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ARTICLE INFO ABSTRACT

Keywords: Cryptocercus Scudder, a genus of wingless, subsocial cockroaches, has low vagility but exhibits a disjunct dis-
Termlt.es tribution in eastern and western North America, and in China, South Korea and the Russian Far East. This dis-
?lsmr‘cal biogeography tribution provides an ideal model for testing hypotheses of vicariance through plate tectonics or other natural
nsects

barriers versus dispersal across oceans or other natural barriers. We sequenced 45 samples of Cryptocercus to
resolve phylogenetic relationships among members of the genus worldwide. We identified four types of tRNA
rearrangements among samples from the Qin-Daba Mountains. Our maximum-likelihood and Bayesian phylo-
genetic trees, based on mitochondrial genomes and nuclear genes (18S, 28S), strongly supported six major lin-
eages of Cryptocercus, which displayed a clear geographical distribution pattern. We used Bayesian molecular
dating to estimate the evolutionary timescale of the genus, and reconstructed Cryptocercus ancestral ranges using
statistical dispersal-vicariance analysis (S-DIVA) in RASP. Two dispersal events and six vicariance events for
Cryptocercus were inferred with high support. The initial vicariance event occurred between American and Asian
lineages at 80.5 Ma (95% credibility interval: 60.0-104.7 Ma), followed by one vicariance event within the
American lineage 43.8 Ma (95% CI: 32.0-57.5 Ma), and two dispersal 31.9 Ma (95% CI: 25.8-39.5 Ma), 21.7 Ma
(95% CI: 17.3-27.1 Ma) plus four vicariance events c. 29.3 Ma, 27.2 Ma, 24.8 Ma and 16.7 Ma within the Asian
lineage. Our analyses provide evidence that both vicariance and dispersal have played important roles in shaping
the distribution and diversity of these woodroaches.

Molecular clock

1. Introduction

The subsocial cockroach genus Cryptocercus and the eusocial termites
descend from a common ancestor that existed in the late Jurassic to early
Cretaceous (Che et al., 2016, 2020; Misof et al., 2014), prior to the
beginning of breakup of Laurasia. Cryptocercus is a wingless genus with
low vagility, exhibiting a disjunct distribution in the northern Hemi-
sphere (Asia and North America) (Fig. 1). It lives in and feeds on dead
wood throughout its life (Maekawa and Nalepa, 2011). It is the
continuous availability of rotten logs that enables Cryptocercus to survive
in sometimes harsh environments (Nalepa et al., 1997). Cryptocercus
species are typically narrowly distributed and restricted to a limited area
(Che et al., 2016, 2020; Wang et al., 2019; Burnside et al., 1999; Nalepa

* Corresponding authors.

et al., 1997, 2002), with some exceptions (e.g. C. relictus and
C. changbaiensis, which are widely distributed around the Changbai
Mountains, Che et al., 2020). Continental uplifting, glacial extinction
events and volcanic orogeny are likely to have shaped the current dis-
tributions of C. relictus and C. changbaiensis (Che et al., 2020). Vicariance
events and succession of host plants are believed to have played an
important role in the continental distribution of Cryptocercus (Nalepa
et al. 2002; Che et al. 2020).

The relative importance of vicariance and dispersal events in shaping
the current world geographical pattern of insects is a topic of active
research (Toussaint and Gillett, 2018; Cui et al., 2015; Barber-James
et al.,, 2008; Krosch and Cranston, 2013; Bourguignon et al., 2016,
2017; Anddjar et al., 2012). The global distribution of cockroaches is
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thought to have been shaped by several vicariance events through plate
tectonics, as well as transoceanic dispersal events (Bourguignon et al.,
2018). Despite lacking the ability to sustain long-distance flight (Peck
and Roth, 1992), most cockroaches have strong short-distance flight
capability (Bell et al., 2007). Cockroaches, including wingless and wing-
reduced species, are also able to disperse over water through rafting in
floating debris and vegetation (Peck, 1990; Peck and Roth, 1992; Tre-
wick, 2001). Because they are wingless and display low dispersal ability,
morphological conservatism and disjunct distributions, members of the
genus Cryptocercus represent an ideal model for testing hypotheses of
vicariance and dispersal, and understanding the role of geography in
processes of species formation and maintenance of local differentiation.

The insect mitochondrial (mt) genome is a compact circular mole-
cule, including 13 protein-coding genes (PCGs), two rRNA (rRNA) genes
22 tRNA (tRNA) genes, and a variety of non-coding regions. Because of
various advantages of mt genome data (e.g. the abundance of mt ge-
nomes in tissues, a fast rate of evolution, and conserved transcription
products (Cameron, 2014; Crampton-Platt et al., 2016; Simon et al.,
2006)), a wide array of studies have used them to infer phylogenetic
relationships and resolve questions that have not been answered based
on partial mitochondrial sequences or nuclear gene markers (Bourgui-
gnon et al., 2016, 2017, 2018; Du et al., 2019; Liu et al., 2019; Song
et al., 2019). Recent phylogenetic studies (Che et al., 2016, 2020; Wang
et al., 2019) based on partial mitochondrial sequences or nuclear gene
markers have improved our knowledge of the relationships among Asian
Cryptocercus and speciation events in the Hengduan Moutains. However,
relationships among some taxa remain unresolved (e.g. whether or not
Cryptocercus groups in the Hengduan Mountains are paraphyletic).

The arrangement of genes in insect mt genomes is generally thought
to be highly conserved for most taxa (Cameron, 2014; McBride et al.,
2006), although rearrangements of protein-coding and tRNA genes have
been reported in a number of taxa, including barklice (Liu et al., 2017a)
and grass thrips (Liu et al., 2017b), and rearrangement of tRNA genes
and pseudo genes were also found in assassin bugs (Jiang et al., 2016).
The first mitochondrial rearrangement in a representative of the order
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Blattodea was reported in C. meridianus (Li et al., 2017) (occurring be-
tween ND3-ND5).

In the present study, we sequenced 45 mitochondrial genomes to
complement existing data representing five Cryptocercus species, and
also obtained nuclear genes (I18S, 28S), with the aim of resolving
phylogenetic relationships among these taxa. Based on a broad sampling
of Cryptocercus representatives from both Asia and America, we recon-
struct the phylogeny of Cryptocercus and examine the evolutionary his-
tory of the group through fossil-calibrated divergence dating analysis.

2. Materials and methods

2.1. Taxon sampling, mitochondrial and nuclear genomic DNA
extraction, and sequencing

45 samples representing 30 Cryptocercus species and one Cryptocercus
species group were obtained in the field (Table S1), of which, 34 spec-
imens of Cryptocercus were collected from Changbai Mountains, Qin-
Daba Mountains and Hengduan Mountains in China, and the other 11
samples from California, Tennessee, North Carolina, Virginia and
Georgia, USA. All specimens were preserved in 100% ethanol and stored
at —80 °C. All voucher specimens are deposited in the Institute of
Entomology, College of Plant Protection, Southwest University,
Chongging, China.

Total genomic DNA was extracted from fresh muscle of one leg using
the TIANamp Genomic DNA Kit (DP304, TIANGEN, Beijing, China).
DNA Libraries were prepared for each sample separately. Forty-five li-
braries were pooled together and paired-end sequenced in one lane of
Ilumina HiSeq2500 at Shanghai Genesky Biotechnologies Inc. (China)
with 150-bp paired-end reads setting. Raw reads were generated and
quality-trimmed with CLC Genomics Workbench v9 (CLC Bio, Aarhus,
Denmark). Genome annotation was conducted in Geneious Prime (Bio-
matters Ltd., Auckland New Zealand) by aligning with those of pub-
lished Cryptocercus mitochondrial genomes. A physical map was drawn
with the web based tool OGDRAW (http://ogdraw.mpimp-golm.mpg.

Fig. 1. Sampling locations of Cryptocercus cockroaches. Detailed information for these locations is provided in Table S1.
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de) (Lohse et al., 2013).

For each mitochondrial contig, annotation of tRNA genes was per-
formed using MITOS webservers (Bernt et al., 2013) with the inverte-
brate genetic code and default settings and TRNACAN-SE (Lowe and
Eddy, 1997). Protein-coding genes (PCGs) and rRNA genes were iden-
tified by alignment with homologous genes of previously sequenced
Cryptocercus mitochondrial genomes. For nuclear 18S rRNA (18S) and
28S rRNA (28S), the assembling was conducted in Geneious Prime
(Biomatters Ltd., Auckland, New Zealand) by aligning with the pub-
lished Cryptocercus data. The annotated mitochondrial genome se-
quences of 45 Cryptocercus specimens, with the length ranging from
14,945 bp to 17,793 bp, and the nuclear 18S rRNA (18S) and 28S rRNA
(28S), with the length 1,932 bp to 1,945 bp, 4,705 bp to 4,875 bp,
respectively, have been deposited in GenBank (Table S1).

2.2. Sequence alignment and dataset

To infer the position of the root in our phylogenetic analysis and to
allow informative fossil calibrations to be included for molecular dating,
we carried out phylogenetic analyses of 34 Cryptocercus species, com-
bined with sequences from 2 mantid species, and 32 species of Blattodea
from GenBank (Table S1), including 3 Blattidae, 2 Tryonicidae, 2
Lamproblattidae, 10 Blaberidae and 15 termites. Therefore, the final
data set included 84 mitochondrial genomes, 64 18S and 63 28S se-
quences of 66 species. Sequences were aligned via the online MAFFT 7
server (http://ma.cbre.jp/alignment/server/) using the Q-INS-i algo-
rithm. Alignments of protein-coding genes were manually performed on
amino acid sequences using MEGA 6.0.6 (Tamura et al., 2013). Align-
ments of the ribosomal sequences (128, 16S, 18S and 28S) were per-
formed using the default parameters on the online GBlocks Web Tool
(Castresana, 2000), with ambiguous characters removed by GBlocks.

Five subsets (RNAPCG12) were included: (1) first and second codon
positions (PCG12) of all 13 protein-coding genes; (2) 12S rRNA gene; (3)
16S rRNA gene; (4) 18S rRNA gene; and (5) 28S rRNA gene. In addition,
we tested an alternative dataset (six subsets) in which the combined
tRNA genes were included (RNAPCG12tRNA). In both cases, we
excluded the third codon positions of the protein-coding genes because
of the high level of mutational saturation. The third codon position
(PCG3) (Iss = 0.540) was much more saturated than the first and second
codon position (PCG12) (Iss = 0.145) as revealed by Xia’s method
implemented in DAMBE 7 (Xia, 2018), and was much closer to the
critical value (Iss.cSym = 0.805; based on 32-taxon simulations), indi-
cating that the third codon position is less suitable for analyzing deep
divergences in the Cryptocercus phylogeny.

2.3. Phylogenetic analyses

PartitionFinder 1.1.1 (Lanfear et al., 2012) was used to select the
most appropriate nucleotide substitution model. Best-fitting substitution
model for ND1_posl2, ND4_posl2 and ND4L _pos12 was a TIM model
with gamma-distributed rate variation across sites and a proportion of
invariable sites (TIM + I + G), 18S TrNef + I + G. The best model for
other partitions was a GTR + I + G model.

Phylogenetic analyses were performed on the combined data set
using maximum-likelihood and Bayesian inference. Maximum-
likelihood analysis was performed using RAXML 7.7.1 (Stamatakis
et al., 2008). We used a gamma distribution to model rate heterogeneity
across sites. Node support was estimated using 1000 bootstrap repli-
cates. Bayesian analyses were performed using MrBayes 3.2 (Ronquist
et al., 2012). We ran two independent sets of Markov chains, each with
one cold and three heated chains, for 107 generations each. Samples
were drawn every 1000 steps, with the first 25% of samples discarded as
burn-in. Convergence was assessed with effective sample size (ESS)
values > 200 in Tracer 1.6 (Rambaut et al., 2018).
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2.4. Divergence dating analysis

We performed divergence-dating analyses of the mitochondrial
genome and nuclear data from Cryptocercus species and 34 outgroups
using BEAST 1.8.4 (Drummond et al., 2012). For each subset of the data,
we assigned the best-fitting model of nucleotide substitution selected by
PartitionFinder. We compared two tree priors (Yule process and birth-
death process) and allowed rates to vary across branches according to
an uncorrelated lognormal relaxed clock (Drummond et al., 2006). For
this analysis, the molecular clock was calibrated by specifying expo-
nential prior distributions for the ages of seven nodes in the tree, based
on termite and other cockroach fossils (Table 1). Two calibration priors,
the hard minimum constraint, and the soft maximum bound, corre-
spondingly the upper 97.5% limit of the probability density, were given
according to the youngest and oldest time of the fossil, which appro-
priately shows the uncertainty of the node time (Ho and Phillips, 2009).

The two Bayesian analyses were each run for 50 million steps across
four independent Markov chains, with states sampled every 5000 steps.
We combined states using Logcombiner in the BEAST package, checked
for sufficient sampling and convergence in Tracer 1.6 (Rambaut et al.,
2018) to make sure the ESS was greater than 200. A maximum-clade-
credibility tree was obtained using TreeAnnotator in the BEAST pack-
age. In our analyses, comparison of marginal likelihoods indicated
decisive support for the birth-death process over the Yule process.
Therefore, we only present the trees inferred using the birth-death tree
prior.

2.5. Biogeographic analysis

We reconstructed the evolution of geographic ranges in Cryptocercus
using a statistical dispersal-vicariance analysis (S-DIVA) implemented in
RASP 3.02 (Yu et al., 2015). Six areas of endemism were defined for the
biogeographic analyses: (A) Western Sichuan Plateau in Hengduan
Mountains; (B) Yunnan Plateau in Hengduan Mountains; (C) Qin-Daba
Mountains; (D) Changbai Mountains including eastern Russia and
South Korea; (E) west coast of America and (F) east coast of America.

To account for uncertainty in the tree topology, we loaded all of the
sampled trees from our BEAST analysis and discarded the first 500 trees.
Outgroup taxa were excluded. For S-DIVA analyses, we used the ‘Allow
Reconstruction’ option with a maximum of 100 reconstructions and
three random steps, then a maximum of 1000 reconstructions for the
final tree. A maximum number of six areas was allowed at each node.
Optimal S-DIVA reconstructions were summarized on the pruned
maximum-clade-credibility tree from our Bayesian phylogenetic
analysis.

3. Results
3.1. Mitochondrial genomic organization of Cryptocercus spp.

We sequenced 45 mitochondrial genomes from representatives of 31
Cryptocercus species, and combined these with a further seven genomes
available in GenBank and representing five species. Thirty eight of these
52 mitochondrial genomes are complete, with lengths ranging from
14,945 bp to 17,793 bp and an average A + T content of 74.23%. Among
the species represented, mitochondrial genomes of C. habaensis were
found to have the highest A + T content (81.22%), while C. neixiangensis
displayed the lowest A + T content (72.68%).

Compared with the generally-accepted mitochondrial gene order
(GO) of Drosophila yakuba, rearrangements of six tRNAs (trnA, trnR,
trnN, trnS1, trnE and trnF) between nad3 and nad5 are found in eight
samples from the Qin-Daba Mountains (Figs. 2 and 3), which represent
four rearrangement types: (i) loss of trnA in C. wuxiensis (GO1); (ii)
translocation of trnA in C. ningshanensis, C. neixiangensis (BTM) (GO2),
and C. neixiangensis (MZL) (GO3); (iii) translocation of trnA and dupli-
cation of trnE/F in C. hirtus (GO4) and C. shennongensis (GO5); and (iv)
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Table 1
Fossils used for calibrating the divergence time estimates of major cockroach clades in this study.
Species Minimum age Calibration group Soft maximum bound (97.5% Reference
(Ma) probability)
Amitermes lucidus 13.8 Amitermes + Orthognathotermes (1) 70 Krishna and Grimaldi (2009)
Dolichorhinotermes 16 Dolichorhinotermes + Rhinotermes 100 Schlemmermeyer and Cancello
dominicanus 2 (2000)
Archeorhinotermes rossi 98.2 Neoisoptera + Kalotermitidae(3) 237 Krishna and Grimaldi (2003)
Valditermes brenanae 130.3 termites + Cryptocercus (4) 250 Jarzembowski (1981)
Cretaperiplaneta kaonashi 100.5 Blattidae + Tryonicidae (5) 237 Qiu et al. (2020)
Epilampra 41.3 Epilampra + Galiblatta (6) 145 Beccaloni (2014)
Gyna obesa 56 Gyna + Blaptica + Phoetalia (7) 145 Piton (1940)

*Numbers after calibration groups are labelled for the calibrated nodes in Fig. 5.
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Fig. 2. Mitochondrial gene rearrangements in Cryptocercus. Abbreviations of gene names are as follows: ATP6 and ATP8, ATP synthase subunits 6 and 8; COI-COIII,
cytochrome oxidase subunits 1-3; CYTB, cytochrome b; ND1-6 and ND4L, NADH dehydrogenase subunits 1-6 and 4L; 16S and 128§, large and small rRNA subunits.
tRNA genes are indicated by their one-letter corresponding amino acids. CR, control region. Genes are transcribed from left to right except for those that are
underlined, which have the opposite transcriptional orientation. Active regions of gene rearrangements were highlighted by color.
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Fig. 3. Inferred TDRL events that account for the mitochondrial gene rearrangements in Cryptocercus. (GO2-6) Genes between ND3 and ND5; (GO7) genes between
CR and ND2, and between ND3 and ND5. Genes with crosses below were eliminated. The longer non-coding sequences are highlighted in yellow. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tandem duplication and random loss in C. neixiangensis (LYW) (GO6)
and C. chengkouensis (GO7). In addition, another rearrangement of three
tRNAs (duplication of trnl-trnQ-trnM), occurred only in C. chengkouensis
(GO7).

3.2. Phylogenetic analyses

Phylogenetic analyses were performed using Bayesian inference in
MrBayes 3.2 (Ronquist et al., 2012) and using maximum-likelihood in
RAXML 7.7.1 (Stamatakis et al., 2008) based on two datasets
(RNAPCG12 and RNAPCG12tRNA). Termites and Cryptocercidae were
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consistently recovered as sister taxa with strong support values, with a
close relationship to the Blattidae + Tryonicidae (Figs. 4, S1-S3).
Based on the RNAPCG12 dataset, both methods yielded highly
similar estimates of relationships among Cryptocercus spp. (Figs. 4 and
S1), with the exception of the position of C. kagongensis. We also found
strong support for the monophyly of North American Cryptocercus and of
Asian Cryptocercus. In the North American clade, Cryptocercus clevelandi,
a species from the west coast, was recovered as the sister group of the
C. punctulatus complex from east coast of America. The samples of
Cryptocercus from Asia (China, Russia and South Korea) were grouped
into four major lineages: clade I from Russia, Northwest China and South
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Korea; clade II from Qin-Daba Mountains; clade III from the Western
Sichuan Plateau in the Hengduan Mountains; and clade IV from the
Yunnan Plateau in the Hengduan Mountains with the inclusion of one
Cryptocercus species from Rekugou, Sichuan Province. Samples of
Cryptocercus from the Changbai Mountains, including taxa from eastern
Russia and South Korea, formed a paraphyletic group. The clade
C. changbaiensis + C. kyebangensis was placed at the basal position as the
sister group to the remaining Asian Cryptocercus. In both analyses clade
III and clade IV were recovered as sister group. This clade plus clade II
were recovered as sister group to C. relictus. The monophyly of samples
of Cryptocercus from Hengduan Mountains was strongly supported (ML
bootstrap 100%, posterior probability 1), but samples of Cryptocercus
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from Western Sichuan Plateau were not recovered as monophyletic
owing to the Cryptocercus species from Rekugou, Sichuan Province.

Based on the RNAPCG12tRNA dataset, our ML and BI phylogenetic
analyses produced nearly identical topologies with generally high node
support (Figs. S2 and S3), with the exception of the position of
C. ningshanensis and C. shennongjiaensis. In maximum-likelihood ana-
lyses that included or excluded the combined tRNA genes, the clade
C. changbaiensis + C. kyebangensis was recovered to be the sister group of
the remaining Asian Cryptocercus (Figs. 1, S1-S3).
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3.3. Divergence dating analysis

The timescale for Cryptocercus species diversification based on
mitochondrial genomes and nuclear genes (18S, 28S), and calibrated
using 7 cockroach (including 3 termites) fossils is shown in Fig. 5
(further details are shown in Table 1). The divergence time analysis
indicated that Cryptocercus diverged from termites during the Lower
Cretaceous to Upper Jurassic, 140.5 Ma (95% credibility interval
130.3-157.9 Ma). Subsequently, Cryptocercus diverged into North
America Cryptocercus and Asian Cryptocercus c¢. 80.5 Ma (95% CI:
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60.0-104.7 Ma). In the North American clade, the split between
C. clevelandi and the C. punctulatus complex occurred 43.8 Ma (95% CI:
32.0-57.5 Ma). The C. punctulatus complex then diverged 28.9 Ma (95%
CI: 21.6-37.4 Ma). Within the C. punctulatus complex, the divergence
between the two main clades was estimated to date back to 23.9 Ma
(95% CI: 17.6-30.9 Ma). In the Asian clade, C. changbaiensis +
C. kyebangensis firstly diverged from other Asian species 31.9 Ma (95%
CI: 25.8-39.5 Ma), followed by a divergence between C. relictus and the
species from the Qin-Daba Mountains and Hengduan Mountains 29.3 Ma
(95% CI: 23.6-36.1 Ma). The most recent common ancestor of
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Cryptocercus from the Hengduan Mountains and Qin-Daba Mountains
was dated at 27.2 Ma (95% CI: 21.9-33.5 Ma). The clade comprising
species from the Yunnan Plateau was estimated to have diverged from
the species from the Western Sichuan Plateau 24.8 Ma (95% CI:
20.1-30.7 Ma). Most species-level diversifications of Cryptocercus
occurred during the Miocene.

We reconstructed the Cryptocercus ancestral ranges using statistical
dispersal-vicariance analysis (S-DIVA) in RASP (Fig. 6). Ancestral
Cryptocercus were inferred to have been widely distributed in eastern
Asia and northern America. We inferred two dispersal events and six
vicariance events for Cryptocercus (Fig. 6: nodes 1-8) with high credi-
bility scores (1.0). The initial vicariance event (Fig. 6: node 1) occurred
between American and Asian lineages at 80.5 Ma, which was followed
by one vicariance event within American lineage, and two dispersal plus
four vicariance events within the Asian lineage. The vicariance event
(Fig. 6: node 2) between C. clevelandi from the west coast of USA and the
C. punctulatus complex from the east coast of USA was inferred to have
occurred 43.8 Ma (95% CI: 32.0-57.5 Ma).

Dispersal was inferred to have occurred in the ancestral Cryptocercus
from northeastern Asia around 25.8-39.5 Ma (Fig. 6: node 3). Subse-
quently, three vicariance events occurred between C. relictus from
northeastern China and the remaining Cryptocercus species (Fig. 6: node
4, 29.3 Ma), Cryptocercus species between Hengduan Mountains and
Qin-Daba Mountains (Fig. 6: node 5, 27.2 Ma), and species between
Yunnan Plateau and Western Sichuan Plateau (Fig. 6: node 6, 24.8 Ma),
respectively. Ultimately, one dispersal (Fig. 6: node 7, 21.7 Ma) and one
vicariance (Fig. 6: node 8, 16.7 Ma) event each were inferred from the
Yunnan Plateau lineage.

4. Discussion
4.1. Mitochondrial genomic rearrangements in Cryptocercus

Four types of gene rearrangements within the tRNA gene cluster
(mainly trnA-trnR-trmN- trnS1-trnE-tmF, the underlined gene is encoded
by the minority strand) were found in eight Cryptocercus species from
Qin-Daba Mountains (Fig. 2). Our finding (Fig. 3), as well as that of Li
et al. (2017), showed that rearranged genes are often located between
ND3 and ND5, and are likely caused by TDRL mechanisms (Liu et al.,
2017a, 2017b; Song et al., 2019). Most insects have conserved mt
genome arrangements, and rearrangements generally involve a few
tRNA genes, with some exceptions, such as the mt genome of a wallaby
louse in which all tRNA genes and nine protein-coding genes have been
rearranged (Shao et al., 2001). Our results show that mt gene arrange-
ments are variable among closely related lineages. Three closely related
species, C. luanchuanensis, C. neixiangensis and C. spl also showed
different rearrangement types and rate of change of the tRNA genes.

The tRNA gene rearrangements inferred in our study occurred in
species from the Qin-Daba Mountains, but not in species from the
Hengduan Mountains, where a gene rearrangement event in
C. meridianus was previously reported (Li et al., 2017). In terms of
terrain, the Hengduan Mountains are more complex than the Qin-Daba
Mountains, having more fragmented habitats (Che et al., 2020).

4.2. Implications for the phylogeny of North American Cryptocercus and
resolution of relationships among taxa from the Hengduan Mountains

Our results support the monophyly of Cryptocercus and termites, and
the sister group relationship between Asian and North American Cryp-
tocercus, in line with a recent mitochondrial genome phylogeny (Bour-
guignon et al., 2018). In the North American clade, our results almost
concur with the results of Kinjo et al. (2018) based on Blattabacterium
genomes. The phylograms (Fig. 4, S1-S3) based on different datasets
(RNAPCG12 or RNAPCG12tRNA) using Bayesian inference and
maximum-likelihood recovered the monophyly of C. clevelandi and the
C. punctulatus complex (Kinjo et al., 2018). Relationships among
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members of the C. punctulatus complex were partly inconsistent with the
result of Che et al. (2016), which might be the result of using different
types of data and different taxon sampling.

Recent phylogenetic studies (Bai et al., 2018; Che et al., 2016, 2020;
Wang et al., 2019) have improved our knowledge of the phylogeny of
Asian Cryptocercus species, including species and chromosome number
diversity and their geographic distributions on the Western Sichuan
Plateau. We confirmed the monophyly of the Cryptocercus group from
the Hengduan Mountains based on various datasets (RNAPCG12 or
RNAPCGI12tRNA), in contrast to the results of Che et al. (2020), who
found that the group was paraphyletic with respect to taxa from the Qin-
Daba Mountains. Our phylogenetic results show that the clade
C. changbaiensis + C. kyebangensis is the earliest branching lineage in the
Asian lineage, leading to the paraphyly of Cryptocercus from the
Changbai Mountains (which include areas of northeastern China, Korea,
and eastern Russia) with respect to more southern taxa. This result is
inconsistent with the monophyly of this group recovered in previous
studies (Che et al., 2020; 2016). C. changbaiensis was confirmed to be the
sister group of C. kyebangesis, not C. relictus, which is consistent with the
result of Che et al. (2020). According to the field investigations of Che
et al. (2020), C. changbaiensis and C. relictus were widely distributed
around the Changbai Mountains. Nevertheless, C. relictus shares a closer
relationship with other Cryptocercus groups from the Qin-Daba Moun-
tains and Hengduan Mountains in our analysis. Further study of south-
western Korean Cryptocercus from Jiri-san (Park et al., 2004) is there-
fore warranted.

4.3. The impact of vicariance and dispersal events on global Cryptocercus
distributions

Our analyses with seven fossil calibrations based on mitochondrial
genomes date the origins of stem-lineage Cryptocercus c. 140.5 Ma with
95% ClIs (130.3-157.9 Ma), and the split of North American and Asian
Cryptocercus 80.5 Ma with 95% CIs (60.0-104.7 Ma). Our chronograms
have smaller 95% CIs compared with those of previous studies (Che
et al., 2016, 2020). The 95% ClIs in these previous studies overlap sub-
stantially with those inferred here, despite the fact that different data set
and fossil calibrations were used. Our results indicate that extant Cryp-
tocercus species have evolved over periods of 80.5 My.

Two dispersal and five vicariance events were inferred using statis-
tical dispersal-vicariance analysis (S-DIVA) in RASP and the known
distributions of Cryptocercus species sampled in this study to reconstruct
Cryptocercus ancestral ranges. Our results are consistent with the hy-
pothesis that, from the Lower Cretaceous to Upper Jurassic, the ancestor
of extant Cryptocercus inhabited in the vast forest of the Northern
Hemisphere, and that the separation of Asia and North America had
important impacts on the modern distribution of Cryptocercus. Geolog-
ical records suggest that the Bering land bridge connected northeastern
Asia and north-western North America for much of the time since the
Cretaceous (Marincovich and Gladenkov, 1999) which indicates that
gene flow between populations of an ancestral Cryptocercus species
present in both Asia and north-western North America could occur
during that time. Although the Bering land bridge remained a potential
dispersal corridor until the Pliocene (Gladenkov et al., 2002) (when a
continuous belt of boreotropical forests present since the early Paleo-
cene (65 Ma) extended over the entire Northern Hemisphere), the
environment of the area across the Bering land bridge was probably
suitable for warm-adapted taxa including reptiles and arthropods (Jiang
et al., 2019), but inhospitable for Cryptocercus. Cryptocercus prefers cold
and high humidity environments (Maekawa and Nalepa, 2011; Bai et al.,
2018; Che et al., 2016, 2020). This may have led to migration south-
wards by ancestral Cryptocercus species, leading to the formation of the
Asian and North American lineages. This also coincides with the diver-
gence time of North American and Asian Cryptocercus 80.5 Ma (95% CI
60.0-104.7 Ma).

From the early Cretaceous, the North American Inland Sea separated
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west and east North America (King, 1958) but receded southwards to the
Gulf of Mexico at the end of the Cretaceous. Thus, the ancestors of the
North American Cryptocercus clade are unlikely to have diverged into
western and eastern lineages as a result of this event. During the
Paleogene (65-34 Ma), rising mountains over much of north-western
North America and the consequent formation of large river systems
(Torsvik and Cocks, 2017) led to a natural barrier that hindered the
spread of organisms. The second vicariance event 43.8 Ma (95% CI
32.0-57.5 Ma) between western and eastern North American lineages
(C. clevelandi and C. punctulatus complex) is generally consistent with
this timeframe.

From the Palaeocene to the Eocene, a broad arid vegetation zone
covered all of China, except for northeastern China (Sun, 1979), which
was covered by a temperate-subtropical humid vegetation zone (Sun
and Wang, 2005). We speculate that the common ancestor of Asian
Cryptocercus lived in the area encompassing northern China, Far East
Russia and South Korea. During the Oligocene, the arid zone in China
became narrower in the east, which resulted in subtropical arid and
semiarid vegetation emerging in central China, and tropical and sub-
tropical humid vegetation emerging in southern China (Sun and Wang,
2005). This would have allowed the movement of Cryptocercus into the
Qin-Daba and Hengduan Mountains. In contrast to Che et al. (2020), we
inferred a dispersal event (Fig. 6: node 3) to southern areas from
northeastern China, Far East Russia and South Korea around 25.8-39.5
Ma. From the early Palaeocene to Eocene, although the terrain of
northeastern China was much more elevated than other regions in
China, it is thought to have been a large plateau (Ge and Ma, 2007). The
wide distribution of C. changbaiensis and C. relictus around the Changbai
Mountains (Che et al., 2020) supports this hypothesis. The dispersal of
Cryptocercus appears to be governed by the succession of host plants, and
can occur over long distances. From the late Eocene to Oligocene, the
ancient Changbai Mountains, Zhang Guangcailing and the Korean
Peninsula began to uplift (Ge and Ma, 2007). The formation of four
volcanoes in the Changbai Mountains (Wan, 2012) is thought to have
blocked contact through the plain, which could explain the split
occurring between C. changbaiensis + C. kyebangensis and the ancestor of
other Asian species 31.9 Ma (95% CI: 25.8-39.5 Ma), and the distribu-
tion patterns of Cryptocercus in Northeast Asia. The uplift of the Qinghai-
Tibetan Plateau around 30 Ma, to no more than 2000 m (Zhang et al.,
2009), played an important role in the vicariance event (Fig. 6: node 4,
29.3 Ma) between C. relictus from northeastern China and other species
in central and southwestern China. Subsequently, as the Qinghai-
Tibetan Plateau continued to rise, more fragmented habitats formed,
possibly leading to two vicariance events occurring between the lineages
in the Hengduan and Qin-Daba Mountains (Fig. 6: node 5, 27.2 Ma), and
between Yunnan and Western Sichuan Plateaus (Fig. 6: node 6, 24.8
Ma). The geographical distribution of C. arcuatus, C. habaensis and
Cryptocercus sp3 is very close, and their common ancestor (Fig. 6: node
7, 21.7 Ma) could have easily dispersed across natural barriers to the
Western Sichuan Plateau. Following this, they became isolated from
each other at 16.7 Ma (Fig. 6: node 8).

The last five divergences suggest ancient vicariance caused by the
uplift of mountains, including one divergence event in North America,
and four divergence events in Asia. Compared with Che et al. (2020),
two dispersal and two more vicariance events were inferred in our study.
The inconsistencies between them may be the result of using different
taxon sampling and different types of data. Overall, the multiple hy-
potheses for vicariant divergence proposed above are somewhat pre-
liminary, but we believe that our results point to an important role for
vicariance in determining the global distributions of Cryptocercus.

5. Conclusions
Our study, based on mitochondrial genome and nuclear gene data,

has led to improvements in our understanding of the phylogenetic re-
lationships among Cryptocercus species worldwide. We found strong
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support for the monophyly of taxa from: 1) North America, 2) Asia; 3)
the Qin-Daba Mountains; and 4) the Hengduan Mountains. The Western
Sichuan Plateau lineage and Yunnan Plateau lineage were also found to
be paraphyletic owing to one Cryptocercus species from Rekugou of the
Western Sichuan Plateau. We were not able to resolve the relationships
within C. punctulatus complex, however, additional sampling will help to
improve our understanding of how Cryptocercus evolved in this area. Our
statistical dispersal-vicariance analysis provided strong support for both
vicariance and dispersal in determining the global distribution of
Cryptocercus. Plate tectonics, the succession of vegetation, and the uplift
of mountains appear to have affected the distribution of Cryptocercus
through vicariance events, whereas dispersal events have shaped the
distribution pattern of Cryptocercus in Northeastern Asia and the
Hengduan Mountains. These findings provide a framework to better
understand the evolution of these wingless insects.
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