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Abstract
Heptageniidae is one of the most species-rich families within Ephemeroptera, whose evolution pattern of mitogenomes and
internal relationships remain unclear. In this study, the complete mitochondrial genomes (mitogenomes) of Afronurus
rubromaculata, A. yixingensis and A. obliquistrita were firstly sequenced and analyzed. Three mitogenomes share similar gene
arrangement with an extra trnM gene compared with the ancestral order for insects. Comprehensive analysis of tRNA secondary
structures showed that the extra trnM had a high level of nucleotide variation. The conservative intergenic spacer (IGS) region in
the mitogenomes was found between the trnA and trnR genes with a size of 39 nucleotides and all formed a loop-stem structure.
Furthermore, tandem repeats were identified in the control region of all threemitogenomes. The phylogenetic analyses using both
Bayesian inference (BI) and maximum likelihood (ML) methods based on three datasets all supported that Heptageniidae was a
monophyletic family. Our results supported the relationships ((A. rubromaculata + A. obliquistrita) + A. yixingensis) within
Afronurus. The analysis will improve our understanding of the mitogenome features of heptageniid mayflies and lay the
foundation for further phylogenetic study of Ephemeroptera.
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Introduction

An insect mitochondrial genome (mitogenome) is generally
a double-strand circular molecule, 14–19 kilobases (kb) in
length (Boore 1999). It generally contains 13 protein-coding
genes (PCGs), 22 transfer RNA genes (tRNAs), two ribosom-
al RNA genes (rRNAs), and a large non-coding region (called
control region or A + T-rich region) associated with the initi-
ation of transcription and replication (Wolstenholme 1992).
Because of the unique features of maternal inheritance, ab-
sence of introns, low rate of recombination and high evolu-
tionary rate, the sequences of insect mitogenome have been
extensively used in studies of molecular phylogenetics and
evolution, population genetics, and phylogeography
(Saccone et al. 1999; Lin and Danforth 2004; Simon et al.

2006; Avise 2009; Krzywinski et al. 2011; Cameron 2014;
Qin et al. 2015). Moreover, complete mitogenome has been
shown to provide more credible results than single or several
mitochondrial genes in many studies (Yuan et al. 2016; Liu
et al. 2019).

Heptageniidae is one of the most species-rich families
within the order Ephemeroptera (mayfly), comprising 36 gen-
era and more than 600 described species (Sartori 1992;
Barber-James et al. 2008; Webb and McCafferty 2008).
Members of the family are widely distributed in the
Palaearctic Region (Wang and McCafferty 2004; Yanai
et al. 2017). The heptageniid nymphs usually inhabit lotic
habitats, and mainly feed on fine detritus and diatoms. As a
consequence, they are important components of the mayfly
community and most ecosystems. Over the past decade, stud-
ies of Heptageniidae have mainly focused on taxonomy (Ma
et al. 2018; Sutthacharoenthad et al. 2019), behaviour
(McCafferty and Huff 2017), and ecology (Freimark et al.
2017). Owing to limited molecular informative traits, phylo-
genetic relationships among Heptageniidae were poorly stud-
ied. Meanwhile, most phylogenetic analyses were still based
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on a single gene or several genes so far (Vuataz et al. 2011;
Yanai et al. 2017; Kaneko et al. 2018). Up to now, only five
complete mitogenomes representing three genera (three of
Epeorus, one of Paegniodes, one of Parafronurus) have been
submitted to the GenBank (https://www.ncbi.nlm.nih.gov/;
last visited on August 2020) (Gao et al. 2018). Therefore,
mitogenomic studies of more mayflies are required for a com-
prehensive phylogenetic analysis of the family Heptageniidae,
and still in demand before a full picture of mitogenomes for
Ephemeroptera is depicted.

The genus Afronurus Kimmins, 1937 is widely distributed
in Asia, and generally considered as a junior synonym of the
more widespread Asian andAfricanAfronurus. However, there
is no mitogenome of Afronurus was reported, the gene organi-
zation have remained unclear, and its taxonomic status among
Heptageniidae is poorly understood. Herein we sequenced and
annotated the complete mitogenomes of three widely distribut-
ed species in China (Afronurus rubromaculata You, Wu, Gui
& Hsu, 1981; A. yixingensis Wu & You, 1986 and
A. obliquistrita You, Tian, Hong & Hsu, 1981). Furthermore,
we analyzed the main features of the newly generated
mitogenomes and that of the related species (Parafronurus youi
Zhou & Braasch, 2003), including genomic structure, gene
order, nucleotide composition, secondary structure of tRNAs
and control region. In addition, we reconstructed the phyloge-
netic relationships within the order of Ephemeroptera using
current mitogenome information, and analyzed the taxonomic
status of Afronurus and its phylogenetic relationships with oth-
er heptageniid species at the mitogenome level. Our results will
improve our understanding of the mitogenome features of
heptageniid mayflies and lay the foundation for further phylo-
genetic study of Ephemeroptera.

Materials and methods

Sample collection and DNA extraction

All specimens for three Afronurus species were collected in
2019, A. rubromaculata from the city of Yixing in the prov-
ince of Jiangsu, China,A. yixingensis and A. obliquistrita from
Yichang in Hubei, China. All specimens were immediately
preserved in 100% ethanol and then stored at −20 °C in the
College of Life Sciences of Nanjing Normal University,
where we conducted this research without permit requirement.
The specimens were morphologically identified by Chang-Fa
Zhou using available taxonomic keys. Whole genomic DNA
for subsequent analyses was extracted separately from the
individual specimen using a DNeasy® tissue kit (Qiagen,
Hilden, Germany). NanoDrop 2000 spectrophotometer
(Thermo, Wilmington, USA) was then used to test the DNA
concentration.

Mitogenome sequencing and assembly

The qualified samples were sequenced on the Illumina HiSeq
2500 (Illumina, California, USA) platform following a PE150
strategy (2 × 150 base paired-end reads). Paired-end libraries
were constructed using the TruSeq DNA Library Preparation
kit (https://support.illumina.com/downloads/truseq) with
standard protocols. Three libraries were pooled, and then
sequenced together with other projects. Each mitogenome
yielded approximately 20 million raw reads. The raw reads
were quality-trimmed using NGS-Toolkit by removing adapt-
er contamination and low-quality reads (Patel and Jain 2012).
The clean sequence reads were assembled in Geneious 11.1.5
using the mitochondrial genome of P. youi (GenBank acces-
sion number: EU349015) as mapping reference, with the fol-
lowing parameter settings: Minimum Overlap = 30–50,
Minimum Overlap Identity: 80–100, Maximum Mismatches
Per Read = 10% (Kearse et al. 2012).

Mitogenome annotation and comparative analysis

Initial annotation of the mitogenomes was performed using the
MITOSweb server under the code for invertebratemitochondria
(Bernt et al. 2013). The start and stop codons of all PCGs were
further adjusted and corrected manually using reference
mitogenome of P. youi. rRNA genes were identified by aligning
homologous genes of previously sequenced mitogenomes from
the family Heptageniidae. The non-coding regions (intergenic
spacers and overlapping regions) between genes were estimated
manually. TandemRepeat Finder 4.07 (http://tandem.bu.edu/trf/
trf.html) was used to find tandem repetitive sequences. The
circular map of the mitogenomes was drawn using CGView
(Grant and Stothard 2008).

Base composition, codon distribution and relative synony-
mous codon usage (RSCU) of PCGs were analysed with
MEGA X (Kumar et al. 2018). Composition skew: AT-
skew = (A – T) / (A + T) and GC-skew = (G – C) / (G +C),
was used to measure nucleotide compositional differences
(Perna and Kocher 1995).

Phylogenetic analysis

A total of 27 mitogenomes were used for phylogenetic analyses
(Online resource 1: Table S1), including the three newly deter-
mined sequences, 22 available sequences of Ephemeroptera, and
two of Archaeognatha (Nesomachilis australica Tillyard, 1924
and Pedetontus silvestriiMendes, 1993 were used as outgroups).
Sequences for each PCG were aligned individually with codon-
based multiple alignments usingMAFFT 7.0 (Katoh et al. 2005)
within TranslatorX online platform (with the L-INS-i strategy
and default setting) (Abascal et al. 2010). Sequences from each
of the two rRNAs were aligned separately with the MAFFT
algorithm using the G-INS-i strategy. Additionally, Gblocks
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0.91b was employed with default settings to eliminate poorly
aligned positions and divergent regions (Talavera and
Castresana 2007). The DAMBE was used to test the nucleotide
saturation (Xia and Xie 2001). Geneious 11.1.5 was selected to
concatenated the individual alignment fragments. Phylogenetic
analyseswere conductedwith three datasets: 1) P123R: all codon
positions of 13 PCGs and two rRNAs; 2) P12R: first and second

codon positions of PCGs and two rRNAs. Partitioned analyses
for multi-gene alignments were defined by both gene types (each
of 13 PCGs and two rRNAs) and codon positions (first, second,
and third codon positions for each PCG). 3) AAR: all PCGs’ aa
sequences plus two rRNA genes. The best-fit model for each
partition was determined by PartitionFinder implemented in
PhyloSuite program (Lanfear et al. 2012; Zhang et al. 2020).

Table 1 Mitochondrial genome
organization of Afronurus
rubromaculata (Aru), Afronurus
yixingensis (Ayi) and Afronurus
obliquistrita (Aob)

Gene Strand Size (bp) Intergenic Nucleotides Anticodon

Aru Ayi Aob Aru Ayi Aob

trnI J 65 66 66 0 0 0 GAT

trnM J 66 66 66 0 0 0 CAT

trnQ N 69 69 69 0 0 0 TTG

trnM J 66 65 64 -1 -1 -1 CAT

nad2 J 1035 1035 1035 0 0 0 –

trnW J 68 68 68 −2 −2 −2 TCA

trnC N 62 62 62 −8 −8 −8 GCA

trnY N 64 66 65 0 0 0 GTA

cox1 J 1534 1534 1534 −2 −2 −2 –

trnL2 J 66 67 66 0 0 0 TAA

cox2 J 688 688 688 4 4 4 –

trnK J 69 68 68 0 0 0 CTT

trnD J 67 67 67 5 0 0 GTC

atp8 J 159 159 159 0 0 0 –

atp6 J 675 675 675 −4 −4 −4 –

cox3 J 789 789 789 −1 −1 −1 –

trnG J 64 64 64 −1 −1 −1 TCC

nad3 J 357 357 357 −3 −3 −3 –

trnA J 64 64 64 −2 −2 −2 TGC

trnR J 64 64 64 39 39 39 TCG

trnN J 64 65 65 0 7 0 GTT

trnS1 J 66 66 66 −3 −3 −3 GCT

trnE J 64 64 64 2 2 3 TTC

trnF N 65 65 65 −2 −2 −2 GAA

nad5 N 1735 1735 1735 0 0 0 –

trnH N 64 64 64 0 0 0 GTG

nad4 N 1346 1346 1346 −1 −1 −1 –

nad4L N 297 297 297 −7 −7 −7 –

trnT J 65 65 65 2 2 2 TGT

trnP N 66 65 65 0 0 0 TGG

nad6 J 507 507 507 14 14 14 –

cytb J 1137 1137 1137 −1 −1 −1 –

trnS2 J 70 70 70 −2 −2 −2 TGA

nad1 N 951 951 951 16 16 16 –

trnL1 N 66 66 66 1 1 1 TAG

rrnL N 1283 1285 1286 0 0 0 –

trnV N 71 71 71 0 0 0 TAC

rrnS N 786 780 779 0 0 0 –

A+T-rich J 574 846 704 0 0 0 –
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Bayesian Inference (BI) and Maximum Likelihood (ML)
methods were employed for each dataset to assess whether the
datasets were sensitive to the inference methods. BI analyses
were performed inMrBayes 3.2.6 (Ronquist et al. 2012) through
the online CIPRES Science gateway (Miller et al. 2011). Two
simultaneous runs with Four independent Markov chains (three

heated and one cold) were performed for 10 million generations
with sampling every 1000 trees. The initial 25% trees of each
run were discarded as burn-in, and the consensus tree was com-
puted from the remaining trees. ForML analyses, RAxML 8.2.0
was employed with node support values inferring from a rapid
bootstrap method applied with 1000 replications (Stamatakis
2014). The phylogenetic trees were then visualized in FigTree
1.4.2 (http://tree.bio.ed.aA.uk/software/figtree/).

Results and discussion

Mitogenome structure, organization

We successfully obtained the complete mitogenomes of
A. rubromaculata, A. yixingensis and A. obliquistrita, whose
size was 15,413 bp, 15,683 bp and 15,532 bp, respectively
(Table 1; Online resource 1: Tables S2-S4). The size of the
newly generated mitogenomes was well within the range of
the completely sequenced mitogenomes of other
ephemeropteran species, with sizes ranging from 14,589 bp in
Alainites yixiani (Gui & Lu, 1999) to 16,616 bp in Siphlonurus
chinensis Ulmer, 1920 (Online resource 1: Table S1).

The three new mitogenomes encoded a complete set of 38
genes (including 13 protein-coding genes, 23 tRNA genes and
two rRNA genes) and a longest non-coding region (control
region) (Fig. 1; Table 1). In addition to the 37 genes

Fig. 1 Mitochondrial map of
Afronurus genes transcribed
clockwisely outside and anti-
clockwisely inside

Table 2 Base composition of Afronurus mitochondrial genomes

Gene Species Total (bp) A+T (%) AT-skew GC-skew

Mito Aru 15,413 62.7 0.004 −0.205
Ayi 15,683 64.1 0.002 −0.218
Aob 15,532 63.9 0.004 −0.205

PCGs Aru 11,210 62.7 −0.193 −0.040
Ayi 11,210 64.6 −0.197 −0.019
Aob 11,210 64.0 −0.198 −0.024

rRNAs Aru 2069 64.6 0.009 0.310

Ayi 2065 65.6 −0.025 0.333

Aob 2065 64.6 −0.008 0.318

tRNAs Aru 1515 64.1 −0.013 0.107

Ayi 1517 63.4 −0.010 0.106

Aob 1514 64.3 −0.021 0.122

CR Aru 574 52.3 0.060 0.204

Ayi 846 55.0 0.131 −0.181
Aob 704 58.5 0.117 0.123
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commonly found in mitogenomes of insects (Wolstenholme
1992), an additional trnM gene was identified in the
mitogenomes. Four PCGs, eight tRNAs and two rRNAs were
encoded on the minority strand (N-strand), while the other 24
genes (nine PCGs and 15 tRNAs) were transcribed from the
majority strand (J-strand). The gene rearrangement with tRNA
cluster (trnI-trnM-trnQ-trnM) was found in the newly generated
mitogenomes (Fig. 1), which is similar to four known sequences
of heptageniid species (P. youi, Epeorus herklotsi (Hsu, 1936),
Epeorus sp1. and Epeorus sp2.) (Gao et al. 2018). The conser-
vative gene order is different to the other heptageniid sequence
(Paegniodes cupulatus Eaton, 1871) with the typical tRNA
cluster (trnI-trnQ-trnM) (Zhou et al. 2016). It is apparent that
more mitogenomes from diverse groups of Heptageniidae are
in demand to well understand the mechanism of this gene
rearrangement in the following studies.

Nucleotide composition

The nucleotide composition of mitogenome was investigated
using the general parameters including A + T content, AT-
skew and GC-skew (Yang et al. 2018). All complete

mitogenomes showed highly similar nucleotide composition
biases towards A and T nucleotides, ranging from 62.7%
(A. rubromaculata) to 64.1% (A. yixingensis) on the J-strand
(Table 2). Additionally, skew metrics of the mitogenomes
showed positive AT-skew and negative GC-skew, indicating
that As and Cs were more abundant than Ts and Gs.
Comprehensive analysis for all components of the Afronurus
mitogenomes showed that they were slight deviation in nucle-
otide composition (Table 2), except for the AT-skew of rRNA
andGC-skew of control region. The comparative analysis also
revealed that the A + T content of PCGs, rRNAs and tRNAs
was very similar (62.7% – 65.6%, average 64.2%), whereas
the lowest in control region (52.3% – 58.5%, average 55.3%).

Protein-coding genes (PCGs) and codon usage

The total length of the 13 PCGs of our sequenced
mitogenomes were all 11,210 bp (Table 2). In the three may-
flies, nine PCGs (nad2, nad3, nad6, cox1, cox2, cox3, atp6,
atp8 and cytb) were encoded on the J-strand, and the remain-
ing four PCGs (nad1, nad4, nad4L and nad5) on the N-strand,
as reported in the other ephemeropterans (Gao et al. 2018).

Fig. 2 The relative synonymous
codon usage (RSCU) in the
mitogenomes of Parafronurus
youi, Afronurus rubromaculata,
A. yixingensis and A. obliquistrita
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Predicted initiation and termination codons of all PCGs were
consistent across the three mitogenomes, except for atp8
starting with ATG for A. rubromaculata while with GTG for
A. yixingensis and A. obliquistrita (Online resource 1:
Tables S2-S4). Additionally, nine PCGs started with typical
ATN codon (one with ATT, two with ATA, six with ATG),
whereas nad2 and nad5 appeared to start with GTG, cox1with
CCG. Nine PCGs terminated with TAN codon (two with
TAG and seven with TAA), and the remaining four terminated
with an incomplete stop codon TA (nad1) and T (cox1, cox2
and nad5). This is a common phenomenon in the
mitogenomes of metazoan, which can produce functional ter-
minal codons via polycistronic transcription cleavage and
polyadenylation processes (Ojala et al. 1981; Li et al. 2019).

The relative synonymous codon usage (RSCU) values of
the three Afronurus and P. youimitogenomes were calculated
and summarized in Fig. 2 and Online resource 1: Tables S5-
S7. In addition to the termination codons, the total number of
codons of three Afronurusmitogenomes was identical (3726),
while P. youi was different (3728). The codon of AGG was
not found in all analysed sequences. Comparative analysis
showed that the codon usage patterns and the major custom-
arily utilized codons of the four mitogenomes were conserva-
tive. Meanwhile, the most frequently used amino acid were
Leucine and Phenylalanine. Furthermore, RSCU analysis also
indicated that codonswere biased to use more A / T at the third
codon (Fig. 2). Similarly, the biased usage of A + T nucleo-
tides was reflected in the codon frequencies.

RNA genes

Two rRNA genes (rrnL and rrnS) were observed in the
mitogenomes of all three mayflies. The rrnL gene was located
between trnL1 and trnV, while rrnS gene was between trnV and
the control region (Fig. 1). The size of rrnL was 1283 bp of
(A. rubromaculata), 1285 bp (A. yixingensis), and 1286 bp
(A. obliquistrita) (Online resource 1: Tables S2-S4), with the
A+T content accounting for 66.5%, 66.8% and 67.3%, respec-
tively. The rrnS of A. rubromaculata was 786 bp long with an
A+T content of 61.5%, 780 bp (63.5%) of A. yixingensis and
779 bp (60.2%) of A. obliquistrita. Two rRNAs are similar in
size and positions among ephemeropteran species (Gao et al.
2018).

Unlike most ephemeropteran mitogenomes (trnI-trnM-
trnQ), there was an extra trnM recognized in three new se-
quenced mitogenomes besides 22 typical tRNA genes,
forming a conservative gene block (trnI-trnM-trnQ-trnM).
Comparative analysis found that the duplicated trnM gene
was found in all available heptageniid mitogenomes except
for that of P. cupulatus. Due to limited mitogenomes, more
heptageniid mitogenomes are need to understand the evolu-
tion pattern and mechanism. All of the 23 tRNA genes were
dispersed among the protein-coding and the rRNA genes; 15

Fig. 3 The putative tRNA second structure for the three Afronurus
mitogenomes
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of them lay on J-strand and remaining eight on N-strand of the
mitogenomes (Table 1). The length of the tRNAs ranged be-
tween 62 bp to 71 bp, with the shortest being that of trnC and
the longest trnV. All tRNAs had standard anticodons and
displayed the typical clover-leaf secondary structures, except
for trnS1 lacking the dihydrouridine (DHU) arm (Fig. 3F).
The comparison of tRNA secondary structures showed that
the nucleotide conservation of tRNAs, including trnV, trnS2
and trnE, with the highest percentage of identical nucleotides.
The extra tRNA (trnM) had a high level of nucleotide varia-
tion (Fig. 3K and L). In addition, apart from normal base pairs,
mismatched pairs also exist in stems of tRNAs including

multiple nonWatson-Crick base pairs (G-U, A-G, A-A, U-U
and C-A). These mismatches are common in metazoan ani-
mals, which can be corrected through editing processes, and
should not affect the transport function (Varani and McClain
2000).

Non-coding regions

In accordance with other insect mitogenomes, the different
size of mitogenomes among the mayflies is mainly due to
the size variation of the non-coding regions, especially the
variable number and size of repeats in the control regions

Fig. 4 The putative stem-loop
structures in the longest intergenic
spacer (IGS) region in Afronurus
rubromaculata, A. yixingensis
and A. obliquistrita. Yellow: dif-
ferent nucleotide sites

Fig. 5 Organization of the control
region structure in the
mitogenomes of a Afronurus
rubromaculata, b
A. yixingensis and c
A. obliquistrita. R: repeat unit
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(Lv et al. 2018). While A. obliquistrita had eight non-coding
regions with total length of 783 bp, A. rubromaculata and
A. yixingensis had nine non-coding regions with total length
of 657 bp and 931 bp, respectively (Table 1). In addition to the
control region, a total of 79, 83 and 85 intergenic nucleotides
were present in the mitogenomes of the three species, respec-
tively. The longest intergenic spacer (IGS) region in the
mitogenomes was found between the trnA and trnR genes
with a size of 39 nucleotides (Online resource 1: Tables S2-
S4). As shown in Fig. 4, the IGSs was rather conserved and all
formed a loop-stem structure. Notably, 15 instances of gene
overlap involving a total of 40 bp were found in each
mitogenome of three species, which was extremely conserva-
tive in Afronurus.

All newly sequenced mitogenomes contained only one
long non-coding region, i.e., the control region, located be-
tween the rrnS and the trnI genes (Fig. 1). The length was
found to be 574 bp (A. rubromaculata) , 846 bp
(A. yixingensis) and 704 bp (A. obliquistrita) with the A + T
content of 52.3%, 55.0% and 58.5%, respectively (Table 2).
Because of high A + T content level, this non-coding element
was generally defined as the A + T-rich region. However, the
A + T content of Afronurus sequences was very low, which is
not consistent with other Ephemeroptera mitogenomes

(except for P. youi, 57.0%). The control region of
A. obliquistrita possessed two copies of tandem repeats with
a fragment of 50 bp, 50 bp and 91 bp, respectively (Fig. 5).
The region of A. yixingensis possessed three tandem repetitive
sequences: R1 (5 × 16 bp), R2 (2 × 50 bp) and R3 (11 ×
24 bp). But the sequence of A. rubromaculata only contained
one tandem repeat of a 70 bp fragment (2 times). The exis-
tence of tandem repeats in the mitochondrial control region
has been observed in many insects, which influence the size of
mitogenomes.

Phylogenetic analysis

Phylogenetic analyses were conducted with three datasets, each
representing different types of datawith specific sites. The dataset
of P123R contained 12,346 sites including all codon positions of
13 PCGs plus two rRNAs. The P12R dataset contained 8784
sites with the first and second codon positions of 13 PCGs plus
two rRNAs. The matrix of AAR contained 5221 sites with all
PCGs’ aa sequences and two rRNAs. The DAMBE analyses
confirmed the suitability of the nucleotide’s unsaturation of all
datasets for phylogenetic analyses (ISS < ISS.c). Six phylogenet-
ic trees using two inference methods (BI and ML) with best
partition schemes were constructed (Figs. 6, 7, 8). Independent

Fig. 6 A phylogenetic tree
obtained from ML and BI
analysis based on the P123R
dataset. Numbers separated by a
slash on node are posterior
probability (PP) and bootstrap
value (BV)
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Fig. 7 A phylogenetic tree
obtained from ML and BI
analysis based on the P12R
dataset. Numbers separated by a
slash on node are posterior
probability (PP) and bootstrap
value (BV)

Fig. 8 A phylogenetic tree
obtained from ML and BI
analysis based on the AAR
dataset. Numbers separated by a
slash on node are posterior
probability (PP) and bootstrap
value (BV)
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phylogenetic analysis was performed to determine the influence
of different datasets and methods on tree topology and nodal
support. For the same dataset, the identical topologies were pro-
duced using two different analytical methods.

As shown in Figs. 6-8, the phylogenetic analyses based on
different dataset yielded obviously variable topologies. Due to
the limited number of available mitogenomes for mayflies,
most families contained only one species, which resulted in
the unstable relationships in different trees. In all of our trees,
two species within Baetidae, Caenidae, Isonychiidae and
Vietnamellidae were clustered together with high nodal sup-
port values (posterior probability: 1 and bootstrap value: 100),
respectively. However, two species within Siphlonuridae
formed two different clades, which support the non-
monophyletic Siphlonuridae in previous research (Wu and
Yu 2018). To further discuss the monophyly of this family
at mitogenome level, more accurate sequence and increased
taxa sampling is necessary. Four phylogenetic analyses based
on nucleotide sequences yielded a similar topology except for
the position of Isonychiidae, Leptophlebiidae and the genus
Epeorus. For the position of two species within Isonychiidae,
which was the sister group with (Ameletus sp. + Siphlomurus
sp.) based on P12R matrix, but supported as sister group of
(Heptageniidae + (Ameletidae + Siphlonuridae)) based on
P123R matrix. For Habrophlebiodes zijinensis Gui, Zhang
& Wu, 1996 of Leptophlebiidae, the result placed the species
as a sister group of (Baetidae + Caenidae) using P123R ma-
trix, but Leptophlebiidae and Baetidae were consolidated into
one group in the P12R analyses. In addition, the sister group
relationship between Baetidae and Caenidae was supported
based on P12R and AAR matrixes, but nodal support values
were not significant, i.e., posterior probability <0.75 and boot-
strap values <70.

In all phylogenetic analyses, the species from the family
Heptageniidae formed a monophyletic group. This result was
also supported by the combined analysis of morphological and
molecular data (Ogden et al. 2009). The genus Epeorus was
recovered non-monophyletic in P12R analyses, however, mono-
phyletic in P123R and AAR analyses. Meanwhile, the same
topology of four species within Epeorus was highly supported
in the latter two analyses, which was believed more credible and
as the final topology. The most controversial point in our results
was the taxonomic status of the genus Afronurus in
Heptageniidae and the phylogenetic relationships among three
analysed species. Based on the morphological feature of the
unique scattered setae on the ventral surface of the maxillae,
Afronurus and Parafronurus belong to the subfamily
Ecdyonurinae. Our results suggest that Afronurus is a monophy-
letic group, as a sister to P. youi, which is in accordance with the
previous hypotheses in morphological taxonomy (Webb and
McCafferty 2008). Among the three species of Afronurus, the
following relationships were reconstructed with the support of
high nodal values in all analyses: ((A. rubromaculata +

A. obliquistrita) +A. yixingensis), which should lay the founda-
tion for further population genetics and phylogeography study of
Afronurus.

Conclusion

This study presented the complete mitogenome sequences of
A. rubromaculata, A. yixingensis and A. obliquistrita. The three
mayfly mitogenomes shared similar gene organization with an
extra trnM gene compared with the ancestral order for insects.
Nucleotide composition of the mitogenomes were relatively con-
servative, biased towards A and T nucleotides. Comprehensive
analysis of tRNA secondary structures showed that the extra trnM
had a high level of nucleotide variation. The longest intergenic
spacer (IGS) region in the mitogenomes was found between the
trnA and trnR genes with a size of 39 nucleotides and all formed a
conservative loop-stem structure. Control region of Afronurus
mitogenomes possessed different level of A + T content with
the insects previously reported. The phylogenetic analyses for
Ephemeroptera inferred from mitogenomes provided support for
amonophyletic Heptageniidae.Meanwhile, our results elaborated
the taxonomic status of the genus Afronurus in Ephemeroptera
and the phylogenetic relationships among three analysed species
at themitogenome level. In addition,more studies aswell asmore
mitogenomes are needed to better understand the phylogenetic
relationships within Ephemeroptera in the future.
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