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ARTICLE INFO ABSTRACT

Keywords: The aim of the present study was to investigate the occurrence of Haemonchus contortus and Haemonchus placei in
Haemonchus contortus beef cattle and the frequency of single nucleotide polymorphisms associated with benzimidazole (BZ)-resistance
Haemonchus placel in Haemonchus spp. in Brazil. For such, fecal samples were collected from 61 beef cattle ranches in 11 Brazilian
Larvae . states. Third-stage larvae (L3) were produced for morphological species identification and DNA extraction. PCR
Pyrosequencing . . . .

Ruminants was performed for the analysis of the isotype 1 B-tubulin gene and the products were sequenced to confirm the
p-Tubulin presence of H. placei and H. contortus. For each field population, pyrosequencing assays were performed to

quantify the frequency of the F167Y, E198A and F200Y polymorphisms in the isotype-1 p-tubulin gene. The
results of the morphometric analysis of 2345 larvae showed that H. placei was present on all ranches. The analysis
of the isotype 1 p-tubulin gene confirmed 100% prevalence for H. placei and 23.7% for H. contortus. Pyrose-
quencing assays demonstrated single-nucleotide polymorphisms (SNPs) associated with BZ-resistance in all three
codons (F167Y, E198A and F200Y) of the isotype 1 f-tubulin gene in H. placei field populations. Frequencies of
resistance-associated alleles above background (> 15%) were found for at least one codon in 11.4% of the field
isolates and maximum frequencies of 30, 21 and 29% were found for codons 167, 198 and 200, respectively, on
individual ranches. This study confirms the presence of H. contortus in beef cattle in the major livestock farming
states in Brazil and demonstrates that genotypes associated with BZ resistance are present in field populations of
Haemonchus spp..

1. Introduction 2001; Favero et al., 2016a) and is more fertile (Jacquiet et al., 1998;

Favero et al., 2016a). There are reports of natural mixed infections

Haemonchus spp. are among the most important ruminant gastroin-
testinal nematodes in Brazil (Amarante et al., 2017), as demonstrated by
the high prevalence and pathogenicity, causing severe reductions in
bovine productivity (Borges et al., 2013). The host specificity of Hae-
monchus spp. in domestic ruminants is not strict, which is in contrast to
the traditional concept that Haemonchus contortus (Rudolphi, 1803;
Cobb, 1898) can be classified as a parasite of sheep and goats, whereas
Haemonchus placei (Place, 1893) and Haemonchus similis (Travassos,
1914) are parasites of cattle. However, H. similis occurs with lower in-
tensity and prevalence than the other two species (Santos et al., 2010).
Artificial infections in cattle with H. placei and H. contortus revealed that
the latter species has a shorter pre-patent period (Bremner, 1955; Riggs,

involving both species in cattle raised on pastures throughout the world
(Roberts and Bremmer, 1955; Santiago, 1968; Borba, 1988; Lichtenfels
et al., 1994; Achi et al., 2003; Hoberg et al., 2004; Gasbarre et al., 2009;
Chaudhry et al., 2015), including Brazil (Amarante et al., 1997; Brasil
et al., 2012). The host adaptation and pathogenicity of these species has
been confirmed in experimental infections of cattle (Basseto et al., 2011;
Favero et al., 2016ab). In addition to mixed infections, the recent field
evidence of interspecies hybridization between H. contortus and H. placei
in small ruminants may indicate a new form of transmission of
anthelmintic-resistance mutations (Chaudhry et al., 2015).
Haemonchus spp. have distinct morphological characteristics that
enable the identification of adults or infective larvae, the latter being a
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simple, economical method for the classification of helminths in host
feces. Furthermore, the identification of infective larvae is considered to
be more precise in comparison to the measurement of spicule lengths on
males (Santos et al., 2014b). The mean total length and sheath tail
length ranges of infective larvae of H. placei, H. contortus and H. similis
were described by Keith (1953), Santiago (1968), van Wyk (2004) and
Santos et al. (2014b).

In Brazil, Haemonchus spp. in cattle are highly resistant to macro-
cyclic lactones (Soutello et al., 2007; Souza et al., 2008; Borges et al.,
2013; Borges et al., 2015), whereas the resistance to benzimidazoles
(BZ) is considered to be very low (Soutello et al., 2007; Souza et al.,
2008; Brasil et al., 2012; Neves et al., 2014). However, BZ resistance
status in Brazil may be underestimated, since previous studies were
based on methods such as a phenotypic evaluation using the fecal egg
count resistance test (FECRT), which has limited sensitivity (Martin
et al., 1989).

The analysis of the BZ-resistance status of a worm population based
on the genotyping of individual larval or adult worms is laborious and
expensive, which underscores the need for the application of molecular
tests that have been evaluated for use with field samples pooled on the
population (ranch) level. Therefore, the use of DNA from pools of larvae
is appropriate for routine molecular resistance tests (von
Samson-Himmelstjerna, 2006; Forte and Molento, 2013; Ramiinke et al.,
2016). The identification of isotype 1 B-tubulin alleles associated with
BZ resistance in DNA extracted from pools of nematode larvae can be
performed using the conventional qualitative PCR, quantitative
real-time PCR or pyrosequencing. These techniques are sensitive, reli-
able tests for evaluating the presence (and frequency) of alleles associ-
ated with BZ resistance in populations of Haemonchus spp. in the field
(von Samson-Himmelstjerna et al., 2009; Ademola et al., 2015; Redman
et al., 2015; Chaudhry et al., 2016).

In comparison to other anthelmintics, the mechanisms of resistance
to BZs are currently better characterized using three single nucleotide
polymorphisms (SNPs) described as largely responsible for resistance in
gastrointestinal nematodes (von Samson-Himmelstjerna et al., 2007;
Kotze et al., 2014). These SNPs lead to structural modifications in
B-tubulin that decrease the affinity for BZs (Ghisi et al., 2007). The first
identified SNP occurs at position 200 of the isotype 1 p-tubulin gene,
where Phe (TTC) and Tyr (TAC) are encoded in susceptible and resistant
worms, respectively (Kwa et al., 1995). Similarly, a TTC/TAC poly-
morphism at codon 167 (Silvestre and Cabaret, 2002) and a Glu to Ala
(GAA/GCA) polymorphism at codon 198 were found to be associated
with BZ-resistance (Ghisi et al., 2007).

Successful Haemonchus spp. control is directly related to the effective
diagnosis of the etiology and anthelmintic resistance status (Santos
et al., 2014a). It is therefore essential to study the frequency of isotype 1
B-tubulin SNPs associated with BZ resistance in populations of Hae-
monchus spp. in cattle in Brazil, which will enable the early diagnosis of
resistance through the use of sensitive and specific diagnostic tools. To
date, there have been few extensive studies quantifying the frequency of
different isotype 1 B-tubulin SNPs associated with BZ resistance in
Haemonchus spp. in cattle. A low frequency of resistance-associated SNPs
i.e. F200Y but no F167Y and E198A polymorphisms was found in
H. placei in the USA (Chaudhry et al., 2014; Ali et al., 2019), whereas no
of SNPs associated with BZ resistance were detected in Nigeria (Ademola
et al., 2015).

Studies that identify natural infections by Haemonchus spp. in cattle
in tropical areas contribute to knowledge on the etiology of gastroin-
testinal nematodes and the impact on anthelmintic resistance. Thus, the
aim of the present study was to investigate the occurrence of H. placei
and H. contortus in Brazilian beef cattle as well as the frequency of
fB-tubulin isotype 1 SNPs associated with BZ resistance in these parasites.
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2. Materials and Methods
2.1. Field populations of Haemonchus spp. in beef cattle in Brazil

Fecal samples from beef cattle were collected from January to April
2015 on 61 different ranches located in different regions of Brazil:
Rondonia (1), Pard (10), Tocantins (2), Maranhao (1), Alagoas (1),
Distrito Federal (1), Goias (1), Mato Grosso (7), Mato Grosso do Sul (9),
Minas Gerais (6), Sao Paulo (8), Parana (6) and Rio Grande do Sul (8).
The number of herds per geographic area was determined based on the
total number of herds and animals in each area (IBGE, 2016) and
ranches within each geographical area were selected by convenience.
However, the following criteria were considered to allow the inclusion
of a ranch: at least 100 male calves in the post-weaning age group, Bos
taurus indicus or Bos taurus taurus x Bos taurus indicus breed and only
animals without anthelmintic treatment in the 90 days prior to the
study. The latter criterion was chosen because it was not possible to
perform fecal egg counts to identify positive animals for nematode
infection.

Fecal samples were collected individually from approximately 100
calves on each ranch, stored in refrigerated boxes and sent to the labo-
ratory, where coprocultures were carried out for ten days. Fecal samples
were pooled on the ranch level and 10-15 g of feces from each animal
were included in each pool (Roberts and OSullivan, 1950). Third-instar
larvae (L3) were then quantified, identified to the genus level (Keith,
1953) and aliquots of 1,000 L3 were stored in 2% formalin for
morphological identification of the species based on van Wyk et al.
(2004). The remaining larvae were washed in distilled water and stored
at —20 °C for the molecular studies.

2.2. Morphological identification of Haemonchus spp

If the number of Haemonchus spp. in the pool was low, all larvae were
measured. Larvae of the genus Haemonchus were identified and
discriminated from other parasitic nematodes based on the distance
between the posterior end of the larva and the end of the tail, which was
determined using an ocular micrometer (Zeiss®) (van Wyk et al., 2004).
The following were the criteria for the morphological identifications:
H. placei — a minimum sheath tail length of 80 pm (van Wyk et al., 2004)
and a maximum of 119pum (Keith, 1953; van Wyk et al., 2004);
H. contortus — a minimum length of 57.15pm and a maximum of
82.55um (Santos et al., 2014b); H. similis — a minimum length of
56.5 pm and a maximum length of 58.1 pm (Santiago, 1968). Size ranges
for the sheath and resulting diagnoses are summarized in Table 1.

2.3. Extraction of genomic DNA

Genomic DNA was extracted from the pools of larvae obtained in the
coprocultures from each ranch using the Wizard® Genomic DNA Puri-
fication Kit (Promega) following the manufacturer’s instructions. The
DNA was stored at —20 °C until it was transported to Freie Universitat

Table 1
Morphometric characters of sheath tail lengths used for identification of third
stage larvae of Haemonchus species

Sheath tail References

length (pm)

Species

56.5 to <57.15
57.15 to 58.1

H. similis (HS)

H. similis or H. contortus
(HC/HS)

H. contortus(HC)

Santiago (1968), Santos et al.(2014b)
Santiago (1968), Santos et al.(2014b)
>58.1 to <80.0 Santos et al.(2014b), Santiago
(1968), van Wyk et al. (2004)
Santos et al.(2014b), van Wyk et al.
(2004)

Santos et al.(2014b), van Wyk et al.
(2004), Keith (1953)

80.0 to 82.55 H. contortus or H. placei
(HP/HC)

>82.55 to 119 H. placei (HP)
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Berlin in Germany at room temperature for 24 hours followed by storage
at -20 °C until processing.

2.4. Molecular identification of Haemonchus contortus and Haemonchus
placei

To diagnose the presence of H. placei and H. contortus in the samples,
PCR reactions were used for amplification of a 330-331 bp fragment of
the isotype 1 p-tubulin gene locus in Haemonchus spp. using the forward
primer Haem_BetatubulinHRM-For 5°-CTG GAT CTG GAA TIG GCA
CTT-3’ and the reverse primer Haem_BetatubulinHRM-Rev 5’-AAG CAG
ATA TCA TAC AGR GCT TCG TT-3'. Each reaction contained 0.2 pM of
forward primer, 0.36 pM of reverse primer and 2 pL of each genomic
DNA sample in 25 pL 1x GoTaq® qPCR Master Mix (Promega). After
initial denaturation at 95 °C for 2 min, amplification occurred during 45
cycles of denaturation at 95 °C for 15, annealing at 62 °C for 30 s and
extension at 72 °C for 30 s. Positive and negative controls were included
in each PCR analysis and the products were analyzed using electro-
phoresis in 1.5% agarose gels.

PCR products were purified using the DNA Clean & Concentrator -
5 Kit (Zymo Research) and submitted to Sanger sequencing at LGC Ge-
nomics (Berlin, Germany). DNA sequences were analyzed using BLASTn
(Altschul et al., 1990) against GenBank®. Multiple sequences from
GenBank were aligned and compared with individual reads from the
field samples using MUSCLE (Edgar, 2004) implemented in MEGA
version 6 (Tamura et al., 2013). The diagnosis of mixed samples of
H. contortus and H. placei was performed by manually by comparing
chromatograms with the sequences available in GenBank to identify
double peaks in an intron region containing 16 polymorphisms between
both species, as detailed in Fig. S1.

2.5. Pyrosequencing assays for determination of frequencies of isotype 1
p-tubulin alleles

For each sample, the Haemonchus spp. isotype 1 f-tubulin gene was
amplified from genomic DNA by PCR. The forward primer HcPy2PCR-
For 5’-GAC GCA TTC ACT TGG AGG AG-3’ was used together with the
biotinylated reverse primer HcPy2PCR-Rev 5’-Biotin-CAT AGG TTG
GAT TTG TGA GTT-3’ (von Samson-Himmelstjerna et al., 2009). This
assay was developed for H. contortus but has been used for H. placei as
well (Ademola et al., 2015) and determines SNP frequencies on the
genus level but not the species level. PCR and pyrosequencing were
performed essentially as described by Ademola et al. (2015). Initial
denaturation was performed at 98 °C for 30 s, followed by 40 cycles of
denaturation at 98 °C for 10 s, annealing at 56 °C for 30 s and extension
at 72 °C for 30 s. Finally, a single elongation step was performed at 72 °C
for 5min. Positive and negative controls were included in each PCR
analysis and the products were analyzed using electrophoresis in 1.5%
agarose gels.

The products of these PCRs were submitted to pyrosequencing assays
to determine the frequencies of the SNPs. The pyrosequencing assays
were conducted using the PyroMark Q24 MD System (QIAGEN)
following the manufacturer’s protocol and the PyroMark Gold Q24
(QIAGEN) reagents with the sequencing primers HcPylsol_167 (5’-ATA
GAA TTA TGG CTT CGT-3") and HcPylsol_198_200 (5’ -GGT AGA GAA
CAC CGA TG-3’) for the measurement of the allele frequencies at codons
167 and codons 198 and 200, respectively (von Samson-Himmelstjerna
et al., 2009; Demeler et al., 2013; Ademola et al., 2015). All samples
were analyzed in duplicate.

Frequencies above 15% in at least one of the isotype 1 p-tubulin SNPs
associated with BZ resistance were considered the criterion for the
identification of samples with an increased frequency of resistance al-
leles. This threshold was adopted to avoid false positives in samples with
a low frequency of resistance-associated SNPs due to technical noise.
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2.6. Statistical analysis

To evaluate the hypothesis that the presence of H. contortus could be
a risk factor for BZ resistance on a ranch, Fisher’s exact test was applied
to a 2 x 2 contingency table, considering the presence or absence of
H. contortus and the occurrence or non-occurrence of resistance using
GraphPad Prism version 6.00. Differences in the level of BZ resistance
among geographic regions were also calculated using Fisher’s exact test.
The Wilson score interval method was used to calculate confidence in-
tervals for proportions of genera classified by morphology or molecular
methods (Dean et al., 2013).

3. Results
3.1. Morphological identification of Haemonchus species

Fecal cultures from all 61 ranches were positive for trichostrongyloid
larvae. However, two coprocultures had very low numbers of recovered
larvae and were therefore not submitted to morphological classification
in order to save the material for the molecular tests.

The relative and absolute numbers of H. placei, H. contortus or
H. similis for the different Brazilian regions are shown in Table 2 and the
frequency of each species in individual farms are shown in Fig. 1. The
results of the morphometric analysis of 2345 larvae showed 100%
prevalence for H. placei in beef cattle in Brazil. H. similis was found in 10/
59 farms, corresponding to a prevalence of 16.94%, however, the
average frequency of larvae of this species in fecal cultures was very low
(0.85%), which demonstrates the low relevance of this species in cattle
and beef in Brazil. Based on the morphometric criteria, no larvae could
be classified with absolute certainty as H. contortus. However, 1.8% of
the total Haemonchus spp. larvae had lengths compatible with
H. contortus. of which, 1.4% showed sheath length in the overlap region
of size ranges for H. contortus and H. placei (1.4%) and 0.4% for
H. contortus and H. similis. (Table 2). This result was observed on 12/59
of the ranches located in the states of Parana (three ranches), Rio Grande
do Sul (five ranches), Mato Grosso (one ranch), Minas Gerais (one
ranch), Alagoas (one ranch) and Rondonia (one ranch). There was a
predominance of H. placei larvae (97.3%) and a low number of H. similis
(0.85%).

3.2. Molecular identification of Haemonchus species

The manual analysis of the isotype 1 p-tubulin gene of the 59 pop-
ulations revealed the occurrence of H. placei (>99% identity to H. placei
in GenBank) on all ranches evaluated (prevalence: 100%), whereas
H. contortus was found on 14 (23.7%) of the ranches (Table 3) according
to the manual identification of H. contortus-specific (mostly minor)
peaks in the chromatograms. Remarkably, only four of these samples
originated from the same ranches on which larvae were identified as
morphometrically compatible with this species.

3.3. Pyrosequencing assays for determination of frequency of f-tubulin
alleles in Haemonchus spp

The mean of two replicates was used to classify a population as
showing an increased SNP frequency in a certain codon. In general, in
92% of the samples, the difference between two technical replicates was
3% or lower. At least low frequencies of isotype 1 p-tubulin SNPs asso-
ciated with BZ resistance were detected in all of the 61 populations
evaluated in this study. However, considering the conservative criterion
of >15% SNP frequency, seven (11.4%) of the 61 populations were
classified as resistant (Fig. 2, Table S1). In six of the seven farms, both
technical replicates were above 15% while in one of the farms individual
measurements of 13% and 17% leading to a mean 15% were obtained.
Using a cut-off frequency of 10%, 37/61 (60.6%) ranches were above
this threshold.
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Table 2
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Results of morphological identification of Haemonchus placei, H. contortus and H. similis larvae obtained from coprocultures of beef cattle from different regions of

Brazil.

Absolute number of L3 measured, percentage (95%CI)

Region / State Number of ranches

Total HP HP/HC HC HC/HS HS
NORTH
Para 9 225 225 0 0 0 0
100 (98.3-100)
Rondonia 1 47 46 0 0 1 0
97.9 (88.9-99.6) 2.1(0.3-11.1)
Tocantins 2 30 30 0 0 0 0
100 (88.6-100)
NORTHEAST
Maranhao 1 61 61 0 0 0 0
100 (94-100)
Alagoas 1 25 22 3 0 0 0
88 (70-95.8) 12 (4.1-29.9)
WEST CENTRAL
Mato Grosso 7 160 156 2 0 0 2
97.5(93.7-99) 1.25 (0.3-4.4) 1.25(0.3-4.4)
Mato Grosso do Sul 9 376 376 0 0 0 0
100 (98.9-100)
Goids 2 116 116 0 0 0 0
100 (96.7-100)
SOUTHEASTERN
Minas Gerais 5 171 166 2 0 0 3
97 (93.3-98.7) 1.2 (0.3-4.1) 1.8 (0.6-5)
Sao Paulo 8 398 396 0 0 0 2
99.5 (98.1-99.8) 0.5 (0.1-1.8)
SOUTH
Parand 6 341 310 14 0 7 10
90.9 (87.3-93.5) 4.1 (2.4-6.7) 2(1-4.1) 3(1.6-5.3)
Rio Grande do Sul 8 395 379 12 0 1 3
96 (93.5-97.4) 3(1.7-5.2) 0.2 (0.04-1.4) 0.8 (0.2-2.2)
TOTAL 59 2345 2,283 33 0 9 20
97.3 (96.6-97.9) 1.4 (1-1.9) 0.4 (0.2-0.7) 0.85 (0.5-1.3)

HP: Haemonchus placei, HC: Haemonchus contortus, HS: Haemonchus similis
* morphological identification of Haemonchus spp. per farm is show in Fig.1

100+
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Fig. 1. Frequency of Haemonchus placei (HP), H. contortus (HC) and H. similis (HS) of third-stage larvae obtained from the fecal cultures per farm per region (North: N,

Northeast: NE, South: S, Southeastern: SE, West Central: WC) in Brazil.

On some ranches, high frequencies of isotype 1 p-tubulin alleles
associated with BZ resistance were found for one of the three codons
(F167Y, E198A and F200Y) (Fig. 2). However, these frequencies did not
occur simultaneously in the three codons. In the two populations with
mixed H. placei and H. contortus infection (samples 36 and 54), one had a
codon 200 TAC frequency of 17% and the other had a codon 198 GCA
frequency of 19% (Table S1). In three populations containing exclu-
sively H. placei, codon 198 GCA frequencies were between 15% and
21%, whereas two other populations had TAC frequencies between 26
and 30% at codons 167 and 200 simultaneously (Table S1). However,
the sum of the frequencies of isotype 1 p-tubulin alleles associated with
BZ resistance in both cases was only 59% (27% for 167TAC + 6% for

198GCA +26% for 200TAC) and 65% (30% for 167TAC+ 6% for
198GCA + 29% for 200TAC) and thus well below 100%, suggesting that
they did not necessarily occur in the same allele.

Among the seven ranches with Haemonchus sp. populations for which
we found isotype 1 B-tubulin allele frequencies indicative of BZ resis-
tance (i.e. > 15% in one of the codons), only two presented mixed in-
fections with H. contortus (Table 4). It is noteworthy that the presence of
H. contortus detected by PCR/sequencing in cattle on a ranch was not a
risk factor for BZ resistance (p = 1.0, Fisher’s exact test). Moreover, no
significant difference in the frequencies of p-tubulin alleles associated
with BZ resistance on ranches with resistance was found among the
geographic regions (Table S1).
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Table 3
Haemonchus species identified by sequencing genomic DNA of larval pool ob-
tained from coprocultures of beef cattle in different regions of Brazil.

Positive ranches for species researched

Region / State Number of ranches ~ PY sequencing

H. placei  H. contortus
NORTH
Para 10 100% 50%
Rondonia 1 100% 100%
Tocantins 2 100% 0%
NORTHEAST
Maranhao 1 100% 0%
Alagoas 1 100% 0%
WEST CENTRAL
Mato Grosso 7 100% 42.9%
Mato Grosso do Sul 8 100% 12.5%
Goias 2 100% 0%
SOUTHEASTERN
Minas Gerais 6 100% 16.7%
Sao Paulo 8 100% 12.5%
SOUTH
Parand 6 100% 16.7%
Rio Grande do Sul 7 100% 14,3%
TOTAL 59 100% 23,7%

4. Discussion

This study offers an extensive survey of the occurrence of H. placei
and H. contortus in beef cattle from all regions of Brazil as well as the
isotype 1 p-tubulin SNPs associated with BZ resistance for the species.
The findings confirm the natural infection of cattle by H. contortus, albeit
with low intensities.

Although advantageous due to its practicality, speed and ease of
obtaining samples, the traditional morphometric species identification
of Haemonchus spp. using L3 is based on subtle differences (Amarante
et al., 2017) and an important limitation of this technique is the over-
lapping of measurements (Corticelli and Lai, 1964; van Wyk et al., 2004;
Santos et al., 2014b), leading to some inconclusive results. In addition to
overlapping ranges of sheath-tail-extension length, even considering the
lower limit of 85 pm for H. placei, there is a proportion of outliers (less
than 1%) that could confound species differentiation (Santos et al.,
2014b). Therefore, the sheath-tail-extension length found in 1.4% of the
Haemonchus spp. larvae in this study are only suggestive of H. contortus,
because the observed measurements have rarely been reported by other
authors for H. placei (Niec, 1968; Van Wyk et al., 2004; Santos et al.,
2014; Silva, 2014).

Even without a precise diagnosis of H. contortus by morphometry, the
sequencing of the PCR product of the p-tubulin isotype 1 gene enabled
the identification of this species on 23.7% of the ranches evaluated,
indicating the higher sensitivity of the molecular approach, as described
elsewhere (Zarlenga et al., 1994, Santos et al., 2014a). Additionally,
only four of the twelve samples with suspected H. contortus presence
based on morphometric analysis were confirmed by the molecular
analysis, which could demonstrate higher specificity. However, the ev-
idence that mitochondrial or nuclear classic markers for the diagnosis of
Trichostrongyloidea species may not be accurate, due to the high
intra-species variation or other factors (Ali et al., 2018; Ramiinke et al.,
2018) underscores the need for species identification performing both
morphometric and molecular approaches.

The present results confirm the occurrence of natural H. contortus
infections in cattle in Brazil. This infection occurred in four out of the
five geographic regions evaluated and, although it was not found to be a
risk factor for the presence of an increased frequency of isotype 1
p-tubulin SNPs associated with BZ resistance in this study, it may be
considered an aggravating factor for the increase of anthelmintic resis-
tance in cattle, considering the genetic hybridization between parasitic
nematode species supposed by Chaudhry et al. (2015) and demonstrated
under field conditions in sheep in Brazil (Almeida et al., 2018). The
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Fig. 2. Frequencies of benzimidazol resistance-associated single nucleotide
polymorphism in codon 167 (A), codon 198 (B) and codon 200 (C) of the
B-tubulin isotype 1 gene. Dots represent the mean of two technical replicates
from a farm. In addition, the medians with inter-quartile ranges are shown. The
horizontal dotted lines indicates the 15% frequency threshold. Only frequencies
above this value were considered to represent truly elevated while lower values
were considered to be due to technical background.
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Table 4

Frequencies of resistance SNPs for codons F167Y, E198A and F200Y in f-tubulin
isotype 1 gene in pools of larvae of Haemonchus spp. from beef cattle in different
regions of Brazil. Only farms with frequencies of at least 15% in one of the co-
dons are shown.

Sample HP or Region/State Codon Codon Codon
identification HP/ 167 198 200
HC
19 HP NORTH/Para 1 21 4
25 HP NORTH/Para 1 15 5
40 HP NORTH/Para 30 6 29
54 HP/ NORTH/Para 2 19 6
HC
16 HP WEST CENTRAL/ 1 17 3
Mato Grosso do
Sul
36 HP/ SOUTH/Rio 10 7 17
HC Grande do Sul
39 HP SOUTH/Rio 27 6 26

Grande do Sul

HP: population exclusively with H. placei. HP/HC: population with both H. placei
and H. contortus

method used for species identification in the present study is not able to
identify potential hybrids, since the analyses were only performed on
pools of larvae rather than individual worms. Thus, the presence of
peaks in chromatograms characteristic for both species can be due to
mixed species infections that may or may not include presence of hy-
brids. Another relevant consequence of H. contortus infection in bovines
regards pathogenicity, since calves experimentally infected with
H. contortus showed severer symptoms and clinical disease compared to
H. placei infection (Favero et al., 2016b).

The pyrosequencing assays targeting codons F167Y, E198A and
F200Y of the isotype 1 B-tubulin gene in Haemonchus spp. revealed that
resistance to BZs is in an early stage. However, BZ-resistance is already
geographically widespread among beef cattle in Brazil. This was the first
extensive study carried out with samples from all geographic regions in
Brazil and confirms the results of earlier studies on the phenotypic
characterization of trichostrongyloids infecting cattle regarding
anthelmintic efficacy in Brazil. These studies demonstrated that BZs
remain the most effective drugs and only a few cases of resistance in
cattle have been reported (Soutello et al., 2007; Souza et al., 2008, Brasil
et al., 2012; Neves et al., 2014, Ramos et al., 2016). Although it is ex-
pected that with the continued use of BZ there will be an increase in
resistance, as demonstrated by Knapp-Lawitzke et al. (2015), the fact
that high frequencies of isotype 1 p-tubulin alleles associated with BZ
resistance (>15%) were found in 11.4% of Haemonchus spp. populations
in this study is worrisome, since this result is much higher than previ-
ously described for the species in Brazil (Brasil et al., 2012) and the
United States (Chaudhry et al., 2014).

In the present study, we found a high frequency (> 15%) of SNPs in
the H. placei samples to occur in decreasing numbers with respect to
codons E198A, F200Y and F167Y. This finding differs from results re-
ported by Chaudhry et al. (2014) and Ali et al. (2019), who found
polymorphism only at codon F200Y, whereas no resistance-associated
polymorphisms were identified at codons 198 and 167 in H. placei in
the United States. Brasil et al. (2012) only analyzed two H. placei pop-
ulations from cattle in Brazil and found one carrying F167Y. In contrast
to recent findings describing the substitutions E198 L in Brazil, E198 T in
Sweden (Baltrusis et al., 2018) as well as E198V, E198 T, E198R and
E198 L in resistant H. contortus in Sudan (Mohammedsalih et al., 2020),
there was no evidence for such polymorphisms in the data of the present
study.

In conclusion, the present study confirmed the presence of
H. conturtus by molecular analysis and demonstrates that the resistance
to BZs is in an early stage but already geographically widespread among
Haemonchus spp. in beef cattle in Brazil, with the presence of all three
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B-tubulin isotype 1 polymorphisms associated with BZ resistance
(F167Y, E198A and F200Y) in H. placei.
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