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Among hundreds of insect families, Hermatobatidae (commonly known as
coral treaders) is one of the most unique. They are small, wingless predac-
eous bugs in the suborder Heteroptera. Adults are almost black in colour,
measuring about 5 mm in body length and 3 mm in width. Thirteen species
are known from tropical coral reefs or rocky shores, but their origin and evol-
utionary adaptation to their unusual marine habitat were unexplored. We
report here the genome and metagenome of Hermatobates lingyangjiaoensis,
hitherto known only from its type locality in the South China Sea. We
further reconstructed the evolutionary history and origin of these marine
bugs in the broader context of Arthropoda. The dated phylogeny indicates
that Hexapoda diverged from their marine sister groups approximately
498 Ma and that Hermatobatidae originated 192 Ma, indicating that they
returned to an oceanic life some 300 Myr after their ancestors became terres-
trial. Their origin is consistent with the recovery of tropical reef ecosystems
after the end-Triassic mass extinction, which might have provided new and
open niches for them to occupy and thrive. Our analyses also revealed that
both the genome changes and the symbiotic bacteria might have contributed
to adaptations necessary for life in the sea.
1. Background
Among the over one million described species of Hexapoda, the marine insects
comprise no more than 0.05% [1]. Hermatobatidae (Insecta: Heteroptera: Gerro-
morpha) is one of an exceptionally few insect families that include only marine
species. They live in the intertidal zone of rocky and coral reefs with cavities [2].
During low tides, they tread very rapidly on the sea surface. As a result, Car-
penter [3] coined the name for the sole included genus Hermatobates and
therefore the family after the coral reefs and the god Hermes, who is the fastest
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in all the Greek pantheon and has the ability to freely move
between the mortal and divine worlds. Observations of the
first author show that some individuals of H. lingyangjiaoensis
can be found under dead shells together with moulted
cuticles. These intriguing insects are carnivorous, usually
preying on small marine arthropods [4]. The first author
has observed H. lingyangjiaoensis prey on Halovelia (Veliidae)
and Halobates (Gerridae), even dead crickets under laboratory
feeding conditions.

Hermatobatidae contains a single genus Hermatobates,
with 13 described species [5,6]. They are limited to the tropical
regions of the world with only a few species occurring beyond
the boundaries of this zone. Some species, like H. weddi and
H. djiboutensis are widely distributed; some species, like
H. singaporensis and H. hawaiienses, are regional; and some
species, like H. lingyangjiaoensis, H. armatus, and H. palmyra
are likely endemic. Hermatobatids have a dark, compact
body, and are wingless, thereby resembling representatives
of other gerromorphan families with marine members, such
as Halobatinae and Trepobatinae (both Gerridae) and Halove-
liinae (Veliidae). However, hermatobatids have some unique
characteristics, including a reduced number of nymphal
instars (four compared to normally five) [7], and modified
double tripod gait (compared to synchronous rowing of
Gerridae and Veliidae) [8]. During high tide, they retreat to
the crevices of coral reefs, and remain secluded for several
dayswhen coincidingwith typhoons or other extremeweather
(personal observation of the first and the third authors in
2019). Conversely, during low tide they swim on the sea
surface in a tripod rowing mode, and adults even set foot on
the open sea. Unlike other marine bugs, such as Halobates
and Halovelia, the behaviour of coral treaders is largely con-
trolled by the tidal cycles [2,4,9]. On the one hand, this
biology is likely to favour optimizing resources both in the
intertidal zone and open sea [4], while on the other, it means
that hermatobatids face dual challenges from both low
oxygen concentrations when they were flooded by high tide
[2,7] and strong ultraviolet radiation when they swim on the
open sea without shelter [10,11]. Noting that the zone of suit-
able habitats for the coral treaders is restricted to a narrow
(approx. 20 cm) vertical band [7]. As global warming and sea
levels rise, their habitats will gradually disappear. To date,
little is known about the underlying molecular mechanism of
their adaptive evolution to the extreme of marine habitats.

Extant arthropods comprise three widely known
lineages—chelicerates, myriapods, pancrustaceans, which
comprises hexapods and “crustaceans” [12]. Among Cheli-
cerata, Pycnogonida (sea spiders) and Xiphosura (horseshoe
crabs) consist of exclusively marine species. In Myriapoda
and Hexapoda, all of the extant groups are strictly terrestrial.
The “crustaceans”, by contrast, include a vast diversity of
mostly marine lineages, with Remipedia as the putative
sister group to Hexapoda [12,13]. For Chelicerata and/or
“Crustacea”, the origin and evolutionary history of marine
groups have been extensively explored in context of broader
arthropod phylogeny [12–14]. By contrast, the origin and
macroevolutionary factors driving marine insect diversifica-
tion have remained unexplored, a reality that is at least
partly due to the rarity and scarcity of strictly marine insects.
Although strictly marine insects are rare considering the huge
diversity of insect species, such a habitat is relatively common
for semi-aquatic bugs (Gerromorpha). They have a consider-
able number of taxa associated with marine environments
ranging from estuaries, mangroves, river deltas, lagoons
and other coastal habitats to the tropical oceans, where
these remarkable species, as the only pelagic insects, live
their entire lives hundreds of kilometres from the nearest
coast [1,15]. The marine lineages of Gerromorpha mainly
belong to the superfamily Gerroidea (including Hermatobati-
dae, Gerridae and Veliidae), among which Hermatobatidae is
one of the few exclusively marine family. Andersen [15]
investigated the multiple transitions from freshwater to
seawater in Gerromorpha, and hypothesized that Hermato-
batidae was the first lineage of Gerromorpha to colonize the
marine environment.

The phylogenetic affinities of Hermatobatidae are obscure
among semi-aquatic lineages of true bugs (Heteroptera).
Morphological evidence supports a close relationship between
the families Hermatobatidae, Gerridae and Veliidae (as super-
family Gerroidea) [15,16]. Likewise, phylogenetic analyses
based a combined analysis of morphology and two short
DNA fragments (16S + 28S rRNAs) also supported a sister
relationship between Hermatobatidae and the clade (Gerri-
dae +Veliidae) [17]. However, when increasing the sampling
of critical gerromorphan taxa and adding more DNA frag-
ments (COI + II), Damgaard [18] recovered Hermatobatidae
as sister to Hydrometridae instead. In order to better refine
the phylogenetic context of hermatobatid marine evolution, a
more integrated multiomic approach is necessary.

Both the genome and metagenome can reflect the
adaptation of multicellular organisms to certain environments
[19]. Among insects, a few species have been studied from both
perspectives [20–23]. We expect to uncover the evolutionary
adaptation of coral treaders to harsh marine habitat from
aspects of genomic changes and metagenomic functions.
Here, we report the high-quality genome of Hermatobates
lingyangjiaoensis, which is the first such data for an intertidal
insect. We also provided transcriptomic data for seven species.
We then assembled a large-scale phylogenomic dataset, includ-
ing 3052 orthologous genes from 156 representative species to
investigate the phylogeny of Hermatobatidae in the broader
context of Arthropoda. Comparative genomic analyses with
other insects indicate significantly contracted gene families
functioning in anatomical development and morphogenesis.
We also assessed the biodiversity of symbiotic microorganisms
and assembled two near-complete genomes of bacteria from
genomic and metagenomic data, i.e. Wolbachia sp. (wHlin)
and Serratia sp. (sHlin). The symbiotic bacteria are vital in
host carbohydrate, lipid and vitamin metabolism.
2. Material and methods
(a) Sample collection and genome sequencing
The adults of Hermatobates lingyangjiaoensis were collected from
the Xisha Islands in the South China Sea (16.4473° N, 111.6061°
E, Hainan, China). A total of 20 female individuals were
prepared for genome sequencing. Genomic DNA extraction,
library preparation, and sequencing were carried out at Bio-
marker Technologies (Beijing, China). The paired-end libraries
for short-read sequencing with an insert size of 350 bp were con-
structed according to the manufacturer’s protocols and
sequenced (2 × 150) using the Illumina NovaSeq 6000 platform.
The single molecule real-time SMRTbell libraries for PacBio
sequencing were constructed with an insert size of 20 kb accord-
ing to the manufacturer’s protocols and sequenced on the PacBio
Sequel II platform.
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(b) Genome assembly and gene annotation
De novo genome assembly with continuous long reads (CLR) was
performed using Canu v. 1.5 [24] and wtdbg2 [25]. Then the
quality of the assembly was measured using Quast v. 5.0.2
[26]. To assess the completeness of assemblies, we applied Bench-
marking Universal Single-Copy Orthologous (BUSCO) analyses
using BUSCO v. 5.2.2 with OrthoDB v. 10 datasets [27]. In
addition, we also mapped Illumina short reads to the final
genome assembly with Minimap v. 2.23 [28]. Three approaches
were used to predict protein-coding genes (PCGs): (1) ab initio
gene prediction, (2) homology-based prediction, and (3) RNA-
sequencing annotation. Detailed gene prediction and functional
annotation methods see electronic supplementary materials and
methods file S1. Moreover, a draft genome of Sinentomon sp.
(Hexapoda: Protura) was assembled and the PCGs were pre-
dicted with the same method (see electronic supplementary
material, file S1).

(c) Sample preparation, assembly and binning of
symbiotic bacteria

In order to avoid contamination from environmental micro-
organisms, we dissected the abdomen and removed the whole
intestinal tract for each individual. The intestinal tracts of 60
adults were mixed into a single sample. Genomic DNA extrac-
tion and library preparation followed the standard protocol
provided by ONT (Oxford Nanopore Technologies) and then
was sequenced on the PromethION48 platform (see electronic
supplementary material, file S1). The raw sequencing data were
firstly preprocessed to remove adapters, low-quality reads and
sequences shorter than 2 kb. Then the suspected host and
human genomes were filtered out using Minimap and SAMtools
v. 1.14 [29]. The former software was used to successively map
the processed clean data to host and human genomes and the
latter was used to extract the reads that could not be matched.
Moreover, we extracted the Illumina short reads of H. lingyang-
jiaoensis which could not be aligned to host genome assemblies
using the same method as mentioned above. Compositions of
these reads were assessed using Kraken v. 2.1.2 [30].

Both short- and long-reads was assembled using the hybrid
assembler OPERA-MS v. 0.9.0 [31]. PCGs of the final assembled
contigs were predicted using Prodigal v. 2.6.3 [32] ‘option: -p
meta’. Genome binning was carried with MetaBat2, MaxBin2
and Concoct, which were imbedded within MetaWRAP v. 1.3.2
[33]. For detailed methods, see electronic supplementary
materials and methods file S1.

(d) Taxon sampling, transcriptome sequencing and
assembly

Our taxon sampling included 156 arthropod species (electronic
supplementary material, table S1), which covered all of the
three main groups of Arthropoda, especially all extent orders
of Hexapoda. Among the 156 species, 35 species have genomes
(including the newly sequenced genome of H. lingyangjiaoensis),
which were also used to conduct gene-family expansion and
contraction analyses, while the remaining species have transcrip-
tomes. We newly sequenced transcriptomes for the following
seven species: Zorotypus shannoni (Zorotypidae), Lucihormetica
fenestrate (Blaberidae), Coleotroctellus burckhardti (Troctopsoci-
dae), Gerris sp. (Gerridae), Metrocoris sp. (Gerridae), Amemboa
sp. (Gerridae), Perittopus sp. (Veliidae) (electronic supplementary
material, table S2). For each species, total RNA was extracted
from adults with abdomen and wings removed. The quality con-
trol, cDNA library preparation, transcriptome sequencing and
raw data preprocessing followed Wang et al. [34,35]. The remain-
ing high-quality reads were assembled to long contigs using
Trinity v. 2.0.6 [36] and then further clustered to non-redundant
transcript sequences using the TGI Clustering tool v. 2.1 [37].

(e) Orthology prediction
As the number of taxa in a dataset increases, the number of
single-copy genes tends to decrease because of gene duplication
or mis-annotation of genes in any given lineage; thus, low-copy
nuclear genes (LCN) were also selected as phylogenetic markers
in this study. LCN genes were identified using OrthoFinder
v. 2.5.2 [38] (option: -M msa). The homologues were obtained
from the following 12 reference species: Daphnia pulex, Catajapyx
aquilonaris, Folsomia candida, Sinentomon sp., Acyrthosiphon pisum,
Thrips palmi, Hermatobates lingyangjiaoensis, Pediculus humanus,
Apis mellifera, Blattella germanica, Drosophila melanogaster, Zooter-
mopsis nevadensis, which were categorized into three groups
successively. LCN homologous groups (HGs) needed to meet
the following requirements: copy number less than or equal to
two; at least one species for each group present in each HG
(see flowchart in electronic supplementary material, figure S1).
There were 3952 high-quality putative target homologous
genes (including 1339 single-copy and 2613 two-copy genes)
that were used as references to search for homologues in the
156 arthropod genomes and transcriptomes using Orthograph
v. 0.6.3 [39] with the best-reciprocal hit (BRH) criterion. More-
over, we applied a non-strict reciprocal search and allowed
frameshift correction and open reading frame (ORF) extension
of each transcript (option: extend-orf = 1). All other Orthograph
parameters were left at default values. Finally, the accompanying
script summarize_orthograph_results.pl was used to summarize
the sequences from multiple Orthograph output directories for
all taxa. During this process, the sequences of the reference
taxa were deleted (option: -d), and we defined the PCGs
hereafter as orthologous groups (OGs).

Then, we first filtered the preliminary OGs and selected only
those genes with more than half representatives. Then, sequences
for each OG were aligned with MAFFT v. 7.222 using the L-INS-i
algorithm [40] at the translational level and generated the corre-
sponding nucleotide multiple-sequence alignments using a local
version of the software TranslatorX v. 1.1 [41]. We removed the
ambiguously aligned sites from both protein and nucleotide
alignments using GBlocks v. 0.91b [42] (options: −b3 = 8, −b4 =
5, −b5 = h) in TranslatorX and further trimmed low-quality
aligned sequences using trimAL v. 1.4 [43]. Next, we inspected
each tree for rogue taxa with unrealistically long branches
using RAxML v. 8.2.10 [44] (options: -f a, -# 200). Finally, we
retained 3052 PCGs in the following analyses, among which
1013 PCGs were single-copy genes in the 12 species mentioned
above. Detailed information for orthologous genes analysed for
each species in the final concatenated matrix were provided
(electronic supplementary material, figure S2).

( f ) Phylogenetic analyses
We reconstructed the Arthropoda phylogeny using both protein
and nucleotide datasets using concatenation and coalescent
methods. As the third codon positions exhibited a high level of
variation among lineage compositional heterogeneity (electronic
supplementary material, figure S3), only the first two codon
positions were used. We used ModelFinder, which is embedded
within IQ-TREE v. 1.6.10 [45,46] to identify the best partitioning
schemes and determine the best amino acid substitution model
for each partition with the corrected Akaike information criterion
(AICc) (see electronic supplementary material, file S1). The
nucleotide partitioning scheme had the same partitions as the
amino acid partitioning scheme. ML analyses were conducted
using RAxML v. 8.2.10 with the Pthreads version [44]. The best
ML and bootstrap trees were inferred through a rapid bootstrap
algorithm (option: -f a) with 200 replicates. For coalescent-based
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analyses, we determined the best-fitting model for each gene
using IQ-TREE as well. Gene trees were estimated using
RAxML with 200 rapid bootstrap replicates and then used by
ASTRAL v. 5.7.1 [47] to infer species trees with posterior prob-
abilities. This approach is thought to be more robust to
incomplete lineage sorting (ILS) or deep coalescence than
concatenation and works quickly on genome-scale datasets.

We assessed the support or conflict for alternative hypoth-
eses by four-cluster likelihood mapping (FcLM) analysis using
IQ-TREE. We evaluated five phylogenetic hypotheses concerning
the backbone of arthropods and the groups for the FcLM ana-
lyses are given (electronic supplementary material, table S3).
The likelihood of each quartet is presented as a triangle, the cor-
ners of which represent the three possible alternative topologies.
We applied the LG + Γ model in the FcLM test with amino acid
sequences (four gamma rates), while employing the GTR + Γ in
nucleotide sequence sites with 2000 quartets.

(g) Divergence time estimation
To estimate the evolutionary timescale of Arthropoda, we cali-
brated a relaxed molecular clock using 23 fossil-based age
constraints throughout the tree (electronic supplementary
material, table S4). Explicit descriptions for each fossil record
are provided in the electronic supplementary material, file S2.
For the age justification of each fossil record, we mainly referred
to the Paleobiology Database (https://paleobiodb.org/) and the
work of Wolfe et al. [48]. To increase the site coverage and allevi-
ate the impact of missing data on divergence time estimation,
only the genes present in 95% of the species and that have a
length of greater than or equal to 100 amino acids were engaged
in dating analyses. Finally, the reduced datasets retained 462
orthologous genes, among which 204 OGs (50 398 amino acid
sites) are single copy genes in the 12 reference species. To exclude
possible noise from paralogous genes, only the 204 OGs were
used to date the deep phylogeny of Arthropoda.

We performed a Bayesian phylogenomic dating analysis
using the program MCMCTree in the PAML package v. 4.9j
[49]. An approximate likelihood calculation method was used
to calculate the branch lengths and reduce the computational
burden [50]. We checked for convergence by running the analysis
in duplicate and checked for sufficient sampling using Tracer
v. 1.6 (http://beast.bio.ed.ac.uk/Tracer).

(h) Gene-family expansion and contraction
identification

Amino acid sequences for the genomes of the 34 arthropod
species mentioned in the phylogeny part, were retrieved from
the NCBI, Ensemble, i5k and USDA databases (electronic sup-
plementary material, table S5). After filtering redundant
alternative splicing events, the protein dataset containing non-
redundant transcripts was used to find the homologous pairs
of sequences using OrthoFinder with blast as the sequence
aligner. The processed genome of H. lingyangjiaoensis was com-
pared with the other 34 genomes. CAFE v. 4.2 [51] was used to
study gene gains and losses in gene families, in which a
random birth and death model with the global parameter λ
was employed. Species trees and dated time trees were generated
according to the methods mentioned above. For the gene families
with significant expansions and contractions in H. lingyangjiaoen-
sis, we conducted GO and KEGG functional annotation via
local eggNOG-mapper v. 2.1.7 [52] and domain annotation
with InterProScan v. 5.54-87.0 [53].

To understand gene-family expansion or contraction in H.
lingyangjiaoensis compared with that in other Arthropoda, the
mean gene-family size was calculated for all gene families
(excluding single-copy genes and species-specific families). The
number of genes per species for each family was transformed
into a matrix of z-scores to centre and normalize the data. The
first 100 families with the largest gene-family size were selected
and visualized using TBtools v. 1.098761 [54].
3. Results
(a) Genome assembly and annotation
Both of the Illumina short reads and PacBio Sequel II long
reads have a high-depth coverage (greater than 100×)
(electronic supplementary material, file S1). The initial draft
genome assemblies were 914.67 Mb and 1973 contigs,
among which 20 contigs were suspected contaminants.
After filtering out contaminants, the final genome assemblies
were 912.63 Mb and 1953 contigs (with a contig N50 of
2.56 Mb, L50 of 81, GC content: 31.5%) (electronic sup-
plementary material, table S6). Our assembly had a
medium genome size among species of true bugs (0.68–
1.55 Gb). Assembly completeness was estimated to be
96.5% (n = 977) against an Arthropoda dataset (n = 1013).
Similarly, the results showed a high-quality assembly against
Hemiptera and Insecta databases (electronic supplementary
material, table S7). Comparison with other heteropteran
genome assemblies, this genome also showed a high comple-
teness (electronic supplementary material, table S8). In
addition, 95.44% of the Illumina short reads can be mapped
back to the final genome assembly. With a genome-guided
strategy, we obtained 26 467 transcripts with a completeness
of greater than or equal to 79% (electronic supplementary
material, file S1).

Using a combination of ab initio, homology-, and tran-
scriptome-based approaches, 14 242 protein-coding genes
were predicted, with a mean of 6.37 exons and 5.37 introns
per gene (table 1; electronic supplementary material, table
S9). Exons and introns had a mean length of 258.49 bp and
2419.51 bp, respectively. For the predicted genes, 12 363
PCGs (86.80% of total) were supported by RNA-seq and
homology-based gene prediction. BUSCO analysis identified
966 (95.4%) complete, 18 (1.8%) fragmented and 29 (2.8%)
missing BUSCOs comparing with the Arthropoda database.
Compared to the Hemiptera and Insecta databases, the
results also showed high-quality gene structures (electronic
supplementary material, table S7). InterProScan identified
protein domains for 11 657 (81.98%) genes. A total of 11 639
genes were successfully annotated by at least one database
among KOG, KEGG, GO, Swiss-Prot and TrEMBL.

(b) Phylogenomic analyses and divergence time
analyses

Phylogenomic analyses of nucleotide and amino acid
sequences with both coalescent and concatenation methods
produced largely congruent results in the backbone of
Arthropoda (electronic supplementary material, figures S4–
S11). For certain conflicting hypotheses generated from differ-
ent inference methods and previous studies, the quartet
supports for three possible topologies are shown in electronic
supplementary figures S12 and S13.

The monophyly of each main group of Arthropoda,
including Chelicerata, Myriapoda and Pancrustacea was
recovered and well supported. Within Pancrustacea, Remipe-
dia, Branchiopoda and Cephalocarida were placed as

https://paleobiodb.org/
http://beast.bio.ed.ac.uk/Tracer


Table 1. Statistics for genome annotation of H. lingyangjiaoensis.

type number/length

gene annotations genes 14 242 (208.49 Mb)

gene mean length 14 638.89 bp

exons 90 651 (23.43 Mb)

exon mean length 258.49 bp

average exon

number per gene

6.37

introns 76 409 (184.87 Mb)

intron mean length 2419.51 bp

average intron

number per gene

5.37
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successive sister groups to Hexapoda, congruent with other
phylogenomic evidence [12,13]. For early diverging Hexa-
poda, Collembola and Protura constituted a monophyletic
group or two independent lineages, and was sister to the
clade Diplura + Insecta (i.e. Euinsecta) in all ASTRAL ana-
lyses. Meanwhile, almost all major clades of insects were
found to be monophyletic, consistent with previous phylo-
genomic evidence based on 1000 + genes [55,56]. Our
phylogenomic analyses recovered the monophyly of Para-
neoptera based on the coalescent approach using amino
acid matrices, which is consistent with the topology of
Thomas et al. [57]. A sister relationship between Thysanoptera
and Hemiptera and the internal relationships of Hemiptera
were recovered, in congruence with the results of Johnson
et al. [58]. While Coleorrhyncha (moss bugs) was revealed as
the sister taxon to Auchenorrhyncha (leafhoppers, cicadas
and relatives), instead of sister to Heteroptera as in Wang
et al. [34]. Within Heteroptera–Gerromorpha, Hermatobatidae
was found to be sister to the remaining Gerromorpha in
both concatenation and coalescent analyses, but with moder-
ate posterior probabilities (61–83%) in the ASTRAL analyses.
The four-cluster likelihood mapping (FcLM) analysis sup-
ports a sister relationship between Hermatobatidae and the
clade “Veliidae” + Gerridae with 97.8% quartets using
amino acids of 3052 genes and with 98.7% quartets using
the first two codons of 3052 genes (electronic supplementary
material, figures S12 and S13).

Molecular dating of arthropod lineages using a stringent
set of 204 genes and with age calibrations based on 23 fossils
inferred the crown age of Arthropoda at 592 million years ago
(Ma) (figure 1), with detailed information for each node sup-
plemented (see electronic supplementary material, figures
S14 and S15). Divergence times for most nodes were consist-
ent with previous studies (electronic supplementary material,
table S10). Radiation of Chelicerata and Pancrustacea started
in the Early Cambrian (about 531 Ma and 540 Ma, respect-
ively), while that of Myriapoda occurred in the late
Cambrian (about 508 Ma). Hexapods diverged from among
their “crustacean” relatives in the Late Cambrian (498 Ma,
95% credibility interval: 484–511 Ma). Divergence times for
these deep nodes of Arthropoda were consistent with the
results of Giribet & Edgecombe [12]. Diversification of
crown-group Hexapoda occurred in the Early Ordovician
(483 Ma, 95% credibility interval: 468–497 Ma), which
coincided with the result of Schwentner et al. [13] and
Misof et al. [55]. We dated the diversification of Pterygota
to the Late Silurian (421 Ma) and that of Neoptera to the
Early Devonian (406 Ma), which were a little earlier than
the results of Misof et al. [55] and Wang et al. [59]. Moreover,
our estimated divergence times for major clades within
Hemiptera were earlier than that of the results of Wang
et al. [34]. This discrepancy was likely to be biased by the
different topology of Hemiptera. The split between
Hermatobatidae and “Veliidae” + Gerridae was estimated
to have occurred at the Early Jurassic (192 Ma, 95% credibility
interval: 165–217 Ma).

(c) Gene family evolution
Gene families were identified among 35 arthropod species
(electronic supplementary material, table S5). A total of 93%
(560 182) genes were assigned into 16 287 gene families
(except species-specific orthogroups). Moreover, 1812 gene
families were shared by all species and 29 were single-copy
orthogroups. For H. lingyangjiaoensis, 12 340 (87.5%) genes
were clustered into 8044 gene families, among which 140
gene families (including 383 genes) were species-specific,
and the statistics for the remaining arthropod species are pro-
vided in electronic supplementary material, table S11. Gene
family evolution (gain and loss or expansion and contraction)
were analysed using CAFE. Expansions and contractions of
gene families for all 35 species are shown in figure 2 and
electronic supplementary material, figure S16. Additionally,
expansions and contractions for the first 100 families of
each species with the largest gene-family size are visualized
in electronic supplementary material, figure S17.

The estimated gene average birth rate (lambda) was
0.00134, accounting for duplications/gene/million years. A
total of 239 gene families experienced significant expansion
or contraction events across the tree of arthropods, with a
family-wide p-value < 0.05. By comparing the H. lingyang-
jiaoensis genome with that of the remaining Arthropoda, 30
rapidly evolving gene families were identified, including
four that significantly expanded and 26 that significantly con-
tracted (table 2; electronic supplementary material, table S12).
The significantly expanded gene families were trypsin, ABC
transporter and FecCD transport family. Their function pri-
marily involved in biological process relating to symbiotic
interactions, nitrogen compound processes, organic sub-
stance processing and primary metabolic processes.
Simultaneously, the gene families, ankyrin repeats, integrase
zinc-binding domain and zinc finger were significantly
contracted, and these families functioned in anatomical
structure development and morphogenesis, cell cycle, moult-
ing cycle, circadian rhythm and flight. Hermatobates
lingyangjiaoensis specifically shared 712 orthogroups with
the other five true bugs, among which 140 orthogroups
were shared exclusively between H. lingyangjiaoensis and
G. buenoi (Gerromorpha: Gerridae).

(d) Analysis of symbiotic bacteria
After quality control and deleting host and human contami-
nants, we obtained 367.86 Mb long reads and 5.61 Gb clean
short reads (electronic supplementary material, table S13).
These reads mainly comprised Wolbachia spp., Serratia spp.,
Spiroplasma spp. and Bacillus sp. (electronic supplementary
material, figures S18 and S19). Via hybrid assembling and



0100200300400500600

Polyzonium germanicum

Ricinoides atewa

Apis mellifera

Sinentomon erythranum

Ixodes scapularis

Folsomia candida

Echmepteryx hageni

Oncylocotis sp.

Phlaeothripidae sp.

Limulus polyphemus

Pediculus humanus

Acerentomon sp.

Eudigraphis takakuwai

Arcynopteryx dichroa

Holacanthella duospinosa

Antipaluria urichi

Chelifer cancroides

Stimulopalpus japonicus

Atelura formicaria

Cerobasis guestfalica

Mantophasma sp.

Tetranychus urticae

Perittopus sp.*

Egaenus convexus

Catajapyx aquilonaris

Microvelia leveillei

Frankliniella occidentalis

Prostemmiulus sp.

Oiophysa cumberi

Lygus hesperus

Cordulegaster boltonii

Halyomorpha halys

Hebrus nipponicus

Teleogryllus occipitalis

Blattella germanica

Lethocerus indicus

Nannochorista philpotti

Valleriola sp.

Bombyx mori

Timema tahoe

Heterocypris incongruens

Drosophila melanogaster

Cryptostemma wygodzinskyi

Limnoporus canaliculatus

Halovelia sp1.

Micracanthia ornatula

Agathiphaga queenslandensis

Hydrometra stagnorum

Nebalia bipes

Rhagovelia obesa

Kokeshia xiei

Cloeon dipterum

Acyrthosiphon pisum

Amemboa sp.*

Pleomothra apletocheles
Morlockia williamsi

Epiophlebia superstes

Lucihormetica fenestrata *

Gerris sp.*

Psyllipsocus ramburii

Geomydoecus ewingi

Gerris buenoi

Menopon gallinae

Cryptocercus wrighti

Planococcus citri

Graphopsocus_cruciatus

Craspedorrhynchus sp.

Metrocoris sp. *

Locusta migratoria manilensis

Neocoelidia tumidifrons

Lithobius forficatus

Hanseniella nivea

Hydrometra longicapitis

Machilis hrabei

Rhyacophila nubila

Anopheles gambiae

Zorotypus shannoni *

Ecdyonurus insignis

Mesovelia thermalis

Argulus siamensis

Galeodes sp.

Bactericera trigonica

Tribolium castaneum

Mesovelia mulsanti

Parasteatoda tepidariorum

Laccotrephes grossus

Campodea augens

Aenictopecheidae sp.

Coleotroctellus burckhardti *

Zootermopsis nevadensis

Aquarius paludum

Oncopeltus fasciatus

Neoalardus typicus

Triops newberryi

Galloisiana nipponensis

Penaeus monodon

Velia caprai

Haploglomeris multistriata

Tricholepidion gertschi

Thrips palmi

Craterostigmus tasmanianus

Buenoa margaritacea

Cosmioperla kuna

Cryptops anomalans

Eubranchipus grubii

Centruroides sculpturatus

Neodiprion lecontei

Ephemera danica

Mengenilla moldrzyki

Chrysopa phyllochroma

Hemimerus sp.

Nymphon gracile

Ceratocombus sp.

Stylops melittae

Protohermes xanthodes

Sminthurus viridis

Xenophyes cascus

Gonolabis marginalis

Xenophysella greensladeae

Badonnelia titei

Vargula hilgendorfii

Halovelia sp2.

Rhagovelia antilleana

Xibalbanus tulumensis

Derocheilocaris remanei

Stegodyphus dumicola

Haematomyzus elephantis

Sinentomon sp.*

Trichocorixa calva

Hutchinsoniella macracantha

Mortonagrion selenion

Stenopsyche tienmushanensis

Halobates sp.*

Spiralizoros caudelli

Ohmella baetica bolivari

Rhodnius prolixus

Philaenus spumarius

Bemisia tabaci

Aposthonia japonica

Daphnia pulex

Cimex lectularius

Aaroniella sp.

Mezira granulata

Ptycta johnsoni

Meinertellus cundinamarcensis

Strigamia maritima

Gigantometra gigas

Damon diadema

Chilecicada sp.

Nilaparvata lugens

Hermatobates lingyangjiaoensis*

Acopauropus ornatus

Phyllocrania paradoxa

Micromalthus debilis

Semibalanus balanoides

635 550 450 350 250 150 50
time (million years)

Ctenocephalides felis

(a)

(b)

(c)

F1

F2

F3

F5

F4

F7

F10

F11

F21

F15

F17

F20

F19

F18

F13

F12

F14

F22

F23

F fossil calibration point

3052Genes_aa

3052Genes_nt12

RAxML
ASTRAL

1013Genes_aa

1013Genes_nt12

support values

100%
91–99%
71–90%
�70%
not supported

100% support value in all analyses

Pantopoda

Xiphosurida

C
helicerata

M
yriapoda

Oligostraca

Hexanauplia
Malacostraca
Cephalocarida

Branchiopoda

Remipedia

Collembola

Protura

Diplura

H
exapoda

Archaeognatha

Zygentoma

PalaeopteraInsecta

Polyneoptera

Holometabola 

Paraneoptera

Parasitiformes

Acariformes
Pseudoscorpiones

Opiliones
Solifugae
Ricinulei

Arachnopulmonata

Chilopoda

Diplopoda

Pauropoda
Symphyla

"C
rustacea"

F9

F8

F16

Hemiptera

Heteroptera

Gerromorpha

Pterygota

Dicondylia

F6

"Veliidae" + Gerridae

Hermatobatidae

Thysanoptera

Psocodea

Coleorrhyncha

Auchenorrhyncha

Sternorrhyncha

Enicocephalomorpha

Dipsocoromorpha

Nepomorpha

Leptopodomorpha

Pentatomomorpha

Cimicomorpha

Neoptera

Cambrian Ordovician Silurian Devonian Carboniferous Permian Triassic Cretaceous Paleogene NeogeneEdiacaran Jurassic
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five rounds of polishing, we obtained a total of 1007 contigs
(with a N50 of 24 690 kb) (electronic supplementary material,
table S14). The main composition was the same as that of raw
reads (electronic supplementary material, figure S20). Func-
tional gene annotation showed that these symbiotic bacteria
may play important roles in the carbohydrate, lipid and
vitamin metabolism of the host (figure 3; electronic
supplementary material, table S15). As shown in figure 3,
the functional genes of symbiotic bacteria supplement or col-
laborate with host genes in many steps to accomplish a
hybrid metabolic pathway.

One high-quality metagenome-assembled genome
(MAG) (size: 4.96 Mb) and one medium-quality MAG (size:
1.03 Mb) were achieved through binning analysis (electronic
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supplementary material, table S16). Phylogenetic analysis
based on genome taxonomy database showed that the
high-quality MAG is closely related to the genus Serratia
(Proteobacteria: Gammaproteobacteria: Enterobacteriaceae).
This genome had 95.15% completeness and 0.97% contami-
nation. While the medium-quality MAG was closely related
to the genus Wolbachia (Proteobacteria: Alphaproteobacteria:
Rickettsiales: Anaplasmataceae), and with completeness at
89.99% and zero contamination. This is, for the first time, a
near-complete genome of Serratia assembled from a marine
insect, and we tentatively named this bacterial strain as
Serratia sp. (hereafter: sHlin). The overall G + C content of
sHlin is 59.7% (electronic supplementary material, figure
S21 and table S16).

Additionally, from the assembled draft genome we
identified 20 bacterial-origin contigs from genera Serratia,Wol-
bachia, Corynebacterium and Formosa (electronic supplementary
material, table S17). Among the bacterial-origin contigs,
the longest contig (Contig00166, 1.17 Mb) is a near-complete
Wolbachia genome (hereafter: wHlin), which has 97.62% com-
pleteness and only 0.21% contamination. Comparing with
the medium-quality MAG, the average nucleotide identity
(ANI) based on MUMmer is 99.81, which is higher than the
95% threshold and means that they belong to the same
species. The overall G + C content of wHlin is 36.2% (elec-
tronic supplementary material, figure S22 and table S16).
Phylogenomic analyses based on amino acids of 176
single-copy genes showed a close relationship between the
Wolbachia strains of H. lingyangjiaoensis and Cimex lectularius
(Heteroptera, Cimicidae), belonging to the F supergroup
(electronic supplementary material, figure S23). KEGG path-
way analyses showwHlin genome possesses partial pathways
for biotin (vitamin B7) and thiamine (vitamin B1) found in the
genome of Wolbachia strain of C. lectularius.



Table 2. Significantly expanded and contracted gene families of H.
lingyangjiaoensis.

gene no.

gene copy no.
in H.
lingyangjiaoensis

gene
copy no.
in Gerris
buenoi

significantly

expanded

gene

families

OG0000132 16 12

OG0000454 5 0

OG0001600 24 1

OG0001733 4 1

significantly

contracted

gene

families

OG0000015 5 28

OG0000016 8 29

OG0000021 6 18

OG0000032 12 35

OG0000044 2 26

OG0000046 24 95

OG0000057 2 52

OG0000064 0 54

OG0000068 5 32

OG0000076 7 95

OG0000079 0 51

OG0000086 2 46

OG0000087 0 107

OG0000091 9 71

OG0000098 0 21

OG0000107 0 15

OG0000108 1 30

OG0000118 0 21

OG0000122 3 47

OG0000250 1 17

OG0000319 1 79

OG0000338 1 61

OG0000358 0 40

OG0000484 0 81

OG0000884 0 31

OG0002013 0 50
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4. Discussion
Based on the results of this and prior studies (e.g. [55]),
stem-group insects originated in the Early Ordovician and
thereafter successfully occupied all conceivable terrestrial
niches. There is no doubt that the marine environment was
the last habitat invaded by insects. Unlike their “crustacean”
relatives who had so successfully established themselves in
the oceans, insects had to contend with various physical,
physiological and biological factors to return to the sea [60].
Although strictly marine insects are rare, considering the
huge diversity of insect species, such a habitat is not uncom-
mon for semi-aquatic bugs, among which Hermatobatidae is
one of the few exclusively marine family. Therefore, recon-
structing the phylogenomics of Hermatobatidae in the broad
context of Arthropoda and dating their origin may help resolve
evolutionary patterns and the palaeoecological forces allowing
for such a habitat shift and specialization. Simultaneously,
deciphering the genome and metagenome of a coral treader
may provide an opportunity to understand their adaptation
at a molecular genetic level. It should be stressed that obtain-
ing a high-quality genome is in the central status to improve
phylogenetic reconstruction, to have comparative genomic
analyses and to explore the potential complementary functions
between insects and symbiotic bacteria.

The backbone phylogeny of extant arthropods recovered
here is largely congruent with other phylogenomic studies
[12,13,55]. This robust result provides a solid foundation for
investigating the evolution of marine lineages along the phy-
logeny and corresponding genomic changes. A main finding
in the present study is the recovery of Paraneoptera being
monophyletic by ASTRAL analyses using the amino acid
sequences of 1013 and 3052 genes. Although the posterior
probabilities are not high, there is corroborating evidence
from morphological synapomorphies and prior molecular
studies [59]. The improved phylogenetic inference of insects
may encourage higher integration between the knowledge
of evolution and development of insects [61–63]. As for the
special attention to the phylogenetic position of Hermatobati-
dae within Gerromorpha, FcLM analysis supports the
sister relationship between Hermatobatidae and the clade
“Veliidae” +Gerridae with overwhelming quartets, suggesting
underlying strong signals in the data for this result. Further-
more, there are several morphological synapomorphies in
support of such a relationship, e.g. labial segments with inter-
calary sclerites between segments three and four, the female
gynatrial sac with glandular cells, and each ovarium with
four ovarioles [15]. However, before any taxonomic con-
clusions are drawn, it is important to note that our taxon
sampling is modest and that families such as Macroveliidae
and Paraphrynoveliidae, as well as representatives of many
subfamilies are missing. This is especially problematic in the
Hydrometridae, which is considered to be the closest extant
relatives of Hermatobatidae [18].

In the history of life, there are six well-known great mass
extinctions, one at the end of the Ediacaran during the Proter-
ozoic and five in the Phanerozoic. Almost every mass
extinction event was followed by the origin of new clades,
expansions of morphologic disparity and a rapid diversifica-
tion of new taxa [64–66]. After the end-Ediacaran, the three
main lineages of arthropods began to diversify. According
to our results, after the end-Ordovician event, the Dicondylia,
particularly the Pterygota, began their initial radiation. Later,
after the mass extinction in the Late Devonian, Polyneoptera,
Holometabola, and Hemiptera began to radiate, followed by
many order-level groups which expanded after the end-Per-
mian event (approx. 250 Ma), including the Gerromorpha.
Our results suggest that the end-Triassic mass extinction
was likely correlated with the origin and diversification of
coral treaders. This extinction event resulted in significant
biodiversity loss and ecological crises in both terrestrial and
marine ecosystems, and an especially devastating impact on
tropical reef ecosystems that did not fully recover until the
Middle Jurassic [67]. The recovery of reef ecosystems may
have provided many new and open niches into which coral
treaders could occupy and thrive.

Our dated phylogeny shows that the Hermatobatidae rep-
resent the earliest-diverged marine lineage (192 Ma) among
Gerromorpha–Gerroidea. The other marine lineages of semi-
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aquatic bugs are principally found nestedwithin more derived
subclades of certain subfamilies of ’Veliidae’ + Gerridae and
represent transitions from humid terrestrial or freshwater
habitats to saline waters, a pattern apparently repeated inde-
pendently several times throughout the phylogeny of
Gerromorpha [15]. These more recent invasions of marine
habitats have taken place to a large extent in the levels of
species, genera or tribes with predominantly limnetic relatives.
These, quite unlike the case for Hermatobatidae, represent
transitions from limnetic habitats to estuaries and mangrove
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swamps then to intertidal or open ocean environments. If
any extinction event is correlated with these shifts, the end-
Cretaceous mass extinction or even smaller events during
the Cenozoic such as the Eocene thermal maximum or
Eocene–Oligocene transition are seemingly most likely.

The genome of H. lingyangjiaoensis is of a medium size for
true bugs (0.68–1.55 Gb) [68,69] and a similar size to those of
other semi-aquatic bugs [70,71]. Comparative genomic ana-
lyses with other arthropod species show that the gene
families functioning in the moulting cycle and related pro-
cesses are significantly contracted, which certainly relates to
their reduced life cycles. Their life history includes the egg,
four nymphal stages, and finally the adult. The loss of a nym-
phal stage likely increases fitness in an otherwise harsh
marine environment. In addition, gene families associated
with anatomical structure development and morphogenesis
and flight were also contracted, likely associated with their
highly simplified and compact abdominal structure and obli-
gatory flightlessness. The flightlessness of all marine
Gerromorpha is generally associated with the higher stability
of marine environments when compared with freshwater
habitats, especially temporary ones, where the maintenance
of wings for dispersal (at least in part of the populations) is
favoured [15]. Specifically, comparing to the genome of the
freshwater species Gerris buenoi, with the typical five nym-
phal instars and wing polymorphism, the corresponding
gene families OG0000057, OG0000068 and OG0000250 were
significantly contracted, with only two, five, and one genes
in H. lingyangjiaoensis versus 52, 32 and 17 genes in G.
buenoi, respectively (table 2; electronic supplementary
material, table S12). These gene families play important
roles in anatomical structure development and morphogen-
esis, circadian rhythm and the moulting cycle process and
deserve more attention in development studies.

Symbioticmicrobes play important anddiverse physiologi-
cal functions for their hosts, including supplementation of
nutrition, protection from parasites and pathogens, influence
on insect mating and reproduction, and even a contribution
to the hosts’ adaptation to novel ecological niches [72–74].
The metagenome offers the most direct evidence of the genetic
capacity of themicrobial partners. Our functional gene annota-
tion for themetagenome ofH. lingyangjiaoensis shows that their
symbiotic bacteria supplement or collaborate with the host’s
genes in many steps of carbohydrate, lipid and vitamin metab-
olism pathways. These symbiotic bacteria likely provide
significant fitness benefits for the host’s survival. Within the
gut of coral treaders, Serratia sp. is one of the more dominant
strains. Serratia has a wide distribution, and can be found in
the air, in soil, as well as living symbiotically with plants and
insects [75]. For example, it has been reported that Serratia
can confer host resistance to invading parasitoids [76]. Another
dominant strain found with H. lingyangjiaoensiswas the genus
Wolbachia, which can supply essential nutrition for host repro-
duction [77] and has the genes to synthesize several B vitamins
[21]. The wHlin genome additionally possesses partial path-
ways for biotin (vitamin B7) and thiamine (vitamin B1) as the
case in Cimex lectularius [78]. But the precise function of these
bacteria inH. lingyangjiaoensis remains unknown and deserves
further investigation.
5. Conclusion
In conclusion, our dated phylogeny indicates that after hexa-
pods left the oceans to diversify on land, coral treaders
returned to the seas approximately 300 Myr later. Their adap-
tive evolution to marine habitats mainly reflects two aspects.
First, a significant contraction in some gene families resulting
in the reduced life cycle of coral treaders as well as their com-
pact abdominal structure, putatively to increase fitness in
their harsh marine environment. Second, the functional
genes of their symbiotic bacteria supplement or collaborate
with host genes in many steps of nutrient metabolism and
energy production. Further understanding of adaptations of
these interesting bugs is clearly needed. Next, we also hope
to verify whether the candidate gene families are correlated
with life cycle via comparative transcriptomics and
establishing laboratory colony of wild population.
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