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Abstract

:

Adult specimens of Trichuris sp. collected from crested porcupines (Hystrix cristata) from Italy were characterized using an integrative taxonomic approach involving morphological and molecular tools. The morphological features of this Trichuris sp. were compared to data already available for Trichuris spp. from Hystrix sp., revealing diagnostic traits, such as spicule length in males or vulva shape in females, which distinguish this Trichuris sp. from the other species. Evidence from sequences analysis of the partial mitochondrial COX1 region indicated that the taxon under study is a distinct lineage. Biometrical and genetic data suggested this Trichuris sp. to be a valid and separated taxon. However, since molecular data from other Trichuris spp. infecting Hystrix, such as T. infundibulus, T. hystricis, T. javanica, T. landak and T. lenkorani, are missing in public repositories, the number and identity of distinct lineages able to infect porcupines remain only partially defined.






Keywords:


Trichuris; Hystrix; integrative taxonomy; phylogeny; COX1












1. Introduction


Whipworms of the genus Trichuris Roederer, 1761 (Nematoda: Trichuridae) parasitize a broad range of mammalian hosts including ruminants, marsupials, rodents and primates, thus showing a wide geographic distribution [1]. Each Trichuris species usually displays a restricted range of hosts, being limited to a particular host species or a group of related species. Several morphological traits with high discriminatory values are traditionally used to identify Trichuris species, such as the presence/absence of the spicular tube, the shape and distribution of the spines of the spicular sheath, the length of the spicule and the morphology of the vulva, along with classic morphometric characteristics [2,3,4]. Morphological convergence and the overlapping of morphometric features may call into question a correct taxonomical definition [5,6]. In recent years, the designation of parasitic species within the Trichuris genus has often been determined by the use of an integrative approach based on the combination of morphological and molecular methodologies. The sequences of the nuclear ribosomal ITS and of the mitochondrial cytochrome oxidase gene (COX1) have commonly been used to investigate the phylogeny, molecular systematics and population genetics of Trichuris spp. from rodents [7,8].



When considering the suborder Hystricomorpha, the taxonomy of Trichuris spp. from the genus Hystrix remains undefined. Few morphological studies without molecular support are available: the first report described Trichuris infundibulus Hall, 1916 [9] from Hystrix cristata L. 1758, and this was followed by the description of Trichuris hystricis Kreis, 1938 [10], from a captive porcupine from the Basel Zoo, Switzerland, with both species previously named in synonymy as Trichocephalus [11,12]. Trichuris hystricis was then reported from Hystrix indica Kerr, 1792, in Iran [13]. Trichuris lenkorani Petriov and Sadikhov, 1961 [14], was described from the intestine of H. indica (named as H. hirsutirostris Brandt, 1835) in Azerbaijan [14]. Finally, Trichuris landak Purwaningsih, 2013, was recently described from the Javan porcupine Hystrix javanica (Cuvier, 1823) in Indonesia [15].



The aim of the present paper is to identify adults of Trichuris sp. infecting Hystrix cristata collected during two independent samplings carried out in central Italy (Lazio and Tuscany) using an integrated approach, including a morphological comparative evaluation of diagnostic features and a molecular characterization based on sequence analysis of both the partial COX1 and phylogenetic inference.




2. Materials and Methods


2.1. Collection of Material


We collected Trichuris samples from crested porcupines during two sampling periods. The first sampling, carried out in 2015–2017, included six individual Trichuris-positive crested porcupines H. cristata (Rodentia: Hystricidae), which had been brought to a recovery center for injured wildlife or illegally traded animals in Rome (Italy). The second sampling was carried out in 2018–2019 in Southern Tuscany (provinces of Grosseto and Siena) and included the intestines of five Trichuris-positive roadkill crested porcupines. Overall, 77 adult specimens belonging to the Trichuris genus were collected during necropsies. Analyses included all Trichuris samples pooled in the same dataset. Nematodes were washed in a saline solution and stored in glycerol–ethanol 70% until morphological and molecular analyses.




2.2. Morphological and Morphometric Analysis


The best preserved specimens (seven males and 23 females) were selected for morphometric analyses and, after the measurement of their total length, the anterior and posterior parts of the body were removed from each one and cleared in lactic acid-phenol (1:1) for the purpose of morphological study. The remaining parts of the specimens were used for genetic purposes.



Metrical features, indicated both as raw measurements and as ratios, were obtained from fully grown specimens to avoid bias due to unequal growth during the development of adult worms.



The morphological traits used for measurements and comparisons in males (M) and females (F) were: total length of body (M1-F1), length of esophageal region of body (F2-M6), length of posterior region of body (F8-M9), body width at the junction of esophagus and intestine (M2-F3), maximum width of posterior region of body (thickness) (M3-F4), length of spicule (M4), spicule width (M7), width of spicule sheath at the tail end of body (M5), length and width of eggs (F5-F6), terminal distance uterus–tail (F7). These also included the ratios of total length of body and length of posterior region of body (R1), total length of body and length of spicule (R2), length of posterior region of body and length of spicule (R3) and anterior and posterior body length (R4).



These measurements, along with those of other related Trichuris species from rodents of suborders Hystricomorpha infecting Hystrix, were selected for morphological comparison and are reported in Table 1. All measurements are given in millimeters (mm).



Hierarchical Clustering on Principal Components (HCPC) using R software v.3.3.2 “FactoMineR” and “missMDA” packages [16] was used for morphometric analyses. Analyses were intended to (i) confirm that Trichuris specimens from the two distinct samplings of the present study (TIS and TIM) were grouped together (dataset I) and (ii) compare the specimens recovered in this study to other related species of Trichuris from Hystrix, such as T. landak from H. javanica, T. hystricis from H. indica and H. cristata (dataset II). Bearing in mind that a complete set of measurements was not available for all the species used for comparison (dataset II), we imputed missing values in continuous datasets using the PCA model and the package “MissMDA”, before then performing the HCPC analysis on this “new dataset” characterized by nine complete variables (male traits: M1-M5; female traits: F1-F2, F5-F6).




2.3. Genetic and Comparative Phylogenetic Analyses


Genomic DNA was isolated using the Wizard GenomicDNA purification kit (Promega) according to the manufacturer’s protocol. Genetic characterization was performed on 17 whipworms (15 from Lazio, 2 from Tuscany) by sequence analysis of the partial mitochondrial region cytochrome c oxidase subunit I (COX1) [17]. The primers used were CORA 5′-ACYACATAGTAGGTRTCATG-3′ and HC02198F 5′-TGATTTTTTGGTCACCCTGAAGTTTA-3′. Positive amplicons were purified using SureClean (Bioline) and shipped to an external service for sequencing (MWG Eurofins Operon). Electropherograms obtained were manually checked using Trace implemented in MEGA7 [18]. The best-fit model and parameters determined for the dataset were used for Maximum Likelihood (ML) statistical analysis, performed using the TN model+G+I (as selected by ModelTest, AIC criterion) using MEGA7, and the statistical reliability of nodes was evaluated using 1000 bootstrap pseudoreplications [18].



The retrieved sequences used for comparative purposes, including species from other rodents as well as other hosts such as canids, pigs, ruminants and primates, are listed in Table 1. Estimates of evolutionary divergence between pairs of sequences were obtained using TN as modelled by MEGA7. Two representative sequences are available in GenBank under the following accession numbers: MK779003 and OK489802 (Table 1).
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Table 1. List of materials analyzed in the present study for polymorphism analyses and phylogenetic inferences based on partial COX1 mitochondrial region. Information on parasite species as defined by authors, host species, GenBank accession numbers, Specimen codes and references are reported.
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Parasite Species

	
Host Species

	
GenBank Accession Number

	
Specimen Code

	
References






	
Trichuris sp.

	
Hystrix cristata

	
TIS: MK779003

TIM: OK489802

	
TIS and TIM

	
Present study




	
Trichuris sp.

	
Dolichotis patagonum

	
MN562597-99

	
TspDol

	
[19]




	
T. colobae

	
Colobus guereza

	
HE653119-20

	
Ttri1-2

	
[17]




	
T. suis

	
Sus scrofa

	
HE653125-26

	
S1-2

	
Zhang et al. (2016) (unpublished)




	
T. ovis

	
Capra hircus

	
HE653142-43

	
Tov1-2

	
[17]




	
T. skrjabini

	
Capra hircus

	
HE653121-22

	
Tskr1-2

	
[17]




	
T. discolor

	
Bos taurus

	
HE653139-40

	
Tdis1-2

	
[17]




	
T. pardinasi

	
Phyllotis xanthopygus

	
HG934451,55

	
Tpar1-2

	
[8]




	
T. navonae

	
Akodon montensis

	
HG934458,59,61

	
Tnav1-3

	
[8]




	
Trichuris sp.

	
Sooretamys angouya

	
HG934465-66

	
Sa1-2

	
[8]




	
T. muris

	
Mus domesticus/musculus

	
HE653130-34

	
M1-5

	
[17]




	
T. arvicolae

	
Microtus agrestis

	
FR851275-77,89-90

	
TarvH1-3, H15-16

	
[17]




	
T. vulpis

	
Canis (lupus) familiaris

	
HE653135-36

	
Tvul1-2

	
[17]




	
Outgroup species




	
Trichinella spiralis

	

	
AF293969

	
Tspir

	
[20]











3. Results


3.1. Morphological and Morphometric Analysis


The Trichuris sp. specimens analyzed showed the anterior part of the body to be long, narrow, tapered and whip-like, the posterior part of body to be broad and handle-like, the anterior esophageal part to be elongated and filiform and the posterior part to be large and cylindrical. The ratios between the total body length and the posterior body length (R1) were equal to 1:2.36–1:2.76 for males and 1:2.00–1:2.66 for females Meanwhile, the ratios between the anterior and the posterior body length (R4) were equal to 1:1.36–1:1.73 for males and to 1:1–1:1.67 for females.



Cuticles with transverse striae or annularity were present on the entire length of the body, except for the most anterior portion, corresponding to around 150 μm and in proximity to the vulvar region and excretory pore (cloaca). The maximum width of the body was at the junction of the esophagus and the intestine. The caudal end of the anus subterminal showed a terminal torsion. Details on the morphological data of adult specimens of Trichuris sp. from H. cristata and of other related species infecting Hystrix spp. are reported in Table 2.



The specimens analyzed resemble T. hystricis and T. landak in general morphology, especially when considering the shape of the spicular structure and vulvar region (Figure 1). Despite the ranges of several metric characters mostly overlapping, the specimens under study differed from other described species in terms of total body length and spicule length. HCPC analysis of dataset I confirmed that Trichuris specimens from the two distinct samplings of the present study are grouped together (TIS and TIM specimens—Figure S1 in the Supplementary) and are separated from all other species used for comparison (dataset II—Figure 2). The comparison of ratio values between total body length and spicule length (R2) gave distinct rather than overlapping values. In fact, the specimens studied showed values of 1:7.53–1:9.36, while T. hystricis sensu Youssefi [13] showed an R2 of 13.3, T. hystricis sensu Kreis [10] showed an R2 of 40.53, T. infundibulus an R2 was of 22.98 and, for T. lenkorani, the R2 was of 5.99.



HCPC analysis was not carried out for vulvar shape, as this is a qualitative trait. Descriptions of the vulvar region are only available for a limited number of species: in T. landak, the surface of the vulva is not densely covered with spines and the cuticle appears rugose at the anterior lip [15], while in T. hystricis sensu Kreis [10] the vulva does not protrude appreciably and is described as “extremely large but not very long” with highly developed muscles. In the present study, the vulvar region appears slightly protruded, showing a visible bulge with a trilobated muscular bore and an internal curved surface densely covered with spines (Figure 1c–e).




3.2. Molecular Analyses


All of the 17 Trichuris specimens analyzed gave a positive fragment of around 450 bp at COX1 PCR amplification. Eleven of fifteen individuals were successfully sequenced, giving a partial COX1 alignment of 305 bp after manual trimming at the ends of sequences following a comparison with GenBank retrieved sequences. Few polymorphic nucleotide sites were detected among these eleven sequences (three SNPs), which is consistent with an intraspecific polymorphism. A BLAST search revealed the identity of 87% of the specimens to be T. arvicolae (accession number FR851280, performed on specimens included in the phylogenetic comparison, coded as TriH6). However, the percentage of query coverage was 65% (174/199 nucleotide matching, on a total of 305 bp), which is not enough to refer these sequences to any taxa reporting available sequences in GenBank.



The phylogenetic ML tree with the highest log likelihood (Figure 3) describes the existence of distinct taxonomic entities supported by a maximum bootstrap value of 100% for all species included in the analysis (T. muris, T. navonae, T. pardinasi, T. vulpis, T. suis, T. trichiura, T. skrjabini, T. ovis and T. discolor). Likewise, Trichuris sp. from H. cristata was analyzed and identified as a separated branch compared to all other taxa. The genetic distance values between pairs of sequences indicate that the Trichuris we describe here was highly divergent from other Trichuris lineages, including: T. trichiura (0.35, SE = 0.03–0.04), T. ovis and T. pardinasi (0.32–0.33, SE = 0.02–0.04), T. vulpis (0.29–0.35, SE = 0.03–0.04), T. suis (0.30 SE = 0.03–0.04), T. navonae (0.29, SE = 0.03–0.04), T. muris (0.28, SE = 0) and T. arvicolae (0.26–0.29, SE = 0.01–0.03).





4. Discussion


The crested porcupine H. cristata Linnaeus, 1758 is a large, nocturnal rodent which is widespread in North and sub-Saharan Africa [21,22,23]. It is the only porcupine species occurring in Europe, with a geographical distribution restricted to mainland Italy and Sicily, most probably due to its introduction from North Africa in the early Medieval period [24,25,26]. In the last 40 years, the distribution range of the crested porcupine has increased in Italy [27,28,29], mostly because of the introduction of legal protections (National Italian Law n. 968/1977, Annex II of the Bern Convention in 1979, Annex IV of the Habitat Directive 1992/43/EEC and National Italian Law n. 157/1992). This increased distribution may potentially increase the risk of parasite infections for this species.



Despite this, the available information on the parasites of crested porcupines, both ectoparasites [30,31,32,33,34] and endoparasites [35,36,37,38], is scant. Among nematodes, both the genetic characteristics of Trichuris and the evolutionary relationships between Trichuris and members of the suborder hystricomorpha—crested porcupines in particular—have so far been poorly investigated and understood.



To date, few authors have carried out morphological studies on Trichuris from Hystrix spp. and no molecular data are available for comparisons, generating controversial and limited outcomes. The lack of clear diagnostic morphological features for Trichuris taxonomy and phenotypic plasticity observed in parasitic nematodes [2,6,39], together with the occurrence of coinfections [40], demands the mandatory use of integrative taxonomy for a more accurate characterization of species.



Four Trichuris species have so far been described, from at least three host species belonging to the genus Hystrix: T. hystricis from H. cristata and H. javanica, T. infundibulus from H. cristata, T. lenkorani and T. landak from H. indica [13,14,15]. The validity of T. infundibulus as a separate taxon from T. hystricis is unclear, despite the differences in morphological traits, given the lack of information on the locality in the original description of T. infundibulus, as shown by [41]. Spicule length measurements of T. landak reported by [15] were likely wrongly expressed, generating errors not only in its description but also in the interpretation of results and any comparisons to the present data. After a doubtful first description of T. hystricis based on specimens from captive porcupines from Basel Zoo (Basel, Switzerland) [11], a subsequent independent study on H. cristata from Tunis Zoo described whipworms putatively referable to the original T. hystricis description [42] without reporting any measurements or metrical data. Indeed, the author emphasizes this doubtful observation and host origin, declaring that it is not clear whether T. hystricis is circulating in Tunisia. In addition, previous studies have reported the presence of T. ovis in porcupines from Italy [43], advocating for the occurrence of more than one Trichuris species potentially infective to porcupines. Regarding Trichuris circulating in rodents in Italy, only T. muris and T. arvicolae have been reported so far [44,45].



Although deposited nucleotide sequences from the same genomic region are not available for Trichuris from porcupines, the morphometric differences evidenced support the status of the specimens under study as representatives of a separate taxon. This is also supported by HCPC analysis and specifically by striking differences in spicule length (3.18–4.08) and body length/spicule length ratios. Here, spicules are markedly longer than those described in T. hystricis sensu Youssefi (1.87–1.98 mm: [13]), T. hystricis sensu Kreis (0.89–1.21 mm, [10]) and T. infundibulus (1.94 mm), thus indicating that the length of spicule is a significant characteristic for the identification of the taxon under study. The taxonomic relevance of spicule length and its utility as a marker has also been demonstrated in other parasitic nematodes [46,47].



Regarding molecular characterization, the specimens of Trichuris analyzed here are confirmed as a separate lineage by phylogenetic evidence and genetic distance, with them being sufficiently differentiated from all other species included in the comparison. Assuming genetic distance is related to species separation and validity (sensu [48]), the values obtained for recognized distinct species in the genus Trichuris ranged from 0.20 to 0.22 (SE 0.03–0.04) between T. muris and T. arvicolae and from 0.20 to 0.24 (SE 0.03) between T. trichiura and T. suis. Here, Trichuris specimens from H. cristata showed even higher values of genetic distance (range of 0.26–0.35), helping to unambiguously distinguish the Trichuris sp. analyzed here from others infecting rodents.



The evolutionary relationships between taxonomic entities are not fully resolved in phylogeny by means of a single molecular marker. The monophyly of Trichuris species from rodents is not confirmed in the present tree given the very low reliability of the values at relative nodes and the position of T. vulpis as an internal branch of a group including Trichuris from H. cristata, T. muris and T. arvicolae. Few Trichuris clades were uniformly resolved across separated analyses of individual genes, as suggested by [49], and the use of additional molecular markers other than COX1 is desirable to address evolutionary-related hypotheses.




5. Conclusions


Although the genetic and morphological description in this study of the particular Trichuris that infects porcupines in Italy could justify the existence of an undescribed taxon, a formal description is not advisable. In fact, morphological data retrievable from the literature are limited (i.e., the whole set of measurements is not available uniformly among all the species studied (see Table 1), and the mitochondrial sequences in GenBank from previously described Trichuris species infecting the same host are lacking. However, zoogeographical considerations may support the status of the Trichuris sp. detected in the present study as a new, undescribed species. In fact, T. hystricis described by [13] was recovered in a single host specimen of H. indica from Iran, and the origin of the captive porcupine in which Kreis [10] obtained the first description of T. hystricis is unknown. The present study represents the first integrated morphometric and molecular investigation on Trichuris samplings carried out directly in the European geographical area of H. cristata.
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Figure 1. Optical microscopy pictures of Trichuris sp. adult specimens of males (a,b) and females (c–e). In detail: (a): detail of the spines of distal spicular sheath, lateral view; (b) entire spicule, with portion of spiny spicular sheath, similar size and morphology of spines, and spicule; (c,e) lateral view of protrusive vagina tulip-shaped uterus with eggs; (d) detail on frontal vagina view. (f–h): measurements of eggs parameters. 
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Figure 2. (A) Principal component analysis and (B) HCPC cluster dendrogram based on Trichuris sp. morphological traits (dataset II), alongside with other Trichuris spp. used for comparative purposes. 
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Figure 3. Maximum Likelihood tree based on the analysis of the partial COX1 mitochondrial region, including sequences retrieved from GenBank (cf. Table 1) and sequences of Trichuris sp. analyzed in the present study (TIS and TIM codes). Statistical support values at nodes are reported as bootstrap percentages. Scale bars indicate evolutionary distance. 
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Table 2. Morphological data of male (M) and female (F) specimens of Trichuris from H. cristata analyzed in the present study and of other Trichuris species from Hystrix spp. (M1-F1: total length of body; M6-F2: length of esophageal part; M2-F3: width of body at level of esophagus end; M3-F4: width of posterior part; M4: length of spicule; M5: length of spicular sheat; F5: length of eggs; F6: width of eggs; F7: uterus–tail distance). All measurements are in mm. Arithmetic mean of measurements are indicated, with minimum and maximum in parenthesis and ± standard deviation (SD).
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	Trichuris sp.

from

Hystrix cristata

Present Study
	Trichuris

landak

from

Hystrix javanica [15]
	Trichuris

hystricis

from

Hystrix indica

[11]
	Trichuris

hystricis

from

Hystrix cristata

[10]
	Trichuris

infundibulus

from

Hystrix cristata

[9]
	Trichuris

lenkorani

from

Hystrix indica

[14]





	M1
	30.70

(25–35) ± 5.0
	39.34

(36.05–42.64)
	25.60

(23.76–27.45)
	42.56

(39.42–45.70)
	44.60
	14.21–16.72



	M2
	0.20

(0.08–0.31) ± 0.1
	0.286

(0.282–0.29)
	-
	0.37

(0.34–0.41)
	-
	



	M3
	0.56

(0.46–0.63) ± 0.08
	0.74

(0.71–0.77)
	-
	0.20

(0.19–0.21)
	-
	



	M4
	3.6

(3.18–4.08) ± 0.45
	-
	1.92

(1.87–1.98)
	1.05

(0.89–1.21)
	1.94
	2.42–2.74



	M5
	0.07

(0.06–0.09) ± 0.01
	0.04

(0.03–0.05)
	0.00076
	0.08
	
	



	M6
	18.80

(15.0–21.0) ± 3
	-
	-
	-
	-
	



	M7
	0.04

(0.03–0.04) ± 0.005
	-
	-
	-
	-
	



	M9
	11.97

(10.0–14.8) ± 2.4
	
	
	
	
	



	M10
	18.80

(15.0–21.0) ± 3
	
	
	
	
	



	F1
	42.34

(30.00–49.30) ± 9.65
	36.40

(36.00–41.90)
	34.40

(32.90–35.90)
	48.40

(47.20–49.50)
	52.10
	20.00–27.70



	F2
	25.00

(20–28) ± 4
	23.09

(22.20–23.80)
	13.80

(12.32–15.21)
	-
	-
	



	F3
	0.15

(0.13–0.19) ± 0.03
	0.30

(0.30–0.31)
	-
	-
	-
	



	F4
	0.80

(0.44–1.03) ± 0.3
	0.80

(0.80–0.81)
	-
	-
	-
	



	F5
	0.06

(0.06–0.07) ± 0.04
	0.05

(0.05–0.06)
	
	0.05

(0.04–0.06)
	0.06
	



	F6
	0.03

(0.02–0.03) ± 0.02
	0.02

(0.02–0.03)
	
	0.03

(0.02–0.03)
	0.03
	



	F7
	0.42

(0.26–0.58) ± 0.16
	-
	-
	-
	-
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