
ARTICLE

First mitochondrial genomes of five hoverfly species of the
genus Eristalinus (Diptera: Syrphidae)
Gontran Sonet, Yannick De Smet, Min Tang, Massimiliano Virgilio, Andrew Donovan Young,
Jeffrey H. Skevington, Ximo Mengual, Thierry Backeljau, Shanlin Liu, Xin Zhou,
Marc De Meyer, and Kurt Jordaens

Abstract: The hoverfly genus Eristalinus (Diptera, Syrphidae) contains many widespread pollinators. The majority
of the species of Eristalinus occur in the Afrotropics and their molecular systematics still needs to be investigated.
This study presents the first complete and annotated mitochondrial genomes for five species of Eristalinus. They
were obtained by high-throughput sequencing of total genomic DNA. The total length of the mitogenomes varied
between 15 757 and 16 245 base pairs. Gene composition, positions, and orientation were shared across species,
and were identical to those observed for other Diptera. Phylogenetic analyses (maximum likelihood and Bayesian
inference) based on the 13 protein coding and both rRNA genes suggested that the subgenus Eristalinus was
paraphyletic with respect to the subgenus Eristalodes. An analysis of the phylogenetic informativeness of all
protein coding and rRNA genes suggested that NADH dehydrogenase subunit 5 (nad5), cytochrome c oxidase
subunit 1, nad4, nad2, cytochrome b, and 16S rRNA genes are the most promising mitochondrial molecular
markers to result in supported phylogenetic hypotheses of the genus. In addition to the five complete mito-
genomes currently available for hoverflies, the five mitogenomes published here will be useful for broader
molecular phylogenetic analyses among hoverflies.

Key words: mitogenome, phylogeny, phylogenetic informativeness, flower fly.

Résumé : Les syrphes appartenant au genre Eristalinus (Diptera, Syrphidae) comptent plusieurs pollinisateurs
répandus. La majorité des espèces d’Eristalinus sont retrouvées dans l’écozone afrotropicale et leur systématique
moléculaire n’a pas été étudiée. Cette étude présente les premiers génomes mitochondriaux complets et annotés
pour cinq espèces d’Eristalinus. Ils ont été obtenus par séquençage à haut débit d’ADN génomique total. La longueur
totale des mitogénomes variait entre 15 757 et 16 245 pb. Les catalogues de gènes, leurs positions et orientation
étaient identiques chez ces espèces et identiques à ce qui a été observé chez d’autres diptères. Des analyses
phylogénétiques (vraisemblance maximale et inférence bayésienne) fondées sur 13 gènes codant pour des proté-
ines et les deux gènes d’ARNr suggèrent que le sous-genre Eristalinus est paraphylétique par rapport au sous-genre
Eristalodes. Une analyse de la valeur informative phylogénétique de tous les gènes codant pour des protéines ou des
ARNr suggère que les gènes codant pour la sous-unité 5 de la NADH déshydrogénase (nad5), la sous-unité 1 de la
cytochrome c oxydase, nad4, nad2, le cytochrome b et les ARNr 16S seraient les marqueurs moleculaires mito-
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chondriaux les plus prometteurs pour obtenir des hypothèses phylogénétiques supportées pour ce genre. Avec les
cinq mitogénomes complets déjà disponibles pour les syrphes, les cinq mitogénomes rapportés ici seront utiles
pour des analyses phylogénétiques moléculaires plus larges au sein des syrphes. [Traduit par la Rédaction]

Mots-clés : mitogénome, phylogénie, valeur informative en phylogénie, mouche de fleurs.

Introduction
Four subfamilies are recognized in the family Syrphidae

(Insecta: Diptera), also known as hoverflies or flower flies:
Microdontinae, Syrphinae, Eristalinae, and Pipizinae
(Mengual et al. 2015; Young et al. 2016). Yet, the subfamily
Eristalinae appears paraphyletic in relation with the three
other subfamilies (Hippa and Ståhls 2005; Skevington and
Yeates 2000; Ståhls et al. 2003). A widespread genus within
the Eristalinae is Eristalinus Rondani, 1845. It is naturally
present in all biogeographic regions except in the Neotro-
pics, although a few records indicate that it was introduced
in Chile (Thompson 1999). Species of this genus are large
hoverflies (4–16 mm), and most of them are imperfect bee
mimics with punctate (spotted) and (or) fasciate (striped)
eyes. They occur in a wide variety of habitats including
open grasslands, shrub lands, river valleys, forest margins,
wetlands, river banks, lake shores, and even urban areas.
Larvae can be found in small temporary waterbodies. The
genus comprises approximately 75 species worldwide, of
which 54 occur in the Afrotropical Region. It is divided
into five subgenera: Eristalinus Rondani, 1845 (including
Lathyrophthalmus Mik, 1897), Eristalodes Mik, 1897, Helophilina
Becker, 1923, Merodonoides Curran, 1931, and Oreristalis
Séguy, 1951. So far, the phylogenetic relationships among
the species of Eristalinus of the Afrotropical Region remain
unknown. A preliminary phylogenetic study on species of
Eristalinus from the Afrotropics using three mitochondrial
(cytochrome c oxidase subunit 1, cytochrome b, and 12S
rRNA) and two nuclear (18S and 28S rRNA) gene fragments
showed low support for many nodes in the phylogenetic
trees (De Smet et al. unpublished results) prompting the
usage of additional DNA markers to resolve species and
subgenus relationships within Eristalinus. Phylogenetic
studies using whole mitochondrial genomes (mitogenomes)
have shown the potential to tackle phylogenetic issues at
varying taxonomic levels (e.g., Cameron 2013; Cameron
et al. 2007, 2009; Ma et al. 2012; Nelson et al. 2012; Yong et al.
2015). The objectives of the current study are to assemble
the mitogenomes of five Afrotropical species of Eristalinus
(belonging to two subgenera), infer their phylogenetic rela-
tionships, and measure the informativeness of each mito-
chondrial protein coding gene (PCG) and rRNA gene for the
resolution of phylogenetic relationships within Eristalinus.

Materials and methods
Total genomic DNA was extracted from five Afrotropi-

cal specimens of Eristalinus of the subgenera Eristalinus
and Eristalodes, viz. Eristalinus (Eristalinus) aeneus (Scopoli,
1763), Eristalinus (Eristalinus) tabanoides (Jaennicke, 1867),
Eristalinus (Eristalinus) vicarians (Bezzi, 1915), Eristalinus

(Eristalodes) barclayi (Bezzi, 1915), and Eristalinus (Eristalodes)
fuscicornis (Karsch, 1887) (Table 1), using the DNeasy®
Blood &Tissue kit (Qiagen Inc., Hilden, Germany). Speci-
mens were collected between October 2012 and May 2014
and stored in absolute ethanol. To minimize contamina-
tion with exogenous DNA, three legs were extracted
from each specimen, rinsed in absolute ethanol, and air
dried for 10 min at 50 °C before DNA extraction. DNA
concentrations of the extracts were measured with
Qubit 2.0 (ThermoFisher Scientific, Waltham, Massachu-
setts, USA) and ranged between 13 and 60 ng/�L.

One DNA library was prepared following the Illumina®
TruSeq® DNA Sample Preparation Kit. An insert size of
250 base pairs (bp) was targeted after pooling 100 ng of
the genomic DNA of each specimen. The DNA library was
sequenced (150 bp paired-end reads) on an Illumina (San
Diego, California, USA) HiSeq4000 platform at BGI-
Shenzhen (China). The raw data were cleaned using a
custom Perl script (Zhou et al. 2013) to remove Illumina
adapters, reads with >10% of low quality bases (Phred-
scores <20), or with more than five unresolved bases. The
remaining reads were processed in the mitogenome as-
sembly pipeline described by Tang et al. (2015). To
achieve the final mitogenome assembly, the source code
of the assembler SOAPdenovo-Trans(-K 71, -t 1) (Xie et al.
2014) was modified to remove scaffold connections with
read supports ≤10. Mitogenomes were circularized and
visualized in Geneious 10.2.2 (Biomatters, Auckland,
New Zealand). A first draft annotation of the mito-
genomes was obtained in MITOS (Bernt et al. 2013) with
default settings. Then, open reading frames (ORF) of the
mitochondrial coding genes were inferred using the
transfer RNA (tRNA) punctuation principle as proposed
by Cameron (2014). For this, annotations obtained from
MITOS were manually edited in Geneious 10.2.2. Largest
ORF found between tRNAs were selected, allowing trun-
cated (incomplete) stop codons (which are completed by
RNA polyadenylation) and overlap between adjacent
ORF. Limits of the currently adopted routines for mito-
genomic assemblage and annotation are presented by
Velozo Timbó et al. (2017). The cloverleaf structure of
the 22 inferred tRNAs were visualized in MITOS. The as-
sembled and annotated mitogenomes were submitted
to GenBank (accession numbers from MH321204 to
MH321208). Gene symbols and their concordance with
the nomenclature of FlyBase (Gramates et al. 2017) are
given in Table 2. All mitogenomes were aligned in
MUSCLE (Edgar 2004).

Using Geneious 10.2.2, uncorrected pairwise p-distances
(proportion of nucleotide sites at which two sequences are

678 Genome Vol. 62, 2019

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

G
on

tr
an

 S
on

et
 o

n 
10

/0
2/

19
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



different) were calculated among the mitogenomes of the
five specimens of Eristalinus sequenced here and the five
mitochondrial genomes of Syrphidae available in Gen-
Bank: Episyrphus balteatus (de Geer, 1776) (GenBank acces-
sion number: NC_036481), Eristalis tenax (Linnaeus, 1758)
(MH159199), Eupeodes corollae (Fabricius, 1794) (NC_036482),
Ocyptamus sativus (Curran, 1941) (KT272862), and Simosyrphus
grandicornis (Macquart, 1842) (NC_008754). Graphs repre-
senting GC content and the similarity among the mito-
genomes sequenced here were made in Geneious 10.2.2
using sliding windows of 99 and 50 bp, respectively.

Phylogenetic analyses were performed using both
maximum likelihood (ML) and Bayesian inference (BI).
For this, all PCGs and rRNA genes of the five mito-
genomes obtained here and the five mitogenomes of
Syrphidae available in GenBank (see above) were concat-
enated and aligned using the default parameters of
ClustalW (Thompson et al. 1994). The dataset was then
partitioned in 41 character sets corresponding to the dif-
ferent codon positions of the 13 PCGs (39) and the two
rRNA genes. Additional ML and BI analyses were per-
formed on the basis of cox1 and including additional
samples of Eristalinus sequenced by Pérez-Bañón et al.
(2003). This latter dataset was partitioned according to
codon position. For each partition of all analyses, the
General Time Reversible (GTR) model was applied, and a
gamma distribution was used to approximate the heter-
ogeneity of substitution rates among different sites. In
all analyses (ML and BI), members of the subfamily Eri-
stalinae represented the ingroup and members of the
subfamily Syrphinae were used as outgroup to root the
tree. ML analyses and BI were performed on the CIPRES
Science Gateway (Miller et al. 2010) using RAxML v. 8
(Stamatakis 2014) and MrBayes 3.2.6 (Ronquist and
Huelsenbeck 2003), respectively. ML analyses were im-
plemented with autoMRE bootstrapping (setting a
maximum of 1000 bootstraps) (Stamatakis 2014). The
Bayesian analyses consisted in two runs, each with a cold
chain and three incrementally heated chains. Starting
trees for each chain were random and the default values
of MrBayes were chosen for all settings (including prior
distributions). MrBayes metropolis coupled Markov

Chains Monte Carlo (MCMC) were run for 20 million gen-
erations with heating temperature of 0.1. Trees were
sampled every 1000 generations with 50% of trees dis-
carded as burn-in. Run convergence was verified by
considering the average standard deviation of split
frequencies (Ronquist and Huelsenbeck 2003). Only
nodes with posterior probabilities >0.95 (BI) and boot-
strap support >70% (ML) were considered.

Phylogenetic Informativeness (PI) is a quantitative
measure of the ability of characters to resolve phyloge-
netic relationships among taxa over a specified historical
time scale (Townsend 2007). To identify the best mito-
chondrial markers for the resolution of phylogenetic hy-
potheses within the genus Eristalinus, we estimated the
net PI of each PCG and rRNA gene. In contrast with the PI
per site, the net PI summarizes the PI for a set of charac-
ters and quantifies signal as a whole. The PI of single
genes can be evaluated using, as prior information, more
complete or comparative genomic data from within or
outside the taxonomic group of interest (López-Giráldez
and Townsend 2011). Here, we considered the concatena-
tion of all PCGs and rRNA genes as prior information. The
analysis was performed by applying the HyPhy algorithm
(http://phydesign.townsend.yale.edu) (López-Giráldez and
Townsend 2011) to the PCGs and rRNA genes of the five
species of Eristalinus and the five mitochondrial genomes of
Syrphidae available in GenBank (see above). The reference
ultrametric tree required by the algorithm as prior infor-
mation was reconstructed as a strict molecular clock tree
using MrBayes v. 3.2.6 (Ronquist and Huelsenbeck 2003)
available on the CIPRES Science Gateway (Miller et al. 2010).
Convergence was checked as explained above.

Results
An average of 11.2 million reads were obtained per

sample (SD = 0.8 × 106) with high proportions of reads
with a Phred score ≥20 (96.6% ± 0.3% for read 1; 90.6% ±
1.0% for read 2). The aligned mitogenomes (File S11)
ranged from 15 757 (E. barclayi; N.B. abbreviation “E.” is
only used for the genus Eristalinus) to 16 245 bp (E. aeneus),
with most of the interspecific length variation situated
in the AT-rich control region (Tables 2 and 3), which, in

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-
2019-0009.

Table 1. Voucher numbers and collection information of the five Afrotropical species of Eristalinus
(Diptera, Syrphidae) used in this study.

Species Voucher no. Sex Country Region Collection date

Subgenus Eristalinus
Eristalinus aeneus RMCA ENT000033538 Female Ethiopia Holeta October 2012
Eristalinus tabanoides RMCA ENT000033541 Male Benin Calavi April 2014
Eristalinus vicarians RMCA ENT000033542 Female Benin Calavi April 2014

Subgenus Eristalodes
Eristalinus barclayi RMCA ENT000033539 Male Benin Calavi April 2014
Eristalinus fuscicornis RMCA ENT000033540 Female Benin Cotonou November 2013

Sonet et al. 679
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Table 2. Mitogenome annotations for the five Afrotropical species of Eristalinus sequenced here.

(A) Eristalinus aeneus Eristalinus barclayi Eristalinus fuscicornis

Gene
FlyBase
Symbol*

Start
position

End
position

Size
(bp) Strand† Intergenic‡

Start/stop
codon

Start
position

End
position

Size
(bp) Strand† Intergenic‡

Start/stop
codon

Start
position

End
position

Size
(bp) Strand† Intergenic‡

Start/stop
codon

trnI(gat) tRNA:Ile-GAT 1 66 66 H — — 1 66 66 H — — 1 66 66 H — —
trnQ(ttg) tRNA:Gln-TTG 70 138 69 L 3 — 64 132 69 L −3 — 64 132 69 L −3 —
trnM(cat) tRNA:Met-CAT 151 219 69 H 13 — 153 221 69 H 20 — 151 219 69 H 18 —
nad2 ND2 220 1240 1021 H 0 ATC/T(AA) 222 1242 1021 H 0 ATC/T(AA) 220 1240 1021 H 0 ATC/T(AA)
trnW(tca) tRNA:Trp-TCA 1241 1308 68 H 0 — 1243 1310 68 H 0 — 1241 1308 68 H 0 —
trnC(gca) tRNA:Cys-GCA 1301 1369 69 L −8 — 1303 1371 69 L −8 — 1301 1369 69 L −8 —
trnY(gta) tRNA:Tyr-GTA 1399 1465 67 L 29 — 1388 1454 67 L 16 — 1386 1452 67 L 16 —
cox1 CoI 1464 2997 1534 H −2 TCG/T(AA) 1453 2986 1534 H −2 TCG/T(AA) 1451 2984 1534 H −2 TCG/T(AA)
trnL2(taa) tRNA:Leu-TAA 2998 3063 66 H 0 — 2987 3052 66 H 0 — 2985 3050 66 H 0 —
cox2 CoII 3067 3750 684 H 3 ATG/TAA 3059 3742 684 H 6 ATG/TAA 3057 3740 684 H 6 ATG/TAA
trnK(ctt) tRNA:Lys-CTT 3754 3811 58 H 3 — 3744 3814 71 H 1 — 3742 3812 71 H 1 —
trnD(gtc) tRNA:Asp-GTC 3874 3940 67 H >62 — 3820 3886 67 H 5 — 3826 3892 67 H 13 —
atp8 ATPase8 3941 4102 162 H 0 ATT/TAA 3887 4048 162 H 0 ATT/TAA 3893 4054 162 H 0 ATT/TAA
atp6 ATPase6 4096 4773 678 H −7 ATG/TAA 4042 4719 678 H −7 ATG/TAA 4048 4725 678 H −7 ATG/TAA
cox3 CoIII 4779 5567 789 H 5 ATG/TAA 4724 5512 789 H 4 ATG/TAA 4730 5518 789 H 4 ATG/TAA
trnG(tcc) tRNA:Gly-TCC 5572 5637 66 H 4 — 5516 5582 67 H 3 — 5522 5588 67 H 3 —
nad3 ND3 5638 5989 352 H 0 ATT/T(AA) 5583 5936 354 H 0 ATT/TAG 5589 5942 354 H 0 ATT/TAG
trnA(tgc) tRNA:Ala-TGC 5990 6057 69 H 0 — 5938 6006 69 H 1 — 5944 6012 69 H 1 —
trnR(tcg) tRNA:Arg-TCG 6058 6121 64 H 0 — 6007 6070 64 H 0 — 6013 6076 64 H 0 —
trnN(gtt) tRNA:Asn-GTT 6136 6203 68 H 14 — 6076 6142 67 H 5 — 6082 6148 67 H 5 —
trnS1(gct) tRNA:Ser-GCT 6204 6270 67 H 0 — 6143 6209 67 H 0 — 6149 6215 67 H 0 —
trnE(ttc) tRNA:Glu-TTC 6273 6339 67 H 2 — 6210 6277 68 H 0 — 6216 6283 68 H 0 —
trnF(gaa) tRNA:Phe-GAA 6368 6435 68 L 28 — 6317 6383 67 L 39 — 6324 6390 67 L 40 —
nad5 ND5 6436 8167 1732 L 0 GTG/T(AA) 6384 8115 1732 L 0 GTG/T(AA) 6391 8122 1732 L 0 GTG/T(AA)
trnH(gtg) tRNA:His-GTG 8168 8233 66 L 0 — 8116 8181 66 L 0 — 8123 8188 66 L 0 —
nad4 ND4 8236 9576 1341 L 2 ATG/TAA 8182 9521 1340 L 0 ATG/TA(A) 8189 9528 1340 L 0 ATG/TA(A)
nad4l ND4L 9570 9866 297 L −7 ATG/TAA 9515 9811 297 L −7 ATG/TAA 9522 9818 297 L −7 ATG/TAA
trnT(tgt) tRNA:Thr-TGT 9869 9934 66 H 2 — 9814 9879 66 H 2 — 9821 9886 66 H 2 —
trnP(tgg) tRNA:Pro-TGG 9935 10 001 67 L 0 — 9880 9946 67 L 0 — 9887 9953 67 L 0 —
nad6 ND6 10 004 10 525 522 H 2 ATT/TAA 9949 10 473 525 H 2 ATC/TA(A) 9956 10 480 525 H 2 ATT/TA(A)
cob Cyt-b 10 533 11 669 1137 H 7 ATG/TAA 10 473 11 609 1137 H −1 ATG/TAA 10 480 11 616 1137 H −1 ATG/TAA
trnS2(tga) tRNA:Ser-TGA 11 676 11 743 68 H 6 — 11 622 11 689 68 H 12 — 11 629 11 696 68 H 12 —
nad1 ND1 11 765 12 706 942 L 25 TTG/TAA 11 711 12 652 942 L 21 TTG/TAA 11 718 12 659 942 L 21 TTG/TAA
trnL1(tag) tRNA:Leu-TAG 12 708 12 772 65 L 1 — 12 654 12 718 65 L 1 — 12 661 12 725 65 L 1 —
rrnL(=16S) lrRNA 12 773 14 120 1348 L 0 — 12 719 14 056 1338 L 0 — 12 726 14 063 1338 L 0 —
trnV(tac) tRNA:Val-TAC 14 121 14 192 72 L 0 — 14 057 14 128 72 L 0 — 14 064 14 135 72 L 0 —
rrnS(=12S) srRNA 14 193 14 982 790 L 0 — 14 129 14 918 790 L 0 — 14 136 14 925 790 L 0 —
control region ori 14 983 16 245 1263 H 0 — 14 919 15 757 839 H 0 — 14 926 15 815 890 H 0 —
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Table 2 (concluded).

(B) Eristalinus tabanoides Eristalinus vicarians

Gene
FlyBase
Symbol*

Start
position

End
position

Size
(bp) Strand† Intergenic‡

Start/stop
codon

Start
position

End
position

Size
(bp) Strand† Intergenic‡

Start/stop
codon

trnI(gat) tRNA:Ile-GAT 1 66 66 H — — 1 66 66 H — —
trnQ(ttg) tRNA:Gln-TTG 67 135 69 L 0 — 64 132 69 L −3 —
trnM(cat) tRNA:Met-CAT 174 242 69 H 38 — 156 224 69 H 23 —
nad2 ND2 243 1266 1024 H 0 ATC/T(AA) 225 1245 1021 H 0 ATC/T(AA)
trnW(tca) tRNA:Trp-TCA 1267 1334 68 H 0 — 1246 1313 68 H 0 —
trnC(gca) tRNA:Cys-GCA 1327 1395 69 L −8 — 1306 1371 66 L −8 —
trnY(gta) tRNA:Tyr-GTA 1446 1512 67 L 50 — 1382 1448 67 L 10 —
cox1 CoI 1511 3044 1534 H −2 TCG/T(AA) 1447 2980 1534 H −2 TCG/T(AA)
trnL2(taa) tRNA:Leu-TAA 3045 3110 66 H 0 — 2981 3046 66 H 0 —
cox2 CoII 3117 3800 684 H 6 ATG/TAA 3055 3738 684 H 8 ATG/TAA
trnK(ctt) tRNA:Lys-CTT 3802 3872 71 H 1 — 3740 3810 71 H 1 —
trnD(gtc) tRNA:Asp-GTC 3943 4009 67 H 70 — 3881 3947 67 H 70 —
atp8 ATPase8 4010 4171 162 H 0 ATT/TAA 3948 4109 162 H 0 ATT/TAA
atp6 ATPase6 4165 4842 678 H −7 ATG/TAA 4103 4780 678 H −7 ATG/TAA
cox3 CoIII 4849 5637 789 H 6 ATG/TAA 4784 5572 789 H 3 ATG/TAA
trnG(tcc) tRNA:Gly-TCC 5641 5707 67 H 3 — 5576 5642 67 H 3 —
nad3 ND3 5708 6059 352 H 0 ATT/T(AA) 5643 5994 352 H 0 ATT/T(AA)
trnA(tgc) tRNA:Ala-TGC 6060 6128 69 H 0 — 5995 6063 69 H 0 —
trnR(tcg) tRNA:Arg-TCG 6129 6191 63 H 0 — 6064 6127 64 H 0 —
trnN(gtt) tRNA:Asn-GTT 6201 6266 66 H 9 — 6152 6218 67 H 24 —
trnS1(gct) tRNA:Ser-GCT 6267 6333 67 H 0 — 6219 6285 67 H 0 —
trnE(ttc) tRNA:Glu-TTC 6334 6401 68 H 0 — 6286 6353 68 H 0 —
trnF(gaa) tRNA:Phe-GAA 6458 6524 67 L 56 — 6382 6448 67 L 28 —
nad5 ND5 6525 8256 1732 L 0 GTG/T(AA) 6449 8180 1732 L 0 GTG/T(AA)
trnH(gtg) tRNA:His-GTG 8257 8322 66 L 0 — 8181 8246 66 L 0 —
nad4 ND4 8323 9662 1340 L 0 ATG/TA(A) 8247 9586 1340 L 0 ATG/TA(A)
nad4l ND4L 9656 9952 297 L −7 ATG/TAA 9580 9876 297 L −7 ATG/TAA
trnT(tgt) tRNA:Thr-TGT 9955 10 020 66 H 2 — 9879 9944 66 H 2 —
trnP(tgg) tRNA:Pro-TGG 10 021 10 087 67 L 0 — 9945 10 011 67 L 0 —
nad6 ND6 10 090 10 614 525 H 2 ATC/TA(A) 10 014 10 538 525 H 0 ATT/TA(A)
cob Cyt-b 10 614 11 750 1137 H −1 ATG/TAA 10 538 11 674 1137 H −1 ATG/TAA
trnS2(tga) tRNA:Ser-TGA 11 761 11 828 68 H 10 — 11 693 11 760 68 H 18 —
nad1 ND1 11 850 12 791 942 L 21 TTG/TAG 11 782 12 723 942 L 21 TTG/TAG
trnL1(tag) tRNA:Leu-TAG 12 793 12 857 65 L 1 — 12 725 12 789 65 L 1 —
rrnL(=16S) lrRNA 12 858 14 195 1338 L 0 — 12 790 14 129 1340 L 0 —
trnV(tac) tRNA:Val-TAC 14 196 14 267 72 L 0 — 14 130 14 201 72 L 0 —
rrnS(=12S) srRNA 14 268 15 057 790 L 0 — 14 202 14 990 789 L 0 —
control region ori 15 058 15 792 735 H 0 — 14 991 15 966 976 H 0 —

*Gene abbreviations: ATP, ATP synthase membrane subunits; Co, cytochrome oxidase subunits; Cytb, cytochrome b; ND, NADH dehydrogenase subunits; rRNA, ribosomal RNA gene (12S
and 16S); tRNA, transfer RNA gene.

†Strand: H, H-strand; L, L-strand.
‡Intergenic: intergenic region where negative values indicate an overlap between the genes.
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all species, was between the trnS and trnI genes (conver-
sions of gene name abbreviations in Table 2). Base com-
position of mitogenomes was heavily skewed towards
A+T, with a GC content of 20%–20.2% (Table 3). Every
mitogenome contained the same 37 genes, ordered iden-
tically and comprising 13 PCGs, 2 rRNA, and 22 tRNA
genes. The number of intergenic regions, and their cu-
mulative length, was variable among species (Table 2).

Nine of the 13 PCGs were situated on the H-strand
(represented clockwise in Fig. 1) and four on the L-strand
(represented counter clockwise in Fig. 1). Lengths of cod-
ing regions and start/stop codons are given in Table 2.
Each PCG had the same start and stop codons in the five
species with the following exceptions: ATT instead of
ATC as start codon for nad6 in E. aeneus and TAA stop
codon in E. aeneus, E. barclayi, and E. fuscicornis instead of
TAG in E. tabanoides and E. vicarians for nad1. The most
common start codon was ATG (observed in 46% of the
PCG/species combinations), followed by ATT (20%) and
ATC (10%). Other start codons, TCG, TTG, and GTG repre-
sented 8% each. The most common stop codon was TAA
(54% of the PCG/species combinations), while TAG was
observed in 6% of the cases. An incomplete stop codon
T(AA) was observed in three PCGs (nad2, cox1, and nad5)
of all five species, with an additional T(AA) stop codon in
nad3 of E. aeneus, E. tabanoides, and E. vicarians. Another
incomplete stop codon TA(A) was observed in two PCGs
(nad4 and nad6) of four species (all except E. aeneus).
These incomplete stop codons represented thus 28%
[T(AA)] and 12% [TA(A)] of PCG/species combinations
(Table 2).

Fourteen of the 22 tRNA genes were situated on the
H-strand and eight on the L-strand (Table 2; Fig. 1). The
cloverleaf structure of trnS1 lacked the D-loop in all spe-
cies, while trnK and trnR lacked the T�C-loop in E. aeneus
and E. tabanoides, respectively (File S21). The two rRNA
genes were situated on the H-strand (Table 2; Fig. 1).

Overlapping genes were found two times on the same
strand (atp8/atp6 and nad4/nad4l), and two times on dif-
ferent strands (trnW/trnC and trnY/cox1) in all five spe-

cies. Additional overlaps were observed on the same
strand for nad6/cob in all species except for E. aeneus, and
on different strands for trnI/trnQ in E. barclayi, E. fuscicornis,
and E. vicarians (Table 2).

Uncorrected p-distances measured among the five
mitogenomes of Eristalinus (File S31) ranged from 0.006
(E. fuscicornis – E. barclayi) to 0.112 (E. aeneus – E. tabanoides).
Surprisingly, intergeneric distances measured between
Episyrphus and Simosyrphus (0.019) were relatively small
compared to the interspecific divergences measured
within Eristalinus. They were also much smaller than the
other intergeneric distances measured within Syrphidae
(ranging from 0.111 between Eristalis tenax and Eristalinus
fuscicornis to 0.198 between Ocyptamus sativus and Eristalinus
aeneus).

The phylogenetic trees reconstructed using ML and BI
had almost the same topology, the only difference be-
tween the two analyses being the sister relationship be-
tween E. tabanoides and E. vicarians that is suggested by
the BI but remained unresolved in the ML analysis (Fig. 2).
These analyses suggested that Eristalinus aeneus was the sis-
ter species of the other four species of Eristalinus sampled
here. It also suggested that the two species belonging to the
subgenus Eristalodes, E. barclayi and E. fuscicornis, were sister
species and formed a clade that was nested within the
genus Eristalinus, making the subgenus Eristalinus para-
phyletic with respect to the subgenus Eristalodes. The
phylogenetic analyses (ML and BI) based on cox1 (align-
ment in File S41) and including the additional samples
of Eristalinus sequenced by Pérez-Bañón et al. (2003) were
not sufficiently resolved to evaluate the reciprocal mono-
phyly of the two subgenera (Fig. 3). In these trees,
E. tabanoides and E. megacephalus were sister species, and
E. vicarians and E. dubiosus were sister species. In contrast,
the two specimens of E. aeneus (one of this study, one of
Pérez-Bañón et al. (2003)) did not cluster with one an-
other.

A plot of the net PI profiles on the same time scale
(x-axis) as the Bayesian phylogenetic ultrametric tree ob-
tained for the dataset including all PCGs and rRNA genes

Table 3. Genome size (base pairs), base composition (%), and GC content (%) of the syrphid mitogenomes sequenced here and
retrieved from GenBank.

Species
Genome size
(base pairs) A (%) T (%) G (%) C (%) GC content (%) Reference

Subfamily Eristalinae
Eristalinus tabanoides 15 792 41.2 38.8 8.3 11.7 20.0 This study
Eristalinus vicarians 15 966 41.1 38.9 8.2 11.8 20.0 This study
Eristalinus aeneus 16 245 47.8 32.0 7.1 13.1 20.2 This study
Eristalinus fuscicornis 15 815 41.0 38.9 8.4 11.7 20.1 This study
Eristalinus barclayi 15 757 40.9 39.0 8.4 11.8 20.2 This study
Eristalis tenax 16 091 40.0 40.1 8.7 11.2 19.9 Li et al. (2017)

Subfamily Syrphinae
Episyrphus balteatus 16 175 39.5 40.2 8.9 11.4 20.4 Pu et al. (2017)
Eupeodes corollae 15 326 40.5 39.7 8.6 11.2 19.8 Pu et al. (2017)
Ocyptamus sativus 15 214 40.2 40.2 8.5 11.1 19.6 Junqueira et al. (2016)
Simosyrphus grandicornis 16 141 40.3 40.6 8.3 10.9 19.2 Junqueira et al. (2016)
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Fig. 1. (A) Schematic representation of the complete mitogenome of Eristalinus aeneus. Black circles represent the DNA strands
with numbers indicating positions in base pairs. Protein coding, rRNA, and tRNA genes are represented by green arrows, red
arrows, and pink triangles, respectively. The inner blue ring depicts the GC content (with lower values towards the center of
the circle). (B) Similarity among the mitogenomes of the five species of Eristalinus sequenced here (mean pairwise similarity
over all pairs of sequences at positions covered by a sliding window of 99 bp) and GC content for each species (sliding window
of 50 bp).
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is given in Fig. 4. The genes showing the highest PI pro-
files are nad5, cox1, and nad4, followed by nad2, cob, and
16S rRNA, indicating an overall higher utility of these
genes for phylogenetic inference compared to the other

genes such as atp8, nad4l, nad3, and 12S rRNA, which
had flatter PI profiles (Fig. 4). For most genes, the optima
of the PI profiles were situated after the divergence be-
tween E. aeneus and the other representatives of Eristalinus.
This means that, for these genes, character changes
(mutations) were estimated to mainly occur along the
branches of the subtree corresponding to the genus
Eristalinus. These genes are therefore more promising to
resolve intrageneric relationships. For several genes, es-
pecially for 16S rRNA, the PI profile also showed a narrow
peak next to the tips of the tree (between the bipartition
leading to Episyrphus balteatus and Simosyrphus grandicornis
and the bipartition leading to Eristalinus barclayi and
E. fuscicornis). These genes may therefore have a relatively
higher power to resolve more recent divergences.

Discussion
This study presents the first complete and annotated

mitogenomes for the hoverfly genus Eristalinus. The only
other published mitogenomes of Syrphidae are from one
species of the subfamily Eristalinae, Eristalis tenax (Li
et al. 2017), and four species of the subfamily Syrphinae:
Episyrphus balteatus and Eupeodes corollae (Pu et al. 2017),
Ocyptamus sativus and Simosyrphus grandicornis (Junqueira
et al. 2016), and the partial mitogenome of an unknown
species “Syrphidae sp.” (Tang et al. 2014, accession num-
ber: KM244713). Mitogenome sizes of Eristalinus (15 757 –
16 245 bp) are comparable to those already published for
the family (15 214 – 16 175 bp, see Table 3), with E. aeneus
showing the largest published genome of Syrphidae to
date (16 245 bp). Gene order is identical in all Syrphidae
and in line with previously reported dipteran mito-
genomes (e.g., Li et al. 2017; Pu et al. 2017; Yong et al. 2015).
This result is not surprising because gene composi-
tion and order is well conserved within Diptera
(Wolstenholme 1992) even if cases of tRNA gene duplica-

Fig. 2. Phylogenetic trees of the six species of Eristalinae (five Eristalinus sequenced here and one Eristalis from GenBank) based
on the concatenation of all protein coding and rRNA genes. Both maximum likelihood analysis (ML) and Bayesian inference
(BI) were rooted using the four representatives of Syrphinae (*) available in GenBank as outgroup. Bootstrap support (ML) and
posterior probabilities (BI) are indicated at nodes and were collapsed when <70% and <0.95, respectively.
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Fig. 3. Phylogenetic trees of the species of Eristalinae
sequenced here and by Pérez-Bañón et al. (2003), and
based on cox1. Both maximum likelihood analysis (ML)
and Bayesian inference (BI) were rooted using the
representatives of Syrphinae (*) as outgroup. Bootstrap
support (ML) and posterior probabilities (BI) are indicated
at nodes and were collapsed when <70% and <0.95,
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tion have been observed within the family Calliphoridae
(Duarte et al. 2008; Junqueira et al. 2004).

The mitogenomes obtained in this study show a prom-
ising array of diversity across the genus Eristalinus, with
both large p-distances (between E. aeneus and the other

species of Eristalinus) and remarkably low pairwise
p-distance between the two representatives of the sub-
genus Eristalodes (File S31), suggesting a close relationship
between both species. The latter is corroborated with
species delimitation methods applied to mitochondrial

Fig. 4. Net phylogenetic informativeness (PI) of each mitochondrial gene. The net PI (above) is plotted in reference to the
indirect measure of time of the ultrametric tree (below) constructed using the concatenated sequences of all protein coding
and rRNA genes and where posterior probabilities are given at nodes.
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and nuclear markers which show that E. barclayi and
E. fuscicornis form a species complex, also comprising
Eristalinus quinquelineatus (Fabricius, 1797) (De Smet et al.,
unpublished data). These results either question the tax-
onomic value of the morphological characters used to
distinguish the three species, or illustrates a recent di-
vergence, ongoing speciation, hybridization, or intro-
gression. The phylogenetic analyses of the mitogenomes
of the five species of Eristalinus suggest that the subgenera
Eristalinus and Eristalodes are not reciprocally monophyletic.
Indeed, the subgenus Eristalodes renders the subgenus
Eristalinus paraphyletic (Fig. 2). In a phylogenetic study (parsi-
mony analysis) of five species of Eristalinus based on cox1
and the 28S rRNA gene (Pérez-Bañón et al. 2003), E. taeniops,
the species type of the subgenus Eristalodes was nested
within the subgenus Eristalinus. The lack of resolution of the
phylogenetic trees obtained here using cox1 only (Fig. 3)
does not contribute to solve this question. However, since
our study and that of Pérez-Bañón et al. (2003) only
included a limited number of species of the subgenus
Eristalodes, more comprehensive phylogenetic analyses, in-
cluding more species of both subgenera and species of the
remaining three subgenera, are needed to test for the sub-
generic rank of the different subgenera in this genus. The
phylogenetic trees based on cox1 (Fig. 3) also revealed that
the specimens identified as E. aeneus here in and in the
study of Pérez-Bañón et al. (2003) may belong to different
lineages. This species has a very wide distribution and prob-
ably may comprise cryptic species.

Assessing the PI profiles for all PCGs within the genus
Eristalinus revealed substantial difference in their sug-
gested utility for phylogeny reconstruction (Fig. 4). Some
mitochondrial markers (nad5, cox1, nad4, nad2, cob, and
the 16S rRNA gene) exhibit higher PI profiles, especially
for the time range corresponding to the diversification of
the species of Eristalinus considered here. The utility of
mitogenomics for the study of insect evolution and phy-
logeny has been amply demonstrated (Cameron 2013).
Mitogenomes are available for all insect orders and have
been shown to hold phylogenetic information over ex-
tensive taxonomic scales (e.g., Cameron et al. 2007, 2009;
Logue et al. 2013; Ma et al. 2012; Nelson et al. 2012; Zhao
et al. 2013). These results suggest that the sequencing of
the mitogenomes of additional syrphid species would be
useful to investigate the systematics of the family and
clarify the classification within Eristalinus.
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