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Abstract

The whipworm Trichuris muris is known to be associated with various rodent species in
the northern hemisphere, but the species identity of whipworm infecting rodents in the
Oriental region remains largely unknown. We collected Trichuris of Muridae rodents in
mainland and insular Southeast Asia between 2008 and 2015 and used molecular and
morphological approaches to identify the systematic position of new specimens. We
discovered two new species that were clearly distinct from T. muris, both in terms of
molecular phylogenetic clustering and morphological features, with one species found
in Thailand and another one in Borneo. We named the new species from Thailand as
Trichuris cossoni and the species from Borneo as Trichuris arrizabalagai. Molecular
phylogeny using internal transcribed spacer region (ITS1-5.8S-ITS2) showed a
divergence between T. arrizabalagai n. sp., T. cossoni n. sp. and T. muris. Our findings
of phylogeographically distinct Trichuris species despite some globally distributed host
species requires further research into the distribution of different species, previously
assumed to belong to T. muris, which has particular relevance for using these species as

laboratory model organisms.

Keywords: Trichuris, Borneo, Thailand, Ribosomal DNA, helminth diversity,

phylogeography
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1. Introduction

The whipworm Trichuris muris was originally described by Schrank [1] as Trichoceph-
alus muris from an unspecified mouse species in Germany, termed as "Maus" (which is
a general term for all mice species in German, but most likely referring to the house
mouse (Mus musculus) as the most common species in anthropogenic habitats rather
than forest-dwelling mice (Apodemus sylvaticus and Apodemus flavicollis); all three ro-
dent species have been reported to harbour this parasite; see below). Later, the priority
of the name Trichuris muris (Schrank, 1788) Hall, 1916 was established [2]. A rede-
scription of T. muris by Roman [3] in 1951 based on multiple specimens collected from
both the wood mouse (A. sylvaticus) and the house mouse (Mus musculus domesticus)
from France provided morphometric attributes that provide a basis to distinguish T. mu-
ris from potentially novel species from other rodent species or geographic regions. In
the last decade, various studies have established molecular evidence that representative
host species of Murinae (Apodemus, Mus and Rattus) sampled in several localities
across Europe are associated with T. muris as a unique whipworm species [4,5,6]. This
molecular evidence is of particular importance as morphometrical traits are not conclu-
sive to distinguish Trichuris species from rodents [7] and other mammals (e.g.: [8]).
This difficulty in a proper identification at species level can be illustrated in case of the
studies Trichuris from rodents in Belgium by Bernard [9] suspected for the presence of
a different entity than T. muris in European Microtidae, that could not be confirmed
with aid of molecular methods since 40 years later by Feliu et al. [10]. During the last
decades, the geographic distribution of T. muris has been expanded outside Europe by
studies reporting this parasite species from Africa (reviewed by Ribas et al. [11]), Aus-
tralia (e.g.: [12]), and also Southeast Asia (SEA) (e.g.: [13]) based on morphological

species identification alone. However, taking the limited accuracy of morphological
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traits for distinguishing Trichuris species into account and the lack of molecular infor-
mation in these studies, it remains unclear if T. muris has indeed such broad geographic
distribution or is replaced by other species.

Given the global distribution of invasive host species from the genus Mus and Rattus,
that share parasites with a large range of wildlife in different areas [14], as well as the
origin of these host species in Asia, one may expect T. muris to be present in SEA, as
broadly assumed. However, geographic or environmental barriers may also disrupt host-
parasite interactions and can result in distinct parasite species across geographic space
[15,16]. Hence, it is also possible that T. muris is replaced by other whipworm species
in SEA. This expectation is supported by the record of other whipworms from rodents
elsewhere in the Oriental Region [17,18].

Despite this taxonomic uncertainty, whipworms from various geographic areas believed
to belong to T. muris have been used extensively as a laboratory model. Such studies
address aspects as diverse as host infection [19,20], pathology [21,22], and immune re-
sponses [23], the interaction of helminths with microbiota and bacteria [24,25,26],
whipworm metabolism [27], and the efficiency of chemotherapeutic agents [28]. Since
such studies are likely to use specimens of what is assumed to be T. muris from differ-
ent host species or even geographic areas, reaffirming the phylogenetic uniqueness of
these specimens is crucial to make such studies fully repeatable.

The genus Trichuris has been rarely recorded from rodents from SEA. An unde-
termined species was reported by Betterton [29] in Malaysian forest-dwelling rodents
(Leopoldamys sabanus, Maxomys surifer and Maxomys whiteheadi). Another single in-
dividual was reported from Rattus rattus diardii after examining 1,117 rats in Singapore
and Kuala Lampur (Schacher and Cheong [30]. Additionally, Leong et al. [31] reported

Trichuris sp. from a single rat (R. rattus diardii) in Malaysia of examining 151 host in-



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

dividuals. Reports of T. muris from Thailand are confined to some of our previous stud-
ies [32]. Following the general assumption of no distinct species and because of strong
morphological and metrical resemblance of specimens with T. muris, we assigned all
species to T. muris in this previous work. Additional records of T. muris have been re-
viewed from New Guinea Island and Sulawesi Island by Hasegawa and Dewi [18] and
Smales [17]. With the recent increase of our helminth collection from SEA rodents, in-
cluding a growing number of specimens preserved for molecular studies, we here com-
bine a genetic approach in combination with morphometrics to refine the systematics of
whipworm specimens from SEA. The use of internal transcribed spacer (ITS) have been
proven useful as a tool to resolve relationships of helminths such as Trichuris at the
species level, including whipworms studies from Murinae (e.g.: [5,11] and more gener-
ally in Rodentia collected elsewhere [33]). The present study aimed to shed light on the
taxonomy of whipworms from rodents in SEA and to test whether specimens can be
confirmed as “T. muris” as widely assumed. In addition our individuals were compared
with the three previously described Trichuris species from SEA rodents: T. germani
recorded in New Guinea Island from Pogonomys loriae and Pogonomys championi
(Murinae) [17]; T. mallomyos from Mallomys rothschildi (Murinae) in New Guinea Is-
land [18] and T. musseri recorded in Sulawesi from Echiothrix centrosa (Murinae) [18].
2. Materials and methods

We studied specimens of Trichuris collected during surveys of Muridae rodents in
mainland SEA, namely Cambodia, Lao PDR, Thailand and Vietnam, and one insular
location, namely Borneo. All specimens were collected between 2008 and 2015. For the
trappings of mainland rodents, we used locally made and baited cage-traps or Sherman
traps. Rodents were identified by morphology or using species primer specific and/or

barcoding assignments (consultable on the ‘Barcoding Tool/RodentSEA’ section of the
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Community Ecology of Rodents and their Pathogens in South-East Asia (CERoPath)
project web site [www.ceropath.org]).

In Borneo, we conducted small mammal trapping in the urban and suburban
landscapes of the coastal city of Kota Kinabalu and the surrounding landscape in
northern Borneo (lat. 6.0°N long. 116.1°E, ca. 600,000 inhabitants) from March 2012 —
May 2013. Small mammals were captured with wire-mesh cage traps baited with
mixtures of raw banana, fried banana and dried fish and placed on the ground. As the
focus of our study was on nocturnal species, traps were opened at 7 — 9 p.m. and
checked the next morning. Sampling locations covering an area of ca. 15 * 10 km in
extent. We randomly placed 10 — 40 traps per night in various areas and habitats,
usually with distances of 10 — 500 meters lying between adjacent traps. A detailed
report of the occurrence of species in different habitat type is provided in [34]. Captured
animals were transferred to a field laboratory and sacrificed by an overdose via
inhalation of narcotics and then cervical dislocation (according to guidelines by the
American Veterinary Medical Association, https://www.avma.org; see also [35].
Species identification was based on morphological characters according to various
sources [35,36]. However, as individuals of Asian black rats (Rattus rattus complex)
cannot be distinguished based on morphometry alone and as several species are likely to
co-occur elsewhere in SEA [37,38], we noted all individuals as “Rattus rattus sp.
complex” while emphasizing that this species complex might contain unknown genetic
structure at the species level.

From all rodents including mainland and insular, the viscera were removed and
preserved in 70% ethanol and dissected in the laboratory or freshly killed rodents
dissected in our field labs when possible. Isolated worms belonging to genus Trichuris

after [39] were preserved in 95% ethanol until DNA extraction was performed.
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For the morphometrical study, specimens from the same host specimens from
which molecular samples were obtained, were cleared in Amman lactophenol, examined
under a compound microscope and measured with a microscope-mounted camera. All
measurements are given in micrometres; listed as holotype or allotype, followed by the
range of the paratypes in parentheses. A subset of samples was examined by scanning
electron microscopy (SEM) examination, dehydrated in an ethanol series and critical
point dried with carbon dioxide in a Polaron CPD 7501. Finally, specimens were
mounted on stubs with adhesive tape and colloidal silver, sputter-coated with gold in a
Fisons Instrument SC 510, and examined using a JEOL JSM6440LYV at 10 kV.

The total genomic DNA of the individual adult worm was extracted using
E.Z.NA® Tissue DNA kit (Omega bio-tek, USA) following the manufacture’s protocol.
The Internal transcribed spacer (ITS1-5.8S-1TS2) region was amplified using NC2 and
NCS5 primers [40]. The thermal cycling condition is as follows: initial denaturation at 94
°C for 4 min, followed by 35 cycles of 94 °C for 30 s, annealing at 50 °C for 30 s and
extension at 72 °C for 1 min and a final extension at 72°C for 5 min. The PCR products
were separated on 1% agarose gel and cut for gel-purification.

All PCR products were gel-purified using E.Z.NA® Gel Extraction kit (Omega
bio-tek, USA). The purified PCR products were cycle-sequenced using ABI BigDye
v3.1 (Warrington, UK) and run on an ABI Prism 377 automated sequencer (Perkin-
Elmer Corp., Foster City, CA, USA). In case of unreadable chromatograms observed
due to multiple potentially divergent copies present in a particular specimen, the
purified PCR product was cloned into a pGEM-T easy vector (Promega, Madison, W1),
according to manufacturer’s instructions. The recombinant plasmid was introduced and
propagated in Escherichia coli JM109, and four to six white colonies were randomly

selected for plasmid DNA extraction using the FastGene® Plasmid Mini kit (Nippon
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Genetics Co., Ltd., Japan). Plasmid DNA was used as template for cycle sequencing in
both directions.

Phylogenetic analyses were conducted on the sequences obtained during the
present study including T. muris from Europe from Genbank (FM955260.1: T. muris
from A. sylvaticus in Spain) and T. muris analysed from M. domesticus from Catalonia
(Spain) from first author’s collection); also, other four sequences of Trichuris species of
rodents from GenBank, namely X683525.1: T. mastomysi from Mastomys natalensis
from Tanzania; KX669085.1: Trichuris sp. from M. natalensis in Benin, JX683524.1: T.
carlieri s.I. from Gerbilliscus vicinus in Tanzania; KX669087.1: FN543185.1: T.
arvicolae from Myodes glareolus Spain were included. Whereas T. duplantieri from
Gerbillus gerbillus in Mauritania was used as outgroup. Obtained sequences in this
study were deposited in the Genbank with accession numbers MN428339- MN428406.
Phylogenetic tree analyses were performed based on Kimura-2-parameter model [41]
for constructing Maximum Likelihood (ML), and Neighbour-Joining (NJ) by using
MEGAY7 program [41,42] with nodal support estimated using 1,000 bootstrap re-
sampling. A consensus tree was selected to represent topology with a supporting node
with ML/NJ in each branch of the tree.

3. Results
3. 1. Samples

A total of 3,665 rodents were examined, with whipworm specimens obtained in a
proportion of samples as follows: Cambodia (2/571) in M. surifer and Rattus R3 (sensus
[36]; Lao PDR (1/310) in Rattus tanezumi; Thailand (18/2158): Bandicota indica (12),
Bandicota savilei (1), Niviventer fulvescens (1), Rattus exulans (1), Rattus sakaretensis
(2) and R. tanezumi (1); and Vietnam (0/136) and Borneo (35/490) (details on Bornean
samples are presented in Table 1).

3. 2. Description
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3.2.1. Trichuris cossoni n. sp.

Males (n = 7): Anterior portion of the body 9,589 (range: 7,381 — 11,322);
posterior portion 5,374 (3,286 — 7,619); esophago - intestinal junction width 203 (159 —
260); maximum posterior width 347 (296 — 463); ratio of the posterior-anterior body
lengths 1:1.84 (1:1.52 — 1:2.24) ; spicule length 1,079 (689 — 1,443) with distal tip
rounded; width of the spicule at end 38 (22 — 69); width of the spicule sheath (distal)
end 38 (28 — 59); distal cloacal tube 523 (320 — 703); proximal cloacal tube 621 (296 —
1,296); distance from the posterior testes to the tail end 1,270 (792 — 2,000) (n = 6) (Fig
1C).

Gravid females (n = 5): Anterior portion of the body 14,712 (11,000 — 16,333);
posterior portion 8,257 (6,857 — 10,619); esophago - intestinal junction width 223 (182
— 270); maximum posterior width 434 (396 — 490); ratio of posterior-anterior body
lengths 1:1.8 (1:1.43 — 1:2.16); distance between oesophago - intestinal junction and
vulva 90 (33 — 140); vagina length 886 (792 — 981); protruding vulvar appendage
(Fig.1B); distance from the ovary loop to the tail end 359 (182 — 509) (n = 4); the egg
size was 68 (65 — 72) x 30 (28 — 30) (n = 30).

3.2.1.1 Taxonomic summary

Type host species: Bandicota indica

Type locality: Huay Muang village, San Tong subdistrict, Tha Wang Pha district,
Thailand (19°08'21.3396"N, 100°43'09.2964"E).

Data of collection: 23 February of 2015

Site of infection: Caecum.

Type specimens: Deposited at “Museu de Ciéncies Naturals de Barcelona” (Natural
Science Museum of Barcelona), including a holotype (MZB 2017-1238), allotype

(MZB 2017-1239) and paratypes (MZB 2020-0219).
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Etymology: The specific name refers to our colleague Jean Frangois Cosson for our
long-standing scientific collaboration, including the study of SEA rodents and its
parasites.

3.2.1.2 Remarks

T. cossoni n. sp. resembles T. muris and T. germani in having a round tip of the spicule,
but clearly differs from T. musseri and T. mallomyos, both possessing a sharply pointed
distal tip of the spicule [18]. T. cossoni n. sp. is also distinguished from T. germani,
which has a much longer spicule (1,700 — 3,300 um long) [17]. The spicule length of T
cossoni n. sp. overlaps partially with that of T. muris (600 - 800 um [3] or 580 - 990 um
[10]). However the new species is distinguishable from T. muris by having a protruding
vulvar appendage [10].

3.2.2. Trichuris arrizabalagai n. sp.

Males (n = 14): Anterior portion of the body 12,451 (range: 10,581 — 14,333);
posterior portion 6,813 (4,857 — 8,809); esophago - intestinal junction width 204 (171 —
234); maximum posterior width 411 (333 — 453); ratio of the posterior-anterior body
lengths 1:1.87 (1:1.3 — 1:2.58); spicule length 1,960 (1,648 — 2,215) with distal tip
rounded; width of the spicule end (proximal) 51 (31 — 87); width of the spicule sheath
(distal) end 34 (18 — 38) (n = 13); distal cloacal tube 786 (574 — 981); proximal cloacal
tube 935 (537 — 1,185); distance from the posterior testes to the tail end 1,581 (1,207 —
2,025) (Fig. 1D).

Gravid females (n = 17): Anterior portion of the body 14,730 (9,714 — 19,190); posteri-
or portion 8,736 (4,857 — 12,000 um); esophago - intestinal junction width 213 (164 —
276); maximum posterior width 409 (358 — 490); ratio of posterior-anterior body
lengths 1:1.72 (1: 1.22 — 1: 2.27); distance between oesophago -intestinal junction and

vulva 144 (37 — 342); vagina length 1,357 (830 — 2,428); highly protruding vulvar ap-
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pendage covered with spines visible on optical microscope (Fig. 1A, 2); distance from
the ovary loop to the tail end 295 (117 — 641) (n=13); the egg size was 71 (65 — 74) x 30
(28 — 30) (n =30).

3.2.2.1 Taxonomic summary

Type host species: Sundamys muelleri.

Type locality: Kota Kinabalu, Likas subdistrict, Malaysia, Borneo (0°39'49"N,
066°0821"E).

Data of collection: 20 of July of 2012

Site of infection: Caecum.

Type specimens: Deposited at “Museu de Ciéncies Naturals de Barcelona”, including a
holotype (MZB 2017-1240) and allotype (MZB 2017-1241). Paratypes are deposited at
the Sabah Parks Museum in Sabah, Malaysia (SP32315 and SP32316).

Etymology: The specific name refers to Antoni Arrizabalaga, director of Museu de
Granollers-Natural Sciences, Barcelona, Spain who was a crucial mentor to the first
author early in his career.

3.2.2.2 Remarks

T. arrizabalagai n. sp. resembles T. cossoni n. sp, T. muris and T. germani in having a
round tip of the spicule, but clearly differs from T. musseri and T. mallomyos, both
possessing a sharply pointed distal tip of the spicule [18]. T. arrizabalagai n. sp. is also
distinguished by having much longer spicule than T. cossoni n. sp (689 — 1,443 um) and
T. muris (600 - 800 um [3] or 580 - 990 um [10]). The new species is distinguishable
from T. germani by having a protruding vulvar appendage [17].

3. 3. Molecular analyses

A total of 68 sequences of 37 whipworm individuals from SEA including Thailand and

Boneo Island, and one from M. domesticus from Spain were successfully amplified
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(Fig. 3; Table 1 for details). After trimmed all sequences found that the nucleotides
length 803 — 816 bp including 4 polymorphic and 13 InDel sites, 963 — 990 bp including
38 polymorphic and 27 InDel sites, and 932 — 936 bp including 7 polymorphic and 4
InDel sites were observed in whipworms from Thailand, Borneo Island and Spain,
respectively (data not shown). Comparison between the whipworms from Thailand and
Borneo found 90 positions (11.95%) were differences. Whereas comparison between T.
muris from Spain with Thai and Bornean whipworms found 271 positions (32.65%) and
253 positions (31.70%) differences, respectively. The nucleotide variation and
differentiation sites were found only in ITS1 and ITS2 regions, whereas 5.8S region was
monomorphic. A consensus tree from ML and NJ analyses revealed that the SEA
whipworms were separated into two distinct clades, namely Thai clade and Bornean
clade, whereas a clade of T. muris from Spain was closely clustered with another
species of Trichuris retrieved from GenBank database, but distinct from the SEA
whipworms with high supporting bootstrap values (Fig. 4).
4. Discussion

Both described new species are clearly distinguished by molecular criteria from
T. muris, revealing also clear biogeographic structure and between Thai and Bornean
individuals. The whipworm samples from SEA clustered in two closely related groups,
suggesting a potential common ancestor. No molecular information exists on previously
reported specimens from SEA and Oriental Trichuris from rodents, but the clear
morphological and metrical differences provide the first evidence of distinct species. As
more species of Trichuris are described, additional molecular studies are necessary to
avoid the shortfall of morphometrical characters to clearly distinguish different species

[7, 11].
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Despite the geographic structure of specimens found in our study with one
species associated to the island of Borneo (Sundaic bioregion) and another to peninsular
SEA (Indochinese bioregion), geographic distance alone is unlikely the sole driver of
speciation. This is because repeated changes in sea level, resulting in the periodic
connection of the landmasses across the shelf [43], several rodents are shared between
Borneo and Malay Peninsula (e.g. L. sabanus, Maxomys rajah, M. surifer and M.
whiteheadi) [44]. A second factor is the recent translocations of rodents mediated by
humans [45]. Therefore, future research into the biogeographic distribution and range
limits of the different whipworm species is necessary to unravel whether the two newly
described species T. cossoni n. sp. and T. arrizabalagai n. sp. exhibit overlapping or
discrete geographic ranges and which drivers determine their distribution.

Despite successfully obtaining Trichuris samples from extensive trapping efforts
on Muridae hosts (subfamily Murinae), we currently lack information on potential
additional rodent host species such as Sciuridae (terrestrial and arboreal squirrels exhibit
a high species diversity in SEA) that should be considered in future research. The
original description of Trichuris megaloon from a single female worm in Prevost’s
squirrel (Callosciurus prevostii) from Sumatra Island, for example, gave eggs
measurements 88 — 96 um length by 44 — 48 um wide (according to the original
description [46]. These eggs sizes were larger than our measurements for T. megaloon:
(65 — 72 um) x (28 — 30 um) in T. cossoni n. sp. and (65 — 74 um) x (28 — 30 um) in T.
arrizabalagai n. sp.. However, no morphometrical data is available for T. megaloon
despite additional records made elsewhere (e. g., in Vietnam by Phan [47]). The original
description provides limited information to conclude on the taxonomic relationships of
whipworms from squirrels and those found in Murinae in SEA. Future research is

necessary to perform a redescription of T. megaloon and other species to better
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understand whipworm diversification, patterns of host sharing and geographic
distribution.

The study of T. muris in the house mouse in Europe by Wasimuddin et al. [6]
reported a pan-European clade, that included strains carried by the house mouse or rat in
recent times, but our novel species descriptions lead to the question if the distribution
and dispersal of this whipworm species by far-ranging invasive host species such as
Rattus norvegicus/rattus is reduced, as we report distinct Trichuris species from
Murinae in SEA. Nevertheless, important details to conclude of the true
presence/absence of T. muris in Asia (including our study region) is currently lacking,
including missing molecular information from Chinese Trichuris from rodents, as the
location of origin of the host species R. norvegicus before its worldwide expansion
including Europe [48], together with lack of molecular information in the far west to
corroborate this possible origin [6]. Our results suggest that for species such as the two
cosmopolitan invasive rats R. norvegicus and R. rattus (present in SEA), which
previously have been assumed to harbour T. muris across all its geographic range
[14,44], associations with T. muris and conspecific parasites need to be reconsidered for
its taxonomic validity.

We report the newly described species from a range of different host species
such that T. cossoni n. sp. is currently known to be shared by B. indica and Mus pahari
and T. arrizabalagai n. sp. by R. rattus complex, R. norvegicus and Sundamys muelleri.
Given the large geographic ranges of some of the host species (and likely additional
host species unknown to date because of no exhaustive surveillance), we believe that
both Trichuris likely have much larger geographic distributions as reported here. The
host species B. indica, for example, is found throughout most of the Indian subcontinent

[49], so we can expect a wide distribution of T. cossoni n. sp.. Among Trichuris
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specimens of interest for determining its taxonomic status are also those from
peninsular Malaysia [29], as one of the geographic locations in between our two study
locations.

According to our results, all previous reports of T. muris in SEA, as well as other
nearby areas (e. g.: China and India) should be reconsidered [50,51,52]. Our results
urges for caution when using specimens of Trichuris of different geographic origin for
laboratory, given that established evidence from our study question the unique species
identity. As an example, laboratory studies which are using whipworms from India [53],
where the rodent fauna overlap with those of Thailand, may risk to use T. cossoni n. sp.
instead of T. muris or perhaps even other yet to be described species.

5. Conclusions

Our molecular data with the support of additional morphometric attributes show
specimens of Trichuris from SEA rodents to be distinct from T. muris as described
elsewhere. We propose two new species from Thailand and Borneo Island: T. cossoni n.
sp. and T. arrizabalagai n. sp. as T. muris is used extensively as a laboratory model, the
taxonomic identity should be taken into consideration for the repeatability of
experiments.

Acknowledgments

This study was supported by the Agence Nationale de la Recherche project
FutureHealthSEA ANR-17-CE35-0003-01 (Predictive scenarios of health in Southeast
Asia) and project CERoPath ANR 07BDIV 012 (Community ecology of rodents and
their pathogens in a changing environment, www.ceropath.org).

The Sabah Biodiversity Council (Majlis Biodiversity Sabah) provided research permit
JKM-MBS.1000-2/2(35), JKM-MBS.1000-2/2(63) for Sabah. We are thankful to citi-

zens in Sabah who provided access to their properties or were in other ways helpful dur-



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

16

ing fieldwork. We thank the Sabah Parks research department team for technical and

logistic support.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

F.P. Schrank, Verzichniss der bisher hinlaneglich bekannten eingeweidew(rmer,

nebts einer abhandlungen Uber ihre anverwandschaften, Munich, 1788.

M.C. Hall, Nematode parasites of mammals of the orders Rodentia, Lagomorpha,
and Hyracoidea, Proceedings of the United States National Museum, 50 (1916)

2131, 1-258

E. Roman, Etude écologique et morphologique sur les Acanthocéphales et les
Nématodes parasites des rats de la région lyonnaise, Mémoires Du Muséum Natl.

d’Histoire Nat. Série A, Zool. (1951) 49-270.

R. Callejon, M. de Rojas, C. Nieberding, P. Foronda, C. Felit, D. Guevara, C.
Cutillas, Molecular evolution of Trichuris muris isolated from different Muridae
hosts in Europe., Parasitol. Res. 107 (2010) 63141, https://d0i:10.1007/s00436-

010-1908-9.

R. Callejon, M. De Rojas, C. Felil, F. Balao, A. Marrugal, H. Henttonen, D.
Guevara, C. Cutillas, Phylogeography of Trichuris populations isolated from
different Cricetidae rodents., Parasitology. 139 (2012) 1795-812,

https://doi:10.1017/S0031182012001114.

Wasimuddin, J. Bryja, A. Ribas, S.J.E. Baird, J. Pialek, J. Golly de Bellocq,
Testing parasite “intimacy’’: the whipworm Trichuris muris in the European

house mouse hybrid zone., Ecol. Evol. (2016), https://doi:10.1002/ece3.2022.

A. Ribas, C. Diagne, C. Tatard, M. Diallo, S. Poonlaphdecha, C. Brouat,



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

[8]

[9]

[10]

[11]

[12]

[13]

17

Whipworm diversity in West African rodents: a molecular approach and the
description of Trichuris duplantieri n. sp. (Nematoda: Trichuridae), Parasitol.

Res. 116 (2017) 1265-1271, https://doi:10.1007/s00436-017-5404-3.

M. Spakulové, Discriminant analysis as a method for the numerical evaluation of
taxonomic characters in male trichurid nematodes, Syst. Parasitol. 29 (1994)

113-119, https://doi:10.1007/BF00009807.

J. Bernard, Notules helminthologiques. (1)., Bull. Inst. Agron. Stn. Rech.

Gembloux. (1960) 113-118.

C. Feliu, M. Spakulové, J.C. Casanova, F. Renaud, S. Morand, J.P. Hugot, F.
Santalla, P. Durand, Genetic and morphological heterogeneity in small rodent
whipworms in southwestern Europe: Characterization of Trichuris muris and
description of Trichuris arvicolae n. sp. (Nematoda: Trichuridae), J. Parasitol. 86

(2000) 442449,

A. Ribas, S. Lopez, R. Makundi, H. Leirs, J. Gouy de Bellocq, Trichuris
(Nematoda: Trichuridea) from two rodents, Mastomys natalensis and
Gerbilliscus vicinus in Tanzania, J. Parasitol. 99 (2013) 865-75. doi:10.1645/12-

151.1.

L.R. Smales, A review of the helminth parasites of Australian rodents, Aust. J.

Zool. 45 (1997) 505-521.

J.M. Fedorko, Schistosoma japonicum in the black rat, Rattus rattus mindanensis,
from Leyte, Philippines in relation to Oncomelania snail colonies with reference
to other endoparasites, Southeast Asian J. Trop. Med. Public Health. 30 (1999)

343-349.



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

[14]

[15]

[16]

[17]

[18]

[19]

[20]

18

K. Wells, R.B. O’Hara, S. Morand, J.-P. Lessard, A. Ribas, The importance of
parasite geography and spillover effects for global patterns of host-parasite
associations in two invasive species, Divers. Distrib. 21 (2015) 477-486,

https://doi:10.1111/ddi.12297.

E.P. Hoberg, D.R. Brooks, A macroevolutionary mosaic: episodic host-
switching, geographical colonization and diversification in complex host-parasite
systems, J. Biogeogr. 35 (2008) 1533-1550, https://d0i:10.1111/j.1365-

2699.2008.01951.x.

S.J. Agosta, N. Janz, D.R. Brooks, How specialists can be generalists: resolving
the "parasite paradox"; and implications for emerging infectious disease, Zool. 27

(2010) 151-162, https://d0i:10.1590/S1984-46702010000200001.

L.R. Smales, Nematodes from the caecum and colon of Pogonomys (Muridae:
Anisomyini) from Papua New Guinea with the descriptions of a new genus of
Oxyuridae (Nematoda: Oxyurida) and a new species of Trichuridae (Nematoda:

Enoplida)., Zootaxa. 3599 (2013) 577-87.

H. Hasegawa, K. Dewi, Two new species of Trichuris (Nematoda: Trichuridae)

collected from endemic murines of Indonesia., Zootaxa. 4254 (2017) 127-135.

A.L. Chenery, F. Antignano, M.R. Hughes, K. Burrows, K.M. McNagny, C.
Zaph, Chronic Trichuris muris infection alters hematopoiesis and causes IFN-y-
expressing T-cell accumulation in the mouse bone marrow, Eur. J. Immunol. 46

(2016) 25872596, https://doi:10.1002/eji.201646326.

L.J. Cliffe, R.K. Grencis, The Trichuris muris System: a Paradigm of resistance

and susceptibility to intestinal nematode infection, in: Adv. Parasitol., 2004: pp.



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

[21]

[22]

[23]

[24]

[25]

[26]

[27]

19

255-307, https://doi:10.1016/S0065-308X(04)57004-5.

N. Cowan, A. Raimondo, J. Keiser, J. Keiser, Approved oncology drugs lack in
Vivo activity against Trichuris muris despite in vitro activity., Parasitol. Res. 115

(2016) 4443-4446, https://doi:10.1007/s00436-016-5225-9.

K.J. Else, M.L. deSchoolmeester, Immunity to Trichuris muris in the laboratory

mouse, J. Helminthol. 77 (2003) 95-98, https://doi:10.1079/J0H2002162.

J.E. Klementowicz, M.A. Travis, R.K. Grencis, Trichuris muris: a model of
gastrointestinal parasite infection, Semin. Immunopathol. 34 (2012) 815-828,

https://doi:10.1007/s00281-012-0348-2.

J.B. Holm, D. Sorobetea, P. Kiilerich, Y. Ramayo-Caldas, J. Estellé, T. Ma, L.
Madsen, K. Kristiansen, M. Svensson-Frej, Chronic Trichuris muris infection
decreases diversity of the intestinal microbiota and concomitantly increases the
abundance of lactobacilli., PLoS One. 10 (2015) e0125495,

https://doi:10.1371/journal.pone.0125495.

A. Houlden, K.S. Hayes, A.J. Bancroft, J.J. Worthington, P. Wang, R.K. Grencis,
I.S. Roberts, Chronic Trichuris muris infection in C57BL/6 mice causes
significant changes in host microbiota and metabolome: effects reversed by
pathogen clearance., PLoS One. 10 (2015) e0125945,

https://doi:10.1371/journal.pone.0125945.

K. Koyama, Bacteria-induced hatching of Trichuris muris eggs occurs without
direct contact between eggs and bacteria, Parasitol. Res. 115 (2016) 437-440,

https://doi:10.1007/s00436-015-4795-2.

T.V.A. Hansen, M. Hansen, P. Nejsum, H. Mejer, M. Denwood, S.M.



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

[28]

[29]

[30]

[31]

[32]

[33]

20

Thamsborg, S.M. Thamsborg, Glucose absorption by the bacillary band of
Trichuris muris., PLoS Negl. Trop. Dis. 10 (2016) e0004971,

https://doi:10.1371/journal.pntd.0004971.

P. Wangchuk, P.R. Giacomin, M.S. Pearson, M.J. Smout, A. Loukas, A. Loukas,
Identification of lead chemotherapeutic agents from medicinal plants against
blood flukes and whipwormes., Sci. Rep. 6 (2016) 32101,

https://doi:10.1038/srep32101.

C. Betterton, The intestinal helminths of small mammals in the Malaysian
tropical rain forest: patterns of parasitism with respect to host ecology, Int. J.

Parasitol. 9 (1979) 313-320.

J. Schacher, C. Cheong, Malaysian parasites. XLV1I. Nematode parasites of three
common house rat species in Malaya, with notes on Rictularia tani Hoeppli,

1929, Stud. from Inst. Med. Res. Fed. Malay States. 29 (1960) 209-216.

T.S. Leong, B.L. Lim, L.F. Yap, M. Krishnasamy, Parasite fauna of the house rat
Rattus rattus diardii in Kuala Lumpur and nearby villages, Southeast Asian J.

Trop. Med. Public Health. 10 (1979) 122-126.

K. Chaisiri, W. Chaeychomesri, J. Siruntawineti, A. Ribas, V. Herbreteau, S.
Morand, Gastrointestinal helminth infections in Asian house rats (Rattus
tanezumi) from Northern and Notheastern Thailand, J. Trop. Med. Parasitol. 33

(2010) 29-35.

K. Rylkova, E. Tamova, A. Brozova, 1. Jankovska, J. Vadlejch, Z. Cadkova, J.
Frydlova, P. Pefinkova, 1. Langrova, D. Chodova, S. Nechybova, S. Schankova,

Genetic and morphological characterization of Trichuris myocastoris found in



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

[34]

[35]

[36]

[37]

[38]

[39]

21

Myocastor coypus in the Czech Republic., Parasitol. Res. 114 (2015) 3969-75,

https://doi:10.1007/s00436-015-4623-8.

K. Wells, M.B. Lakim, R.B. O’Hara, Shifts from native to invasive small
mammals across gradients from tropical forest to urban habitat in Borneo,
Biodivers. Conserv. 23 (2014) 2289-2303, https://d0i:10.1007/s10531-014-0723-

5.

K. Aplin, P. Brown, J. Jacob, C. Krebs, G.R. Singleton, Field methods for rodent

studies in Asia and the Indo-Pacific, ACIAR Monograph 100, Canberra, 2003.

G. Musser, M. Carleton, Superfamily Muroidea, in: D. Wilson, D. Reeder (Eds.),
Mammal Species World. A Taxon. Geogr. Ref. Vol. 2, 3rd editio, Johns Hopkins

University Press, Baltimore, 2005: pp. 894-1531.

K.P. Aplin, H. Suzuki, A.A. Chinen, R.T. Chesser, J. ten Have, S.C. Donnellan,
J. Austin, A. Frost, J.P. Gonzalez, V. Herbreteau, F. Catzeflis, J. Soubrier, Y .-P.
Fang, J. Robins, E. Matisoo-Smith, A.D.S. Bastos, I. Maryanto, M.H. Sinaga, C.
Denys, R.A. Van Den Bussche, C. Conroy, K. Rowe, A. Cooper, Multiple
geographic origins of commensalism and complex dispersal history of black rats,

PL0S One. 6 (2011) 26357, https://doi:10.1371/journal.pone.0026357.

M. Pageés, E. Bazin, M. Galan, Y. Chaval, J. Claude, V. herbreteau, J. Michaux,
S. Piry, S. Morand, J.-F. Cosson, Cytonuclear discordance among Southeast
Asian black rats (Rattus rattus complex), Mol. Ecol. 22 (2013) 1019-1034,

https://doi:10.1111/mec.12149.

K.I. Skrjabin, N.P. Shikhobalova, 1.V. Orlov, Trichocephalidae and Capillariidae

of animals and man and the diseases caused by them., Academy of Sciences of



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

[40]

[41]

[42]

[43]

[44]

[45]

[46]

22

the USSR, Moscow, 1971.

R.B. Gasser, H. Hoste, Genetic markers for closely-related parasitic nematodes.,

Mol. Cell. Probes. 9 (1995) 315-20.

M. Kimura, A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences., J. Mol. Evol.

16 (1980) 111-20.

S. Kumar, G. Stecher, K. Tamura, MEGAT7: Molecular Evolutionary Genetics
Analysis Version 7.0 for Bigger Datasets., Mol. Biol. Evol. 33 (2016) 1870-4.

doi:10.1093/molbev/msw054.

J.A. Leonard, R.-J. den Tex, M.T.R. Hawkins, V. Mufioz-Fuentes, R. Thorington,
J.E. Maldonado, Phylogeography of vertebrates on the Sunda Shelf: a multi-
species comparison, J. Biogeogr. 42 (2015) 871-879,

https://doi:10.1111/jbi.12465.

A.J. Gorog, M.H. Sinaga, M.D. ENGSTROM, Vicariance or dispersal? Historical
biogeography of three Sunda shelf murine rodents (Maxomys surifer,
Leopoldamys sabanus and Maxomys whiteheadi), Biol. J. Linn. Soc. 81 (2004)

91-1009, https://doi:10.1111/j.1095-8312.2004.00281.x.

S. Morand, F. Bordes, C. Hsuan-Wien, C. Julien, J. Cosson, G. Maxime, G.
Czirjak, A. Greenwood, A. Latinne, J. Michaux, A. Ribas, Global parasite and
Rattus rodent invasions: the consequences for rodent-borne diseases, Integr.

Zool. 10 (2015) 409-23, https://doi: 10.1111/1749-4877.12143.

L. Gedoelst, Nématodes parasites du Sciurus prevosti de Sumatra, Rev. Zool.

Africaine. 6 (1917) 456pp.



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

[47]

[48]

[49]

[50]

[51]

[52]

[53]

23

T. V Phan, The nematodes parasitizing on animals in Taynguyen Plateau, Tap

Chi Sinh Hoc. 8 (1984) 22-29.

Y. Song, Z. Lan, M.H. Kohn, Mitochondrial DNA phylogeography of the
Norway rat., PLoS One. 9 (2014) e88425,

https://doi:10.1371/journal.pone.0088425.

K. Aplin, D. Lunde, S. Molur, Bandicota indica. (errata version published in
2017) The IUCN Red List of Threatened Species 2016: €. T2541A115062578.,
(2006). http://dx.doi.org/10.2305/ITUCN.UK.2016-3.RLTS.T2541A22447469.en

(accessed July 17, 2017).

M. Raina, R. Kaul, A new report of Trichocephalus muris Schrank, 1788 from

Rattus rattus in Kashmir., J. Sci. Univ. Kashmir. 2 (1974) 70-72.

N. Kulkarni, P. Deshmukh, Comparative incidence of Trichuris muris (Shrank,
1788) and Ganguleterakis spumosa (Schneider, 1866) Lane, 1914 in Rattus

rattus, Indian J. Parasitol. 8 (1984) 297.

S. Thakur, Seasonal prevalence of nematode Trichocephalus muris infestation in

Rattus rattus., J. Ecobiol. 9 (1997) 229-234.

S. Gaherwal, M.M. Prakash, Lymphocyte migration inhibition response in

Trichuris muris infected and vaccinated mice., Iran J. Parasitol. 6 (2011) 34-40.



559

560

561

562

563

564

565

566

567

568

569

570

571

572

24

Figure 1. Microphotographs showing vulvar region in T. arrizabalagai n. sp. (A) and T.
cossoni n. sp. (B) and posterior region of male of T. arrizabalagai n. sp. (C) and T.
cossoni n. sp. (D).

Figure 2. Scanning electronic microscope of the vulvar region of T. arrizabalagai n.
sp..

Figure 3. Geographical distribution of the whipworms studied in the present study: T.
cossoni n. sp. (black squares) and T. arrizabalagai n. sp. (black star).

Figure 4. Strict consensus tree of ML- NJ analyses using sequences of ITS1-5.8S-1TS2
of whipworm isolates of Southeast Asia and Spain. The sequences of other isolates as
well as related species available in GenBank were also included. Nodal supports are of
bootstrap values obtained by ML and NJ analyses, respectively. The scale-bar indicates
the expected number of substitutions per site. A sequence of T. duplantieri was used as
out-group.

Table 1. Prevalence of T. arrizabalagai n. sp. in Borneo rodents.



