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Abstract
Background

How various host-parasite combinations have been established is an important question in evolutionary
biology. We have previously described two nematode species, Rhigonema naylae and Travassosinema
claudiae, which are parasites of the Xystodesmidae millipede Parafontaria laminata in Aichi Prefecture,
Japan. Rhigonematoidea belongs to the infraorder Rhigonematomorpha and is phylogenetically close to
the Ascaridomorpha, which includes the roundworm parasite in animals. Thelastomatoidea spp. belong
to the infraorder Oxyuridomorpha, which comprises a wide variety of parasites in many vertebrates and
invertebrates. These nematodes were isolated together with high prevalence; however, the phylogenetic,
evolutionary, and ecological relationships between these two parasitic nematodes and between host-
parasites are not well known.

Results

We collected nine species (11 isolates) of Xystodesmidae millipede from seven different locations in
Japan and found that all species were co-infected with the parasitic nematodes Rhigonematoidea spp.
and Thelastomatoidea spp. Rhigonematoidea spp. is exclusively a millipede parasite, and combinations
of parasitic nematode groups and host genera seem to be �xed, supporting the hypothesis of their co-
speciation. Intriguingly, Thelastomatoidea spp. were isolated, and the host-parasite relationship was not
clari�ed, clearly indicating the broad host range of these nematode groups. Although the infection
prevalence and population of Rhigonematoidea spp. were higher than those of Thelastomatoidea spp.,
these parasites were not competitive. The population of Rhigonematoidea spp. was not negatively
affected by co-infection with Thelastomatoidea spp.

Conclusions

Phylogenetic analysis supported our hypothesis that, during the evolution of parasitic nematode diversity
in millipedes, the Rhigonematoidea spp. �rst established relationships with millipedes and were followed
by the Thelastomatoidea spp.. The ancestor of the latter nematode might have moved from other host
arthropods such as cockroaches. 

Background
To understand host-parasite interactions, which can be sometimes overlooked but of signi�cance in
sustainable development, it is important to elucidate the evolution of parasite diversity. Nematoda is a
large and ancient phylum in the animal kingdom, exhibiting huge ecological variety. Free-living
nematodes occupy almost every terrestrial, marine, and freshwater habitat, ranging from tropical to polar
environments, and their biomass overwhelms other organisms (Lambsheas, 1993; De Ley, 2006; van den
Hoogen et al., 2019). Parasitic or phoretic nematodes live on or inside other organisms, and their diversity
represents the fact that each host is thought to be associated with at least one special nematode (Poinar,
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1975; Blaxter et al., 1998). Some parasitic nematodes live together with hosts as commensals (Giblin-
Davis et al., 1990; Carreno 2014; Ozawa & Hasegawa, 2018) or mutualistic partners (Ledón-Rettig et al.,
2018), but others are harmful to the hosts (Baniya et al., 2020; Pilotte et al., 2017; Ciche, 2007; Bungiro
and Cappello 2004). Their original mutualistic interactions with native hosts are sometimes disrupted by
human activities, which can trigger devastating epidemics, such as the pine wilt disease in Eastern Asia
and Europe caused by the invasive pine-wood nematode Bursaphelenchus xylophilus (Futai, 2013).

According to phylogenetic analysis, the phylum Nematoda is divided into �ve clades (Blaxter et al., 1998).
Like all living organisms, the Nematoda are believed to be of marine origin, and the most primitive
subclass is Enoplia (Clade II), which is an almost free-living marine nematode. Some nematode groups in
the subclass Enoplia (Clade II) have evolved in terrestrial ecosystems and developed plant and animal
parasitism (Blaxter et al., 2015). The next branched subclass from Enoplia was Dorylaimia (Clade I),
which contains freshwater, terrestrial, plant, and animal parasites. For example, known animal and plant
pests like Trichinella and Dorylaimida occur in subclass Dorylaimia (Blaxter et al., 2015). Another
branched subclass, Chromadoria, is divided into three suborders, Rhabditina (Clade V), Tylenchina (Clade
IV), and Spirurina (Clade III) (Blaxter et al., 1998; van Megen et al., 2009; Blaxter & Koutsovoulos, 2015).
Animal and plant parasitism have evolved independently in these �ve clades, and all nematodes
belonging to the Spirurina are animal parasites (Blaxter et al., 1998; van Megen et al., 2009; Blaxter &
Koutsovoulos, 2015).

We previously described the two nematode species, Rhigonema naylae and Travassosinema claudiae
parasites of the Xystodesmidae millipedes Parafontaria laminata (Polydesmida: Xystodesmidae) in Aichi
Prefecture, Japan (Morffe & Hasegawa, 2017ab). Both nematodes are in the suborder Spirurina, but in
different infraorders. Rhigonema naylae is in the infraorder Rhigonematomorpha, which includes the
millipede parasites Ransomnematoidea (Mejia-Madrid, 2014; Malysheva et al., 2017) and
Rhigonematidae (Hunt et al., 2002; Morffe & Hasegawa, 2017ab), and the amphibian and reptile parasite
Cosmocercoidea (Bursey et al., 2007; Bursey and Goldberg, 2006). Travassosinema claudiae
(Thelastomatoidea) is a member of the Oxyuridomorpha, which includes a wide variety of parasites,
including vertebrate-parasitic Oxyuroidea (Nadler et al., 2007), invertebrate-parasite Coronostomatoidea
(Phillips et al., 2016), and Thelastomatoidea (Ozawa et al., 2016; Jans et al., 2019). The family
Thelastomatidae, mainly comprising cockroach parasites, is a highly diversi�ed group characterized by
low host speci�city (Adamson and van Waerebeke, 1992; Jex et al., 2006; Ozawa et al., 2018). Since the
millipede (class Diplopoda) is believed to be the �rst animal to inhabit terrestrial environments during the
Silurian period (ca. 420 mya) (Garwood & Edgecombe, 2011), it is a good model to understand the
evolutionary and ecological relationship between these parasitic nematodes and between hosts and
parasites.

Here, we show the two parasitic nematodes Rhigonematoidea spp. and Thelastomatoidea spp., which
have different evolutionary origins but co-infect the Xystodesmidae millipedes. Analysis of their infection
prevalence and population structure has revealed that Rhigonematoidea spp. �t better with the host than
Thelastomatoidea spp., but that the two parasites are not competitive. Thus, we hypothesized that in the
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evolutionary trajectory of their parasitism, Rhigonematoidea spp. is the older millipede partner and that
the Thelastomatoidea spp. relationships might be newer and may have developed from cockroach-
parasitic nematodes.

Results
Two parasitic nematodes R. naylae and T. claudiae isolated from the two millipedes

Parafontaria laminata CU and Parafontariatonominea species complex CU

We isolated two parasitic nematodes, R. naylae and T. claudiae, from Xystodesmidae millipede P.
laminata on the Chubu University campus in Aichi Prefecture, Japan (Table 1, Figure 1). Rhigonema
naylae has a large body size, a short pharynx, a round head, and a short tail. The body size of T. claudiae
is smaller than that of R. naylae; its female has a typical umbrella-like head and long tail, and the males
have a tiny body with spicule (Figure 2) (Morffe & Hasegawa, 2017ab). Sex dimorphism of both
nematodes during the juvenile stage was not clear, but we could easily distinguish the two species at any
developmental stage. 

Total infection prevalence (counted as present when at least one individual in any developmental stage
was detected) of R. naylae and T. claudiae were 31.0 % and 27.4 %, respectively, and co-infection
prevalence (infected by the two nematode species together) was 10.6 % (Table 2). Intensities (mean
number of nematode males, females, and juveniles in individual hosts) and infection % of each stage are
also indicated in Table 2. We found 11.5 % of male and 12.4 % of female prevalence of R. naylae, and a
smaller percentage, 1.8 % of male and 3.5 % of female prevalence of T. claudiae were detected (Table 2).
All adult male and female nematodes appeared healthy, and all females matured, and many eggs were
seen in the uteri.

Another Xystodesmidae millipede in the same area was also infected with the two parasitic nematodes.
From the body shape and male genitalia, this millipede was determined to be a member of the P.
tonominea species complex (Figure S1) (Tanabe, 2002). The infection prevalence of both parasitic
nematodes in P. tonominea species complex CU was higher than in P. laminata. Total infection prevalence
(counted present when at least one individual in any developmental stage was detected) of R. naylae and
T. claudiae was 96% and 72%, respectively, and co-infection prevalence was 72% (Table 2). A total of 89%
of male and 87% of female prevalence of R. naylae, and 52% of male and 17% of female prevalence of T.
claudiae were detected (Table 2). All females of both nematodes in P. tonominea species complex CU
were mature, and many eggs were in the uteri.

From these results, we deduced that the two parasitic nematodes, R. naylae and T. claudiae, could use the
two millipedes as hosts, but both nematode populations were more stable in P. tonominea species
complex CU than in P. laminata CU. In addition, among the two parasitic nematodes, the infection
prevalence and intensity of R. naylae were lower than those of T. claudiae.
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Population of R. naylae was not negatively affected by co-infection with T. claudiae

 We analyzed whether the two parasitic nematodes, R. naylae and T. claudiae, affect each other when co-
infected in the host millipede P. tonominea species complex CU. There were three infection patterns: (1)
co-infected with the two parasitic nematodes (N=59), (2) only R. naylae (N=20), (3) or no nematode
infection (N=3). We did not see any millipede host infected with T. claudiae alone. We studied the
infection prevalence (%) and mean intensities (the mean number of nematodes per infected host) of
male, female, and juvenile R. naylae in (1) total host (N=82), (2) the host only infected with R. naylae
(N=20), or (3) the host co-infected with R. naylae and T. claudiae (N=59). Infection prevalence of R. naylae
juveniles in the host co-infected with T. claudiae was signi�cantly increased when compared with that in
the host infected with only R. naylae, but there were no differences in R. naylae adults (Figure 3A). In
addition, the mean intensities of R. naylae females and juveniles were signi�cantly increased when co-
infected with T. claudiae (Figure 3A). Host body sizes in these infection conditions were not signi�cantly
different (Figure S2). These results indicate that co-infection with T. claudiae did not affect the population
of R. naylae in the alimentary tract of P. tonominea species complex CU.

We also checked the effects of seasonal differences (spring vs. summer) on the prevalence and
intensities of the two parasitic nematodes in the host millipede P. tonominea species complex CU. The
infection prevalence of R. naylae in all stages was high, and there was no signi�cant difference between
spring (N=33) and summer (N=49) (Figure 3B). The intensity of R. naylae juveniles was signi�cantly
increased in summer (Figure 3B). As indicated previously, the infection prevalence of T. claudiae was
lower than that of R. naylae; however, the female prevalence in summer was higher (86%), and that of
females and juveniles of T. claudiae was signi�cantly increased in summer (Figure 3C). The intensity of
T. claudiae females also increased in summer (Figure 3C). Host body sizes in these seasonal conditions
were not signi�cantly different (Figure S2). From these results, it appears that the intensity and
prevalence of these parasites are affected by seasonal changes.

Two nematodes commonly co-infected in Parafontaria millipedes

We also collected �ve Parafontaria species from three locations (Table 1). From morphological
observations, one was P. laminata Kinka and belonged to the same species with P. laminata CU, another
was determined as P. longa, and the other three millipedes were different species but also tentatively
classi�ed as members of P. tonominea species complex (Figure S1). Like P. tonominea species complex
CU and P. laminata CU, these �ve Parafontaria millipedes were commonly infected with the two parasitic
nematodes R. naylae and T. claudiae. All D2 D3 LSU sequences within the species were almost 100%
identical (Table S1 and S2). Infection prevalences and mean intensities of parasitic nematode males,
females, and juveniles are shown in Figure 4 and Table S3. The characteristics of the two nematodes in
the Parafontaria species were similar, and the infection prevalence of R. naylae was higher than that of T.
claudiae, but all adult male and female nematodes matured and reproduced.

In addition to the two parasitic nematodes, unknown species were also isolated from the four host
species. Two individuals of P. tonominea species complex Kinka (2/43, 4.5%), two of P. laminata Kinka
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(2/35, 5.7%), eight of P. tonominea species complex Embara (8/20, 40 %), and one of seven P. longa
Embara (1/7, 14%) were infected. These nematodes were morphologically distinguishable from R. naylae
and T. claudiae. The D2D3 LSU sequencing data from the nematode isolated from P. tonominea species
complex Embara were obtained and found to be close to the sequence of Cephalobellus brevicaudatus
(Carreno et al. 2018, MF668725.1) with 92 % identity (671/727 bp). Combined with morphological
observations, this nematode is an undescribed species, and we temporarily named it Cephalobellus sp.1
(Table 1). We could not identify other unknown nematodes because of the small number of specimens.

Parasitic nematodes in Riukiaria millipedes

To determine the infection patterns of parasitic nematodes in other Xystodesmidae millipedes, we
collected Riukiaria spp. from Kyusyu Island. The collected millipedes were three species (four isolates)
from three locations in Kyusyu (Table 1) (Figure S1). All were commonly infected with the three parasitic
nematodes, Rhigonematoidea sp. 1, Travassosinema claudiae, and Thelastomatidae spp. (Table 1). From
the D2D3 LSU sequencing data, Thelastomatidae sp. 1 and sp. 2 and Rhigonematoidea sp.1 were
undescribed species (Table S2, Table S5). Surprisingly, T. claudiae, the same species isolated from the
Parafontaria millipedes, were also found in all Riukiaria millipedes in our samples (Table 1, Table S2).
Combined Thelastomatidae sp. 1 and Thelastomatidae sp. 2 are indicated as Thelastomatidae spp..

Like the R. naylae in Parafontaria millipedes, infection prevalences of male, female, and juvenile
Rhigonematoidea sp.1 were high (67%–100%), although T. claudiae and Thelastomatidae spp. were
lower (0 to 87 %) (Table S4). In addition, a few T. claudiae and Thelastomatidae spp. in Riukiaria hosts
were detected in only a few cases. Infection data of nematode females only were selected and are
indicated in Figure 5. Since all the females were mature and many eggs in their uteri were visible, we
concluded that all of these parasitic nematodes used Riukiaria millipedes as hosts and could reproduce
offspring.

Again, we analyzed whether the two parasitic nematodes, T. claudiae and Thelastomatidae spp., affect
each other when co-infected in the host millipedes. The mean intensities of T. claudiae adult females in
all Riukiaria spp. combined and calculated with two infection patterns: (1) infected with only T. claudiae
or (2) co-infected with T. claudiae and Thelastomatidae spp. In addition, the mean intensities of
Thelastomatidae spp. adult females in Riukiaria spp. were calculated with two infection patterns, (3)
infected with only Thelastomatidae spp. or (4) co-infected with T. claudiae and Thelastomatidae spp.
(Figure 6). Since 99% of the Riukiaria millipedes (97 of 98) were infected with Rhigonematoidea sp.1, we
could not compare the effect of Rhigonematoidea sp.1 on the intensities of Thelastomatidae spp. and T.
claudiae. The intensities of both parasitic nematodes in co-infected hosts were signi�cantly increased
when compared with that of the single infection (Figure 6).

Furthermore, we found that the mean intensities of Rhigonematoidea sp.1 adult female were signi�cantly
increased when the two parasitic nematodes Thelastomatidae spp. and T. claudiae were co-infected in
the host at the same time, compared with those with only Thelastomatidae spp. or T. claudiae (Figure
7A). Since mean body size of Riukiaria spp. was larger when co-infected with the two parasitic
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nematodes Thelastomatidae spp. and T. claudiae (Figure 7B), the prevalence of these two parasites was
correlated with host body size. From this result, the accepted number of parasites in the millipede hosts
increased as the host size increased, which could be interpreted as a lack of competition between the
nematodes.

Parasitic nematodes in Xystodesmidae millipedes with phylogenetically different origins

Because SSU rRNA genes could not be used to analyze phylogenetic relationships within the suborder
Spirurina (data not shown), we used LSU rDNA genes selected from representatives of the infraorders
(Oxyuridomorpha, Ascaridomorpha, Rhigonematomorpha, Spirurinomorpha, and Dracunculidea) (Table
S1). A phylogenetic tree covering the suborder Spirurina was well-constructed and supported the
taxonomic relationship previously reported (Mejia-Madrid, 2018); �ve infraorders were clearly separated
and clustered, except for the Ascaridomorpha and Rhigonematomorpha (Figure 8A). Rhigonematoidea
was clustered with Cosmocercoidea, Ransomnematoidea, Heterakoidea, and Ascaridoidea. As
Travassosinema is apparently close to Thelastomatidae and comprises Thelastomatoidea (Figure 8A),
Xystodesmidae millipedes are commonly infected with parasitic nematodes belonging to two different
infraorders.

In the ML tree, Rhigonematoidea sp.1 was clearly separated from the Rhigonematidae cluster but could
be within Rhigonematoidea (Figure 8B). All parasitic nematodes in Rhigonematomorpha are believed to
be millipede parasites, but Cosmocercoidea (the reptiles and amphibian parasites) were included in
Rhigonematomorpha in our phylogenetic analysis (Figure 8B). The parasitic nematodes T. claudiae,
Cephalobellus sp. 1, Thelastomatidae sp. 1, and Thelastomatidae sp. 2 studied in our experiments were
positioned in the Thelastomatoidea (Figure 8C). The closest group with Cephalobellus sp. 1 was the
Travassosinematidae and clearly separated from Thelastomatidae, and both Thelastomatidae sp. 1 and
sp. 2 were close to the cockroach-parasitic nematode Thelastoma bulhoesi (Figure 8C).

Discussion
Two nematode species, R. naylae and Rhigonematoidea sp. 1 in the superfamilies Rhigonematoidea were
isolated from millipede hosts Parafontaria spp. and Riukiaria spp., respectively, with high infection
prevalence (Table 1). The phylogenetic analysis with rRNA SSU, rRNA LSU, or mitochondrial DNA
indicated that Rhigonematomorpha is not monophyletic and nested within Ascaridomorpha (Kim et al.,
2014; Mejia-Madrid, 2018). Since the superfamily Cosmocercoidea, which contains reptile and amphibian
parasitic nematodes and is classi�ed in Ascaridomorpha (Bursey et al., 2007; Bursey and Goldberg, 2006;
Ni et al., 2020), was also positioned within the Rhigonematomorpha in our analysis (Figure 8B), further
study is required on the taxonomy of these groups, but these infraorders are clearly closely related
phylogenetically. In addition, the infraorder Rhigonematomorpha is composed of Rhigonematoidea and
Ransomnematoidea and contains exclusively millipede parasites (Hunt & Moore, 1998; De Ley & Blaxter,
2002). In addition, the �ve superfamilies – Ascaridoidea, Heterakoidea, Ransomnematoidea,
Cosmocercoidea, and Rhigonematoidea – are in one cluster (Figure 8A).
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Combining these data, we predicted the appearance of Rhigonematomorpha, which might have divided
from a common ancestor with Ascaridomorpha and acquired millipede parasitism at an earlier period
before millipedes began to inhabit terrestrial environments. Rhigonematomorpha and millipedes might
have co-evolved and established a relationship, resulting in a high infection rate and a stable population.
The fact that the combination of parasitic nematode groups and host genera seems to be speci�cally
�xed, as in Riukiaria hosts being exclusively infected with Rhigonematomorpha sp.1, while Parafontaria
hosts are exclusively infected with R. naylae also supports the hypothesis of their co-speciation.

The infection cycle of Rhigonematoidea is not well known, but nematode eggs laid by adult females are
probably deposited within their host’s feces, like the parasitic nematodes in the Oxyuridomorpha. When
eggs were collected from adult females of R. naylae and incubated in phosphate buffered saline (PBS)
buffer, they began development, and larvae hatched (data not shown). They might have a special
mechanism that speci�cally infects only millipedes; for example, larvae were attracted only by the
speci�c hosts.

Four nematode species in Thelastomatoidea, T. claudiae, Cephalobellus sp. 1, Thelastomatidae sp. 1, and
Thelastomatidae sp. 2 were isolated from Xystodesmidae millipedes (Table 1). Cephalobellus sp. 1 was
only found in P. tonominea species complex Embara, and Thelastomatidae sp. 1 and Thelastomatidae
sp. 2 were only from Riukiaria spp. Intriguingly, R. naylae were found to infect all millipedes.
Cephalobellus is a member of the family Thelastomatidae and is recorded from many invertebrate hosts,
including mole crickets, crane �ies, white grubs, cockroaches, and millipedes (Rusconi et al. 2017; Carreno
et al., 2018). In addition, we isolated the nematode genera from mole cricket Gryllotalpa orientalis, white
grub Protaetia orientalis submarumorea, and pill millipedes Hyleoglomeris japonica (data not shown).
Travassosinema is currently one of three genera (together with Indiana and Pulchrocephala) in the family
Travassosinematidae (Hunt, 1981; Adamson 1987). Although reported mainly from millipedes, it is also
found in other invertebrate hosts, such as the larvae of a scarabaeid beetle, wood-burrowing cockroach,
and earthworms (Rao 1958; Adamson 1987; Hunt 1993; 1996; Jex et al., 2005; Spiridonov & Cribb, 2012;
Morffe & Hasegawa, 2017). Because almost all studies so far were nematode isolation records and
taxonomical descriptions, the host-parasite relationship in each species has not yet been clari�ed, but the
broad host range is a clear characteristic of these genera.

The family Thelastomatidae has also been isolated from many invertebrates, but overwhelmingly, a
larger number of species were from the Blattodea host (Adamson & van Waerebeke, 1992; Ozawa et al.,
2014, 2016; Sriwati et al., 2016). From our �eld surveys and previous reports, the host speci�city of
nematodes belonging to the family Thelastomatidae was seemingly high (Ozawa et al., 2014, 2016;
Sriwati et al., 2016; Carreno 2017; Morffe et al., 2019ab). On the other hand, there are also reports that the
same nematode species have been isolated from different cockroach species (Jex et al., 2006; Sinnott et
al., 2015; Ozawa & Hasegawa, 2018). We showed experimentally that Leidynema appendiculatum, a
thelastomatid parasitic nematode, was capable of infecting �ve cockroach species, three families in two
suborders (Ozawa & Hasegawa, 2018). While ecological interactions between host and parasitic
nematodes determine the host range, a broad host range might still be possible in the Thelastomatoidea.
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Parasitic nematodes in the Thelastomatoidea are thought to share a simple infection cycle, that is,
nematode eggs are laid by adult females, deposited within their host’s feces, and then released outside
the host’s body, where the ingestion of the eggs by new host individuals leads to infection (Adamson,
1994; Cook, 1994; Ozawa et al., 2016). When eggs were collected from adult females of T. claudiae and
incubated in a PBS buffer, they developed until the infection stage but never hatched (data not shown).
Such characteristics of embryogenesis are shared with the cockroach-parasitic nematode family
Thelastomatidae. In addition, T. claudiae showed a similar population structure to that of the cockroach-
parasitic nematodes; one adult male and a few adult females in a host (Zervos, 1988; Ozawa et al., 2014;
Ozawa and Hasegawa, 2018). These properties are also commonly observed in Thelastomatoidea.

Only a few data on the effect of these parasitic nematodes on their invertebrate hosts have been reported
(for example, Vicente et al., 2016; Vicente et al., 2018), but they are generally harmless (Adamson, 1994;
Ozawa et al., 2014; Ozawa & Hasegawa 2018). From our experiments, the interaction between host
millipedes and parasitic nematodes appears to be commensalism (obligatory for nematode, host is not
affected) rather than parasitism (obligatory for nematode, host is inhibited, Chen, 1991). In addition,
Thelastomatoidea was not eliminated by Rhigonematoidea when co-infected (Figure 3, Figure 7). From
our ecological, parasitological, and phylogenetical studies, we hypothesized that some ancestors of
cockroach-parasitic nematodes might have changed their host to the Passalidae beetle at an early stage
and became the family Hystrignathidae. Similarly, another ancestor might have changed its host to the
millipede and became the family Travassosinematidae and Cephalobellus (Figure 8C). Their properties
might allow Thelastomatoidea nematodes to use the millipede as a host and also tolerate co-infection
with Rhigonematoidea. Continuous host changes could occur, and new parasitic nematodes such as
Thelastomatidae sp.1 and sp. 2. may have appeared in the millipede, which probably generated
speciation. There is also the possibility that this parasitic nematode could be isolated from other
invertebrate hosts with similar ecology. Speciation of nematodes could also result from genetic isolation,
which is largely in�uenced by their associated animals and plants (Mitter and Brook, 1983).

An interesting aspect is that all the millipedes studied in this work were commonly infested with the same
species, T. claudiae. These millipedes were sampled mainly in the forests where the planted Japanese
cedar Cryptomeria japonica was dominant (Table 1). This species might have spread as a result of the
arti�cial plantation and, because of its low host speci�city, T. claudiae could have established relations
with the local millipedes. This question could be clari�ed using molecular markers, such as a whole
mitochondrial genome or ITS regions, which re�ect intraspeci�c polymorphisms.

Conclusions
In this study, we found parasitic nematodes of the two superfamilies Rhigonematoidea and
Thelastomatoidea, commonly co-infected in the Xystodesmidae millipedes. Both superfamilies were in
the suborder Spirurina, but in apparently different infraorders. As infection prevalence and intensities of
Rhigonematoidea were higher than those of Thelastomatoidea, we hypothesized that Rhigonematoidea
has become better adapted to millipede hosts. However, the nematode superfamilies were not in a
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competitive relationship, and universally co-infected in all millipede hosts. Phylogenetic analysis
supported our hypothesis of the evolution of parasitic nematode diversity in millipedes. In the early stage,
Rhigonematoidea spp. established relations with the millipedes and were followed by the
Thelastomatoidea spp., which probably moved from other host arthropods like cockroaches.

Methods
Field collection of millipedes

Adult Xystodesmidae millipedes were collected from seven locations in Japan (Table 1). All millipedes
were collected by hand and maintained at low temperature until dissection. Before dissection, all
millipedes were �rst con�rmed to be alive, then the species and sexes were identi�ed following the
illustration references (Takakuwa 1941; Tanabe,1988; Tanabe, 2002).

Millipede dissection and parasitic nematode observation

After body length and sex (male or female) were recorded, millipedes were dissected to determine the
presence or absence of parasitic nematodes in the alimentary tract. Once the host millipede died, the
parasitic nematode also died and degraded immediately, which made it di�cult to identify. All the
millipedes used in this experiment were alive when dissected, and the parasitic nematodes were active
after being released from the host gut. Nematode species, developmental stages (adult of larvae), and
sex (male or female), and numbers were recorded. Prevalence (% of infected millipedes among all the
millipedes examined), mean intensities (the mean number of nematodes per infected host), and
bootstrap con�dence intervals (BCa) of each nematode species and stages (adult male, adult female, and
larva) were calculated using Quantitative Parasitology 3.0 (Bush et al., 1997; Rózsa et al., 2000).

Morphological characteristics were captured under Nomarski DIC optics (Eclipse E600, Nikon, Japan)
equipped with a CCD camera (VTCH1.4ICE; Visualix, Japan) as described by Ozawa and Hasegawa
(2018). Molecular characterization was performed as described by Ozawa and Hasegawa (2018). Brie�y,
genomic DNA was extracted from individual female nematodes, and the D2/D3 expansion segment of
28S ribosomal RNA gene (D2/D3 LSU) was ampli�ed using the universal primers D2A (5-ACA AGT ACC
GTG AGG GAA AGT TG-3) and D3B (5-TCG GAA GGA ACC AGC TAC TA-3) (Nunn, 1992). Samples were
submitted to Euro�n Genomics, Tokyo, Japan for sequencing from both strands, using the same PCR
primers. Sequences were deposited in GenBank NCBI (http://www.ncbi.nlm.nih.gov/genbank/).

Pairwise comparisons of percent differences (D) within each nematode group (Rhigonematoidea spp.,
730 bp; Travassosinematidae spp., 704 bp; Thelastomatidae spp., 676 bp) were performed using the
formula D = (M/L) × 100 (Chilton, Gasser, & Beveridge, 1995), where M is the number of alignment
positions at which the two sequences have a base in common, and L is the total number of alignment
positions.

Population analysis of the two parasitic nematodes in P. tonominea species complex CU
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To study the effect of co-infection with R. naylae and T. claudiae on the prevalence and intensities, P.
tonominea species complex CU were classi�ed into the three infection patterns: (1) total host, (2) the host
only infected with R. naylae, or (3) the host co-infected with R. naylae and T. claudiae. As no host infected
with only T. claudiae was observed in this experiment, we compared the prevalence and intensities of R.
naylae in the host only infected with R. naylae and that in the hosts co-infected with R. naylae and T.
claudiae.

In addition, to study the effect of seasonal change on the prevalence and intensities of the two parasitic
nematodes in the P. tonominea species complex CU, hosts were classi�ed into two seasonal patterns,
collected in spring (during March to June) or summer (July to October) and the prevalence and intensities
of R. naylae and T. claudiae between the two seasons were compared.

Signi�cant differences in nematode infection prevalence and mean intensities were calculated with
Fisher’s exact test and the bootstrap 2-sample t-test, respectively (Rózsa et al., 2000). Differences in host
body size in these infection conditions or seasonal conditions were analyzed by Tukey’s multiple
comparison test followed by the Bonferroni correction.

Population analysis of the three parasitic nematodes in Riukiaria spp.

To study the effect of co-infection with the three parasitic nematodes Rhigonematoidea sp.1, T. claudiae,
and Thelastomatidae spp. on each prevalence and intensity, Riukiaria hosts were all combined and
categorized into the three infection patterns, (1) the host only infected with T. claudiae, (2) the host co-
infected with T. claudiae and Thelastomatidae spp., or (3) the host only infected with Thelastomatidae
spp. Instead of the high infection prevalence of all stages and sexes of Rhigonematoidea sp.1, adult
males and juveniles of T. claudiae and Thelastomatidae spp. were low, and we used data only from adult
females. We compared the intensities of T. claudiae and Thelastomatidae spp. in hosts infected with a
single parasite or double parasites.

Furthermore, the intensities of Rhigonematoidea sp.1 females were compared between the three host
conditions: (1) host only infected with T. claudiae, (2) host co-infected with T. claudiae and
Thelastomatidae spp., or (3) host only infected with Thelastomatidae spp. Signi�cant differences in
nematode mean intensities were calculated with a bootstrap 2-sample t-test (Rózsa et al., 2000).
Differences in host body size under these infection conditions were analyzed by Tukey’s multiple
comparison test followed by the Bonferroni correction. Differences in host body size under these infection
conditions were analyzed by Tukey’s multiple comparison test followed by the Bonferroni correction.

Phylogenetic analysis

For the phylogenetic analysis, D2D3 LSU sequences obtained in this experiment (Table 1), and the data
uploaded in the NCBI database and published in the paper were used (Table S1). ClustalW multiple
alignment was conducted in BioEdit version 7.2.6 (Hall, 1999), and sequence alignments were trimmed
automatically by trimAI with default settings (Capella-Gutiérrez, Silla-Martínez, & Gabaldón, 2009). A
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phylogenetic tree of the suborder Spirurina was constructed from evolutionary distances by the neighbor-
joining method using Mega 6.0 software (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013).
Phylogenetic trees of the Rhigonematomorpha and Thelastomatoidea were constructed from
evolutionary distances by the maximum likelihood (ML) method using the Mega 6.0 software (Tamura,
Stecher, Peterson, Filipski, & Kumar, 2013) and the Hasegawa-Kishino-Yano model (Hasegawa, Kishino, &
Yano, 1985). Phylogenetic robustness was inferred by bootstrap analysis using 1,000 iterations
(Felsenstein, 1985).
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Tables
Due to technical limitations, table 1 & 2 is only available as a download in the Supplemental Files section.

Figures

Figure 1

Geographical location of millipede collection sites. The zoomed maps A and B from red squared in the
map of Japan are created from Google earth. Location numbers are, 1, Chubu University, Kasugai city,
Aichi Prefecture. 2, Mt. Kinka, Gifu city, Gifu Prefecture. 3, Hyakunen Park, Seki city, Gifu Prefecture. 4,
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Embara, Yamagata city, Gifu Prefecture. 5, Mt. Shimono, Yamaga city, Kumamoto Prefecture. 6,
Miyanoura, Kagoshima city, Kagoshima Prefecture. 7, Shiroyama, Kagoshima city, Kagoshima Prefecture.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 2

Two parasitic nematodes, Rhigonema naylae and Travassosinema claudiae parasites of the
Xystodesmidae millipede Parafontaria laminata CU and P. tonominea species complex CU. Nomarski
differential interference construct images of adult female and male. Body sizes (Average ± S.D.) are
adapted from Morffe & Hasegawa (2017ab).
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Figure 3

Infection prevalence (%) (Orange dot, right Y axis) and mean intensities (the mean number of nematodes
per infected host) (Blue dot, left Y axis) of male, female, and juvenile of the parasitic nematodes in P.
tonominea species complex CU. (A) Infection prevalences and intensities of R. naylae in total host
(N=82), the host only infected with R. naylae (N=20) or the host co-infected with R. naylae and T. claudiae
(N=59). (B) Prevalences and intensities of R. naylae in all hosts collected in spring (N=33) and summer
(N=49). (C) Infection prevalences and intensities of T. claudiae in all hosts collected in spring (N=33) and
summer (N=49). Error bars indicate con�dence intervals with 95% con�dence limit. *p<0.05, **p<0.005,
Fisher's exact test for comparing prevalences, and Bootstrap 2-sample t-test for comparing mean
intensities.
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Figure 4

Infection prevalences (%) of the two parasitic nematodes males (M), females (F), and juveniles (J) in
each Parafontaria millipedes. Details of these host information is in Table 1.
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Figure 5

Prevalences (%) (Orange dot, right Y axis) and mean intensities (the mean number of nematodes per
infected host) (Blue dot, left Y axis) of female parasitic nematodes. Error bars indicate con�dence
intervals with 95% con�dence limit.
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Figure 6

Mean intensities of T. claudiae adult female in Riukiaria spp. infected only T. claudiae or co-infected with
Thelastomatidae spp., and that of Thelastomatidae spp. adult female in Riukiaria spp. infected only
Thelastomatidae spp. or co-infected with, T. claudiae. Error bars indicate con�dence intervals with 95%
con�dence limit. *p<0.05, Bootstrap 2-sample t-test for comparing mean intensities.
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Figure 7

(A) Mean intensities of Rhigonematoidea sp.1 adult female, in Riukiaria spp. infected with only T.
claudiae, only Thelastomatidae spp., or both parasites. Error bars indicate con�dence intervals with 95%
con�dence limit. **p<0.005, Bootstrap 2-sample t-test for comparing mean intensities. (B) Average ± S.D.
of body length of host millipede Riukiaria spp., infected with only T. claudiae, only Thelastomatidae spp.,
or both parasites. **p<0.005, Statistical differences were analyzed by Tukey’s multiple comparison test
followed by Bonferroni correction.

Figure 8

Phylogenetic trees of parasitic nematode inferred from the D2D3 LSU rRNA. Bootstrap values with 1000
replicates are shown next to the branches. (A) Phylogenetic tree of the suborder Spirurina, constructed by
the neighbor-joining (NJ) method. (B) Phylogenetic tree of the Rhigonematomorpha, constructed by the
maximum likelihood (ML) method. Newly obtained sequences were in red. *Emphasized the position of
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Rhigonematoidea sp.1. (C) Phylogenetic tree of the Thelastomatoidea constructed by the ML method.
Newly obtained sequences were in red, and hosts were in blue. **Emphasized the position of
Cephalobellus sp.1
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