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Abstract
The Trichoptera (caddisflies) is a holometabolous insect order with 14,300 described species
forming the second most species-rich monophyletic group of animals in freshwater. Hitherto,
there is no mitochondrial genome reported of this order. Herein, we describe the complete
mitochondrial (mt) genome of a caddisfly species, Eubasilissa regina (McLachlan, 1871). A phylogenomic analysis was carried out based on the mt genomic sequences of 13 mt protein coding
genes (PCGs) and two rRNA genes of 24 species belonging to eight holometabolous orders. Both
maximum likelihood and Bayesian inference analyses highly support the sister relationship between
Trichoptera and Lepidoptera.
Key words: Mitochondrial genome, phylogeny, Trichoptera, Holometabola.

Introduction
The Trichoptera (caddisflies) is a holometabolous order of insects, whose egg, larval, and pupal
stages usually live in freshwater habitats and adults in
terrestrial habitats, except for the period that females
of some species reenter the water to lay eggs [1]. Almost 14,300 extant caddisfly species, placed in 49
families and 688 genera, have been described [2]
forming the seventh largest order of all insects and
second largest extant monophyletic animal group in
freshwater [3]. It has been estimated that the world
fauna may contain as many as 50,000 species [4] and is
distributed in all zoogeographical regions and
sub-regions with the exception of the Antarctic [5].
Although caddisflies are not generally considered to
be of great economic importance as pests, they are
beneficially important in the trophic dynamics and
energy flow in aquatic ecosystems. The larvae are also
useful as biological indicators for assessing water
quality. Since larvae of different species vary in sensitivity to various types of pollution, extensive use of
them has been made for this purpose [6-9].
Trichoptera is closely related to the order Lepi-

doptera and together the two orders constitute the
superorder Amphiesmenoptera, and monophyly of
these two orders is strongly supported in both morphological and molecular analyses [10-13]. Three major groups Annulipalpia, Spicipalpia, and Integripalpia have been recognized based largely on the differences in the way silk is used [14]. The Annulipalpia
(net-making caddisflies) include all of the families
whose larvae make retreats and capture nets to help
feeding or catch small animals; the Integripalpia
(case-making caddisflies) commonly construct portable, predominantly tubular cases; and the Spicipalpia
(free-living caddisflies), include the rest families
whose larvae are either predators or grazers. The
monophyly of the order Trichoptera is very well established [15, 16]. However, there has been considerable disagreement concerning the basal relationships
of Trichoptera. There is broad agreement about the
monophyly of two of these major taxonomic groups,
the Annulipalpia and Integripalpia, and considerable
disagreement about the monophyly and relative
placement of taxa within the Spicipalpia [17].
http://www.ijbs.com
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Mitochondria are important functional organelles in eukaryotic cells [18], and the mt genome is
being widely used for studies on evolutionary biology, because the mt genome sequences can be more
phylogenetically informative than shorter sequences
of individual genes, and provide multiple genome-level characteristics [19-22]. Until 10 October
2013, 291 complete holometabolous insect mt genomes have been sequenced and lodged in GenBank
(http://www.ncbi.nlm.nih.gov), representing 9 orders. However, no trichopteran mt genome has been
determined.
In this paper, we present the complete mt genome of a caddisfly species, Eubasilissa regina
(McLachlan, 1871) of the family Phryganeidae, representing the first species from the order Trichoptera
with entire mt genome sequenced. In order to notarize
the phylogenetic position of Trichoptera, a nearly
complete mt genome of Apatania sp. (Trichoptera:
Apataniidae) was also sequenced. Based on present
mt phylogenomic analysis, the sister relationship
between Trichoptera and Lepidoptera is confirmed.

Materials and methods
Samples and DNA extraction
The Eubasilissa regina specimen used to determine the mt DNA was collected from Motuo, Xizang
Autonomous Region, China, in August 2011. The
Apatania sp. specimen was collected from Jiaocheng
County, Shanxi Province, China, in July 2011. After
collection, they were initially preserved in 95% ethanol in the field, and transferred to -20℃ for the
long-term storage upon the arrival at the China Agricultural University (CAU). Total DNA was purified
from muscle tissues of the thorax using TIANamp
Genomic DNA Kit (TIANGEN). The quality of DNA
was assessed through electrophoresis in a 1% agarose
gel and staining with Gold View (nucleic acid stain
replacing EB). Voucher specimens are deposited in the
Entomological Museum of CAU with voucher numbers TRI001 for E. regina and TRI002 for Apatania sp.

PCR amplification and sequencing
The mt genomes of E. regina and Apatania sp.
were generated by amplification of overlapping PCR
fragments (Supplementary Material: Table S1). Firstly,
fourteen fragments were amplified using the universal primers [23]. Then, six specifically designed primers (Supplementary Material: Table S1) based on the
known sequences were used for the secondary PCRs.
All PCRs used NEB Long Taq DNA polymerase
(New England BioLabs, Ipswich, MA) under the following amplification conditions: 30s at 95℃, 40 cycles
of 10 s at 95℃, 50s at 48-55℃, 1kb/min at 65℃ depending on the size of amplicons, and the final elon-
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gation step at 65℃ for 10 min. The quality of PCR
products were evaluated by agarose gel electrophoresis.
All fragments were sequenced in both directions
using the BigDye Terminator Sequencing Kit (Applied Bio Systems) and the ABI 3730XL Genetic Analyzer (PE Applied Biosystems, San Francisco, CA,
USA) with two vector-specific primers and internal
primers for primer walking.

Bioinformatic analysis
The complete mt genome of E. regina and the
nearly complete mt genome of Apatania sp. has been
deposited in GenBank under accession number
KF756943 and KF756944 respectively. Mt DNA sequences were proof-read and aligned into contigs in
BioEdit version 7.0.5.3 [24]. Sequence analysis was
performed as follows. Firstly, the tRNA genes were
identified by tRNAscan-SE Search Server v.1.21 [25]
using invertebrate mitochondrial predictors with a
COVE cutoff score of 1, or by sequence similarity to
tRNAs of other Lepidoptera insects [26, 27]. PCGs
were identified as open reading frames corresponding
to the 13 PCGs in metazoan mt genomes. The rRNA
gene boundaries were interpreted as the end of a
bounding tRNA gene and by alignment with other
lepidopteran gene sequences [26-29]. The base composition, codon usage, and nucleotide substitution
were analyzed with MEGA 4.0 [30]. The GC and AT
asymmetry was measured in terms of GC and AT
skews using the following formulae: AT-skew =
(A-T)/(A+T) and GC-skew = (G-C)/(G+C) [31]. Secondary structures of the small and large subunits of
rRNA were inferred using models predicted for Drosophila yakuba [32], Apis mellifera [33], and Manduca
sexta [34]. Stem-loops were named according to M.
sexta [34].

Phylogenetic analysis
Phylogenetic analysis was carried out based on
26 complete or nearly complete mt genomes from
GenBank. The ingroup taxa include 24 species from 24
families, which represent eight orders of Holometabola with available mt genomes (Supplementary Material: Table S2). Two Paraneoptera taxa,
namely Hydrometra sp. (Hemiptera), and Thrips imaginis (Thysanoptera) were selected as outgroups for
their relatively close relationships with Holometabola
[35]. The saturation of different codon positions was
assessed by DAMBE [36].
DNA alignment was inferred from the amino
acid alignment of 13 PCGs using Clustal X [37]. RNA
alignment was conducted by G-blocks Server
(http://molevol.cmima.csic.es/castresana/Gblocks_s
erver.html) by more stringent selection. Alignments of
http://www.ijbs.com
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individual genes were then concatenated excluding
the stop codons. MrBayes Version 3.1.2 [38] and a
PHYML online web server [39, 40] were employed to
reconstruct the phylogenetic trees. Model selection
was based on Modeltest 3.7 [41] for nucleotide sequences. According to the Akaike information criterion, the GTR+I+G model was optimal for analysis
with nucleotide alignments and MtREV model for
amino acid sequence. In Bayesian inference, two simultaneous runs of 2,000,000 generations were conducted. Each set was sampled every 200 generations
with a burnin of 25%. Trees inferred prior to stationarity were discarded as burnin, and the remaining
trees were used to construct a 50% majority-rule consensus tree. In the maximum likelihood (ML) analysis,
the parameters were estimated during analysis and
the nodal support values were assessed by bootstrap
re-sampling (BP) [42] calculated using 100 replicates.
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Burla, 1954, which is considered to exhibit the ground
pattern of insect mt genomes [32], and all gene
boundaries in D. yakuba are conserved in the mt genome of E. regina. The gene order of the partial Apatania sp. mt genome is also the same as D. yakuba.
There are two types of gene orders in the lepidopteran
mt genomes sequenced to date (89 species until 13
November 2013): one is the same as the ancestral gene
order (i.e. Ahamus yunnanensis (Hepialidae) and Thitarodes renzhiensis (Hepialidae)) [27], the other contains the typical rearrangement of tRNAMet for the rest
of sequenced lepidopteran mt genomes (Figure 3).

Results and discussion
Genome organization
The complete mt genome of E. regina is a typical
circular DNA molecule of 15,021 bp in length (GenBank accession number KF756943; Figure 1) and contains the ancestral 37 genes, with 9 PCGs and 14
tRNAs encoded in the major strand, while 4 PCGs, 8
tRNAs and 2 rRNAs encoded in the minor strand
(Figure 1, Supplementary Material: Table S3). Notably, the genome of this species is the smallest one
compared with the holometabolous mt genomes
presently studied in the phylogenomic analysis. Such
a short mt genome is mainly attributed to the small
size of the A+T-rich region (270 bp) and large
non-coding regions absence. Within the holometabolous mt genomes studied in this work, the length
variation is minimal in PCGs, tRNAs, rrnL and rrnS,
but very different in the putative control region (Figure 2; Supplementary Material: Table S4). In addition
to the control region, there were 42 nucleotides dispersed in 10 intergenic spacers, ranging from 1 to 13.
The longest spacer sequence (13 nucleotides) was located between tRNALys and tRNAAsp. Gene overlaps
were also found at 7 gene junctions involving 22 nucleotides with the longest overlap (8 nucleotides)
between tRNATrp and tRNACys (Supplementary Material: Table S3). The partial complete mt genome of
Apatania sp. is 14,218 bp in length and contains 34
genes, with 12 complete PCGs and partial sequences
of nad2, 19 tRNAs and 2 rRNAs.
The gene order of the E. regina mt genome is the
same as the ancestral gene order of Drosophila yakuba

Figure 1. Mitochondrial map of Eubasilissa regina. The tRNAs are denoted by
the color blocks and are labelled according to the IUPACIUB single-letter amino
acid codes. Gene name without underline indicates the direction of transcription from left to right, and with underline indicates right to left.

Figure 2. The size of PCGs, rrnL, rrnS, and CR, respectively, among the Holometabolous mt genomes used in this study.
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Figure 3. The mt genome gene orders of Eubasilissa regina, Drosophila yakuba and sequenced lepidopteran insects.

Protein-coding genes
The total length of all 13 PCGs of E. regina was
11,148 bp, accounting for 74.22% of the entire length
of E. regina mt genome (Supplementary Material: Table S5). The overall A+T content of PCGs was 75.93%,
ranging from 66.84% (cox1) to 80.98% (nad6) (Supplementary Material: Table S6). Start and stop codons
were determined based on alignments with the corresponding genes of other Lepidoptera species. All
but one of the PCGs initiated with ATN as the start
codon, in which five genes (atp6, cox3, cytb, nad4,
nad4l) use the standard ATG start codon, three genes
(atp8, cox2, nad3) initiate with ATC, three genes (nad1,
nad2, nad6) initiate with ATT, and nad5 initiates with
ATA. The only exception was the cox1, which used
CGA (coding for R) as a start codon. Six genes employ
a complete translation termination codon TAA (atp6,
atp8, cox3, nad4, nad4l, nad6), whereas the remaining
three have incomplete stop codons, either T (cox1,
cytb, nad1, nad2, nad3, nad5) or TA (cox2) (Supplementary Material: Table S3). The presence of incomplete stop codons is common in metazoan mt genomes [43] and these truncated stop codons were
presumed to be completed via post-transcriptional
polyadenylation [44]. The common stop codons TAA
or TAG could always overlap several nucleotides
within the down-stream tRNA, which was supposed
to act as “backup” to prevent translation read through
if the transcripts were not properly cleaved [45]. The
absence of some G/C-rich codons was found in E.
regina: the codon UAG and CCG were not used (Supplementary Material: Table S7). This result suggests
that the A/T codon bias of the mt genomes affects the
amino acid frequency of the encoded proteins [46].
All 11 of the 12 complete PCGs of Apatania sp.
initiated with ATN as the start codon, in which six
genes (atp6, atp8, cox2, nad1, nad3, nad6) use the
standard ATT start codon, four genes (cox3, cytb, nad4,
nad4l) initiate with ATG and nad5 initiates with ATC.

The only exception was the cox1, which uses CGA
(coding for R) as a start codon. Ten genes employ a
complete translation termination codon TAA (atp6,
atp8, cox2, cox3, cytb, nad2, nad3, nad4, nad4l, nad6),
whereas the remaining three have incomplete stop
codons T (cox1, nad1, nad5).
In many insect mt genomes, the atp8/atp6 and the
nad4l/nad4 gene pairs overlap seven nucleotides
(ATGNTAA) which are thought to be translated as a
bicstron [47]. In the E. regina mt genome, the overlap
nucleotides were conserved for atp8/atp6 (ATGATAA)
but not conserved for nad4l/nad4.

Transfer RNAs
The entire complement of 22 typical tRNAs in
the arthropod mt genomes was found in E. regina and
schematic drawings of their respective secondary
structures are shown in Figure 4. Most of the tRNAs
could be folded as classic clover-leaf structures, with
the exception of tRNASer(AGN), in which its DHU arm
simply forms a four-nucleotide loop. This phenomenon was a typical feature of metazoan mt genomes
[43]. Within the 22 tRNA genes, 14 genes were encoded by the J-strand, while the remains were coded
by the N-strand.
The length of tRNAs ranged from 56 to 70 bp.
The aminoacyl (AA) stem (7 bp) and the AC loop (7
nucleotides) were invariable except tRNALeu(UUR)
whose AC loop was 9 nucleotides. The DHU and TΨC
(T) stems are variable while the loop size (3-8 nucleotides) was more variable than the stem size (0-5 bp).
The size of the anticodon (AC) stems was constantly 5
bp except tRNALys whose anticodon stem was 4 bp.
19 mismatched base pairs were found in E. regina
tRNAs based on the secondary structure. Thirteen of
them were G-U pairs located in the AA stem (5 bp),
the DHU stem (6 bp), the AC stem (1 bp) and the T
stem (1 bp). The remaining were U-U (5 bp) and A-A
(1 bp) mismatches (Figure 4).

http://www.ijbs.com
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Figure 4. Inferred secondary structure of 22 tRNAs of Eubasilissa regina. The tRNAs are labeled with the abbreviations of their corresponding amino acids. Inferred
Watson-Crick bonds are illustrated by lines, whereas GU bonds are illustrated by dots.
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Ribosomal RNAs
The rrnL was assumed to fill up the blanks between tRNALeu(CUN) and tRNAVal. For the boundary
between the rrnS and the non-coding putative control
region, alignments with homologous sequences in
other Lepidoptera mt genomes were applied to determine the 3’-end of the gene [26-29]. The length of
rrnL and rrnS of E. regina was determined to be 1,344
bp and 779 bp, respectively. Both rrnL and rrnS are
generally congruent with the secondary structure
models proposed for other insects [33, 34, 48-51]. The
structure of rrnL of E. regina largely resembles previously published structures for Manduca sexta (Linnaeus, 1763) (Insecta: Lepidoptera: Sphingidae) [34],
and the inferred secondary structure presents five
canonical domains (I-II, IV-VI) with domain III absent,
which is a typical trait in arthropods [48] (Figure 5),
and includes 44 helices. The rrnS of E. regina is largely
in agreement with those proposed for other Holometabola orders, including three domains and 28
helices (Figure 6).

The control region
There are eleven non-coding regions of the
whole mt genome of E. regina ranging from 1 to 270
nucletides. The largest non-coding region between
rrnS and tRNAIle corresponds to the control region
identified in other insects which includes the origin
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sites for transcription and replication [52]. The A+T
content of this region (90.00%) is much higher than
that of the coding regions. Several conserved structures of other lepidopteran mitogenomes were also
observed in the A+T-rich region of E. regina mt genomes (Figure 7). The ON (origin of minority or light
strand replication) in Bombyx mori (Linnaeus, 1758)
(Lepidoptera: Bombycidae) has the motif ATAGA
preceded by an 18 bp poly-T stretch, is located 21 bp
upstream from rrnS [53]. This motif is conserved
across Lepidoptera although the length of the poly-T
stretch varies between species and is also conserved in
E. regina. A poly-A commonly observed in other lepidopteran mt genomes was also found immediately
upstream of the tRNAMet gene [26]. The majority of the
mt control region of E. regina is made up of
non-repetitive sequence but includes a microsatellite-like dinucleotide repeat region, (TA)5, located 21
bp from rrnS. The most abundant AT motif occurs 54
times, ATT occurs 19 times, AAT occurs 17 times,
AATT occurs 5 times, ATATAA occurs 4 times. Some
short tandem repeat sequences were detected in the
control region of E. regina, such as (AT)3, (AT)4, (TA)5,
(ATT)3. These tandem repeat elements can be considered as microsatellites and are useful in the study of
geographical structure and phylogenetic relationship
of species [54].

Figure 5. Predicted secondary structure of the rrnL gene in Eubasilissa regina. Inferred Watson-Crick bonds are illustrated by lines, GU bonds by dots.
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Figure 6. Predicted secondary structure of the rrnS gene in Eubasilissa regina. Roman numerals denote the conserved domain structure. Inferred Watson-Crick bonds
are illustrated by lines, GU bonds by dots.

Figure 7. Features present in the control region of Eubasilissa regina.

Nucleotide composition and codon usage
The nucleotide composition of E. regina mt genome is significantly biased toward A/T nucleotides
(A = 39.86%, T = 38.25%, G = 7.66%, C = 14.23%; Supplementary Material: Table S5). The overall AT content (78.10%) of E. regina is lower than nearly all of AT
content of the lepidopteran mt genomes except
Ochrogaster lunifer (Thaumetopoeidae) (Supplementary Material: Table S8, Figure 8). A+T content of isolated PCGs, tRNAs, rRNAs and the control region
(CR) is 75.93%, 83.19%, 84.27 and 90.00%, respectively.
The metazoan mt genomes usually present a clear
strand bias in nucleotide composition [55, 56], and the

strand bias can be measured as AT- and GC-skews
[31]. AT- and GC-skews of E. regina mt genomes are
consistent to most of the strand biases of metazoan
mtDNA (positive AT-skew and negative GC-skew for
the J-strand), while species of three distantly related
families of insects, i.e. Philopteridae (Phthiraptera),
Aleyrodidae (Hemiptera) and Braconidae (Hymenoptera), have positive GC-skew and negative
AT-skew for the J-strand [57]. A comparative analysis
of A+T% vs AT-skew and G+C% vs GC-skew across
all available mt genomes of Amphiesmenoptera
(Lepidoptera + Trichoptera) is shown in Figure 8. The
average AT-skew of the lepidopteran mt genomes is
-0.02, ranging from 0.06 to -0.05, whereas the average
GC-skew of the lepidopteran mt genomes is -0.20,
ranging from -0.16 to -0.32. The codon-based nucleotide composition of E. regina indicates that the A/T
content at the third codon position (86.01%) is higher
than that of the first and second codon positions
(71.56% and 70.24%, respectively).
http://www.ijbs.com
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Figure 8. AT% vs AT-Skew and GC% vs GC-Skew in Amphiesmenoptera mt
genomes. Measured in bp percentage (Y-axis) and level of nucleotide skew
(X-axis). Values are calculated on full length mt genomes. Green diamond,
Lepidoptera; Red diamond, Trichoptera.

The 13 PCGs of E. regina and 12 complete PCGs
of Apatania sp. exhibit the canonical mitochondrial
start codons ATN for invertebrate mtDNAs [43] except cox1 genes which use CGA (coding for R) as a
start codon. All Lepidoptera species examined to date
use R as the initial amino acid for cox1 and the use of
non-canonical start codons for this gene is common
across insects [58]. Cox1 initiating with codon CGA is
probably a synapomorphy of the monophyletic lineage comprising Trichoptera and Lepidoptera. Stop
codons for the 13 PCGs were almost invariably complete TAA or incomplete TA/T. The genome-wide
bias toward AT was well documented in the codon
usage (Supplementary Material: Table S7). At the
third codon position, A/T was overwhelmingly represented compared to G or C (Figure 9). There is a
strong bias toward AT-rich codons with the six most
prevalent codons in E. regina, as in order, TTA-Leu
(10.45%), ATT-Ile (10.02%), TTT-Phe (8.89%),
ATA-Met (7.55%), AAT-Asn (5.32%), and TAT-Tyr
(3.55%) (Supplementary Material: Table S7).

Figure 9. Relative synonymous codon
usage (RSCU) in the Eubasilissa regina mt
genome. Codon families are provided on
the x-axis.
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Phylogeny
We performed phylogenetic analysis including
24 species, which represent eight orders of Holometabola with available mt genomes as ingroup taxa
and two Paraneoptera taxa, namely Hydrometra sp.
(Hemiptera) and Thrips imaginis (Thysanoptera) as
outgroups (Supplementary Material: Table S2). In
order to notarize the phylogenetic position of Trichoptera, nearly complete mt genome of Apatania sp.
(Trichoptera: Apataniidae) was also sequenced. Before reconstructing the phylogeny tree, the saturation
of different codon positions in PCGs was tested (Figure 10). The results indicate that the third positions of
codons have experienced substitution saturation;
hence the nucleotides of the third postions are excluded from the datasets to reconstruct the phylogeny
tree. Herein, three datasets were used in the present
analyses, each representing different types of data
partitioning and inclusion/exlusion of particular
sites. There were 7553 sites in the PCG12R matrix
(containing the first and the second codon positions of
PCGs, plus the two rRNA genes), 6620 sites in the
PCG12 matrix (containing the first and the second
codon positions of PCGs), and 3310 sites in the AA
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matrix (containing the amino acid sequences).
The phylogenetic trees generated from Bayesian
and ML inferences have the same topologies (Figure
11) based on the PCG12R and PCG12 matrices,
whereas the AA matrix could not result in reasonable
phylogenetic trees. The supporting values of the
PCG12R matrix are higher than the other matrices
shown in Figure 11. Bayesian posterior probabilities
and bootstrap values of ML of major nodes recovered
by various phylogenetic approaches are listed in
Supplementary Material: Table S9. Monophyly of the
eight ingroup orders was recovered in all analyses.
The Hymenoptera was recovered to be the sister of all
other homometabolous lineages, which was consistent with the previous study [59,60]. The sister relationship between Trichoptera and Lepidiptera was
recognized in all analyses with high nodal support
values. Mecoptera was recovered as a sister-group of
Diptera. Neuropterida (Neuroptera + Megaloptera in
this study) is supported across all analyses, forming
the sister-group to (Diptera + Mecoptera), which is
consistent with Wei et al [61] and differs from the
presently preferred sister-group relationship of Neuropterida and Coleoptera [11] (Figure 11).

Figure 10. Saturation curve of different codon position transitions (S) and transversions (V) per TN93 distance.
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Figure 11. Phylogenetic relationships among the holometabolous insects used in this study. Numbers at the nodes are Bayesian posterior probabilities (left) and ML
bootstrap values (right).
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