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Simple Summary: The evolution of insect mitochondrial gene rearrangement is a hot topic, and
such rearrangements are common in certain insect orders. Gene rearrangement characteristics can
also provide effective information for phylogenetic reconstruction. As one of the most diverse
families within Annulipalpia, Hydropsychidae Curtis, 1835 is distributed on all continents except
Antarctica. Here, we generated 19 novel mitogenomes of hydropsychid species, and found two new
mitochondrial gene rearrangements. Coupled with published mitogenomes of Hydropsychidae,
we analyzed the main features of the mitogenomes among subfamilies and the possible evolution
processes. The rearrangement of protein-coding genes is reported in the Hydropsychidae for the first
time, and it can be explained by the tandem duplication/random loss model. Phylogenetic analyses
show that the four monophyletic subfamilies (Arctopscychinae, Diplectroninae, Hydropsychinae,
Macronematinae) were strongly supported by mitogenomes.

Abstract: Gene rearrangement of the mitochondrial genome of insects, especially the rearrangement
of protein-coding genes, has long been a hot topic for entomologists. Although mitochondrial gene
rearrangement is common within Annulipalpia, protein-coding gene rearrangement is relatively
rare. As the largest family in Annulipalpia, the available mitogenomes from Hydropsychidae
Curtis, 1835 are scarce, and thus restrict our interpretation of the mitogenome characteristic. In
this study, we obtained 19 novel mitogenomes of Hydropsychidae, of which the mitogenomes
of the genus Arctopsyche are published for the first time. Coupled with published hydropsychid
mitogenome, we analyzed the nucleotide composition evolutionary rates and gene rearrangements
of the mitogenomes among subfamilies. As a result, we found two novel gene rearrangement
patterns within Hydropsychidae, including rearrangement of protein-coding genes. Meanwhile,
our results consider that the protein-coding gene arrangement of Potamyia can be interpreted by the
tandem duplication/random loss (TDRL) model. In addition, the phylogenetic relationships within
Hydropsychidae constructed by two strategies (Bayesian inference and maximum likelihood) strongly
support the monophyly of Arctopscychinae, Diplectroninae, Hydropsychinae, and Macronematinae.
Our study provides new insights into the mechanisms and patterns of mitogenome rearrangements
in Hydropsychidae.

Keywords: mitochondrial genome; gene rearrangement; Potamyia; phylogeny

1. Introduction

The mitochondrial genome (mitogenome) of insects is approximately 14,000–20,000 bp
in size [1], containing 13 protein-coding genes (PCGs), two ribosomal RNAs (rRNAs),
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22 transfer RNAs (tRNAs), and one non-coding control region (CR) [2]. It is character-
ized by easy availability, maternal inheritance, a low rate of recombination, and a high
substitution rate [3–5]. Generally, the mitogenome is considered as an effective molec-
ular marker for inferring phylogenetic and evolutionary studies and has been widely
used in the studies of speciation [6], phylogeography [7–9], and molecular evolution [10].
In addition, the evolution of insect mitogenome rearrangement is also a hot topic [11].
While the typical order of mitochondrial genes is stable in most insects, gene rearrange-
ments of tRNA and PCGs, as well as duplication of tRNA, were also frequently found
in Hymenoptera [12,13], Hemiptera [14,15], Thysanoptera [16], Psocodea [17,18], and
Coleoptera [19,20], and synapomorphy of the gene rearrangement has been found at dif-
ferent taxonomic levels in multiple insect orders [21,22]. Thus, the gene rearrangement
characteristics could also provide effective information for phylogenetic reconstruction [23].
Benefitted by the “next-generation” sequencing technology, the published mitogenomes
of Trichoptera, one of the most important aquatic insects and environmental monitoring
groups, have rapidly increased [24]. The numerous gene rearrangements in the mitogenome
of Annulipalia, including PCGs rearrangement in Polycentropodidae Ulmer, 1903, Ecno-
midae Ulmer, 1903, and Pseudoneureclipsidae Ulmer, 1951 were reported. However, the
rearrangement patterns of most genera in some families with high species diversity, such
as Hydropsychidae, have not been clarified.

Containing over 2000 described species over the world, Hydropsychidae Curtis, 1835
(Figure 1) is the largest family in Annulipalpia and is distributed on all continents ex-
cept Antarctica [25,26]. It consists of five subfamilies: Arctopscychinae Martynov 1924,
Diplectroninae Ulmer 1951, Hydropsychinae Curtis 1835, Macronematinae Ulmer 1905,
and Smicrideinae Flint 1974 [27,28]. Additionally, its larvae can be found in headwaters,
streams, and rivers and they are also bioindicators for monitoring the health of freshwater
ecosystems [29]. Compared to its diverse species, the positions of PCGs are rather stable
among sequenced mitogenomes of Hydropsychidae; however, rearrangement of tRNA
displayed different degrees of variation [24,30]. At the genus level, Hydromanicus Brauer,
1865, Parapsyche Betten, 1934, Diplectrona Westwood, 1840, and Macrostemum Kolenati, 1859,
translocation of trnI was translocated to downstream of trnQ. The gene cluster “trnV-trnQ-
trnI-trnM” was found in Maesaipsyche Malicky & Chantaramongkol, 1993. The remote
inversion of trnQ was considered as a clear molecular synapomorphy for Cheumatopsyche
Wallengren, 1891 [31]. To date, the mitogenomes of only 16 hydropsychid species have
been published, and the comparative analysis of nucleotide composition and evolutionary
rates among subfamilies has never been carried out. The situation limits our understanding
of the mitogenome characteristics and, furthermore, limits the application of multi-marker
DNA metabarcoding technology in water quality monitoring [32].

In addition, the phylogenetic position of five hydropsychid subfamilies has been
debated. The hypotheses on the phylogenetic relationship among hydropsychid subfam-
ilies based on morphological characteristics proposed by Ross [33] and Schefter [34] are
controversial. Based on the integrated morphology and four molecular markers (mtCOI,
18SrRNA, 28SrRNA, and EF1a), Geraci et al. [26] recovered the monophyly of Arctopsychi-
nae, Macronematinae, and Smicrideinae, but the phylogenetic relationship among the sub-
families remained unclear. More recently, Ge et al. [24] attempted to use the mitogenome
to explore the phylogeny of the Trichoptera at the higher categories but were unable to
resolve the phylogenetic relationships between the subfamilies because of insufficient
sequenced samples of the family. It is unknown whether mitogenomes can be applied to
reveal phylogenetic relationships among subfamilies within Hydropsychidae.
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Figure 1. Live adults of hydropsychid species. (a) Hydropsyche sp., female, from Guangdong, China;
(b) Hydromanicus sp., female, from Guangdong, China; (c) Cheumatopsyche sp., male, from Guangdong,
China ((a–c) photographed by Qianle Lu).

In order to understand the mitogenome characteristics and phylogeny of Hydropsy-
chidae, we generated 19 novel mitogenomes of Hydropsychidae species (Table S1), which
belong to four subfamilies. Coupled with published partial mitogenomes of Hydropsy-
chidae, we analyzed the main features of the mitogenomes among subfamilies as well as
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the new rearrangement patterns of genes and possible evolution processes. Finally, we
reconstructed the phylogenetic relationships of Hydropsychidae.

2. Materials and Methods
2.1. Taxon Sampling and DNA Extraction

In total, 18 species were collected using pan traps with 15 w ultraviolet light bulbs
in China during 2019–2021. All specimens were preserved in 100% ethanol and stored at
−20 ◦C before morphological examination and DNA extraction. Specimen identifications
were made by X-y. Ge, L Peng, and C-h. Sun. The genomic DNA was extracted from the legs
using the animal tissue protocol of the Ezup Column Animal Genomic DNA Purification
kit (Sangon Biotech, Shanghai, China) according to the manufacturer’s protocol. The
vouchers and DNA of the specimen are deposited at the College of Plant Protection, Nanjing
Agricultural University, Nanjing, Jiangsu Province, China. The raw data of Parapsyche
elsis Milne, 1936 were downloaded from Sequence Read Archive (SRA). Detailed taxon
sampling information is shown in Table S2. The structural characteristics of mitogenomes
were analyzed in combination with 13 published hydropsychid mitogenomes downloaded
from GenBank. Based on the phylogenies of Annulipalpia, we selected nine previously
reported trichopteran species (one Psychomyiidae species, four Philopotamidae species,
three Stenopsychidae species, and one Xiphocentronidae species) as outgroups (Table S1)
to reconstruct phylogenetic trees [35].

2.2. Amplification and Sequencing

The mtCOI PCR amplification, fragment sequencing, and analysis followed the pro-
cedures of Xu et al. [36]. The primers (LCO1490/HCO2198) are listed in Table S3 [37].
Genomic DNA was sent to Berry Genomics (Beijing, China). The Illumina sequencing
libraries with an insert size of 350 bp were constructed for single samples. The libraries
conducted paired-end 150 bp sequencing using the Illumina NovaSeq 6000 platform. Each
sequencing library produced approximately 4–6 Gb raw data. Trimmomatic v0.32 (Jülich,
Germany) [38] was used to remove the adapters and the short and low-quality reads from
the raw data. Raw data of Parapsyche elsis Milne, 1936 were retained (6 Gb) using BBMap
v35.85 [39] for assembling the mitogenome.

2.3. Assembly, Annotation and Composition Analyses

To ensure the accuracy of assembly, we used two de novo assembly methods. NOVO-
Plasty v3.8.3 [40] (Brussel, Belgium) was used to assemble mitogenome with mtCOI sequences
as seeds and k-mer sizes of 23–39 bp. IDBA-UD v1.1.3 [41] (Boston, MA, USA) was used for
de novo assembly with parameter “–mink 40 –maxk 120”. Geneious 2020.2.1. [42] was used to
compare mitogenome sequences obtained by the two methods and merge them into a single se-
quence. The MITOS2 webserver [43] was used to predict tRNAs and their secondary structure
with the invertebrate mitochondrial genetic code. MitoZ v2.4 pipeline (Shenzhen, China) [44]
was used to annotate PCGs. The boundaries of rRNAs and PCGs were further proofread
using the ClustalW in MEGA X [45]. Nucleotide composition and bias of the nucleotide com-
position of each gene were calculated using SeqKit v0.16.0 (Chongqing, China) [46]. DnaSP
6.0 (Barcelona, Spain) [47] was used to calculate the rates of non-synonymous substitution
rate (Ka)/synonymous substitution rate (Ks) for each PCG. The evolutionary pathways of
mitogenome arrangement were predicted using CREx [48] on the web page.

2.4. Phylogenetic Analyses

Phylogenetic analyses were conducted based on 13 PCGs and two rRNAs genes of
41 mitogenomes. The nucleotide and protein sequences for each were aligned using L-
INS-I algorithm in MAFFT version 7.470 (Osaka, Japan) [49] and trimmed using trimal
v1.4.1 (Barcelona, Spain) [50] with “-automated1” strategy. The trimming alignments were
then concatenated as five matrixes using FASconCAT-G v1.04 (Santa Cruz, CA, USA) [51]:
(1) the PCG_faa matrix containing all PCGs amino acid sequences (3535 sites); (2) the
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PCG_fna matrix containing all PCGs nucleotide sequences (10,605 sites). (3) the PCG12_fna
matrix containing all PCGs nucleotide sequences (with third codon positions removed, 7070
sites); (4) the PCG_rrna matrix containing all PCGs and two rRNA nucleotide sequences
(12,564 sites); and (5) the PCG12_rrna matrix containing all PCGs nucleotide sequences
(with third codon positions removed) and two rRNA genes (9029 sites). ALIGROOVE
(Bonn, Germany) [52] was used to preliminarily analyze the heterogeneity of sequence
divergence within five supermatrixs with the default sliding window size. DNA Indels
were treated as ambiguity in the nucleotide supermatrixes, and the amino acid substitution
matrix with BLOSUM62 matrix.

Each matrix was used to infer the phylogenetic relationships using two different meth-
ods, Bayesian inference (BI) and maximum likelihood (ML). For ML analysis, we selected
the best-fitting substitution models for each gene partition using MODELFINDER [53]
within IQ-TREE v2.0.7 (Canberra, ACT, Australia) [54]. Trees were constructed using IQ-
TREE, and 1000 SH-aLRT [55] and UFBoot2 [56] replicates were run for all ML analyses.
To reduce the heterogeneous effect, we used the posterior mean site frequency (PMSF)
model [57] and general heterogeneous evolution on a single topology (Ghost) model [58]
for amino acid and nucleotide, respectively. BI tree was conducted using Phylobayes-MPI
v1.8 (Montréal, Canada.) [59], with the site-heterogeneous mixture model CAT + GTR. Two
independent Markov chain Monte Carlo chains (MCMC) were carried out and stopped
after the two runs had satisfactorily converged (maxdiff < 0.3). The initial 25% trees of
each MCMC run were discarded as burn-in, and a consensus tree was calculated from the
remaining trees combined. All phylogenetic results were displayed in iTOL version 4 [60]
(available at https://itol.embl.de/upload.cgi (accessed on 15 July 2022)).

3. Results
3.1. Mitogenome General Features of Hydropsychidae

We obtained the novel 19 mitogenomes of hydropsychid species, belonging to four
subfamilies and eight genera, from which the mitogenomes of the genus Arctopsyche
McLachlan, 1868 were reported for the first time. There are 13 complete mitogenomes,
and 6 linear mitogenomes (Arctopsyche spinescens Gui & Yang, 2001, Cheumatopsyche sp.,
Hydropsyche columnata Martynov, 1931, Macrostemum radiatum (McLachlan, 1872), Potamyia
chinensis (Schmid, 1965), and Potamyia horvati Malicky & Chantaramongkol, 1997), ranging
in length from 14,974 to 27,450 bp. All mitogenomic sequences included 37 canonical
mitochondrial genes. Most of the newly obtained mitogenomes were similar to previously
reported mitogenomes for Hydropsychidae in length.

The mitogenomes exhibited the typical A+T biased composition of insects. The A+T
content of the mitochondrial genome ranges from 72.92% to 85.40% (Table S1). The newly
obtained mitogenomes had a negative GC-skew. The mitogenome of Cheumatopsyche sp.
and Arctopsyche sp. showed negative AT-skew; this is in contrast with positive AT-skew
in other species of the family (Table S4). The 22 typical tRNAs were identified, ranging in
length from 56 to 76 bp. The secondary structure of trnS1 lacks the dihydrouridine (DHU)
arm, which is a common characteristic in trichopteran mitogenomes (Figure S1). Combined
with previously published hydropsychid mitogenomes, our results show that the A+T
content of first and second codon positions was significantly lower than that of third codon
positions in the PCGs (Figure 2).

https://itol.embl.de/upload.cgi
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Figure 2. A+T content of protein-coding gene of hydropsychid mitogenomes for different codon
positions. The value increases from white to red. (a) First codon positions; (b) second codon positions;
(c) third codon positions; (d) first/second codon positions.

The PCG transcribed from the minus strand showed positive GC-skew and negative
AT-skew (Figure S2). There was no significant difference in the length of PCG, tRNA
and rRNA between different species (Figure S3). The size discrepancy of hydropsychid
mitogenome was mainly due to the difference in the size of the control regions and the
intergenic spacer (IGS). At the subfamily level, the A+T content of the Hydropsychinae
was significantly higher than that of the Diplectroninae (Figure S4; Wilcoxon rank sum
test; p values ≤ 0.05), while AT-skew and GC-skew values showed no significant difference
among subfamilies. Among Hydropsychidae, most PCGs had the typical start codon ATN,
and most PCGs had more than three start codons, except for ATP6 and COX3, which started
only with ATG (Figure S5). The start codon of ND1 and ND5 was in some species TTG, and
COX2 in Cheumatopsyche brevilineata and Cheumatopsyche sp. started with GTG. COX2, ND5,
and ND1 in most Hydropsychid species have an incomplete termination codon TA or T. The
average ratio of Ka/Ks (ω) was used to investigate for the signatures of natural selection.
The Ka/Ks values of 13 PCGs were less than 1.0, ranging from “0.7893 (ATP8) to 0.1351
(COX1)” (Figure 3). Different genes were under different states of purifying pressures,
of which ATP8, ND4L, and ND6 exhibited relatively relaxed purifying selection. DNA
barcoding gene COX1 was under the strongest purifying selection, which is consistent with
previous studies of Trichoptera. At the subfamily level, the (ω) value of Diplectroninae
is significantly lower than those of the other three subfamilies, indicating each gene of
Diplectroninae undergoes the most severe purifying selection (Figure S6).
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evolution rate of each protein-coding gene.

3.2. Gene Rearrangement of Hydropsychidae

In our results, we revealed novel PCGs rearrangements in two species of the genus
Potamyia Banks, 1900 by two de novo assembly methods; seven of the 13 PCGs and
eight tRNAs had changed positions (Figure 4a). The gene rearrangement occurred in the
gene cluster “trnM to ND4L”, and the genes of the same polarity were not rearranged
to a cluster, which differs from those previously reported rearrangements of PCGs. In
the absence of sequence information on more Potamyia species, it is unclear whether
this rearrangement event is common in the genus Potamyia. The tRNA rearrangement
is common in Annulipalpia. Accordingly, the gene cluster “trnI-trnQ-trnM” was also
considered as the frequent rearrangement region in the Hydropsychidae. Previously, the
rearrangement pattern of the “trnQ-trnI-trnM” universally occurred in five sequenced
genera (Cheumatopsyche, Diplectrona, Parapsyche, Hydromanicus, and Macrostemum). Our
results showed that the tRNA rearrangement patterns of the newly sequenced species of
the above five genera were consistent with those of published species of these genera. The
novel gene rearrangement “trnM-trnQ-trnI” was found in the genus Arctopsyche (Figure 4b).
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3.3. Phylogenetic Relationships

The heterogeneous sequence divergence analysis of each supermatrix for taxa indi-
cated that Macronematinae and Diplectroninae exhibited higher heterogeneity than other
subfamilies, and the lowest heterogeneity was found in Hydropsychinae (Figure S7). The
heterogeneity of PCG_faa, PCG12_fna, and PCG12_rrna datasets was lower than that
of PCG_fna and PCG_rrna datasets. Due to the high heterogeneity of the third codon
positions, we excluded the third codon during phylogenetic reconstruction.

In this study, three datasets (PCG12_fna, PCG12_rrna, and PCG_faa) were used to ex-
plore the phylogenetic relationships of Hydropsychidae by two strategies, which produced
two different topologies. The monophyly of Hydropsychidae and four subfamilies (Arc-
topsychinae, Hydropsychinae, Diplectroninae, and Macronematinae) were recovered, but



Insects 2022, 13, 759 8 of 14

phylogenetic relationships were not well supported between each subfamily. In the BI, four
subfamilies formed the topology of (Hydropsychinae + Diplectroninae) + (Arctopsychinae
+ Macronematinae) (Figure 5), which were also found that the ML tree of PCG_faa datasets
(Figure S8), while ML analysis of PCG12_fna and PCG12_rrna showed that (Macronematinae
+ (Hydropsychinae + (Diplectroninae + Arctopsychinae))) (Figures S9 and S10).
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Figure 5. Phylogeny of Hydropsychidae based on three datasets using GTR+CAT mode in phylobayes.
Node supports are Bayesian posterior probabilities. (a) PCGs_faa dataset; (b) PCG12_fna dataset;
(c) PCG12_rrna dataset.

4. Discussion
4.1. Mitogenome Features of Hydropsychiae

A total of 19 mitogenomes of Hydropsychidae are included in our study, of which 13
are complete mitogenomes and 6 are linear mitogenomes. The nucleotide composition of the
mitogenomes of Hydropsychid species is biased toward A+T, which is consistent with other
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published trichorpteran species. Their composition skew values are significantly different
from PCGs transcribed from the plus strand, which is consistent with the previously
reported mitochondrial characteristics of Trichoptera [24]. Most PCGs of hydropsychid
species terminated with complete termination codons, while some PCGs had an incomplete
termination codon TA or T, which is associated with post-transcriptional modification
during mRNA maturation [61].

4.2. Gene Rearrangement

As indicated by a previous study, gene rearrangement is a common phenomenon
found in the mitogenomes of Trichoptera, especially in Annulipalpia [24]; moreover,
tRNA rearrangements were found in almost all the sequenced hydropsychid species.
However, PCGs rearrangement events were rare in insects. They have been reported in
Thysanoptera [62], Psocodea [17], Hemiptera [63], and Hymenoptera [12]. In Trichoptera,
PCGs rearrangement, as synapomorphy within the family, was found only in Ecnomidae,
Polycentropodiae, and Pseudoneureclipsidae but has never been reported in the Hydropsy-
chidae. Ge et al. [24] summarized five rearrangement patterns of genes from 13 species in
the Hydropsychidae, and they found that the gene clusters “trnI to trnM”, “trnT-trnP” and
“ND1 to srRNA” were the “hot spot” regions of gene rearrangement in Hydropsychidae.
Tandem duplication/random loss (TDRL) [64] and tandem duplication/nonrandom loss
(TDNL) [65] were often used to explain the mechanism of PCGs rearrangement. The PCGs
rearrangement of Ecnomidae, Polycentropodiae, and Pseudoneureclipsidae was thought to
be caused by a tandem duplication/nonrandom loss event. Based on the CREx of analysis
and position of IGS, we hypothesize that it could probably be explained as follows. Firstly,
the gene tandem duplication occurs in the gene cluster “trnM to ND4L” and generates
two sets of the same gene region. Secondly, the supernumerary gene is then eliminated,
resulting in the present pattern (Figure 6a). In the process of gene loss, half of the genes
are lost in each of the two copies of the gene cluster. Therefore, we consider that the
loss of genes in the second stage is random. PCGs rearrangement of the genus Potamyia
could be the result of TDNL events. In the future, mitochondrial sequencing of more
Potamyia species could allow us to clarify gene rearrangement rules in the genus. The novel
gene rearrangement “trnM-trnQ-trnI” has previously been observed also in Hymenoptera
(Cephidae) [6,66]. Based on the trnI downstream intergenic spaces (IGSs), we consider
that the gene cluster probably underwent two round TDRL leading to the present pattern
(Figure 6b). In addition, we also find the gene rearrangement pattern “trnT-ND2-trnS2-trnP”
in the novel sequenced mitogenome of Hydropsyche Pictet, 1834.

The numerous gene rearrangements are found in the hydropsychid mitogenome by de
novo assembly. Nevertheless, we did not find gene rearrangement in the six mitogenomes
of the Hydropsychidae published by Marcus [67], which hindered us from using rear-
rangement as an effective marker for the phylogeny of Hydropsychidae. Comparing with
the methods of Marcus, we found that six hydropsychid mitogenomes were assembled
using reference mitogenomes in their result, but the reference mitogenomes they used
did not have gene rearrangement belonging to Integripalpia [68,69]. We speculated that
the structure of the reference genome and the method of assembly influence the assembly
result of the mitogenome. To test our hypothesis, we used the reference assembly method
to assemble mitogenome using the raw data of the genera Hydropsyche and Potamyia in our
study. Anabolia bimaculata (Walker, 1852) and Triaenodes tardus Milne, 1934 were selected
as reference mitogenomes. The results display that the gene order mitogenome using the
reference assembly method consists of that of the reference sequence, which confirms our
speculation. Since we are unable to obtain the raw data from previous studies, we need to
collect samples of these species for future studies to further confirm our viewpoint.
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There are plentiful gene rearrangements and relatively high A + T content in the
Hydropsychidae; thus, we suggest that the hydropsychid mitogenome can be accurately
obtained by the strategy of the de novo assembly and the construction of the single-sample
library. With the increasing number of mitogenomes in Hydropsychidae, abundant gene
rearrangements will be found in the mitogenome. The gene order rules are becoming more
explicit at the genus level. In general, the gene rearrangement may be the result of the
rapid evolution of this group. Species within the same genus tend to exhibit identical gene
orders, which indicates that gene rearrangements may be useful for phylogenetic analysis
between genera.

4.3. Phylogenetic Analyses

In our study, we obtained two topologies, which are phylogenetic relationships among
subfamilies that are contradictory with systematics based on traditional morphology and
a few DNA markers [26,35,70]; meanwhile, the phylogenetic relationship using differ-
ent strategies among subfamilies is also erratic. Even though the heterogeneity model
(CAT + GTR) is used to reconstruct phylogenetic tree, the phylogenetic relationships among
subfamilies are not well supported (posterior probabilities (PPs) < 95). We believe that this
result is due to the high nucleotide substitution rate of Hydropsychidae and the absence
of sequenced data of the Smicrideinae. Previous studies indicated that missing taxons,
lack of informative genetic characters, and higher nucleotide substitution rates lead to
errors in phylogenetic estimates [71]. Therefore, we suggest that the mitogenome cannot
be used to resolve the phylogenetic relationship at the subfamily level in Hydropsychidae.
To comprehend the evolutionary history of the Hydropsychidae, we still need a more
comprehensive sampling and more molecular markers, i.e., single-copy orthologous genes
or ultra-conserved elements [72].

5. Conclusions

The present study obtained 19 mitogenomes of hydropsychid species. Coupled with
published hydropsychid mitogenomes, we performed analyses of base composition, gene
rearrangement, and phylogenetic relationships within Hydropsychidae. The gene rear-
rangements were found in all the newly obtained mitogenomes. Simultaneously, two
new rearrangement patterns were found in the genera Potamyia and Arctopsyche, and the
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novel two gene rearrangement patterns perhaps were due to one or more TDRL events at
different scales. The phylogenetic analysis strongly confirmed the monophyly of Hydropsy-
chidae. Our results provide new insight into the exploration of mitogenomic evolution in
Hydropsychidae.
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Hydropsyche cerva Li & Tian, 1990. Figure S2: Box-and-whisker plots for nucleotide composition of
each gene. (a) AT-skew; (b) GC-skew. Figure S3. The length of protein-coding genes, transfer RNAs,
ribosomal RNAs, and control regions among 32 hydropsychid mitogenomes. Figure S4: A+T content
of each subfamily. Asterisks indicate p values ≤ 0.05 (Wilcoxon rank sum test *). Figure S5: Start
codons of protein-coding genes among hydropsychid mitogenomes Figure S6. Evolution rate of each
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history of the subfamily Cephinae (Hymenoptera: Cephidae). Syst. Entomol. 2018, 43, 606–618. [CrossRef]

7. Du, Z.Y.; Hasegawa, H.; Cooley, J.R.; Simon, C.; Yoshimura, J.; Cai, W.Z.; Sota, T.J.; Li, H. Mitochondrial genomics reveals shared
phylogeographic patterns and demographic history among three periodical cicada species groups. Mol. Biol. Evol. 2019, 36,
1187–1200. [CrossRef] [PubMed]

8. Ye, Z.; Zhen, Y.; Zhou, Y.; Bu, W. Out of Africa: Biogeography and diversification of the pantropical pond skater genus Limnogonus
Stål, 1868 (Hemiptera: Gerridae). Ecol. Evol. 2017, 7, 793–802. [CrossRef]

9. Ye, Z.; Zhen, Y.; Damgaard, J.; Chen, P.; Zhu, L.; Zheng, C.; Bu, W. Biogeography and diversification of Holarctic water striders:
Cenozoic temperature variation, habitat shifting and multiple intercontinental dispersals. Syst. Entomol. 2018, 43, 19–30.
[CrossRef]

10. Ožana, S.; Dolný, A.; Pánek, T. Nuclear Copies of Mitochondrial DNA as a Potential Problem for Phylogenetic and Population
Genetic Studies of Odonata. Available online: https://resjournals.onlinelibrary.wiley.com/doi/abs/10.1111/syen.12550 (accessed
on 11 July 2022).

11. Du, C.; Zhang, L.; Lu, T.; Ma, J.; Zeng, C.; Yue, B.; Zhang, X. Mitochondrial genomes of blister beetles (Coleoptera, Meloidae) and
two large intergenic spacers in Hycleus genera. BMC Genom. 2017, 18, 698. [CrossRef]

12. Wei, S.J.; Shi, M.; Sharkey, M.J.; van Achterberg, C.; Chen, X.X. Comparative mitogenomics of Braconidae (Insecta: Hymenoptera)
and the phylogenetic utility of mitochondrial genomes with special reference to holometabolous insects. BMC Genom. 2010, 11, 371.
[CrossRef]

13. Feng, Z.B.; Wu, Y.F.; Yang, C.; Gu, X.H.; Wilson, J.J.; Li, H.; Cai, W.Z.; Yang, H.L.; Song, F. Evolution of tRNA gene rearrangement
in the mitochondrial genome of ichneumonoid wasps (Hymenoptera: Ichneumonoidea). Int. J. Biol. Macromol. 2020, 164, 540–547.
[CrossRef]

14. Jiang, P.; Li, H.; Song, F.; Cai, Y.; Wang, J.; Liu, J.; Cai, W. Duplication and Remolding of tRNA Genes in the Mitochondrial Genome
of Reduvius tenebrosus (Hemiptera: Reduviidae). Int. J. Mol. Sci. 2016, 17, 951. [CrossRef] [PubMed]

15. Liu, Y.Q.; Li, H.; Song, F.; Zhao, Y.S.; Wilson, J.J.; Cai, W.Z. Higher-level phylogeny and evolutionary history of Pentatomomorpha
(Hemiptera: Heteroptera) inferred from mitochondrial genome sequences. Syst. Entomol. 2019, 44, 810–819. [CrossRef]

16. Tyagi, K.; Chakraborty, R.; Cameron, S.L.; Sweet, A.D.; Chandra, K.; Kumar, V. Rearrangement and evolution of mitochondrial
genomes in Thysanoptera (Insecta). Sci. Rep. 2020, 10, 695. [CrossRef] [PubMed]

17. Manchola, O.F.S.; Virrueta Herrera, S.; D’Alessio, L.M.; Yoshizawa, K.; García Aldrete, A.N.; Johnson, K.P. Mitochondrial genomes
within bark lice (Insecta: Psocodea: Psocomorpha) reveal novel gene rearrangements containing phylogenetic signal. Syst. Entomol.
2021, 46, 938–951. [CrossRef]

18. Song, F.; Li, H.; Liu, G.H.; Wang, W.; James, P.; Colwell, D.D.; Tran, A.; Gong, S.Y.; Cai, W.Z.; Shao, R.F. Mitochondrial genome
fragmentation unites the parasitic lice of eutherian mammals. Syst. Biol. 2019, 68, 430–440. [CrossRef]

19. Ayivi, S.; Tong, Y.; Storey, K.B.; Yu, D.N.; Zhang, J.Y. The Mitochondrial Genomes of 18 New Pleurosticti (Coleoptera: Scarabaei-
dae) Exhibit a Novel trnQ-NCR-trnI-trnM Gene Rearrangement and Clarify Phylogenetic Relationships of Subfamilies within
Scarabaeidae. Insects 2021, 12, 1025. [CrossRef]

20. Timmermans, M.J.; Vogler, A.P. Phylogenetically informative rearrangements in mitochondrial genomes of Coleoptera, and
monophyly of aquatic elateriform beetles (Dryopoidea). Mol. Phylogenet. Evol. 2012, 63, 299–304. [CrossRef]

21. Rokas, A.; Holland, P.W. Rare genomic changes as a tool for phylogenetics. Trends Ecol. Evol. 2000, 15, 454–459. [CrossRef]
22. Kim, M.J.; Wang, A.R.; Park, J.S.; Kim, I. Complete mitochondrial genomes of five skippers (Lepidoptera: Hesperiidae) and

phylogenetic reconstruction of Lepidoptera. Gene 2014, 549, 97–112. [CrossRef]
23. Cao, J.J.; Wang, Y.; Li, W.H. Comparative mitogenomic analysis of species in the subfamily Amphinemurinae (Plecoptera:

Nemouridae) reveal conserved mitochondrial genome organization. Int. J. Biol. Macromol. 2019, 138, 292–301. [CrossRef]
[PubMed]

24. Ge, X.Y.; Peng, L.; Vogler, A.P.; Morse, J.C.; Yang, L.F.; Sun, C.H.; Wang, B.X. Massive gene rearrangements of mitochondrial
genomes and implications for the phylogeny of Trichoptera (Insecta). Nanjing Agricultural University, Nanjing, China. 2022;
for the Unpublished Work.

25. Ge, X.Y.; Wang, Y.C.; Wang, B.X.; Sun, C.H. Descriptions of larvae of three species of Hydropsyche Pictet 1834 (Trichoptera,
Hydropsychidae) from China. Zootaxa 2020, 4858, 4853–4858. [CrossRef] [PubMed]

26. Geraci, C.J.; Kjer, K.M.; Morse, J.C.; Blahnik, R.J. Phylogenetic relationships of Hydropsychidae subfamilies based on morphology
and DNA sequence data. In Proceedings of the 11th International Symposium on Trichoptera, Osaka, Japan, 12–19 June 2003;
Tanida, K., Rossiter, A., Eds.; Tokai University Press: Kanagawa, Japan, 2005; pp. 131–136.

27. Holzenthal, R.W.; Calor, A.R. Catalog of the Neotropical Trichoptera (caddisflies). Zookeys 2017, 654, 1–566. [CrossRef] [PubMed]
28. Morse, J.C. Trichoptera World Checklist. Available online: http://entweb.clemson.edu/database/trichopt/index.htm (accessed

on 11 July 2022).

http://doi.org/10.3390/insects12020170
http://doi.org/10.1002/ece3.8957
http://doi.org/10.1111/syen.12290
http://doi.org/10.1093/molbev/msz051
http://www.ncbi.nlm.nih.gov/pubmed/30850829
http://doi.org/10.1002/ece3.2688
http://doi.org/10.1111/syen.12274
https://resjournals.onlinelibrary.wiley.com/doi/abs/10.1111/syen.12550
http://doi.org/10.1186/s12864-017-4102-y
http://doi.org/10.1186/1471-2164-11-371
http://doi.org/10.1016/j.ijbiomac.2020.07.149
http://doi.org/10.3390/ijms17060951
http://www.ncbi.nlm.nih.gov/pubmed/27322247
http://doi.org/10.1111/syen.12357
http://doi.org/10.1038/s41598-020-57705-4
http://www.ncbi.nlm.nih.gov/pubmed/31959910
http://doi.org/10.1111/syen.12504
http://doi.org/10.1093/sysbio/syy062
http://doi.org/10.3390/insects12111025
http://doi.org/10.1016/j.ympev.2011.12.021
http://doi.org/10.1016/S0169-5347(00)01967-4
http://doi.org/10.1016/j.gene.2014.07.052
http://doi.org/10.1016/j.ijbiomac.2019.07.087
http://www.ncbi.nlm.nih.gov/pubmed/31319083
http://doi.org/10.11646/zootaxa.4858.3.3
http://www.ncbi.nlm.nih.gov/pubmed/33056219
http://doi.org/10.3897/zookeys.654.9516
http://www.ncbi.nlm.nih.gov/pubmed/28331396
http://entweb.clemson.edu/database/trichopt/index.htm


Insects 2022, 13, 759 13 of 14

29. Wiggins, G.B. Larvae of the North American Caddisfly Genera (Trichoptera), 2nd ed.; University of Toronto Press: Toronto, ON, Canada,
1996; p. 457. ISBN 0013-8746.

30. Linard, B.; Arribas, P.; Andujar, C.; Crampton-Platt, A.; Vogler, A.P. The mitogenome of Hydropsyche pellucidula (Hydropsychidae):
First gene arrangement in the insect order Trichoptera. Mitochondr. DNA A DNA Mapp. Seq. Anal. 2017, 28, 71–72. [CrossRef]
[PubMed]

31. Kim, M.J.; Kim, I.; Cameron, S.L. How well do multispecies coalescent methods perform with mitochondrial genomic data? A
case study of butterflies and moths (Insecta: Lepidoptera). Syst. Entomol. 2020, 45, 857–873. [CrossRef]

32. Zhang, G.K.; Chain, F.; Abbott, C.L.; Cristescu, M.E. Metabarcoding using multiplexed markers increases species detection in
complex zooplankton communities. Evol. Appl. 2018, 11, 1901–1914. [CrossRef]

33. Ross, H.H.; Unzicker, J.D. The relationships of the genera of American Hydropsychinae as indicated by phallic structures
(Trichoptera, Hydropsychidae) [Mexipsyche, Streptopsyche, Calosopsyche, new taxa]. J. Ga. Entomol. Soc. 1977, 12, 298–311.

34. Schefter, P. Phylogenetic relationships among subfamily groups in the Hydropsychidae (Trichoptera) with diagnoses of the
Smicrideinae, new status, and the Hydropsychinae. J. N. Am. Benthol. Soc. 1996, 15, 615–633. [CrossRef]

35. Thomas, J.A.; Frandsen, P.B.; Prendini, E.; Zhou, X.G.; Holzenthal, R.W. A multigene phylogeny and timeline for Trichoptera
(Insecta). Syst. Entomol. 2020, 45, 670–686. [CrossRef]

36. Xu, J.H.; Sun, C.H.; Wang, B.X. Descriptions of larvae of three species of Hydropsyche (Trichoptera, Hydropsychidae) from China.
Zootaxa 2018, 4374, 1–24. [CrossRef]

37. Folmer, O.; Black, M.; Hoeh, W.; Lutz, R.; Vrijenhoek, R. DNA primers for amplification of mitochondrial cytochrome c oxidase
subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Biotechnol. 1994, 3, 294–299. [PubMed]

38. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef] [PubMed]

39. BBtools, B.B. Available online: https://sourceforge.net/projects/bbmap/ (accessed on 13 June 2022).
40. Dierckxsens, N.; Mardulyn, P.; Smits, G. NOVOPlasty: De novo assembly of organelle genomes from whole genome data.

Nucleic Acids Res. 2016, 45, w955. [CrossRef] [PubMed]
41. Peng, Y.; Leung, H.C.; Yiu, S.M.; Chin, F.Y. IDBA-UD: A de novo assembler for single-cell and metagenomic sequencing data with

highly uneven depth. Bioinformatics 2012, 28, 1420–1428. [CrossRef] [PubMed]
42. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.

Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647–1649. [CrossRef]

43. Donath, A.; Juhling, F.; Al-Arab, M.; Bernhart, S.H.; Reinhardt, F.; Stadler, P.F.; Middendorf, M.; Bernt, M. Improved annotation of
protein-coding genes boundaries in metazoan mitochondrial genomes. Nucleic Acids Res. 2019, 47, 10543–10552. [CrossRef]

44. Meng, G.; Li, Y.; Yang, C.; Liu, S. MitoZ: A toolkit for animal mitochondrial genome assembly, annotation and visualization.
Nucleic Acids Res. 2019, 47, e63. [CrossRef]

45. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

46. Shen, W.; Le, S.; Li, Y.; Hu, F.Q. SeqKit: A cross-platform and ultrafast toolkit for FASTA/Q file manipulation. PLoS ONE
2016, 11, e163962. [CrossRef]

47. Rozas, J.; Ferrer-Mata, A.; Sanchez-Del; Barrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sanchez-Gracia, A. DnaSP 6:
DNA sequence polymorphism analysis of large data sets. Mol. Biol. Evol. 2017, 34, 3299–3302. [CrossRef]

48. Bernt, M.; Merkle, D.; Ramsch, K.; Fritzsch, G.; Perseke, M.; Bernhard, D.; Schlegel, M.; Stadler, P.F.; Middendorf, M. CREx:
Inferring genomic rearrangements based on common intervals. Bioinformatics 2007, 23, 2957–2958. [CrossRef] [PubMed]

49. Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef] [PubMed]

50. Capella-Gutierrez, S.; Silla-Martinez, J.M.; Gabaldon, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972–1973. [CrossRef] [PubMed]

51. Kück, P.; Longo, G.C. FASconCAT-G: Extensive functions for multiple sequence alignment preparations concerning phylogenetic
studies. Front. Zool. 2014, 11, 81. [CrossRef] [PubMed]

52. Kück, P.; Meid, S.A.; Groß, C.; Wägele, J.W.; Misof, B. AliGROOVE—Visualization of heterogeneous sequence divergence within
multiple sequence alignments and detection of inflated branch support. BMC Bioinform. 2014, 15, 294. [CrossRef]

53. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [CrossRef]

54. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New models
and efficient methods for phylogenetic inference in the genomic era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef]

55. Guindon, S.; Dufayard, J.F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307–321. [CrossRef]

56. Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation.
Mol. Biol. Evol. 2018, 35, 518–522. [CrossRef]

57. Wang, H.C.; Minh, B.Q.; Susko, E.; Roger, A.J. Modeling site heterogeneity with posterior mean site frequency profiles accelerates
accurate phylogenomic estimation. Syst. Biol. 2017, 67, 216–235. [CrossRef]

http://doi.org/10.3109/19401736.2015.1110803
http://www.ncbi.nlm.nih.gov/pubmed/26677912
http://doi.org/10.1111/syen.12431
http://doi.org/10.1111/eva.12694
http://doi.org/10.2307/1467812
http://doi.org/10.1111/syen.12422
http://doi.org/10.11646/zootaxa.4374.1.1
http://www.ncbi.nlm.nih.gov/pubmed/7881515
http://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://sourceforge.net/projects/bbmap/
http://doi.org/10.1093/nar/gkw955
http://www.ncbi.nlm.nih.gov/pubmed/28204566
http://doi.org/10.1093/bioinformatics/bts174
http://www.ncbi.nlm.nih.gov/pubmed/22495754
http://doi.org/10.1093/bioinformatics/bts199
http://doi.org/10.1093/nar/gkz833
http://doi.org/10.1093/nar/gkz173
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1371/journal.pone.0163962
http://doi.org/10.1093/molbev/msx248
http://doi.org/10.1093/bioinformatics/btm468
http://www.ncbi.nlm.nih.gov/pubmed/17895271
http://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://doi.org/10.1093/bioinformatics/btp348
http://www.ncbi.nlm.nih.gov/pubmed/19505945
http://doi.org/10.1186/s12983-014-0081-x
http://www.ncbi.nlm.nih.gov/pubmed/25426157
http://doi.org/10.1186/1471-2105-15-294
http://doi.org/10.1038/nmeth.4285
http://doi.org/10.1093/molbev/msaa015
http://doi.org/10.1093/sysbio/syq010
http://doi.org/10.1093/molbev/msx281
http://doi.org/10.1093/sysbio/syx068


Insects 2022, 13, 759 14 of 14

58. Crotty, S.M.; Minh, B.Q.; Bean, N.G.; Holland, B.R.; Tuke, J.; Jermiin, L.S.; Haeseler, A.V. GHOST: Recovering Historical Signal
from Heterotachously Evolved Sequence Alignments. Syst. Biol. 2020, 69, 249–264. [CrossRef]

59. Lartillot, N.; Rodrigue, N.; Stubbs, D.; Richer, J. PhyloBayes MPI: Phylogenetic reconstruction with Infinite mixtures of profiles in
a parallel environment. Syst. Biol. 2013, 62, 611–615. [CrossRef] [PubMed]

60. Letunic, I.; Bork, P. Interactive Tree of Life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res. 2019, 47,
W256–W259. [CrossRef] [PubMed]

61. Ojala, D.; Montoya, J.; Attardi, G. tRNA punctuation model of RNA processing in human mitochondria. Nature 1981, 290, 470–474.
[CrossRef] [PubMed]

62. Liu, Q.; He, J.; Song, F.; Tian, L.; Cai, W.; Li, H. Positive Correlation of the Gene Rearrangements and Evolutionary Rates in the
Mitochondrial Genomes of Thrips (Insecta: Thysanoptera). Insects 2022, 13, 585. [CrossRef]

63. Li, H.; Liu, H.; Shi, A.M.; Stys, P.; Zhou, X.G.; Cai, W.Z. The complete mitochondrial genome and novel gene arrangement of the
unique-headed bug Stenopirates sp. (Hemiptera: Enicocephalidae). PLoS ONE 2012, 7, e29419. [CrossRef]

64. Moritz, C.; Dowling, T.E.; Brown, W.M. Evolution of animal mitochondrial DNA: Relevance for population biology and
systematics. Annu. Rev. Ecol. Evol. Syst. 1987, 18, 269–292. [CrossRef]

65. Lavrov, D.V.; Boore, J.L.; Brown, W.M. Complete mtDNA sequences of two millipedes suggest a new model for mitochondrial
gene rearrangements: Duplication and nonrandom loss. Mol. Biol. Evol. 2002, 19, 163–169. [CrossRef]

66. Korkmaz, E.M.; Budak, M.; Ordek, M.N.; Basibuyuk, H.H. The complete mitogenomes of Calameuta filiformis (Eversmann, 1847)
and Calameuta idolon (Rossi, 1794) (Hymenoptera: Cephidae): The remarkable features of the elongated A + T rich region in
Cephini. Gene 2016, 576, 404–411. [CrossRef]

67. Marcus, J.M. Our love-hate relationship with DNA barcodes, the Y2K problem, and the search for next generation barcodes.
AIMS Genet. 2018, 5, 1–23. [CrossRef]

68. Lalonde, M.M.L.; Marcus, J.M. The complete mitochondrial genome of the long-horned caddisfly Triaenodes tardus (Insecta:
Trichoptera: Leptoceridae). Mitochondr. DNA Part B Resour. 2017, 2, 765–767. [CrossRef] [PubMed]

69. Peirson, D.S.J.; Marcus, J.M. The complete mitochondrial genome of the North American caddisfly Anabolia bimaculata (Insecta:
Trichoptera: Limnephilidae). Mitochondr. DNA Part B Resour. 2017, 2, 595–597. [CrossRef] [PubMed]

70. Kjer, K.M.; Blahnik, R.J.; Holzenthal, R.W. Phylogeny of Trichoptera (caddisflies): Characterization of signal and noise within
multiple datasets. Syst. Biol. 2001, 50, 781–816. [CrossRef]

71. Liu, Y.; Song, F.; Jiang, P.; Wilson, J.J.; Cai, W.; Li, H. Compositional heterogeneity in true bug mitochondrial phylogenomics.
Mol. Phylogenet. Evol. 2018, 118, 135–144. [CrossRef] [PubMed]

72. Zhang, D.; Niu, Z.Q.; Luo, A.R.; Orr, M.C.; Ferrari, R.R.; Jin, J.F.; Wu, Q.T.; Zhang, F.; Zhu, C.D. Testing the systematic status of
Homalictus and Rostrohalictus with weakened cross-vein groups within Halictini (Hymenoptera: Halictidae) using low-coverage
whole-genome sequencing. Insect Sci. 2022. ahead of print. [CrossRef] [PubMed]

http://doi.org/10.1093/sysbio/syz051
http://doi.org/10.1093/sysbio/syt022
http://www.ncbi.nlm.nih.gov/pubmed/23564032
http://doi.org/10.1093/nar/gkz239
http://www.ncbi.nlm.nih.gov/pubmed/30931475
http://doi.org/10.1038/290470a0
http://www.ncbi.nlm.nih.gov/pubmed/7219536
http://doi.org/10.3390/insects13070585
http://doi.org/10.1371/journal.pone.0029419
http://doi.org/10.1146/annurev.es.18.110187.001413
http://doi.org/10.1093/oxfordjournals.molbev.a004068
http://doi.org/10.1016/j.gene.2015.10.050
http://doi.org/10.3934/genet.2018.1.1
http://doi.org/10.1080/23802359.2017.1398619
http://www.ncbi.nlm.nih.gov/pubmed/33473974
http://doi.org/10.1080/23802359.2017.1372728
http://www.ncbi.nlm.nih.gov/pubmed/33473915
http://doi.org/10.1080/106351501753462812
http://doi.org/10.1016/j.ympev.2017.09.025
http://www.ncbi.nlm.nih.gov/pubmed/28986237
http://doi.org/10.1111/1744-7917.13034
http://www.ncbi.nlm.nih.gov/pubmed/35289982

	Introduction 
	Materials and Methods 
	Taxon Sampling and DNA Extraction 
	Amplification and Sequencing 
	Assembly, Annotation and Composition Analyses 
	Phylogenetic Analyses 

	Results 
	Mitogenome General Features of Hydropsychidae 
	Gene Rearrangement of Hydropsychidae 
	Phylogenetic Relationships 

	Discussion 
	Mitogenome Features of Hydropsychiae 
	Gene Rearrangement 
	Phylogenetic Analyses 

	Conclusions 
	References

