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A B S T R A C T

A new Trichuris species isolated from Holochilus chacarius (Cricetidae: Sigmodontinae) from the Chaco ecoregion
in Argentina is described based on morphological characteristics and mitochondrial (cox1, cob) and nuclear
(ITS2) markers. The new species is distinguished from 27 species of Trichuris from North and South American
rodents based on morphological and biometrical features, such as the absence of a spicular tube, presence of a
cylindrical spicular sheath, non-protrusive vulva, length of spicule, and proximal and distal cloacal tube. In
addition, the results based on three molecular markers of the new species and three Trichuris species previously
analysed from sigmodontine rodents: Trichuris pardinasi, Trichuris navonae and Trichuris bainae confirmed that
the specimens here studied belong to a different species. Molecular data are further used to discuss the phylo-
genetic relationships among the Trichuris species of rodents from Argentina. The combined analysis of mi-
tochondrial genes (cox1 and cob) revealed four clades corresponding with four different species of Trichuris. T.
navonae (Akodontini rodents) and T. massoiai n. sp. as a sister group related to T. bainae (Oryzomyini rodents)
and separated of T. pardinasi (Phyllotini rodents).

1. Introduction

Species of Trichuris Roederer, 1761 (Nematoda: Trichuridae) have a
cosmopolitan distribution and parasitize a broad range of mammalian
hosts, such as ruminants, marsupials, rodents, and primates, including
humans (Cafrune et al., 1999; Anderson, 2000). The genus Trichuris
includes species of medical and veterinary importance (e.g. T. trichiura
(Linnaeus, 1771), T. suis (Schrank, 1788) and T. vulpis (Froelich,
1789)). In many countries, human Trichuris has acquired from or are
shared with domestic animals (Hall and Sonnenberg, 1956; Vazquez
et al., 1997; Mirdha et al., 1998). The study of Trichuris species from
different hosts is relevant to know the genetic distances between them,
and their possible relation with epidemiological risks (e.g., Oliveros
et al., 2000; Cutillas et al., 2002, 2007, 2009).

To date, 27 Trichuris species have been described from 11 families of
North and South American rodents. Only one species of Trichuris has
been recorded in each of the families Caviidae, Dasyproctidae,
Echimyidae, Geomyidae, Muridae, Myocastoridae, and Octodontidae,
while two species have been described in Sciuridae, and four each in
Heteromyidae and Ctenomyidae. Cricetidae are parasitized by the most

species, with four species in Neotominae of North America and six
species in Sigmodontinae of South America, of which four have been
recorded from Argentina (Suriano and Navone, 1994; Robles et al.,
2006, 2014; Robles, 2011; see Table 1).

Trichuris species from Sigmodontinae rodents present an interesting
evolutionary history since these hosts are endemic of America. These
rodents have a wide variety of environmental and geographical dis-
tribution, and they have been included in diverse phylogenetic hy-
potheses (e.g., Steppan et al., 2004; Cox and Hautier, 2015). Five out of
6 species of Trichuris from sigmodontine rodents present similar mor-
phological features, such as the absence of a spicular tube, spicular
sheath with spines (mostly with a cylindrical shape), and a non-pro-
trusive or slightly protruding vulva (e.g. Babero et al., 1976; Correa-
Gomes et al., 1992; Robles et al., 2006, 2014; Robles, 2011). In addi-
tion, mainly morphometric characters with discriminatory value have
been used to separate Trichuris species, although in many cases with a
high degree of overlap in their measurements (i.e., Schwartz, 1926;
Chandler, 1930; Knight, 1984; Babero and Murúa, 1987; Babero and
Murúa, 1990). For this reason, some studies have used isoenzymatic
patterns and molecular studies to identify these nematodes (Cutillas
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et al., 1996, 2002, 2004, 2007; Feliú et al., 2000).
Among the molecular markers, the internal transcribed spacers 1

and 2 nuclear regions (ITS1 and ITS2 rDNA) (Oliveros et al., 2000;
Cutillas et al., 2002, 2004, 2007, 2009, 2015; Callejón et al., 2012,
2016; Salaba et al., 2013; Robles et al., 2014; Doležalová et al., 2015),
the nuclear 18S ribosomal RNA gene (Callejón et al., 2013; Guardone
et al., 2013; Doležalová et al., 2015), mitochondrial 16S ribosomal RNA
gene (Callejón et al., 2012) and protein-coding mitochondrial genes,
including the 12 common genes obtained from mitochondrial genome
sequences (Liu et al., 2012, 2013), and partial cytochrome c oxidase
subunit I (cox1) (Callejón et al., 2013, 2016; Doležalová et al., 2015)
and cytochrome b (cob) encoding genes (Cutillas et al., 2015; Callejón
et al., 2015, 2016). These genes have different attributes and short-
comings for inferring Trichuris phylogeny, including substantially dif-
ferent rates of evolution.

Holochilus chacarius Thomas, 1906 inhabits swamps, flooded grass-
lands, and cultivated fields in open, mostly non-forested habitats. This
rodent swims, dives, and climbs well and also uses subterranean gal-
leries (Massoia, 1971, 1976; D'Elía and Pardiñas, 2015). Also, this is
strictly herbivorous and considered of commercial importance, since it
can cause extensive damage to rice, banana, sugarcane, and other crops
(Massoia, 1974, 1976; D'Elía and Pardiñas, 2015). Holochilus chacarius
occupies lowlands of the Chaco ecoregion from western Brazil and
South Paraguay into Argentina. The range in Argentina includes a
narrow band in the provinces of Jujuy, Salta, Santiago del Estero, and
Tucuman, and a second, wider region in the Humid Chaco from south
Formosa province to northeastern Buenos Aires (D'Elía and Pardiñas,
2015). Different species of nematodes have been recorded in H. cha-
carius from different provinces in Argentina (Salta, Chaco and Formosa)
(Notarnicola, 2005; Notarnicola et al., 2010; Digiani et al., 2013, 2015).
Nevertheless, any survey of Trichuris species has been recorded in this
host species.

The purpose of this paper is to describe a new Trichuris species
isolated from H. chacarius from the Formosa province (Chaco ecor-
egion), Argentina, based on morphological characteristics and mi-
tochondrial (cox1, cob) and nuclear (ITS2) markers. Molecular data of
mitochondrial markers (cox1 and cob) are also used to analyse and
discuss the phylogenetic relationships among the Trichuris species of
rodents from Argentina.

2. Material and methods

2.1. Material examined

The nematodes were collected in the laboratory from the caecum
fixed in alcohol of dead rodents and posteriorly, these were preserved.
Twenty adult Trichuris specimens were collected from three individuals
of H. chacarius chacarius (subspecies name according to Massoia, 1976;
see Voglino et al., 2004) (Sigmodontinae) from Instituto de Investiga-
ción para la Pequeña Agricultura Familiar del Noreste Argentino (IPAF-
NEA), dependent of Instituto Nacional de Tecnología Agropecuaria
(INTA), Laguna Blanca (25°12′ S 58°7′ W), Formosa province (Argen-
tina).

2.2. Ethics statement

The research was conducted according to Argentine laws. Sample
collection was carried out during fieldwork under official permits
granted by the Ministerio de Producción y Ambiente de la Provincia de
Formosa (authorization s/n; Guía de Tránsito: 001504). This study was
carried out in accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institute of
Health. Specimens collected in live traps were humanely sacrificed
(euthanasia by thoracic compression under ether anaesthesia), fol-
lowing the procedures and protocols approved by national laws
(Animal Protection National law 14.346 and references in the

provincial permits), and Ethics Committee for Research on Laboratory
Animals, Farm and Obtained from Nature of National Council of
Scientific and Technical Research (CONICET), and subsequently by the
National Agency for the Promotion of Science and Technology of
Argentina (ANPCYT) (PICT 2010-0924 and 2015-1348). No endangered
species were involved in this study.

2.3. Morphological analysis

Nematodes were preserved in 70% ethanol, cleared in lactophenol,
and studied using a light microscope. Morphological identification was
conducted using characteristics listed by Chandler (1930), Robles et al.
(2006) and Robles (2011). Drawings of specimens were made with the
aid of a drawing tube. Three specimens of this population were dehy-
drated in an ethanol series, dried using the critical point method, and
examined with scanning electron microscope (Jeol 6360 LVLV, Tokyo,
Japan). Measurements are given as follows: holotype male or allotype
female, and paratypes with mean, standard deviations, and range in
parentheses. All measurements are given in millimetres (mm). Scale
bars of figures are given in micrometres (μm).

The nomenclatural acts have been registered in ZooBank, the online
registration system for the ICZN. Specimens of nematodes were de-
posited in the Helminthological Collection of the Museo de La Plata
(MLP-He), La Plata, Buenos Aires, and hosts in the Mastozoological
Collections of the Centro Nacional Patagónico (CNP), Puerto Madryn,
Chubut, Argentina.

2.4. DNA extraction, amplification, and sequencing

A total of 3 adult specimens of Trichuris from H. c. chacarius were
studied and compared with 17 adult specimens collected from 5 host
species from Sigmodontinae rodents previously analysed (Robles et al.,
2014; Callejón et al., 2016).

The complete specimens previously identified were washed ex-
tensively in 0.9% saline solution and stored in 70% ethanol until used
for DNA extraction. Genomic DNA from individual worms was ex-
tracted using the DNeasy Blood and Tissue Kit (Qiagen) according to
the manufacturer's protocol. Quality of extractions was assessed using
0.8% agarose gel electrophoresis and ethidium bromide staining.

The ITS2 rDNA region was PCR-amplified using a Perkin Elmer
thermocycler and the PCR mix and PCR conditions are cited by Callejón
et al. (2015). DNA sequences of the primers were mentioned by Gasser
et al. (1996) and Robles et al. (2014). The mitochondrial cox1 partial
gene was PCR-amplified using an Eppendorf AG thermocycler and
conditions specified for Trichinella isolates by Nagano et al. (1999) and
sequenced using the primers cited by Folmer et al. (1994) and Callejón
et al. (2016). The mitochondrial cob partial gene was amplified and
sequenced using primers designed from comparisons of complete
mtDNA genome sequences of Trichuris discolor Linstow, 1906
(NC_018596), Trichuris ovis Abildgaard, 1795 (NC_018597), Trichuris
suis Schrank, 1788 (NC_017747) and Trichuris colobae Cutillas, De
Rojas, Zurita, Oliveros and Callejón, 2015 (NC_017750) mentioned by
Callejón et al. (2015).

The PCR products were checked on ethidium bromide-stained 2%
Tris-Borate-EDTA (TBE) agarose gels. Bands were eluted from agarose
by using the Wizard® SV Gel and PCR Clean-Up System (Promega). The
purified PCR products were concentrated, and directly sequenced by
Stab Vida (Portugal). All sequences were completely double-stranded
for verification using reactions primed from the PCR primers.

2.5. Sequence alignment and phylogenetic analysis

Molecular analyses were performed on the rDNA and mtDNA da-
tasets, based on our sequences of ITS2, cox1 and cob and those obtained
from GenBank database (Table 2).

To obtain a nucleotide sequence alignment file, we used MUSCLE
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Table 2
Sequences of Trichuris and outgroups species obtained from GenBank and used for molecular analyses.

Species Host species/geographical origin Gene/region Accession numbers

Trichuris pardinasi P. xanthopygus/Sierra de la Ventana (Buenos Aires) ITS2 HG934448
HG934445
HG934449

P. xanthopygus/Sierra de Córdoba (Córdoba) HG934447
HG934446

Trichuris navonae A. montensis/Refugio Moconá (Misiones) HG934435
HG934436
HG934437
HG934438

A. montensis/Urugua-í (Misiones) HG934443
HG934444
HG934441

A. montensis/San Antonio (Misiones) HG934434
T. nigrita/San Antonio (Misiones) HG934440

HG934442
T. nigrita/Urugua-í (Misiones) HG934439

Trichuris bainae S. angouya/Refugio Moconá (Misiones) HG934431
HG934432

S. angouya/Guaycolec (Formosa) HG934433
LT549472

Trichuris pardinasi P. xanthopygus/Sierra de la Ventana (Buenos Aires) Cox1 HG934451
HG934452
HG934453

P. xanthopygus/Sierra de Córdoba (Córdoba) HG934454
HG934455
HG934456

Trichuris navonae A. montensis/Refugio Moconá (Misiones) HG934459
HG934462

A. montensis/Urugua-í (Misiones) HG934458
HG934460
HG934464

A. montensis/San Antonio (Misiones) HG934461
HG934463

T. nigrita/San Antonio (Misiones) HG934457
Trichuris bainae S. angouya/Refugio Moconá (Misiones) HG934466

HG934465
S. angouya/Guaycolec (Formosa) HG934467

LN899586
Trichuris pardinasi P. xanthopygus/Sierra de la Ventana (Buenos Aires) Cob LN899578

LN899579
LN899577

P. xanthopygus/Sierra de Córdoba (Córdoba) LN899580
LN899581

Trichuris navonae A. montensis/Refugio Moconá (Misiones) LN899565
LN899566

A. montensis/Urugua-í (Misiones) LN899567
LN899568
LN899569

A. montensis/San Antonio (Misiones) LN899571
LN899570

T. nigrita/San Antonio (Misiones) LN899572
LN899573

T. nigrita/Urugua-í (Misiones) LN899584
Trichuris bainae S. angouya/Refugio Moconá (Misiones) LN899574

LN899575
S. angouya/Guaycolec (Formosa) LN899576

LN899582
Trichuris muris Mus domesticus/Spain Cox1

Cob
HE653130
LM994701

Trichuris arvicolae Myodes glareolus/Spain Cox1
Cob

FR851284
LM994698

Trichuris vulpis Canis lupus familiaris/Spain Cox1
Cob

HE653135.1
LM994699.1

Outgroup Host species/geographical origin Gene/region Accession numbers

Trichinella spiralis –/– Cox1
Cob

NC_002681.1
NC_002681.1
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alignment method (Edgar, 2004) by the MEGA program version 5.2
(Tamura et al., 2011). The nucleotide sequences of the protein-coding
genes (cox1 and cob) were first translated into amino acids to confirm
that they lacked internal stop codons and to verify (by BLAST match)
that inferred amino acid characteristic sequences of the predicted ne-
matode protein. In order to assess the similarity among all marker se-
quences obtained in this study, with other Trichuris species obtained
from GenBank, we analysed the number of base differences between
sequences studied using number of differences method of MEGA 5
program version 5.2 (Tamura et al., 2011).

Phylogenetic trees were inferred using nucleotide data and pro-
duced using two methods: Bayesian inference (BI) and maximum like-
lihood (ML) using MrBayes version 3.2.6 (Ronquist and Huelsenbeck,
2003) and PhyML (Guindon and Gascuel, 2003), respectively.

ITS2 rDNA sequences were not included for phylogenetic analyses
due to the substantial length variation of Trichuris spp. which com-
promise inferences of positional homology. JMODELTEST (Posada,
2008) program was used to determinate the best-fit substitution model
for the parasite data (cox1 and cob). Models of evolution were chosen
for subsequent analyses according to the Akaike Information Criterion
(Huelsenbeck and Rannala, 1997; Posada and Buckley, 2004). For the
study of the dataset containing the concatenation of two markers (cox1
and cob), analyses based on BI were partitioned by gene and models for
individual genes within partitions were those selected by jModeltest.
For ML inference, best-fit nucleotide substitution models included GTR
+ G dataset for cox1 and cob datasets. Support for the topology was
examined using bootstrapping (heuristic option) (Felsenstein, 1985)
over 1000 replications. The commands used in MrBayes-3.2.6 for BI
was nst = 6 gamma rates (cox1 and cob). For BI, the standard deviation
of split frequencies was used to assess if the number of generations
completed was sufficient; the chain was sampled every 500 generations
and each dataset was run for 10 million generations. Adequacy of
sampling and run convergence was assessed using the effective sample
size diagnostic in TRACER program version 1.6 (Rambaut and
Drummond, 2007). Trees from the first million generations were dis-
carded based on an assessment of convergence. The Bayesian Posterior
Probabilities (BPP) is percentage converted.

Sequences from different Trichuris spp. from different host species
available in GenBank were included in each analysis: Trichuris muris
Schrank, 1788 from Mus domesticus Schwarz and Schwarz, 1943
(Murinae), Trichuris arvicolae Feliú, Spakulová, Casanova, Renauld,
Morand, Hugot et al. 2000 from Myodes glareolus Schreber, 1780
(Arvicolinae) from Spain and Trichuris vulpis Roederer, 1761 from Canis
lupus familiaris (Canidae). Sequences from Trichinella spiralis Owen,
1835 as outgroup were included in each analysis to root the phyloge-
netic trees.

3. Results

3.1. Morphological and biometrical results

Trichuris massoiai n. sp. (Figs. 1 and 2).
Diagnosis: anterior part of body long, narrow, tapered, and whip-

like; posterior part of body broad, and handle-like (Fig. 1A). Cuticle
with fine transversal striation. Bacillary band located laterally in
anterior portion of body (Figs. 1B, C, 2A–C). Bacillary band 0.07–0.09
from anterior end of body, and extends to body width region of
0.19–0.28. Cuticular inflations appear bordering bacillary band from
0.2–0.35 to 1.25–1.55 in the anterior end of body (Fig. 1B). These
structures limit laterally to abundant and visible bacillary glands with
conspicuous pore. Cuticle around vulvar aperture with transversally
striated pattern (Fig. 2H). Stichosome with 1 row of stichocytes, and 1
pair of conspicuous cells at oesophagus-intestinal junction level
(Fig. 1D, F). Male without spicular tube. Proximal cloacal tube, united
laterally to distal cloacal tube (Fig. 1E). Spicular sheath cylindrical,
with spines distributed from proximal to distal portion (Figs. 1E, 2D);

proximal spines with rounded point and distal spines with sharpened
point (Fig. 2E–G). Testis ends near final third of distal cloacal tube,
showing different degree of convolutions (Fig. 1E). Cloaca subterminal
with 1 pair of paracloacal papillae not ornamented (Fig. 2E). Female
with non-protrusive vulva located at oesophagus-intestinal junction
level (Figs. 1F, 2H). Anus subterminal with long caudal end (Fig. 1G).

Male (7 specimens): body length 20.7, 19.7 ± 1.8 (17.2–21.4).
Anterior portion of body 12.8, 12.5 ± 1.5 (10.6–14.0) long and thick
portion of body 7.9, 7.3 ± 0.47 (6.6–7.9) long (Fig. 1A). Anterior body
width 0.08, 0.06 ± 0.01 (0.05–0.07), maximum posterior body width
0.50, 0.37 ± 0.038 (0.33–0.43), width at oesophagus-intestinal junc-
tion level 0.15, 0.16 ± 0.014 (0.14–0.17) (Fig. 1D). Total length of
oesophagus 12.82, 12.51 ± 1.55 (10.6–13.98), muscular portion 0.60,
0.56 ± 0.67 (0.50–0.67) long, stichosome portion 12.2, 11.94 ± 1.56
(10.05–13.31) long. Spicule length 3.8, 3.44 ± 0.22 (3.07–3.65)
(Fig. 1E). Spicular sheath densely spinose 3.5, 3.1 ± 1.2 (2.8–3.5) long
(Figs. 1E, 2D–G). Proximal cloacal tube 2.4, 2.2 ± 0.16 (1.97–2.37)
long, distal cloacal tube 2.8, 1.36 ± 0.31 (2.43–2.9) long (Fig. 1E).
Ratio between anterior and posterior body length is 1:1.7. Ratio be-
tween total body length and posterior portion length 2.62, 2.74 ± 0.2
(2.5–3.05). Ratio between total body length and spicule length 5.34,
5.87 ± 0.25 (5.6–6.1). Ratio between posterior portion length and
spicule length 2.03, 2.13 ± 0.13 (1.96–2.3). Ratio between proximal
cloacal tube length and distal cloacal tube length 0.83, 0.81 ± 0.07
(0.72–0.88). Ratio between maximum posterior body width and pos-
terior portion length 0.06, 0.052 ± 0.013 (0.04–0.06).

Female (7 specimens): body length 30.55, 32.70 ± 1.7
(30.57–35.48). Anterior portion of body 18.86, 21.08 ± 1.4
(19.6–23.6) long and thick portion of body 11.68, 11.62 ± 0.5
(10.8–12.36) long. Anterior body width 0.075, 0.075 ± 0.02
(0.05–0.1); maximum posterior body width 0.46, 0.44 ± 0.06
(0.36–0.55); width at oesophagus-intestinal junction 0.17,
0.18 ± 0.03 (0.13–0.22) (Fig. 1F). Total length of oesophagus 18.86,
21.08 ± 1.4 (19.5–23.6), muscular portion 0.77, 0.65 ± 0.09
(0.47–0.77) long, stichosome portion 18.09, 20.43 ± 1.5 (19.0–23.13)
long. Distance between oesophagus-intestinal junction and vulva 0.12,
0.14 ± 0.01 (0.12–0.16). Eggs oval, with bipolar plugs, (n = 10)
0.018–0.020 × 0.040–0.042 (Fig. 1H). Ratio between anterior and
posterior body length is 1:1.8. Ratio between total body length and
posterior portion length 2.61, 2.81 ± 0.01 (2.6–2.9). Ratio between
maximum posterior body width and posterior portion length 0.04,
0.038 ± 0.006 (0.03–0.04).

Type material: holotype male MLP-He 7153, allotype female MLP-He
7154, and 12 additional paratypes MLP-He 7155 deposited at the
Helminthological Collection of the Museo de La Plata. urn: lsid:zoo-
bank.org:pub:05205E11–3138-4CEF-A05E-B31299DAC34D.

Type host: Holochilus chacarius Thomas, 1906 (Sigmodontinae:
Oryzomyini). Symbiotype: female CNP 3939. Other hosts housed: CNP
1894 and CNP 1895.

Type locality: IPAF-NEA (INTA), Laguna Blanca (25°12′ S 58°7′ W),
Formosa province (Argentina).

Site of infection: caecum.
Etymology: dedicated to the memory of Elio Massoia (1936–2001),

author of numerous contributions that significantly expanded the
knowledge of the diversity of South American mammals, including
several on the genus Holochilus.

Differential diagnosis: twenty seven Trichuris species from North and
South American rodents (Table 1) were compared with the new species.
Trichuris massoiai n. sp. can be separated from 13 of the species that
parasitize American rodents, i.e., T. citelli, T. dipodomys, T. fossor, T.
fulvi, T. laevitestis, T. perognathi, T. peromysci, T. madisonensis, T. muris,
T. neotomae, T. silviae, T. stansburyi and T. thrichomysi by the absence of
a spicular tube (the spicule lies entirely within the distal cloacal tube).

Trichuris massoiai n. sp. has a shorter spicule than T. bradleyi, T.
bursacaudata, T. pampeana and T. pardinasi and a longer spicule than T.
bainae, T. chilensis, T. elatoris, T. opaca, T. navonae, and T. travassosi.
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The new species differs from T. bursacaudata, T. myocastoris and T.
opaca by lacking a spicular sheath with a spiny distal spherical bulge or
a spiny campanuliform shape. Among those species with a cylindrical
spicular sheath, the new species can be separated from T. travassosi and
T. pampeana by the distribution of the spines (both species with a dense
distribution of spines in proximal portion and dispersed in distal por-
tion).

Moreover, the new species has a shorter distal cloacal tube than T.
bradleyi, T. bursacaudata and T. pardinasi and a longer distal tube than
T. bainae, T. navonae, T. robusti, and T. travassosi. In addition, T. mas-
soiai n. sp. presents a shorter proximal cloacal tube than T. bradleyi, T.
chilensis and T. pardinasi.

The new species has a non-protrusive vulva, as do most of the
species of Trichurismentioned. However, some species present a slightly
protruding vulva, with a cuticular evagination or lips protruding as T.
bainae, T. chilensis, and T. gracilis.

Although, the males of T. gracilis and T. dolichotis have not been
described, these species can be separated from the new species by their
lengths of the anterior (21.52–27.44 and 17 vs. 19.6–23.6) and pos-
terior (15.1–18.4 and 13 vs. 10.8–12.36) portions of the body of the
females. In this way, the ratios between anterior and posterior body
length of both species are smaller than that ratio observed in the new
species (about 1:1.4–1.5 and 1: 1.3 vs. 1:1.8).

The most similar biometrical and morphological features were
found between T. massoiai n. sp. and T. robusti from Ctenomys robustus
(from Chile), which share the absence of a spicular tube, the spicular
and proximal cloacal tube length and a non-protrusive vulva. However,
these species can be distinguished by the distal cloacal tube length
(2.43–2.9 vs. 2.3) and the ratio between anterior and posterior body
length in males and females (1:1.7 and 1:1.8 vs. about 1:1 and
1:0.8–09).

Fig. 1. Drawings of Trichuris massoiai n. sp. (A)
Complete male specimen. (B) Anterior extremity,
with bacillary band and view of cuticular infla-
tions. (C) Anterior extremity, with cuticle trans-
versally striated and bacillary band. (D) Male,
oesophagus-intestine junction and proximal por-
tion of testis, with bacillary band view. (E) Male,
posterior end, spiny spicular sheath, spicule and
proximal and distal cloacal tube (arrow show the
tubes junction), lateral view. (F) Female, oeso-
phagus-intestine junction and vulva, lateral view.
(G) Female, posterior end, lateral view. (H) Egg.
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3.2. Molecular data analysis

Nucleotide sequence data from T. massoiai n. sp. are reported and
are available in GenBank (Table 3).

3.2.1. ITS2 rDNA region
These sequences were 319 base pairs (bp) (exclusive of the primers)

and their G + C content ranged from 60.2% to 60.5% (Table 3). The
multiple alignments of 20 ITS2 sequences of Trichuris species from
South America yield a dataset of 363 characters.

The maximum value of intra-population similarity of Trichuris spe-
cies based on ITS2 corresponded to T. bainae from Misiones and the
minimum value corresponded to T. navonae from Misiones (Table 4).
On the other hand, the maximum and minimum values of inter-popu-
lation similarity were observed in T. bainae isolated from Misiones and
Formosa and T. pardinasi isolated from Córdoba and Buenos Aires, re-
spectively. The comparative study between different ITS2 sequences

Fig. 2. Scanning electron micrographs of
Trichuris massoiai n. sp.- SEM. (A) Bacillary band,
with detail of bacillary glands of middle part of
anterior extremity. (B) Bacillary band, with detail
of bacillary glands of distal part of anterior ex-
tremity. (C) Female, the arrow shows the bacil-
lary band located laterally. (D) Male, posterior
end, spiny spicular sheath. Each arrow shows the
detail observed in the follow three figures (E, F,
G), respectively. (E) Male, detail of the proximal
portion of spiny spicular sheath. (F) Male, detail
of the middle portion of spiny spicular sheath.
(G) Male, detail of the distal portion of spiny
spicular sheath. (H) Female, vulvar aperture with
transversally striated pattern, ventral view.

Table 3
GenBank accession numbers of ITS2, cox1 and cob partial sequences of 3 individuals of
Trichuris massoiai n. sp. isolated from a rodent species from Argentina.

Host species/
geographical origin

Marker Number of
base pair

G + C% Accession
numbers

H. chacarius/IPAF NEA
(Formosa)

ITS2 319 60.2 LT221880
319 60.5 LT221881
319 60.2 LT221882

Cox1 359 36.8 LT221884
359 36.8 LT221885
359 36.8 LT221886

Cob 505 30.8 LT221888
505 30.8 LT221889
505 30.8 LT221890
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obtained for each species revealed the highest similarity between T.
navonae and the two populations of T. bainae from Misiones and For-
mosa, whereas the lowest similarity was observed between T. massoiai
n. sp. from Formosa and T. navonae from Misiones (Table 4).

3.2.2. Cox1 mtDNA encoding gene
The cox1 partial sequences were 359 base pairs (bp) in length. The

G + C content of the cox1 partial gene of Trichuris species was 36.8%
(Table 3). The multiple sequence alignment of 22 cox1 nucleotide se-
quences (including the outgroup) of Trichuris species from South
America and Europe yielded a dataset of 342 characters. jModelTest
determined that the best-fit model for cox1 mtDNA datasets was GTR
+ G, which was used for Bayesian analyses and maximum likelihood.

The maximum value of intra-population similarity of Trichuris spe-
cies based on cox1 corresponded to T. navonae from Misiones, T. bainae
from Formosa and T. massoiai n. sp. from Formosa, and the minimum
value corresponded to T. navonae from Misiones (Table 5). In addition,
the maximum and minimum values of inter-population similarity were
observed in T. bainae isolated from Misiones and Formosa and T. par-
dinasi isolated from Córdoba and Buenos Aires, respectively. The
comparative study between different cox1 sequences obtained for each
species revealed the highest similarity between T. pardinasi from Cór-
doba and T. bainae from Formosa, whereas the lowest similarity was
observed between T. massoiai n. sp. from Formosa and T. pardinasi from
Buenos Aires (Table 5).

The consensus tree showed four phylogenetic groups corresponding
with four different Trichuris species (T. navonae (Clade 1), T. massoiai n.
sp. (Clade 2), T. bainae (Clade 3) and T. pardinasi (Clade 4)) with good
resolution, nevertheless, within the Trichuris species group from

Argentina, not all relationships among the different species of Trichuris
were resolved with robust support by the two methods (BI and ML). In
addition, a subclade 3a including T. bainae from Formosa was observed
separated from T. bainae from Misiones by the two methods with strong
support, and a subclade 4a including T. pardinasi from Buenos Aires
appeared separated from T. pardinasi from Córdoba with strong support
(Table 7).

Furthermore, Trichuris spp. from rodents of South America
(Argentina) form a solid group separated of Trichuris spp. from Europe
(Spain) (T. muris, T. arvicolae and T. vulpis) (Table 7).

3.2.3. Cob mtDNA partial gene
The partial sequences were 505 bp in length. The G + C content of

the cob partial gene of Trichuris species was 30.8% (Table 3). The
multiple alignment of 23 cob nucleotide sequences (including the out-
group) of Trichuris species from South American and European yielded
a dataset of 495 characters. jModelTest determined that the best-fit
model for the cob datasets was GTR + G, which was used for Bayesian
analyses and maximum likelihood.

The maximum and minimum value of intra-population similarity of
Trichuris species based on cob datasets corresponded to T. navonae from
Misiones (Table 6). On the other hand, the maximum and minimum
values of inter-population similarity were observed in T. bainae isolated
from Buenos Aires and Formosa and T. pardinasi isolated from Córdoba
and Buenos Aires, respectively. When the cob sequences of the different
species and host isolates of the genus Trichuris were compared, the
highest similarity was obtained between T. navonae from Misiones and
T. massoiai n. sp. from Formosa, whereas the lowest similarity was
observed between T. pardinasi from Cordoba and T. massoiai n. sp. from

Table 4
Intra-population (*), inter-population (●) and inter-specific similarity observed in ITS2 partial sequences in Trichuris populations isolated from different rodent species.

Species T. pardinasi
(Buenos Aires)

T. pardinasi
(Córdoba)

T. navonae (Misiones) T. bainae (Misiones) T. bainae (Formosa) T. massoiai n. sp.
(Formosa)

T. pardinasi (Buenos Aires) 96.1–97.8%*
T. pardinasi (Córdoba) 97.0–99.2%● 99.7%*
T. navonae (Misiones) 88.2–91.5% 89.8–92.3% 95.6–99.7%*
T. bainae (Misiones) 87.9–90.1% 90.4–90.6% 93.1–95.6% 100%*
T. bainae (Formosa) 87.9–90.6% 90.4–91.2% 93.7–95.6% 98.9–99.4%● 98.6%*
T. massoiai n. sp. (Formosa) 89.8–92.3% 92.2–93.1% 86.0–89.2% 87.6–88.9% 87.6–88.9% 99.1–99.8%*

Table 5
Intra-population (*), inter-population (●) and inter-specific similarity observed in cox1 partial sequences in Trichuris populations isolated from different rodent species.

Species T. pardinasi (Buenos Aires) T. pardinasi (Córdoba) T. navonae (Misiones) T. bainae (Misiones) T. bainae (Formosa) T. massoiai n. sp.
(Formosa)

T. pardinasi (Buenos Aires) 97.4–98.2%*
T. pardinasi (Córdoba) 95.6–97.3%● 98.2–98.8%*
T. navonae (Misiones) 85.1–88.3% 85.1–87.7% 96.5–100%*
T. bainae (Misiones) 88.3–89.8% 90.1–90.3% 89.2–90.4% 99.7%*
T. bainae (Formosa) 88.3–89.5% 90.1–90.6% 88.9–89.8% 99.4–99.6%● 100%*
T. massoiai n. sp. (Formosa) 84.8–85.7% 85.7–86.3% 89.2–90.4% 89.2–89.5% 88.9% 100%*

Table 6
Intra-population (*), inter-population (●) and inter-specific similarity observed in cob partial sequences in Trichuris populations isolated from different rodent species.

Species T. pardinasi
(Buenos Aires)

T. pardinasi
(Córdoba)

T. navonae (Misiones) T. bainae (Misiones) T. bainae (Formosa) T. massoiai n. sp.
(Formosa)

T. pardinasi (Buenos Aires) 98.6–99.8%*
T. pardinasi (Córdoba) 89.2–98.4%● 98.4%*
T. navonae (Misiones) 84.0–85.5% 84.8–86.1% 97.2–100%*
T. bainae (Misiones) 84.4–84.8% 84.8–86.3% 87.7–89.5% 99.8%*
T. bainae (Formosa) 84.6–84.8% 84.8–86.3% 87.9–89.5% 99.1–99.6%● 99.8%*
T. massoiai n. sp. (Formosa) 83.2–83.9% 83.0–84.0% 86.9–89.8% 86.7–87.1% 86.0–87.0% 99.2–99.8%*
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Formosa (Table 6).
The consensus trees were in congruence with those obtained based

on cox1 datases revealing four clades with good resolution by the two
methods (BI and ML) corresponding with four different Trichuris species
from Argentina (Table 7). The topology showed the Clade 1 (T. na-
vonae) related to Clade 2 (T. massoiai). In addition, a subclade 3a
clustered T. bainae from Formosa with moderate support separated
from T. bainae from Misiones. A subclade 4a including T. pardinasi from
Buenos Aires with moderate support was observed (Table 7).

In congruence with cox1 phylogenetic results, Trichuris spp. from
rodents of South America (Argentina) form a solid group separated of
Trichuris spp. from Europe (Spain) (T. muris, T. arvicolae and T. vulpis)
(Table 7).

3.2.4. Phylogenetic relationship based on concatenated cox1 and cob
mtDNA sequence datasets

The combined analysis of mitochondrial enconding genes (cox1 and
cob) revealed a similar topology that those obtained by separate ana-
lysis of the 2 genes providing much greater phylogenetic resolution
among Trichuris taxa (Fig. 3). Thus, four clades were observed corre-
sponding to four different species of Trichuris (T. navonae, T. massoiai n.
sp., T. bainae and T. pardinasi). The concatenated analysis of the mi-
tochondrial genes showed the Clade 1 (T. navonae) related to Clade 2
(T. massoiai n. sp.) with strong support (BPP and ML). In addition, T.
navonae and T. massoiai n. sp. appeared as sister group and both species
related to Clade 3 (T. bainae) and separated from Clade 4 (T. pardinasi)
highly supported (Fig. 3, Table 7). Furthermore, some strongly sup-
ported subclades correspond to the geographic origin of the sample.
Thus, the species T. bainae and T. pardinasi appeared with two different
subclades each one (Fig. 3, Table 7). In addition, T. navonae, T. massoiai
n. sp., T. bainae and T. pardinasi from Argentine appeared as a solid
group separated of T. muris, T. arvicolae and T. vulpis from Spain.

4. Discussion

In this paper, T. massoiai n. sp. was distinguished from 27 Trichuris
species from North and South American rodents by morphological, in-
cluding morphometric features, such as the absence of a spicular tube,
presence of a cylindrical spicular sheath, non-protrusive vulva, length
of spicule, and proximal and distal cloacal tube. In addition, the mor-
phometric characteristics of each species of Trichuris compared, allowed
the separation of close species (see differential diagnosis and Robles,
2011). The phylogenetic and geographic distance of the hosts supports
the separation of different species. Mainly, the morphologically closest
species parasitize host groups of a different suborder (Hystricomorpha -
e.g. T. robusti, T. gracilis and T. dolichotis).

The most markers studied among Trichuris species are the ribosomal
DNA regions (ITS1 and ITS2) because they have been shown to be

Fig. 3. Phylogenetic tree of Trichuris species from rodents of Sigmodontinae of different geographical origins based on concatenated mitochondrial genes (cox1 and cob) inferred using
Maximum Composite Likelihood. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown on the branches
(Bayesian Inference/Maximum Composite Likelihood). Bootstrap values lower than 65% are not shown.

Table 7
Monophyly of mitochondrial and ribosomal partial sequences of selected groups based on
several combinations of datasets and inference methods. BPP = Bayesian Posterior
Probability; ML =Maximum Likelihood bootstrap. Clade 1: T. navonae; Clade 2: T.
massoiai n. sp.; Clade 3: T. bainae; Subclade 3a: T. bainae from Formosa; Clade 4: T.
pardinasi; Subclade 4a: T. pardinasi isolated from P. bonariensis from Buenos Aires.

Cox1 Cob Mitochondrial genes
(Cox1 + Cob)

BPP/ML
Clade 1 (T. navonae) −/75 100/98 100/99
Clade 2 (T. massoiai n. sp.) 100/99 100/100 100/100
Clade 3 (T. bainae) 98/87 92/86 100/98
Clade 4 (T. pardinasi) 99/99 82/− 78/−
Clade 1 clustered with Clade 2 −/− 86/84 99/93
Clade 1 grouped with Clade 2

and 3
−/− 90/100 100/95

Trichuris populations from
Argentina

75/98 100/98 100/99

Subclade 3a 85/89 92/86 82/75
Subclade 4a 95/94 95/92 90/−
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among the best molecular markers for diagnostic studies in Trichuris
spp. (Oliveros et al., 2000; Cutillas et al., 2002, 2004, 2007, 2009;
Callejón et al., 2010, 2012; Robles et al., 2014). On the other hand, both
mitochondrial genes (cox1 and cob) and complete genome data have
been used for characterization of nematodes and their relationships
(Azevedo and Hyman, 1993; Hugall et al., 1994; Blouin et al., 1997;
Keddie et al., 1998; Lavrov and Brown, 2001). Recently, different au-
thors have carried out a phylogenetic study for genus Trichuris based on
mitochondrial genes in order to clarify the relationships between dif-
ferent species (Callejón et al., 2013, 2015; Doležalová et al., 2015).

In the case of Trichuris species from Cricetidae in South America, all
the records are recent. Robles et al. (2014) based on ITS2 rDNA region,
and Callejón et al. (2016) based on the mitochondrial partial enconding
genes cox1 and cob, reported different genetic lineages among Trichuris
species from sigmodontine rodents that supported the proposal of a new
species (T. bainae).

This paper presents a molecular study based on three molecular
markers of four Trichuris species. T. massoiai n. sp. isolated from H.
chacarius was compared with T. navonae, T. bainae and T. pardinasi of
different Sigmodontinae rodent species from Argentina. The percen-
tages of inter-specific similarity observed between T. massoiai n. sp. and
these species were in agreement with the range of inter-specific simi-
larity described in other species of Trichuris (Cutillas et al., 2002;
Callejón et al., 2013, 2015, 2016; Robles et al., 2014). Thus, according
to the levels of similarity between described species of Trichuris based
on ITS2 rDNA region (37.7%, Callejón et al., 2013–94.5% Robles et al.,
2014), cox1 mtDNA (68.7–90.4%, Callejón et al., 2013, 2016) and cob
mtDNA (69.2–97.1%, Callejón et al., 2016) enconding genes, is sup-
ported that the specimens studied in the present paper, belong to a new
species.

The combined analysis of mtDNA encoding genes (cox1 and cob)
revealed four clades corresponding with four different species of
Trichuris: Clade 1 (T. navonae) was related to Clade 2 (T. massoiai n. sp.)
and, these two clades were related to Clade 3 (T. bainae) and separated
from Clade 4 (T. pardinasi). Relationships among the most compre-
hensive clades of Trichuris species have been resolved in the same way
by molecular sequence data in this study. Thus, phylogenetic analysis of
the individual markers (cox1 and cob mtDNA) and combined analysis of
mtDNA showed strong resolution grouping T. navonae and T. massoiai n.
sp. and both species related to T. bainae as a sister group separated to T.
pardinasi. Phylogenetic reconstruction based on concatenated se-
quences had greater phylogenetic resolution for delimiting species and
populations intra-specific of Trichuris than those based on partitioned
genes. These results were observed in previous studies where popula-
tions of T. bainae and T. pardinasi could be affected by geographical
factors and co-divergence parasite-host (Callejón et al., 2016).

The incorporation of the new species of Trichuris from
Sigmodontinae rodents with known phylogenetic relationships, no
longer exhibit an exact congruence between parasite species and host
tribes. Since T. navonae (parasite from Akodontini) and T. massoiai n.
sp. or T. bainae (parasites from Oryzomyini) are sister groups, and these
three clades are separated from T. pardinasi (parasite from Phyllotini).
In addition, the phylogenetic results showed Trichuris spp. from
Argentine form a solid group separated of Trichuris spp. from Spain
revealing, possibly, a greater influence of geographic distribution than
of parasite-host co-divergence, considering mainly, the position of T.
vulpis.

Although, at present, the geographical and host distributions of
Trichuris species have been poorly studied, future studies may address
whether the species of Trichuris could act as markers of their hosts and/
or geographic distribution.

5. Conclusions

A Trichuris species is isolated from Holochilus chacarius (Cricetidae:
Sigmodontinae) for first time of the Chaco ecoregion in Argentina, and

this is described as a new species based on morphological character-
istics and mitochondrial (cox1, cob) and nuclear (ITS2) markers.
Phylogenetic relationships among the Trichuris species of rodents from
Argentina have been analysed in this study, and the combined analysis
of mitochondrial genes (cox1 and cob) revealed four clades corre-
sponding with four different species. More comprehensive under-
standing of the co-divergence of parasites and hosts will require in-
creased taxa sampling of Trichuris species and the resolution provided
by multigene molecular phylogenies.
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