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ARTICLE INFO ABSTRACT

The complete mitochondrial genome of the soybean aphid (Aphis glycines Matsumura), a major agricultural pest
in the world, is described for the first time, which consists of 13 protein-coding genes, 22 tRNA genes, 2 rRNA
genes, as well as a large repeat region between tRNA-Glu and tRNA-Phe, and an AT-rich control region. The
17,954 bp mtgenome is the largest reported from the family Aphididae, and its gene order follows the ancestral
insect mtgenome except for the repeat region, which contains a 195 bp unit repeated 11.9 times, representing
the highest reported repeats among the known aphid mtgenomes to date. A new molecular phylogeny of Aphidae
is reconstructed based on all available aphid mtgenomes, and it is shown that the mtgenome data can robustly
resolve relationships at the subfamily level, but do not have sufficient phylogenetic information to resolve deep
relationships. A phylogeny-based comparative analysis of mtgenomes has been performed to investigate the
evolution of the repeat region between tRNA-Glu and tRNA-Phe. So far, among aphids, 13 species are known to
have this repeat region of variable lengths, and a phylogenetic analysis of the repeat region shows that a large
proportion of the sequences are conserved across the phylogeny, suggesting that the repeat region evolved in the
most recent common ancestor of Aphidinae and Eriosomatinae, and that it has gone through numerous episodes
of lineage-specific losses and expansions. Combined together, this study provides novel insights into how the
repeat regions have evolved within aphids.
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1. Introduction Glover), the apple aphid (A. pomi de Geer), the cowpea aphid (A.

craccivora Koch), and the black bean aphid (A. fabae Scopoli). Within

The soybean aphid (Aphis glycines Matsumura) (Hemiptera:
Sternorryhncha: Aphididae) is one of the most important agricultural
pests of soybean in the world. Originally from Asia, the soybean aphid
has recently invaded the New World, first discovered in Wisconsin in
2000 (Ragsdale et al., 2004), and now it is firmly established in the
Midwestern and Eastern United States as well as Canada. The infesta-
tion of the soybean aphid can cause shortened plant height and sooty
mold growth resulting in significant crop loss (Kim et al., 2008). The
soybean aphid belongs to the genus Aphis Linnaeus, 1758, which con-
tains at least 600 species distributed worldwide, several of which are
important agricultural pests including the cotton aphid (A. gossypii
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the family Aphididae (Hemiptera: Sternorryhncha), which include
small phloem-feeding insects, many of which are serious plant pests and
vectors of plant viruses (Dixon, 1997; Ragsdale et al., 2011), there are
currently more than 5100 species of aphids known belonging to 23
subfamilies (Favret, 2018). The soybean aphid belongs to the subfamily
Aphidinae, which is the most diverse subfamily, containing more than
3000 species.

Despite the agricultural importance of the soybean aphid, its mi-
tochondrial genome is currently incompletely known. Mitochondrial
genomes (mtgenomes) are one of the smallest organellar genomes
(Boore, 1999) composed of circular, double-stranded DNA, which is
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Table 1
Mitochondrial genome description of soybean aphid.
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Gene Anticodon Start Codon Stop Codon Strand Position Intergenic Space
tRNA-Ile GAU + 1-64 -3
tRNA-GIn uuG - 62-127 4
tRNA-Met CAU + 132-197 0
ND2 ATT T + 198-1173 0
tRNA-Trp UCA + 1174-1235 -8
tRNA-Cys GCA - 1228-1293 1
tRNA-Tyr GUA - 1295-1359 1
COoI ATA T + 1361-2891 0
tRNA-Leu2 UAA + 2892-2959 3
con ATA TAA + 2963-3634 2
tRNA-Lys Cuu + 3637-3709 0
tRNA-Asp GUC + 3710-3772 0
ATP8 ATT TAA + 3773-3931 1
ATP6 ATT TAA + 3933-4565 -1
com ATG TA + 4565-5349 0
tRNA-Gly ucc + 5350-5412 0
ND3 ATT TAA + 5413-5766 0
tRNA-Ala UGC + 5767-5830 -1
tRNA-Arg UCG + 5830-5893 -1
tRNA-Asn GUU + 5893-5958 -1
tRNA-Serl GCU + 5958-6021 2
tRNA-Glu uucC + 6024-6086 0
repeat region NA 6087-8408 0
tRNA-Phe GAA - 8409-8474 0
ND5 ATT TAA - 8475-10145 57
tRNA-His GUG - 10203-10266 0
ND4 ATA T 10267-11584 -1
NDA4L ATA TAA - 11584-11874 1
tRNA-Thr UGU + 11876-11938 3
tRNA-Pro UGG - 11942-12009 1
ND6 ATT TAA + 12011-12502 3
CYTB ATG TAA + 12506-13621 6
tRNA-Ser2 UGA + 13628-13693 10
ND6 ATT TAA - 13704-14639 0
tRNA-Leul UAG - 14640-14704 0
16S - 14705-15965 0
tRNA-Val UAC - 15966-16027 0
128 - 16028-16796 0
control region NA 16797-17954 0

about 14,000 to 18,000 bp in length, and usually encode 37 genes (13
protein coding, 22 transfer RNA, and 2 ribosomal RNA genes) and a
non-coding control region of variable length (Boore, 1999; Taanman,
1999; Wolstenhome, 1992). For Aphididae, there are currently 26
complete and 22 partial mtgenomes available in GenBank. Since the
description of the first aphid mtgenome (Schizaphis graminum) by Thao
et al. (2004), many aphid mtgenomes have been published (Li et al.,
2017; Ren et al., 2016; Song et al., 2016a, 2016b; Sun et al., 2017;
Wang et al., 2013, 2015, 2014; Zhang et al., 2013, 2016a), which now
cover most of the phylogenetic diversity within the family, including 15
subfamilies. Several comparative analyses of aphid mtgenomes have
suggested that they have retained the ancestral insect mtgenome fea-
tures with the exception of what appears to be a phylogenetically
conserved insertion of non-coding repeat region of variable length be-
tween tRNA-Glu and tRNA-Phe found in the subfamily Aphidinae
(Wang et al., 2013, 2015). However, there has not been a recent
synthesis of the comparative mitogenomics within Aphididae. Until
now, only two Aphis mtgenomes have been completely sequenced: A.
gossypii and A. craccivora (Song et al., 2016b; Sun et al., 2017; Zhang
et al., 2016b). Wang et al. (2013) sequenced five aphid mtgenomes, and
included the soybean aphid, but they were unable to sequence through
the repeat region, resulting in a partial mtgenome for this species
(13,002 bp). Therefore, we currently do not know the characteristic of
the repeat region in the soybean aphid and how it compares to other
aphid species.

Mitochondrial genome data have been frequently used for insect
phylogenetics (Cameron et al., 2004, 2006, 2007; Chen et al., 2017;
Fenn et al., 2008) because they are considered as a versatile marker that

can broadly resolve relationships at different phylogenetic scales. Some
insect groups have unique mtgenomes features, such as gene re-
arrangements, which could be considered molecular synapomorphies
for certain clades (reviewed in Cameron et al., 2014). For Aphididae,
there are two recent phylogenetic analyses using mtgenome data that
aim to resolve higher-level relationships within the family (Chen et al.,
2017; Ren et al., 2017). Chen et al. (2017) included 35 aphid species
and Ren et al. (2017) included 37 aphid species, both of which used the
same 19 aphid mtgenomes available from GenBank. Although both
studies were done rigorously, the resulting phylogenies differ greatly.
For example, although both studies found the subfamily Aphidinae, to
which the soybean aphid belongs, to be monophyletic, the internal
relationship within the subfamily differed, and Chen et al. (2017) found
Aphidinae to be sister to a clade consisting of Phyllaphidinae, Cala-
phidinae, and Saltusaphidinae, while Ren et al. (2017) found it to be
sister to a clade consisting of Phloemyzinae and Thelaxinae. The dif-
ferences between the two studies are likely due to differences in taxon
sampling. To resolve this conflict, it is important to simultaneously
analyze all the available mtgenome data.

In this study, we describe the complete mtgenome of the soybean
aphid (Biotype 1) for the first time and compare and contrast this
mtgenome with other known aphid mtgenomes. We also reconstruct the
most extensive phylogeny of Aphididae based on all available mtge-
nome sequences. Due to the increase in taxon sampling contained
herein, which have not been previously combined and examined, we
recovered novel relationships within the Aphididae. We also examine
the evolution of the repeat region between tRNA-Glu and tRNA-Phe
using a character mapping approach as well as the phylogenetic
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Fig. 1. Circularized mtgenome of the soybean aphid.

analysis of the repeat region sequences of the 13 species known to have
this trait. We show that a large proportion of the repeat region se-
quences are conserved across the phylogeny, but there have been nu-
merous episodes of lineage-specific losses and expansions of the repeat
regions throughout the diversification of aphids.

2. Materials and methods
2.1. Data generation

The generation of the mtgenome sequence data was part of a larger
genome sequencing project for the soybean aphid. The genome of the
soybean aphid was sequenced using a combination of PacBio, Illumina
and 454 reads. All sequencing reads from the three technologies were
assembled using the MaSuRCA assembler (Zimin et al., 2013). For a
detailed description of the assembly and annotation of the soybean
aphid genome, please see Giordano et al. (in press).

The mitochondrial sequences of the soybean aphid were extracted in
the following manner. Raw reads were first aligned to the assembled
contigs using BLASR (Chaisson and Tesler, 2012), and contigs with
higher than expected mean coverage were taken and used in a BLAST
search against NCBI “Nucleotide collection (nr/nt)” via the NCBI web
interface to identify mitochondrial contigs.

To confirm that the long repeat region between tRNA-Glu and
tRNA-Phe was real and not an assembly error, two fasta files were
created from the initial assembly, one spanning from tRNA-Ile to tRNA-
Phe and another spanning from tRNA-Glu to the control region, to be
used as reference sequences to extract mitochondrial sequences from
raw Illumina data. We used ‘Map to Reference’ tool in Geneious 10.0.9
(Biomatters) and selected the Geneious mapper with medium to low

sensitivity to search for short reads that mapped to the reference se-
quences three times. The resulting consensus sequences were inspected
to confirm the nucleotide sequences for the long repeat region.

2.2. Annotation

The assembled mtgenome fasta file was uploaded to MITOS (Bernt
et al., 2013) to identify open reading frames (ORFs) and tRNAs. The
initial MITOS annotation was used as a guideline to delimit gene
boundaries, and start and stop codons of each protein-coding gene
(PCG) were manually identified in Geneious, following the re-
commendation by Cameron (2014a). The secondary structures of tRNAs
were predicted using MITOS. The resulting annotated mtgenome was
circularized in Geneious and submitted to GenBank, with accession
number MK111111.

2.3. Phylogenetics

We sampled a total of 51 taxa, representing all available aphid
mtgenomes, including the soybean aphid generated in this study. For
the remaining 50 taxa, we obtained the mtgenome sequences from
GenBank. We included two non-aphid outgroup taxa, Adelges laricis
(Adelgidae) and Daktulosphaira vitifoliae (Phylloxeridae) based on pre-
vious phylogenetic studies which used these two taxa as outgroups
(Chen et al., 2017; Ren et al., 2017), and used Adelgidae as the root
taxon. Thus, we included 49 aphid taxa for our ingroup sampling. The
taxonomic classification associated with the GenBank data was often
outdated and incorrect, thus we used the Aphid Species File (Favret,
2018) to update the taxonomy for all included taxa. Of the 51 taxa, 27
taxa had complete mtgenomes, 5 taxa had partial mtgenomes, and 19
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Fig. 2. Secondary structure of 22 transfer RNA genes of the soybean aphid.

taxa only had the PCGs.

For the PCGs, we aligned based on the conservation of reading
frames by first translating into amino acids and aligning individually in
MUSCLE (Edgar, 2004) using default parameters in Geneious. Ribo-
somal RNA genes were individually aligned in MAFFT (Katoh et al.,
2005) using the E-INS—i algorithm and tRNA genes were individually
aligned in MUSCLE using default parameters also in Geneious. All these
individual alignments were concatenated into a single matrix using
SequenceMatrix (Vaidya et al., 2011). We divided the data into a total
of 63 data blocks (13 mitochondrial PCGs divided into individual codon
positions, 22 tRNAs, and 2 rRNAs) and used PartitionFinder v.2.1.1
(Lanfear et al., 2012) using the “greedy” algorithm (heuristic search)
with branch lengths estimated as “linked” to search for the best-fit
scheme as well as to estimate the model of nucleotide evolution for each

partition. The final matrix consisted of 15,080 aligned bp and 51 taxa.

We performed both maximum likelihood (ML) and Bayesian ana-
lyses on the total evidence dataset. For the ML analysis, we used the
best-fit partitioning scheme recommended by PartitionFinder with the
GTRCAT model applied to each partition and analyzed using RAXML
7.2.8 (Stamatakis et al., 2008). Nodal support was evaluated using 1000
replications of rapid bootstrapping implemented in RAXML. For the
Bayesian analysis, we applied a different, unlinked model for each
partition, as recommended by PartitionFinder, and ran four runs with
four chains each for 70.1 million generations, sampling every 5000
generations in MrBayes 3.2.6 (Ronquist et al., 2012). We plotted the
likelihood trace for each run to assess convergence in Tracer 1.6
(Rambaut and Drummond, 2003-2009), and discarded an average of
25% of each run as burn-in. Both analyses were run on XSEDE (Extreme
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Fig. 3. Mtgenome phylogeny of Aphididae inferred using maximum likelihood. Nodal support values are color coded. The subfamily names with asterisk indicate
paraphyletic groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Science and Engineering Discovery Environment, https://www.xsede.
org) through the CIPRES Science Gateway (Miller et al., 2011). The
resulting trees were visualized in Geneious. Our aligned dataset and the
resulting trees, as well as all associated data were deposited to Men-
deley Data (https://doi.org/10.17632/9s2c2mwhzv.1).

2.4. Comparative analysis of mtgenomes

We first computed the content of A + T for each PCG and ribosomal
RNA gene, combined tRNA genes, the control region, and the repeat
regions (if present) for each species in Geneious. Then we calculated
mean AT percentages for the three gene categories of those coding se-
quences (ATP synthase subunits, cytochrome oxidase subunits, and
NADH dehydrogenase subunits), combined ribosomal RNA sequences,
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Fig. 4. Five types of mtgenome arrangement known from aphids. tRNA genes that show gene rearrangement patterns from the ancestral genome organization are

shown in color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

combined transfer RNA sequences, the control regions, and the repeat
regions. We compared the AT percentage in each of these partitions
across our taxa to investigate whether there was any lineage specific
pattern (Table 1).

To examine possible variations in gene order within Aphididae, we
compared the gene arrangement of all available mtgenomes and looked
for patterns of gene rearrangement and insertion of repeat regions,
which were mapped to the ML tree.

2.5. Phylogeny-based comparative analysis of repeat region

In order to test whether the repeat region is species-specific or is
phylogenetically conserved, we reconstructed a phylogeny based on the
repeat region sequences. If the repeat region evolved independently in
different lineages, the resulting phylogeny using these sequences would
have a topology that is incongruent with the mtgenome tree. If the
resulting phylogeny recovers relationships similar to the mtgenome
tree, it can be inferred that the repeat region evolved prior to the di-
versification of different aphid lineages and have remained in the
mtgenomes and co-diversified along with other mitochondrial genes.
We first extracted the sequences of the repeat region from the mtge-
nome sequences from all species that are known to have the repeat
region between tRNA-Glu and tRNA-Phe. We used the Old World re-
presentative of Aphis craccivora (NC_031387), since there were two
mtgenomes available for this species. Although Baizongia pistaciae has a
repeat region in a different position than the rest of the species (see
below, Fig. 5), we included the species because of the similar sequence
characteristics. In total, we included the repeat regions of 13 species for
this analysis. We aligned the sequences in MAFFT using the E-INS-i
algorithm implemented in Geneious, and used RAxXML with the
GTRCAT model to infer the phylogeny, also in Geneious. Nodal support
was evaluated using 1000 replications of rapid bootstrapping.

To test whether the repeat region could have evolved through du-
plication of the existing control region, we performed pairwise align-
ments between the repeat region and the control region of the 13
species using MAFFT with the E-INS—i algorithm in Geneious. We re-
corded the number of identical sites between the repeat region and the
control region for each species and calculated pairwise % identity in

Geneious. Furthermore, we created an alignment consisting of both the
repeat region and the control region of the 13 species, which were used
for building a phylogeny to test whether the repeat region would group
with the control region of the respective species or not. The alignment
was made using MAFFT, and the phylogeny was inferred using RAxML
with the GTRCAT model to infer the phylogeny, as described above.

3. Results
3.1. Mitochondrial genome description of the soybean aphid

The complete sequence of the soybean aphid mtgenome was 17,954
bp and this mtgenome contained 13 PCGs, 22 tRNA genes, 2 rRNA
genes, as well as a 2322 bp repeat region between tRNA-Glu and tRNA-
Phe, and a 1158 bp AT-rich control region between 12S and tRNA-Ile
(Fig. 1 and Table 1). The gene order was identical to the ancestral insect
mtgenome (Cameron, 2014b), except for the repeat region, which has
been reported from some aphid species (Thao et al., 2004; Wang et al.,
2013; Zhang et al., 2016a, 2016b). The overall base composition was
highly biased towards adenine and thymine (83.5%) (Table 2). Of the
coding regions, the cytochrome oxidase subunits (COI, COII, COIIl,
CYTB) collectively had the lowest AT bias (79.6%), while the NADH
dehydrogenase subunits (ND1-ND6) had the highest AT bias (86.4%).
This mtgenome had several non-coding regions spread throughout
(Table 1), and the notable intergenic regions are 57 bp between ND5
and tRNA-His and 10 bp between tRNA-Ser2 and ND6. In the repeat
region between tRNA-Glu and tRNA-Phe, a 195 bp unit repeated 11.9
times, representing the highest reported repeats among the known
aphid mtgenomes to date. All PCGs started with typical ATN start co-
dons, while three of those genes (ND2, COI, ND4) had a partial stop
codon with T, and one gene (COIII) had a partial stop codon with TA.
The large and small rRNA subunits (16S and 12S) were 1261 bp and
769 bp, respectively, and collectively had an AT bias of 85.4%. All the
tRNAs were predicted to have clover-leaf secondary structures except
for tRNA-Serl of which the dihydrouridine arm formed a 5 bp loop
rather than a stem (Fig. 2). All tRNAs had typical anticodons known in
other aphids. The control region included a 172 bp unit repeated three
times.
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this article.)

3.2. Phylogeny of aphididae based on mitochondrial genome sequences

Both ML (Fig. 3) and Bayesian analyses (Fig. S1) recovered Aphi-
didae as monophyletic, and found the subfamily Mindarinae to be the
earliest diverging lineage within the family, followed by Chaitophor-
inae. The internal relationships among the major subfamilies differed
between the two analyses, but the nodal support values for the

backbone relationships were generally poor (bootstrap values or pos-
terior probability values less than 50) in both analyses. Of the sub-
families that included multiple representatives, Calaphidinae and
Eriosomatinae were recovered as paraphyletic, while the other sub-
families were found to be monophyletic, including Lachninae, Salt-
usaphidinae, Aphidinae, Hormaphidinae, and Greenideinae. In the ML
analysis, the Aphidinae was found to be sister to a clade consisting of
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glycines and A. craccivora.

Macropodaphidinae, Phyllaphidinae, Calaphidinae (Takecallis ar-
undinariae) and Saltusaphidinae, but with a low nodal support, and in
the Bayesian analysis, it was not possible to determine the affinity of
Aphidinae because of the polytomy among the subfamilies. Both ana-
lyses recovered an identical topology for the subfamily Aphidinae.
Within Aphidinae, the genus Aphis was found to be monophyletic, the
three species had the following relationship: (A. craccivora (A. gos-
sypii + A. glycines)). The soybean aphid Biotype 1 generated in this
study formed a clade with the soybean aphid from China. Overall, the
mtgenome data were useful for robustly resolving the relationships
within subfamilies, but did not provide sufficient resolutions for de-
termining the relationships among the subfamilies.

3.3. Comparative mitogenomics

Based on the comparisons of available mtgenome sequences, the
overall base composition was highly biased towards A and T, ranging
between 80.8% and 84.9% (Table 2). The AT percentage of the ATP
synthase subunits ranged from 83.1% to 89.6%, with the soybean aphid
Biotype 1 having the lowest percentage. The cytochrome oxidase sub-
units collectively had lower AT bias than other genes, ranging from
76.8% to 81.7%. The NADH dehydrogenase subunits had a narrow
range of AT bias, ranging from 85% to 87.8%.

By comparing the 27 complete mtgenome sequences available, we
identified at least five types of gene arrangement within Aphididae
(Fig. 4). The first type was the ancestral insect mtgenome gene ar-
rangement with 37 genes without any repeat regions or gene re-
arrangement. This pattern was found in 14 species (Fig. 5), including
the most basal lineage within the family, represented by Mindarus ke-
teleerifoliae (Mindarinae), as well as Hormaphis betulae (Hormaphi-
dinae), Cervaphis quercus (Greenideinae), and 10 species of Eriosoma-
tinae. The remaining four types of gene arrangement could be broadly
categorized in terms of whether there was an insertion of a repeat re-
gion between tRNA-Glu and tRNA-Phe and whether there was a gene
rearrangement or duplication (Fig. 5). Of the 13 species with the
mtgenomes that deviated from the ancestral mtgenome structure, 12

species had the repeat region in various lengths inserted between tRNA-
Glu and tRNA-Phe, which has been proposed as an aphid-specific fea-
ture (Wang et al., 2013, 2014). This pattern was found in all known
mtgenomes of Aphidinae, including all Aphis species, as well as three
species of Eriosomatinae (Fig. 5). Baizongia pistaciae (Eriosomatinae)
also had the repeat region, but it was inserted between tRNA-Serl and
tRNA-Glu instead of between tRNA-Glu and tRNA-Phe. In terms of gene
rearrangement, only the cowpea aphid, Aphis craccivora, had tRNA-Tyr
rearranged with the strand changed from minor to major, and inserted
in the middle of the control region. So, this tRNA was rearranged from
its usual place before COI to the control region. In terms of gene du-
plication, the pea aphid (Acyrthosiphon pisum) had two copies of tRNA-
Met, one in its usual place before ND2, and another after 12S with the
strand changed from major to minor.

3.4. Evolution of the repeat region

We mapped the repeat region insertion to the ML phylogeny to test
whether they show any phylogenetic patterns (Fig. 5). All members of
the subfamily Aphidinae with complete mtgenomes had the repeat re-
gion. Within Eriosomatinae, both the ancestral arrangement with no
insertion and the inserted repeat region were found. In two occasions,
the species with the ancestral arrangement was found to be sister to the
species with the repeat region between tRNA-Glu and tRNA-Phe.

When we examined the repeat region between the soybean aphid
and A. gossypii, we found that the 784 bp repeat region of A. gossypii
aligned well with that of the soybean aphid, but in nine separate
fragments ranging in size from 3 bp to 196 bp (Fig. 6A). The repeat
region of A. craccivora is much shorter (179 bp). A pairwise alignment
of the repeat regions between the soybean aphid and A. craccivora
showed that the repeat region of A. craccivora aligned to the latter half
of the repeat region of A. glycines and in seven fragments, ranging in
size from 5 bp to 97 bp (Fig. 6B).

In addition to mapping the repeat region insertions to the phylo-
geny, we examined the sequence characteristics of the repeat regions of
the 13 species with this insertion. Among the 13 species, the soybean
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Fig. 7. Unrooted network phylogeny of 13 aphid species with the repeat region between tRNA-Glu and tRNA-Phe. Numbers on the branches are bootstrap support

values.

Table 4
Comparison between the control region and the repeat region of the 13 species
known to have the repeat region between tRNA-Glu and tRNA-Phe.

Control Repeat # Identical Pairwise %
Region (bp) Region Sites Identity
(bp)
Aphis glycines 1158 2322 759 335
Aphis gossypii 627 784 332 40.2
Aphis craccivora 645 179 113 17.5
Schizaphis graminum 622 608 308 45.2
Acyrthosiphon pisum 1006 1488 609 40.5
Sitobion avenae 430 261 179 43.2
Diuraphis noxia 664 644 345 51.4
Myzus persicae 2531 307 219 10.8
Cavariella salicicola 1137 702 449 39.5
Baizongia pistaciae 623 395 237 39.7
Nurudea yanoniella 591 452 254 43.4
Nurudea ibofushi 713 670 332 43.4
Schlechtendalia 705 670 327 42.9
chinensis

Mean 881 729 343 37.8

tRNA-Phe, but this pattern is frequently found within Aphididae (Wang
et al., 2013; Zhang et al., 2013, 2016a, 2016b).

We present the most comprehensive mtgenome phylogeny of
Aphididae to date, including 49 aphid species. Both ML and Bayesian
analyses found the subfamily Mindarinae to be the earliest diverging
lineage within the family with strong nodal support. This subfamily is
considered a relict group (Chen et al., 2017) and our result is congruent
with the previous analyses (Chen et al., 2017; Ren et al., 2017). Also
congruent with Chen et al. (2017), we recovered a monophyletic
Chaitophorinae to be the second earliest diverging lineage. The

11

subfamily Aphidinae is the most species-rich group within the family,
but it has not been clear which group is sister to this subfamily because
the two previous studies did not converge on the same relationships. In
our phylogeny, we found that Aphidinae was sister to a clade consisting
of Macropodaphidinae, Phyllaphidinae, Calaphidinae, and Salt-
usaphidinae in the ML analysis, similar to the finding of Chen et al.
(2017), but in the Bayesian analysis, this topology was not supported.
The incongruence between the inference methods suggests that the
mtgenome data do not have sufficient phylogenetic information to re-
solve deep-level relationships among the aphid subfamilies. We think
that more conserved markers, such single-copy nuclear protein coding
genes, would be necessary to confidently resolve the higher-level re-
lationships within Aphididae. Within Aphidinae, we recovered mono-
phyletic Aphidini, consisting of the genera Aphis, Schizaphis, and Rho-
palosiphum, and monophyletic Macrosiphini, consisting of the genera
Cavariella, Pterocomma, Diuraphis, Myzus, Acyrthosiphon, and Sitobion.
Given that both the ML and the Bayesian analyses recovered the same
relationships within Aphidinae, we consider the mtgenome data to be
appropriate for resolving phylogenetic relationships at this level.

Our study has analyzed all available aphid mtgenomes, which
provides a unique phylogenetic perspective to examine the evolution of
the repeat region between tRNA-Glu and tRNA-Phe. Thao et al. (2004)
published the first aphid mtgenome (Schizaphis graminum), and re-
ported this repeat region, but because the focus of their study was to
highlight gene rearrangement in whiteflies, the uniqueness of this re-
peat region was overlooked. Wang et al. (2013) performed a com-
parative analysis of five aphid species belonging to Aphidinae, and
highlighted this repeat region as special and identified that this region
included several tandem repeats. They speculated that this repeat re-
gion could be another origin of replication, citing previous studies on
other hemipteran mtgenomes (Dotson and Beard, 2001; Li et al., 2011).
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As additional mtgenomes of aphid species belonging to the subfamilies
other than Aphidinae (Wang et al., 2014, 2015; Zhang et al., 2013)
were described, it became clear that some species have the repeat re-
gion, while others lack the repeat region. This realization prompted
Wang et al. (2014) to hypothesize that this repeat region may be typical
of Aphidinae, but not of other aphid subfamilies, which Wang et al.
(2015) continued to support with a description of a basal aphid lineage
(Mindarus keteleerifoliae). Since then, a large number of aphid mtge-
nomes have been published, but there has not been an updated synth-
esis of the evolution of the repeat region.

When we map the repeat region on to the phylogeny (Fig. 5), we
find that it is a common feature for all species within Aphidinae, but
only found in a few species within Eriosomatinae. The most basal aphid
species with the complete mtgenome (Mindarus keteleerifoliae) does not
have this repeat region, which suggests that the ancestral aphids
probably had an ancestral mtgenome gene arrangement without any
repeat region, and the repeat region originated during the diversifica-
tion of aphids. If we treat the repeat region as a binary character which
can be either present or absent, it is possible to infer that there have
been at least four independent evolution events of the repeat region
throughout the phylogeny of Aphididae, once in the common ancestor
of all Aphidinae, and three independent types within Eriosomatinae
(Fig. 5). Kim et al. (2011) estimated the age of Aphidinae to be 67-68
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mya, and Ren at al. (2017) estimated it to be 56.6 mya. These diver-
gence time estimates suggest that the repeat region must have persisted
in the mtgenomes of Aphidinae for nearly 60 million years. Within
Eriosomatinae, Baizongia pistaciae is the earliest diverging lineage and
Ren et al. (2017) estimated that it diverged from other eriosomatines
nearly 90 mya. This species has the repeat region inserted before tRNA-
Glu, which is the unique pattern found among the aphids. Interestingly,
Nurudea shiraii and N. yanoniella are sister to each other, but the former
does not have the repeat region while the latter does. According to Ren
et al. (2017), these two species diverged about 42.5 mya, which sug-
gests that there has been ample time to evolve different mtgenome
structures although they share a common ancestor.

Wang et al. (2015) suggested that the repeat region within the fa-
mily is lineage-specific and occurred from independent evolutionary
events. Our method of mapping the repeat region as a binary character
onto the phylogeny (Fig. 5) supports this idea, but the actual ex-
amination and comparison of the repeat region sequences of the 13
species reveal that the repeat region is more conserved within the
aphids and the origin of the repeat region is possibly more ancient than
what can be inferred from character mapping. The alignment of the
repeat region sequences of the 13 species shows that there are a large
number of shared nucleotides among the species, and even between
Aphidinae and Eriosomatinae (Table 3). For example, the repeat region
of the soybean aphid shares 381 sites of the 670 bp repeat region
(56.9%) of Nurudea ibofushi. Furthermore, a phylogenetic analysis
based on the repeat region sequences shows a topology that is largely
congruent with the mtgenome phylogeny (Fig. 7). If the repeat region
evolved independently in different species, one would expect either no
phylogenetic signal from these sequences or different resulting topol-
ogies, but our study shows that there are sites in the repeat region that
are phylogenetically conserved. This finding suggests that the common
ancestor of Aphidinae and Eriosomatinae, which originated about
142.8 mya (Ren et al., 2017), probably evolved the repeat region once,
and there have been numerous events in which the repeat region was
lost.

The pairwise comparisons of the repeat region among the three
Aphis species provide additional insights about the evolution of the
repeat region. The finding that the 784 bp repeat region of the cotton
aphid aligned well with that of the soybean aphid (Fig. 6A) suggests
that the common ancestor between A. glycines and A. gossypii probably
had a repeat region that was about the size of what is currently present
in A. gossypii. These two species belong to the gossypii group within the
genus Aphis, and they are separated by about 18 million years of evo-
lution (Kim et al., 2011). However, throughout the diversification of the
species within the gossypii group, additional tandem repeats were in-
cluded to the repeat region of the soybean aphid, making its repeat
region longer. It would be interesting to examine the characteristics of
the repeat regions among the species in the gossypii group to test
whether there is a recognizable pattern of insertions. The cowpea aphid
belongs to the craccivora group, which is quite divergent from the
gossypii group, separated by about 33 million years (Kim et al., 2011).
The shared repeat region between the soybean aphid and A. craccivora
is much shorter (Fig. 6B) and this is because the repeat region of A.
craccivora is only 179 bp in length, which could be due to deletions in
the repeat region.

Looking at the broad pattern across the aphids, our analysis points
to a hypothesis that the repeat region is actually an ancient feature
within aphids that has persisted for nearly 150 million years, and that
there have been a number of losses and insertions throughout the di-
versification, giving rise to the current pattern. Because of the energy
generating function of mitochondria, it is often hypothesized that
mtgenomes of animals are under selection for small size and are
without non-coding regions other than the control region (Rand, 1993;
Zhang and Hewitt, 1997; Sayadi et al., 2017). Therefore, the persistence
of the repeat region in aphids, although it has been lost in several
species, begs the question about its origin and function.
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Most insect species maintain the ancestral mitochondrial gene ar-
rangement with a single AT-rich control region with many tandem re-
peats between 12S rRNA and the tRNA-Ile (Boore, 1999; Cameron,
2014b). This region is often called the control region or the origin of
replication because it is thought to be responsible for initiation of
mtDNA transcription and replication (Clayton, 1991; Saito et al., 2005).
The tandem repeats often found in this non-coding region are con-
sidered to be a result of slipped-strand mispairing during mtDNA re-
plication (Levinson and Gutman, 1987; Zhang and Hewitt, 1997). The
repeat region between tRNA-Glu and tRNA-Phe found in aphids also
contain tandem repeats, which prompted some researchers to hy-
pothesize that it could be the second origin of replication (Wang et al.,
2015), but this idea has not been empirically tested.

Among vertebrates, some species of fishes, amphibians, reptiles and
birds are known to have tandem duplications comprising the control
region with adjacent genes, thus have two control regions (reviewed in
Urantowka et al., 2018). It is hypothesized that having two control
regions can provide selective advantage because they allow more effi-
cient initiation of replication or transcription (Jiang et al., 2007). At
least in birds, duplication of the mitochondrial control region is asso-
ciated with increased longevity (Skujina et al., 2016). Therefore, it is
conceivable to hypothesize that duplication of the control region could
be a mechanism that gave rise to the repeat region in aphids. To test this
idea, we performed pairwise alignments between the control region and
the repeat region of the 13 aphid species. If there is a high sequence
similarity between the two, then it is reasonable to assume that the
repeat region is basically a duplicated control region. Indeed we did
find various levels of sequence similarities between the two regions in
all 13 species (Table 4), which points to a possibility that the repeat
region could have been a duplicated control region. However, based on
the fact that only about 38% of the nucleotide sequences are identical
between the two regions, we can speculate that the duplication event
must have been a very ancient event and the differences between the
two regions can be attributed to subsequent accumulation of mutations
and indels. The phylogenetic analysis of both regions of the 13 species
recovered two clades, each corresponding to the control region and the
repeat region (Fig. 7). This sort of pattern can only be achieved if the
gene duplication event predated the divergence of the 13 species. In
other words, the repeat region must have originated at least in the
common ancestor of all 13 species and followed its own evolutionary
trajectory independent of the control region.

The presence of a non-coding repeat region other than the control
region has been reported in a few insect species (reviewed in Sayadi
et al., 2017), and this region has also been referred to as a tandem
repeat unit (TRU) (Wan et al., 2012) or a long intergenic spacer (LIGS)
(Sayadi et al., 2017). Because most insects do not have such a repeat
region, the presence of the repeat region is often reported as a curious
exception along with various speculations about its function. Recently,
Sayadi et al. (2017) reported two long repeat regions located between
NADI and tRNA-Ser, and NAD2 and tRNA-W in 4 species of seed beetles
in the genus Callosobruchus and Acanthoscelides. These repeat regions
were highly variable in size (114-10,408 bp), making these insects with
the largest known mtgenomes. Interestingly, they reported that pair-
wise comparisons of these repeat regions among the four seed beetle
species did not yield sequence similarities, which contrasts with our
finding that even the distantly related aphids share some sequence si-
milarities (Table 3). To explain the function of these long repeat re-
gions, Sayadi et al. (2017) offered an evolutionary hypothesis based on
the metabolic biology of these insects. The mitochondrial respiration of
the adult seed beetles mostly relies on the fatty acids stored during the
larval period, which reduces the need for building complex I of the
oxidative phosphorylation pathway (NADH dehydrogenase). They
suggested that the repeat regions might serve to economize the trans-
lational machinery of the mtgenome by reducing polycistronic tran-
scription and/or posttranscriptional modification.

Many aphid species show alternation of generation and are
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parthenogenetic (Moran, 1992; Simon et al., 2002), and a single female
can produce an enormous number of offspring. This process must be
energetically demanding, which can benefit from efficient mitochon-
drial machinery powered by two origins of replication. Although it is
unknown whether the repeat region indeed functions as the second
origin of replication, the ancient origin of the repeat region, as inferred
in this study, might be related to the antiquity of cyclical partheno-
genesis (Moran, 1992). Certainly, many species have completely lost
the repeat region and are still capable of cyclical parthenogenesis,
which means that the repeat region is not a necessity for this unique
mode of reproduction. Alternatively, we can look into the feeding
biology of aphids to see if the efficient mitochondrial machinery can be
advantageous. Many pest aphids rely on feeding on plants with complex
chemistries that likely include oxidizing molecules (Guerrieri and
Digilio, 2008) these in turn could negatively affect mitochondrial
function (Yan et al., 1997). The up regulation of mitochondrial re-
plication and/or apoptosis (recycling) would likely be a critical re-
source for aphids to cope with oxidative damage, and if the repeat re-
gion indeed serves as a second origin of replication, the maintenance of
this feature in the mtgenome can confer adaptive significance to the
aphids. Indeed, more work is required to understand the function of this
repeat region.

In conclusion, the soybean aphid mtgenome represents the largest
known mtgenome within Aphididae, and it has the phylogenetically
conserved repeat region between tRNA-Glu and tRNA-Phe. In all other
aspects, this species has a similar mtgenome compared to other mtge-
nomes within Aphidinae. The genus Aphis is the most species-rich genus
within Aphididae (Kim et al., 2011), as more Aphis mtgenomes become
available analyses will be needed to determine if the patterns observed
in this study will remain consistent.
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