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Abstract

Heteroptera are among the most diverse hemimetabolous insects. Seven infraorders have been recognized within this suborder
of Hemiptera. Apart from the well-established sister-group relationship between Cimicomorpha and Pentatomomorpha (= Ter-
heteroptera), the two terminal lineages, the relationships among the other five infraorders are still controversial, of which three
(Gerromorpha, Nepomorpha and Leptopodomorpha) are intimately connected to aquatic environments. However, the various
and often conflicting available phylogeny hypotheses do not offer a clear background for a connection between diversification
and palaeoenvironments. In this study, a molecular data set representing 79 taxa and 10 149 homologous sites is used to infer
the phylogenetic relationships within Heteroptera. Bayesian inference, maximum-likelihood and maximum parsimony analyses
were employed. The results of phylogenetic inferences largely confirm the widely accepted phylogenetic context. Estimation of
the divergence time based on the phylogenetic results revealed that Gerromorpha, Nepomorpha and Leptopodomorpha origi-
nated successively during the period from the Late Permian to Early Triassic (269-246 Ma). This timescale is consistent with the
origin and radiation time of various aquatic holometabolans. Our results indicate that the aquatic and semi-aquatic true bugs
evolved under environmental conditions of high air temperature and humidity in an evolutionary scenario similar to that of the
aquatic holometabolans.

© The Willi Hennig Society 2015.

Background belonging to nine orders: Odonata, Ephemeroptera,
Plecoptera, Hemiptera, Megaloptera, Coleoptera, Tri-
Aquatic insects account for nearly one-tenth of all choptera, Lepidoptera and Diptera. Among these,

insects (Morse, 2009; Zhang, 2011), with the majority Ephemeroptera, Odonata, and Plecoptera apparently

originated and diversified earlier than the holometabo-

lan insects (Scherbakov and Popov, 2002; Misof et al.,
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Fig. 1. Alternative hypotheses about the infraordinal relationships of Heteroptera. (a) after Schu}l (1979), (b) after Zrzavy (1992), (c) after
Wheeler et al. (1993), (d) after Xie et al. (2008), (e) after Li et al. (2012) and (f) after Weirauch and Stys (2014).

Triassic (Hunt et al., 2007; Bertone and Wiegmann,
2009; Winterton et al., 2010; Wiegmann et al., 2011).
Compared to those aquatic insects, our understanding
of the origin and divergence times of the aquatic lin-
eages within Hemiptera has not been well recognized.
Within Hemiptera, nearly all of the aquatic groups
belong to the suborder Heteroptera (true bugs). Het-
eroptera consists of more than 40 000 described species
in approximately 89 families worldwide (Weirauch and
Schuh, 2011) and is composed of seven infraorders
(Stys and Kerzhner, 1975), of which Gerromorpha,
Nepomorpha and Leptopodomorpha, and Dipsocori-
dae in the infraorder Dipsocoromorpha, are—with
only a few exceptions—closely tied to aquatic environ-
ments. Most members of the semi-aquatic Gerromor-
pha are typically pleustonic, meaning that they have
the ability to walk on the water surface, such as
Mesoveliidae, Hebridae, Paraphrynoveliidae, Macrov-
eliidae, Gerridae, Veliidae, Hydrometridae and Herma-
tobatidae. Some of them even live on the water
surface, such as Hermatobatidae, most Gerridae and
many Veliidae. Most members of Nepomorpha, or true
water bugs, are fully aquatic in all life stages; these

comprise the families Corixidae, Micronectidae,
Diaprepocoridae, Nepidae, Belostomatidae, Naucori-
dae, Aphelocheiridae, Potamocoridae, Notonectidae,
Pleidae and Helotrephidae. The nepomorphan families
Gelastocoridae and Ochteridae are exceptional, as they
mostly occur in riparian habitats. Leptopodomorpha,
or shorebugs, including four families (Saldidae,
Aepophilidae, Leptopodidae, Omaniidae) are usually
associated with habitats along water margins. For con-
venience, these three infraorders will be referred to as
“aquatic infraorders” in the following text, using this
term in a broad sense. Among the three aquatic infra-
orders of Heteroptera, Nepomorpha shows the stron-
gest morphological and biological adaptation to
aquatic habitats; those of Gerromorpha and Lep-
topodomorpha are relatively weaker. A better recogni-
tion on the phylogenetic positions of these three
lineages is crucial for understanding the origin and
diversification of them.

In earlier studies based on morphological characters
or combined partial 18S rDNA, these three aquatic
infraorders appeared as successively branched lin-
eages (Schuh, 1979; Wheeler et al., 1993) (Fig. 1a, ¢).
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Nevertheless, this view has been challenged by some
morphological, molecular and palacoentomological
studies (Mahner, 1993; Scherbakov and Popov, 2002;
Li et al., 2012). These three papers offered a topology
with Nepomorpha located at the basal position within
Heteroptera (Fig. le), and the corresponding chrono-
gram suggested that Nepomorpha diverged roughly
250 Ma. However, the other two aquatic infraorders
appeared neither in sister-group positions nor as suc-
cessively branched lineages next to Nepomorpha, indi-
cating that the aquatic habits of Gerromorpha,
Nepomorpha and Leptopodomorpha most likely origi-
nated independently, in separated timespans. More-
over, other hypotheses still exist for the phylogenetic
relationships between the infraorders of Heteroptera
(Zrzavy, 1992; Xie et al., 2008; Weirauch and Stys,
2014) (Fig. 1b, d, f). In both the works of Xie et al.
(2008), focusing on the phylogenetic relationships
between the suborders of Hemiptera, and Weirauch
and Stys (2014), focusing on the phylogeny of Dipso-
coromorpha, the taxon sampling covered all seven
infraorders of Heteroptera and thus provided some
direct evidence for the phylogeny of Heteroptera.
Although Nepomorpha is not the basal lineage in
these studies, the phylogenetic positions of the three
aquatic infraorders are not consistent and are always
entangled with Dipsocoromorpha. Therefore, after
35 years of efforts to infer the higher level phylogeny
of Heteroptera, the phylogenetic relationships among
the seven infraorders remain controversial except for
the sister relationship between Cimicomorpha and
Pentatomomorpha  (Schuh, 1979; Zrzavy, 1992;
Wheeler et al., 1993; Fischer et al., 2000; Xie et al.,
2008; Schuh et al., 2009; Cassis and Schuh, 2010; Li
et al., 2012; Weirauch and Stys, 2014) (Fig. 1).

From a palaeontological view, the oldest definitive
fossil records of Heteroptera almost all belong to
Nepomorpha. They can be dated back to the Late Tri-
assic approximately 230 Ma and include Belostomati-
dae, Naucoridae, Notonectidae and Ochteroidea
(Scherbakov and Popov, 2002; Grimaldi and Engel,
2005). By comparison, most fossil records of the other
six infraorders appeared much later. Fossil records of
Leptopodomorpha appeared at the Triassic/Jurassic
boundary, while the remaining five infraorders
appeared in the middle or late Jurassic. The absence of
fossil Gerromorpha from the Triassic is a mystery
because they should be at least of the same age or,
according to the currently most widely accepted the-
ory, even older than Nepomorpha and Leptopodomor-
pha (Schuh, 1979; Wheeler et al., 1993) (Fig. la, c),
and have a similar chance of fossilization because they
live in the same environment. The extant families of
aquatic bugs had already existed since the Late Trias-
sic, but the time of the origin of Heteroptera and its
major clades is still unknown. Until we find abundant

definitive heteropteran fossil records from or before
the Early Triassic, the molecular-based divergence time
estimation can be used as an alternative method for
understanding the early evolutionary history of
heteropterans.

As a result, inconsistent topologies in various studies
containing phylogenetic inferences of Heteroptera have
prevented estimations of the divergence times of the
major lineages of the suborder. Although it appears
that researchers had employed the same molecular
markers—rDNAs—in the aforementioned studies,
differences in the length of the molecular markers,
alignment methods and whether they are combined
with mitochondrial genes can result in different phylo-
genetic inferences (Wheeler et al., 1993; Xie et al.,
2008; Li et al., 2012; Weirauch and Stys, 2014).
Although several complete sequences of 18S rDNA for
true bugs are currently available from GenBank, only
six complete sequences of 28S rDNA exist. Further-
more, no record of mitochondrial genomes for the
Dipsocoromorpha is yet available.

In addition to the uncertainties in the phylogenetic
studies, several weak points in the analyses of diver-
gence times might also bias the estimates. First, hard
bounds on priors probably can result in high uncer-
tainties of the deduced timescale mainly due to the dif-
ficulties in arbitrarily determining a proper maximum
hard bound, in which the underestimation can be too
exclusive while the overestimation can be too uninfor-
mative (Ho and Phillips, 2009; Wheat and Wahlberg,
2013). Second, a single calibration point cannot
accommodate possible inaccuracy of the record for
calibration (Hug and Roger, 2007; Ho and Phillips,
2009), and the deviations of the estimated time for the
nodes distant from the calibrated one can be very large
(Linder et al., 2005). Third, excessive restrictions on
priors are not beneficial either, because they would
result in overly informative priors, and then the func-
tion of the dataset per se in divergence time estimation
would be weakened (Welch et al., 2005; Sanders and
Lee, 2007; Heled and Drummond, 2012).

Here, we used Bayesian inference (BI), maximum-
likelihood (ML) and maximum parsimony (MP) to
infer the phylogeny of the seven infraorders of Het-
eroptera based on the complete sequences of two
nrDNAs (18S rDNA and 28S rDNA) and all 13 pro-
tein coding genes (PCGs) in mitochondrial genomes.
Each infraorder has at least three representative
groups in the taxon sampling, with two in the out-
group Coleorrhyncha. Furthermore, an established
Bayesian relaxed-clock approach (Drummond et al.,
2006) was used to infer a comprehensive timescale for
the evolution of Heteroptera, with special attention
to the aquatic infraorders. To avoid analytical biases,
multiple calibrations and soft bounds on priors were
used.
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Materials and methods
Taxon sampling

We sampled a total of 79 species, 77 of which are
heteropterans and 2 of which are species of Coleor-
rhyncha serving as outgroups (Table S1). The sampled
species included most superfamilies of the seven infra-
orders, including some very poorly known and rarely
collected taxa, such as Aenictopecheidae (Enico-
cephalomorpha) (a new genus and species from Tibet
currently under study by Stys et al.). For rDNAs, 75
complete 18S and 28S sequences were newly sequenced
in this study. Furthermore, mitogenomes of three
heteropterans are reported here for the first time:
Kokeshia xiei (Dipsocoromorpha: Schizopteridae)
(Accession number: JN989542), Ptilomera tigrina (Ger-
romorpha: Gerridae) (Accession number: KP400583)
and Entomovelia sp. (Gerromorpha: Veliidae) (Acces-
sion number: KP400582).

Molecular experiments

All of the specimens collected for the experiments
had been preserved in absolute ethanol. Total genomic
DNA was extracted by a CTAB-based method (Rein-
eke et al., 1998) from either muscle tissue of the tho-
rax or the whole body (excluding the abdomen)
according to the individual size of the sampled species.
The primer sets used for amplification as well as for
sequencing are listed in Table S2. The primers Nsl
and Ns8 were from Barker et al. (2003), 18SP3 and
18SP2/18SP4 were from Campbell et al. (1995), while
the other primer sets were designed for this study. The
thermal cycling program for the polymerase chain
reaction of 28S rDNAs and mitochondrial fragments
included an initial denaturation at 94 °C for 1 min,
denaturation of 30-35 cycles for 20-30 s at 94 °C,
annealing for 30 s—1 min at 47-60 °C, elongation for
1-10 min at 72 °C depending on the size of the prod-
ucts, and a final elongation for 10 min at 72 °C. The
thermal cycling program for 18S rDNA followed
Johnson and Clayton (2000).

Alignment and secondary structure reconstruction

All sequences were initially aligned by the program
Muscle embedded within MEGA 6.06 (Tamura et al.,
2013). The alignments of ntDNAs were then checked
and manually corrected on the basis of the secondary
structure models of heteropteran 18S rRNA (Fig. S1)
and 28S rRNA (Figs S2 and S3), which refer to the
general model of 18S and 28S rRNAs for Hexapoda
(Xie et al., 2009; Wang et al., 2013), respectively. The
secondary structure reconstructions for 18S and 28S
rRNAs were realized by thermodynamic folding using

RNA structure 5.3 (Reuter and Mathews, 2010) and
comparative analyses, which have been repeatedly
described in previous studies (Kjer, 1995, 2004; Gutell
et al., 2002; Misof et al., 2006; Xie et al., 2009; Wang
et al., 2013). Five length-variable regions exist in 18S
rDNA for which the positional homology of nucleo-
tides cannot be determined (Fig. S1, File S1), while 10
similar regions are found in 28S rDNA (Figs S2, S3
and File S1). These length-variable regions were elimi-
nated before the process of phylogenetic reconstruction
and the estimation of divergence times. The finally
concatenated alignment consists of 10 149 sites, of
which 6416 sites are nucleotides from 18S and 28S
rDNAs, and 3733 sites are amino acids from the 13
PCGs in mitochondrial genomes (File S2, available at
http://dx.doi.org/10.5061/dryad.1b0g8).

Phylogenetic reconstructions

Phylogenetic analyses were conducted utilizing BI,
ML and MP. The programs jModeltest 2.1.1 (Posada,
2008) and Treefinder (Jobb, 2011) were used to infer
the best substitution model for the nrDNAs and
amino acids, respectively. The BI were performed in
MrBayes 3.2.5 using the Beagle library on CPUs
(Ronquist et al., 2011). In MrBayes, the GTR substi-
tution model for the partition of nrDNAs and the
mixed substitution model for the partition of amino
acids were used under a gamma distribution (+G) with
a proportion of invariable sites (+I) to account for
among-site rate variation. Other parameters were set
as follows: generations = 5 000 000, samplefreq =
1000, printfreq = 1000, nchains = 4, and the genera-
tions with values of the standard deviation greater
than 0.01 were discarded. The numbers of burned gen-
erations were also checked with the help of Tracer 1.5
(available at http://beast.bio.ed.ac.uk/Tracer). The ML
analysis was undertaken using RAXML 8.0.12 in
PThreads version (Stamatakis, 2014). For RAxML,
the substitution model GTR+G+I for the partition of
nrDNAs; amino acid substitution models mtArt+G+I
for the partition of COI, COII, NDI and ND4L; and
mtZOA+G+I for the partition of the remaining 9
PCGs turned out to be the most appropriate ones.
The best ML tree was calculated from 100 RAxML
runs, followed by 2000 bootstrap replicates. Bootstrap
proportions were then mapped onto the best ML phy-
logram. The MP analysis was performed using Tree
analysis using New Technology (TNT) (Goloboff
et al., 2008). All characters were equally weighted and
gaps were treated as missing characters (Ogden and
Rosenberg, 2007). Clade robustness was evaluated by
using the jackknife resampling (independent character
removal) and the bootstrap reweighting (Poisson inde-
pendent). The traditional searches for trees were per-
formed under TBR (tree bisection reconnection)
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branch swapping and 100 random replicates. Jackknife
and bootstrap resampling were calculated with 2000
replicates.

Divergence time estimation

The program BEAST 2.1.3 was applied to simulta-
neously calculate divergence times and reconstruct het-
eropteran phylogenetic relationships (Bouckaert et al.,
2014). The program BEAUti 2.1.3 (Bouckaert et al.,
2014) was used to generate the file used in the BEAST
analysis. The substitution model used for nrDNAs in
BEAST was the same as that in the ML analysis, while
the mtREV substitution model was used for amino
acids due to the limited models available in BEAST.
The birth—death speciation process of priors (Stadler
et al., 2013) and the relaxed clock allowing the substi-
tution rate to vary according to an uncorrelated log-
normal distribution (Drummond et al., 2006) were
implemented. Initial runs with BEAST showed that
Notonectidae + Pleoidea, Ochteroidea, Nepoidea,
Naucoroidea and Lygaeoidea did not remain mono-
phyletic. As the monophylies of Notonecti-
dae + Pleoidea, Ochteroidea and Nepoidea (Mahner,
1993; Hebsgaard et al., 2004; Li et al.,, 2014), the
monophyly of Naucoroidea (Mahner, 1993; Schuh and
Slater, 1995; Hua et al., 2009; Li et al., 2014), and the
monophyly of Lygaeoidea (Schuh and Slater, 1995;
Henry, 1997) have been widely accepted, we con-
strained the corresponding clades in BEAST analyses.
All other priors, except calibration points described
below, were left to the defaults in BEAST.

Fifteen fossil records from various lineages were used
in calibration (Table 1). An attempt was made to use
the oldest convincing fossil record known for each
group (Tillyard, 1926; Popov, 1971; Lin, 1985; Popov
et al., 1994; Fraser et al., 1996; Azar et al., 1999; Perri-
chot et al., 2005; Yao et al., 2006, 2007a,b; Damgaard,
2008; Azar and Nel, 2010; Hou et al., 2012). According
to the criteria suggested by Parham et al., 2012, we pro-
vided information on fossil taxon descriptions, locali-
ties, age, mode of preservation and references for each
fossil record (Table 1). All calibration points were set as
normal distributions (Table 1). The mean was set to the
middle value of the stage/age in which the correspond-
ing fossil was located, while the bounds for the 95%
confidence interval (CI) were set as the starting time of
one stage/age carlier and the ending time of one stage/
age later. Each fossil record was used to calibrate the
most adjacent ancestral node with definitiveness.
Among the calibrated nodes, each one was correspond-
ing to one fossil record, except for the root node, at
which two fossil records were used. For the clade
Heteroptera + Coleorrhyncha,  Actinoscytina  bel-

montensi is the oldest definitive fossil record discovered
up to now, and it can be dated back to 254.0-252.3 Ma.
As it is among the stem groups of Coleorrhyncha, it was
used to calibrate the root node in a consistent way of
calibration as the other nodes. The mean of the 95% CI
of the root node was set as the middle value of the
timespan 254.0-252.3 Ma. However, the setting of the
standard deviation value for the root node is a little bit
different from the other calibrated nodes for two rea-
sons. For one thing, the time intervals corresponding to
the stage/age of the fossil record Actinoscytina bel-
montensi and its adjacent two are very narrow, which
may result in excessive restrictions on the root node.
For the other, several definitively the oldest fossil
records of Heteroptera in various extant families from
the Late Triassic, approximately 230 Ma, have been
described. Combining the information from the earliest
fossil records of Coleorrhyncha and Heteroptera, the
prior distribution of the origin and early diversification
of Heteroptera is proposed to be 253 4+ 23 Ma. There-
fore, one of the earliest fossil records of Heteroptera
was selected to serve as the minimum bound of the 95%
CI of the root node.

The analysis was run for 1 000 000 000 generations
and sampled every 1000 generations. Effective sample
sizes (ESS), marginal densities of priors and posteriors,
and all other parameters were checked in the Tracer
v.1.5 program (available at http://beast.bio.ed.ac.uk/
Tracer). TreeAnnotator (Bouckaert et al., 2014) was
used to summarize the set of post-burn-in trees and
their parameters, to produce a maximum clade credi-
bility (MCC) chronogram showing mean divergence
time estimates with 95% high posterior density (HPD)
intervals. All of the ESSs were above the recom-
mended threshold of 200, indicating that the parame-
ter space had been sufficiently sampled.

Two additional analyses were also conducted. The
first was a “null analysis” which ran under the priors
without sequence data only to assess whether the prior
distribution was sufficiently wide—not too informative
to accommodate the impact of sequence data. In the
null analysis, the only difference was that the nucleotide
and amino acid sequences were replaced with a series of
missing states: NNNN (Bouckaert et al., 2014). The
results of null analysis were compared with those
obtained with the sequence data to assess whether our
sequence data had also contributed to the posterior
estimation. The second analysis was used to assess the
impact of missing data on divergence time estimation.
Only those species that had both the complete nrDNA
and all amino acid sequences of the 13 PCGs were
selected to constitute a new matrix. This new matrix,
consisting of 32 objects, was used in a separate BEAST
analysis with the same settings as described above.
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Confidence test of the selected node in the ML result

We assessed the confidence of the sister relationship
of  Enicocephalomorpha and  Dipsocoromorpha
obtained in the ML analysis with the program CON-
SEL (Shimodaira and Hasegawa, 2001). We first con-
strained the monophyly of Euheteroptera (including
the other six infraorders without Enicocephalomorpha)
and inferred the best ML tree based on this topology-
constrained tree using RAxML 8.0.12 (Stamatakis,
2014). Subsequently, both the constrained and noncon-
strained best ML trees were used for the site-wise log-
likelihood analysis. The only major difference between
the two best ML trees was the position of Dipsocoro-
morpha. P-values were calculated by the main approx-
imately unbiased (AU) test and various supplementary
tests, which reflected the confidence of the selected
topology.

Results
Phylogenetic analyses

Phylogenetic analyses using BI, ML and MP yielded
largely congruent trees with high posterior probabili-
ties and bootstrap values. The resulting trees are pre-
sented in Fig. 2 and Figs S4-S6, and contain detailed
information about node support values. All seven
infraorders were found to be monophyletic with high
node support values, except the lower ones for Cimico-
morpha and Nepomorpha in the MP analysis. In
addition, Panheteroptera, Leptopodomorpha + Ter-
heteroptera (sensu Weirauch and Stys, 2014, equal to
Cimicomorpha + Pentatomomorpha), and Terheterop-
tera were all shown to be monophyletic groups with
high support values. In addition, Gerromorpha was
strongly supported as a sister group to Panheteroptera
(= Nepomorpha + (Leptopodomorpha + (Cimicomor-
pha + Pentatomomorpha))) in the MP analysis and
with moderate bootstrap values in the ML analysis.

In all of the phylogenetic analyses, Enicocephalo-
morpha together with Dipsocoromorpha formed a
monophyletic group with high support values. This
clade was strongly supported as the basal heteropteran
lineage. For the ML analysis, the P-value of the AU
test of the clade (Enicocephalomorpha + Dipsocoro-
morpha) was 0.995, and the P-value for the clade
Euheteroptera was 0.005, which is less than the signifi-
cance level of 0.05. The other P-values obtained by
Kishino—Hasegawa  (KH), Shimodaira—Hasegawa
(SH), and the weighted Kishino—Hasegawa (WKH)
and weighted Shimodaira—Hasegawa (WSH) tests for
the clade Euheteroptera were 0.006. As the P-values
are lower than the significance level of 0.05, the alter-
native topology can be rejected. That means that the

sister relationship between Enicocephalomorpha and
Dipsocoromorpha obtained using the ML analysis is
robust. Our estimated topology is therefore largely
congruent with that reported by Wheeler et al. (1993),
differing only in the position of the Dipsocoromorpha
(Fig. 2).

Within Nepomorpha, the superfamilies Nepoidea (=
Belostomatidae + Nepidae), Ochteroidea (= Gelasto-
coridae + Ochteridae) and Pleoidea (= Pleidae +
Helotrephidae) are monophyletic groups with high
node support values in all analyses, which agrees with
the opinions of Popov (1971), Rieger (1976), Mahner
(1993), Hebsgaard et al. (2004) and Li et al. (2014).
Besides, the monophyly of Notonectidae + Pleoidea
was strongly supported in the BI and ML analyses.
For Corixoidea (according to Chen et al., 2005) and
Naucoroidea (according to Mahner, 1993; Schuh and
Slater, 1995), including two more families such as
Diaprepocoridae and Potamocoridae in the future will
further facilitate recognition of the monophyly of these
two superfamilies. As for Cimicomorpha, our results
showed that this infraorder is split into three main lin-
eages: Miriformes (consisting of Tingidae, Miridae and
Thaumastocoridae), Cimiciformes (consisting of Nabi-
dae, Anthocoridae and Cimicidae), and Reduvioidea
(Reduviidae). Such a context is largely congruent with
Schuh and Stys (1991) and Schuh et al. (2009). Aradi-
dae was consistently recovered as the sister group to
the rest of Pentatomomorpha. This result supports the
widely accepted recognition of Pentatomomorpha (cf.
Schuh and Slater, 1995) and conflicts with the opinion
of Sweet (1996, 2006) who excluded Aradidae from Pen-
tatomomorpha and recognized a sister-group relation-
ship between Leptopodomorpha + Pentatomomorpha
(without Aradidae). At the same time it also offers
strong support for the monophyly of Trichophora in
accordance with the broadly held views of previous
authors (Stys and Kerzhner, 1975; Schaefer, 1993; Hua
et al., 2008; Tian et al., 2011; Yao et al., 2012).

Divergence times estimation

The MCC tree is displayed in Fig. 3 with a median
node height and a 95% HPD interval for each main
clade. We estimated that the divergence time between
Gerromorpha and Panheteroptera was 269 Ma, with a
95% HPD of 254-284 Ma. The next divergence
between Nepomorpha and Leptopodomorpha + Ter-
heteroptera is estimated to have occurred 258 Ma
(95% HPD 244-272 Ma) in the Late Permian and
Early Triassic, followed by the divergence between
Leptopodomorpha and Terheteroptera 246 Ma (95%
HPD 231-260 Ma) in the Early Triassic. The split
between Cimicomorpha and Pentatomomorpha
occurred 231 Ma (95% HPD 217-245 Ma) in the
Carnian stage of the Triassic. Within Nepomorpha,
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Fig. 2. Phylogenetic tree based on complete taxon sampling. Numbers above each node indicate maximum-likelihood (ML) bootstrap values
and Bayesian posterior probabilities values. Numbers below each node indicate maximum parsimony (MP) jackknife values and bootstrap val-
ues. A dash is shown if the topology is not shown in the maximum parsimony analysis. The lengths of the branches follow the phylogram of the

ML tree. Internal branches not supported by MP analysis were drawn as dashed lines.
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Fig. 3. Estimated divergence times of major Heteroptera clades based on complete taxon sampling. Blue bars indicate 95% mean confidence
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Table 2
Ages of the major clades of Heteroptera (HPD, higher posterior den-

sity)

Mean divergence time and 95%

HPD (Ma)

Clades 79 taxa 32 taxa

Neoheteroptera 269 (254-284) 267 (252-282)
Panheteroptera 258 (244-272) 254 (240-269)
Leptopodomorpha + 246 (231-260) 243 (229-257)

Terheteroptera

Terheteroptera 231 (217-245) 228 (214-243)
Cimicomorpha 216 (197-233) 214 (197-231)
Pentatomomorpha 211 (197-224) 210 (195-224)
Gerromorpha 211 (171-246) 195 (158-229)
Nepomorpha 240 (226-254) 236 (223-249)

Split between
Enicocephalomorpha
and Dipsocoromorpha

Origin of Miroidea

228 (191-262) 229 (189-264)

200 (183-218) 200 (183-217)

the first diversification is estimated to have occurred
240 Ma (95% HPD 226-254 Ma); the superfamilies
then further diversified in the Late Triassic. Almost all
of the extant families had already appeared approxi-
mately by the early Jurassic.

An assessment of prior bias on posterior estimates

In order to avoid a distortion of the time estimates by
a systematic misplacement of fossil calibration points,
all of the calibration points can be placed within a reli-
able systematic context. These calibration points were
distributed across all seven infraorders of Heteroptera,
and all of these calibration points were set as normal
distributions. After comparing the prior and posterior
distributions of the 14 calibration points, we found that
the posterior distributions of the age estimations were
approximately the same as the prior distributions for
four of the nodes (Cimiciformes, Corixoidea, Lep-
topodomorpha and Pentatomoidea). However, they
were older for five of the nodes (root, Dipsocoromopha,
Enicocephalomorpha, Notonectidae + Pleoidea and
Miroidea) and younger for the remaining five nodes
(Coreoidea, Gerroidea, Lygaeoidea, Ochteroidea and
Nepoidea) (File S3). The results indicated that our data
did contribute to the posterior estimates, that is, the 14
soft priors did not result in overparameterization and
thus dominate the posterior estimates (Heled and
Drummond, 2012; Wheat and Wahlberg, 2013). Alter-
natively said, the divergence time had been inferred
based on the dataset in combination with prior settings.

Effect of missing data on divergence time estimates

After removing the species having only nrDNA
sequences from the original dataset, the divergence

times of the main clades were re-estimated (Fig. S7).
The effect of data reduction on the divergence time
estimations was minimal. Mean estimates and their
95% HPD for the main clades of interest were tabu-
lated for easy access (Table 2). The 95% HPD for
almost all of the clades correspondingly overlapped.
Mean divergence times for most nodes fluctuated by a
few million years compared with the results obtained
from the complete dataset. The one exception was the
Gerromorpha node, which appeared to be 16 Myr
younger than the result from the original dataset, but
the 95% HPD of this node in the original dataset is
skewed within the 95% HPD of the minor dataset.

Discussion
Phylogenetic relationships

In this study, we made considerable efforts in taxon
sampling for the outgroup Coleorrhyncha and the
ingroup of all seven infraorders of Heteroptera, espe-
cially for Enicocephalomorpha in which the Aenic-
topecheidae was incorporated for the first time in a
phylogenetic study of Heteroptera. In addition, three
families of Dipsocoromorpha (i.e. Dipsocoridae,
Schizopteridae and Ceratocombidae) were included.
The taxon sampling included 77 species from 54 fami-
lies of the seven infraorders. Seventy-five newly
sequenced and complete 18S rDNA and 28S rDNA
sequences were provided for the first time in this
study. In addition, data for the mitochondrial PCGs
also come from Coleorrhyncha and all seven infraor-
ders of the true bugs, among which the mitochondrial
genome of Dipsocoromorpha is reported here for the
first time. These newly obtained sequences make it
possible to reconstruct the phylogenetic relationships
between the different infraorders of Heteroptera based
on complete sequences of both nrDNAs and mito-
chondrial PCGs.

There is little agreement on the phylogenetic posi-
tion of Nepomorpha within Heteroptera in previous
studies. Five competing hypotheses have been pro-
posed (Fig. 1), some of them suggesting a sister-group
relationship with either Leptopodomorpha (Schuh,
1979) or Leptopodomorpha + Terheteroptera (Wheeler
et al., 1993). Others recover the infraorder as the basal
one of Heteroptera (Mahner, 1993; Scherbakov and
Popov, 2002; Li et al., 2012) or the second branch next
to Enicocephalomorpha (Xie et al., 2008; Weirauch
and Stys, 2014). Mahner (1993) placed Nepomorpha
as the basal clade based on a set of morphological
characters; this hypothesis later received support from
the fossil record and morphological characters (Scher-
bakov and Popov, 2002). A recent work based on
molecular data also arrived at the same conclusion (Li
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et al.,, 2012). Among the molecular markers used in
that study, nrDNAs played a key role in determining
topology; the mitochondrial 16S rDNA and COI were
also likely saturated and provided little information
for addressing the infraordinal relationships. The weak
contributions of mitochondrial 16S rDNA and COI
were also observed in a case study of Cimicomorpha
(Tian et al., 2008). Compared to the molecular phylo-
genetic studies of Heteroptera that only recruited
nrDNAs (Wheeler et al., 1993; Xie et al., 2008), the
basal position of Nepomorpha needs to be cautiously
treated. In this study, complete nucleotide sequences
of the 18S and 28S rDNAs and amino acid sequences
of all 13 PCGs in mitochondrial genomes have been
combined. The monophyly of Panheteroptera was con-
sistently recovered with 100% Bayesian posterior
probability, 92% likelihood bootstrap value, and 82%
parsimony jackknife and 72% parsimony bootstrap
values. This is congruent with the hypothesis of Schuh
(1979), Wheeler et al. (1993) and Schuh et al. (2009).
The traditionally well-established clade Terheteroptera
was reinforced in our analyses. In addition, Lep-
topodomorpha was placed as a sister group of
Terheteroptera, which had also been shown by several
previous studies (Wheeler et al., 1993; Cassis and
Schuh, 2010).

A taxon corresponding to the modern Nepomorpha
was first proposed (as Hydrocorisae) by Latreille
(1802) and it has been universally accepted as a mono-
phyletic clade by subsequent authors (Popov, 1971;
Rieger, 1976; Mahner, 1993; Hebsgaard et al., 2004; Li
et al., 2012, 2014). The only exception is Hua et al.
(2009) who clevated Pleoidea to infraorder rank (as
“Plemorpha,” correctly Pleomorpha) due to its sister-
group relationship to the remaining groups of Nepo-
morpha, Leptopodomorpha, Cimicomorpha and
Pentatomomorpha inferred from the result of phyloge-
netic reconstruction based on mitochondrial genomes.
However, the position of Pleoidea in the result of Hua
et al. (2009) is controversial and it may have resulted
from an improper taxon sampling of outgroups and
incomplete taxon sampling of ingroups (Li et al.,
2014). In this study, the monophyly of Nepomorpha
was recovered by the phylogenetic reconstructions
based on BI, ML and MP. Furthermore, the sister
relationship between Notonectidae and Pleoidea were
strongly supported in both the BI and ML analyses,
which agreed with the widely accepted opinion (Popov,
1971; Mahner, 1993; Hebsgaard et al., 2004) and sug-
gested the single origin of the back-swimming beha-
viour in Notonectidae, Pleidae and Helotrephidae.

The position of Gerromorpha as a sister group to
Panheteroptera was revealed by MP analysis with the
values of 83% in jackknife and 73% in bootstrap. This
clade was also supported in the ML phylogram but
with just a moderate bootstrap value. While in the

phylogram of BI, the position of Gerromorpha was
unresolved as one of the trifurcated branches together
with (Enicocephalomorpha + Dipsocoromorpha) and
Panheteroptera. The most likely reason for the unre-
solved status of Gerromorpha in the BI analysis is the
limited application of the substitution models of amino
acids. The substitution model mtArt was suggested to
be the best one for the amino acid sequences of COI,
COII, ND1 and ND4L; and mtZOA was suggested to
be the best one for those corresponding to the remain-
ing nine PCGs. However, only the mixed substitution
model can be applied to the amino acids as a whole.
Therefore, the interrelationships between the five
infraorders of Neoheteroptera were recovered as
(Gerromorpha + (Nepomorpha + (Leptopodomorpha
+ (Cimicomorpha + Pentatomomorpha)))) in a consen-
sus, in accord with Wheeler et al. (1993).

Enicocephalomorpha and Dipsocoromorpha were
recovered as the basal clade of Heteroptera. The sister
relationship between them was not only supported by
high support values but also by the result of CONSEL
(Shimodaira and Hasegawa, 2001). This result contra-
dicts the opinion that Enicocephalomorpha and Dip-
socoromorpha represent two stand-alone basal groups
of Heteroptera. To distinguish the robustness of these
two competing hypotheses, phylogenomic analyses
with complete taxon sampling are expected in the
future.

In order to test the robustness of the infraordinal
relationships within Heteroptera, we carried out addi-
tional analyses based on a smaller data matrix consist-
ing only of the taxa having both nucleotide sequences
of ntDNAs and amino acid sequences of the mito-
chondrial PCGs. The topologies of the BI, ML and
MP analyses are the same in the basal parts of the
results as those based on the original dataset except
for the position of Gerromorpha in the BI and ML
analyses (Figs S8 and S9). In the BI analysis, the sister
relationships between Gerromorpha and the clade
formed by Enicocephalomorpha and Dipsocoromor-
pha received an 86% posterior probability, which
likely suffered from the improper application of amino
acids substitution models as well. Meanwhile, in the
ML analysis, Gerromorpha formed a group with Enic-
ocephalomorpha and Dipsocoromorpha with a boot-
strap value of 46%. However, according to the
CONSEL results, the P-value of the AU test of the
clade (Gerromorpha + (Enicocephalomorpha + Dipso-
coromorpha)) was 0.560. Moreover, the P-value for
the clade Neoheteroptera was 0.440, which is much
higher than the significance level of 0.05. Thus, the
possibility of Gerromorpha forming a monophyletic
group with Panheteroptera is not rejected in the ML
analysis. In addition, Cimicomorpha was not recov-
ered as a monophyletic group in the results of MP
analysis with reduced taxon sampling. The changes in
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the positions of Gerromorpha in the ML analysis and
Reduviidae in the MP analysis may have been a conse-
quence of fewer sampled taxa. Thus, in general, the
missing mitochondrial genomes of some species have
only a little impact on the phylogenetic reconstruction
of deep nodes within Heteroptera. The topological
robustness provides a sound foundation for the tempo-
ral estimation of the divergence of Heteroptera, espe-
cially the deep nodes of aquatic bugs.

Divergence dates and the evolution of aquatic bugs

Efforts have been made in two areas to avoid the
negative impacts of single calibration points (Ho and
Phillips, 2009) and hard bound or excessive restrictions
on priors (Welch et al., 2005; Sanders and Lee, 2007,
Ho and Phillips, 2009; Heled and Drummond, 2012).
One is the multiple calibration based on 15 fossil
records, and the other is the soft bounds on priors.
These improvements help to obtain a chronogram with
relatively small-scale 95% ClIs. At the same time, such
multiple calibrations did not result in the possible side
effect of overparameterization (File S2). Moreover, the
missing data had no significant effects on the estima-
tion of divergence times.

Our estimates of the timespans for the deeper diver-
gences of Gerromorpha, Nepomorpha and Lep-
topodomorpha within Heteroptera occurred within a
short time span, from 269 to 246 Ma. The extant
superfamilies of Nepomorpha diversified from a com-
mon ancestor in the Middle and Late Triassic, and
further  diversification within each  superfamily
occurred in the early Jurassic. These results closely
correspond to those drawn from a thorough study of
the fossil record by Popov (1971). They are also con-
sistent with the evolutionary backgrounds of the aqua-
tic holometabolans, such as the aquatic lincages of
extant lower Diptera (Bertone and Wiegmann, 2009;
Wiegmann et al., 2011), which also originated in the
Late Permian (¢. 267 Ma) and radiated during the
Middle and Late Triassic. According to the fossil
records of both the adults and larvae, megalopterans
have been in existence since the Late Permian (Sinit-
shenkova, 2003). In addition, even though the diver-
gence time of the Hydradephaga beetles (237 +
2.6 Ma) (Hunt et al., 2007; Bertone and Wiegmann,
2009) occurred somewhat later than for other aquatic
insects, it is also in accordance with the palacoenviro-
mental changes across this time span.

The simultaneously convergent evolution in various
lineages of aquatic heteropterans and holometabolans
indicate the emergence of more aquatic niches during
that timespan. Although the rising air temperature
may not necessarily have resulted in environments rich
in water for some regions, it is true that highly diversi-
fied aquatic habitats appeared more frequently in war-

mer regions from a global view. Therefore, it is still of
interest to notice that the average air temperature
increased from 21 °C to approximately 27 °C within a
period of 16 Myr, as observed from the trend in the
Late Permian (Fig. 3) (http://www.scotese.com/cli-
mate.htm). The Late Permian and Early Triassic wit-
nessed one of the hottest climates in the Phanerozoic
(Sun et al., 2012), which thus probably caused the
emergence of further aquatic environments, at least in
some peripheral regions of the Pangaea. The newly
emerging aquatic habitats were rapidly colonized by
heteropterans of three aquatic infraorders through
adaptive radiation, very probably during the Late Per-
mian and Early Triassic.

In a recent study that also explored deep divergence
times within Heteroptera, the estimations based on
BEAST were calibrated by five fossil records, two of
which had uniform distributions and two with normal
distributions; the root was given a fixed age (Li et al.,
2012). The selected fossil records were not the earliest
ones with certainty, and the uniform distributions and
the fixed time for the root were hard bounds. The
results of that study suggested that Nepomorpha origi-
nated approximately 250 Ma in the earliest Triassic.
Among the several problems with this study method,
the most serious one is the fixed time for the root.
According to the phylograms of Li et al. (2012), the
infraorder Nepomorpha is the basal clade within Het-
eroptera, and the earliest divergence of Heteroptera
and the origin of Nepomorpha they discussed is in fact
the value they set a priori. Their phylogenetic hypothe-
sis is also quite different from the generally accepted
one (Schuh, 1979; Wheeler et al., 1993) and ours,
except for the sister relationship between Cimicomor-
pha and Pentatomomorpha. The main aquatic lineages
within Heteroptera were interrupted, which resulted in
the suggestion of much younger origins of Gerromor-
pha and Leptopodomorpha (about 217 Ma or much
younger), and more complicated evolutionary path-
ways on the origins and diversifications of the aquatic
lineages in Heteroptera.

Within the phylogenetic context of Heteroptera, Ter-
heteroptera represent the most derived infraorders next
to the positions of the aquatic lineages. Together, they
account for more than 85% of the species diversity of
Heteroptera (Henry, 2009) and most of them are phy-
tophagous. For the split between Cimicomorpha and
Pentatomomorpha, our estimated timespan is in the
Carnian stage (231 Ma, 95% HPD 217-245), which is
older than the corresponding result of 185.3 + 34 Ma
in a previous study by Li et al. (2012). The estimated
time of the radiation within either Cimicomorpha or
Pentatomomorpha is also earlier than the correspond-
ing result in the same paper. Most of the current
superfamilies arose during the Jurassic (Fig. 3). The
radiation of the phytophagous holometabolans leading
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to most of the current superfamilies also occurred in
the Jurassic (Hunt et al., 2007; Bertone and Wieg-
mann, 2009; Winterton et al., 2010; Wiegmann et al.,
2011). This timescale is consistent with the hypothe-
sized late Jurassic origin of angiosperms based on
molecular dating (Smith et al., 2010). The diversifica-
tion of phytophagous insects would have benefitted
substantially from the nutritious resources, as well as
from the various heterogencous niches provided by the
early radiation of angiosperm. Therefore, as is the case
for the aquatic groups, the timescale of the diversifica-
tion within Terheteroptera is again concordant with
that of the phytophagous holometabolan groups.
Together with the result for the aquatic groups, such
congruence strengthens the overall credibility of the
timescale estimated in this study.

Aquatic Heteroptera originated and established
across a short timescale from the Late Permian to the
Early Triassic (269-246 Ma). This means that the
aquatic habits of true bugs have evolved under a con-
tinuous and steady evolutionary background charac-
terized by high air temperature and a water-rich
environment. As the estimated timespan is in good
accordance with that of the aquatic holometabolans,
the origin and diversification of the aquatic bugs
within Heteroptera may serve as the last jigsaw piece
for the aquatic insects, which originated from the Late
Permian and Early Triassic.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Fig. S1. Secondary structure model of the 18S
rRINA of Aenictopecheidae gen.sp. (Accession number:
KJ461282). The red and blue bases denote the posi-
tions of length-variable regions. The blue bases are
removed from the data matrix used for phylogenetic
constructions. Base pairing is indicated as follows:
standard canonical pairs by lines (C-G, G-C, A-U, U-
A); wobble G+U pairs by dots (G*U); AOG and AOC
pairs by open circles (AOG, AOC); other noncanoni-
cal pairs by filled circles (e.g. U-U).

Fig. S2. Secondary structure model of the 28S
rRNA 5-half of Aenictopecheidae gen.sp. (Accession
number: KJ461277). The red and blue bases denote
the positions of length-variable regions. The blue bases
are removed from the data matrix used for phyloge-
netic constructions. Base pairing is indicated as fol-
lows: standard canonical pairs by lines (C-G, G-C, A-
U, U-A); wobble G+U pairs by dots (G*U); AOG and
AOC pairs by open circles (AOG, AOC); other non-
canonical pairs by filled circles (e.g., U-U).

Fig. S3. Secondary structure model of the 28S
rRNA 3'-half of Aenictopecheidae gen.sp. (Accession
number: KJ461277). The red and blue bases denote
the positions of length-variable regions. The blue bases
are removed from the data matrix used for phyloge-
netic constructions. Base pairing is indicated as
follows: standard canonical pairs by lines (C-G, G-C,
A-U, U-A); wobble G+*U pairs by dots (G*U); AOG
and AOC pairs by open circles (AOG, AOC); other
noncanonical pairs by filled circles (e.g. U-U).

Fig. S4. Phylogram of BI analysis based on com-
plete taxon sampling. The numbers associated with the
nodes are posterior probability values.

Fig. S5. Cladogram of MP analysis using jackknife
resampling method based on complete taxon sampling.
Jackknife support values are indicated at each node.

Fig. S6. Cladogram of MP analysis using Poisson
bootstrap reweighting method based on complete
taxon sampling. Bootstrap support values are indi-
cated at each node.

Fig. S7. Estimated divergence times of major Het-
eroptera clades based on 32 taxa. Blue bars indicate
95% mean confidence intervals.

Fig. S8. Phylograms of Bl and ML analyses based
on 32 taxa. (A) BI topology, (B) ML topology. Poste-
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rior probabilities and bootstrap values are shown at
each node, respectively.

Fig. S9. Cladograms of MP analysis using different
resampling method based on complete taxon sampling.
(A) MP topology based on Jackknife resampling
method, (B) MP topology based on Poisson reweight-
ing method. Jackknife support values and bootstrap
support values are indicated at each node.

Table S1. Taxa sampling of rTDNAs and mitochon-
dria genomes.

Table S2. Primer sets used for amplification and
sequencing. Naming of the primer sets for rDNAs has
no set rules. The specific primers for the mitochondrial
genome are named with the first three letters of the
genus name. “Pti” was used for amplifying the
sequences of Ptilomera tigrina, with “Ent” used for
Entomovelia sp. and “Kok” for Kokeshia xiei.

File S1. rDNA matrix with ambiguous alignment
regions. The first 2324 nucleotides are 18S rDNA, and
the remaining nucleotides are 28S rDNA. Among
which the regions 278-305, 857-1019, 1757-1761,
1769-1820, 2196-2234, 1754-2899, 3014-3082, 3277-
3310, 4182-4216, 4528-4603, 4838-5243, 5782-5853,
5919-6010, 6423-6448, and 6620-6824 are ambiguous
alignment regions.

File S2. Data matrix used for phylogenetic recon-
struction and divergence time estimations.

File S3. Prior and posterior marginal distributions.
The blue probability distributions indicate the poste-
rior density distributions, while the grey ones denote
the prior density distributions.
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