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The circular mitochondrial genome (mitogenome) of Phymatostetha huangshanensis is 17,785 bp long. It contains
the typical set of 13 protein-coding genes (PCGs), 22 transfer RNA genes (tRNAs), two ribosomal RNA genes
(rRNAs), and a large control region. The gene organization, nucleotide composition, and codon usage are similar
to other Cercopoidea mitogenomes. However, the control region, including multiple types of tandem repeats, is
longer than those of other spittlebugs. All PCGs initiate with standard start codon of ATN or TTG and share the
complete stop codon of TAA or TAG, whereas cox2 and cox3 end with a single T. All tRNAs have the typical
clover-leaf structure except for trnS1. In addition, the unpaired nucleotide is detected in the anticodon stem of
trnS1 and the acceptor stem of trnR. The secondary structures of rrnL and rmS comprise 44 helices and 27 helices,
respectively. Phylogenetic analysis is performed on the 13 PCGs and two rRNAs of 24 Cicadomorpha
mitogenomes. Both the maximum likelihood and Bayesian methods robustly support the relationships of
(Membracoidea + (Cicadoidea + Cercopoidea)). Within Cercopoidea, the monophyly of Cercopidae is also sup-
ported. Furthermore, we firstly present the taxonomic status of Phymatostetha with the relationships of
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(Cosmoscarta + (Phymatostetha + Paphnutius)).

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The superfamily Cercopoidea (Hemiptera: Cicadomorpha) encom-
passes over 3000 species distributed among approximately 340 genera
in five families (Aphrophoridae, Cercopidae, Clastopteridae, Epipygidae,
and Machaerotidae) [1]. They are also called spittlebugs as their
nymphal habit of producing copious spittle masses to cover themselves
inside through continuously sucking liquid and nutrient contained in
xylem tissue. Accordingly, many Cercopoidea species cause heavy eco-
nomic damage to host plants. Within the family Cercopidae, some spe-
cies were also demonstrated to aggregate in one spittle mass and inflict
more serious economic damage [2]. The genus Phymatostetha has been
reported as the pests of banana [3, 4]. However, some taxa are difficult
to identify to species due to insufficient diagnostic features. Even less
is known about the taxonomic status of Phymatostetha within
Cercopoidea and its phylogenetic relationship with other spittlebugs.
To date, only very limited molecular data focused on Phymatostetha
are available. There have been no studies on the mitochondrial genome
(mitogenome), which could systematically provide valuable
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information for species identification, taxonomic status, and phyloge-
netic analysis.

The typical insect mitogenome is circular and compact, ranging from
14 to 20 kb. It has relatively stable gene organization, containing 13 pro-
tein coding genes (PCGs), 22 transfer RNA (tRNA) genes, two ribosomal
RNA (rRNA) genes, and a A + T-rich region (also known as the control
region) [5-7]. Although both the gene order and direction of insect
mitogenomes are variable among different taxa [8], the previously se-
quenced Cercopoidea mitogenomes share the identical gene arrange-
ment with the ancestral type of insect [9, 10]. Owing to some unique
features like its small size, maternal inheritance, low rate of recombina-
tion, and accelerated rate of nucleotide substitution [11, 12],
mitogenome has been extensively used in various study areas, including
species delimitation, molecular evolution, phylogenetic inference, and
population genetics [13-15]. Furthermore, structural genomic features,
such as the secondary structures of tRNA and rRNAs, have also been ex-
tensively used for comparative and evolutionary genomics [6, 9, 15, 16].

To date, there are only ten complete mitogenomes have been se-
quenced for Cercopoidea, which is quite limited and restricts our under-
standing of evolution in Cercopoidea species at the genomic level. To
provide additional Cercopoidea resources and clarify their phylogenetic
relationships, the complete mitogenome of P. huangshanensis was se-
quenced. The genomic structure and composition was analyzed,
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Table 1
Summary of mitogenomes used in this study.

Superfamily Family Species Size (bp) GenBank no.

Cercopoidea Cercopidae Cosmoscarta bispecularis 15,426 KP064511
Cercopidae Cosmoscarta sp. 15,651 KF621236
Cercopidae Callitettix braconoides 15,637 NC_025497
Cercopidae Callitettix biformis 15,222 NC_025496
Cercopidae Callitettix versicolor 15,374 EU725832
Cercopidae Aeneolamia contigua 15,613 NC_025495
Cercopidae Abidama producta 15,277 NC_015799
Cercopidae Phymatostetha huangshanensis 17,045 MG878381
Cercopidae Paphnutius ruficeps 14,841 NC_021100
Aphrophoridae Philaenus spumarius 16,324 NC_005944

Cicadoidea Cicadidae Tettigades auropilosa 14,944 KM000129
Cicadidae Magicicada tredecim 14,844 KMO000130
Cicadidae Diceroprocta semicincta 14,920 KMO000131

Membracoidea Membracidae Entylia carinata 15,662 NC_033539
Membracidae Leptobelus gazella 16,007 NC_023219
Aetalionidae Darthula hardwickii 15,355 NC_026699
Cicadellidae Macrosteles quadrilineatus 16,626 NC_034781
Cicadellidae Tambocerus sp. 15,955 KT827824
Cicadellidae Nephotettix cincticeps 14,805 NC_026977
Cicadellidae Bothrogonia ferruginea 15,262 KU167550
Cicadellidae Homalodisca coagulata 15,304 AY875213
Cicadellidae Drabescoides nuchalis 15,309 NC_028154
Cicadellidae Idioscopus nitidulus 15,287 NC_029203
Cicadellidae Empoasca vitis 15,154 NC_024838

Fulgoroidea Delphacidae Nilaparvata muiri 14,371 NC_024627
Ricaniidae Ricania marginalis 15,698 NC_019597

I
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Fig. 1. Organization of the complete mitogenome of P. huangshanensis.
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Annotation of the P. huangshanensis mitogenome.

Gene Direction Position Size Start codon Stop codon Anticodon Intergenic nucleotides
trnl ] 1-73 73 GAT

trnQ N 71-139 69 TTG -3
trnM ] 139-209 71 CAT -1
nad2 ] 210-1205 996 TTG TAA 0
trnW ] 1211-1281 71 TCA 5
trnC N 1274-1336 63 GCA —8
trnY N 1342-1409 68 GTA 5
cox1 ] 1413-2951 1539 ATG TAA 3
trnL2(UUR) ] 2947-3012 66 TAA -5
cox2 ] 3013-3685 673 ATA T 0
trnkK ] 3686-3756 71 CTT 0
trnD ] 3767-3831 65 GTC 10
atp8 ] 3832-3981 150 ATT TAA

atp6 ] 3975-4640 666 ATG TAA —7
cox3 ] 4644-5424 781 ATG T 3
trnG ] 5425-5487 63 TCC 0
nad3 ] 5488-5841 354 ATA TAA 0
trnA ] 5841-5903 63 TGC -1
trnR ] 5904-5970 67 TCG 0
trnN ] 5971-6036 66 GTT 0
trnS1(AGN) ] 6036-6104 69 GCT -1
trnE ] 6105-6168 64 TTC 0
trnF N 6167-6230 64 GAA -2
nad5 N 6230-7942 1713 TTG TAA —1
trnH N 7943-8005 63 GTG 0
nad4 N 7986-9326 1341 ATG TAA —20
nad4L N 9320-9610 291 ATG TAA —7
trnT ] 9613-9675 63 TGT 2
trnP N 9676-9742 67 TGG 0
nad6 ] 9744-10,259 516 ATT TAA 1
cyth ] 10,259-11,392 1134 ATG TAG -1
trnS2(UCN) ] 11,391-11,460 70 TGA -2
nadl N 11,479-12,396 918 ATG TAA 18
trnL1(CUN) N 12,398-12,465 68 TAG 1
rrl N 12,466-13,734 1269 0
trnV N 13,735-13,806 72 TAC 0
rmS N 13,807-14,586 780 0
Control region 14,587-17,785 3199 0

including the nucleotide composition, codon usage, secondary struc-
tures of tRNA and rRNA genes, and the tandem repeats of control region.
Furthermore, the mitogenomic phylogeny of Cicadomorpha was recon-
structed, with the conformation of the taxonomic status of
Phymatostetha.

2. Materials and methods
2.1. Sample and DNA extraction

The specimen of P. huangshanensis was collected in Qiyun Mountain,
Jiangxi Province, China (N25°49'56", E114°01’55"). It was preserved in
absolute ethyl alcohol and stored in —20 °C freezer until use. Total ge-
nomic DNA was extracted from legs of the specimen using a DNeasy
Blood & Tissue kit (Qiagen Hilden, Germany) following the manufactur-
er's instructions. Both the specimen and its DNA were stored at the

Table 3
Composition and skewness in the P. huangshanensis mitogenome.
Regions Size A% Grx Ts Cs A+T G+C AT GC
% % skew skew
Whole 17,785 443 9.7 344 125 778 222 0115 —0.129
genome
PCGs 11,072 433 96 330 141 763 237 0135 —0.189
tRNA genes 1476 434 94 358 113 793 207 0096 —0.092
rRNA genes 2049 498 7.1 303 128 801 199 0243 —0.289
Control 3199 397 11.7 413 74 809 191 —0.020 0.226
region

Group of Cicadas, Key Laboratory of Zoological Systematics and Evolu-
tion, Institute of Zoology, Chinese Academy of Sciences.

2.2. PCR amplification and sequencing

The complete mitogenome was amplified with eight pairs of
primers, which were designed according to the conserved sequence re-
gions of previously reported Cercopoidea mitogenomes (Table S1). PCR
amplification was performed using TaKaRa LA Taq (Takara Co., Dalian,
China), with the following cycling steps: an initial denaturation for
2 min at 92 °C; followed by 35-40 cycles of 30 s at 92 °C, 30 s at
48-52 °C, and 12 min at 60 °C; and a final extension of 20 min at 60
°C. The PCR products were assessed using 1% agarose gel electrophore-
sis, purified, and sequenced with the PCR primers and internal primers
generated by primer walking. Some fragments were also cloned into the
pMDTM19-T vector (Takara Bio Inc., Dalian, China) and sequenced with
the primers of M13-F and M13-R. All fragments were sequenced by
Majorbio Biotechnology Company (Beijing, China) with a DNA se-
quencer of ABI 3730XL (PE Applied Biosystems, San Francisco, CA, USA).

2.3. Sequence analysis

Sequences were assembled using BioEdit 7.0.9.0 [17] and SeqMan
program included in the Lasergene software package (DNAStar Inc.,
Madison, Wisc.). The transfer RNA genes (tRNAs) were identified
using the Mitos WebServer [18]. The positions of protein-coding genes
(PCGs), ribosomal RNA genes (rRNAs) and control region were con-
firmed by the boundaries of tRNAs and by sequence comparison with
other Cercopoidea mitogenomes. PCGs were also translated into
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Fig. 2. The codon number and relative synonymous codon usage (RSCU) of PCGs in P. huangshanensis mitogenome.

amino acids based on the invertebrate mitochondrial genetic code. The
mitogenomic map was depicted with CGView Comparison Tool [19].
The base composition and relative synonymous codon usage (RSCU)
were analyzed using MEGA 6.05 [20]. Composition skew analysis was
calculated with the formulas: AT skew = (A — T) / (A + T) and GC
skew = (G — C) /(G + C) [21]. The tandem repeats of the control region
were identified by the tandem repeats finder online server [22]. The sec-
ondary structures of rRNA genes were inferred according to the patterns
proposed for other hemipterans [23-26]. In addition, gene regions that
lacking significant homology were also folded by the Mfold Web Server
[27]. Helix numbering was named following the convention of the Com-
parative RNA Web (CRW) Site [28].

2.4. Phylogenetic analysis

Phylogenetic analysis was performed on the dataset of 13 PCGs and
two rRNAs from 24 complete or nearly complete mitogenomes of
Cicadomorpha, with two Fulgoromorpha species selected as outgroups
(Table 1). MEGA 6.05 was used to align the nucleotide sequences of
each PCG based on their amino acid sequences. The two rRNA genes
were aligned with MAFFT 7.310 using the Q-INS-i algorithm [29]. To
eliminate poorly aligned positions, Gblocks 0.91b [30] was used with
the default settings except for the gap positions toggled as “none”.
These 15 alignments were concatenated by BioEdit 7.0.9.0., with the
total length of 10,564 bp. The nucleotide substitution models and
best-fit partitioning schemes (Table S2) were simultaneously recom-
mended by PartitionFinder 2.1.1 [31] using the Bayesian Information
Criterion (BIC).

The maximum likelihood (ML) analysis was conducted using 1Q-
TREE [32] as implemented on the IQ-TREE Web Server (http://iqtree.
cibiv.univie.ac.at/). Branch support was estimated with 1000 replicates
of ultrafast likelihood bootstrap. Bayesian inference (BI) analysis was
performed on MrBayes 3.2.6 [33] through the online CIPRES Science

gateway [34]. Two simultaneous runs were performed, each with one
cold chain and three hot chains, with posterior distributions estimated
using Markov Chain Monte Carlo (MCMC) sampling. The MCMC chains
were set for 10,000,000 generations and sampled every 1000 steps, with
a relative burn-in of 25%. The convergence of the independent runs was
assessed by the average standard deviation of the split frequencies
(<0.01). The phylogenetic tree was drawn with the software of FigTree
1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

3. Results and discussion
3.1. Genome organization and nucleotide composition

The mitogenome of P. huangshanensis was completely sequenced,
with the length of 17,785 bp (GenBank accession number
MG878381). It was larger than any other reported Cercopoidea
mitogenomes, which ranged from 14,841 bp in Paphnutius ruficeps,
Cercopidae [35] to 16,324 bp in Philaenus spumarius, Aphrophoridae
[36]. This mitogenome contained the entire set of 37 genes (13 PCGs,
two rRNAs, and 22 tRNAs) and a control region. The majority strand
(J-strand) carried most of the genes (nine PCGs and 14 tRNAs), while
other genes (four PCGs, two rRNAs, and eight tRNAs) were encoded
on the minority strand (N-strand) (Fig. 1; Table 2). All genes have the
identical order and orientation with those of other Cercopoidea [37,
38]. Except for the large control region, the mitogenome of
P. huangshanensis was relatively compact, which contained a total of
48 intergenic nucleotides distributed in 9 locations, ranging in size
from 1 to 18 bp. In addition, this genome had 13 overlapping regions
(1-20 bp) and 15 pairs of neighboring genes.

The overall base composition was A (43.3%), T (34.4%), C (12.5%),
and G (9.7%) on the J-strand, showing the biased usage of A + T nucle-
otides (77.8%) (Table 3). Composition skew analysis revealed that
P. huangshanensis had positive AT skew and negative GC skew, not
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Fig. 3. Secondary structures of tRNAs in the mitogenome of P. huangshanensis. The dashes, solid dots, and hollowed dots indicate Watson-Crick bonds, GU pairs, and mismatches,

respectively.

only in the whole mitogenome but also in PCGs, rRNAs, and tRNAs.
However, slightly negative AT skew and strongly positive GC skew
were detected in the control region.

3.2. Protein-coding genes and codon usage

The total length of 13 PCGs of P. huangshanensis was 11,072 bp. Most
PCGs exhibited the typical start codon ATN (2 ATA, 2 ATT and 7 ATG),
while nad2 and nad5 initiated with TTG. All PCGs were predicted to
use the complete termination codon TAA or TAG, except for cox2 and
cox3, which ended with a single T. The truncated stop codons were com-
mon in insect mitogenomes and might be converted to TAA by
polyadenylation after transcription [39].

Relative synonymous codon usage of P. huangshanensis indicated
that degenerate codons were biased to use more A/T than G/C in the
third codon positions (Fig. 2). For example, the GC-rich codon of GCG-

Ala was even absent. Conversely, the four most prevalent codons, in-
cluding ATT-Ile, ATA-Met, TTA-Leu, and TTT-Phe, were all composed of
A and/or T.

3.3. Transfer RNA

The total length of 22 tRNAs was 1476 bp, with the A + T content of
79.3%. Most tRNAs could be folded into the typical clover-leaf secondary
structure, whereas trnS1 was an exception for lacking a dihydrouracil
(DHU) arm (Fig. 3). Furthermore, it was found that trnS1 had an un-
paired nucleotide in the anticodon stem, as was the case in the acceptor
stem of trnR. This unusual feature had also been proposed in the DHU
and the anticodon arm of some true bugs [26, 40]. In addition, a total
of 23 unmatched base pairs were scattered throughout the tRNAs (the
amino acid acceptor (8), DHU (7), anticodon (5), and TWC stems (3)).
Twelve of these were noncanonical matches of G-U pairs, while the
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Fig. 5. Predicted secondary structure of the rrS in the mitogenome of P. huangshanensis.

dashes, whereas GU pairs are connected by dots.

remaining 11 mismatches were U-U (7), A-A (2), A-G (1), and A-C (1).
The wobble and mismatched pairs were also detected in other
Cercopoidea mitogenomes [36].

3.4. Ribosomal RNA

The boundaries of rRNAs were assumed to extend to their flanking
genes and were also verified by alignment with the homologous gene
sequences. As in other mitogenomes of Cercopoidea [37, 38], both rmL
and rmS were encoded on the N-strand (Fig. 1). The rrmlL gene was lo-
cated at the position between trnL1 and trnV, with the length of
1269 bp (Table 2). The rrnS was assumed to fill up the blank between
trnV and the control region, with the length of 780 bp. To date, the sec-
ondary structures of Cercopoidea rrmL and rmS have not been reported.
Therefore, in this study, we predicted the rrmlL and rrnS secondary struc-
tures of P. huangshanensis according to some other hemipterans
[23-26].

Roman numerals indicate the conserved domain structure. Watson-Crick pairs are joined by

The secondary structure of rrnL consisted of 44 helices and five do-
mains (domain III was absent in insects) (Fig. 4) [28]. Compared with
the previously reported rrmlL structure frameworks of other hemipterans
[24-26, 40, 41], domains IV, V, and VI were highly conserved except for
helices H1835 and H2455. However, domains I and Il were more vari-
able, especially for helices H687 and H991-H1087, which could be
folded into different helix structures by the Mfold Web Server. Never-
theless, based on previously published rRNA secondary structures of
other hemipterans [25, 26], we chose the one that possessing more
paired nucleotide on the stems.

The rrS included 27 Helices and three domains (Fig. 5). Compared
to domains I and II, domain III was structurally more conserved except
for the region of H1047-H1113. In addition, although H1068 was as-
sumed to be absent in some hemipterans [23, 42], it was presented in
the rrnS of P. huangshanensis. In domain I, the helices H47 and H367
were highly variable. In fact, no consistent secondary structure had
been inferred for these helices in insects [43]. In domain II, although
the helix H673 was reported to have a long paired stem and a small
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loop in some insects [24], this region formed a short stem and a very
large loop in P. huangshanensis, as reported in other hemipterans [26,
44].

3.5. Control region

The control region of P. huangshanensis was flanked by rrnS and trnl,
with the high A 4+ T content of 80.9% and the remarkably large size of
3199 bp. Notably, multiple types of tandem repeat elements were de-
tected in the control region of P. huangshanensis (Fig. 6; Table S3). Con-
versely, some Cercopoidea species, including P. ruficeps, Callitettix
biformis, Callitettix versicolor, and Abidama producta, had no obvious tan-
dem repeats. Control regions of the remaining five Cercopoidea
mitogenomes had only 1-2 distinct tandem repeat units. Accordingly,
the control region of P. huangshanensis was longer than those of other
spittlebugs, which ranged from 310 bp in P. ruficeps [35] to 1835 bp in
P. spumarius [36]. The occurrence of tandem repeats was proposed to
play a role in DNA methylation or gene transcription [45] and could be
added or subtracted during replication through slipped-strand
mispairing [46].

Although many Poly(N) sequences, including Poly(A), Poly(T), Poly
(G), and Poly(C), were detected in control regions of the tribe
Callitettixini (Hemiptera: Cercopoidea: Cercopidae) [37], only 2-3
Poly(A) or Poly(T) could be found in those of other spittlebugs
(Fig. 6). Interestingly, a Poly(A) was consistently located at the 5’-end
of the control regions in all the sequenced Cercopoidea species.

3.6. Phylogenetic analysis

The phylogenetic analyses were performed on the concatenated nu-
cleotide sequences of 13 PCGs and two rRNAs derived from 24 available
Cicadomorpha mitogenomes, with two Fulgoromorpha species as the
outgroups. The ML and BI analyses yielded fully resolved trees with
the identical topology (Fig. 7). As proposed by previous studies
[47-49], the monophyly of each superfamily was robustly supported
(BP = 100; PP = 1.00), with the relationships of (Membracoidea +
(Cicadoidea + Cercopoidea)).

Within the superfamily Cercopoidea, the monophyly of Cercopidae
was also supported. However, the genera Callitettix was a paraphyletic
group, which was also consistent with recent phylogenetic studies
using mitogenomes [37, 50]. The remaining taxa presented the relation-
ships of (Cosmoscarta + (Phymatostetha 4+ Paphnutius)). Our phylogeny
clearly demonstrated the identical topology in the two inference
methods, but without strong support for ML analysis. We suggest that
more thorough sampling will be needed to adequately resolve the phy-
logenetic relationships within Cercopoidea.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2018.07.135.
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