville, ON Canada). Each specimen’s
weight was<1 mg, which was lower than the 25 mg of
tissue weight recommended in the DNA extraction kit
handbook. Despite the insufficient tissue weight of each
specimen, individual specimens were processed instead
of pooling different specimens from the same species; to
avoid complications in the analysis due to the presence
of multiple haplotypes. A total of 220 uL of ATL buffer
and 20 pL of proteinase K were added to each specimen,
and the specimens were incubated overnight at 56°C
with shaking at 700 rpm to ensure complete digestion.
The lysates were subsequently transferred to 2 mL cen-
trifuge tubes containing approximately 250 mg of 1 mm
glass beads. The lysate of each specimen was disrupted in
a TissueLyser II (Qiagen, Toronto, ON Canada) at a fre-
quency of 30 Hz for one minute and then incubated for
additional two hours at 56°C with shaking at 700 rpm,
following the addition of another 20 pL volume of pro-
teinase K. After the second incubation, any remaining
visible tissue was physically disrupted using a sterile
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pestle before proceeding with the protocol. This thor-
ough chemical and physical tissue degradation was cho-
sen to achieve the maximum DNA yield possible for the
very low tissue amount of starting material per specimen.
Once specimens were lysed entirely, the manufacturer
DNA extraction protocol for fresh/frozen tissue was fol-
lowed. DNA extracts were run on a 1% agarose gel and
quantified by fluorometry using a Qubit and the dsDNA
HS kit (Thermo Fisher Scientific, Mississauga, ON Can-
ada) with 10 uL of each extract. DNA quantities were
measured three times per sample (every ten minutes) and
average concentrations and standard deviations were cal-
culated (Fig. 1). The integrity of DNA extracts was fur-
ther validated by amplifying the COI barcode gene with
the COl-specific primers and PCR conditions described
in Milidn-Garcia et al. 2020 and 2021 [36, 45] during
the first steps of library preparation for Illumina MiSeq
sequencing.

lllumina Sequencing

High-Throughput Sequencing was conducted using an
[lumina MiSeq System and a MiSeq reagent kit version
3 (600 cycles) at the Advance Analysis Center (AAC),
University of Guelph. The samples were prepared for
sequencing using the Nextera XT library prep kit (FC-
131-1096) from Illumina and Nextera XT v2 indices (FC-
131-200X) according to Illumina’s instructions with one
modification: Macherey—Nagel NucleoMag NGS Beads
(REF 744,970) were used instead of AMPure XP beads,
which does not affect protocol performance and con-
siderably reduces sample processing costs. Insert sizes
were 400 bp for whole specimen samples and 50-200 bp
for mitochondrial fraction samples. DNA libraries were
pooled so that each sample from whole specimen DNA
received 10% of the total MiSeq reads and each sample
from mitochondrial fractions received 1% of the total
reads. The difference in sequence depths per sample
type was based on the assumption that 1% out of a con-
servative total of 17 x 10° reads generated in a MiSeq run
would be enough to sequence a mitochondrial genome
of 20 kbp at 2,550X depth of coverage. More sequencing
effort was needed to sequence the mitochondrial genome
when using whole specimen DNA, as it contains nuclear
DNA as well, which is why samples from whole speci-
men DNA received an order of magnitude more reads.
All sequencing reads were demultiplexed, and the Illu-
mina adapters were trimmed using the MiSeq Reporter
software, generating two paired-end FastQ raw data
files. Read quality was checked using FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/),
and FastQC reports of all specimens were summarized
using MultiQC [46] for better visualization. We received
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7,813,084 300 bp paired-end reads in total, and speci-
mens that underwent mitochondrial isolation prior to
DNA extraction received 4,872—-12,624 reads, which was
one to three orders of magnitudes less reads than that
received by specimens that underwent whole genomic
DNA extraction (Supplementary Table S1).

Trimming and mitogenome generation based on mapping
to reference genomes

For every sample, forward and reverse reads were
trimmed, and quality filtered using BBDuk v38.84. Qual-
ity filtering was performed at two different PHRED scores
(5 and 20) to explore the effect of stringent and relaxed
quality filtering on mitogenome generation. The PHRED
scores allowed for a 25% and 1% chance of error during
base calling, respectively. Trimming included remov-
ing all Truseq, Nextera, and PhiX adapters if present. All
other BBDuk parameters were kept at default, including
discarding of reads shorter than 10 bp. The trimmed and
quality-filtered reads were then mapped against a refer-
ence mitogenome.

Mitogenome generation for each specimen based on
mapping to reference genomes was conducted using the
six mappers BWA v0.7.17-r1198-dirty with the BWA-
MEM algorithm [15, 16], Bowtie2 v2.4.4 [17], Bowtie
v1.3.1 [18], Minimap2 v2.17 [19], BBMap v38.84 [20], and
Geneious (https://www.geneious.com) as implemented
in Geneious Prime v2021.2.2. For C. sonorensis samples,
the sequence “scaffold710” from GenBank (accession
number LN484060.1) [30] and for C. biguttatus sam-
ples, the validated mitochondrial genome sequence for
C. arakawae available in the RefSeq database (accession
number AB361004.1/ NC_009809.1), were used as ref-
erence sequences [29]. The settings of all mappers were
kept at default except for the mapping sensitivity, which
was set to “highest” in all but the Geneious mapper
(“high”) to reduce the runtime, and BWA, for which no
specific mapping sensitivity option was available. Con-
sensus sequences that resulted from mapping were man-
ually checked, and sequence terminals with missing data
at the 5" and 3’ terminals were deleted. Only outputs that
resulted in five or more reads mapped against the refer-
ence sequence were considered, as five non-overlapping
reads of 300 bp length are sufficient to cover the entire
COI gene (approximately 1,500 bp). The COI gene is con-
sidered the standard molecular barcode for metazoans
[4] and was the only barcode gene that we amplified after
the DNA extractions and prior to sequencing to evalu-
ate the DNA integrity (Fig. 1). All consensus sequences
generated from the mappers were aligned against the
reference mitogenome using LASTZ v1.02.00 [47, 48]
as a genome alignment tool implemented in Geneious
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and keeping the parameters at default. LASTZ allowed
the estimation of the pairwise number of identical sites
(IS) and the percentage of pairwise identity (%PI) among
compared sequences. In cases of multiple alignment
arrangements, only the combination with the highest IS
and %PI was considered for further analysis. The consen-
sus sequence of the mapper with the best performance,
that is, the highest numbers of identical sites (IS) and
percentage of pairwise identity (%PI) that at the same
time minimize the number of differences to the reference
sequence was selected as the best-generated mitogenome
sequence. The identical sites metric does not consider
ambiguities. In contrast, the percentage of pairwise iden-
tity considers them up to 50% identical to the compared
position if the ambiguity includes the nucleotide present
on the reference. Both IS and %PI limit the comparison
between the commonly sequenced and overlapping DNA
regions. Differences in non-overlapping sequences were
used as a third metric to take this variation into account
when choosing the best consensus sequence. Using the
mapper yielding the best performance, the trimmed and
quality-filtered reads of C. biguttatus specimens with
blood meal (C. biguttatus GO1 and C. biguttatus G04)
were mapped against potential host mitogenome (Bos
taurus, GenBank accession number NC_006853).
Furthermore, potential mapping bias when using dif-
ferent reference mitogenomes was evaluated for C. bigut-
tatus, as it was the only species lacking a species-specific
reference. In this case, mapping against both available
reference mitogenomes (C. arakawae and C. sonoren-
sis) was completed for C. biguttatus specimens G02 and
GO04, using the mapper yielding the best results for C.
biguttatus. The generated mitogenomes using both ref-
erences were used for a haplotype comparison in a phy-
logenetic tree in the context of all available Culicoides
mitogenomes. We aligned sequences using MAFFT v
7.450 [49] with default parameters as implemented in
Geneious (https://www.geneious.com). Bayesian phy-
logenetic analysis was completed using MrBayes v3.2.6
[47] and Aedes aegypti as an outgroup (GenBank acces-
sion number NC_035159.1), a GTR substitution model,
and gamma-distributed rate variation. Four simultane-
ous chains with a chain length of 1,000,000 were run,
each using a random tree as a starting point, a subsam-
pling frequency of 200, and the default heating scheme.
As burn-in samples, the first 2,000 trees were discarded.
The remaining trees were used to derive posterior prob-
ability values and construct a majority-rule consensus
tree. The expectation was that in the absence of mapping
bias, the relationship of the haplotypes would remain
the same regardless of the reference mitogenome used.
On the contrary, if the mapping to a non-specific refer-
ence mitogenome was biasing the output, the haplotype
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would shift the relationship to being more closely related
to the reference.

Mitogenome generation based on de novo assembly
Forward and reverse reads were trimmed, and quality
filtered as described above. To investigate the impact of
different assemblers on mitogenome assembly, trimmed
and quality-filtered reads were assembled using five
de novo assemblers, including MEGAHIT v1.2.9 [21],
SPAdes v3.14.1 [22], rnaSPAdes v3.14.1 [23], the Mito-
Flex v0.2.9 [24] assembly module, and the MitoZ v2.3
[25] assembly module, and two seed-based assemblers,
including MITObim v 1.9.1 [26] and NOVOPlasty v2.7.2
[3]. MitoFlex and MitoZ are modular pipelines specifi-
cally designed for mitogenome assembly and annotation.
The MitoFlex and MitoZ assembly modules represent
a modified version of the assemblers MEGAHIT and
SOAPdenovo-Trans [50], respectively, to better assem-
ble mitochondrial sequences. MEGAHIT, SPAdes, and
the MEGAHIT-modified MitoFlex assembly module are
metagenomics-optimized de novo assemblers, whereas
rnaSPAdes and the SOAPdenovo-Trans-modified MitoZ
assembly module are metatranscriptomics-optimized de
novo assemblers. Since mitochondrial reads have much
higher copy numbers than other reads, metagenomics-
and metatranscriptomics-optimized assemblers were
tested to compare their performances for mitogenome
assemblies.

MEGAHIT, SPAdes, and rnaSPAdes were run with
default parameters. For the MitoZ assembly module, it
was specified that the reads stemmed from a specimen in
the clade Arthropoda, read length was 300 bp and insert
size was 400 bp. The assemblies were run in quick mode,
which involved only one k-mer length, limited the assem-
bly to sequences belonging to the clade Arthropoda, and
all other default parameters were used. For the MitoFlex
assembly module, the parameter to specify insert length
as 400 bp was specified and all other default parameters
were used.

The two seed-based assemblers required a seed
as a starting point of the assembly. For C. bigutta-
tus assemblies, the COI reference sequence of BIN ID
BOLD:AAG6468 from the Barcode of Life Data System
(BOLD) database was used as a seed. In lack of a com-
parably reliable COI reference sequence for C. sonoren-
sis, “Culicoides sonorensis COI” was searched in the
NCBI GenBank database (https://www.ncbi.nlm.nih.gov/
genbank/), all available C. sonorensis COI sequences were
downloaded and imported into Geneious. The sequences
were aligned using MAFFT v7.450 [51], with the consen-
sus threshold set to 50%, to minimize ambiguous bases
in the consensus sequence. The exported consensus
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sequence was used as a seed. MITObim was run for 100
iterations and all other default parameters were used.
NOVOPlasty was run with default parameters as given in
the configuration file example on GitHub (https://github.
com/ndierckx/NOVOPlasty).

To select the appropriate mitochondrial genome
sequence for further analysis among all assembled
sequences of each assembler, the MitoZ findmitoscaf
module was initially used, which was designed to
identify mitochondrial sequences among assembled
sequences and involved profile Hidden Markov Mod-
els, protein-coding gene (PCG) annotation, and NUMTs
and contamination removal. However, the MitoZ find-
mitoscaf module failed on all assembly results for both
C. sonorensis and C. biguttatus and stated an error that
the read coverage in the forward and reverse reads used
for assembly was too low (“All sequences are low abun-
dance (< 10X)”). This indicated that MitoZ was not able
to verify potential mitochondrial sequences due to too
low read abundances. As an alternative, we generated
a BLAST database using only the validated mitochon-
drial genome sequence for C. arakawae available in
the RefSeq database (accession number AB361004.1/
NC_009809.1) and BLASTed all assembled sequences
against the C. arakawae BLAST database. If a sequence
had any match with the database, it was considered a
mitochondrial sequence. For each assembler, we selected
the longest matched sequence as the longest gener-
ated mitochondrial genome sequence for further analy-
sis. Among these selected sequences, the best de novo
mitogenome sequence was selected as described for the
mapping strategy using the same reference sequence per
species.

Mitogenome annotations

To investigate the impact of different annotation tools
on mitogenome annotations, the best mitogenome
sequence based on the mapping and de novo approach,
respectively, was annotated using four different anno-
tation tools, including two web-server-based tools
(MITOS2 [52] and GeSeq [53]) and the two command-
line-based annotation modules of MitoZ [54] and Mito-
Flex [55]. Furthermore, all reference mitogenomes used
in this study were annotated de novo or re-annotated
with MITOS2, GeSeq, MitoZ, and MitoFlex, using the
same parameters as in the analyses indicated above, to
check the accuracy in reproducing the same results of
the already annotated mitogenomes (e.g. for C. arakawae
[29] C. sonorensis Scaffold710, and D. yakuba [11]). For
MITOS2, a web server for the annotation of metazoan
and fungi mitochondrial genomes, “RefSeq 89 Metazoa”
as a reference, “5 Invertebrates” as the genetic code, and
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all other default settings were used. Visualization and
mitogenome illustration of all annotations were con-
ducted in Geneious. Furthermore, MITOS2-annotated
COI genes were extracted to validate the specimens’
identity based on COI barcodes using the top BLAST hit
against the NCBI GenBank database and the identifica-
tion engine from BOLD.

For GeSeq, a web server for rapid and accurate orga-
nelle genome annotation, “mitochondrial” was selected
as the sequence source and ARWEN v1.2.3 [56] as the
3" party tRNA annotator with search mode “Meta-
zoan Mitochondrial tRNAs” and genetic code “Inver-
tebrate Mitochondrial” The taxon chosen from the
NCBI RefSeq database to annotate against, that was
the only available taxon of the genus Culicoides, was C.
arakawae (NC_009809.1). MitoZ and MitoFlex annota-
tion modules were run for the clade Arthropoda and all
other default parameters were used. The different anno-
tation tools were compared based on the number of
genes identified and general gene arrangement in gener-
ated mitogenomes. Only the best annotation tool output
was chosen for Culicoides mitogenome representation.
The specific gene arrangement that resulted in the best
annotations was compared among the sequenced hap-
lotypes and the reference mitogenomes using CREx
[57]. Genome annotations were visualized, checked, and
all intergenic segments (spacers) were manually anno-
tated in Geneious (https://www.geneious.com). Anno-
tated genes for each available Culicoides haplotype (C.
sonorensis_F02, sonorensis_F04, C. biguttatus_G02,
C. biguttatus_GO04, C. sonorensis LN484060.1, and C.
arakawae NC_009809.1) were independently aligned
using MAFFT v 7.450 [49] with default parameters as
implemented in Geneious (https://www.geneious.com).
Each alignment was then used to estimate nucleotide
diversity and pairwise p-genetic distances with pegas
[58] and ape [59] R packages. Posterior data visualiza-
tion and figure preparation were completed in R v4.0.2
[60] with ggplot2 [61] and plotly [62] packages.
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Additional file 3: Supplementary Figure S1. Bos taurus mitogenome
recovered from Culicoides biguttatus. A. Reference mitogenome for Bos
taurus (NC_006853) and B. Bos taurus mitogenome generated from
C. biguttatus_G04 containing blood meal. PCGs, rRNA, and tRNA are
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indicated in green, brown, and orange. The control region (D-loop) is
noted in blue.

Additional file 4: Supplementary Figure S2. Bayesian reconstruction
of the relationship among Culicoides mitogenomes generated up to
date, including current haplotypes. A. Blue square indicates C. biguttatus
haplotypes mapped against C. arakawae. B. The red square indicates C.
biguttatus haplotypes mapped against C. sonorensis_Scaffold710 using
the same mapper (Bowtie2). Notice the switch in position of C. biguttatus
depending on the reference mitogenome used. The numbers over the
nodes indicate posterior probability support. Aedes aegypti (GenBank
accession number NC_035159.1) represents the outgroup.

Additional file 5: Supplementary Figure S3. Heat map representing
pairwise p genetic distances among Culicoides mitogenomes haplotypes
available up to date.
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