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Resumo

CHOCOBAR, M. L. E. Potencial biotico de isolado suscetivel de Haemonchus
contortus na substituicao de populacio resistente a anti-helminticos em ovinos
- Botucatu, SP, 2022. 64p. Defesa do Mestrado Académico - Universidade Estadual

Paulista, Faculdade de Medicina Veterinaria e Zootecnia, Campus de Botucatu.

A elevada prevaléncia da resisténcia de Haemonchus contortus aos anti-helminticos
tornou-se uma ameacga para a ovinocultura e, neste cendrio, a substituicdo de
populagdes resistentes por isolados suscetiveis apresenta-se como uma estratégia
promissora. Dezesseis cordeiros foram infectados experimentalmente com 4000
larvas infectantes (L3) de um isolado de H, contortus resistente (Grupo R, n=8) ou
suscetivel (Grupo S, n=8) a anti-helminticos, os quais foram mantidos em pastagens
separadas durante 266 dias. As contagens de ovos por grama de fezes (OPG)
apresentaram valores maximos 28-42 dias pds-infeccao (PI) e foram diminuindo
com o tempo, com semelhancas entre os grupos (P>0,05). Em termos de
patogenicidade, ambos isolados se mostraram igualmente capazes de produzir
anemia (P=0,440), com diferenca estatistica no grau de hipoproteinemia aos 56 dias
PI (P=0,006). As médias de L3 por grama (LPG) de fezes foram similares (P>0,05),
tanto nas coproculturas como em amostras fecais recolhidas da pastagem,
demonstrando que ambos isolados sdo capazes de se desenvolver in vivo e in vitro e
gerar novas infecgdes. O grau de resisténcia/suscetibilidade foi avaliado por meio
do Teste de Desenvolvimento Larvar (RESISTA-Test©), 160 dias PI. O isolado
resistente apresentou fatores de resisténcia (FR) elevados ao tiabendazol (141),
levamisol (822), monepantel (34) e ivermectina (196), enquanto os FR do isolado
suscetivel se mantiveram inferiores a trés, indicando manutencao da suscetibilidade
aos anti-helminticos. As similaridades entre os grupos em todos os aspectos
avaliados, e a comprovada sensibilidade aos anti-helminticos por parte do isolado
suscetivel, demonstram que a substituicdo pode ser explorada como uma estratégia

plausivel no controle parasitario sustentavel em criacdes de ovinos.

Palavras chave: Parasitose; Nematoides; Controle Parasitario; Resisténcia Anti

Helmintica; Refugia.
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Abstract

The high prevalence of anthelmintic resistance of Haemonchus contortus is
threatening sheep farming. In this context, resistant populations’ replacement using
susceptible isolates appears to be a promising strategy to overcome this situation.
Sixteen lambs were experimentally infected with 4000 infective larvae (L3) of an H,
contortus isolate resistant (Group R, n=8) or susceptible (Group S, n=8) to
anthelmintics, which were kept in separate pastures for 266 days. Faecal egg counts
(FEC) showed maximum values 28-42 days post-infection (PI) and decreased over
time, with similarities between groups (P>0.05). In terms of pathogenicity, both
isolates were equally capable of producing anemia (P=0.440), with statistical
differences in the degree of hypoproteinemia, 56 days PI (P=0.006). The means of
L3 per gram (LPG) of faeces were similar (P>0.05), both in cultures and in faecal
samples collected from pasture, demonstrating that both isolates are capable of
developing in vivo and in vitro and generating new infections. The degree of
resistance/susceptibility was evaluated using the Larvae Development Assay
(RESISTA-Test©), 160 days PI. The resistant isolate showed high resistance factors
(RF) to thiabendazole (141), levamisole (822), monepantel (34) and ivermectin
(196), while the RF of the susceptible isolate remained below three, indicating
maintenance of susceptibility to anthelmintics. The similarities between the groups
in all aspects evaluated, and the proven sensitivity to anthelmintics by the
susceptible isolate, demonstrate that substitution can be explored as a plausible

strategy for sustainable parasite control in sheep farms.

Key words. Parasitosis; Nematodes; Parasitic Control; Anthelmintic Resistance;

Refugia



CAPITULO I. Introducdo, revisdo de literatura e objetivos



1. Introdug¢ao

Haemonchus contortus é a principal espécie que parasita o abomaso de ovinos
e caprinos das regides tropicais e subtropicais (Amarante, 2015; Besier et al., 2016).
Seu habito hematéfago lhe confere alta patogenicidade, chegando a produzir
quadros de anemia e hipoproteinemia graves que, em certas circunstancias, podem
levar ao 6bito do animal, além de gerar diminui¢do no desempenho produtivo, o que
se traduz em importantes perdas produtivas para o setor (Gilleard, 2013; Leathwick
e Besier, 2014; Amarante, 2015; Besier et al,, 2016; Emery et al,, 2016; Swarnkar e
Singh, 2018; Alam et al,, 2020).

O fendbmeno de resisténcia anti-helmintica estda amplamente estabelecido na
ovinocultura e é particularmente relevante no caso de H, contortus, dado ao elevado
potencial bidtico da espécie (Kaplan, 2004; Gilleard, 2013; Fissiha e Kinde, 2021).
No momento, o parasita apresenta resisténcia comprovada as principais drogas
utilizadas no tratamento e controle de verminoses (Mederos et al, 2014; Van den

Brom et al,, 2015; Kotze e Prichard, 2016; Martins et al,, 2017).

Devido a essa problematica e ao escasso ou nulo desenvolvimento de novos
principios ativos, as estratégias de controle parasitario sustentavel sao alvo de
pesquisa em varias regioes do mundo. Uma estratégia que se encontra em estudo ha
algumas décadas é a possibilidade de substituir uma populacdo de parasitas
resistentes por um isolado suscetivel a anti-helminticos, com o intuito de reverter a
resisténcia e poder aplicar, nessa nova populacdo, praticas que evitem o

reestabelecimento de resisténcia (Moussavou-Boussougou et al., 2006).

Estudos realizados na area ja obtiveram resultados satisfatérios (Van Wyk e
Van Schalwyk, 1990; Bird et al, 2001; Melo, 2005; Sissay et al, 2006; Moussavou-
Boussougou et al,2006; Fiel et al, 2017; Muchiut et al, 2019 e 2022), porém, em
uma pesquisa recente, George et al, (2021) demonstraram que um isolado
suscetivel ndo foi capaz de se perpetuar com o decorrer do tempo, provavelmente

devido a falta de adaptabilidade ao meio ambiente.



A presente pesquisa teve o intuito de comparar o potencial bidtico e grau de
patogenicidade de dois isolados de H, contortus e avaliar, pela primeira vez no Brasil,

a possibilidade de substituir uma populagao de H, contortus resistente aos principais
anti-helminticos por um isolado suscetivel introduzido por meio de infeccdo

experimental em ovinos.



2. Revisao de literatura

2.1. Infecg¢do por Haemonchus contortus

Haemonchus contortus, parasita do abomaso de pequenos ruminantes,
produz grandes danos aos rebanhos como consequéncia dos habitos hematofagos e
histiéfagos (Amarante, 2015; Besier et al, 2016). Além da espécie ser considerada
uma grande ameaga em paises com climas tropicais e subtropicais, nos ultimos anos
tem sido capaz de se adaptar a diversos tipos de climas, devido a sua prolificidade e
variabilidade genética, associada aos iminentes cambios climaticos, afetando ovinos

em diferentes regidoes do mundo (Morgan et al, 2013; Bartley et al, 2021).

A partir da fase larval em quarto estagio (L4) esses parasitas sao
hemato6fagos, podendo levar a importantes quadros de anemia microcitica
hipocromica com marcada reducao do volume globular, hipoproteinemia e
hipoalbuminemia (Alam et al,, 2020), gerando importantes perdas econdémicas
diretas e indiretas, como consequéncia da baixa produtividade e morte de animais
parasitados, além de gastos com tratamentos anti-helminticos e atenc¢do veterinaria
(Gilleard, 2013; Leathwick e Besier, 2014; Amarante, 2015; Besier et al,, 2016;
Emery et al,, 2016).

Assim como em outras espécies de nematddeos gastrintestinais, a forma
infectante do parasita é a larva L3, que os ovinos ingerem durante o pastejo. O ciclo
de vida destes parasitas se compde de duas fases: uma de vida livre, que abrange a
eclosdo dos ovos para liberar as larvas L1 no ambiente e a evolucao destas até dar
origem a forma infectante L3, que conserva a cuticula da L2, o que lhe confere alta
resisténcia ao ambiente; e uma de vida parasitaria, que ocorre dentro do animal,
onde as larvas infectantes dao origem aos espécimes adultos que irdo reiniciar o
ciclo de vida, ao eliminar ovos nas fezes (Amarante, 2015). Em temperaturas entre
22 a 25 °C a eclosao dos ovos e evolugdo da L1 até a forma infectante ocorre entre
trés a sete dias (Hsu e Levine, 1977). A elevada umidade do ambiente (>85%) é um
fator determinante para o desenvolvimento das L3, porém, as formas infectantes em
situagcdes adversas, como periodo de seca (<70% de umidade), essas larvas
conseguem sobreviver por longos periodos de dessecacao, desde que a temperatura

ambiental esteja proxima dos 17 °C e a incidéncia de luz UV seja baixa (O’Connor et



al, 2007; Besier et al, 2016). Isto ocorre gracas a anidrobiose, um processo biolégico
que visa aumentar a sobrevivéncia do parasita, reduzindo a atividade metabdélica em

momentos de baixa umidade (Lettini e Sukhedeo, 2006).

Santos et al. (2012) demonstraram que as L3 de H, contortus migram na
pastagem, de acordo com a temperatura, radiacao e umidade do ambiente. Assim,
em momentos de maior umidade e temperatura, a migracao para as partes mais
altas da pastagem é mais rapida e eficiente, facilitando a ingestdo por parte de um

hospedeiro suscetivel.

Embora alguns animais sejam capazes de desenvolver resposta imune contra
a infeccdo e estabelecer uma relacao de equilibrio hospedeiro-parasita, a
haemonchose, quando nao controlada, é uma doencga grave que pode levar ao 6bito.
Aqueles individuos que ndo conseguem desenvolver uma resposta imune eficiente
apresentam os sinais clinicos tipicos da doenca: mucosas hipocoradas decorrente da
anemia, reducao do ganho de peso médio diario e edema submandibular (Besier et

al, 2016).

A resposta imune do hospedeiro depende, principalmente, das
caracteristicas genéticas do animal e encontra-se intimamente relacionada com a
qualidade e quantidade dos nutrientes ingeridos. Aqueles ovinos que sao
alimentados com ragdo de boa qualidade e com niveis de proteina apropriados para
cada categoria demonstram maiores niveis de resisténcia as infec¢des, comparado
com animais com aportes nutricionais deficientes (Amarante et al, 2004). Além da
susceptibilidade individual, existem racgas ovinas naturalmente mais resistentes as
infeccoes por H, contortus. Estudos demonstram que os ovinos Santa Inés, raca
nativa do nordeste brasileiro, apresentam uma resposta imune local rapida e
eficiente contra o parasita, e, consequentemente, o uso desta raga em criagées ovinas
pode ser uma importante ferramenta no controle das verminoses (Amarante et al,

2004; Albuquerque et al,, 2019).

Nao existe uma idade especifica para a manifestacdo de sinais clinicos da
doenca, porém os individuos mais afetados costumam ser os cordeiros recém

desmamados, que ainda ndo desenvolveram uma resposta imune contra o parasita,



assim como as ovelhas adultas no periodo periparto (Amarante, 2015; Besier et al,

2016).

A partir da terceira semana apds a infecgdo inicia o consumo de sangue por
parte dos parasitas, o que provoca uma queda progressiva do volume globular
(Dargie e Allonby, 1975). Estudos apontam que o maior consumo de sangue por
parte dos parasitas adultos ocorre entre a terceira e a sexta semana apos a infecc¢ao,
momento em que o parasita também atinge sua maior prolificidade (Swarnkar e
Singh, 2018) e patogenicidade, como consequéncia da demora da medula para
produzir novas células sanguineas, agravado pela constante hemorragia abomasal

(Dargie e Allonby, 1975).
2.2. Tratamento e controle das verminoses

Na atualidade, a alternativa mais amplamente utilizada para o controle das
verminoses é o uso de anti-helminticos, com diferentes abordagens (Kenyon e
Jackson, 2012). Por um lado, no tratamento supressivo, altamente utilizado por
produtores rurais, o rebanho completo é tratado de forma periddica, levando -ou
ndo- em consideracao a epidemiologia das verminoses (Besier, 2012). J& no
tratamento seletivo, também conhecido como direcionado, os animais a serem
tratados sdo identificados segundo diferentes parametros como: ganho em peso
diario, coloracdo das mucosas, varidveis hematolégicas e/ou exames
coproparasitologicos (Kenyon e Jackson, 2012), evitando aplicar tratamentos
naqueles individuos que ndo manifestam sinais clinicos da infec¢do. Embora este
tipo de tratamento tenha uma maior aceitacdo por parte da comunidade cientifica,
estudos recentes demonstram que o tratamento seletivo nao evita o surgimento de
resisténcia anti-helmintica (Albuquerque et al, 2017) o que, certamente, representa

um problema para o controle das parasitoses.

A populagao de parasitas em refugia tem sido explorada em estratégias de controle
elaboradas em diferentes continentes. O primeiro estudo do impacto da populacao
em refugia no retardo do desenvolvimento de RA foi elaborado por Martin et al.
(1981). Sob a premissa de que a populacdo que se encontra na pastagem nao é
exposta aos principios ativos utilizados no controle das verminoses, sugeriram que,

“quanto maior a populacdo de larvas em refugia, maior o nimero de geragdes que



deverdo ser expostas ao tratamento para que ocorra a selecao” (Martin et al, 1981).
No estudo, desenvolvido em seis geragdes, observaram que, quanto maior o nimero
de larvas em refugia, menor era o nimero de parasitas resistentes presentes no
trato gastrointestinal. Mais recentemente, Greer et al, (2020) concluiram que a
populacdo em refugia nao é, apenas, aquela que se encontra no ambiente, senao
também todas aquelas formas parasitarias nas quais ndo ha acdo dos tratamentos
(como as L4 e L5) e qualquer forma parasitaria presente em um hospedeiro sob o

qual ndo é aplicado tratamento anti-helmintico.
2.3. A resisténcia anti-helmintica (RA)

Existem inumeras definicdes de resisténcia anti-helmintica (RA), mas, em
termos gerais, esse fendmeno pode ser descrito como uma capacidade adquirida
pelos parasitas de suportar doses letais de anti-helminticos quando comparados aos
demais individuos, sendo considerada uma caracteristica herdavel e poligénica (Fiel

etal, 2001).

A RA esta amplamente estabelecida em rebanhos ovinos, situagdo que
compromete severamente o controle parasitario sustentavel. E sabido que H,
contortus ¢ um dos parasitas gastrintestinais de ovinos mais propensos a
desenvolver RA, o que pode ser explicado pela diversidade genética do parasita,
produto da prolificidade e capacidade de gerar novas mutagdes e transmiti-las a
descendéncia (Kaplan, 2004; Gilleard, 2013). Diversos relatos de casos ao redor do
mundo demonstram que H, contortus foi capaz de se tornar resistente a um novo
principio ativo em menos de dez anos apds o lancamento no mercado (Kaplan, 2004;
Mederos, 2014; Fissiha e Kinde, 2021). Atualmente, a espécie é resistente as
principais drogas utilizadas no controle das verminoses em ruminantes, incluindo
os benzimidazois, imidazotiazoéis, lactonas macrociclicas e derivados do amino-

acetonitrila (monepantel) (Mederos et al,, 2014; Van den Brom et al, 2015; Kotze e

Prichard, 2016; Martins et al, 2017).

A aplicagdo de tratamento em todos os animais do rebanho ou de animais que
pastejam em locais com baixa contaminag¢do, assim como a falta de rotacdo de

principios ativos e a subdosagem de anti-helminticos sdo as principais praticas que



levam ao surgimento de RA (Leathwick e Besier, 2014; Herrera-Manzanilla et al,

2017).

Os primeiros relatos de RA ocorreram nos anos 50s-60s, onde se comprovou
aresisténcia de H, contortus a fenotiazina. Novas drogas foram lancadas nas décadas
seguintes e, em pouco tempo, tornaram-se ineficazes para o controle parasitario. A
resisténcia aos benzimidazois e levamisol foram relatadas nos anos 60 e 70,
respectivamente, e as avermectinas-milbemicinas nas duas décadas seguintes. O
cendrio piorou apés a apari¢do da chamada resisténcia multipla as drogas (RMD) a
partir dos anos 80, situacdo que foi agravada devido ao escasso desenvolvimento de
novos principios ativos contra os helmintos em espécies de producao (Santos e
Gongalves, 1967; Kaplan 2004). Atualmente, os exemplares de H, contortus com
RMD representam um risco para a producao de ovinos ao redor do mundo (Kaplan,

2004; Fissiha e Kinde, 2021).
2.4. Identificacao da resisténcia anti-helmintica

Existem diferentes técnicas para diagnosticar um quadro de RA. Os métodos
comumente utilizados sdo o Teste de Reducdo na Contagem de Ovos nas Fezes
(TRCOF), com avaliagdes antes e depois da aplicacgdo de um determinado
tratamento, e técnicas in vitro como o Teste de Desenvolvimento Larvar (TDL), onde
é feita a cultura de ovos até L3 em meios com diferentes concentra¢des de anti-
helminticos (Howell et al, 2008). Se bem mais utilizado para diagnosticar quadros
de RA, o TRCOF costuma apresentar vieses quando as contagens de OPG pré-
tratamento sdo baixas, além de se tratar de um procedimento mais laborioso e caro
do que o TDL. Segundo Gainza et al. (2021), utilizando o RESISTA-Test©, concluiram
que ambas as técnicas possuem resultados similares, com a vantagem que o TDL nao
precisa de aplicacdo de tratamentos diretamente no animal, além de proporcionar

resultados mais rapidos, por ser um teste in vitro.

Estudos desenvolvidos por diversos autores sugerem que a prevaléncia da
RA em rebanhos ovinos ¢ alta. Herrera-Manzanilla et al. (2017) trabalharam com
fazendas ovinas do departamento de Tabasco, no México, e, em 100% das fazendas
testadas, Haemonchus spp. e Trichostrongylus spp. apresentaram resisténcia a

ivermectina, albendazol e/ou levamisol nos testes de TRCOF. As mesmas drogas e



metodologia foram utilizadas por Martinez-Valladares et al, (2013) em fazendas
ovinas do noroeste da Espanha, demonstrando a presen¢ca de RA em todas as
fazendas testadas. No estudo também foram realizados testes in vitro onde foi
comprovada a ineficacia do tiabendazol em ovos (35,3%) e do levamisol (61,5%) e

ivermectina (23,5%) em larvas L1.

Em um estudo desenvolvido por Howell et al. (2008) em 46 fazendas de
ovinos nos Estados Unidos, H, contortus foi a espécie predominante (96%) e a mais
resistente as drogas testadas: 98% dos espécimes de H, contortus eram resistentes
aos benzimidazois, 54% ao levamisol e 76% a ivermectina, além de 48%

apresentarem RMD.
2.5. A resisténcia anti-helmintica no Brasil

A producgado ovina no Brasil se caracteriza pela utilizacao de diversos sistemas
produtivos e criacdo de diferentes ragas, adaptados as caracteristicas geograficas e
socioeconOmicas de cada regido. Em uma extensa revisdo de literatura, Salgado e
Santos (2016) resgataram os dados de todos os estudos feitos sobre a prevaléncia
da RA nos rebanhos ovinos do Brasil. Aqui serdo mencionadas as principais

pesquisas desenvolvidas em cada regiao.

A regidao Sul concentra 30% dos ovinos do pais e é o local onde foram
relatados os primeiros casos de RA em pequenos ruminantes no Brasil. Santos e
Gongalves (1967) e Echevarria e Trindade (1989) relataram casos de RA ao
tiabendazol e a ivermectina, respectivamente. A RA evoluiu tao rapidamente que,
em 1996, alguns rebanhos apresentavam resisténcia ao albendazol, levamisol,
closantel, fenbendazol, ivermectina, tetramisol e a combinacdo de disofenol e

tetramisol (Thomas-Soccol et al, 1996).

Ramos et al. (2002) desenvolveram o maior estudo de RA no Brasil, avaliando
7529 ovinos de 65 rebanhos, os quais apresentaram resisténcia a ivermectina (77%
dos rebanhos), albendazol (65%), closantel (13%) e levamisol (15%). Outro estudo
de RA foi desenvolvido por Cezar et al. (2010) em 5000 ovinos da raca merino
naturalmente infectados. No estudo testaram o grau de resisténcia de Haemonchus
spp., Trichostrongylus spp. e Ostertagia spp. aos nove anti-helminticos disponiveis

comercialmente: levamisol, moxidectina, albendazol, ivermectina, nitroxinil,
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disofenol, triclorfon, closantel e uma combinacdo de ivermectina, levamisol e
albendazol. Os resultados foram, no minimo, alarmantes, ja que nenhuma das nove

formulagdes foi efetiva sobre nenhum dos géneros estudados.

A produgdo ovina no Nordeste do Brasil consiste, majoritariamente, em
pequenas propriedades rurais dedicadas a agricultura familiar de subsisténcia, para
producdo de carne e leite. A situacdo da RA nesta regido também é grave e ja foi
descrita a resisténcia de H, contortus ao albendazol (90%) e ivermectina (36,6%) em

30 rebanhos de Rio Grande do Norte (Coelho et al, 2010).

Ja na regido Sudeste, onde foi desenvolvido o presente estudo, Amarante et
al. (1992) avaliaram a efetividade do oxfendazol, levamisol e ivermectina em nove
rebanhos ovinos de Sdo Manuel, SP, e relataram resisténcia a todos os principios
ativos testados. Em estudo envolvendo propriedades de 35 municipios do estado de
SP, Verissimo et al. (2012) identificaram praticas que contribuem para o surgimento
de RA, como subdosagem, tratamentos frequentes, baixa rotacdo de principios
ativos, falta de diagndsticos laboratoriais, dentre outros, e, por meio do TRCOF,
comprovaram a resisténcia a ivermectina (100% das propriedades), moxidectina
(96,6%), levamisol (53,6%), closantel (92,9%) e albendazol (100%). Mais
recentemente, Chagas et al (2013) utilizaram 42 ovinos infectados
experimentalmente com 4000 L3 de H, contortus e detectaram RA ao albendazol,
ivermectina, moxidectina, closantel e levamisol, no entanto a sensibilidade ao

triclorfon ainda era mantida.

A producdo de ovinos leiteiros no Brasil encontra-se concentrada nos
Estados de Rio de Janeiro (R]) e Minas Gerais (MG). Cruz et. al. (2010) relataram
espécies com RMD em 10 rebanhos do R], com casos de resisténcia ao nitroxinil,
doramectina, levamisol, ivermectina, albendazol, closantel, moxidectina e

fenbendazol.
2.6. Recuperacio da eficacia dos anti-helminticos

Num cendrio global onde a RA possui uma elevada prevaléncia e sem o
surgimento de novos produtos com propriedades antiparasitarias, os produtores e
meédicos veterinarios sdo for¢ados a adotar novas estratégias de controle

parasitario. Algumas alternativas propostas para evitar a presenca de RA em
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rebanhos incluem a identificagdo e mitigacdo de praticas que facilitem a aparicao de
RA, manutencgdo de larvas suscetiveis em refugia, escolha apropriada e uso seletivo
de anti-helminticos e prevencdo da introdugdo de espécies resistentes nos rebanhos

(Howell et al., 2008; Leathwick e Besier, 2014).

J& que a efetividade dos anti-helminticos comerciais estd cada vez mais
ameacada, uma estratégia de controle seria substituir as populagdes de nematoides
gastrintestinais resistentes por isolados suscetiveis e estudar o comportamento
destes espécimes ao longo do tempo, tanto na fase de vida parasitaria como na fase

de vida livre (Moussavou-Boussougou et al., 2006).

Em 1986, Van Wyk e Van Schalkwyk testaram esta técnica de controle de
helmintoses em ovinos, por meio de um experimento feito em seis piquetes, cinco
deles contendo animais doadores parasitados por H, contortus resistentes aos
benzimidazois que foram substituidos, progressivamente, por animais infectados
com espécimes suscetiveis, e um piquete onde foram mantidos os animais com os
parasitas resistentes, utilizado como grupo controle. Em dois dos piquetes a
resisténcia se manteve ao longo do experimento e nos trés restantes os
benzimidazois se mostraram altamente eficazes para controlar as parasitoses (96 -

99%).

Estudos similares foram desenvolvidos por Bird et al, (2001), Melo (2005),
Sissay et al, (2006), Moussavou-Boussougou et al, (2006), Fiel et al, (2017),
Muchiut et al, (2019), George et al, (2021) e Muchiut et al, (2022), todos
apresentando resultados satisfatéorios ao substituir populagdo resistente por
suscetivel, demonstrando que esta técnica, em conjunto com o aproveitamento da
populagdo de parasitas em refugia e aplicacdo apropriada de tratamentos seletivos

podem ser estratégias utilizadas no controle parasitario sustentavel.

O processo de substituicao de larvas pode ser realizado utilizando animais
doadores que contaminem a pastagem com uma populag¢do suscetivel, ou por meio
da infeccao experimental direta no rebanho. No caso dos animais doadores, a
introducao do isolado suscetivel em um piquete deve ser feita em duas etapas. A
primeira consiste em eliminar ou reduzir o nimero de larvas resistentes em refugia,

por meio do uso de anti-helminticos eficazes e/ou descanso da pastagem -
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lembrando que o periodo de descanso da pastagem deve ser prolongado de acordo
com a época do ano (Almeida et al, 2020) o que pode ser invidvel em termos
produtivos. As larvas susceptiveis devem ser introduzidas em uma segunda etapa,
por meio do animal doador infectado experimentalmente colocado na pastagem
previamente “limpa” (Muchiut et al, 2018). Para a infec¢do experimental do
rebanho, a primeira etapa consiste em aplicar tratamento para obter o status worm
free (isto é, livre de parasitas) e, posteriormente, infectar os animais por via oral com

o isolado de escolha, como descrito por Bird et al. (2001).

Apesar de varias pesquisas ja terem demonstrado resultados satisfatérios no
que diz a respeito da substituicio de uma populacdo resistente por um isolado
suscetivel, o potencial bidtico desse isolado ao longo do tempo apés a substituicdo
ainda é alvo de pesquisa. Em um experimento de trés anos e meio de duragdo,
utilizando testes in vivo, in vitro e técnicas moleculares, George et al. (2021)
obtiveram resultados satisfatérios na substituicao de popula¢cdes de H, contortus
totalmente resistentes aos benzimidazois e ivermectina e parcialmente resistentes
ao levamisol por espécimes suscetiveis a esses principios ativos. Porém, um ano e
meio apos o estabelecimento da populagao suscetivel, os parasitas apresentaram
resisténcia a ivermectina, moxidectina, albendazol e levamisol. De acordo com os
autores, provavelmente, o isolado suscetivel nao apresentava a mesma
adaptabilidade ao meio ambiente que os espécimes resistentes, motivo pelo qual a

retomada da RA ocorreu tdo rapidamente.

Considerando que a RA em rebanhos ovinos é um status quo e ndo uma
excec¢do e que novas estratégias de controle parasitario sustentavel sdo requeridas
para controlar ou reverter esse cendrio, o presente estudo visou comparar o
potencial biético e grau de patogenicidade de dois isolados de H, contortus e avaliar
a viabilidade da substituicdo de uma populacgao resistente por isolado suscetivel aos
anti-helminticos comerciais. No presente estudo, demonstrou-se que o isolado
suscetivel se mostrou com potencial biético favoravel, criando a oportunidade de
sua utilizacdo em outras pesquisas e programas que envolvam a substituicdo de

populacao resistente de H, contortus em rebanhos de ovinos.
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3. Objetivos

3.1. Objetivo geral

Comparar dois isolados de H, contortus e avaliar a viabilidade de utilizar o
isolado suscetivel a anti-helminticos na substituicao de uma populagao resistente,
como estratégia para restabelecer a sensibilidade anti-helmintica em um rebanho

ovino.
3.2. Objetivos especificos

Estudar as fases de vida livre de H, contortus suscetivel (isolado de
laboratdrio) e resistente (isolado de campo) a anti-helminticos com a avaliacao dos

seguintes aspectos:

e Analisar a adaptabilidade ao meio ambiente do isolado suscetivel de H,
contortus e a manutencdo de sua susceptibilidade aos anti-helminticos
comerciais.

e Determinar a capacidade de desenvolvimento dos estagios de vida livre
de ambos isolados in vitro e in vivo.

e Avaliar o grau de patogenicidade dos dois isolados em cordeiros
infectados experimentalmente.

e Acompanhar o desempenho produtivo de ambos os grupos levando em

consideracdo o ganho de peso dos animais.
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Potential of Haemonchus contortus susceptible laboratory isolate to be used as

a replacement for multiple anthelmintic resistant populations in sheep

Abstract

The high prevalence of anthelmintic resistance of Haemonchus contortus is
threatening sheep farming. In this context, resistant populations’ replacement using
susceptible isolates appears to be a strategy to overcome this situation. The aim of
the present study was to evaluate the fitness of a susceptible H, contortus laboratory
isolate in comparison with a multiresistant field isolate. Sixteen worm-free lambs
were experimentally infected with 4000 infective larvae (L3) of H, contortus
anthelmintic-resistant field isolate (Group R, n=8) or a laboratory isolate susceptible
to anthelmintics (Group S, n=8). Groups were placed in separate clean pastures,
where they were kept for 19 sampling periods (266 days). Faecal egg counts (FEC)
showed maximum values between 21 and 42 days post-infection (PI) and decreased
over time, with no statistical differences between groups (P>0.05). Both isolates
showed similar pathogenicity: lambs infected with both isolates showed decrease in
packed cell volume and total plasma protein values in the beginning of the study
coinciding with the highest FECs. Production of L3 were similar for both groups,
when evaluating faecal cultures kept in vitro or L3 recovered from pasture samples
and from faecal pats collected from the paddocks, which suggests that both isolates
have the same potential of development in the environment and in vitro. The degree
of resistance/susceptibility to thiabendazole (TIA), levamisole (LEV), monepantel
(MON) and ivermectin (IVE) was evaluated using the Larval Development Assay
(RESISTA-Test®) 160 days PI. The resistant isolate showed high resistance factor
(RF) to TIA (141), LEV (822), MON (34) and IVE (196), while the RF of the
susceptible isolate remained below three, which indicates high susceptibility to all
drugs tested. The similarities between the isolates regarding biotic potential and
pathogenicity, together with the demonstrated sensitivity to anthelmintics of the
susceptible isolate, demonstrate that a replacing technique can be explored as an

efficient strategy for sustainable parasite control in sheep.

Key words. Parasitosis; Nematodes; Parasitic Control; Anthelmintic Resistance;

Refugia



23

1. Introduction

Haemonchus contortus is the main species that parasitize sheep abomasum in
tropical regions, causing health problems due to its hematophagic behaviour that
may leads to anaemia, hypoproteinaemia, edema and even death in animals without
protective immune response (Gilleard, 2013; Leathwick and Besier, 2014;
Amarante, 2015; Besier et al,,, 2016; Emery et al,,, 2016).

Compromising sheep production worldwide, anthelminthic resistance (AR) is an
acquired and hereditary capacity of a parasite population to decrease its sensibility
to one or more anti-helminthic drugs (Fiel et al, 2001; Fissiha and Kinde, 2021).
Nowadays, AR in sheep is widely distributed throughout Brazil (Salgado and Santos,
2016) and some parasites, including H, contortus, have shown multiple drug
resistance (MDR).

As AR is now a status quo in sheep production, new ways to deal with this issue
in a more sustainable approach has been investigated around the world. One of the
methods, tested for the first time by Van Wyk and Van Schalkwyk (1990), is worm
substitution, which aims to recover anthelminthic effectiveness by replacing a
resistant nematode population through artificial infection with a susceptible isolate.
This technique has been tested several times showing different rates of success
(Bird et al,, 2001; Melo, 2005; Sissay et al,, 2006; Moussavou-Boussougou et al.,,
2006; Fiel etal, 2017; Muchiut et al,, 2019; George et al,, 2021; Muchiut et al, 2022).

George et al. (2021) had a high rate of success when replacing a resistant H,
contortus population with a susceptible laboratory isolate of H, contortus in a sheep
flock. However, after using targeted selective treatments, within 1.5 years post-
replacement, the population reverted to a resistant phenotype. In this case, the
hypotheses for the rapid reversion to resistance suggested that the susceptible
isolate had a lack of genetic diversity and was poorly adapted to the environment,
being very sensitive to climate changes in natural conditions.

As new sustainable parasite control methods are highly required in sheep and in
order to determine if worm replacement represents a sustainable and effective way
to recover anthelminthic susceptibility in sheep, we evaluated the fitness of a
laboratory H, contortus susceptible isolate under artificial and natural conditions of
infection as well as its pathogenic potential in comparison with a field-resistant

isolate.
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2. Material and methods

The procedures involving were in accordance with international ethical
standards and were approved by the School of Veterinary Medicine and Animal
Science - Sdo Paulo State University ethics committee under protocol 0132/2021.

The experiment took place between November 23t 2021 and August 16th 2022
at the experimental area of the Parasitology Sector of Institute of Biosciences - Sao
Paulo State University (22°53'16"S e 48°29'57"W, altitude 884 m) located in the city
of Botucatu, Sao Paulo state, Brazil, where the predominant climate is humid
subtropical, characterized by warm, rainy summers and dry winters (Alvares et al,
2014). The average monthly accumulated precipitation is higher (260.7 mm) in
January and lower (38.2 mm) in August, with February being the hottest month and
July, the coldest. The average monthly temperature ranges from 17.1 to 23.2 °C
(Escobedo et al., 2011).

2.1. Donor lambs and H, contortus isolates

Four male Ile de France donor lambs of 60 to 90 days of age and an average
weight of 19.3 kg were infected with a resistant or susceptible isolate of H, contortus
in order to obtain enough larvae to infect the experimental lambs.

On their arrival, the donor lambs were treated with a combination of levamisole
phosphate (9.4 mg/kg of body weight (BW), Ripercol®, Zoetis), monepantel (2.5
mg/kg BW, Zolvix®, Elanco) and albendazole (20 mg/kg BW, Valbazen®, Zoetis) for
three consecutive days (Albuquerque et al,, 2022). Fourteen days after the
anthelmintic treatment, the Willis test was performed to confirm the worm free
status (Ueno and Gongalves, 1998) and afterwards each lamb (two for each isolate)
was orally infected with 5500 L3 of the resistant or the susceptible H, contortus
isolate.

The resistant field isolate was obtained by faecal cultures from samples taken
from a young lamb naturally infected. Its faecal cultures yielded only H, contortus
larvae, which were used to infect the donor lambs. The laboratory susceptible
isolate was from Rio Grande do Sul State (Echevarria et al,, 1991) and was obtained
by thawing larvae preserved in liquid nitrogen since March 2002. This isolate

showed 100% sensitivity to ivermectin and levamisole treatment and 98.9%
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sensitivity to albendazole (Echevarria et al,,, 1991) and had never been exposed to
monepantel.
After patency period, 21 days, fresh faeces were collected to perform faecal

cultures to obtain fresh L3 to infect the experimental lambs.

2.2, Tracer lambs and paddock contamination

Infected lambs occupied the experimental paddocks until seven months before
the beginning of the present study and showed <500 faecal egg counts by the time
the last experiment ended (Bello et al, 2022). In a recent study performed at the
experimental area, Almeida et al. (2020) have found that GIN infective larvae may
survive up to six to 12 months in the environment, depending on climate factors
such as temperature and humidity. In order to track down possible paddock
contamination, four female Santa Ines and Dorper tracer lambs, of 60 - 90 days of
age, grazed each paddock for 84 consecutive hours before being switch to the next
paddock, until completing all of them, for a total of 14 days.

After grazing period, tracer lambs were kept indoors and Willis and larvae per
gram of faeces (LPG) tests (see section 2.4.2) (Ueno and Gongalves, 1998) were
performed once a week for 28 days to detect GIN infections. All Willis tests turned
out negative and only three H, contortus larvae were identified at the last sampling

period.

2.3. Experimental lambs

Thirteen Santa Ines and three Dorper x Santa Ines male lambs, with 60 to 90 days
of age and average BW of 15.6 kg were submitted to the same anthelmintic
treatment scheme described in section 2.1. to obtain worm free status before being
experimentally infected orally with 4000 H, contortus L3.

From their arrival to 28 days after the artificial infection, the lambs were kept in
concrete stalls, cleaned every day with pressurized water. During this period, the
animals were fed once a day with increasing amounts of commercial feed
(Coopermota®, 16.5% protein) until 2% BW was reached, and had ad libitum access

to Cynodon spp. hay and tap water.

All lambs were divided into Group R (Resistant, n=8, lambs 1 - 8) and Group S
(Susceptible, n=8, lambs 9 - 16), according to its weight, and orally infected with
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4000 H, contortus infective larvae of the susceptible (laboratory) or resistant (field)

isolates, respectively (Figure 1).

5500 5500

L3/animal i H L3/animal l H

7 days

4000 4000
L3/animal L3/animal

Figure 1. Infection of four donors and 16 experimental lambs with Haemonchus contortus larvae

resistant (R-Red) or susceptible (S-Blue) to anthelmintics.

Experimental lambs were kept in pens from October 5t to November 23rd 2021
and afterwards were maintained in the experimental grazing area from days 28 to
238 PJ, rotating every 28 days through two different paddocks for each group.

From day 28 to day 84 PI, the animals were fed once a day with an amount of of
commercial feed that corresponded to 2.5% of their BW (at the beginning with
Coopermota®) with 16,5% of crude protein (CP), and after day 55 PI with 16% CP
(ADM®). From days 85 PI and until the end of the experiment, the amount was
adjusted to 1.5% BW, until the end of the experiment. Throughout the stay in the
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paddocks, lambs had ad libitum access to Urochloa decumbens grass and clean fresh
water.

Eight animals (four of each group) were removed from the experiment 154 days
after the infection due to the dry season and lack of forage. We select to eliminate
from the trial those animals of each group that were presenting the lowest values of

FEC.
2.4. Parasitological exams

2.4.1. Faecal egg counts (FEC)

Faecal samples were collected directly from each lamb rectum every 14 days to
perform FEC (Ueno and Gongalves, 1998). As the majority of the lambs were Santa
Ines, which is considered a resistant breed (Amarante, 2004; Albuquerque et al,
2019), 4 g of faeces and 56 ml of NaCl saturated solution (d=1.2) were used to

increase the technique sensitivity (correction factor 1 egg = 50 eggs per gram).

2.4.2. Larvae per gram (LPG)

Individual faecal cultures were performed every 28 days using 3 g of fresh faeces
mixed with 3 g of substrate (sterilized equine faeces). Humidity was adjusted using
deionized water. Wet filter paper was placed on each Petri dish to avoid sample
drying and all plates were kept on an incubator for six days. After that period, the
content was filtered through gauze and poured into a goblet filled with deionized
water (26°C). The filter paper was also placed inside each goblet to ensure that all
L3 were retrieved. Each goblet was kept in the incubator for 24h.

The supernatant was poured and the bottom content was placed into a falcon
tube for LPG determination (Ueno and Gongalves, 1998) counting the average larvae
on ten drops of 10ul each and then calculating the amount of larvae in 1ml,
recovered from 3g of faeces.

Hatching percentage was calculated by multiplying the mean L3 retrieved by 100
and dividing the result by the mean FEC values.

2.4.3. Paddock contamination and free-living stages: recovery of

L3 from grass and faecal pads

Fresh faeces found in the paddocks were demarcated using a total of 24 stakes

(12 per group). This demarcation occurred on three occasions, covering the four
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climatic seasons (spring/summer, autumn and winter). Faeces were collected 14,
28, 56 and 84 days after demarcation (i.e. 56, 70, 98, 126, 140, 154, 182, 210, 224,
238, 266 and 294 days PI). In each sampling period, three stakes were collected,
from the top, middle and bottom of the paddock and both demarked faeces and
adjacent forage were collected, with the latter being taken from the front and both
sides of each stakes.

L3 retrieving was performed using Baermann’s method (Ueno and Gongalves,
1998), placing each grass or faecal sample on a gauze and submerging it on
deionized water, poured inside a goblet. Twenty-four hours later, larvae were
recovered from the bottom of the goblet, identified and counted (Ueno and
Gongalves, 1998).

As for the gauze content, it was placed on an incubator for seven days at 60°C for
drying in order to weigh the samples and determine the amount of L3 per gram of

dry matter (DM).

2.5. Haematological parameters

Every 14 days, 5 ml of blood was collected through jugular puncture into
Vacutainer® tubes with EDTA. Packed cell volume (PCV) and total plasma proteins
(TPP) were evaluated through micro centrifugation (5 min/15000 g, Fanem 211®)

and manual refractometer (SPR-N, Atago®), respectively.

2.6. Larval development assay (RESISTA-Test©)

In order to assess the maintenance of resistance and susceptibility status, a
larval development assay (Resista-Test®) was performed 160 days after the
experimental infection. Fresh faeces from both groups were collected in plastic bags
and properly identified. The eggs were immediately recovered and seeded in a 96-
well plate, as described by Gainza et al. (2021). Several concentrations of
thiabendazole (TBZ) (Sigma-Aldrich T8904), levamisole (LEV) (Sigma-Aldrich
31742), ivermectin aglycone (IVM-A) (Bioaustralis BIA-11151) and Zolvix (ZOL)
(Elanco™) were tested on each plate. After incubation the larvae (L1, L2 and L3)

were counted.
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Meteorological data

2.7.

Temperature (maximum and minimum) and humidity data was obtained from

the meteorological station of Fazenda Experimental Lageado, belonging to UNESP -

Campus de Botucatu. Information regarding precipitation levels was collected daily

at the experimental area (Figures 2A and 2B).
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Figure 2. Average maximum, minimum and mean monthly temperatures (A), monthly rainfall and

relative air humidity from October 2021 until August 2022 (B) in Botucatu, Sdo Paulo State, Brazil.
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2.8. Statistical analysis

Data were submitted to analysis of variance (ANOVA) for repeated measures at
several time points using the General Linear Model (GLM) of the Statistical Analysis
System (SAS Institute, Inc. Cary, NC, USA). Means are presented in the results as the
arithmetic means *standard error (SE). Least Square Means were compared by
Tukey’s Test at the 5% significance level. Data that did not meet the normality
premise (FEC, LPG) was analysed using Wilcoxon's non-parametric test (U-Mann
Whitney). Values of P<0.05 were considered statistically significant.

Spearman's correlation coefficients were calculated to assess the association
between FEC and haematological variables (PCV and TPP).

The RESISTA-Test© results were analysed using logit dose-response by the
Probit model (using the Minitab 18 Statistical Software) to determine the LCso value,
which represents the anthelmintic concentrations at which 50% of larval
development is inhibited. The degree of parasitic resistance for each group and each
anthelmintic were expressed by the resistance factor (RF), calculated as the LCso
values of the studied isolate (i.e. the laboratory and field isolates used to infect the
lambs) divided by the LCso of a known susceptible isolate, in this case the laboratory
isolate from the donors lambs; RF above three demonstrate drug resistance

(Dolinska et al.,, 2013).
3. Results

3.1. Parasitological analysis

Faecal egg counts (FEC) reached the highest values between 21 and 42 days
post-infection, with maximum average values of 11463 EPG and 9369 EPG in the
susceptible and resistant groups, respectively. Immediately after reaching their
maximum values, FEC showed a marked reduction in both groups. Then, FECs
started oscillating until the end of the experiment, as new natural infections
occurred among the groups (Figure 3A). Santa Ines lambs number 3 (group R) and
13 (group S) showed high resistance to H, contortus infection with no eggs detected
in most of their samplings. Conversely, Dorper crossbreed lambs (lambs 2, group R
and 9, group S) showed high susceptibility to the infection, with high FECs, and
required several anthelminthic treatments over the experiment period

(Supplementary table 1). In Figure 3B, Dorper crossbreed lambs are the lambs
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with the highest overall averages in each group. FEC means showed statistical

difference only at day 140 PI (P=0.029).

A B

2000{]1 6000

15000
12000 5000

10000
4000
= so00

2
6000 = 3000

4000 2000

2000

0 1000

——
OIS
N Y

—
> >
K

" T —— T
T R S T )
2 AP P D R o Nk P

Days PI

® Resistant
A Susceptible

Al

Groups

Figure 3. Sheep experimentally infected with a Haemonchus contortus isolate resistant (red) or

susceptible (blue) to commercial anthelmintics. Mean and standard error of faecal egg counts (FEC)

for each group (A) and individual cumulative FEC means (B).

In addition, LPG counts means behaved quite similar along the experiment

between the groups (Table 1), despite some exceptions shown at day 182 P],

without causing a statistical variation. Positive correlation coefficients between FEC

and LPG was found in both groups (Supplementary figure 1).
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Table 1. Mean faecal egg counts (FEC) and larvae per gram (LPG) of lambs infected with a Haemonchus contortus isolate resistant or susceptible to commercial anti-

helminthics (Groups R and S, respectively). Mean faecal egg counts (FEC) were performed every 14 days and larvae per gram (LPG) were calculated every 28 days,

from October/21 to June/22.

DaysPI FEC Mean*SE LPG Mean+SE L3 development (%)

Group R Group S P-value GroupR Group S P-value GroupR GroupS P-value

-21 6+6 12+12 0.662 - - - - - -
(0-50) (0-100)

0 00 0+0 - - - - - - -
(0-0) (0-0)

21 6125+1396 6681+£1663 0.802 - - - - - -
(0-11100)  (1750-15450)

28 703841853 11463+5383  0.438 - - - - - -
(0-16100) (1700-47600)

42 9369+2861 6781+£1636 0.253 440811797 4071+1684 0.500 47% 60% 0.286
(0-24250)  (950-13850) (0-15167) (187-11667)

56 2363912  1169+497 0.155 - - - - - -
(50-8400)  (0-3950)

70 177521006 913+463 0.479 200 £106 295 +174 0.320 11.3% 32.3% 0.164
(0-7550) (0-3800) (0-833) (0-1467)

84 156112 81+60 0.454 - - - - - -
(0-900) (0-500)

98 94+74 519+263 0.090 44 +42 304 £129 0.055 46.8% 58.6% 0.069
(0-600) (0-2200) (0-337) (0-1060)
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126

140

154

168

182

196

210

224

238

175+141
(0-1150)

875+665
(0-5400)

10194920
(0-7450)

131131
(0-1050)

75+75
(0-300)

125495
(0-400)

13413
(0-50)

125475
(0-300)

100+100
(0-400)

00
(0-0)

20341563
(0-12900)

1100866
(0-7100)

616
(0-50)

113469
(0-550)

1138678
(50-2850)

226341603
(0-6800)

1600+1486
(0-6050)

163+163
(0-650)

300+284
(0-1150)

00
(0-0)

0.099

0.394

0.029

0.210

0.073

0.329

0.218

0.437

0.318

0.500

234 +183
(0-1500)

37430
(0-243)

225 +174
(0-733)

65 +38
(0-133)

242
(0-7)

352 £202
(0-1700)

94470
(0-567)

1884+1114
(67-4667)

184+181
(0-727)

00
(0-0)

0.321

0.406

0.172

0.500

0.239

26.7%

28.2%

180%

52%

200%

32%

83.2%

83.2%

113%

0.157

0.117

0.329

0.437

0.500
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Minimum and maximum values are in parenthesis. Variables not evaluated are represented with a hyphen. There was significant group means difference when P<0.05

by the U-Mann Whitney test.

L3 production = estimated percentage of eggs that gave origin to third stage larvae.
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The highest recovery of infective larvae from faeces and forage occurred
during autumn (days 140 to 210 PI) while the opposite situation occurred during
spring-summer (days 28 to 126 PI). During winter (days 224 to 294), the recovery

of larvae from faecal samples and adjacent forage was practically null (Figure 4).
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Figure 4. Average L3/g of dry matter (DM) found in faecal samples and adjacent forage marked with
stakes in paddocks grazed by lambs infected with Haemonchus contortus isolate resistant (A) or
susceptible (B) to anthelmintics, for the three seasons evaluated. Arrows show the dates where fresh

faeces were demarked. There were no statistical differences between group means (P>0.05).
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3.2. Haematological parameters

PCV showed similar changes in both groups over time, with minimum values 28
days post-infection with a progressive increase in PCV and TPP as the number of
FEC dropped substantially. Packed cell volume (PCV) values between the groups did
not show significant differences throughout the experiment (P=0.440) but the
time*group interaction was significant (P=0.005) (Figure 5A). When comparing
total plasma proteins (TPP) values a significant difference (P=0.006) was found but,
only at 56 days PI. There was no time*group interaction (P=0.465), although values
varied over time (P<0.001) (Figure 5B).
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Figure 5. Means and standard error of packed cell volume (PCV) (A) and total plasma proteins (TPP)
(B) obtained at days 0, 28, 56, 140 and 238 after the infection of lambs infected with isolates of
Haemonchus contortus Susceptible or Resistant to anthelmintics. Symbols represent individual

values.

Lambs that showed diminished PCV and TPP values were treated with
anthelmintic to avoid mortality. The FEC reduction (FECR) was determined 14 days

after each treatment (Supplementary table 1).

0 21 28 56 140 238
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Considering the period with the highest values of EPG (21 to 84 DPI), there was
negative correlation coefficients between FEC x PCV and FEC x TPP in most of the

sampling periods (Table 2) both in the susceptible and resistant groups.

Table 2. Spearman's correlation coefficients between faecal egg counts (FEC) and the haematological
variables (packed cell volume (PCV) and total plasma proteins (TPP)) for the groups infected with an

isolate of Haemonchus contortus susceptible (Group S) and resistant (Group R) to anthelminthics.

Days PI PCV*FEC TPP*FEC
R S R S

21 -0.265 -0.812 -0.023 -0.381
28 -0.727 -0.445 -0.806 -0.503
42 -0.843 -0.313 -0.635 0.184
56 -0.037 -0.835 0.338 -0.342
70 -0.240 -0.503 -0.383 0.14
84 -0.414 -0.072 -0.610 -0.183

Days Pl=Days post-infection; PCV*FEC=Correlation between faecal egg counts and packed cell

volume; TPP*FEC=Correlation between faecal egg counts and total plasma proteins.

3.3. Larval development assay (RESISTA-Test©)

The larval development assay confirmed with accuracy the anthelmintic
resistance status of both isolates: the RF values for the susceptible isolate were

below 3 and the contrary was observed for the resistant isolate with RF varying from

34 to 822 (Table 3).

Although all anthelminthics proved to be efficient against the susceptible isolate,
thiabendazole needed higher concentrations to be able to inhibit 50% of L3
production (Figure 6A). The minimum doses of ivermectin tested already managed
to inhibit, on average, the development of 98.5% of the L3, and the LCso was found
between the logarithms -6.985 and -1.079, which is why it was not represented in

Figure 6D.
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As for the resistant group, the H, contortus field isolate proved to be highly
resistant to all four anthelmintics tested (Table 3), requiring high concentrations to

inhibit the development of L3, with levamisole showing the highest RF (Figure 6B).
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Figure 6. Logarithmic concentration used in the RESISTA-Test© of lambs experimentally infected
with an isolate of Haemonchus contortus susceptible (blue) and resistant (red) to thiabendazole (A),
levamisole (B), monepantel (C) and ivermectin (D). Results correspond to larval development assay

performed in faecal samples taken 160 days after the experimental infection.
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Table 3. Lethal concentration 50 (LCso) and resistance factor (RF) for the anthelminthics tested by
larval development test (RESISTA-Test©) using eggs taken from fresh faeces of lambs infected with
an Haemonchus contortus isolate susceptible (S) and resistant (R) to anthelmintics, 160 days after

experimental infection.

Anthelmintics LCso (ng/ml) RF
R S R S

Thiabendazole 2.072 0.023 141 0.7
(1.426 - 3.012) (0.012 - 0.044)

Levamisole 0.521 0.0009 822 1.1
(0.408 - 0.666) (0.0006 - 0.001)

Monepantel 0.153 0.006 34 0.9
(0.131-0.179) (0.005 - 0.007)

Ivermectin 1.301 9.292e-005 196 0
(0.813 - 2.081) (1.04e-007 -

0.083)

Confidence interval (95%) in parentheses.

RF values greater than 3 indicate resistance.

3.4. Body weight (BW)

Average BW showed no significant difference between groups (P=0.544)
(Supplementary figure 2). Resistant and susceptible groups started the
experiment with a mean weight of 16.1 kg and 15.8 kg and gained, on average, 42.3
kg and 37.7 kg, respectively, throughout the experiment.

4. Discussion

Although, individually, some animals showed greater difficulties to cope with the
infection, FEC means of both groups were similar in all sampling periods, which
demonstrate that the susceptible isolate was viable after thawing and amplification
in donor lambs and was able to establish in new hosts after the experimental
infection. Additionally, the susceptible isolate was perfectly capable of evolving to

L3 and causing natural infections in susceptible hosts, which was proven by the
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lambs reinfection after receiving treatment during the period in the field. Thus,
experimental infection as a way of replacing the resistant population with a
susceptible isolate is a viable option, as demonstrated by Bird et al, (2001), Melo
(2005) and George et al, (2021), Van Wyk and Van Schalkwyk (1990), Moussavou
Boussougou et al. (2006), Fiel et al. (2017) and Muchiut et al. (2019; 2022).

The highest FEC occurred between the 28t and 42th day PI, while PCV and TPP
presented the lowest values 21-28 days after infection, coinciding with the
beginning of the patent period of H, contortus infection (Santos et al, 2014; Besier
et al, 2016) ,. At the early stage post-artificial infection, the reduction in PCV and
TPP is attributable both to the blood-sucking activities of developing larvae and
young adults and to a latency in the response of the host's erythropoietic system
(Dargie and Allonbys, 1975).

Nutritional conditions allowed the animals to achieve the expected growth curve
described for the Santa Ines breed (da Silva et al, 2012), despite the heavy infection
in the beginning of the trial. The amount of feed provided daily until 84 days P], led
to a quick and effective immune response (Amarante, 2004) and also provided
sufficient levels of nutrients to guarantee a proper erythropoiesis, causing the
remission of clinical signs (Dargie and Allonbys, 1975). This, along with the use of a
more resistant breed, Santa Inés (Albuquerque et al, 2019; Lins et al, 2022),
dismissed the need of anthelmintics to control the infection in most of the lambs.

Nevertheless, six animals (three from group R and three from group S) needed
treatment with anthelmintics. Among them, animal number 2 (Group R) and animal
number 9 (Group S), both crossbreed with a predominantly Dorper phenotype,
required more than one treatment against haemonchosis over the trial,
demonstrating that these animals were more susceptible to the parasite as a
consequence of racial background (Mugambi et al, 1997; Starling et al, 2019). The
negative correlation between FEC and haematological variables showed that,
regardless of the experimental group, individual susceptibility plays an important
role in the development of haemonchosis clinical signs (Amarante et al, 2004;
Besier et al,, 2016, Albuquerque et al,, 2019, Starling et al.,, 2019).

Two animals infected with the susceptible isolate were treated with albendazole
and showed a FECR% of 90.9% and 96.9%. This observation leads to the assumption

that the laboratory isolate is in severe risk to become resistant to benzimidazoles,
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compromising its status of “susceptible isolate”, if anthelmintic treatments with this
drugs are used without criteria.

The absence of differences among groups, with regards to daily weight gain and
haematological variables, shows that, when using the laboratory isolate to replace a
resistant population, animals won’t be exposed to a more life threatening parasite
than a typical field isolate.

There was no significant difference between groups when analysing the samples
(faeces and herbage) taken from paddocks. Environmental conditions are an
extremely important factor for survival and development of free-living stages up to
L3 in the pasture (Hsu and Levine, 1977; Besier et al,, 2016). During autumn (days
140 to 210 PI) low solar radiation along with lower levels of precipitation, and mild
temperatures, provided the ideal environment for egg and larvae development
while, during spring/summer, days 28 to 126 PI, the recovery of L3 was
substantially lower, even though both groups showed its maximum FEC counts. In
winter, both the recovery of infective larvae and FEC means were close to zero. Also,
during this season, low temperatures and drought might also have been influencing
factors for the low larvae recovery, as this weather is less favourable for the
development and migration of H, contortus (Santos et al., 2012), although there are
already reports of the species' adaptation to this type of weather (Morgan et al,,
2013; Bartley et al,; 2021).

Our study demonstrates that substitution through experimental infection might
be effective. Additionally, the susceptible isolate was capable of developing new
natural infections, suggesting that is also possible to establish replacement through
donor lambs, as previously demonstrated by Van Wyk and Van Schalkwyk (1990),
Moussavou-Boussougou et al, (2006), Fiel et al, (2017), and Muchiut et al, (2019;
2022).

The replacement of the resistant population with a susceptible one associated
with approaches to keep the susceptible population in refugia in both the pasture
(Fiel et al, 2001) and in the animals (Greer et al, 2020), might perpetuates the
effectiveness of anthelmintics in the herd. However, using a susceptible isolate to
replace a resistant population, George et al. (2021) raised concerns about the ability
and fitness of their isolate to develop in the environment, as it had been adapted to

laboratory conditions through several generations. In their study the Haemonchus
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population showed a reversal of anthelmintic resistance 1.5 years after the
replacement of resistant worms by a susceptible isolate. In the present trial, the
RESISTA-Test© results obtained 160 days after infection showed that the sensitivity
of the susceptible isolate to the tested anthelmintics remained high. With RF close
to one, the laboratory isolate not only showed the expected susceptibility to the
action of anthelmintic drugs, but demonstrated that no cross contamination
occurred along the experiment, also proving that is viable to introduce a susceptible
isolate into a non-contaminated pasture and both isolates can co-exist successfully
as long as lambs graze different paddocks. However, further studies are necessary

at farm conditions in the long term to validate this approach in our environment.

5. Conclusion

Both the susceptible-laboratory isolate and the field-resistant isolate presented
similar fitness. Lambs showed similar degree of infection and the infective larvae
production was similar in vitro and in the field. Therefore, the replacement appears
to be a promising strategy for sustainable parasite control and, along with
responsible practices about the use of drugs, it can be a strategy for reversing the

problem of anthelmintic resistance in sheep flocks.
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Supplementary table 1. Faecal egg count (FEC) and haematological variables that justified

anthelminthic treatments among the experimental lambs.

DaysPI Lamb Group FEC-BT PCV (%) TPP (g/dl) Drug FEC-AT FECR%

29 9 S 47600 19 4.2 A 4350 90.9%
37 10 S 19150 13 4.8 A 600 96.9%
42 2 R 24250 18 4.2 M,A L 400 98.3%
70 1 R 7550 15 5.0 M,A L 50 99.3%
84 2 R 900 13 5.0 M,A L 50 94.4%
112 9 S 12900 19 4.6 M 0 100%
140 2 R 7450 16 6.0 MA L 1050 85.9%

Days PI=Days after infection; FEC-BT=Fecal egg count before treatment; FEC-AT= Fecal egg count after treatment;

FECR%=Fecal egg count reduction percentage 14 days post-treatment. A=Albendazole; M=Monepantel; L=Levamisole
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Supplementary figure 1. Spearman’s correlation between Faecal Egg Count means (FEC) and

Larvae Per Gram of Faeces (LPG) means of the groups infected with an Haemonchus contortus isolate

resistant (A, Group R, red) and susceptible (B, Group S, blue) to anthelmintics in each of the sampling

periods.
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Supplementary figure 2. Body weight means and standard error of the lambs infected with a
Haemonchus contortus isolate susceptible (group Susceptible) and resistant (group Resistant) to

anthelmintics. There was no significant difference between groups (P>0.05).
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CAPITULO III. Consideracées finais

A situacdo da RA no Brasil é critica e compromete severamente o crescimento da
producdo ovina, afetando a economia regional e o desenvolvimento humano. Neste cenario,
aimplementacdo de estratégias que contribuam para areversao da RA se tornam necessarias

e as pesquisas em torno ao controle parasitario sustentavel sao essenciais.

Em linhas gerais, este estudo apresentou resultados similares com as pesquisas
desenvolvidas por outros autores e trouxe, pela primeira vez, dados sobre a possibilidade de
efetuar a substituicdo de uma populagdo resistente por um isolado suscetivel em climas

subtropicais imidos.

Os resultados deste experimento sdo altamente satisfatoérios, demonstrando nao
somente que o isolado avaliado possui potencial bidtico favoravel para ser utilizado como
um substituto de H, contortus resistentes, mas também que é capaz de se comportar de forma
similar com o isolado resistente em termos de estabelecimento da infecgdo,

desenvolvimento in vivo e in vitro e capacidade de produzir sinais clinicos.

O isolado utilizado é capaz de gerar a infeccdo nos animais tanto de forma
experimental quanto em condi¢des naturais, sendo possivel fazer a substituicao tanto por
infec¢do via oral de animais worm free como por meio da contaminacao de pastagens limpas

com o uso de animais doadores infectados.
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Uma vez estabelecida a infec¢do, e com o intuito de perpetuar a eficacia dos anti-
helminticos no rebanho, recomenda-se a aplicagdo criteriosa de tratamentos seletivos
apenas em animais altamente parasitados, que apresentem anemia e outros sinais clinicos
de haemoncose, e que estes sejam imediatamente eliminados do rebanho, pois os vermes
remanescentes ap6s o tratamento podem contribuir para o rapido reaparecimento da

resisténcia anti-helmintica.

Recomenda-se também o uso de ragas mais resistentes e a sele¢do dos individuos com

melhor resposta imunolégica como reprodutores
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