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Human and animal health is globally affected by a variety of parasitic helminths. The
impact of co-infections and development of anthelmintic resistance requires improved
diagnostic tools, especially for parasitic nematodes e.g., to identify resistant species or
attribute pathological effects to individual species or particular species combinations.
In horses, co-infection with cyathostomins is rather a rule than an exception with
typically 5 to 15 species (out of more than 40 described) per individual host. In
cyathostomins, reliable morphological species differentiation is currently limited to adults
and requires highly specialized expertize while precise morphological identification of
eggs and early stage larvae is impossible. The situation is further complicated by
a questionable validity of some cyathostomins while others might actually represent
cryptic species complexes. Several molecular methods using different target sequences
were established to overcome these limitations. For adult worms, PCR followed by
sequencing of mitochondrial genes or external or internal ribosomal RNA spacers
is suitable to genetically confirm morphological identifications. The most commonly
used method to differentiate eggs or larvae is the reverse-line-blot hybridization assay.
However, both methods suffer from the fact that target sequences are not available for
many species or even that GenBank® entries are unreliable regarding the cyathostomin
species. Recent advances in proteomic tools for identification of metazoans including
insects and nematodes of the genus Trichinella will be evaluated for suitability to
diagnose cyathostomins. Future research should focus on the comparative analysis of
morphological, molecular and proteomic data from the same cyathostomin specimen to
optimize tools for species-specific identification.

Keywords: cyathostomins, nematodes, diagnostic, PCR, MALDI-TOF MS

INTRODUCTION

Parasitic helminths globally affect human and animal health and can be of zoonotic relevance
(e.g., Ascaris spp.). In equines, the most important intestinal nematodes belong to the family
Strongylidae and are comprised of two subfamilies: The Strongylinae encompassing 14 species in
5 genera (Strongylus, Oesophagodontus, Triodontophorus, Bidentostomum, and Craterostomum),
and the Cyathostominae encompassing currently 50 valid species in 14 genera (Caballonema,
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Coronocyclus, Cyathostomum, Cylicocyclus, Cylicodontophorus,
Cylicostephanus, Cylindropharynx, Gyalocephalus, Hsiungia,
Parapoteriostomum, Petrovinema, Poteriostomum,
Scrjabinodentus, Tridentoinfundibulum) (Lichtenfels et al,
2008), in contrast to previous publications listing 51 or 52 species
in 13 genera (Lichtenfels, 1975; Lichtenfels et al., 2002). In the
literature, the term “small strongyles” has either been coined
to include only the Cyathostominae or all equine strongylidae
except the genus Strongylus, which were designated “large
strongyles” (Lyons et al., 1999). Although, still widely used, it is
now recommended to avoid the terms small and large strongyles
(Lichtenfels et al., 2002).

Since prevalence of the highly pathogenic Strongylus species
declined after introduction of the macrocyclic lactones (Herd,
1990), the cyathostomins are currently recognized as the
most important equine parasites because of (i) their up to
100% prevalence in equids (Lyons et al., 1999), (ii) numerous
reports of anthelmintic resistance and (iii) their pathogenicity
which becomes particularly manifest in cases of sometimes
fatal larval cyathostominosis (Love et al., 1999). Anthelmintic
resistance against benzimidazoles is highly prevalent worldwide
and pyrantel resistance is also frequently observed whereas
reduced efficacy of macrocylic lactones has rarely been reported
(Kaplan, 2002; Kuzmina and Kharchenko, 2008; Von Samson-
Himmelstjerna, 2012; Matthews, 2014; Nielsen et al., 2014).

Cyathostomins have a direct life-cycle with adults located in
the lumen of caecum and colon, shedding eggs with the feces.
First larvae (L1) hatch in the feces, molt twice to infectious third
larvae (L3) which are ingested by equids. In the large intestine, L3
encyst inside the intestinal wall and may also undergo hypobiosis
for months, before molting to fourth larvae (L4) (Corning,
2009). Synchronous excystation of large numbers of hypobiotic
larvae potentially causes larval cyathostominosis characterized
by severe inflammation leading to weight-loss, diarrhea, colic, or
even death (Love et al., 1999).

Although, Cyathostomins are a threat to equine welfare
and scientific efforts to address this problem are frequently
undertaken, research is impaired by the lack of sufficient
identification methods (Lichtenfels, 2008). This perspective
addresses the different methods, their advantages and limitations
and gives an outlook on possible future methods for nematode
identification using the cyathostomins as paradigm.

SAMPLES AND SAMPLING

The first challenge for species identification is the availability
of suitable specimens. While strongylid eggs can be easily
collected from feces, they have virtually no diagnostically useful
morphological features. Strongylid L3 can be obtained from eggs
using different fecal cultures methods (Smyth, 1990). However,
only some L3 can be identified to the genus level, and this
requires a high experience level. Only for a few species in
vitro culture to the L4 (Chapman et al,, 1994; Brianti et al.,
2009) has been described. Therefore, adult parasites must be
collected from naturally infected hosts. In horses, only a few adult
strongyles are occasionally shed with the feces but collection

of adult nematodes from feces after anthelmintic treatment is
possible (Osterman Lind et al., 2003; Kuzmina et al., 2005;
Kuzmina and Kharchenko, 2008). However, the complete worm
burden representing all species in the living horse will only be
documented by examination of all feces over several days, which
may be associated with degradation of worms leading to distorted
results. A more exact and meaningful method is the collection
of adult nematodes from the content of the horse intestine
(Drudge and Lyons, 1977). The critical test method, which is
described in detail by Drudge et al. (1963), is a combination
of both, the fecal collection over a week and collection during
necropsy. This method is widely used to study the effectiveness
of anthelmintic compounds (e.g., Lyons et al., 2007, 2010). Due
to the need of sacrificed or slaughtered horses, these methods
are restricted to research. Thus, there is a great need to develop
alternatives for precise nematode diagnosis for living horses.
The immediate research aim is therefore the development of
effective and specific non-invasive cyathostomin identification
methods.

MORPHOLOGICAL IDENTIFICATION

For more than 100 years (Molin, 1861; Loos, 1900), a large
number of cyathostomin species has been morphologically
described using 93 different names. In the meantime,
several previously described species are considered synonyms
(Lichtenfels et al., 1998) and currently 50 species are recognized
as valid. Comprehensive identification keys summing up the
descriptions were published (Lichtenfels, 1975; Tolliver, 2000;
Lichtenfels et al., 2008).

Morphological identification of adult strongyles relies on
careful examination of faint characters at the anterior end
of the adult nematodes or of the reproductive system. These
traits include the size and shape of buccal capsules, internal
and external leaf crowns and its extra-chitinous support as
illustrated in Figure 1 to point out that differences are very
faint. Fine morphological structures of posterior end such as
size and shape of the bursa, genital cone, gubernaculum, and
spicules in males and shape of the tail, size and proportion of
different parts of the reproductive system in females are also
valuable for species differentiation (Lichtenfels, 1975; Dvojnos
and Kharchenko, 1994; Lichtenfels et al., 2008). However, reliable
morphological identification of adult cyathostomins can only
be achieved following several years of intensive training and
currently only few experts are available worldwide (Lichtenfels
et al., 2008).

Whereas, adult cyathostomins can be discriminated, eggs,
L1 and L2 cannot be differentiated from other nematodes of
the family Strongylidae. Identification of L3 is possible for
some genera such as Strongylus, Triodontophorus, Gyalocephalus,
or Poteriostomum while most others can only be assigned to
several cyathostomin larval types (Bevilaqua et al., 1993; Santos
et al., 2016). The morphological features include qualitative and
quantitative traits such as the number, arrangement and shape of
intestinal/midgut cells, the length of the intestine and the length
of the sheath tail.
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FIGURE 1 | Comparison of morphological and proteomic species
identification methods. Anterior ends and representative MALDI-TOF MS
spectra of three cyathostomin species from the closely related species (A)
Coronocyclus coronatus, (B) Coronocyclus labiatus, and (C) Coronocyclus
labratus are shown. Scale bars represent 100 um. The x-axes show mass
charge ratios while y-axes represent arbitrary intensity units. Spectra were
baseline subtracted and smoothed using default parameters in the flexAnalysis
software (Bruker Daltonics). Specimen were cleared with lactophenol to
improve visibility of structural features of the cuticle. External and internal leaf
crown are indicated by black and white arrows, respectively.

MOLECULAR METHODS

To overcome the limitations of morphological identification,
research has focused on molecular cyathostomin identification.
These methods, once target-sequences are implemented
correctly, can be applied independently of the nematode
life-stage.

A target locus which proved to be useful in developing
genetic markers for diagnostic and phylogenetic purposes is the
ribosomal DNA (rDNA) (reviewed by Gasser and Newton, 2000;
Chilton, 2004). Eukaryotic nuclear rDNA is organized in clusters
of sometimes several hundred repeats. Coding sequences for 18§,
5.8S, and 28S rRNAs are interrupted by the first and second
internal-transcribed spacers (ITS-1 and ITS-2) (Long and Dawid,
1980). The similarity of ITS sequences is higher within than
among different species (Elder and Turner, 1995). This was also
shown for strongyles, where the extent of intraspecific variation
was low (0-0.3%) in comparison to interspecific differences (0.6—
23.7% for the ITS-1 region, 1.3-56.3% for the ITS-2 region)
(Hung et al., 1999b).

An early approach for molecular species identification based
on the ITS-2 locus is the PCR-linked restriction fragment length

polymorphism (PCR-RFLP) analysis, which was first used for
differentiation of single eggs of the Strongylinae (Campbell et al.,
1995) and was then applied to show that the morphologically very
similar Cylicocyclus ashworthi and Cylicocyclus nassatus actually
represent separate species (Hung et al., 1997). Another method
is the PCR-linked single-strand-conformation-polymorphism
technique (SSCP-PCR; Gasser and Monti, 1997), which allows the
delineation of 14 strongyle species, including 9 cyathostomins,
based on ITS-2 PCR products (Hung et al, 1999a). These
methods rely on the DNA from individual worms or eggs and are
thus associated with time-consuming procedures if it is desired
to screen a representative subset of a strongyle community.

Species identification from mixed parasite DNA from fecal
samples and/or copro-cultures was demonstrated after ITS-2
sequences for 28 strongyle species (including 22 cyathostomin
species) were determined and species specific primers evaluated
for four common species (Hung et al., 1999b). Although, this
method theoretically allows species-specific research on pooled
samples, it is limited to the identification of only few species.

The variability of the 26S-18S rDNA intergenic-spacer (IGS)
was used for species differentiation of 16 cyathostomin species
with a range of interspecies variation of 31-56% (Kaye et al,,
1998). The obtained sequences were used to develop a PCR-
ELISA for the identification of six common cyathostomin
species (Hodgkinson et al., 2003) and a Reverse-Line-Blot-Assay
(RLB) to simultaneously identify 13 strongyle species (Traversa
et al., 2007). Both methods have been used to monitor the
species composition before and after anthelmintic treatment
(Hodgkinson et al., 2005; Cernianskd et al., 2009; Tonita et al.,
2010; Traversa et al, 2010). Re-evaluation and validation of
existing and new oligo-probes increased the number of species
that can be identified with RLB to 18 (Cwiklinski et al., 2012).
PCR-ELISA and RLB are qualitative methods detecting the
presence or absence of the different species. A semi-quantitative
approach applying replicates of pooled larvae was positively
evaluated to enable screening of many cyathostomin populations
in parallel (Kooyman et al., 2016).

Despite being recognized as “a less suitable target than
ITS for quick diagnostic tests,” due to its high substitution
rates and high possibility of intraspecific polymorphisms, the
mitochondrial Cytochrome oxidase ¢ subunit I (COI) is used for
species differentiation and could indicate cryptic species (Blouin,
2002). Twenty two COI sequence haplotypes (overall 10.8%
rate of intraspecific nucleotide difference) were found within C.
nassatus using specimen from different hosts and geographic
origins, while only little variation (0.0-0.6% differences) was
seen in the ITS-2 sequences suggesting cryptic species within C.
nassatus (Traversa et al., 2008) and maybe other cyathostomin
morpho-species as well. Analysis of ITS-1 and ITS-2 sequences
of Cylicostephanus minutus individuals showed 3.0 and 7.4%
differences also indicating the presence of a cryptic species
complex (Hung et al., 1999a). The combination of markers on
questionable species appears useful to investigate the occurrence
of cryptic species complexes.

Whereas the objective of research on cyathostomin species
identification is on the one hand to improve the available
diagnostic tools, it aims on the other hand to contribute to
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the understanding of the phylogenetic relationships between the
different taxa. Therefore, three gene loci, the ITS-2, COI and
28S rRNA were compared for their phylogenetic usefulness in
strongyles. It was encountered that the high level of substitution
saturation renders COI unsuitable for phylogenetic analysis.
The remaining loci, ITS-2 and 28S rRNA, both showed similar
groupings of cyathostomins. Combining both loci resulted in
a tree with improved bootstrapping support for the internal
nodes (McDonnell et al., 2000) pointing towards the importance
of the simultaneous application of different molecular markers.
This can also be seen in a study analyzing ITS-1 and ITS-
2 sequences of 30 strongyle nematode species, including
23 cyathostomin species that questions the widely accepted
separation of Strongylinae and Cyathostominae and proposes a
framework to systematically analyze future datasets of strongyle
nematodes (Hung et al., 2000). Findings consistent with the latter
phylogenetic analysis were shown in a study focusing on the
genus Cylicocyclus which proposed a separation of Cylicocyclus in
two clades but statistical support for this hypothesis was relatively
weak (Bu et al., 2013).

SEROLOGICAL METHODS

Larval cyathostominosis is caused by the simultaneous re-
activation and emergence of high numbers of hypobiotic larvae
(Love et al., 1999) causing severe pathology. Usually, no eggs are
expelled due to absence of adults making coproscopic diagnosis
unfeasible (Murphy and Love, 1997). This leads to the aim of pre-
patent detection of cyathostomin infections using serology to be
able to assess the risk of larval cyathostominosis based on the
estimation of the mucosal cyathostomin worm burden.

One promising approach identified anti-larval IgG(T) serum
antibody responses to two antigen complexes, only elicited
by larvae, as potential markers for prepatent cyathostomin
infections (Dowdall et al., 2002). Subsequent purification of
native antigenic complexes from larvae resulted in higher
IgG(T) signals in an ELISA and reduced the number of false
positive responses (Dowdall et al., 2003). Further evidence for
an immunodiagnostic potential of these markers is given by a
study where the mucosal worm burden of naive and infected
horses was assessed and found to significantly correlate with
the IgG(T) serum levels. Additionally, sera from horses with
clinical suspicion of larval cyathostominosis had significantly
increased antigen-specific IgG(T) levels (Dowdall et al., 2004).
One antigenic complex could be identified as cyathostomin
gut-associated larval antigen-1 (Cy-GALA-1) and allocated to
the species Cyathostomum pateratum (McWilliam et al., 2010),
followed by the characterization of the orthologous antigens
of four additional common cyathostomin species. An ELISA
was developed based on recombinant Cy-GALA proteins, which
allows the detection of the immune response to cyatostomin
larvae. Cross-reactivity to other parasites was not observed
and is unlikely, because of the diversity of orthologous GALA
sequences of non-cyathostomin species (Mitchell et al., 2016).
In the absence of experimental single species infections, cross-
reactivity between cyathostomin species is hard to evaluate and

diagnostic tests should therefore include a panel of different
Cy-GALA proteins to detect most larval cyathostomin infections.

If in future available for routine diagnosis this approach could
be of clinical relevance and help ruling out or confirming a larval
cyathostominosis in horses with unspecific symptoms of wasting
or colic. However, due to the lack of species-specificity serological
methods will not help gaining detailed knowledge on the role of
individual species in larval cyathostominosis.

PROTEOMICS METHOD

The proteome based matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS profiling)
species identification of microorganisms has already
revolutionized diagnostic microbiology. Species identification is
based on the molecular masses of proteins such as ribosomal and
other abundant proteins. A small amount of microorganisms
or crude extracted intact proteins is transferred to specially
designed target plates and allowed to co-crystallize with an inert,
UV absorbing matrix such as a-Cyano-4-hydroxycinnamic acid.
A pulsed 337 nm laser beam irradiates the samples to form a
dense ion plume. The resultant ions are accelerated through a
vacuum tube to reach the detector and separated according to
their charge/mass (m/z) ratio and the time of flight (TOF) for
each is measured. The mass range m/z 2,000-20,000 is generally
applied for species identification through pattern matching
of the spectra peaks with that of a reference spectra database.
The method is popular due to its cost-effectiveness, reliability
and availability of specially designed linear MALDI machines
equipped with software tools and reference databases. This
method has been evaluated for a variety of microorganisms
such as bacterial, fungal, and viral pathogens (Wieser et al.,
2012; Clark et al., 2013). In the past two decades, this technique
was established for rapid characterization of eukaryotic cell
lines and for species differentiation of protozoan parasites
(e.g., Leishmania, Giardia) and arthropods (e.g., mosquitoes,
ticks, tsetse flies) (Hoppenheit et al., 2013; Singhal et al., 2016;
Yssouf et al., 2016). Regarding nematodes, first diagnostic use
of MALDI-TOF has been described to identify different races of
Ditylensus dipsaci (Perera et al., 2009) and closely related species
of root-knot and seed-gall nematodes (Perera et al., 2005; Ahmad
etal., 2012). Despite these developments, extensive studies on the
application of MALDI-TOF MS for rapid species identification
for helminth have not been reported. Recently, MALDI-TOF
MS was applied for rapid species identification of Trichinella
spp. after adopting a simple formic-acid/acetonitrile extraction
from pooled larvae and compilation of a reference database
(Mayer-Scholl et al., 2016). This approach could also be extended
to cyathostomin species identification. Preliminary data to
evaluate the potential for MALDI-TOF MS for cyathostomins
revealed distinct patterns for adult individuals of different species
(Figure 1).

Of course, master-spectra libraries can only be generated
with validated, correctly identified material. This requires
that proteomic data are obtained from morphologically and
molecularly identified individual specimen. For arthropods, this
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TABLE 1 | Comparison of methods for cyathostomin species identification.

Identification method Life stage Usefulness and limitations References
MORPHOLOGICAL IDENTIFICATION
Eggs No species differentiation possible Lichtenfels, 1975, 2008; Dvojnos and
Larvae L3 can be allocated to different larvae types, but not to Kharchenko, 1994; Tolliver, 2000;
individual species Lichtenfels et al., 2008; Kharchenko
Adults Identification keys published but species identification is difficult €t @l 2009; Kornas et al., 2009;
for inexperienced workers Santos et al., 2016
MOLECULAR METHODS
Marker Method
ITS-1 and ITS-2 PCR and sequencing All Species identification and phylogenetic analysis, identification Campbell et al., 1995; Chilton et al.,
of cryptic species Sometimes only small differences between 1997; Hung et al., 1999a, 2000; Bu
closely related species Not applicable for mixed samples, et al., 2013
isolation of DNA from individual specimen necessary
SSCP-PCR All Delineation of 14 Strongylida species (9 Cyathostomin species), Gasser and Monti, 1997
Isolation of DNA from individual specimen necessary
PCR-RFLP All Distinction of Strongylinae eggs, Distinction of two Cyathstomin Campbell et al., 1995; Hung et al.,
species (C.ashworthi, C.nassatus). Isolation of DNA from 1997
individual specimen necessary, established for larvae
IGS PCR-ELISA All Screening for 6 cyathostomin species in mixed samples Hodgkinson et al., 2003, 2005
possible. Established for eggs and larvae
RLB All Differentiation of up to 18 common species, less time Traversa et al., 2007; lonita et al.,
consuming and costly than other molecular methods, screening 2010; Cwiklinski et al., 2012;
of strongyle population before and after anthelmintic treatment Kooyman et al., 2016
possible, mixed samples possible, but more viable for individual
worms; semi-quantitative approach possible
COl PCR and sequencing All Investigation of intraspecies genetic variability, identification of Hung et al., 1999a; Traversa et al.,
cryptic species, not applicable for mixed samples, isolation of 2008
DNA from individual specimen necessary
SEROLOGICAL METHODS
Protein-based ELISA Larvae Pre-patent detection of four common cyathostomin species Mitchell et al., 2016
possible from serum, no cyathostomin species differentiation
possible
PROTEMICS METHOD
Potentially all Method is established for bacteria, fungi, several species of Karger et al., 2012; Yssouf et al.,

arthropods; only one study on nematodes (Trichinella spp.),
protocols and reference spectra data base have to be

2013, 2016; Mayer-Scholl et al.,
2016; Singhal et al., 2016;

established

issue can be solved by using always e.g., a wing or leg for
proteomic and any other body part for molecular analysis.
For nematodes, which are not segmented, this is not trivial
since no defined body parts can be reproducibly cut off at
exactly the same position without altering the protein spectrum.
Therefore, methods need to be developed that reliably allow to
conduct both methods using exactly the same starting material,
despite the fact that the protein extraction usually involves
conditions that damage DNA. Nevertheless, it was possible to
extract DNA of sufficient quality from the acetonitrile/formic
acid insoluble material to successfully amplify and sequence
the ITS-2 region for the three specimen shown in Figure 1.
These were 100, 99, and 97% identical to Genbank accession
numbers JN786951.2, IN786947.2, JN786949 respectively, which
confirmed the morphological identification in each case.
Possible limitations could be the different spectra elicited
by different development stages, as seen in tick species
identification. However, despite changes of the overall MS
protein profiles, the ticks could be classified correctly according
to certain specific peaks (Karger et al., 2012). Characterization

of species-specific peak patterns, independent of development
stages, therefore needs to be part of future research to implement
MALDI-TOF MS as a possible diagnostic tool.

CONCLUSION

Different approaches have been used over the past decades to
improve cyathostomin species delineation. All methods have
their advantages and limitations (Table 1) and none is already
fully satisfying for the research questions to be answered and all
are far away from applicability in routine laboratory diagnosis.
Comprehensive research on different aspects improving the
discrimination of individual cyathostomin species, such as
inclusion of several molecular markers and additional proteomic
profiles could be of great help in the future. This should include
the morphological identification together with the description
of the genotype (molecular) and phenotype (proteomic) data in
association with the currently accepted taxonomic classification.
Ideally, morphological, molecular and proteomic data from the
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same individual should be used to take advantage of all three
approaches to identify the complete species spectrum in the
Cyathostominae and delineate their phylogenetic relationship.
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