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The family Simuliidae belongs to Diptera whose systematic position is still
strongly debated. A few mitochondrial genomes (mitogenomes) of Simuliidae
and none of the subgenus Montisimulium in the genus Simulium have
previously been available. Therefore, the mitogenome of Simulium jisigouense
Chen, Zhang and Liu, 2008 was sequenced to better understand the
diversity of mitogenomes within this family. The complete mitogenome
of S. jisigouense was 16,384 bp long. It contained 37 genes including
22 tRNAs, 13 protein-coding genes (PCGs), and 2 rRNAs, and an A + T-
rich region, which was the same as the arrangement of mitogenomes of
ancestral insects. Almost all PCGs used the typical ATN as start codons,
except COl used TTG. Almost all tRNAs could be folded into cloverleaf
structures except the dihydrouridine (DHU) arm of tRNASS" (AGN) \which
formed a loop. The phylogenetic analysis revealed that Simuliidae was
monophyletic and was the sister group to Thaumaleidae. Subgenus Simulium
was recovered as paraphyletic and needs more comprehensive sampling in
future studies. Divergence time estimation showed that Simuliidae diverged
from Thaumaleidae at 239.24 Ma and the subgenera of Simulium diverged
from each other from 162.46 to 75.08 Ma.

Simuliidae, Simulium jisigouense, mitochondrial genome, phylogenetic relationships,
divergence time

Introduction

Simuliids (Diptera), also called black flies, are blood-sucking insects distributed
throughout the world that can transmit the agents of many diseases (Chen and An,
2003). The female adults of Simuliidae are vectors of blood-borne diseases of humans
and livestock, such as river blindness and bovine onchocerciasis (Cai, 2005; Huang et al.,
2009). In addition, larvae of Simuliidae inhabit flowing water and play an important role
in material metabolism and energy transformation as one of the most important families
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in river ecosystems (Garms and Walsh, 1987; Hall et al,
2001; Yan and Li, 2006). They are also important indicator
organisms that can be used for water quality and environmental
monitoring (Garms and Walsh, 1987; Hall et al., 2001; Yan and
Li, 2006).

Miller et al. (1997) recovered Simuliidae as the sister group
to Dixidae based on the 18S rDNA and 5.8S rDNA genes.
Beckenbach and Borkent (2003) demonstrated that Simuliidae
is the sister group to the branch including Ceratopogonidae
and Chironomidae based on the COII gene. Pawlowski
et al. (1996) based on 28S rRNA and Bertone et al. (2008)
based on 28S rDNA, CAD, TPI, and PGD concluded that
Simuliidae is the sister group to Thaumaleidae. Day et al.
(2016) reconstructed the phylogeny of “Nematocera” using
mitochondrial genomes (mitogenomes) and demonstrated that
Simuliidae is the sister group to Dixidae. However, Kang (2017)
showed that Simuliidae is the sister group to Thaumaleidae,
and together they are the sister group to the rest of the
Culicomorpha based on the mitogenomes. Wang and Huang
(2019) analyzed the complete mitogenomes of Simulium
maculatum and showed that Simuliidae is the sister group to
Dixidae + Culicidae. Phayuhasena et al. (2010) demonstrated
that subgenus Simulium is monophyletic, whereas subgenus
Nevermannia is paraphyletic and together with subgenus
Montisimulium being the sister group to subgenus Simulium
based on COI, ND4, 168 rRNA, and 18S rRNA. The phylogenetic
position of Simuliidae in Diptera and the internal phylogenetic
relationships of Simuliidae are not fully resolved and further
research is needed.

Mitogenomes have been extensively used in taxonomy,
evolution, phylogeny, population genetics, and comparative
genomics (Cameron, 2014). Research on the mitogenomes
of Simuliidae, however, is relatively scarce. There are 2,401
species of Simuliidae known in the world and 347 species in
China (Adler, 2021). However, 10 mitogenomes of Simuliidae
are available in GenBank, 3 of which are complete. No
mitogenome of the subgenus Montisimulium is available up
to now. Therefore, we sequenced and annotated the complete
mitogenome of S. jisigouense Chen, Zhang and Liu, 2008 as
the first representative of Montisimulium (GenBank accession
number: OM898924). The phylogenetic position of Simuliidae
in Culicoidea and the internal phylogenetic relationships of
Simuliidae were reconstructed and the divergence time within
Culicoidea was estimated.

Materials and methods

Sampling and genomic DNA extraction
The specimen used for DNA extraction was collected

on 2016-VII-14 by Liang Wang in Lushui City, Yunnan
Province, China (99°34’E, 25°33/N). The voucher specimen was
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preserved for storage in absolute ethanol at —20°C at Hebei
Agricultural University (HEBAU), Baoding, China, with the
identification number Sim06-001. Genomic DNA was extracted
using the DNeasy Blood and Tissue kit from the thoracic muscle
(QIAGEN, Germany). Electrophoresis was used to assess the
quality of PCR products in a 1% agarose gel and Gold View was
used as the dye.

Genome sequencing and analysis

The Illumina HiSeq 2500 Platform was used for whole-
genome sequencing. Raw reads (about 4 Gb) were checked
by FastQC 0.11.9 (Andrews, 2020). Trimmomatic 0.32 was
used to filter the low-quality reads (Bolger et al, 2014). The
COI gene was amplified by PCR, using universal primers,
and detected by the blast with relevant species in the
National Center for Biotechnology Information (NCBI) to
exclude the amplification of any pseudogene (nuclear copy).
The PCR cycling conditions included a pre-denaturation at
94°C for 30 s and 40 cycles of denaturation at 95°C for
10 s, annealing at 55°C for 50 s, and elongation at 65°C
for 10 min at the end of all cycles. The IDBA-UD 1.1.3
was used to assemble the mitogenome (Peng et al., 2012).
Secondary structures of tRNAs were predicted by the MITOS
Web Server and then checked by manual proofreading (Bernt
et al, 2013). MEGA 7.0 was used to analyze the base
composition and codon usages (Kumar et al, 2016). The
calculation formulas of composition skew values were AT-
skew = (A — T) / (A + T) and GC-skew = (G — C) / (G + C)
(Perna and Kocher, 1995).

Dataset construction and
heterogeneous sequence divergence
test

Clustal_X was used to conduct the amino acid alignment
of protein-coding genes (PCGs) (Thompson et al, 1997).
All sequences were aligned by MEGA 7.0, excluding the
stop codons (Kumar et al, 2016). Four datasets of PCGs
were used in the heterogeneous sequence divergence test,
each representing different types of data, which included or
excluded specific sites. The PCG12 matrix includes 13 PCGs
with only the first and second codon positions. The PCG12r
matrix includes 13 PCGs with only the first and second
codon positions plus two rRNAs. The PCG123 matrix includes
13 PCGs with three codon positions. The PCG123r matrix
includes 13 PCGs with three codon positions plus two rRNAs.
AliIGROOVE was used to analyze the heterogeneity of sequence
divergence within the datasets under the default parameters
(Kiick et al., 2014).
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TABLE 1 Taxonomic groups are used for the phylogenetic
analyses of Simuliidae.

Family Species Accession number  Size
Ingroups

Ceratopogonidae Culicoides arakawae NC_009809 18,135 bp
Ceratopogonidae Forcipomyia sp. m QL-2019 MKO000395 16,558 bp
Chaoboridae Chaoborus sp. ZK-2019 MK281356 14,746 bp
Chironomidae  Chironomus tepperi NC_016167 15,652 bp
Chironomidae  Polypedilum vanderplanki NC_028015 16,445 bp
Corethrellidae  Corethrella condita MK281357 14,520 bp
Culicidae Aedes albopictus NC_006817 16,665 bp
Culicidae Anopheles cruzii NC_024740 15,449 bp
Dixidae Dixella aestivalis NC_029354 16,465 bp
Dixidae Dixella sp. ZK-2014 KM245574 15,574 bp
Simuliidae Simulium angustipes MT628576 15,003 bp
Simuliidae Simulium aureohirtum NC_029753 15,904 bp
Simuliidae Simulium equinum MT920425 13,261 bp
Simuliidae Simulium lundstromi MT628562 15,297 bp
Simuliidae Simulium maculatum NC_040120 15,799 bp
Simuliidae Simulium noelleri NC_050320 16,323 bp
Simuliidae Simulium ornatum MT410845 14,704 bp
Simuliidae Simulium variegatum NC_033348 15,367 bp
Simuliidae Simulium jisigouense this study 16,384 bp
Thaumaleidae  Thaumalea sp. ZK-2019 MK281359 14,610 bp
Outgroups

Tipuloidea Limonia phragmitidis NC_044484 15,924 bp
Tipuloidea Paracladura trichoptera NC_016173 16,143 bp

Phylogenetic analysis

In total, twenty-two mitogenomes of Diptera, including
that of the newly sequenced species, were used for
phylogenetic analyses (Table 1). Limonia phragmitidis
(Tipuloidea) (Tipuloidea)
were used as outgroups. The ingroups included eight

and Paracladura  trichoptera
families of Culicoidea (Ceratopogonidae, Chaoboridae,
Chironomidae, Corethrellidae, Culicidae, Dixidae, Simuliidae,
and Thaumaleidae) (Table 1).

PCG12, PCGIl2r, PCGI23, and PCGI123r were used
in phylogenetic analyses. The phylogenetic trees were
reconstructed using different datasets under homogeneous
as well as heterogeneous models. The homogeneous trees were
reconstructed with Bayesian Inference (BI) using MrBayes
(Ronquist and Huelsenbeck, 2003) as well as Maximum
Likelihood (ML) using Randomized Axelerated Maximum
Likelihood (RAXML) (Liu et al, 2011; Alexandros, 2014)
on CIPRES.! In BI analysis, 2 runs of 2,000,000 generations
were conducted until the average standard deviation (SD)
of split frequencies was below 0.01. The analysis was

1  http://www.phylo.org/
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sampled every 200 generations with a burn-in of 25%. An
ML analysis was calculated with branch support, which
estimated 500 bootstrap replicates. A heterogeneous tree was
reconstructed using PhyloBayes (Lartillot et al., 2009) based
on PCG123r. Four chains were run at the same time, and
analyses were terminated when the maxdiff was smaller than
0.1. Finally, the phylogenetic tree was visualized by FigTree
(2021).

Divergence time estimates

The divergence time was estimated using MCMCtree in
BEAST v.2.5.0 (Drummond et al, 2012). In this study, the
heterogeneous tree based on PCG123r was used to estimate
divergence time. Two calibration points based on Chironomidae
(Aenne triassica) at 210.00-267.00 Ma (Krzeminski and
Jarzembowski, 1999) and Culicidae (Anopheles genus) at 83.23—
210.00 Ma (Martinez-Villegas et al., 2019) were used. Under
the uncorrelated lognormal relaxed clock, 200,000 generations
were generated. The analysis was terminated when the ESS value
exceeded 200. The first 25% was removed as burn-in. Finally,
FigTree was used to visualize the tree.?

Results

Genome organization and base
composition

The complete mitogenome of S. jisigouense was 16,384 bp
long and contained 37 genes (22 tRNAs, 13 PCGs, and 2
rRNA genes) and an A + T-rich region, which is typical in
metazoan mitogenomes (Wolstenholme, 1992; Figure 1). There
were 23 genes on the main stand (J stand) and 14 genes
on the minority stand (N stand). In addition to the A + T-
rich region, there were 4 overlapping regions ranging from 1
to 8 bp and 24 intergenic regions ranging from 1 to 44 bp
(Supplementary Table 1). Among them, three overlapping
regions (AAGCCTTA in tRNAT and tRNA®*, ATGATAA
in ATP8 and ATP6, and TTAACAT in ND4 and ND4L) of
the S. jisigouense mitogenome were conserved, which was
consistent with other Diptera (Li et al., 2015b; Zhang et al,
2016).

The base composition of the mitogenome of S. jisigouense
was 38.01% of A, 3514% of T, 1584% of C, and
11.01% of G, with a significant bias toward A and T
(Supplementary Table 2). The AT-skew of the tRNAs,
PCGs, rRNAs, and the A + T-rich region were 0.00,

2 http://tree.bio.ed.ac.uk/software/figtree
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—0.18, 0.09, and 0.09, respectively, whereas the GC-
skews were —0.09, 0.00, —0.27, and —0.29, respectively
(Supplementary Table 2).

The base composition of the mitogenomes of Simuliidae was
analyzed using PCGs since most of the published mitogenomes
of Simuliidae are incomplete. In Simuliidae, the nucleotide
composition of S. ornatum of subgenus Odagmia was different
from the others, with T more than A and G more than C
(Supplementary Table 3). A comparative analysis of A + T%
vs. AT-skew and G + C% vs. GC-skew of PCGs across
Simuliidae was constructed (Figure 2). The results indicated
that subgenus Montisimulium exhibited the weakest AT-
skew, subgenus Wilhelmia exhibited the weakest GC-skew,
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and subgenus Nevermannia exhibited the strongest GC-
skew.

Protein-coding genes and codon
usage

The base composition of PCGs of S. jisigouense was
28.76% for A, 41.65% for T, 14.84% for C, and 14.75% for G
(Supplementary Table 2). Almost all PCGs used the typical
ATN as start codons except COI used TTG. In total, 11
PCGs used TAA as the termination codon, whereas NDI used
TAG and COI used T-tRNA (Supplementary Table 3). In
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Inferred secondary structure of 22 tRNAs of S. jisigouense. The tRNAs are labeled with the abbreviations of their corresponding amino acids.
Inferred Watson-Crick bonds are illustrated by “—,” whereas GU bonds are illustrated by “+."

Simuliidae, almost all species used ATN as the start codon for
all PCGs, except COI of all species used TTG and ND2 of
S. ornatum (subgenus Odagmia) used TAT. Almost all species
used TAA/TAG for the stop codon, except NDI of S. noelleri
(subgenus Simulium) used T-tRNA, and COI of most species
used T-tRNA except S. angustipes (subgenus Eusimulium), S.
equinum (subgenus Wilhelmia), and S. lundstromi (subgenus
Nevermannia) used TAA (Supplementary Table 4).

The relative synonymous codon usage (RSCU) of PCGs,
PCGs on the J-strand, and PCGs on the N-strand of
S. jisigouense was calculated (Figure 3). A total of 3,705 codons,
2,274 codons, and 1,431 codons of PCGs, PCGs on the J-strand,
and PCGs on the N-strand, respectively, excluding stop codons,
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were used. The most frequently used codon of PCGs was
UUA, which showed a bias in the nucleotide composition
for A/T. The least frequently used codon in PCGs was AGG
(Supplementary Tables 5-7).

Transfer RNAs and ribosomal RNAs

The length of 22 tRNAs ranged from 64 to 72 bp and the
secondary structures were predicted (Figure 4). There were 14
tRNAs located on the J-strand and the remaining tRNAs were
located on the N-strand. Almost all tRNAs could be folded into
cloverleaf structures, except the dihydrouridine (DHU) arm of
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The structure of the A + T-rich region and possible secondary structures within the specific position of S. jisigouense.

tRNASe™ (AGN) "syhich formed a loop. The amino acid acceptor
(AA) arms of all tRNAs were 7 bp. The size of the TWC (T) arms
ranged from 3 to 5 bp. The length of DHU arms ranged from 3
to 4 bp except for tRNAS" (AGN) The AC arms ranged from 4
to 5 bp. There were 28 pairs of G-U located on 4 arms, 4 pairs
of U-U located on the AA arm and T arm, and 1 pair of A-C
located on the AC arm.

The IrRNA was located between tRNALe# (CUN) and tRNA Ve
with a length of 1,343 bp. The base composition of IrRNA was
44.23% for A, 36.26% for T, 12.58% for C, and 6.92% for G.
The srRNA was located between tRNAY? and the A + T-rich
region with a length of 789 bp. The base composition of srRNA
was 41.06% for A, 35.74% for T, 14.32% for C, and 8.87% for
G. The AT-skew and GC-skew of rRNAs were 0.09 and —0.27,
respectively (Supplementary Table 2).

The A + T-rich region

The A + T-rich region was 1,375 bp long and located
srfRNA and tRNA". The AT-skew and GC-
skew were 0.09 and —0.29, respectively (Supplementary

between
Table 2). The secondary structure was predicted with 231 bp

repeated sequences and some microsatellite-like “(TA)s”
sequences (Figure 5).

Heterogeneous sequence divergence

The AliGROOVE analyses showed strong heterogeneity in
pair-wise sequence comparisons of most species, especially
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within = Simuliidae (Figure 6). The pairwise sequence
comparison scores of all four datasets of Simuliidae were
higher, except S. equinum (subgenus Wilhelmia) and

S. ornatum (subgenus Odagmia) vs. Culicoides arakawae
(Ceratopogonidae) as well as the former two vs. Polypedilum
vanderplanki (Chironomidae).

Phylogenetic analyses

The phylogenetic analyses were conducted based on 21
mitogenomes downloaded from GenBank and one newly
sequenced mitogenome of subgenus Montisimulium in this
study, including 20 species of Culicoidea and two species of
Tipuloidea (Table 1).

In total, nine phylogenetic trees were obtained in our
analyses, of which eight were under homogeneous models with
MrBayes and RaxML based on PCG12, PCGI12r, PCG123, and
PCG123r, as well as one under a heterogeneous model (CAT-
GTR) with PhyloBayes based on PCG123r. All phylogenetic
trees had similar topologies. Many phylogenetic studies of
arthropods have shown that heterogeneous models perform
better than homogeneous ones to resolve ancient relationships
(Lartillot et al, 2007; Li et al., 2015a; Song et al, 2016).
Strong heterogeneity in pair-wise sequence comparisons was
shown in AliGROOVE analyses. Therefore, the phylogenetic
trees under the heterogeneous model are shown because the
phylogenetic relationships were considered more compelling
(Figure 7). The Simuliidae was recovered as monophyletic and
the sister group to Thaumaleidae. Dixidae was the sister group
to Ceratopogonidae. Chironomidae was the sister group to
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AliIGROOVE analysis for four datasets. The mean similarity score between sequences is represented by a colored square, based on the
AlIGROOVE scores from -1, indicating great differences in rates from the remainder of the datasets, i.e., heterogeneity (red), to +1, indicating

rates match all other comparisons (blue).

[(Corethrellidae, Chaoboridae) and Culicidae]. In Simuliidae,
subgenus Nevermannia was recovered as monophyletic and
subgenus Simulium was recovered as paraphyletic. In total, nine
species of Simuliidae formed two well-supported clades. The
first branch was the subgenera Eusimulium + Nevermannia.

Frontiers in Ecology and Evolution

In the second branch, subgenus Simulium + Odagmia was the
sister group to subgenus Byssodon, and together they were the
sister group to subgenus Montisimulium. In addition, the whole
branch [Montisimulium, (Byssodon and Simulium + Odagmia)]
was the sister group to subgenus Wilhelmia (Figure 7).
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FIGURE 7

Phylogenetic trees inferred from PhyloBayes analysis based on the concatenation data of PCG123r.

The ML and BI analyses had similar topologies with
1-8).
conclusion,

some incongruences (Supplementary Figures In

the
with Chironomidae being the sister group to the branch

Culicoidea, most analyses gave same
(Chaoboridae and Ceratopogonidae). However, Chironomidae
was recovered as the sister group to the outgroup, with
very low support in the ML analysis of PCG12. In BI
analyses of PCG12 and PCGI12r, Ceratopogonidae was
the sister group to (Chironomidae and Chaoboridae).
Dixidae was recovered as the sister group to other
species of Culicoidea based on PCGI12r and PCG123r,
whereas it was recovered as the sister group to the
Thaumaleidae + Simuliidae based on PCG12 and PCGI123
in BI analyses. In the ML analysis of PCG123, Dixidae
was recovered as the sister group to {(Corethrellidae
and Culicidae) and [Chironomidae, (Chaoboridae and
Ceratopogonidae)]}. In the ML analysis of PCG12, Dixidae
was recovered as the sister group to the outgroup, with
very low support. Corethrellidae was recovered as the sister
group to Culicidae except in the ML analysis of PCGI2.
Simuliidae was recovered as the sister group to Thaumaleidae
in all analyses.

In Simuliidae, there were two types of phylogenetic
trees. Based on PCG12 and PCG12r, subgenus Simulium and
Nevermannia were paraphyletic, whereas others were basically
the same as with the heterogeneous tree. The phylogenetic
trees based on PCGI123 and PCGI123r supported subgenus
Eusimulium as the sister group to subgenus Nevermannia
except that subgenus Nevermannia was paraphyletic in
BI analysis based on PCGI123r, whereas the branch of
Wilhelmia + Montisimulium was recovered as the sister group
to (Byssodon and Simulium + Odagmia) (Supplementary
Figures 1-8).
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Divergence time estimation

Divergence time estimation of Culicoidea, including the
median node height for the main clade and the 95% highest
posterior density (HPD) interval for each clade, is shown
in Figure 8. Culicoidea originated in the Carboniferous
(296.14 Ma, 95% HPD = 262.07-333.99 Ma), and the (Dixidae,
Ceratopogonidae) diverged from Culicoidea in the Permian
(292.17 Ma, 95% HPD = 259.30-330.68 Ma). The divergence
between Culicidae and Corethrellidae and Chaoboridae was
estimated to be in the Triassic (227.91 Ma, 95% HPD = 189.49-
266.77 Ma), whereas the divergence between this branch and
Chironomidae was estimated to be in the Permian (259.06 Ma,
95% HPD = 232.49-289.71 Ma). The divergence between the
Thaumaleidae and Simuliidae was estimated to be in the Triassic
(239.24 Ma, 95% HPD = 203.54-279.26 Ma).

The Simuliidae split into two branches at 176.50 Ma (95%
HPD = 138.81-218.05 Ma). The divergence time estimation
among subgenera of Simuliidae ranged from 162.46 Ma (95%
HPD = 126.00-203.01 Ma) to 75.08 Ma (95% HPD = 43.82-
108.77 Ma).

Discussion and conclusion

In a few species of Aedes, Anopheles, and Cecidomyiidae,
individual gene deletions, transpositions between adjacent
genes, or coding direction changes have been observed
(Beckenbach and Joy, 2009; Zhang et al., 2013; Atray et al., 2015;
Miao et al,, 2020). Otherwise, the structures of most Diptera
mitogenomes are conservative, similar to the insect ancestral
arrangement (Zhang et al., 2013). The genome organization of
S. jisigouense was the same as most Diptera.
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Estimated divergence times among all families based on PhyloBayes analysis.

The phylogenetic reconstruction with all methods based on
all datasets supported Simuliidae as monophyletic, being
the sister group to Thaumaleidae, which is consistent
with previous research (Pawlowski et al., 1996; Bertone
et al, 2008; Kang, 2017). Our results show that the family
Chironomidae is closely related to the big branch, such as
Chaoboridae, Corethrellidae, and Culicidae, which is consistent
with the findings by Zhang et al. (2019). However, Zhang
et al. (2019) recovered Chaoboridae as the sister group to
Corethrellidae + Culicidae, whereas our results recovered
Culicidae as the sister group to Corethrellidae + Chaoboridae.
Wang and Huang (2019) recovered Dixidae as the sister
group to Culicidae, whereas our results recovered Dixidae
as the sister group to Ceratopogonidae. Our results show
that
Phayuhasena et al. (2010) demonstrated that Nevermannia

subgenus Nevermannia is monophyletic, whereas
is paraphyletic. Further, we found that subgenus Simulium is
paraphyletic, whereas Phayuhasena et al. (2010) demonstrated
that subgenus Simulium Phayuhasena
(2010) the

sister group to subgenus Nevermannia + Montisimulium.

is monophyletic.
et al showed that subgenus Simulium is
However, our results show that subgenus Nevermannia is
the sister group to subgenus Montisimulium + Simulium.
These
more comprehensive sampling and more accurate models

incongruences will need to be addressed with
in future studies.

We estimated that the divergence between Culicidae and
Corethrellidae and Chaoboridae was in the Triassic (227.01 Ma,
95% HPD = 189.49-266.77 Ma). Thus, the divergence time of
Culicidae may be earlier than that found by Cheng et al. (2021).
We reported divergence time estimation among subgenera of
Simuliidae for the first time, which ranged from the Jurassic
to the Cretaceous.
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We recognize that only one specimen of subgenus
Montisimulium was sequenced in our study. More mitogenomes
will be needed in the
phylogenetic position of Montisimulium, as well as the
phylogenetic Additional
sampling of all other subgenera will be required to clarify the

future to better understand the

relationships within = Simuliidae.

phylogenetic relationships within Simuliidae.
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