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Abstract

Despite the increasing economic importance of the small rumpradtction,
parasite resistance continues to stand out as the main constraihis tactivity.
Haemonchus contoriithe most prevalent and pathogenic nematode in tropical areas, is
responsible for economic losses and health problems. The purpose ofidus iseto
present the current knowledge abéitcontortusgenetics, anthelmintic resistance and
management practices in sheep flocks associated with paesggance. We present
the main results of our team obtained in sheep flocks from Sao Batk, Brazil, in
recent years regarding efficiency assessment of five anthetmbitithe fecal egg count
reduction test (FECRT); genotyping of two genes related to amittted resistancef¢
tubulin and P-glycoprotein); and risk factors in management pracgsseiated with
anthelmintic resistance. We aim to provide useful information to awgprcontrol,
maintain the effectiveness of chemical groups, slow the emergénaetielmintic
resistance in sheep and help farmers deal with parasitic resistance.
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Introduction
Gastrointestinal nematodes are the main obstacle to the posdwdtismall

ruminants in tropical areas. Among sheep parasti@s/monchus contortis the most
pathogenic and prevalent, causing large economic and production lossesntatesd
for treatment and even animal death. The fecal egg count redtesto(FECRT) is a
useful test to determine anthelmintic efficiency in flocks. Howeias laborious and
time-consuming since farms must be visited twice for samplectioins. Moreover, it
is only reliable when more than 25% of worms are resistant, whadtes it difficult to
revert the status of resistance. Thus, early diagnosis througlutaoléechniques is a
promising management tool to guide the rational use of anthelmamttprolong their
effectiveness. Also, the identification of risk factors in flocknagement practices is a
prevention tool that can guide decisions to control the establishmemragression of

anthelmintic resistance.

Gastrointestinal parasites, Haemonchus contortus, anthelmintics and resistance

Every sheep category can be infected by helminths, whose spoliesids to
lower growth of lambs, lower production rates of adults and lower quadlityeat and
wool (Pinheiro, 1979)H. contortuss the main gastrointestinal helminth of sheep. It
afflicts the abomasum of ruminants, causing anemia and ocdagideath (Troell,
2006).

Infection with gastrointestinal parasites is the main probiesheep production
in tropical areas due to the significant economic losses causem & al., 1992). In
Australia, South Africa and South America, the losses attributgdrasite resistance

have been estimated at US$ 222, 45 and 42 million, respectively (Waller, 2006). The



effects on production rates were evidenced in lambs treated awnttielmintics of

different efficacies (40.9-48.4% versa99% in FECRT): the efficient anthelmintic
resulted in lambs with increased live-weight gain (by 9 kg),assreveight (by 4.7 kg)
and carcass value (by 10.4%) and shorter time to reach lighvei 38 kg (by 17

days) (Miller et al., 2012).

Gastrointestinal parasites are usually controlled by anthétsir{Charles,
1989). Thus, failure in this type of control is the first sign of #mergence of
anthelmintic resistance (Sangster, 2001). In Brazil, five clas$dsroad-spectrum
anthelmintics are commercially available: 1) benzimidaza@smidazothiazoles; 3)
salicylanilides; 4) macrocyclic lactones (avermectin anitbemycin) (Prichard, 2008);
and 5) amino-acetonitrile derivatives (AADs) (monepantel), whichevdeveloped in
2008 (Kaminsky et al., 2008). Another new class of anthelmintics, gheirglols
(derquantel) (Kaminsky et al., 2013), is still not licensed for sale in Brazil

Each class of anthelmintics acts by a different mechani$m.benzimidazol
class binds to th@-tubulin and prevents tubulin polymerization in microtubules, and it
also inhibits fumarate reductase and glucose transport; the inhcdezdés and
salicylanilides are acetylcholine receptor agonists that caussle contraction and
paralysis; and the macrocyclic lactones open glumate-gateddehthannels and cause
neuromuscular paralysis, including of the pharynx (Almeida andsAy@96; Coles et
al., 2006). The AADs act on nematode-specific acetylcholine recefitaminsky et
al., 2008), and the spiroindols interfere with B-subtype nicotinic acetylchotieptas,
leading to flaccid paralysis (Epe and Kaminsky, 2013).

In the past two decades, the AADs and the spiroindols have lieenly new
classes of anthelmintics developed for ruminants. They ardie&@ven in flocks with

resistance to all anthelmintic classes (Kaminsky et al., 2808 ard and Geary, 2008;



Little et al., 2011; Geurden et al., 2012). However, for the old anthetnmitasses,
resistance emerged just a few years after they werehadnEor example, resistance to
thiabendazol, released in 1961, was described in 1964; to levamisole (19870 to
ivermectin (1981) in 1988; and to moxidectin (1991) in 1995 (James et al., 2069)
therefore believe that the development of resistance to thamie@imintic classes will
start soon if they are used in the same way as the other anthelmintiés therpast.
Since the process of anthelmintic development is time consumaayriparison
to the speed of resistance development, it is essential to slawsiBtance process to
assure that the existing anthelmintics are effective fordompgriods. Thus the new
classes of anthelmintics should be employed in very specific and controlletamndi
Anthelmintic resistance to gastrointestinal nematodes ofl sum@inants has
been observed worldwide (Bartley et al., 2004) and it is increasingcent years, as
noted by Kaplan and Vidyashankar (2012) and Torres-Acosta et al. (ZDd2}jeam
reported that multidrug resistance is widespread in Sdo Patso Btazil, where 100%
of flocks had worms resistant to albendazole and ivermectin, 96.6% to mioxide
92.9% to closantel, and 53.6% to levamisole (Verissimo et al., 2012). Antkiel
resistance has also been reported in other Brazilian states,asuShnta Catarina
(Ramos et al., 2002; Rosalinski-Moraes et al., 2007), Parana (Thomaad-gbal.,
2004), Mato Grosso do Sul (Sczesny-Moraes et al., 2010), Ceara (Mallo 2003),
Bahia (Barreto et al., 2006), and Rio de Janeiro (Cruz et al., 2@hd@);in other
countries, such as Paraguay (Maciel et al., 1996), Uruguaydiari 1996), Argentina
(Eddi et al., 1996), Malaysia (Chandrawathani et al., 1999), New Ze@Naghorn et
al., 2006), Spain (Diez-Bafos et al., 2008; Martinez-Valladares, &043), Trinidad
(George et al., 2011), Costa Rica (Maroto et al., 2011), Norway (Dondde 2012),

Canada (Falzon et al., 2013), and Ireland (Good et al., 2012; McMahon et al., 2013).



The situation of increasing anthelmintic resistance worldwideema urgent to
develop more efficient diagnosis techniques and alternative measfir@arasite

control.

M echanisms and diagnosis of parasiteresistance to anthelmintics

The accurate diagnosis of parasitic diseases and resis$aaagzucial step for
prevention, survival, epidemiology and control of parasites. Moleculanak#g of
resistance can overcome some limitations observed in traditipaasitological
methods (Gasser et al., 2008) and improve the detection of the enecojgrarasite
resistance.

Resistance is an evolutionary process that results from theamye of
resistance genes by the crossing of parasites that survitmdrégEchevarria, 1996).
Since only the most adapted individuals survive treatment and repradtitfehs et
al., 1998), they transmit their genes to the next generation. So, &&er generations
the frequency of resistant individuals in the population increasaskidll et al., 2008)
and leads to treatment failure (Beech, 2008). The resistance idaredstotal when the
maximum dose of the drug tolerated by the host is no longerieffdct control the
parasite (James et al., 2009).

Due to their easy application and affordability, anthelmintiesveidely used,
which has led to reduced efficiency by selection of resigtardasites (Leathwick et al.,
2001; Molento, 2004). There are several mechanisms used by parasitésat to
anthelmintic resistance (Blackhall et al., 2008; Prichard, 2008; Jamas, 2009;
Vokial et al., 2012), which include:

a) Variations of the target gene or protein, resulting in Idweding affinity for

the drug, e.g., single nucleotide polymorphisms (SNP) in isotype heds-tubulin



gene, which confers resistance to benzimidazol; and in the gletayated chloride
(GluCl) gene, associated with macrocyclic lactone resistance.
b) Differences in gene expression that can affect the drufgstedn the target
protein without interfering in its binding affinity.
C) Reduction of anthelmintic concentration in the target due to chamg¢rassport
mechanisms or cell permeability, e.g., changes in P-glycoprotembrane protein,
which exports drugs from cells, reduce the intracellular drug otrat®n and promote
underdosing, which in turn results in multidrug resistance.
d) Differences in processes of anthelmintic metabolism or diet@tion, e.g.,
changes in activities of thioredoxin, glutathione-cytochrome P450, peseddcatalase
and UPD-glucosyltransferases, which also lead to multidrug resistance.

Thus, knowledge of the mechanism that leads to resistance ial ¢ouprolong
the effectiveness of anthelmintics and to develop molecular nsatkemonitor the
emergence of drug resistance. It is also beneficial to thelafmment of new chemicals

and new drug targets (James et al., 2009).

Genetic resistance to anthelmintics

The molecular mechanism of resistance to benzimidazoles wdssth® be
elucidated. Beech et al. (1994) reported that tubulin is the tatgetf 9enzimidazoles
in parasites, and that benzimidazol resistance is mediatedclsaded binding affinity
to tubulin and increased tolerance to the drug. The first mutatianilolss in isotype 1
of the B-tubulin gene was a T to A transversion (codon TTC is modified t€)TA
leading to the substitution of a phenylalanine by a tyrosine atigpo&00: the F200Y
polymorphism (Kwa et al., 1994). The F167Y and E198A polymorphisnistuibulin

gene were also reported (reviewed by Beech et al., 2011).



Several studies have evaluated the frequency of F200Y polymorphism in
parasite populations and found that populations susceptible to benzimidazsdatpr
low resistance genotype frequencies, while the frequencieshighdy variable in
resistant populations. Our team reported F200Y resistance (8 fflguencies from 9
to 74% and genotype frequencies from 0 to 66.7% in field isolatés obntortusrom
S&o Paulo state (Niciura et al., 2012). Alvarez-Sanchez et al. (20@%) r allelic
frequencies ranging from 71.3 to 86.3% in resistant isolates, ishflequencies varied
from 24 to 32.3% in susceptible isolates. In flocks with suspecteliharat resistance
using FECRT, the r allelic frequency was either 100% (Hoglunal.e®009), or the
genotype rr distribution was present in a variable proportion (36 to 1D0#é¥istant
isolates (Elard et al., 199€udekova et al., 2010). In a multiresitant isolate/Hf
contortusr allelic frequency was higher than 95% (Williamson et al., 2011).

The macrocyclic lactones bind to GluCl channels and enter cedlslting in
hyperpolarization of neuromuscular cells and paralysis (Blackhall., 2008). Thus,
polymorphisms, like L256F and A169V, in the gene encoding the subunit afpha
GIuCIl were already associated with resistance to ivermemtd moxidectin inAH.
contortus(Blackhall et al., 2008; reviewed by Beech et al., 2011). In additiongeban
in genes encoding gamma-aminobutyric acid (GABA)-gated chlohidanels, such as
the K169R polymorphism, have been related to resistance to maccdegttines due
to changes in drug target (Blackhall et al., 2008; reviewed by Beech et al., 2011).

Resistance to levamisole was associated with gene polymogphisnthe
nicotinic acetylcholine receptor (NAChR) Wscaris suumJames et al., 2009). The
NAChHR receptor is present in neuromuscular junctions, pharynx and muscles of the head

and central ganglia (Prichard, 2008).



The above mentioned polymorphisms act specifically on the targktig$, so
they are not responsible for the multiple resistance to anthaimi@n the other hand,
drug concentration modulation mediated by the P-glycoprotein geng, @g® named
ABC (ATP-binding cassette) efflux transporter (ABCB1) gen@ynbe a potential
target to the multidrug resistance mechanism (Kerboeut.e2@03). The PgP are
transport proteins located in cell membranes that promote drlux éMolento and
Prichard, 1999) and have very broad substrate specificity (Schwatb., €2003).
Changes in the PgP gene were associated with multiplearestsbecause they affect
the transport of ivermectin, benzimidazol (Blackhall et al., 2008) amdazothiazol
and reduce the amount of the drug that reaches the target @aahe2009). Our team
recently discovered five new SNPs in the PgP gene, and one of ghesanted
frequency differences (P<0.05) between multiresistant and sildeelsblates ofH.
contortugMello, unpublished results).

Gene expression studies in A. contortus isolate highly resistant to
benzimidazol, levamisole and ivermectin revealed increased ssipmeof the PgP-2

and PgP-9 genes and of a truncated transcript of nAChR (Williamson et al., 2011).

Risk factors of sheep flock management practicesrelated to anthelmintic
resistance

In addition to the genetic condition, the selection of resistant pegasan be
influenced by farm management practices (Barger, 1997). Itfisutlito determine the
risk factors associated with drug resistance due to the mdieyedi management
strategies, each of which imposes specific drug selectivorgaon the flock (Sargison

et al., 2007) and affects the maintenance of refugia, i.e. nematodeatpmputot



exposed to anthelmintic treatment. Hence, it is necessary tormpestudies of local
conditions.

In S&o Paulo state, several farm management practices banedund to be
associated with high frequency of F200Y polymorphism related tstaese (Niciura et
al., 2012). The high resistance genotype was observed in more recsatisbed
farms and farms that do not have animal records, reflectingattie of farmers’
experience in dealing with parasite control. Among drug-basetingea procedures,
the whole-flock treatment increased the resistance when cainparéhe use of
selective treatment based on the FAMACHA method as a climdalator (Kenyon et
al., 2009; Niciura et al., 2012).

Host immunity results in variable resistance to parasites, athdugh not
directly related to anthelmintic resistance, the introduction €g telerant breeds in
flocks with high parasite challenge leads to the higher use bélamntics, which in
turn can result in higher resistance. The Brazilian haiesieeed Santa Ines, as other
native sheep breeds (Baker et al., 2003), is more tolerant to helitiaths/ool breeds
(Bueno et al., 2002; Amarante et al., 2004). An adequate diet is gdedtamt to reduce
the use of anthelmintics and consequently the resistance problisneldar that sheep
are able to respond efficiently to infection by gastrointestieahatodes when given a
protein-rich diet, as reported for the Santa Ines breed (Chagas 2013; Domingues
et al., 2013).

The use of rotational grazing can increase resistance (Malg 2009), as can
the presence of dry lands on farms, because both can reduce ther minvorms in
refugia due to, respectively, reduced larval pasture con&ion (Colvin et al., 2012)

and desiccation (Kenyon et al., 2009). The dose-and-move practicgestdnin low
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resistance (Niciura et al., 2012) or high resistance (Molentl.,e2004) because it
depends on the larval contamination (refugia) of the new pasture (Waghorn et gl., 2009

Pasture sharing with other species (as cattle or horsesyesult in higher
resistance (Lawrence et al., 2006; Niciura et al., 2012); whilgngyan private pastures
can also result in higher resistance (Calvete et al., 2012). Sitecaate grazing has
been associated with both increased ability of worms to infespsover time (Barger,
1997) and to lower EPG counts in sheep (Souza et al., 2005; Sczesng-Mbale
2010), its effects still need to be elucidated in different regans under different
management conditions that affect refugia maintenance (Henrioud, 2011).

Frequent incorporation of animals into the flock leads to high aesist
(Lawrence et al., 2006; Niciura et al., 2012). This management pratdgerave two
side effects: one effect is if the new animals bring tasishelminths to the area,
causing increased resistance. However, if they bring significantire susceptible
helminths, this practice would quickly dilute the existing resigaidoussavou-
Boussougou et al., 2007).

The rotation of anthelmintics after a single treatment asmd the risk of
resistance (Craig, 1993; Niciura et al., 2012), as does the prolonged ask one
class of anthelmintics (Kaminisky et al., 2013). Therefore, thatioot of a broad-
spectrum anthelmintic group should be performed soon after itseefficideclines
(Sargison et al., 2007). Another drug-based management practice useth& drug
combinations. Farms that use drug combinations presented low rresigbdiciura et
al., 2012), while the efficacies of the drugs were higher than 7@atlflvick et al.,
2012). This occurs because drug combination can reduce the number ofygeiesoz

resistant genes, prolonging the lifespan of the particular dMiglento, 2009).
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However, the use of drug combinations can lead to resistancette ahthelmintics
used in a 'low-refugia’ management environment (Leathwick, 2012).

The visual estimation of the weight of animals for treatmeatilifates
underdosing, causing more selection pressure (Chartier et al., 1829fs08 et al.,

2007) and resulting in higher resistance (Calvete et al. 2012; Niciura et al., 2012)

Conclusions

Since accurate diagnosis of resistance is a crucial atgpdvention and control
of parasites and considering that changes in gene frequerpieshehe outcome of
anthelmintic resistance, genetic polymorphisms detected byculatetechniques can
be used to monitor anthelmintic emergence.

Resistance diagnosis (molecular or by FECRT) can be usedinmates risk
factors in management practices in order to formulate measupgsvent or delay the
establishment of resistance and to assist farmers and teolsrnicianhance the control

and slow the development of resistance to anthelmintics in small ruminants.
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