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Abstract. Animal mitochondrial genes continue to provide an efficient and inexpen-
sive assessment of genetic diversity. However, which mitochondrial genes should be
selected to best estimate species phylogeny and population genealogy remains uncer-
tain for most under-sampled taxa. We analysed four complete mitochondrial genomes
of sibling species of Euphaea damselflies, E. decorata, E. ornata, E. formosa and E.
yayeyamana (Insecta, Odonata, Euphaeidae), to examine the patterns of selection and
to evaluate the phylogenetic utility of the mitochondrial genes compared with nuclear
genes. The results indicated that mitochondrial protein-coding nad2 (NADH dehydro-
genase subunit 2) and noncoding A + T-rich (control region) genes have the highest
mutation rates and more phylogenetic utility [higher parsimony-informative sites; higher
a (the shape parameter of gamma distribution); lower rates of heterogeneity among sites;
and higher relative substitution rates] than all the other mitochondrial and nuclear genes
analysed. In contrast, the animal DNA barcoding gene cytochrome ¢ oxidase subunit 1
(coxI) had average values for all estimated parameters of phylogenetic performance and
was sometimes outperformed by other mitochondrial genes. The majority of the mito-
chondrial and nuclear genes in Euphaea damselflies have experienced frequent purifying
selection, except for two cases of potential positive selection in NADH dehydrogenase
subunit 3 (nad3) and elongation factor la (EF/a), and all mitochondrial genes had
experienced stronger purifying selection than nuclear genes. Our findings indicated that
mitochondrial nad2 and the A + T-rich region should be selected to provide efficient and
high-resolution phylogenetic markers for damselflies at the species and population level.

Introduction

Mitochondrial genes are the most extensively used genetic mark-
ers in animal phylogenetics and population genetics (Boore
1999; Simon et al. 2006). They continue to provide an efficient
and inexpensive measure of genetic diversity at the species and
population levels, such as with DNA barcodes (Hebert et al.
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2003) and other applications (e.g. Miraldo et al., 2016). For
insects, individual mitochondrial genes are popular for use as
genetic markers and have an advantage over other genetic mark-
ers because of their low-cost, nonrecombination, availability
of universal primers, ease of amplification, possession of both
conserved and variable regions, and smaller effective popula-
tion sizes for fast reciprocal monophyly (Sunnucks 2000; Avise
2004; Rubinoff & Holland 2005; Simon et al. 2006). How-
ever, because mitochondrial DNA (mtDNA) is inherited as a
unit, the use of single mitochondrial genes for phylogenetic
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inference has several well-known disadvantages when used
alone, including failure to detect interspecific hybridization,
incomplete lineage sorting and mitochondrial introgression
(Funk & Omland 2003; Avise 2004; Rubinoff & Holland 2005;
Galtier et al. 2009). These disadvantages can be turned into
advantages when mtDNA is used in combination with indepen-
dent genetic markers. Earlier studies have also suggested that
mitochondrial genes evolve too rapidly and show nucleotide
substitution patterns that are problematic for deeper-level insect
phylogenetics (e.g. Lin & Danforth, 2004). Compared with
nuclear genes, mitochondrial genes showed higher inconsisten-
cies among phylogenetic signals (lower values of consistency
index, CI) and less symmetrical transformation rate matrices
of nucleotide substitutions, suggesting that mitochondrial genes
are lower-quality genes for phylogenetic analysis at higher taxo-
nomic levels (Lin & Danforth 2004; Caravas & Friedrich 2013).
However, these studies analysed deeper divergence (Mesozoic
and older) of higher-level (generic, tribal) phylogenetic rela-
tionships of insects and evaluated only the most commonly
used mitochondrial genes such as cytochrome ¢ oxidase sub-
unit 1 (coxI) and subunit 2 (cox2). The phylogenetic utility of
other mitochondrial genes and the relative utility of mitochon-
drial genes at shallow phylogenetic divergence (Pleistocene and
younger) of lower taxonomic level (species, population) phylo-
genetic relationships are poorly understood, especially for less
frequently utilized genes (Simon et al. 1994, 2006).

Nearly evolutionarily neutral and nonrecombining mitochon-
drial genes have been the most widely used markers to study
population history and diversity because it was believed that
mitochondrial diversity should reflect the effective population
size (Frankham 1996; Avise 2004). Despite their popularity,
studies have suggested that the genetic diversity of mitochon-
drial genes might not be positively correlated with the popula-
tion size, which challenges their utility in population genetic
research (Bazin er al. 2006; Galtier et al. 2009; Piganeau &
Eyre-Walker 2009; Stoeckle & Thaler 2014). One hypothesized
mechanism for the decrease in mitochondrial diversity in larger
populations is through “genetic draft” (Meiklejohn ez al. 2007),
which is a process of fixing advantageous mutations and reduc-
ing mitochondrial diversity by frequent positive selection and
hitchhiking (Neher 2013). Because the effect of genetic draft is
much stronger in larger populations, invertebrates with larger
population sizes, such as insects, tend to have lower mitochon-
drial genetic diversity than vertebrates with smaller populations
(Bazin et al. 2006; Meiklejohn et al. 2007). However, the level
and frequency of positive selection and genetic draft acting on
insect mitochondrial genomes are still largely unknown (but see
Roux et al. 2014).

With the advancement of more efficient next-generation
sequencing technologies (Goodwin efal. 2016), sequencing
and analysing the entire mitochondrial genome for insect phylo-
genetics has become more popular (reviewed in Cameron 2014;
Misof et al. 2014; Lopez-Lopez & Vogler 2017). However,
sequencing the entire mitochondrial genome is not always fea-
sible due to financial and technological limitations, nor always
desirable for addressing particular biological questions and taxo-
nomic levels (McDonagh et al. 2016; Chesters 2017). Therefore,
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single mitochondrial genes continue to provide a reliable, fast
and inexpensive alternative to whole-genome sequencing. Some
of the most interesting biological questions in insect ecology
and evolution lie at the boundary of species and populations
(Grimaldi & Engel 2005; Chesters 2017). Therefore, it is essen-
tial to identify appropriate genetic markers with high resolution
at the species/population level. Choosing genetic markers is the
first important decision in all successful molecular phylogenetic
and phylogeographic studies of closely related organisms (Sun-
nucks 2000). But which mitochondrial genes should be selected
to best estimate species phylogeny or population genealogy
within a group of insects? The analysis of mitogenomes of
congeneric species provides a promising approach for the
assessment of evolutionary trends of mitochondrial genes at
short divergence times in under-sampled taxa (Gissi et al. 2008).

We addressed this question by analysing the complete mito-
chondrial genomes of four Euphaea Selys damselflies (Odonata,
Euphaeidae): E. decorata (widespread in Southeast Asia), E.
ornata (Hainan Island), E. formosa (Taiwan) and E. yayeya-
mana (Yaeyama Islands of Japan). A molecular phylogeny of
Euphaea indicated that these four species consist of two sib-
ling species pairs (Lee & Lin 2012a); thus, they provide a suit-
able case study for examining the phylogenetic performance of
mitochondrial genes at the species and population levels in dam-
selflies. Eight nuclear genes of the same four species were used
as comparisons (Lee & Lin 2012a). First, we examined the level
of selection in mitochondrial and nuclear genes and predicted
that the nuclear genes exhibit a higher level of selection than
the mitochondrial genes (Meiklejohn ez al. 2007) because the
effective population size of nuclear genes is, in general, four
times larger than that of mitochondrial genes (Ballard & Whit-
lock 2004). Second, we compared the phylogenetic utility of the
mitochondrial genes and the nuclear genes by calculating the
parameters of nucleotide substitution and inferring the patterns
of rate variation among genes. Specifically, we examined the dif-
ferences in substitution rate among mitochondrial and nuclear
genes and tested for positive relationships between base compo-
sition (A + T bias) and relative rate, between CI and the shape
parameter of gamma distribution (&), parsimony-informative
(PD) sites and relative rate, and between proportion of invariant
sites (Pi) and a (Lin & Danforth 2004).

Materials and methods
Mitochondrial genome sequencing

The complete mitochondrial genomes of three Euphaea sib-
ling species (E. decorata, E. ornata and E. yayeyamana) were
sequenced, and a fourth mitochondrial genome sequence of
E. formosa was obtained from Lin e al. (2010). The speci-
mens of E. decorata, E. ornata and E. yayeyamana used for
genome sequencing were collected in Hong Kong, Hainan
Island and the Yaeyama Islands, respectively (Huang & Lin
2011; Lee & Lin 2012a, b). The collected specimens were
placed in 95% ethanol and then stored in —80°C freezers.
Total genomic DNA was extracted using a standard protocol
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(Lee & Lin 2012a). Two sets of long PCR primers (Yamauchi
et al., 2004) were used to amplify the complete mitochondrial
genome. DNA sequencing was completed by primer walking
using 22 Euphaea-specific mitochondrial primers (Lin ez al.
2010). The genome sequences (GenBank accession numbers:
E. yayeyamana, KF718293; E. decorata, KF718294; E. ornata,
KF718295) were edited and assembled following an established
procedure (Lin et al. 2010) and annotated in reference to the
mitochondrial genome of E. formosa (HM126547). The mito-
chondrial genome of Euphaea contains the entire set of 37 mito-
chondrial genes [13 protein-coding genes (ATPase subunits 6
and 8, atp6 and atp8; NADH dehydrogenase subunits 1-6, 4L,
nadl—6, 4 L; cytochrome b, cob; cytochrome ¢ oxidase sub-
units 1-3, coxI-3), 22 tRNA genes, two rRNA genes (large
and small subunits of ribosomal gene, I-TRNA and s-rRNA,
respectively), and the A 4+ T-rich control region]. A total of 75
sequences of two mitochondrial genes (cox2, nad5) and 136
sequences of eight nuclear genes (actin, act; arrestin2, arr;
abnormal wing discs 2, awd2; elongation factor la, EFla; fer-
ritin, fer; myosin light chain, mlc, long-wavelength opsin, opsin;
succinate dehydrogenase B, sdhB) from Euphaea populations
were obtained from published studies (Appendix S1). Addi-
tionally, one cox2 gene sequence (specimen code: EfAal2wi),
eight nad5 gene sequences (EfAal, EfAa2, EfBal, EfBa5,
EfBal2, EfDa4, EfTa3, TW1) and one EFl/a (EfAa9) gene
sequence from E. formosa were sequenced. The nucleotide
sequences of protein-coding genes were translated into amino
acid sequences using invertebrate mitochondrial genetic codes
in the SIB ExPASy Bioinformatics Resource Portal (Gasteiger
et al. 2003) to confirm reading frames and identify potential
sequencing errors. The haplotype numbers of gene sequences
were inferred using dnaSP v5 (Librado & Rozas 2009). For the
population-level analysis, we analysed 137 nuclear sequences
and 84 mitochondrial sequences of 10 genes (mitochondrial:
cox2, nad5; nuclear: act, arr,awd2, EF la, fer, mlc, opsin, sdhB)
from multiple individuals of the four species (Appendix S1).
For the species-level analyses, we randomly used one sequence
of the 13 mitochondrial protein-coding genes, two noncoding
genes, the A 4+ T-rich region, and eight nuclear genes from each
of the four Euphaea species.

Nonsynonymous/synonymous substitution ratio (dy/dg, )

The d\/dg ratio (w) of the gene sequences was calculated to
test for signatures of natural selection using the branch model
of the codeml option in PAML v.4.7 (Yang 2007). A value of @
significantly greater than 1 indicates positive selection, whereas
a value of w significantly less than 1 suggests purifying selec-
tion. Extremely large and small values of @ (> 100 or < 0.001)
were excluded from the analysis because these values were
probably due to an insufficient number of substitutions. The
best nucleotide substitution models selected in MEGA 5.2 using
Bayesian information criterion were as follows: HKY - act,
arr, atp6, atp8, awd2, cox2, nad3, nad4l, nad6, EFla, fer,
mlc, opsin and sdhB; HKY + G — nad2, nad4, nad5 and cob;
TN93 + G: cox! and nadl; and TN93 — cox3. Two models were

used to compare the strengths of selection using maximum like-
lihood: model =0, where there is only one w ratio for all four
species (@ total w); and model =2, where each species has
its own w ratio (@4, ®,, @; and w,, the w of E. decorata, E.
ornata, E. formosa and E. yayeyamana, respectively). The selec-
tion strengths were different among species if the null hypothe-
sis (model = 0) was rejected. The Hyphy program of MEGA 6.0
(Tamura et al. 2013) was used to calculate the level of selection
across codon sites within individual genes.

Phylogenetic analysis and nucleotide substitution patterns

A total of 24 genes (13 protein-coding, three noncoding mito-
chondrial genes and eight nuclear genes) were used to esti-
mate the species tree of four Euphaea species in *BEAST v.1.8.2
(Drummond et al. 2012). The best substitution models from the
PAML analyses were used, with additional models for s-rRNA,
I-rRNA (HKY) and the A+ T-rich region (HKY +G). The
Markov chain Monte Carlo (MCMC) procedure was executed
for 1x 10® generations, with trees sampled every 1x 10* gen-
erations and the initial 2 X 107 generations discarded as burn-in.
The convergence of MCMC runs was assessed using the values
of the effective sample size (ESS > 741) in TRACER v.1.6 (Ram-
baut er al. 2014).

The pairwise genetic distances of the haplotypes were calcu-
lated in MEGA 6.0 (Tamura et al. 2013). The number of sub-
stitutions per site within and between species was calculated
using the Tajima—Nei model (Tajima & Nei 1984). The pairwise
genetic distance was calibrated using the cox/ mutation rate of
1.77 x 10~® mutations/year per site (Papadopoulou et al., 2010)
for all mitochondrial genes, and a substitution rate of 1.2 x 1078
mutations/year per site from the nuclear gene arr for nuclear
genes (Moriyama & Gojobori 1992). The PI sites were calcu-
lated in MEGA 6.0.

Two nucleotide substitution models, GTR + SSR (site-specific
rates) and GTR+1+G (invariant sites and gamma distribu-
tion), were used to calculate the relative substitution rates among
genes in MRBAYES v.3.2 (Huelsenbeck & Ronquist 2001). The
gene partitions included 13 mitochondrial protein-coding genes,
three noncoding regions (s-rRNA, [-rRNA and the A + T-rich)
and eight nuclear genes. For site-specific rates (SSRs), we par-
titioned the substitution rates of protein-coding genes into three
codon sites for comparison. In GTR + SSR analyses, the MCMC
was run for 1 x 107 generations, with trees sampled every 1000
generations. For the GTR + 1+ G model, the Q matrix (trans-
formation rate matrix), « of gamma distribution and Pi were
obtained to estimate the relative symmetry of substitution and
the level of rate heterogeneity among sites. The a value esti-
mated the rate heterogeneity within the genes; a higher  value
suggests lower heterogeneity of substitution rates among sites.
In the GTR + I + G analysis, the MCMC was run for 3 x 107 gen-
erations with a sampling frequency of every 1000 iterations. The
convergence of all MCMC runs was confirmed when the stan-
dard deviation of each split frequency was below 0.01 and the
potential scale reduction factor was equal to 1. The correlation
between parameter estimates was tested using linear regression.
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Table 1. The organization of the mitochondrial genomes of four Euphaea species

Position Length Inc A+T (%)

Strand E. d. E. o. E. f. E.y. E.d. E.o. E.f. E.y. Start Stop E.d. E.o. E.f. E.y. E.d. E.o. E.f. E.y.
trnl + 1..67 1..67 1..66 1..66 67 67 66 66 3 3 3 3 657 657 62.1 62.1
trnQ - 71..138 71..138 70..137 70..137 68 68 68 68 0 0 -1 -1 721 70.6 70.5 67.6
trnM + 139..207 139..207 137..205 137..205 69 69 69 69 6 6 6 6 725 739 69.5 725
nad?2 + 214..1203 214..1203 212..1201 212..1201 990 990 990 990 ATA TAA -2 -2 1 1 756 748 723 73.8
trnW + 1202..1271 1202..1271 1203..1272 1203..1272 70 70 70 70 0 0 0 0 829 829 757 75.7
sl 1272..1287 1272..1287 1273..1290 1273..1290 16 16 18 18 0 0 0 0 68.7 68.7 66.7 72.2
trnC - 1288..1351 1288..1351 1291..1354 1291..1354 64 64 64 64 0 0 0 0 719 719 68.7 70.3
trnY - 1352..1423 1352..1423 1355..1425 1355..1425 7272 71 71 0 0 0 0 694 70.8 64.8 66.2
52 1424..1458 1424..1458 1426..1460 1426..1460 35 35 35 35 0 0 0 0 857 857 80 829
coxl + 1459..3006 1459..3006 1461..3008 1461..3008 1548 1548 1548 1548 ATA TAA -5 -5 -5 =5 648 64.6 64.1 63.8
trnlL1 + 3002..3073 3002..3073 3004..3074 3004..3074 7272 71 71 0 0 0 0 66.7 653 634 63.4
cox2 + 3074..3761 3074..3761 3075..3762 3075..3762 688 688 688 688 ATG T(aa) O 0 0 0 67.7 685 67 679
trnK + 3762..3833 3762..3833 3763..3834 3763..3834 7272 72 72 -1 -1 -1 -1 667 66.7 653 66.7
trnD + 3833..3898 3833..3898 3834..3900 3834..3900 66 66 67 67 0 0 0 0 84.8 84.8 83.6 85.1
atp8 + 3899..4057 3899..4057 3901..4059 3901..4059 159 159 159 159 ATC TAA -4 -4 -4 -4 767 78 76.7 774
atpb + 4054..4728 4054..4728 4056..4730 4056..4730 675 675 675 675 ATA TAA -1 -1 -1 -1 69 70.1 70 704
cox3 + 4728..5514 4728..5514 4730..5516 4730..5516 787 787 787 787 ATG T(aa) O 0 0 0 648 64 647 649
trnG + 5515..5583 5515..5583 5517..5584 5517..5584 69 69 68 68 0 0 0 0 739 725 779 794
nad3 + 5584..5937 5584..5937 5585..5938 5585..5938 354 354 354 354 TTG TAA -1 -1 -1 -1 703 703 71.7 69.8
trnA + 5937..6004 5937..6004 5938..6005 5938..6005 68 68 68 68 -1 -1 -1 -1 735 735 72 69.1
trnR + 6004..6067 6004..6067 6005..6068 6005..6068 64 64 64 o4 2 2 2 2 734 734 734 734
trnN + 6070..6136 6070..6136 6071..6137 6071..6136 67 67 67 66 -1 -1 -1 =1 746 74.6 73.1 72.7
trnS1 + 6136..6206 6136..6206 6137..6207 6136..6206 71 71 71 71 1 1 1 1 634 648 64.8 64.8
trnE + 6208..6274 6208..6274 6209..6275 6208..6274 67 67 67 67 -2 -2 -2 -2 821 821 821 80.6
trnF - 6273..6340 6273..6340 6274..6342 6273..6341 68 68 69 69 2 2 2 2 706 72.1 71 71
nad5 - 6343..8065 6343..8065 6345..8067 6344..8066 1723 1723 1723 1723 ATT T(aa) O 0 1 0 69.7 69.8 70.6 71
trnH - 8066..8131 8066..8131 8069..8133 8067..8132 66 66 65 66 0 0 2 2 69.7 682 67.7 69.7
nad4 - 8132..9475 8132..9475 8136..9497 8135..9498 1344 1344 1344 1344 ATG TAA -7 -7 -7 =7 71.1 71.5 72 1719
nad4L - 9469..9762 9469..9762 9473..9766 9472..9765 294 294 294 294 ATG TAA 2 2 2 2 73.1 73.1 741 73.1
trnT + 9765..9832 9765..9832 9769..9835 9768..9834 68 68 67 67 0 0 0 0 75 75 732 71.6
53 9833..9844 9833..9845 9836..9848 9835..9848 12 13 13 14 0 0 0 0 41.7 385 385 50
trnP - 9845..9910 9846..9911 9849..9914 9849..9914 66 66 66 66 1 1 1 1 773 788 773 773
nad6 + 9912..10409  9913..10410  9916..10413  9916..10413 498 498 498 498 ATC TAA -1 -1 -1 —1 725 723 735 735
cob + 10409..11542 10410..11543 10413..11546 10413..11546 1134 1134 1134 1134 ATG TAA -2 -2 -2 -2 685 685 67.7 69.1
trnS2 + 11541..11604 11542..11605 11545..11608 11545..11608 64 64 64 64 0 0 0 0 76.6 76.6 68.7 76.6
54 11605..11620 11606..11621 11609..11624 11609..11624 16 16 16 16 0 0 0 0 812 812 75 81.2
nadl - 11621..12571 11622..12572 11625..12575 11625..12575 951 951 951 951 TTG TAG 1 1 1 1 689 69 69.5 69.1
trnl.2 - 12573..12641 12574..12641 12577..12643 12577..12643 69 68 67 67 0 0 0 0 76.8 779 73.1 73.1
I-rRNA - 12642..13930 12642..13930 12644..13931 12644..13931 1289 1289 1288 1288 0 0 0 0 648 648 739 722
trnV - 13931..14001 13931..14001 13932..14003 13932..14003 71 71 72 72 0 0 0 0 70.1 70.5 709 71
s-rRNA - 14002..14776 14002..14776 14004..14781 14004..14781 775 775 778 778 0 0 0 0 75 749 708 74.7
A+ T-rich 14777..15861 14777..15863 14782..15700 14782..15709 1085 1087 919 928 0 0 0 0 829 83.2 80.3 80.1

Trn, transfer RNA labelled by the one-letter amino acid code; inc, intergenic nucleotide, negative inc values represent overlapping nucleotide sequences of different genes;
s1-s4, intergenic spacers; I-rRNA, large subunit of ribosomal gene; s-rRNA, small subunit of ribosomal gene: E. d., Euphaea decorata; E. 0., Euphaea ornata; E. f ., Euphaea
formosa; E. y., Euphaea yayeyamana. The incomplete stop codons are labelled in parentheses.

Data accessibility

The assembled mitogenomes of the four Euphaea species
are available at GenBank (accession numbers: E. decorata,
KF718294; E. ornata, KF718295; E. formosa, HM126547; E.
yayeyamana, KF718293).

Results
Mitochondrial genomes

The mitochondrial genome sizes of the sister species pair,
E. decorata (15861bp) and E. ornata (15863 bp), were larger
than those of the other sister species pair, E. formosa (15 700 bp)

and E. yayeyamana (15709 bp) (Table 1), suggesting phyloge-
netic conservatism in the evolution of mitochondrial genome
size. Most genome size variation occurred in the A+ T-rich
region. The gene arrangement and composition of three newly
sequenced mitochondrial genomes of E. decorata, E. ornata and
E. yayeyamana were the same as those of E. formosa (Lin et al.
2010).

Phylogeny and sequence divergence

The species tree revealed two pairs of sister taxa, E. deco-
rata+ E. ornata and E. formosa + E. yayeyamana (Appendix
S2), consistent with earlier studies (Huang & Lin, 2011; Lee
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& Lin, 2012a, b). The tree branches leading to E. decorata
and E. ornata were shorter than those leading to E. formosa
and E. yayeyamana, suggesting that E. ornata and E. deco-
rata have diverged more recently than the split between E.
formosa and E. yayeyamana. The pairwise sequence diver-
gences of mitochondrial genes were approximately six times
higher than for nuclear genes (mitochondrial, 0.0928 + 0.0054;
nuclear, 0.014 +0.0045) (Appendix S3). The nad2 gene and
the A+ T-rich region had the highest estimated mutation
rates among all mitochondrial genes (0.2552 +0.1493 and
0.3547 +0.2094 x 10~ mutations/year per site, respectively;
Appendix S4).

Patterns of selection

At the population level, the four Euphaea species were
inferred to have the same w-values of less than 1 for all exam-
ined sequences except for nad5 and EFla (Appendix S5), indi-
cating that these genes are under similar levels of purifying
selection across species. Nuclear awd2 had an unrealistically
large @ (999) due to a small dg value (< 0.0001). The w-values
of nad5 in the four Euphaea species were significantly dif-
ferent (y>=23.49, P=0.0001), suggesting variable purifying
selection across species. The least populous E. yayeyamana
from the Yaeyama Islands (Lee & Lin 2012a) had the lowest
o (nad5, 0.0085), indicating that this species had experienced
the strongest purifying selection in nad5, whereas E. formosa
from Taiwan, with a median population size, had the highest »
(nad5, 0.0985), suggesting that it had experienced the weakest
purifying selection among the four species. The @ of EFla in
E. ornata from Hainan Island was significantly greater than 1
(w=1.25; dy = 0.0015, dg = 0.0012), revealing that this gene
might have experienced positive selection in E. ornata.

The average w-values of mitochondrial genes at both the pop-
ulation and species levels were significantly lower than those of
nuclear genes at the population level (Fig. 1), suggesting that
mitochondrial genes experienced stronger purifying selection
than nuclear genes. For species-level analyses of 13 mitochon-
drial protein-coding genes, the one-ratio model (m0) described
the variation of w better than the four-ratio model (m2), except
for atp6 (y>=57.915, P<0.0001; Appendix S5). All 13 mito-
chondrial genes were under purifying selection, except for nads,
which showed a signature for positive selection (w; =11.6780)
due to a small dg value (dy =0.4461; dy =0.0382; Appendix
S6). For atp6, the two Euphaea species (E. formosa and E.
ornata) with medium population sizes had small w-values
(0.0228 and 0.0001, respectively), whereas the most populous
species, E. decorata, had a large w-value (0.5742), and the least
populous species E. yayeyamana also had a small o (0.0422).
Sliding windows revealed potential positive selection between
codon sites 145—151 of awd2 (dy — dg > 0; Fig. 2c). Among
eight nuclear protein-coding genes (Fig. 2a—h), EF I« and opsin
had experienced much more frequent purifying selection than
the others, which had experienced only sporadic purifying selec-
tion across sites. A few nuclear codon sites had experienced
stronger purifying selection (dy — dg <—10) than the others

07 ¢ . .
P=0.999
0.6
* %
1
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0.4+
3 03t
0.2+
01} ﬁ 1
0 ——
nuDNA mtDNA mtDNA
(population) (population) (species)

Fig. 1. The w (dy/ds) of mitochondrial (mt) and nuclear (nu) genes
in population- and species-level analyses of Euphaea. The w of
nuclear genes (0.102 +£0.045) is significantly different from that of
the mitochondrial genes at the population (0.003 +0.034) and species
(0.029 +0.081) levels (Tukey test).

(e.g. codon sites 13 and 151 of arr, codon site 10 and 16 of
fer, and codon site 250 of sdhB). Mitochondrial cox2 and nad5
had also experienced purifying selection at most codon sites
(Fig. 2i, j). Overall, purifying selection occurred more fre-
quently and was more widespread in mitochondrial than nuclear
genes.

Parsimony-informative sites and consistency index

The nad2 and the A+ T-rich region had the highest num-
ber of PI sites among all mitochondrial genes (nad2=0.129,
A+ T-rich=0.128; Table 2). Among the nuclear genes, the
introns of opsin and EF1a had the highest number of PI sites
(opsin=0.057; EFla=0.056). The average number of PI
sites in mitochondrial genes (0.077 +0.342) was approxi-
mately two- and eight-fold higher than that of nuclear introns
(0.039+£0.0158) and exons (0.009+0.004), respectively,
suggesting that the mitochondrial genes are phylogenetically
more informative than nuclear genes at the species level.
Mitochondrial and nuclear genes had overall similar high
CIs (mitochondrial, 0.98040.023, nuclear, 0.965+0.091,
t=0.561, p=0.290; Table 2), suggesting that they had low
amounts of homoplasy.

Relative substitution rates

For both mitochondrial and nuclear genes, the third codons
had the highest substitution rates, followed by the first and
second codons, except for the second codons of awd2, which had
the highest rate among the three codons (Fig. 3a). The relative
substitution rates of nuclear genes were significantly lower than
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Table 2. Summary of the parameter estimates of phylogenetic analyses of mitochondrial (Mt) and nuclear (Nu) genes in Euphaea species

Substitution rate model

Gene Length A+T% PI sites CI¢ Pi a TS TV  Total

Mt coding
nad2 990 74.1 0.129 0.984 0.1520 2.0078 a b,c 3
coxl 1548 64.3 0.089 0.972 0.3411 1.1163 ab cd 4
cox2 688 67.8 0.044 1 0.4877 0.7011 a,b ¢ 3
atp8 159 77.2 0.006 1 0.3157 1.2044 a b 2
atpb 675 69.9 0.070 1 0.2695 1.3661 a b 2
cox3 787 64.6 0.088 0.986 0.3081 1.1830 a,b c¢d 4
nad3 354 70.5 0.118 0.953 0.2721 1.3405 a b 2
nad5 1723 70.3 0.076 0.978 0.3604 0.7979 a b 2
nad4 1344 71.6 0.081 0.956 0.3897 1.0041 a b 2
nad4l 294 73.4 0.069 0.952 0.4180 0.8899 a b 2
nad6 498 73.0 0.103 1 0.2657 1.3477 a b 2
cob 1134 68.5 0.045 0.927 0.4712 0.7676 a b 2
nadl 951 69.1 0.073 0.958 0.3831 1.0008 a,b ¢ 3

Mean + SD 703+3.7 0.076+0.0324 0.9743+0.0236  0.3411+0.0921  1.1329+0.3467

Mt noncoding
[-rRNA 1291 68.9 0.053 1 0.6433 0.7835 a b,c 3
s-rRNA 781 73.9 0.050 1 0.7290 0.7498 a b,c 3
A+T-rich 1109 81.6 0.128 0.993 0.0920 2.7769 a b 2

Mean + SD 748164 0.077+0.0442  0.9977 +0.004 0.4881+0.3457  1.4367 +1.1607

Nu exon
act 423 44.0 0.007 1 0.9724 0.5120 a b 2
arr 303 45.9 0.007 1 0.8836 0.6937 a a 1
awd2 153 54.9 0.007 1 0.9566 0.7341 a b 2
EFla 708 48.1 0.007 1 0.9543 0.3485 a,b ¢ 3
fer 333 529 0.018 0.667 0.9219 0.7074 a b 2
mlc 162 46.9 0.006 1 0.9513 0.6243 a a 1
opsin 309 46.3 0.01 1 0.9405 0.6161 a a 1
sdhB 200 55.5 0.01 1 0.9261 0.6304 a a 1

Mean + SD 493+44  0.009+0.0039 0.9584+0.1177 0.9383+0.0276  0.6083 +0.1256

Nu intron
arr 1039 60.1 0.038 0.952 0.6967 0.7525 a b 2
awd?2 211 76.8 0.043 1 0.7687 0.6882 a a 1
EFla 252 68.5 0.056 1 0.6061 0.7656 a a 1
fer 879 64.3 0.043 1 0.7612 0.7358 a b 2
mlc 731 68.9 0.016 0.857 0.6030 0.6811 a b 2
opsin 1075 69.4 0.057 1 0.4658 0.8496 a b 2
sdhB 200 71.5 0.02 1 0.9170 0.5991 a a 1

Mean + SD 68.5+5.3 0.039+0.016 0.9728 £0.0540  0.6884+0.1459  0.7246 +0.0788

“Excluding uninformative sites.

PI sites, parsimony-informative sites; CI, consistency index; Pi, proportion of invariant sites; «, shape of gamma distribution; TS, transition; TV,

transversion. The substitution rate categories refer to Fig. 4 and Appendix S7.

those of mitochondrial genes (protein-coding and noncoding)
in the third codon sites (r=8.001, P <0.001). As expected,
the third codons of mitochondrial protein-coding genes had the
highest substitution rates. For noncoding mitochondrial genes,
the substitution rate of the A + T-rich region was higher than
that of [-rRNA and s-rRNA. The lowest substitution rate of
the third codons of mitochondrial nad4l (2.0612) was still
three times higher than the highest rate in the third codons
of nuclear fer (0.663). The highest rate of the third codons
of mitochondrial atp6 (4.3913) was approximately 44 times
higher than the lowest rate in the third codons of nuclear
awd?2 (0.0999). We observed that the A + T-rich region had an
intermediate substitution rate between those of the third codons
of mitochondrial protein-coding genes and nuclear genes.

Rate heterogeneity among sites

Higher values of a (shape of gamma distribution) correspond
to genes with less rate heterogeneity among sites (e.g. a more
even distribution of rates among sites). Mitochondrial genes had
higher a (by approximately two-fold) than the nuclear genes
(r=3.814, P <0.001; Table 2; Fig. 3b). The A + T-rich region
had the highest a (2.7769), corresponding to the gene with the
most even distribution of rates among sites. Among mitochon-
drial protein-coding genes, nad2 had the highest a (2.0078),
which was about three times higher than the lowest a, found for
cox2 (0.7011). Nuclear introns and exons had a similarly low a,
with the exons of EF/a having the lowest (0.3485). These results
revealed that at the species level, mitochondrial genes have less
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Fig. 3. Ranking of parameter estimates of phylogenetic analyses of mitochondrial protein-coding (Mt coding), noncoding (Mt noncoding) and nuclear
(Nu) genes of Euphaea in MRBAYES. (a) Relative rates among codon sites estimated using the GTR + SSR model. (b) Shape of gamma distribution («)
estimated in the GTR + I+ G model. (c) Proportion of invariant sites (Pi) estimated in the GTR + I+ G model.

rate heterogeneity (more even rates) among sites than those of
nuclear exons and introns.
Proportion of invariant sites

Among mitochondrial genes, sr-RNA had the highest
Pi (0.7290), which was about five times higher than the

lowest Pi, found for nad2 (0.1520) (Table 2, Fig. 3c). For
nuclear genes, the highest Pi of act (0.9724) was twice that
of opsin introns (0.4658). The average Pi values of both
nuclear introns (0.6884 +0.1459) and exons (0.9383 +0.0276)
were higher than for all mitochondrial genes (0.3687 + 0.1620)
(t="7.787, P <0.001). Except for arr, the Pi of nuclear exons all
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are significant (P <0.001).

approached 1 and were larger than the Pi of introns, suggesting
that all sites in exons were nearly invariable at the species
level. The A + T-rich region had the lowest Pi (0.0920) overall,
indicating that approximately 90% of its sites were variable.
The highest Pi of mitochondrial coding genes was observed for
cox2 (0.4877), which was three times higher than the lowest Pi,
found in nad2 (0.1520).

Transformation rate matrices (Q matrix)

Higher transition rates than transversion rates were observed
for all genes analysed (Fig.4, Appendix S7). Among
mitochondrial genes, transition rates fell into different rate
categories (AG vs CT) in coxl, cox2, cox3 and nadl, sug-
gesting that these genes were more asymmetric in transition
rate distribution than the other genes, which had only one
rate category (nad2, atp8, atp6, nad3—6, nad4l, cob, I-rRNA,
s-rRNA and the A + T-rich region), whereas nuclear genes all
had more symmetric transition rates (only one rate category),

except for EFla exons (Table 2, Fig. 4; Appendix S7). Among
the transversion rates, mitochondrial nad2, coxl, cox3, I-rRNA
and s-rRNA were more asymmetric (two rate categories), with
the remaining mitochondrial genes having only one rate. In
contrast, all nuclear exons and introns were inferred to have only
one transversion rate category and were frequently in the same
rate category as the transition rates (arr exons, awd2 introns,
EFla introns, mlc exons, opsin exons, sdhB exons and sdhB
introns), indicating that they had more symmetric rate matrices.
The highest skew in rate matrix occurred in cox/ and cox3
(four rate categories, relative rates of CT =0.6394 and 0.5701,
respectively; Fig. 4; Appendix S7), which were nearly 63 and 30
times higher than the lowest rates of CG=0.0101 and 0.0189,
respectively, probably due to an excess of CT transitions.

Correlation among parameters

There was a significant negative correlation between « and Pi
(r*=0.6017, P <0.001; Fig. 5a), suggesting that for genes with
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more invariant sites (higher Pi), the remaining sites tended to
show more rate heterogeneity (lower a). The A + T-rich region
and nad2 showed fewer invariant sites (lower Pi) and less rate
heterogeneity (higher «) than the popular cox/ and Ef] « introns.
Values of a were significantly positively correlated with PI sites
(r*=0.6112, P<0.001), indicating that genes with less rate
heterogeneity (higher &) such as the mitochondrial A + T-rich
region and nad2 had more informative sites than many mito-
chondrial and nuclear genes (Fig. 5b). Relative substitution rates
exhibited a significant positive correlation with A+T com-
position (1> =0.4944; p <0.001; Fig. 5c). PI sites were posi-
tively correlated with relative substitution rates (> =0.6721,
P <0.001) (Fig. 5d), indicating that the genes with higher rela-
tive substitution rates (the A + T-rich region and nad2) had more
informative sites.

Discussion

The analysis of the four complete mitogenomes of Euphaea
species provides useful information to guide the choice of mito-
chondrial markers for further phylogenetic and phylogeographic
studies in damselflies. Our results indicate that mitochondrial
protein-coding nad2 and noncoding A + T-rich (control region)
have the highest mutation rates and higher phylogenetic utility
(higher PI, more parsimony-informative sites; higher a, less rate
heterogeneity among sites; higher relative substitution rate) than
all other mitochondrial and nuclear genes analysed. It is sig-
nificant that nad2 (990 bp) and the A + T-rich region (1109 bp)
have a higher number of PI sites, given that many mitochondrial
genes are longer (e.g. nad5, 1723 bp; coxl, 1548 bp). The nad2
and the A + T-rich region should be selected to estimate species
phylogeny and population genealogy in damselflies, given that
financial and technological limitations constrain the use of mul-
tiple genes, longer sequences or whole-genome sequencing.
These two mitochondrial genes had similar high values for CI
(less homoplasy) compared with nuclear genes; however, the
nad2 and the A + T-rich region show slight disadvantages in their
QO matrices (more asymmetry of rate categories) compared with
the nuclear genes.

The mitochondrial gene cox!/ is now a widely used animal
DNA barcoding marker for species identification (over 163 000
coxl sequences, release 6.50 — v1, 31 December 2015, the
Barcode of Life Data System, http://www.boldsystems.org).
However, the successful identification rates of using cox/ for
many related insect taxa were low (e.g. Meier et al., 2006; Elias
et al. 2007; reviewed in Jinbo et al. 2011), and the sequences
of coxI were found to be under positive selection or selection
relaxation [e.g. mirid bugs (Miridae); Wang et al., 2017]. Our
findings suggested that cox/ was approximately average in
all parameter estimates of phylogenetic performance and was
sometimes outperformed by other mitochondrial genes (e.g.
nad3 and nad6) at the species and population levels. This result
is surprising given that nd3 and nd6 are among the smallest
mitochondrial genes, and cox/ is among the largest. McDonagh
et al. (2016) came to a similar conclusion that cox/ might not
be the most appropriate genetic marker based on a mitogenomic

analysis of higher relationships of insects at the order level.
The coxI and other mitochondrial genes (such as /25, 16S and
cob) that were used earlier in the field were not chosen because
they are particularly informative phylogenetically, but rather,
they were chosen because of the presence of highly conserved
primers.

Although not as frequently used as the protein-coding nad?2
(e.g. Chen et al. 2017), the noncoding A + T-rich region has
been shown to be a particularly suitable molecular marker in
species-level phylogenetics and phylogeographic studies and
in delimiting cryptic species, e.g. click beetles (Elateridae,
Amaral etal., 2017), butterflies (Erebia, Vila & Bjorklund
2004) and flies (Drosophila, Oliveira et al. 2007). Our results
confirmed that the A + T-rich region exhibits the best quality for
phylogeographic and population analyses, including the highest
a, PI sites, and relative substitution rate for resolving recently
diverged species and populations. Currently the A4 T-rich
region is rarely used in phylogeographic and population genetic
studies of damselflies (Ballare & Ware 2011; Bybee et al. 2016),
probably due to the unavailability of taxon-specific primers, the
difficulty of directly sequencing the A + T-rich region, which has
numerous tandem repeats, and the analytical problems of highly
variable lengths and indels. Nevertheless, the advancement of
next-generation sequencing technologies (Goodwin et al. 2016),
the collection of conserved primers and amplification protocols
(reviewed in Simon efal. 1994, 2006) and the accelerated
accumulation of complete damselfly mitochondrial genomes
(e.g. Lin et al. 2010; Lorenzo-Carballa et al. 2014, 2016; Chen
et al. 2015; Wang et al. 2015; Feindt et al. 2016a, b) will greatly
facilitate the development of taxon-specific nad2 and A + T-rich
region primers in diverse damselfly species. Determining the
phylogenetic utility of these two mitochondrial markers in other
damselflies requires further studies.

Apart from the frequently used nuclear loci such as riboso-
mal genes (/8S, 5.8S, 28S and ITS), histone 3 (H3) and EF/«a
(Ballare & Ware 2011), few new nuclear genetic markers for
damselflies have been developed for phylogeography and popu-
lation genetic studies except for the exon-primed intron-crossing
(EPIC) markers in Euphaea (Lee & Lin 2012a) and Coena-
grion (Ferreira et al. 2014). The development of species-specific
EPIC primers or microsatellites containing single nucleotide
polymorphisms (SNPs) is time-consuming and may not be eas-
ily applied across a range of taxa. Until now, phylogeographic
and population genetic studies of damselflies have remained
impeded by the lack of a set of high-resolution genetic markers
that can be easily applied across species. Mitochondrial nad2
and the A + T-rich region therefore provide efficient options as
high-resolution markers for the first empirical screen of genetic
diversity in targeted damselfly species and populations.

Our findings indicated that most mitochondrial and nuclear
genes in Euphaea damselflies experienced frequent purifying
selection, except for two cases of potential positive selection
in EFla of E. ornata and nad3 at the species level. However,
the putative signatures of positive selection identified in EFla
and nad3 should be treated with caution because of the limi-
tation of our sample sizes. The main selective force driving the
sequence variation of most mitochondrial genes in Euphaea was
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purifying selection rather than positive selection (genetic draft;
Bazin et al., 2006, Mulligan et al., 2006). This is not surprising
given that the proteins transcribed by mitochondrial genes are
used in electron transport chains that are important in energy
metabolism. Therefore, most mutations in mitochondrial genes
are probably deleterious and removed by strong purifying selec-
tion (Boore 1999; Ballard & Whitlock 2004). We found evidence
to show that mitochondrial genes had experienced stronger puri-
fying selection than nuclear genes in Euphaea species, given that
the effective population size of mitochondrial genes is only a
quarter of that of nuclear genes. However, the estimated strength
of selection in mitochondrial genes did not correlate with the
population sizes of the Euphaea species, suggesting that factors
other than population size (neutral evolution), such as extreme
purifying selection, lineage-specific adaptive selection and life
history, may work together to shape mitochondrial genetic diver-
sity (Stoeckle & Thaler 2014; Ellegren & Galtier 2016).
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Appendix S4. Mutation rates of mitochondrial genes of
Euphaea calculated using the Tajima—Nei model in MEGA.

Appendix S5. The dy/dg ratios (@) of mitochondrial and
nuclear genes of Euphaea calculated using the branch model
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