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Abstract

Knowledge of the factors that determine the distribution ranges of organisms is nec-
essary to understand their evolutionary and ecological significance and contribution
to biodiversity. A very effective mean of studying such factors is to compare the
distribution characteristics and genetic structures of closely related species with
differing habitat preferences. Freshwater aquatic insects are relatively easy to ob-
serve and the basis of their corresponding niche differentiation easier to identify.
Freshwater habitats are categorized lotic or lentic water according to flow regime. In
Japanese Islands, the genus Anisocentropus of the calamoceratid caddisfly, the tar-
get group in this study, was morphologically reconfirmed that three species, that is,
Anisocentropus kawamurai, A. pallidus, and A. magnificus. Among these, A. kawamurai
prefers lotic environments and A. pallidus is adapted to lentic water habitats. The
distribution range of these sister species overlaps within the Japanese Islands. We
estimated the phylogeny and the evolutionary history of Anisocentropus caddisflies
worldwide. We estimated divergence periods by two methods, a single locus with
various specimens and multiple loci with reduced numbers of the specimens. As a
result, we elucidated the phylogenetic position of Japanese species within the cos-
mopolitan genus Anisocentropus, and also revealed their dual origin. In addition, we
demonstrated that the contrasting genetic structures between the sister species dis-
tributed in widely overlapping areas were due to differentiation in their respective
adapted environmental preferences. Although, in general, it is known that species
adapted to lentic water have greater dispersal potential and so are associated with
wider distribution areas by means of examining their comparative genetic structures,
we revealed a new pattern of genetic locality existing in the genetic structures of the
species adapted to lentic water. We then present evidence that suggests the ecologi-
cal preferences of a species are an important factor in understanding the evolution-

ary history of that species.
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1 | INTRODUCTION

The distribution range of a species is determined by a combina-
tion of factors and is influenced by the particular characteristics
of each habitat environment and/or connectivity among habitats.
Knowledge of the factors that determine the distribution ranges of
organisms is necessary in order to understand evolutionary and eco-
logical significance and contribution to biodiversity (Ellis et al., 2006;
Kellermann et al., 2009; Saito & Tojo, 2016a; Tojo et al., 2017). A
very effective study of such factors is to compare the distribution
characteristics and genetic structures of closely related species
with differing habitat preferences (Arbogast & Kenagy, 2001; Emms
et al., 2020; Hjalmarsson et al., 2015; Leaché et al., 2020; Suzuki
etal., 2014).

Insects, which are the most diverse group of organisms on earth,
evolved while adapting to a variety of niches and environmental con-
ditions (Engel & Grimaldi 2004; Engel et al., 2013; Misof et al., 2014;
Tojo et al., 2017). Among them, freshwater aquatic insects have
often attracted attention in studies of niche differentiation on a geo-
graphically fine-scale (Leys et al., 2016; Saito & Tojo, 2016a, 2016b).
The differentiation of their habitats based on environmental factors
is relatively easy to observe and the basis of the corresponding niche
differentiation easier to discuss.

Freshwater habitats can be broadly categorized according to
flow regime as either lotic (running water) or lentic (standing water).
The majority of aquatic insects inhabit one of these environments,
only rarely inhabiting both (Larson, 1997; Ribera & Vogler, 2000).
The factor that makes a large difference between lotic water and
lentic water species is the degree of connectivity between popula-
tions and their corresponding stability. Due to the large differences
in characteristics between these two habitat types, the characteris-
tics of the species adapted to each habitat also greatly differ (Abellan
et al., 2009; Ribera et al., 2003; Ribera & Vogler, 2000).

Lentic water habitats tend to be scattered and isolated having

patchy distribution, while lotic water habitats tend to be continuous

Lotic water Lentic water |

with the various water habitats connected along the length of a river
system. As such, lotic habitats are usually more stable than lentic
water habitats (Arribas et al., 2012; Hof et al., 2012). As a result,
habitat connectivity and stability are expected to have strong influ-
ences on the resultant level of gene flow, genetic drift, and other
interpopulation-level processes (Figure 1; Hughes et al., 2013).
Genetic differentiation between populations is likely to be pro-
moted when there are strong restrictions on migration and dispersal
between those populations (Hughes et al., 2013; Kato et al., 2013;
Takenaka & Tojo, 2019; Takenaka, Tokiwa et al., 2019). Therefore,
different scales of gene flow between closely related species should
also result in significant differences in the genetic structures of
the populations (Abellan et al., 2009; Hughes et al., 2013; Yano
etal., 2019).

As a general principle regarding the population structure of
aquatic insects, it is considered that species inhabiting lentic envi-
ronments are more adapted to a relatively higher dispersal capability
than those of lotic ones. This is because lentic water environments
are isolated and scattered, and as a result, only species with a higher
dispersion propensity are likely to have successfully adapted (Bowler
& Benton, 2005; Hanski & Gyllenberg, 1997; Hof et al., 2012). Thus,
in aquatic insects adapted to lentic water environments, as a re-
sult of their typical widespread gene flow, the same genotypes are
widely shared; therefore, geographical genetic structure is often not
as readily detected (Abellan et al., 2009; Damm et al., 2010; Drotz
etal.,, 2012; Yano et al., 2019).

The genus Anisocentropus MclLachlan, 1863, of the calamocer-
atid caddisfly is constituted over 90 species and is distributed across
the Oriental, Australasian, Afrotropical, Neotropical, Nearctic,
and East Palearctic regions (Morse, 2020). The larval cases of the
Anisocentropus caddisflies are made of two oval and/or rectangular
pieces of leaf. The larvae live in such sleeping-bag like cases and
feed on fallen leaves. Thus, their typical habitats are litter packs
formed from accumulations of submerged fallen leaves (Ito, 2016;

Ito et al.,, 2012). Ito et al. (2012) reviewed the Japanese species of
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FIGURE 1 Comparison of dispersion
schemes of aquatic insects adapted to
lotic and lentic water environments
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Anisocentropus, and it was morphologically reconfirmed that three lentic environments, that is, natural lakes, ponds, and swamps
species, as follows: (1) Anisocentropus kawamurai (lwata 1927), dis- (never river streams or artificial ponds: Ito et al., 2012; Takenaka,
tributed widely across East Asia, that is, the Japanese Islands, the Shibata et al., 2019). In particular, A. pallidus is adapted to lentic
Korean Peninsula, China, Taiwan, Vietnam, Thailand, and Myanmar water habitats and is only found in isolated stagnant water areas
(Figure 2; Ito et al., 2012; Takenaka, Shibata et al., 2019). This spe- with abundant greenery such as forest edges, swamps, and forest
cies prefers lotic environments (i.e., running water environments), wetlands, and so is never found in large lakes or the side pools
but also sometimes inhabits lakes, ponds, reservoirs, and stagnant of streams banks. (3) The distribution of Anisocentropus magnificus
stream water environments. (2) The distribution of Anisocentropus (Ulmer 1907) has been recorded on Ishigaki-jima and Iriomote-jima

pallidus (Martynov 1935) has been recorded within the Japanese Islands in the Southern Ryukyu Islands, and also in the Philippines
Islands (only in Hokkaido, Honshu, and Kyushu, none recorded (Ito et al., 2012). On Iriomote-jima Island, we collected A. mag-
within Shikoku) and the Russian Far East (Ito et al., 2012; Takenaka, nificus from both lotic and lentic environments of streams and a
Shibata et al.,, 2019). The habitats of A. pallidus include natural swamp.
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FIGURE 2 (a) Two larvae of the Anisocentropus caddisfly. White arrow indicates a larva with its case, and the black arrow points to the
hole where the larva cut its nest material from the leaf. (b) Sampling localities of each species, Anisocentropus kawamurai, Anisocentropus
pallidus, and Anisocentropus magnificus. Please refer to Table S1 for specific locality numbers, sample numbers and GenBank accession
numbers. The colors correspond to the estimated phylogenetic tree shown in Figure 3
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The main objective of this study was to evaluate two hypoth-
eses by comparing the genetic structures of two Japanese spe-
cies (A. kawamurai and A. pallidus) with regard to their contrasting
habitat preferences. Generally, species adapted to lentic water has
higher dispersal capability. However, habitat connectivity and sta-
bility are expected to have strong influences on the level of gene
flow. There are two major conflicting hypotheses. In this study,
we focused on two typical target species with different habitat
preferences, of which one, A. pallidus, is adapted to strictly lentic
environments. This has resulted in a breakthrough in the under-
standing of comparative phylogeography. We also examined their
phylogenetic and evolutionary histories using genetic information
on Anisocentropus caddisflies obtained from all the continents
and islands they inhabit. Our results contribute to accumulat-
ing knowledge in one area regarding the temporal diversity of
species composition as shaped by shared environments, geological
history, idiosyncratic responses to recent climate change, and also
a deeper understanding regarding the formation mechanisms of
biota within the Japanese islands.

2 | MATERIALS AND METHODS
2.1 | Sampling and DNA data

Anisocentropuskawamurai,Anisocentropuspallidus,and Anisocentropus
magnificus, the main target species in this study, were collected from
almost all recorded areas in the Japanese Islands (Table S1, Figure 2).
In addition, for A. kawamurai, specimens were also collected from
the Korean Peninsula, China, and Thailand. However, the specimens
collected from Thailand were old, and so we were not able to obtain
good quality gene sequences. In total, 256 specimens of the three
Anisocentropus caddisflies from 103 localities were collected and an-
alyzed genetically (Table 1, S1, Figure 2). Detailed information on all
specimens is shown in Table S1. Most specimens were fixed in 99.5%
ethanol in the field, although several were fixed in 70% ethanol and
transferred to 99.5% ethanol for long-term storage.

We added asmuch sequence dataas possible onthe mtDNA COI
region of Anisocentropus caddisflies available from GenBank to an-
alyze the higher phylogenetic relationships among Anisocentropus
caddisflies around the world. With respect to the out-groups for
our phylogenetic analyses, we used the DNA sequence data of
Molanna sp. (GenBank accession number: LC619232, LC619233)
and Ganonema spp. (GenBank accession numbers: KX103854,
KX104037, KX104287, KX141978). In addition, for our phylo-

genetic analyses and estimation of divergence periods within

Anisocentropus caddisflies, we added the DNA sequence data
of multiple families as out-groups; that is, Calamoceratidae
and Molannidae which are considered to be sister families to,
and Leptoceridae, which is considered to be a sister family to
“Calamoceratidae + Molannidae,” and Odontoceridae which is

considered to be a sister family to “Calamoceratidae + Molannidae

+Leptoceridae” (Thomas et al., 2020, GenBank accession numbers
shown in Table S3).

2.2 | Molecular data collection

The extraction of total genomic DNA and purification of PCR
product sequencing were conducted according to the same meth-
ods as used in previous studies (Takenaka & Tojo, 2019). Each total
genomic DNA sample was used to amplify DNA fragments [the
mitochondrial DNA (mtDNA) cytochrome c oxidase subunit | (COI)
and the nuclear DNA (nDNA) histone H3 regions] by polymerase
chain reaction (PCR) with sets of primers (Table S2). The PCR pro-
tocol was shown in Table S2. All sequence data were submitted to
the DNA databank of Japan (DDBJ database; Table S1). Sequence
alignment and editing were performed for each gene separately
using “autostrategy” of MAFFT v7.222 (Katoh & Standley, 2013)
and CLC Workbench software (CLC bio, Aarhus, Denmark). The
alighnments were determined for unique haplotypes and genotypes
using the software DnaSP v4.0 (Rozas et al., 2003) prior to subse-
qguent analysis.

Haplotype networks were constructed by the program TCS
ver. 1.2.1 (Clement et al., 2000) based on the mtDNA COI region
(740 bp) using PopART (Leigh & Bryant, 2015) to visualize and com-
pare genetic structure across genetic barriers for A. kawamurai and
A. pallidus. The extent of genetic diversity (h: Nei, 1987) and nucle-
otide diversity (z: Nei & Li, 1979) were investigated using software
DnaSP v4.0. We calculated genetic distance (p-distance) between
clades using MEGA ver. 6.06 (Tamura et al., 2013) and the Fst be-
tween clades using Arlequin version 3.5 (Excoffier & Lischer, 2010).
Population size changes and deviations from neutrality were tested
to compare the observed to the estimated mismatch distributions,
and measurements of Tajima's D statistic (Tajima, 1989) and Fu's
Fs statistic (Fu, 1997) were obtained using Arlequin version 3.5
(Excoffier & Lischer, 2010).

2.3 | Phylogenetic analyses

Phylogenetic analyses were performed by Bayesian analysis using
BEAST 2 ver. 2.4.8 (Bouckaert et al., 2014). The program Kakusan4
(Tanabe, 2007) was used to select appropriate models based on
Schwarz's Bayesian information criterion (BIC; Schwarz, 1978).
Substitution models were chosen as follows: HKY + G for mtDNA
COl and HKY + G for nDNA histone H3. Bayesian MCMC simula-
tions for phylogenetic analyses of Japanese Anisocentropus caddis-
flies were run for 100 million generations, sampling every 10,000
generations for the mtDNA COl region (740 bp), and for 50 million
generations, sampling every 1,000 generations for the nDNA his-
tone H3 region. We selected the uncorrelated lognormal relaxed
clock and a Yule tree prior. The output files were checked for conver-

gence after removing a 10% burn-in by examining effective sampling
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K . . Species/Clade N H h T GD D Fs
genetic analysis, neutrality tests, and
the mismatch distribution analysis of Anisocentropus kawamurai 182 70  0.901  0.013 0.014 -1.113 -24.202
each species of the three targeted Japanese Clade 155 54 0.863 0004 0005 -1.855" -25902
Anisocentropus caddisflies, based on the .
. Continental Clade 27 15 0.943 0.018 0.018 0.342 0.393
mtDNA COl region
Anisocentropus pallidus 66 22 0.896 0.007 0.007 -0.552 -4.758
Anisocentropus magnificus 8 3 0.464 0.001 0.001 -0.448 -0.478

Abbreviations: D, Tajima's D; Fs: Fu's Fs; GD, p-distance within species average; h, haplotype
diversity; H, number of observed haplotypes; N, number of examined specimens; z, nucleotide

diversity.
**p < .01.

size (ESS > 200) using Tracer v1.6 (Rambaut et al., 2014) and then
summarized in Tree Annotator (in BEAST package) before visualizing
the resulting tree in FigTree v1.3.1 (Rambaut, 2009).

2.4 | Estimating divergence periods

To estimate the divergence period for each phylogenetic tree node
of Anisocentropus caddisflies, we used two methods with a relaxed
Bayesian molecular clock analysis was performed with BEAST 2
ver. 2.4.8 (Bouckaert et al., 2014). Although no molecular clock
calibrations were attempted due to the lack of appropriate fossil
records to strictly conduct divergence periods analyses, we con-
ducted estimated divergence periods using a calibration point es-
timated as the period when the most recent common ancestor of
Molannidae and Calamoceratidae evolved between 78 and 132 Ma
(the prior distribution was treated as being lognormal), which was
estimated by phylogenetic analyses for Trichoptera based on es-
timated divergence periods using calibration of an interpretation
of the trichopteran fossil record (Thomas et al., 2020). Bayesian
MCMC simulations were run for 100 million generations, sampling
every 10,000 generations for the mtDNA COl region (589 bp). In
addition, to validate the results of estimated divergence periods,
we also estimated divergence periods using multiple combined se-
quence data [the mtDNA COI region, and the nDNA elongation
factor 1-«a, carbamoyl-phosphate synthetase, RNA polymerase I,
and isocitrate dehydrogenase regions], but the sample size was
small (28 species, 15 genera, 4 families; Table S3). All other set-
tings used were as in the prior, and substitution models are de-

tailed in the above “phylogenetic analysis section.”

2.5 | Ancestral distribution analysis

To examine the colonization routes of Anisocentropus or evolutionary
history of Japanese Anisocentropus caddisflies, biogeographic history
was inferred by the analysis of ancestral area reconstruction using
Bayesian binary MCMC (BBM) implemented using RASP 4.0 while
applying default parameter settings (Reconstruct Ancestral State in
Phylogenies; Yu et al., 2020) and the corresponding likelihood was esti-

mated using model-based DEC (dispersal, extinction and cladogenesis).

We selected biological areas according to “Wallace's Zoogeographic
Regions of the World” (Holt et al., 2013); however, the “Sino-Japanese”
[refer to China and Japanese Islands in Holt et al. (2013)] and Palearctic

region (only in China and Russia) regions were merged.

3 | RESULTS

The results of our molecular phylogenetic analyses of Japanese
Anisocentropus caddisflies based on the mtDNA COlI region (740 bp)
and the nDNA histone H3 region (314 bp) are shown in each Figures 3
and 4. The monophyly of each species, A. kawamurai, A. pallidus, and
A. magnificus, was supported. Assessment of potential ancestral dis-
tribution ranges using BBM of RASP based on the mtDNA COlI re-
gion was shown in Figure 3.

Subsequently, we assessed the potential ancestral distribution
ranges of Anisocentropus globally using their phylogenetic tree. As
a result of that analysis, it was supported initial distribution was
within the East Asian region (Figure 5). In addition, it was clarified
that A. kawamurai and A. pallidus form a monophyletic clade and are
genetically largely differentiated from other Anisocentropus caddis-
flies. Species inhabiting the East Asian and South-East Asian regions
were found to be in a mosaic pattern at various sites within the
phylogenetic tree, thus demonstrating a high degree of species and
genetic diversity across the Asian region. Anisocentropus magnificus,
which inhabits the Yaeyama Islands of Japan, largely genetically dif-
ferentiated from the other two Japanese species, and rather was lo-
cated within a clade composed of South-East Asian, Australian, and
African lineages (Figures 3-5).

Regarding the intraspecies phylogenetic relationships of
A. kawamurai, the phylogenetic tree based on the mtDNA COl re-
gion showed a large degree of the genetic differentiation between
the populations of the Japanese Islands and those of the Eurasian
Continent (Table 2, Figure 3). The population of Yonaguni-jima
Island (i.e., site No. 70 in Figure 2), which is a part of the Japanese
Islands, was genetically located as being from within the Eurasian
Continental clade (Haplotype Ak-65; Figure 3). A Russian speci-
men, which was registered as A. pallidus in GenBank, was also
included within the Eurasian Continental clade of A. kawamurai
(KX294013, Figure 5; this sample is considered to be a taxonomic

misidentification).
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data of the mtDNA COl region (740 bp). The numbers at major nodes indicate posterior probabilities. The pie chart indicates the estimated
ancestral distribution areas at each node using the Bayesian binary MCMC methods of RASP. The color scheme of the pie chart for each
major node corresponds to the regional division and its color scheme in the box. The Shikoku/Kyushu region was not detected as an
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Haplotype observed from Yonaguni-jima Island. *2, Haplotype observed only from Tsushima Island. *3, Haplotype observed from Honshu,

Shikoku, Kyushu, and Tsushima Island



TAKENAKA ET AL.

_Ak_1
1.00f=Ak_3
Ak 2

A. kawamurai

0.98 — Ap_1
0.95
— Ap_2

L_Ap_3
Ap_4

A. pallidus

0.53

Am_1| A. magnificus

Molanna sp. outgroup

0.02

FIGURE 4 The estimated phylogenetic relationships (Bayes
tree) of the Anisocentropus caddisflies based on the sequenced data
of the nDNA histone H3 region (314 bp). The numbers at major
nodes indicate posterior probabilities

The genetic diversity (i.e., both haplotype diversity and nucle-
otide diversity) of the populations of the Eurasian Continent of
A. kawamurai was found to be higher than that of the populations
of the Japanese Islands (Table 1, Figure 3). In addition, recent ex-
pansions of the effective population sizes of the Japanese lineages
were clearly indicated (see Tajima's D and Fu's Fs; Table 1). As for
the two species of A. pallidus and A. magnificus, analyses were only
conducted on the Japanese populations (Figures 3 and 4).

3.1 | Estimating divergence periods of
Anisocentropus caddisflies

To determine the phylogenetic positioning and divergence periods
of the three Japanese Anisocentropus species, we conducted phy-
logenetic analyses for Anisocentropus caddisflies on a worldwide
scale, using all available GenBank datasets (Figures 5, S1 and S2).
In addition, we estimated the divergence period at each node of
Anisocentrupus caddisflies based on each calibration point at which
the divergence period of the most recent common ancestor of the
two closely related families (Molannidae and Calamoceratidae) had
evolved between 78 and 132 Ma (Thomas et al., 2020). For this
result, the origin of Anisocentropus was estimated as being 75.3
(116.9-42.6 Ma), that is, Cretaceous to Paleogene (Figure S1). In
addition, to validate the results of estimated divergence periods in
Figure S1, we also estimated the divergence periods using multiple
combined sequence data. For this result, the origin of Anisocentropus
was estimated as being 74.1 (122.8-35.1 Ma; Figure S2). Analyses

using two datasets produced almost the same divergence ages.
3.2 | Comparing genetic structures of sister species
adapted to different environments

Here, we compared the genetic structures of two Anisocentropus

species, A. kawamurai and A. pallidus, which have differing habitat
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preferences. Regarding the mtDNA COl region, a total of 70 haplo-
types were identified from 183 specimens collected from 79 sites in
A. kawamurai, and a total of 22 haplotypes were identified from 66
specimens collected from 28 sites in A. pallidus (Table 1, Table S1,
Figure 6). The haplotype diversity (h) and the nucleotide diversity
(7) values of these species are shown in Table 1. The haplotype net-
work of A. kawamurai was constructed resulting in a typical “star”-
like network, indicating that many other haplotypes were derived
from these two dominant haplotypes (Figure 6a). The haplotype
network of A. pallidus was constructed whereby the haplotypes ob-
served were found to be scattered among many other presently un-

observed intermediate haplotypes (Figure 6b).

4 | DISCUSSION

4.1 | Evolutionary history of Anisocentropus
caddisflies

The level of species diversity for Anisocentropus is known to be
higher within the Oceania region (Morse, 2020). The sequence
data of the mtDNA COI region of Anisocentropus caddisflies in
various regions were registered in GenBank following a previous
study (Zhou et al., 2016) as part of the Trichopteran DNA barcod-
ing project. Of significance in this study, we added gene sequence
data for Anisocentropus caddisflies in Asia, especially in Japan.
We then estimated the phylogeny and the evolutionary history of
Anisocentropus caddisflies worldwide, and we aimed to clarify the
evolutionary history and phylogenetic positions of the Japanese
species.

Although this result may have been influenced by sampling bias
due to the number of Japanese specimens being extremely large
and the monophyly of the node W was not so strongly supported,
it was found that A. kawamurai and A. pallidus might have diverged
at the earliest node from other species in our dataset (i.e., node W
in Figure 5).

Then, as a result of our estimation of the ancestral range of
Anisocentropus caddisflies worldwide, it seems probable that their
ancestral range is more correctly estimated to be within the East
and/or South-East Asian regions rather than Australia (i.e., node X
in Figure 5), because the level of species diversity is known to be
higher than these regions in Australia. This result that the origin of
Anisocentropus caddisflies is in the Asian region is clearly a subject
that should be thoroughly studied in the future. In addition, as the
number of species described within South-East Asia has been in-
creasing in recent years (Suwannarat et al., 2018), it is important to
accumulate further knowledge within the Asian regions in order to
properly assess the degree of species diversity within this group.

As a result of estimated divergence period based on the mtDNA
COl region, the origin of Anisocentropus was estimated to be 75.3
(116.9-42.6) Ma (Figure S1). This analysis included many specimens
from various regions, although it used only a single locus to esti-
mate divergence dates. As a subsequent step, in order to confirm

the accuracy of this age, estimates of the divergence periods of
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TABLE 2 Genetic distances

A kawamurai— A. kawamurai (p-distance) between the targeted
JPN Clade CNT Clade A.pallidus  A. magnificus P nnetarg
Anisocentropus caddisflies, based on the
Anisocentropus kawamurai sequence data of the mtDNA COl region
Japanese Clade 0.7972 0.9012 0.9591
Continental Clade 0.0383 0.8563 0.8914
Anisocentropus pallidus 0.0572 0.0300 0.9455
Anisocentropus magnificus 0.1164 0.1280 0.1162

Note: Upper diagonal, pairwise Fst values; lower diagonal, p-distance.
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Anisocentropus were also analyzed based on sequence data of five
loci including regions of mitochondrial and nuclear DNA although
the number of samples was smaller (Figure S2). As a result, the es-
timated divergence period between Anisocentropus and Ganonema,
which are sister genera, was also estimated as having similar a di-
vergence age using both analyses. While it is possible that the es-

timated divergence period using calibration based upon a specific

node may result in overestimation, the calibration point used in
this study was estimated based on the divergence period between
Calamoceratidae and Molannidae (also sister families) as estimated in
a previous study (Thomas et al., 2020 ), which thoroughly examined
the phylogeny of Trichoptera based on multiple loci and including
almost all Trichopteran families, giving estimated divergence peri-

ods using calibration based on many nodes and including a review
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of fossil records. Therefore, it is considered that the risk of signif-
icant overestimation of the divergence periods was minimized, and
we consider that the estimated divergence periods were reasonably
estimated in this study.

The origin of the diversification of Anisocentropus caddisflies
was estimated to be around the time at which the division of the
“Supercontinent Pangea” was in progress, as the prototype of each
current continent began to be formed (Paleomap PaleoAtlas for
GPlates: https://www.earthbyte.org/paleomap-paleoatlas-for-gplat
es/; Earth View: http://media.hhmi.org/biointeractive/earthviewer_
web/earthviewer.html).

The distribution range of a species is influenced by the particular
characteristics of each habitat's environment and/or the connectiv-
ity among habitats (Arbogast & Kenagy, 2001; Emms et al., 2020;
Murria & Hughes, 2008; Okamoto & Tojo, 2021). Therefore, it is pos-
sible that taxa having similar distribution areas may have experienced
a similar evolutionary history. For example, the distribution areas of
the family Stenopsychidae are similar, and Stenopsyche has spread
into wide areas of the Asian region of the Northern Hemisphere.
As such their origin may be considered to be Gondwanaland based
on their current distribution area and that the Japanese Islands and
their surrounding areas correspond to the northern and furthermost
distribution limits of this group (Morse, 2020; Nozaki et al., 2016;
Saito et al., 2018).

The distribution areas of Stenopsychid and Anisocentropus cad-
disflies are similar. It is considered that these two caddisfly groups
have been strongly influenced by the same geohistorical events
since the division of the supercontinent. It was presumed that the
caddisflies of Stenopsyche had their highest genetic diversity within
the Southeastern Asian region and then speciated as they expanded
distribution to the north and into the East Asian region (Saito
et al., 2018). Anisocentropus caddisflies are also considered to have
originated in the South-East Asian region (node X in Figure 5), similar
to Stenopsyche caddisflies. Although the node Y is shown to have
the high posterior probability of the East Asian clade, the node W is
likely to have a sample bias toward East Asia. So, it is highly likely that
it originated in South-East Asia.

However, there were differences identified between these two
caddisflies in the process of their distributional expansion and phy-
logeographic evolution within the Asian region. The two species
inhabiting the Japanese Islands and their surrounding areas (i.e.,
A. kawamurai and A. pallidus), which correspond to the northern limit
of the distribution area of Anisocentropus caddisflies, were geneti-
cally differentiated from all other Anisocentropus species worldwide.
It is considered that these differences between the genetic struc-
tures of Stenopsyche and Anisocentropus are due to the differences
in their habitat preferences. Larvae of Anisocentropus caddisflies
prefer leaf litter packs formed from accumulations of submerged
fallen leaves in ponds or/and pools within streams (Ito, 2016; Ito
et al., 2012), while larvae of Stenopsyche caddisflies prefer riffle en-
vironments and gravel riverbeds in flowing water (Saito et al., 2018).
Thus, itis speculated that the differences in habitat preferences have

influenced phylogeographic evolutionary history and the genetic

structures of these two caddisfly groups (Abellan et al., 2009; Emms
etal.,, 2020; Ribera et al., 2003).

4.2 | The evolutionary history and distribution
ranges of three Japanese Anisocentropus caddisflies

As a result of our molecular phylogenetic analyses, each of the three
species, A. kawamurai, A. pallidus, and A. magnificus, was evaluated
as being clearly genetically differentiated clades, which agreed with
a previous morphological taxonomical study (Ito et al., 2012). The
speciation between A. kawamurai and A. pallidus was estimated to
have occurred 35.5 (57.3-18.1) Ma, when the Japanese Islands were
located to the Eurasian Continent as a landmass on the eastern edge
of the continent (Martin, 2011; Otofuji et al., 1985), based on the
analysis of the estimated divergence periods (Figure 3). The lineage
of many animals that inhabit the present Japanese Archipelago is
thought to have diverged from a common ancestor that inhabited the
landmass that forms the current Japanese Islands when it was still a
part of the continent (Motokawa & Kajihara, 2017; Tojo et al., 2017).
Both A. kawamurai and A. pallidus are also considered to be typical
examples of having such an eastern Eurasian Continental origin.

On the other hand, it was also shown in our study that one more
Japanese species, A. magnificus constitutes a monophyletic clade
with another species distributed in Southeast Asia and Oceania re-
gions, and it is largely genetically differentiated from the other two
Japanese Anisocentropus species. The distribution range of A. mag-
nificus includes the Yaeyama region (i.e., Ishigaki-jima and Iriomote-
jima Islands) and the Philippine Islands. Although we could not collect
specimens from the Philippines, it is considered that the population
of the Yaeyama region may have derived from those of the Philippine
Islands, like several organisms (Tseng et al., 2018).

Therefore, we suggest that Japanese Anisocentropus caddisflies
have, at least, dual origin, one from East Asia and the other from
South Asia. It also became clear that these two lineages have had
contact with the Ryukyu Islands. In the future, it will be necessary to
carry out research in both the Philippines and Taiwan.

4.3 | Genetic structures of A. kawamurai

4.3.1 | Genetic differences between the Japanese
Islands and the Eurasian Continent

We included genetic data for A. kawamurai in our genetic analyses
from a wide area of the Japanese Islands and the Eurasian Continent
(i.e., the Korean Peninsula, the Chinese Mainland). Cases of genetic
differentiation between the organisms of the Japanese Islands and
the Eurasian Continent were reported in many species (Motokawa
& Kajihara, 2017; Tojo et al., 2017). Insects are no exception, sug-
gesting such differentiation patterns have a relationship to the geo-
logical events which occurred during the division of the Japanese

Islands from the Eurasian Continent (cf. Tojo et al., 2017). This study
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also showed large genetic differentiation of A. kawamurai between
the Japanese Islands and the Eurasian Continent. In addition, the se-
quence data of A. pallidus from Russia registered in GenBank have
been identified as within the continental phylogeographic clade of
A. kawamurai. To date, only A. pallidus are recorded from Russia, so
it is possible that it was treated as species A. pallidus with insuffi-
cient consideration. However, this study also demonstrated an in-
creased likelihood that A. kawamurai could potentially inhabit Russia.
If this conjecture is correct, it will result in a newly recorded spe-
cies in Russia, but strictly speaking, the morphological characteris-
tics of a specimen of the population from which the genetic data
were derived, and which we used in our genetic analysis needs to
be scrutinized.

The divergence period between the Japanese and the Eurasian
Continental lineages of A. kawamurai was estimated as 21.6 (5.2-
24.4) Ma. This agrees with the geologically estimated period of
the Japanese Archipelago separating from the Eurasian Continent
(Otofuji et al., 1985). It therefore indicates that there has been no
subsequent dispersion and gene flow since the separation of the
Japanese Archipelago.

Genetic diversity (i.e., haplotype and nucleotide diversity) within
the continental populations was higher than that of the Japanese
populations. One of the hypotheses proposed that the ancestral
Japanese population originated as a part of the continental lineages
and thereafter evolved independently within the Japanese Islands.
Another hypothesisis thatitis generally more difficult to maintain ge-
netic diversity on small islands, as there are smaller population sizes,
than on continents. Also, the risk of bottlenecks and extinction is
higher than in continental populations (MacArthur & Wilson, 2001),
and it is possible that the impacts of glacial-interglacial cycles were
stronger than in the continental populations. In our previous study's
ecological niche model analysis, stable habitable environments (po-
tential distribution regions) were estimated to be over a wider area
on the continent than in the Japanese Islands during the glacial peri-
ods (Takenaka, Shibata et al., 2019). Therefore, it is considered that
the population decline on the continent during the cold glacial peri-
ods would have been lower than that within the Japanese Islands.

Although it was only evaluated for the Japanese populations
that the population size expansion was relatively recent using neu-
trality tests (Tajima's D and Fu's Fs tests), it was estimated that the
divergence periods of the Japanese populations compared with the
continental populations are older, when the proto-Japanese Islands
separated from the eastern edge of the Eurasian Continent. It is
also considered that population declines during the glacial periods
were followed by expansions during the following warmer periods.
From haplotype network analysis, it appears that there may have
been multiple refugia during the glacial periods. No geographical
genetic structures were detected within the continental popula-
tions. Therefore, the continental lineage has maintained gene flow
over a wide area along with a corresponding high degree of genetic
diversity.

The Tsushima Islands are a very important area when discuss-

ing biota formation within the Japanese Islands (Tojo et al., 2017).
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Various organisms that migrated to Japan via the land bridge, of
which the Tsushima Islands form a part, are well known [e.g., Carabus
procerulus (Kim et al., 2000), Ephoron shigae (Sekiné et al., 2013,
2015)]. In A. kawamurai, it was clearly shown that the Tsushima pop-
ulation has a genetic structure closer to that of Japanese populations
than Korean (asterisks 2 and 3 in Figure 3). In addition, since the ge-
netic differentiation between the Japanese Islands and the Eurasian
Continent of A. kawamurai occurred at the edge of the continent
in an early period, and the Tsushima population is genetically posi-
tioned as a part of the Japanese clade, it is considered that a part of
the Japanese population migrated to the Tsushima Islands from the
Japanese Islands, rather than having migrated from the Continent to
the Japanese Islands.

4.3.2 | Japanese southwestern populations of
A. kawamurai

Only the population of Yonaguni-jima Island, which is located at the
westernmost reaches of Japan, was genetically positioned within the
Eurasian Continental clade. This is because Yonaguni-jima Island was
connected to the continent via Taiwan for a long time due to events
in geological history (Kato et al., 2013; Koizumi et al., 2014; Osozawa
et al., 2017). It can be seen from the Bathymetrical map (marine top-
ographical map) around the Japanese Islands that the South Ryukyu
Islands and Taiwan, when the sea level drops, become connected
by land bridges. Nondistribution of A. kawamurai within the Central
Ryukyu Islands is also consistent with the topographical map of the
seafloor.

Interestingly, A. kawamurai is not distributed on either Ishigaki-
jima or Iriomote-jima Islands, even though they are within the same
Southern Ryukyu Island chain. Such a distribution pattern is also
observed in several other caddisfly species there (Ito, 2017). This
unique distribution pattern may be related to their interspecific in-
teraction with A. magnificus of South Asian origin. The South Ryukyu
Islands are an interesting area, within which is observed the bor-
derline between the distributions of A. kawamurai and A. magnificus.

4.4 | Comparative genetic structure between sister
species with different preference environmental
characteristics

The distribution range of A. kawamurai (adapted to lotic environ-
ments) and A. pallidus (adapted to lentic environments) overlaps
within the Japanese Islands, which is a rare case in which two spe-
cies inhabit an area sympatrically (Takenaka, Shibata et al., 2019). In
this study, there were only seven sites in which both species were
sympatrically collected. Anisocentropus pallidus inhabits only iso-
lated stagnant water areas with a high degree of naturalness and
has never been observed inhabiting large lakes or the side pools of
streams. Therefore, the habitat of A. pallidus itself has a fairly limited
distribution.
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As a result of the molecular analysis in this study, the speciation
of these two species of A. kawamurai and A. pallidus was estimated to
have occurred ca. 35.5 Ma. Therefore, it is considered that the spe-
ciation due to niche differentiation occurred at the continental time
when the Japanese archipelago was still located on the eastern edge
of the Eurasian Continent (Martin, 2011; Otofuji et al., 1985). Within
the current Japanese Islands, although their distribution areas over-
lap widely, their habitat preferences seem to still be maintained.

The genetic structure of an organism is determined by the in-
teraction of a complex mix of factors such as preferred habitat
characteristics, historical background, barriers to migration, and
geological history (Arbogast & Kenagy, 2001; Emms et al., 2020;
Saito & Tojo, 2016b). The two species, A. kawamurai and A. pallidus,
are suitable groups for elucidating the relationship between the dif-
ference in habitat preference and the corresponding genetic struc-
ture. A different genetic structure was observed between each of
the species, A. kawamurai and A. pallidus.

The genetic structures showed a contrasting trend. In the hap-
lotype network of A. kawamurai, two major dominant haplotypes
were observed, and a “star” structure was formed around these
major haplotypes. On the other hand, from the genetic structure
of A. pallidus, many intermediate haplotypes were observed; in ad-
dition, we also detected the existence of hypothetical haplotypes
that were not sampled or extinct, and this network shape indicated
that a stable population structure has been maintained for a long
time. Also, the genetic structure and neutrality tests indicated
that the population structure of A. pallidus is a more stable pop-
ulation structure. It is considered that such a difference in their
genetic structural patterns is due to the difference in their habitat
preferences. Therefore, since the lotic water environment is geo-
graphically more continuous, the potential for gene flow between
populations of species adapted to lotic water conditions exists over
a wider area. In general, species adapted to environments, which
are scattered and isolated with a patchy distributing, have a limited
potential for gene flow. Therefore, there is a higher potential for
genetic differentiation between different populations, as a result
of the restricted level of gene flow and also for subsequent ge-
netic drift and other interpopulation-level differentiate processes
(Hughes et al., 2013; Water et al., 2020). Meanwhile, some other
intermediate haplotypes that would have likely existed in the past
may have become extinct due to the effects of unstable environ-
ments, whereas, when such habitats are stable for a long period,
it can facilitate the accumulation of genetic differentiation within
its population from other populations. Many studies focused on
organisms adapted to patchily distributed habitats and/or low
dispersion species reported many intermediate haplotypes, high
nucleotide diversity values, a high number of mutations, and a
high degree of genetic differentiation between populations (e.g.,
Okamiya et al., 2018; Su et al., 1996; Takenaka & Tojo, 2019).

These contrasting genetic structures are similar to those ob-
served between the genetic structures of species in which their hab-
itats are positioned continuously as opposed to those in which their

habitats have a patchy distribution, and/or between species with

differing degrees of dispersal ability (Drotz et al., 2012; Hjalmarsson
et al,, 2015; lkeda et al., 2012; Waters et al., 2020). In other words,
in Anisocentropus caddisflies, the lentic water-adapted species are
more restricted in terms of connectivity between populations com-
pared with the lotic water-adapted species, and so the associated
potential for gene flow is also restricted.

However, in general, it is known that species adapted to len-
tic water conditions have greater dispersal potential and so are
associated with wider distribution areas, and also an absence
of genetic locality (Hof et al., 2006; Ribera & Vogler, 2000; Yano
et al., 2019). Therefore, this is a new finding that the genetic struc-
tures of A. kawamurai and A. pallidus exhibit significantly different
patterns from the genetic structures indicated in previous studies.
Interestingly, the habitat preference for the lentic water species
A. pallidus was more localized and specialized than that of typical
lentic water-adapted species, for example, baetid mayfy (Drotz
et al., 2012), libellulid dragonflies (Damm et al., 2010), and wetland
beetles (Abellan et al., 2009).

In conclusion, we estimated the phylogenetic position of all
three Japanese species as being within the cosmopolitan genus
Anisocentropus and also revealed their dual origin (the western route
via land bridge, and the southern route via the Philippine Islands).
It was clarified that the two species, A. kawamurai and A. pallidus,
are sister species and constitute a monophyletic clade among the
world's Anisocentropus caddisflies. We newly suggested that the or-
igin of Anisocentropus caddisflies is correctly estimated to be within
the South East or East Asian region.

In addition, we revealed a new pattern by means of examining
the comparative genetic structures of species inhabiting freshwa-
ter environments. Specifically, the contrasting genetic structures of
the sister species, A. kawamurai and A. pallidus, which are distributed
in widely overlapped areas throughout the Japanese Islands, were
shown to be based on differentiation in their respective adapted
environmental preferences (i.e., lentic and lotic waters) and corre-
sponded to the connected status of these habitats. Therefore, we
presented evidence that suggests the ecological preferences of a
species are an important factor in understanding the evolutionary
history of that species.
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