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RESUMO GERAL

O cultivo da pitaia, fruta pertencente ao género Selenicereus spp., tem aumentado
ininterruptamente nos Ultimos anos, devido as suas propriedades nutracéuticas e
organolépticas. Além disso, tem se mostrado bastante rentavel para os pequenos produtores
no Brasil. Entretanto, devido a sua recente introducdo no pais, sao raros os estudos envolvendo
a ocorréncia e controle das doencas e pragas, sendo a maioria deles focando nos seus
compostos bioquimicos e bioativos. Entre as doencas que podem afetar a pitaia, as viroses se
destacam pela auséncia de métodos de controle curativos e por serem subnotificadas, pois 0s
sintomas podem ser confundidos com distdrbios nutricionais. Como a propagacao vegetativa
predomina nesta cultura e o seu cultivo envolve diversas opera¢fes manuais, a disseminagédo
dos virus é bastante favorecida, de modo que plantas com suspeita de viroses tém sido
frequentemente relatadas pelos produtores. Neste trabalho foram coletadas 212 amostras de
cladddios com sintomas suspeitos de viroses, em diferentes regides do Brasil, com a finalidade
de identificar e fazer a caracterizacdo bioldgica dos virus encontrados, bem como estudar a
sua variabilidade molecular com base na sequéncia do gene da capa proteica (CP). Além disso,
foi feito um levantamento em lavouras comerciais de cinco municipios localizados no sul de
Minas para determinar a incidéncia e o padréo espacial de plantas com suspeita de viroses,
empregando-se os modelos Run, Doublet e o indice de dispersdo. As plantas de Chenopodium
quinoa e C. Amaranticolor inoculadas mecanicamente reagiram com sintomas de lesdes
clordticas e necroticas. Entre as 212 amostras analisadas, 181 se encontravam infectadas com
uma ou mais das seguintes espécies do género Potexvirus: Cactus virus (CVX), Pitaya virus X
(PiVX), Zygocactus virus X (ZyVX) e Schlumbergera virus X (SchVX), que se encontravam em
infecgBes simples e mistas com dois a quatro virus na mesma amostra. Na andlise do gene CP,
os isolados de CVX apresentaram dois grupos distintos, sendo que um deles apresentou uma
delecdo de nove nucleotideos na regido inicial do gene CP, na posi¢do 42 a 50, na direcdo
5’—3’. No levantamento realizado, todos os pomares apresentaram altas incidéncias de
potexvirus, variando entre 80 e 100%. A maioria dos pomares apresentou um padréo agregado
nos testes Run e Doublet, enquanto que no indice de dispersdo prevaleceu o padrdo regular,
sugerindo uma disseminacdo por préaticas culturais a partir de mudas infectadas. Este foi o
primeiro trabalho envolvendo a deteccédo e identificacdo de viroses em pitaia, bem como a
incidéncia e o padréo espacial em lavouras comerciais de pitaia. Os resultados mostraram
despreparo dos produtores para a adocdo de medidas preventivas de viroses na cultura da
pitaia. Ficou também evidente que as mudas comercializadas devem ser as responsaveis pela
introducdo de virus nos pomares, ressaltando a necessidade premente de um sistema de
controle na producéo e na comercializacdo de mudas o pais.

Palavras-chave: fruta do dragéo; diagnose; epidemiologia; capa proteica; mosaico; Potexvirus.



ABSTRACT

Raising pitaya, which belongs to the genus Selenicereus spp., has increased uninterruptedly
in recent years, due to its nutraceutical and organoleptic properties. Furthermore, it has proven
to be quite profitable for small producers in Brazil. However, due to its recent introduction in
the country, studies involving the occurrence and control of diseases and pests are rare, with
most of them focusing on their biochemical and bioactive compounds. Among the diseases
that could affect pitaya, viruses stand out for the lack of curative control methods and for being
underreported, as symptoms can be confused with nutritional disorders. Vegetative
propagation and the need for several manual operations in pitaya crops have a high potential
to increase the spread of viral diseases. Therefore, plants with symptoms of viruses in orchards
is frequently reported by producers. In this work, 212 samples of cladodes with symptoms
suspected of viruses were collected in different regions of Brazil, with the purpose of
identifying and carrying out the biological characterization of the viruses found, as well as
studying their molecular variability based on the sequence of the coat protein gene (CP).
Furthermore, a survey was carried out on orchards in five municipalities located in the
southern of the states of Minas Gerais to determine the incidence and spatial pattern of virus-
infected plants, using the Run, Doublet and dispersion index models. The Chenopodium
quinoa and C. amaranticolor plants that were mechanically inoculated reacted with symptoms
of chlorotic and necrotic lesions. Among the 212 analyzed samples, 181 were infected with
one or more of the following potexvirus species: Cactus virus X (CVX); Pitaya virus X
(PiVX); Zygocactus virus X (ZyVX) and Schlumbergera virus X (SchVX). The mixed
infections were found with two to four viruses in the same sample. The analysis of the virus
CP gene showed the CVV X isolates present in two distinct groups, one of which presented a
deletion of nine nucleotides in the initial region of the CP gene, in position 42 to 50, in the
5'—3" direction. All the orchards inspected showed high incidences of potexvirus, varying
between 80 and 100%. Most orchards showed an aggregated pattern when analyzed by Run
and Doublet models, while the dispersion index prevailed with a regular pattern, suggesting a
spread through cultural practices from infected seedlings. This is the first work involving the
detection and identification, as well as the incidence and spatial pattern of viruses in
commercial orchards of pitaya. The results revealed that Brazilian pitaya producers do not
have the necessary know-how to adopt preventive measures to control viruses in pitaya
orchards. It was also evident that the commercialized seedlings must be responsible for the
introduction of viruses into orchards, which shows the urging need for a system to control the
production and commercialization of seedlings in the country.

Keywords: dragon fruit; diagnosis; epidemiology; protein coat; mosaic; Potexvirus.



INDICADORES DE IMPACTOS

A pitaia é considerada uma fruta exdtica, com uma crescente demanda de mercado devido a
procura por alimentos com propriedades nutracéuticas, refletindo as mudancas nos habitos
alimentares da populacdo brasileira e mundial. Por ser uma fruta que pode ser cultivada em
ambientes com baixa precipitacdo pluviométrica, tem sido considerada uma cultura adequada
para regides do semidrido, tornando-se uma opc¢ao rentavel para os produtores familiares que
podem ter um ganho extra em regibes com poucas alternativas de desenvolvimento
sustentavel. Entretanto, sdo escassas as informagdes sobre as doencas que podem
comprometer o cultivo da pitaia e, consequentemente, a sua lucratividade. Desde o final do
ano de 2020, tem sido detectada nos pomares de pitaia doencas de etiologia viral
desconhecidas, reduzindo o crescimento das plantas e a producdo de frutos em diferentes
regides do Brasil. O presente estudo mostrou que todos os pomares de pitaia inspecionados
apresentaram plantas com infec¢do simples e mistas, com até quatro espécies do género
Potexvirus. Estudos epidemioldgicos indicaram que havia alta incidéncia de viroses em 80%
a 100%, dos pomares, e que a disseminacao prevalente foi do tipo agregado, sugerindo uma
introducdo no pomar por mudas infectadas e disseminagdo por praticas culturais. Esses dados
geraram 0S impactos nas areas tematicas da extensdo de comunicacdo, educacdo, meio
ambiente, tecnologia e producéo, listados a seguir. a) Sociais e econdémicos: 1-disseminagao
de conhecimentos para os produtores, possibilitando a eles a oportunidade de eliminar os
prejuizos causados pelos potexvirus, pela adogdo de métodos preventivos de controle; 2-
garantia de ganhos reais aos produtores familiares que cultivam a pitaia; 3-fixacdo de
produtores em regides com clima semiérido, tornando a sua subsisténcia menos sofrida; b)
tecnoldgicos: 1-identificacdo das espécies de potexvirus que se encontram presentes em
infeccdes simples e mistas nas plantas de pitaia; 2- caracterizagdo molecular dos potexvirus,
mostrando que existem dois variantes moleculares do Cactus virus X (CVX) infectando as
plantas de pitaia; 3-esclarecimento sobre o fato de que os potexvirus s6 sdo transmitidos
mecanicamente, ou seja, ndo possuem vetor na natureza, portanto sdo eficientemente
controlaveis por medidas de controle preventivas; 4-evidéncias de que as mudas sdo as
responsaveis pela introducdo dos virus na cultura, indicando a necessidade de um controle na
producdo e comercializacdo de mudas de pitaia; c) culturais: 1-alerta aos produtores de que
ndo se trata de uma doenca que possui controle quimico, evitando gastos desnecessarios com
produtos ineficientes e contribuindo para a preservacdo do meio ambiente; 2-mudanca de
comportamento em relacdo a aquisicdo de mudas de origem desconhecida; 3- adocdo de
medidas preventivas de controle envolvendo o cuidado com as operagdes culturais e o uso de
mudas sadias. Todos esses impactos somados, contribuirdo efetivamente para a
sustentabilidade da cultura da pitaia tornando-a socialmente justa, economicamente rentavel
e ambientalmente correta.
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1. INTRODUCAO

A fruticultura é uma das principais atividades agricolas no Brasil, que é o terceiro maior
produtor mundial de frutas, perdendo apenas para a China e a india (Abrafrutas, 2023). Somente
no ano de 2021, foram exportadas 1,24 milhdes de toneladas de frutas como manga, meldo,
uva, limas e limdes, proporcionando uma receita de USS 1,21 bilhdo (Agrostat, 2022). Em
2022, o pais produziu 32 milhdes de toneladas com faturamento de R$ 97 bilhdes, sendo que a
banana, a laranja, a macd, o maméao e a melancia foram as principais frutas comercializadas
(Conab, 2022). A érea de producédo no pais chega a 2,3 milhdes de hectares, gerando mais de
4,6 milhdes de empregos (Embrapa, 2020).

Devido as suas dimensdes continentais e diferentes condi¢cdes edafoclimaticas, o Brasil
tem potencial para producdo de uma grande diversidade de frutas tropicais, subtropicais,
temperadas e de semiarido. Dentre elas, as consideradas como frutas exoéticas geralmente
apresentam variages no formato, na cor e no sabor, 0 que as tornam Unicas, excéntricas e
diferentes das demais frutas disponiveis no mercado. Nesta categoria estdo incluidas as espécies
de plantas de outras regides do mundo, as que sdo produzidas em pequenas guantidades ou
ainda as que sdo desconhecidas ou pouco conhecidas pelo consumidor. O mercado de frutas
exoticas € um nicho com grande potencial que agrega altos valores aos produtos, exigindo a
aplicacdo constante de tecnologias e inovagdes na producao.

A expansdo do mercado fruticola, em especial das frutas exoticas, esta atrelada na
mudanca de habitos da populacéo brasileira e mundial nos dltimos anos (Santos et al., 2022).
Ao buscar alternativas saudaveis e que proporcionem bem-estar, tornou-se crescente 0 consumo
de frutas frescas e seus derivados na dieta, enriquecendo-a com vitaminas, minerais e
antioxidantes, presentes em maiores proporc¢des, nestas espécies de plantas (Chang; Alasalvar;
Shahidi, 2018).

Dentre as espécies de plantas frutiferas que sdo classificadas como exoéticas, destaca-se
a pitaia (Selenicereus spp. sin. Hylocereus spp.) (Korotkova; Borsch; Arias, 2017), uma espécie
pertencente a familia Cactaceae e que possui metabolismo adaptado para ambientes com déficit
hidrico e com altas temperaturas. Com seu centro de origem nas Ameéricas, as principais
especies conhecidas mundialmente sdo Selenicereus undatus (frutos com casca vermelha e
polpa branca), Selenicereus costaricensis (frutos com casca vermelha e polpa vermelha),
Selenicereus megalanthus e Selenicereus setaceus (frutos com casca vermelha com espinhos e

polpa branca).
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A producdo comercial da cultura da pitaia iniciou-se em Vietnd, na década de 80,
atraindo novos consumidores e se expandindo para todo o mercado Asiatico e Europeu
(Mercado-Silva, 2018). Apesar da grande diversidade de espécies nativas encontradas no
Brasil, a maioria das cultivares comercializadas atualmente sdo oriundas da China e de Israel
(Faleiro et al., 2021; Santos et al., 2022). O inicio do cultivo da cultura no Brasil se deu pelo
Estado de Sao Paulo, com pomares implantados inicialmente por colecionadores da cultura, no
inicio dos anos 2000 (Nunes et al., 2015).

Devido ao fato de requerer uma menor quantidade de tratos culturais comparados a
outras frutas e ao seu alto preco de comercializacdo, a pitaia tem atraido cada vez mais
fruticultores. No ano de 2022, foram produzidos cerca de 3 milhdes de quilos da fruta no Brasil,
gerando um faturamento de R$ 44 milhGes (Conab, 2022). Esse crescimento no mercado das
frutas gera uma demanda de conhecimentos sobre 0 manejo da cultura, conhecer as doencas e
pragas que impactam na producéo e outras informagdes essenciais, de forma a extrair todo o
potencial genético da planta. Essas informacdes, que sdo imprescindiveis para o0 aumento da
qualidade e quantidade da producdo, sdo bastante escassas na literatura brasileira, devido ao
pouco tempo em que esta foi introduzida no pais.

Com o desenvolvimento da agricultura, as doencas infecciosas das plantas tornaram-se
um fator cada vez mais significativo que pode afetar diretamente o rendimento das culturas
(Nazarov et al., 2020). Dentre os fitopatdgenos, 0s virus apresentam um risco substancial para
a producao agricola, sendo responsavel pela metade das doencas emergentes entre as diferentes
espécies de plantas cultivadas, reduzindo a qualidade e a quantidade da producdo (Mehetre et
al., 2021; Takahashi et al., 2019). Atualmente, quatros espécies de virus que pertencem a
familia Alphaflexivirdae, género Potexvirus ja foram relatadas infectando espécies de pitaia do
género Selenicereus: Cactus virus X (CVX), Pitaya virus X (PiVX), Schlumbergera virus X
(SchVvX) e Zygocactus virus X (ZyVX) (Duarte et al., 2008; Evallo et al., 2021; Koenig et al.
2004; Park et al., 2018) causando reducgéo no crescimento da planta e na producéo de frutos, as
plantas infectadas podem apresentar sintomas como mosaico ou Serem assintomaticas.

Neste contexto, este trabalho teve como objetivo analisar cladddios de pitaia
provenientes dos Estados de S&o Paulo, Minas Gerais, Rio Grande do Sul, Distrito Federal e
Pard, visando a identificacdo e caracterizagdo molecular dos virus presentes. Foram tambeém
realizados um levantamento da incidéncia e determinagéo do padrdo espacial de plantas com
sintomas suspeitos de virus em pomares de cinco municipios do Sul de Minas Gerais. Os

resultados obtidos s&o aqui apresentados e discutidos.
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2. REVISAO BIBLIOGRAFICA

2.1. A familia Cactaceae

O periodo das navegacoes foi marcado pela procura de novas terras, como a descoberta
do continente Americano. Neste novo ambiente, a diversidade de animais e plantas atrairam a
atencdo dos exploradores maritimos e posteriormente de estudiosos e admiradores até os dias
atuais. Dentre as espécies de plantas que foram introduzidas nos outros continentes, temos as
cacticeas, com centro de origem nas Ameéricas. Por suas caracteristicas excéntricas e sua
diversidade de formatos e tamanhos ganharam espacos em jardins e colecdes de admiradores
em diversos paises (Novoa et al, 2015).

As cactaceas possuem caracteristicas morfologicas e fisiologicas que permitem
diferencia-las das demais espécies de angiospermas. A filogenia do grupo se define como
monofilético, com classificacdo botéanica pertencente a divisdo Magnoliophyta, classe
Magnoliopsida, ordem Caryophyllales, familia Cactaceae com quatro subfamilias: Cactoideae,
Maihuenioideae, Opuntioideae e Pereskioideae. Atualmente, sdo cerca de 130 géneros e
aproximadamente 1600 espécies que sdo encontradas em diversas condi¢gdes ambientais, desde
0 Canada até a Argentina, com uma maior diversidade de espécies no México (Chandra et al,
2019; Das et al, 2020; Goettsch et al, 2018; Guerrero et al, 2019;).

Para se adaptar em ambiente xérico, em que a indisponibilidade de agua é a principal
caracteristica, apresentam células morfologicamente adaptadas com vacuolos especializados no
armazenamento de dgua e mucilagem que proporcionam retencdo de agua, tolerancia a longos
periodos de seca e 0 aspecto suculento da maioria das espécies. O caule realiza fotossintese,
com baixa densidade estomatica e uma espessa camada de epiderme e cuticula que reduzem a
transpiracdo d’agua (Guerrero et al, 2019; Santos-Dia; Camarena-Rangel, 2019;).

A principal caracteristica desta familia é a presenca de auréolas que é composto por
tecido merismatico onde sdo formados os espinhos, flores e frutos. Os espinhos séo folhas
modificadas que proporcionam a defesa da planta contra predadores e reduzem a perda de agua,
conferindo a caracteristica de planta xerofita. As sementes possuem dorméncia evitando a
germinacdo em periodos de escassez hidrica. Fisiologicamente as cacticeas apresentam
metabolismo acido das crassulaceas (CAM) que fixam CO; durante a noite, reduzindo a perda

de agua causada pela abertura dos estdbmatos, e produzem diversos metabolitos secundarios
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como alcaloides, compostos fenolicos e terpenos para defesa da planta contra estresses bidticos
e abidticos (Chandra et al, 2019; Das et al, 2020; Ventura-Aguilar et al, 2017).

A familia Cactaceae possui uma riqueza que extrapola a diversidade ao nivel de
espécies e sua importancia etnobotanica, para 0s povos gque convivem com essas plantas,
demonstram diferentes usos e adaptacBes. Estudos historicos e sociolégicos demonstram a
utilizacdo destas plantas no tratamento a diversas doengas, na alimentagdo humana e de animais
e na decoracdo de ambientes e jardins (De Araujo et al., 2021). Nos Gltimos anos, as pesquisas
nas areas metabolicas e de genética ressaltam o potencial de diversas espécies como
biocombustiveis, como matéria prima para as industrias alimenticia, farmacéutica, estética e na
bioengenharia para insercéo de genes visando adaptacao de plantas a ambientes adversos como
seca, calor e desertificacdo (Inglese et al. 2017; Yang et al. 2015;).

As espécies com potencial para alimentacdo humana pertencem aos géneros Cereus,
Hylocereus, Selenicereus, Nopalea, Opuntia, Pereskia e Rhipsalis, estando presentes nos
habitos alimentares de pessoas residentes em diferentes regides do planeta (Mizhari, 2014;
2015; Qin et al., 2021). Dentre estas espécies, as frutas conhecidas como pitaia vém ganhando

popularidade no mercado nacional e internacional.

2.2. Pitaia, dragon fruit ou pitahaya

Com centro de origem nas florestas tropicais e subtropicais da América Central e do
Sul, a pitaia vem se destacando e ganhando a preferéncia no mercado horticola nacional e
internacional nos Gltimos anos como fruta exatica. A palavra pitaia € originaria do idioma taino,
pertencente a familia linguistica arahuaca que significa “fruta escamosa” devido a presenga de
bracteas nos frutos da planta. E conhecida por diferentes nomes, dependendo da regifo do
planeta como: pitaia, fruta-do-dragdo, pitaya, pitahaya, tuna, dragon fruit, strawberry pear,
night-blooming cereus, belle of the night, Thanh Long, vine-cacti (Luu et al., 2021; Mercado-
Silva, 2018; Miszhari, 2014, 2015; Ortiz-Fernandes; Carrillo-Salazar, 2012;).

Vinte e cinco anos atras, a pitaia era praticamente uma planta desconhecida, porém
atualmente ela é uma fruta popular no mercado global, principalmente no mercado europeu.
Cultivada em diferentes paises e continentes, na Oceania (Australia e Nova Zelandia), Asia
(Malésia, Indonésia, Filipinas, Vietnd, Camboja, Tailandia, China, Coréia, Taiwan, Japéo,
Israel e India), Europa (Espanha, Italia e Portugal), América do Norte (Estados Unidos e

México), América Central (Guatemala, EI Salvador, Nicardgua, Costa Rica e Panama) e
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América do Sul (Colémbia, Venezuela, Equador, Peru, Uruguai e Brasil) (Luu et al., 2021;
Mercado-Silva, 2018; Ortiz; Takashi, 2020; Trivellini et al., 2020), sendo o Vietnd o maior
produtor e exportador da fruta e a Unido Europeia como maior importador (Luu et al., 2021;
Mercado-Silva, 2018).

Os frutos da pitaia podem ser encontrados em quatro géneros distintos da familia
Cactaceae: Stenocereus, Cereus, Hylocereus e Selenecereus (Le Bellec; Vaillant, 2006).
Introduzida por padres franceses em 1860, foi no Vietnad que a planta melhor se adaptou, o que
os levou a iniciar o cultivo visando a producdo comercial, que se expandiu para outros paises
asiaticos. Isso sugeriu a ilusdo de que a sua origem poderia estar ligada a essas regides
(Miszhari, 2014, 2015; Ortiz-Fernandes; Carrillo-Salazar, 2012).

As principais espécies comercializadas no momento pertencem ao género Selenicereus,
destacando-se Selenicereus undatus (Haw.) D. R. Hunt sin. Hylocereus undatus (Haw.) Britton
e Rose (frutos com casca vermelha e polpa branca), Selenicereus costaricensis (F. A. C. Weber)
S. Arias e N. Korotkova ex Hammel sin. Hylocereus costaricensis Britton e Rose (frutos com
casca vermelha e polpa vermelha), Selenicereus megalanthus (K. Schum. ex Vaupel) Moran
(frutos com casca amarela com espinhos e polpa branca) e Selenicereus setaceus (Salm-Dyck
ex DC.) A. Berger ex Werderm (frutos com casca vermelha com espinhos e polpa branca)
(Faleiro et al., 2021; Korotkova et al., 2021; Korotkova, Borsch; Arias, 2017).

No Brasil, a pitaia é considerada uma fruta exotica pelo fato de ser pouco conhecida,
exuberante e comercializada com alto valor. Destaca-se das demais frutas encontradas no
mercado por atrelar as propriedades nutracéuticas, terapéuticas e funcionais que conferem
qualidades e caracteristicas Unicas ao fruto (Attar et al., 2022; Das et al., 2020). Possuem
caracteristicas organolépticas que facilmente sdo detectadas pelos sentidos humanos e pelas
analises fitoquimicas, possuindo compostos que ajudam a prevenir e tratar doencas (Hossain et
al., 2021).

O aumento do interesse pela fruta se deve ao fato de a cultura ter vislumbrado novos
nichos de mercado, atraindo produtores pelo alto valor agregado ao quilo da fruta e pela
rusticidade da planta. Isso estimulou a Embrapa Cerrado a desenvolver cultivares adaptadas as
condicBes edafocliméticas do Brasil: BRS Luz do Cerrado (frutos alongados e vermelhos de
polpa branca), BRS Lua do Cerrado (frutos redondos e vermelhos de polpa branca), BRS
Granada do Cerrado (frutos vermelhos de polpa roxa), BRS Ambar do Cerrado (frutos amarelos
de polpa branca) e BRS Minipitaia do Cerrado (frutos vermelhos com espinhos e polpa branca)

(Faleiro; Junqueira, 2022; Faleiro; Oliveira, 2021).
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Segundo o IBGE (2017), a fruta é cultivada em todas as regifes do pais, com uma
producéo de aproximadamente 1,5 ton/ano. Segundo os dados da Conab (2022), a demanda do
mercado interno tem sido crescente nos ultimos anos, tendo sido comercializados nos CEASAS
de todo o Brasil mais de 3,6 milhdes de toneladas somente no ano de 2022 (Figura 1). Os
principais estados produtores foram S&o Paulo, Rio Grande do Sul, Paran, Minas Gerais e
Goias com uma produtividade média de 10 a 40 toneladas por hectare (Santos et al., 2022).
Figura 1 - Quantidade de frutos em quilograma comercializados nos centros de abastecimentos

(Ceasas) do Brasil e dos principais estados produtores nos Gltimos seis anos.
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Fonte: Adaptado de Conab (2022).

2.3. Caracteristicas botanicas da pitaia

A pitaia é uma planta perene, terrestres ou rupicolas, de habito trepador, epifita ou
hemiepifita, capaz de frutificar por 15 a 25 anos, resistente ao estresse hidrico e adaptada as
altas temperaturas (Crane et al., 2017; Korotkova et al., 2017, 2021; Luu et al., 2021; Nunes et
al., 2014; Ortiz-Fernandes; Carrillo-Salazar, 2012). Possui sistema radicular raso e superficial,
que alcanca profundidade no solo entre 40 a 60 cm, com raizes adventicias aereas para auxiliar
na fixacdo do caule em superficies verticais e também para obter de nutrientes (Mizrahi, 2014).

O caule é suculento e classificado morfologicamente como cladédio, com formato
triangular, podendo apresentar de trés a cinco costelas, com margens que variam entre concava,

plana ou convexa (Faleiro et al. 2021). A cor do cladodio pode variar entre as espécies, desde
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a cor verde até a presenca da coloragdo avermelhada, caracteristica presente em cladddios
jovens. Com a maturidade da planta, o cladddio velho apresenta a coloracdo acinzentada
(Faleiro et al. 2021). A textura da superficie do cladodio pode ser lisa, média ou rugosa. Nas
costelas sdo encontradas as auréolas, pontos onde estdo localizadas as gemas axilares,
protegidas por pequenos espinhos. A cor da auréola, o nimero dos espinhos, o tamanho dos
espinhos e a distancia entre as auréolas também pode variar com a espécie (Faleiro et al. 2021,
Rezende et al. 2017; Silva, 2014).

As flores sdo hermafroditas e aromaticas, produzidas a partir da diferenciacdo celular
nas auréolas e os botbes florais podem apresentar diferentes formatos e cores (Faleiro et al.
2021). Possuem formato de sino, com tamanho grande, medindo cerca de 20 a 30 cm de largura,
com pétalas de coloracdo que varia entre branca, creme, amarela e verde amarelada e sépalas
que variam entre branca, verde e vermelha. Apresentam o estigma mais elevado que as anteras,
impedindo a autopolinizacdo. Algumas espécies e cultivares de pitaia sdo auto incompativeis,
ou seja, se forem fertilizadas como o seu proprio polen sdo incapazes de formar sementes (Li
et al., 2022). Com antese noturna e Unica, a flor abre entre as 19 h e 21 h e permanece aberta
por cerca de 9 a 14 h seguidas, fechando-se entre as 7 h e 9 h da manha. Caracterizam-se,
também por serem solitérias, ou seja, com formacdo de somente uma flor por extremidade de
cladddio (Faleiro et al., 2021; Rezende et al., 2017; Santos et al., 2022; Silva, 2014).

O fruto é formado a partir do desenvolvimento do ovario que serd a polpa e a casca do
receptaculo que o circunda, sendo do tipo baga e com tamanho variando de globoso a
subgloboso. A coloracgdo varia de tons vermelho ao rosa ou amarelas, cobertos por bracteas
(escamas) com ou sem presenca de espinhos. A cor da polpa varia de translucida, branca, cinza-
claro, tons do rosa ao vermelho e arroxeada, dependendo da espécie. As sementes apresentam
coloracdo pretas, obovadas, de 2-3 mm de largura, em grande quantidade e com elevada
capacidade de germinacao (Faleiro et al., 2021; Rezende et al., 2017; Silva, 2014). Na figura

2, sdo apresentadas algumas caracteristicas que foram descritas no texto.
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Figura 2 - Principais caracteristicas botanicas da planta, da flor e dos frutos de Selenicereus
spp.

Legenda: A: Muda recém-implantada no pomar; B: Planta em crescimento vegetativo; C: Raizes
adventicias; D: Auréolas com espinhos; E: Inicio da formagdo do botéo floral nas auréolas; F: Botdo
floral; G: Flor aberta; H: Flores fechadas apos polinizacéo; I: Frutos em diferentes estadios
fenologicos; J, K: Fruto maduro; L: Sementes apds remocdo da polpa do fruto com presenca de
mucilagem; M: Sementes sem mucilagem. Fonte: Autor (2023).
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2.4 Colheita e Pés-colheita dos frutos

Os frutos da pitaia séo classificados como ndo climatéricos, portanto, uma definicdo do
momento ideal para colheita dos frutos interfere na qualidade e no sabor final do produto para
o consumidor (Ortiz; Takashi, 2020). De maneira prética, a colheita pode ser embasada pela
coloragéo da casca do fruto que ao maturar modifica-se para as cores vermelho-rosa ou amarelo
a depender da cultivar implantada no pomar. De forma empirica, induz a colheita de frutos com
baixo teor de solidos soluveis (Mercado-Silva, 2018; Ortiz; Takashi, 2020). A segunda maneira
é a contagem de dias ap0s a antese (DAA), que deve ser entre 25 a 32 DAA (Figura 5), quando
os frutos se encontram com maturacao e sabor agradavel ao paladar do consumidor e com tempo
de prateleira de sete dias (Lone et al., 2020; Mercado-Silva, 2018; Ortiz; Takashi, 2020).

Para remocdo do fruto na planta, recomenda-se o corte no inicio do cladddio que
produziu o fruto e cuidados no manuseio do fruto, para evitar quedas e possiveis ferimentos que
resultaram em danos por patdgenos de pos-colheita ou na liberagdo de gas etileno que acelera
a degradacdo do fruto (Castro et al., 2017; Rezende et al., 2017). Ao armazenar a temperatura
ambiente, em torno de 25°C a 30°C, o fruto permanece integro por 6 a 8 dias (Santos et al,
2022). Diminuindo a temperaturas para 8°C a 10°C, com umidade relativa de 90% o tempo de
armazenamento se prolonga para 30 dias, mas a exposicdo a esta temperatura resulta no
murchamento das brécteas no fruto, prejudicando a sua comercializagdo (Mizhari, 2014; Ortiz;
Takashi, 2020). Para resolver este problema, Ba et al. (2022) investigaram o efeito da
melatonina no retardamento da senescéncia e obtiveram resultados preliminares promissores.
Porém maiores estudos necessitam ser desenvolvidos para delinear um protocolo que possa ser

realizado na rotina dos produtores.

2.5 Usos e Aplicacbes da Pitaia nas Industrias Alimenticias e Farmacéutica

Nos ultimos anos trabalhos de reviséo de literatura ressaltam a qualidade e os altos niveis
de compostos fitoquimicos bioativos presentes na pitaia, que sdo benéficos a salde e com
grande potencial para as indudstrias de alimentacdo, farmacéutica e estética (Cheok et al., 2020;
De Aragjo et al., 2021; Huang et al., 2021; Jimenes-Garcia et al., 2022).

As frutas in natura séo nutritivas, ricas em acidos organicos (como ascorbico, citrico,
isocitrico e malico), carboidratos, aminoacidos (prolina), alguns pigmentos naturais (incluindo

betacianina e compostos fendlicos), minerais (principalmente potassio e magnésio) e com alto
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teor de &cidos graxos saturados (&cidos miristico, palmitico e estearico) e insaturados (acidos
oléico, linoléico e linolénico) (De Araujo et al., 2021). Segundo Choek et al. (2020) o consumo
diario da fruta promoveu um aumento nos niveis do colesterol HDL, uma diminui¢do nos niveis
de glicose, de colesterol LDL e de triglicerideos no sangue, além de reducéo na pressao arterial
sistolica e na diastdlica.

Além da polpa da fruta, os mesmos nutrientes podem ser encontrados na casca da fruta
e nos cladddios (Jimenez-Garcia et al., 2022). Diferentes trabalhos sdo encontrados na literatura
com a finalidade de reaproveitamento dos residuos da pitaia para substituir ou incrementar os
alimentos processados. A polpa da fruta pode ser utilizada como corante natural, com
caracteristicas adequadas para aplicacdo em iogurtes e vinhos (Huang et al., 2021) e outras
matrizes, como balas e refrigerantes (Utpott et al., 2020a). A farinha da casca da fruta poder ser
usada para substituir ou complementar a farinha de trigo em pées e bolos (Utpott et al., 2018).

Outras possibilidades de uso da pitaia séo: na fabricacdo de sorvete reduzindo o teor de
gordura e como substituto do corante sintético E-162 (Gengatharan; Dykes; Choo, 2021; Utpott
et al., 2020b); como fonte de pectinas e como agente dispersante, emulsificante e gelificante
em produtos como geleias, bebidas e laticinios (Zaid et al. 2019) e na fabricacdo de biofilmes
(Qin et al., 2020). Finalmente, as propriedades antioxidantes e das betacianas sdo aproveitadas
em produtos na industria de cosméticos, como em cremes para O rosto € 0 COrpo
antienvelhecimento, prolongacdo da hidratacdo da pele e em batons como pigmento natural (De
Aradujo et al., 2021). Sua riqueza em vitamina B3 faz com que a pitaia seja um bom principio
ativo para pomadas utilizadas em peles queimadas pelo sol (Verma et al., 2017). A presenca de
acido linoleico e linolénico ajudam no balanco do metabolismo epitelial, controlando o fluxo
de éleos e nutrindo o colageno que estrutura a pele (Kamairudin et al., 2014).
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2.6 Doencas

Nos ultimos anos o numero de patdgenos relatados afetando o rendimento da cultura da
pitaia aumentaram. Nos anos 2000, periodo que iniciou o cultivo de pomares comerciais pelo
mundo, 14 patogenos foram relatados por Valencia-Botin et al. (2013). Em uma nova revisao
realizada por Balendres e Bengoa (2019) este nimero aumentou para 25 espécies patogénicas
encontradas na cultura. Atualmente j& foram relatados 49 patégenos ao redor do mundo onde a
pitaia é cultivada, causando doencas em diferentes tecidos da planta e gerando perdas na
produtividade e rentabilidade da cultura (Figura 3).

O maior numero de patégenos que causam doencgas em pitaia é de etiologia fungica,
sendo que 37 espécies em 17 géneros foram detectadas gerando perdas na producdo. Quatro
espécies de virus pertencentes ao género Potexvirus, que podem ocorrer em infeccdes simples
ou mistas, tém sido detectadas praticamente em todas as lavouras, agravadas pelo método de
propagacao vegetativa da pitaia. As doencas de etiologia bacteriana que ja foram relatadas tém
sido causadas por cinco espécies distribuidas em quatro géneros de fitobactérias. Por fim, os
nematoides comecaram a ser relatados nos Gltimos anos, principalmente no Brasil causando
galhas nas raizes. Na tabela 1 estdo discriminados os patdgenos ja descritos na literatura como

causadores de doengas em pitaia.

Figura 3 - Principais sintomas relatados em pitaia causados por diferentes fitopatdgenos.

Fonte: Autor (2023).
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Tabela 1 - Descricdo das doengas relatadas ocorrendo em pitaia em diferentes regides produtoras no mundo, os tecidos que séo afetados e as
especies de Selenicereus spp. (continua...)

Doenca Espécie Tecido afetado Selenicereus sp. Local Referéncia
S. undatus, S.
Colletotrichum spp. F polyrhizus e S. Taiwan Linetal., 2017
costaricensis
Indonésia Masnilah et al., 2018
C Selenicereus sp. Brasil Almeida, 2018
Sul da Florida, EUA Hong et al., 2020
C S. undatus Florida Palmateer et al., 2007
. . C S. undatus Brasil Takahashi et al., 2008
Colletotrichum gloeosporioides .
. L Masyahit et al., 2009; Mohd et al.,
C+F Selenicereus sp. Malasia
2015
C S. undatus China Ma et al., 2014
S, undatus Tailandia Meetum et al., 2015; Athipunyakom
etal., 2015
Antracnose C+F S. undatus Tailandia Meetum et al., 2015
Colletotrichum siamense C S. polyrhizus S:hina Zhao et al., 2018
C S. undatus India Abirammi et al., 2019
C+F S. undatus Brasil Moura, 2020
F S. undatus China Guo etal., 2014
C . polyrhizus Malasia :jka;gf; Vijaya et al., 2015; Mohd et
Colletotrichum truncatum A Meetum et al., 2015; Athipunyakom
C+F S. undatus Tailandia
etal., 2015
C+F Selenicereus sp. india Salunkhe et al., 2023a
Colletotrichum karstii C+F S. undatus Brasil Nascimento et al., 2019
Colletotrichum fructicola C S. undatus Filipinas Evallo et al., 2021b
Colletotrichum aenigma C+F S. undatus Tailandia Meetum et al., 2015
Colletotrichum tropicale F S. costaricensis México Nufiez-Garcia et al., 2023

Legenda: F: fruto, C: cladddio. Fonte: Autor (2023).
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Doenca Espécie Tecido afetado Selenicereus sp. Local Referéncia
C S. undatus China Lan et al., 2012
FL+F S. undatus Israel Ezraetal., 2013
c . undatus  S. Taiwan Chuang et al., 2012; Yi et al., 2015
polyrhizus
C S. undatus Tailandia Athipunyakom et al., 2015
C . polyrhizus Malasia Masratul Hawa et al., 2013a; Mohd
- - etal., 2015
Neoscytalidium dimidiatum .
C+F Selenicereus s Florida, EUA Sananuja etal., 2016; Hong et al.,
Cancro da haste e P- ' 2020
do fruto, Podridao C S. costaricensis Costa Rica Retana-Sanchez et al., 2019a
negra interna C Selenicereus sp. Porto Rico Serrato-Diaz e Goenaga, 2021
C S undzfltus es. india Salunkhe et al., 2023b
polyrhizus
C+F S. megalantus Equador Espinoza-Lozano et al., 2023
Botryosphaerla_dotmdea C S. undatus Brasil Andrade et al., 2019
(anamorfa: Fusicoccum)
- . C+F S. polyrhizus Bangladesh Briste et al., 2019
Lasiodiplodia theobromae —
P C S. monocanthus Filipinas Evallo et al., 2022a
Lasiodiplodia pseudotheobromae C Selenicereus sp. Brasil de Mello et al., 2022
FL+F S. undatus Florida, EUA Tarnowski et al., 2010
C+F S. undatus Israel Ben-Ze’ev et al., 2011
F S. undatus Vietnd He et al., 2012
Binolari . . _ )
Podriddes ipolaris cactivora FL+F S, undatus Tailandia Athipunyakom et al., 2015; Oeurn et
al., 2015
FL S. costaricensis China Qiuetal., 2021
C+F S. undatus Brasil Pierangeli, 2019; Moura, 2020
Mucor irregulares FL S. undatus China Lietal., 2023

Legenda: C: cladddio, FL: flores e F: fruto. Fonte: Autor (2023).
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Doenca Espécie Tecido afetado Selenicereus sp. Local Referéncia
Podriddo do coloe  Rhizopus sp. C+F S. undatus e S. Brasil Maia et al., 2019; Lone et al., 2020
em frutos megalanthus
S. undatus Argentina Wright et al., 2007
S. megalanthus Colombia Salazar-Gonzalez et al., 2016
Podrid&o basal Fusarium oxysporum C S. polyrhizus Maléasia Mohd Hafifi et al., 2019
S. polyrhizus Bangladesh Mahmud et al., 2021
S. undatus Brasil Pierangeli, 2019; Moura, 2020
Fusarium oxysporum e F. F S. undatus China Zhi-Jing et al., 2011
- dimerum S. costaricensis China Guo et al., 2012
Podriddo mole dos -
frutos S. ocamponis, S.
Gilbertella persicaria F undatus e S. México Carrillo-Fasio et al., 2022
costaricensis
Fusarium proliferatum C S. polyrhizus Malasia Masratul Hawa et al., 2013b; Mohd
etal., 2015
Fusarium solani C S. undzfltus es. Indonésia Sholinah et al., 2019; Rita et al.,
Podriddo da haste polyrhizus 2013
Fusarium fujikuroi C S. polyrhizus Malasia Masratul Hawa et al., 2017
Fusarium verticillioides C S. undatus Brasil Pierangeli, 2019
Neocosmospora rubicola C S. costaricensis China Zheng et al., 2018b
Fumagina Cladosporium tenuissimum C+F S. costaricensis China Xu et al., 2019
Mancha de Alternaria sp. C S. undatus Florida, EUA :Stze(: e Zhang, 2017; Hong etal.,
Alternaria Alternaria alternata e A.gossypina C+F S. undatus Brasil Moura, 2020
Mofo cinzento Sclerotium rolfsii C S. undatus China Zheng et al., 2018a
Mancha Epicoccum sorghinum C S. undatus e S. Filipinas Taguiam et al., 2020
monacanthus

Legenda: F: fruto, C: cladddio. Fonte: Autor (2023).
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Doenca Espécie Tecido afetado Selenicereus sp. Local Referéncia
Diaporthe ueckerae C S undz?ltus es. Taiwan Wang et al., 2022
polyrhizus
_— Diaporthe phaseolorum C S. undatus Bangladesh Karim et al., 2019
Podriddo e mancha - -
cinza Diaporthe arecae, D. eugeniae,
D. hongkongensis, D. C S. polyrhizus Malésia Huda-Shakirah et al., 2021
phaseolorum e D.
tectonendophytica
Podridéo pés-colheita  Alternaria alternata F S. undatus Brasil ggigo etal,, 2017; Pierangell,
Aureobasidium spp. C+F S. undatu Brasil Almeida, 2018
Lesde . . . .
S08s Aureobasidium pullulans C+F S undr?\tus es China Wu et al., 2017
polyrhizus
Lesdo escura Nigrospora sphaerica C+F S. undatus China Liuetal., 2016
Nigr ra lacticolonia e N. . , .
'9 OSPO a facticolonia € C S. polyrhizus Malasia Kee et al., 2019
sphaerica
L esies Curvalaria spp. C S. undatus Brasil Almeida, 2018
Curvularia lunata C S. polyrhizus Malasia Masratul Hawa et al., 2009
C S. undatus Taiwan Liou et al., 2001
C S. polyrhizus China Peng et al., 2016
C S. undatus Coreia do Sul Kim et al., 2016
Cactus virus X C S. undatus Florida, EUA Gazis et al, 2018
Mosaico/Mosqueado C+F Selenicereus s Malasia Masanto et al., 2018
C P- india Parameswari et al., 2022
C S. monacanthus Filipinas Evallo et al., 2022b
Z irus X .
ygocactus virus X & C S. undatus Brasil Duarte et al., 2008

Schlumbergera virus X

Legenda: F: fruto, C: cladédio. Fonte: Autor (2023).
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javanica

Doenca Espécie Tecido afetado Selenicereus sp. Local Referéncia
Zygocactus virus X C Selenicereus sp. india Parameswari et al., 2023
S. undatus, S.
Schlumbergera virus X C hybrld_um, S Espanha Janssen et al., 2022
. costaricensis e S.
Mosaico/Mosqueado .
purpusii
P_ltaya virus X e Zygocactus C S. undatus Coreia do Sul Bae; Park, 2022
virus X
Pitaya virus X e Cactus virus X C S. undatus Coreia do Sul Kim et al., 2023
S. polyrhizus, S.
undatus e S. Malasia Masyabhit et al., 2009
Enterobacter cloacae C
megalanthus
- S. undatus Peru Soto et al., 2019
Podriddo mole - - - -
bacteriana Enterobacter hormaechei C S. costaricensis Costa Rica Retana-Sanchez et al., 2019b
Paenibacillus polymyxa C S. undulates China Zhang et al., 2017
Pectobacterium carotovorum C Selenicereus sp. Indonésia Masnilah et al., 2018
P i . .
se_udomonas Syringae pv C S. undatus China Wang, 2022
syringae
. S. undatus e S. .
“Stunt Nematode”  Tylenchorhynchus agri R+C+F . China Zhang et al., 2018
polyrhizus
Meloidoavne iavanica R S. megalanthus Israel Mizhari, 2015
Meloidogynejinc() nita R+C S. megalanthus Brasil Nascimento et al., 2020
Galhas 9y g S. undatus Souza et al., 2022
Meloidogyne enterolobii e M. R+C Selenicereus sp. China Long et al., 2022

Legenda: F: fruto, C: cladddio e R: raiz. Fonte: Autor (2023).
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2.6.1 Doencas causadas por fungos

Desde a ultima revisédo de literatura realizada por Balendres e Bengoa (2019), dezesseis
novos patogenos fungicos foram relatados causando doengas em pitaia no mundo. A antracnose
continua sendo a doenca mais frequente, causando danos em cladddios e frutos de S. undatus,
S. polyrhizus e S. costaricensis. Foram relatadas as espécies Colletotrichum aenigma, C.
gloeosporioides, C. karstii, C. siamense e C. truncatum com perdas entre 5 a 50% na producéo
(Guo et al., 2014; Iskandar Vijaya et al., 2014; Lin et al., 2017; Masnilah et al., 2018; Masyabhit
etal., 2009; Meetum et al., 2015; Nascimento et al., 2019; Yang et al., 2014; Zhao et al., 2018).
A India relatou recentemente a presenca de C. siamense e C. truncatum reduzindo a producéo
com incidéncia de 30% nos pomares (Abirammi et al., 2019; Salunkhe et al., 2023a;). Nas
Filipinas foi relatado pela primeira vez C. fructicola (Evallo et al., 2021b). No Brasil, a
antracnose foi relatada em pomares nos estados de Sdo Paulo, Ceard, Rio Grande do Sul e Minas
Gerais (Almeida, 2018; Moura, 2020; Nascimento et al., 2019; Takahashi et al., 2008). Os
sintomas séo caracterizados por lesbes necréticas de coloragdo marrom, que com 0 progresso
da doenca adquirem um halo amarelado causando podriddo nos cladddios e frutos. Em alguns
casos foi possivel visualizar acérvulos negros no centro das lesdes (Figura 4).

Apesar de a antracnose ser a doenga mais relatada na literatura, a doenga do cancro no
cladédio vem aumentando nos pomares comerciais, causando grandes danos, com incidéncia
de 40 a 80% em paises como Porto Rico, india e Sul da Florida (Hong et al., 2020; Salunkhe et
al., 2023b; Serrato-Diaz; Goenaga, 2021). O principal patdégeno relatado em diferentes paises
causando a doenca é o fungo Neoscytalidium dimidiatu (Chuang et al., 2012; Masratul Hawa
et al., 2013a; Sanahuja et al., 2016; Yi et al., 2015). Em 2019, os fungos Lasiodiplodia
theobromae e Botryosphaeria dothidea, foram relatados causando os mesmos sintomas em
Bangladesh e no Brasil, respectivamente (Andrade, 2019; Briste et al., 2019). O cancro em
cladddios apresenta como sintomas iniciais pequenas machas cloréticas e deprimidas. Com o
avanco da doenca as machas mudam para uma coloragéo escura de formato circular e elevagédo
no local da lesdo, tornando-se posteriormente necroticas, levando ao amarelecimento e podridao
dos cladadios e frutos (Figura 4). Outro sintoma de podrid&o interna, com coloragdo escura em
cladodios, flores e frutos, foi diagnosticado como sendo causados por N. dimidiatu na Malasia
e em Israel (Ezra et al., 2013; Mohd et al., 2015).

As podriddes causadas por Fusarium spp. s&o o terceiro grupo de doencas mais relatadas
em pitaia (Figura 4). As espécies F. oxysporum, F. proliferatum, F. solani, F. fujikuroi e F.

verticillioides causam podriddo em cladddios de S. undatus, S. polirhisuz e S. megalantus
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(Mahmud et al., 2020; Masratul Hawa et al., 2017, 2013; Mohd et al., 2015; Mohd Hafifi et
al., 2019; Moura, 2020; Pierangeli, 2019; Salazar-Gonzélez et al., 2016; Wright et al., 2007).
As espécies F. oxysporum e F. dimerum foram relatadas causando podriddo em flores e frutos
(Zhi-Jing et al., 2011). Outras espécies foram relatadas causando os mesmos sintomas como
Gilbertella persicaria no México e na China (Carrillo-Fasio et al., 2022; Guo et al., 2012) e
Neocosmospora rubicola em cladodios de S. costaricensis na China (Zheng et al., 2018b).
Alguns paises como Israel, Vietnd, Tailandia, China, Brasil e EUA (na Florida) relataram a
presenca de Bipolaris cactivora causando podriddo em cladddios e frutos de Selenicereus spp.
(Athipunyakom et al., 2015; Ben-ze’ev et al., 2011; He et al., 2012; Moura, 2020; Oeurn et al.,
2015; Pierangeli, 2019; Qiu et al., 2021; Tarnowski et al., 2010).

Recentemente, espécies do género Diaporthe spp. foram relatadas na Malasia causando
lesGes cloroticas de coloracdo cinza com crescimento irregular em cladodios de S. polyrhizus
(Huda-Shakirah et al., 2021) e em Taiwan causando podriddo nos cladodios de S. undatus, S.
polyrhizus e S. costaricensis (Lin et al., 2017). A fumagina foi relatada na China, sendo que o
fungo Cladosporium tenuissimum cresceu sobre os cladddios e frutos S. costaricensis (Xu et
al., 2019). No Brasil, a espécie Alternaria alternata foi relatada como patdgeno de podriddo na
pos-colheita de frutos (Castro et al., 2017; Pierangeli, 2019). Ainda, o género Alternaria spp.
foi relatado causando lesGes em cladddios e frutos no Sul da Florida, EUA e no Brasil (Hong
et al., 2020; Moura, 2020; Patel; Zhang, 2017). Diversas espécies fangicas foram encontradas
causando lesbes e manchas nos cladddios de S. undatus e S. polyrhizus na China, Malésia e
Filipinas (Almeida, 2018; Liu et al., 2016; Kee et al., 2019; Masratul Hawa et al., 2009;
Taguiam et al., 2020; Wu et al., 2017). No Brasil, o género Rhizopus spp. causam podrides no
colo dos cladddios e em frutos de S. undatus e S. megalantus (Lone et al., 2020; Maia et al.,
2019).
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; N e T Tk 4
Legenda: A-B: Antracnose; C: Podriddes por Fusarium sp.; D: Cancro em cladddios; E: Lesdes por
Diaporthe spp.; F: Lesbes de Curvalaria spp., G: Lesdes por Aurecbasidium spp.

Fonte: Autor (2023).

T L

2.6.3. Doengas causadas por Virus

Atualmente, quatros espécies de virus que pertencem a familia Alphaflexivirdae, género
Potexvirus ja foram detectadas infectando espécies de pitaia do género Selenicereus (Tabela 1).

As espécies deste género possuem como caracteristica particulas filamentosas e flexuosas, com



32

tamanho de 470-580 nm e didmetro de 13 nm, contendo como acido nucleico o RNA de fita
simples senso positivo (sSRNA+) com 5,9 a 7 kb. Seu genoma codifica cinco proteinas: ORF1
estd associada a replicacdo; as ORF2, ORF3 e ORF4 ou chamada de triple gene block (TGB)
que estdo envolvidas na movimentacdo célula a célula e a proteina da capa (Kreuze et al., 2020).

A primeira espécie identificada foi o Cactus virus X (CVX) infectando cladddios de S.
undatus em Taiwan. Atualmente é a espécie mais comum que infecta cactaceas no mundo
(Evallo et al., 2021a). O CVX foi encontrado com uma incidéncia de 44% em pomares da China
(Peng et al., 2016) e de 90% em pomares da Florida, EUA e na Malasia (Gazis et al., 2018;
Masanto et al., 2018). Em 2008, Duarte et al. relatou a presenca de duas espécies em S. undatus,
0 Zygocactus virus X (ZyVX) e Schlumbergera virus X (SchVX) em infeccdo mista no Brasil.
Recentemente, ZyVX foi relatado em pomares da india (Parameswari et al., 2023) e SchVX na
Espanha (Janssen et al., 2022). Em 2011, Mao et al. identificou uma nova espécie nos pomares
de pitaia em Taiwan nomeando como Pitaya virus X (PiVX). Uma infeccdo mista entre as
espécies PiVX e ZyVX foi relatada recentemente nos pomares comerciais da Korea (Bae; Park,
2022).

Geralmente as infec¢bes por virus em cactaceas ocorrem de maneira assintomatica,
dificultando sua diagnose através dos sintomas. Quando apresentam sintomas (Figura 6),
podem-se visualizar manchas sistémicas variando de leves a fortes, na forma de mosaico e
mosqueado nos cladddios e nos frutos, além disso, a planta reduz seu crescimento vegetativo e
diminui a producdo dos frutos. Outros sintomas como enrolamento dos cladodios, lesdes
necroticas e cloroticas, anéis e halos cloréticos irregulares e manchas ou pontos de coloracao
marrom-avermelhadas podem também ser visualizados nas plantas infectadas com potexvirus
como nos frutos (Bae; Park, 2022; Evallo et al., 2021a; Masanto et al., 2018; Peng et al., 2016).
Os potexvirus ndo possuem vetores na natureza, de modo que a sua disseminacao se da por
contato mecanico e por propagacdo de cladodios coletados a partir de plantas infectadas, bem

como pelas ferramentas utilizadas para as podas de conducao.



33

Figura 6 - Principais sintomas de virus em cladddios e no fruto de pitaia.

Mo

Legenda: A: mosaico, B: mosqueado; C: manchas de coloragdo marrons, D: anéis cloroticos, E:
manchas nos frutos e F: enrolamento nos cladoédios.
Fonte: Autor (2023).

2.6.2. Doengas causadas por Bactérias

A podridao mole bacteriana foi a Unica doenca causada por bactéria ja detectada em
pitaia no mundo (Tabela 1). Inicialmente, os primeiros relatos da doenga foram atribuidos a
espécie Enterobacter cloacae causando podriddao em cladddio de S. undatos, S. polirhizus e S.
megalantus na Malasia (Masyahit et al., 2009) e S. undatos no Peru (Soto et al., 2019).
Atualmente, sintomas semelhantes foram detectados em algumas regifes produtoras da fruta,
porém a doenca foi causada por diferentes espécies de bactérias como E. hormaechei na Costa
Rica (Ratana-Sanchez et al., 2019b), Pectobacterium carotovorum na Indonésia (Masnilah et
al., 2018). As espécies Pseudomonas syringae pv. Syringae e Paenibacillus polymyxa foram
detectadas na China, causando sintomas iniciais de lesGes nos cladddios seguidas por podriddo
dos tecidos, com incidéncia de 40% e 100% nos pomares, respectivamente (Wang, 2022; Zhang
etal., 2017). No Brasil, sintomas semelhantes foram relatados em pomares comerciais por Lone
etal. (2020) e por Santos et al. (2022), porém o0s agentes causais nao foram identificados (Figura
5).
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d

Fonte: Autor (2023).

2.6.4. Doencas Causadas por Nematoides

O primeiro relato de nematdides infectando pitaia ocorreu na China, onde foi detectada
a espécie Tylenchorhynchus agri, um ectoparasita migratorio de estomatoestilete relativamente
curto. A presenca do patdgeno inibiu o crescimento das plantas e resultou na queda dos frutos
(Zhang et al., 2018). Recentemente, as espécies de Meloidogyne javanica e M. incognita foram
detectadas em pomares de S. megalantus e S. undatus no estado de S&o Paulo (De Souza et al.,
2022; Nascimento et al., 2020) e as espécies M. enterolobii e M. javanica foram registradas na
China (Long et al., 2022). As espécies de Meloidogyne sdo endoparasitas sedentarios, que se
fixam nas raizes das plantas e formam as galhas, que afetam o crescimento da planta resultando

em nanismo e amarelecimento dos cladédios.
2.6.5 Métodos de controle de doencas

Como a cultura da pitaia em regime comercial é relativamente recente, ndo existem na
literatura muitos estudos com recomendagdes de métodos para o controle das pragas e
patdgenos que ocorrem na cultura. Entretanto, pelo tipo de cultivo, que usa basicamente
fragmentos dos cladddios, em um método de propagacao vegetativa, as doencas podem ser
propagadas a partir da planta mée, caso esteja infectada. Portanto, alguns métodos de controle

podem ser recomendados.
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Para evitar a ocorréncia e disseminacdo de doencas, 0s métodos de controle devem
adotar medidas preventivas, entre as quais a aquisicdo do material vegetal com sanidade
aprovada é a mais importante. Outra medida que se aplica a fungos e bactérias é a remocao de
tecidos infectados (poda de limpeza) da planta e do pomar, a remocéo de residuos florais e de
frutos, a limpeza e desinfecgédo dos equipamentos utilizados no processo de condugéo do pomar
com alcool 70%, hipoclorito de sddio, iodo, 40% cloreto de benzalconio, detergentes, dentre
outros (Lone et al., 2020; Queiroga et al., 2021; Riafio et al., 2013; Santos et al., 2022). Apds
a remocao dos tecidos afetados, recomenda-se a aplicacdo de calda bordalesa na regido de corte
da poda e a aplicacdo de caldas a base de extratos vegetais de Azadirachta indica que possuli
propriedades fungicida, bactericida e nematicida que podem ser aplicados como uma alternativa
na tentativa de controlar ou reduzir as doencas no campo (Queiroga et al., 2021). Nos paises
em que o0s agroquimicos sao liberados, recomendam-se a aplicacdo de fungicidas a base dos
Ditiocarbamatos, Benzimidazois e Imidazoéis (Riafio et al., 2013). Estudos in vitro obtiveram
resultados promissores no uso da bactéria Bacillus amyloliquefaciens, Bacillus vezenensis e
Bacillus atrophaeus como uma opcao de controle bioldgico ao fungo N. dimidiatum (An et al.,
2020) e para A. alternata (Trung et al., 2021).

No caso de viroses, como 0s virus ndo possuem controle curativo e se espalham
sistemicamente pela planta, os métodos de controle preventivos sdo de extrema importancia
para a cultura. Como 0s potexvirus ndo possuem vetores, as medidas de controle devem ser
direcionadas a trés alvos principais: o primeiro € a utilizacdo de material comprovadamente
livre de virus, ou seja, mudas certificadas, para o estabelecimento da cultura; o segundo € a
eliminacdo de fontes de indculo nas redondezas, evitando estabelecer pomares novos nas
imediacOes de plantacdes mais velhas; o terceiro consiste no cuidado com as operagdes
culturais, como podas de conducéo e colheita. As ferramentas utilizadas para poda de conducéo
e para a colheita dos frutos devem ser desinfectadas e limpas entre uma planta e outra, para
evitar possiveis transmissdes de plantas infectadas para plantas sadias (Kreuze et al., 2020).

Fazendo-se a propagacao de material sadio e a eliminagéo da fonte de indculo, aliada ao
cuidado com as ferramentas, a cultura tém uma grande chance de evitar perdas pela ocorréncia

de doencgas nos campos de producdo.
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ABSTRACT

The cultivation of pitaya has been recently established in several regions of the world, so there
is a lack of information on its management, especially regarding the control of diseases and
pests. In places where pitaya is grown around the world, symptoms such as mosaic and mottling
caused by simple or mixed viral infections have been reported. In Brazil, similar symptoms
have also been observed, but the etiology of the disease has often not been investigated. This
study aimed to detect and identify the virus species that infect pitaya in Brazil by RT-PCR and
molecular analysis of the coat protein gene (CP) of the viruses. A total of 212 samples of
cladodes with suspected symptoms of viral disease were collected from different production
regions of Brazil and analyzed. Four species of Potexvirus were detected, Cactus virus X
(CVX), Pitaya virus X (PiVX), Zygocactus virus X (ZyVX) and Schlumbergera virus X
(Sch\vX), which appeared in single infections (35%) and mixed infections (65%). In the cases
of mixed infection, two and/or three species of potexvirus were identified in the same plant.
The CV X isolates were divided into two groups due to the deletion of 9 nucleotides at position
41 (5' — 3'") of the CP gene in one of them. This is the first study conducted on the viruses that
infect pitaya in Brazil, showing the need to develop control measures that ensure productivity
and profitability of pitaya crops in the country.

KEYWORDS: Selenicereus spp., Hylocereus spp., potexvirus, dragon fruit.
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1. INTRODUCTION

Dragon fruit (pitaya), an exotic fruit of the genus Selenicereus spp. syn. Hylocereus spp.
(Korotkova et al., 2017), has unique characteristics ranging from its shape, color and flavor to
its exceptional nutraceutical properties. These attributes, together with the financial return of
the crop, have won over Brazilian consumers and fruit growers in recent years. In 2022 alone,
Brazil produced approximately 3 million kilograms of the fruit, with a domestic market that
generated sales of more than 44 million reais (Conab, 2023).

Although dragon fruit is considered a “rustic” plant, recent reports of diseases in
commercial orchards have grown in several regions of the world (Valencia-Botin et al., 2013;
Balendres and Bengoa, 2019). Many viruses have been reported in cacti, resulting from
infection by several species of viruses belonging to different genera, such as Orthotospovirus
tomatomaculae (TSWYV), Orthotospovirus tomatoflavi (TCSV) and Orthotospovirus
impatiensnecromaculae (INSV) of the genus Orthotospovirus (Baker and Adkins, 2015; Park
et al., 2018); Opuntia chlorotic ringspot virus (SOV), Cactus mild mottle virus (CMMoV) and
Rattail cactus necrosis-associated virus (RCNaV) of the genus Tobamovirus (Park et al., 2018);
and Cactus virus X (CVX), Opuntia virus X (OpVX), Pitaya virus X (PiVX), Schlumbergera
virus X (SchVX) and Zygocactus virus X (ZyVX) of the genus Potexvirus (Evallo et al., 2021;
Park et al., 2018; Duarte et al., 2008; Koenig et al., 2004).

Tospoviruses are transmitted by several species of thrips, but tobamoviruses and
potexviruses do not have vectors in nature. However, in crops such as dragon fruit, which in
addition to being vegetatively propagated are subjected to frequent agricultural operations such
as pruning and fruit harvesting, the spread of viruses throughout the life cycle of the plant is
greatly favored.

Viral infections can occur in the form of simple or mixed infections and have been
detected occurring naturally in the field, both with species of the same genus and with species
of different genera (Moreno and LoOpez-Moya, 2020). Although mixed infections can be
classified as a coinfection, i.e., cases in which different virus species infect the plant
simultaneously or in a short time interval, and as a superinfection, when different virus species
infect the plant at different times (Singhal et al., 2021; Moreno and Lépez-Moya, 2020), the
exact period in which the plant was infected could not be determined.

The virus species that belong to the genus Potexvirus, subgenus Mandarivirus, and
family Alphaflexiviradae are the most common in this crop and can be moderately pathogenic
depending on the strain, concentration of virus in the plant, and environmental conditions and

because they can be found in the form of simple or mixed infections (Kreuze et al., 2020).
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Recently, several authors reported the presence of simple and mixed infections with potexvirus
species in dragon fruit in India, Spain, Thailand and China (Parameswari et al., 2023, 2022;
Janssen et al., 2022; Evallo et al., 2022; Bae and Park, 2022). The symptoms described include
chlorotic spots distributed in mosaics or mottled form and, in some cases, spots with a reddish-
brown color. In Brazil, little is known about the occurrence of the virus in dragon fruit. The
only report of the virus available in the literature was by Duarte et al. (2008), who detected the
presence of ZyVX and SchVvX in Selenicereus undatus (Haw.) DR Hunt syn. Hylocereus
undatus (Haw.) Britton and Rose in the State of Sao Paulo.

This is probably because the cultivation of dragon fruit is still relatively new in the
country, associated with the lack of encouragement to study this crop among Brazilian
researchers. In addition to the scarce information on these and other pathogens in dragon fruit
orchards, the erroneous identification of the disease, which in most cases is based on visual
identification, hinders the development of preventive control methods. Field inspections
performed by the authors of this study revealed a high incidence of dragon fruit plants with
symptoms of viruses in several fields located in Minas Gerais. This study aimed to detect and
identify the viruses present in pitaya and to sequence and analyze the coat protein genes (CP)

of isolates representative of the regions where they were collected.

2. MATERIAL AND METHODS
2.1. Collection and analysis of samples

The samples of Selenicereus spp. studied here were collected from commercial orchards
in different regions of Brazil, as described in Figure 1, between March 2021 and September
2022, totaling 212 samples of cladodes with the suspected symptoms of viral infection reported
in the literature. These samples were inoculated into indicator plants, and their RNA was
extracted and subjected to diagnostic tests by reverse transcription polymerase chain reaction
(RT-PCR). Next, the CP gene of the 49 chosen viruses isolates were amplified, sequenced and

analyzed.
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Figure 1. Map of sample collection locations in the different regions of Brazil analyzed in this

study. Red points represent the geographic coordinates of the local were collected samples.

2.2. Mechanical inoculation into indicator plants

Plant extract was obtained by maceration of cladodes in 0.01 M phosphate buffer
solution, pH 7, containing 0.01 M sodium sulfite, at a proportion of 1 g/5 mL. Mechanical
inoculation was performed by rubbing the extract on leaves previously sprayed with
carborundum (CSi) of the following indicator plants: Chenopodium quinoa, Chenopodium
amaranticolor, Datura stramoniun, Nicotiana benthamiana and Nicotiana tabacum cv. TNN.
The plants were kept in a greenhouse throughout the experiment and observed daily for

symptoms.

2.3. Detection and identification by RT-PCR

The total RNA of the cladodes was extracted with the lithium chloride method (Chang
et al., 1993). Synthesis of the complementary strand of viral RNA (RT) was performed using
M-MLYV reverse transcriptase (Sigma—Aldrich Co., Saint Louis, MO, USA) following the
manufacturer’s instructions. The reaction was performed in a total volume of 20 pl as follows:
an initial step with 1 pl of random hexamers (10 uM), 1 ul of ANTPs (10 mM), 6 pl of ultrapure
water and 2 pl of total RNA (500 ng/ul). After incubation for 10 minutes at 70°C, each

microtube was immediately transferred to a container with ice. In the last step, 2 ul of enzyme
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buffer was added to the microtubes (10X) together with 7 pl of ultrapure water and 1 pl of the
M-MLV enzyme, and the mixtures were incubated for 50 minutes at 37°C and 10 minutes at
85°C.

In the PCR, specific primer pairs were used to detect of several viral species, as
described in Table 2. The PCR was conducted in a total volume of 50 pl consisting of 5 U of
Taq High Fidelity Pol (Cellco Biotec do Brasil Ltda, Sdo Carlos, SP, BRA), 5 ul of 10X Taq
DNA polymerase enzyme buffer (Cellco Biotec do Brasil Ltda, Sdo Carlos, SP, BRA), 1 ul of
dNTPs (10 mM), 1 ul each of the species-specific forward and reverse primers (10 uM), 1 pl
of the cDNA obtained in the previous step (approximate concentration of 30 ng/pl) and enough
ultrapure water to reach the total reaction volume. Amplification was performed with initial
denaturation at 94°C for 3 minutes followed by 35 cycles as follows: 94°C for 45 seconds,
annealing temperature of the specific primer pair for each virus for 30 seconds (Table 1), and
72°C for 1 minute, with a final extension at 72°C for 10 minutes. The PCR product was
analyzed in a 0.7% agarose gel stained with Red Nucleic Acid Gel Stain (Biotium®) and

observed with a MiniBis Pro photodocumenter (DNR Bio-Imaging Systems®).

Table 1. List of specific primer pairs used to detect of viral species reported in cacti.

Primer Sig’u_ (;T)C € 'I;Erg)p (St;S Gene Reference
cvxir  GICTACTACTOGAGICCAG %5 oo oo nngoral, 2016
oo CSSCACTTAMTANCESCT % o sy
PivVX ATC(%F?A%E?Z?FL%%%AACG%GG%: C? A gi 678 CP Park et al., 2018
ZyVX ATGTCTAACACTGCAGGAGT 53 681 cp Park et al., 2018

TCATTCGGGACCCGGTAGGA 60

ATGTCGACCACTCCATCTTC 55
SchvX TTATTCAGGGGATGGTAGTA 51 678 CP Park et al., 2018

ATGGCTTCCACTCCACAGAC 57
OpVX TTATTCAGGACCTGGTAGGA ~ 53 090 CP Parketal, 2018

ATGGCGGGTTCTTACACCAA 55
CMMoV CTAGGTGTGGCACCTAAGGT 57 486 CP Park et al., 2018

ATGCCTTACATCAACGTACA 51
RCNaV TTAAGTACGACTGTCACTTG 51 513 CP Park et al., 2018

AGAGCAATTGTGTCA 40

Orthotospovirus ATCAAGCCTTCTGAAAGTTCAT 50 453 N Eiras et al., 2001

* primer pair used for virus diagnosis, ** primer pair used for genomic analysis. The remaining

primers were used for both diagnosis and genomic analysis.

2.4. Phylogenetic analysis
After the identification of the viruses in all the samples, 49 isolates representing the

different collection sites were chosen for genomic analysis (Table 2).
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Table 2. Potexvirus isolates chosen for sequencing and analysis with their respective symptoms

Isolate

Geographic origin

Virus species

Symptoms*

GenBank accession

number
MG_Per01 Perddes, BR CvX MO, MOT OR941727
MG_Per02 Perddes, BR MO, MOT OR941728
MG_Rib01 Ribeirdo Vermelho, BR MO, MOT OR941729
MG_Rib02 Ribeirdo Vermelho, BR MO, MOT OR941730
MG_Ing01 Ingai, BR MO, MOT OR941731
MG_Ing02 Ingai, BR MO, MOT, CR OR941732
MG_Ing03 Ingai, BR MO, MOT OR941733
MG_Ing04 Ingai, BR MO, MOT OR941734
MG_Ing05 Ingai, BR MO, MOT OR941735
MG_Boa0l Boa Esperanca, BR MO, MOT, CR OR941736
MG_Bo0a02 Boa Esperanga, BR MO, MOT, CR OR941737
MG_Gui06 Guiricema, BR MOT, CR OR941742
MG_Gui07 Guiricema, BR MOT, CR OR941743
MG_Lav03 Lavras, BR MO, CR, SS OR941745
RS_Tap01 Tapejara, BR MO, CR, SS OR941738
RS_Porto01 Porto Alegre, BR MOT, CR, SS OR941744
SP_ltu01 Itu, BR MO, MOT, SS OR941739
DF_Pla01 Planaltina, BR MO, MOT OR941740
PA_Tome0l Tomé-Acu, BR MO, CR OR941741
MG_Rib04 Ribeirdo Vermelho, BR PiVX MO, MOT OR941746
MG_Rib05 Ribeirdo Vermelho, BR MO, MOT, CR OR941747
MG_Rib06 Ribeirdo Vermelho, BR MO, MOT OR941748
MG_Ing06 Ingai, BR MO, MOT OR941749
MG_Ing07 Ingai, BR MO, MOT, CR OR941750
MG_Ing08 Ingai, BR MO, MOT OR941751
MG_Bo0a03 Boa Esperanca, BR MO, MOT OR941752
MG_Gui01 Guiricema, BR MOT, CR OR941756
RS_Tap02 Tapejara, BR MO, CR, SS OR941754
SP_Itu02 Itu, BR MO, MOT, SS OR941757
SP_Var01 Vargem Grande do Sul, BR MO, MOT, CR, SS OR941755
PA_Tome02 Tomé-Acu, BR MO, CR OR941753
MG_Per03 Perddes, BR ZyVX MO, MOT OR941758
MG_Rib07 Ribeirdo Vermelho, BR MO, MOT OR941759
MG_Rib08 Ribeirdo Vermelho, BR MO, MOT, CR OR941760
MG_Ing09 Ingai, BR MO, MOT OR941761
MG_Ing10 Ingai, BR MO, MOT, CR OR941762
MG_Lav01 Lavras, BR MO, CR, SS OR941763
MG_Lav02 Lavras, BR MO, CR, SS OR941764
MG_Boa04 Boa Esperanca, BR MO, MOT, CR OR941765
MG_Boa05 Boa Esperanca, BR MO, MOT, CR OR941766
MG_Bo0a06 Boa Esperanga, BR MO, MOT, CR OR941767
MG_Gui02 Guiricema, BR MOT, CR OR941769
RS_Tap03 Tapejara, BR MO, CR, SS OR941768
MG_Gui03 Guiricema, BR SchvX MO, CR OR795702
MG_Guio4 Guiricema, BR MOT, CR OR795703
MG_Gui05 Guiricema, BR MOT, CR OR795704
SP_Var02 Vargem Grande do Sul, BR MO, MOT, CR, SS OR795706
SP_Itu03 Itu, BR MO, MOT, SS OR795707
RS_Tap04 Tapejara, BR MO, CR, SS OR795705

*MO: mosaic, MOT: mottling, CR: chlorotic rings and SS: small brownish-red spots.

Alignment of the nucleotide and amino acid sequences was performed using the Clustal

W program on the server (https://www.genome.jp/tools-bin/clustalw), and the sequence

analysis was performed using NCBI Blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The

isolates used for comparison are listed in Table 3. The phylogenetic relationships were studied
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using the neighbor-joining algorithm for nucleotides and amino acids, using bootstrapping with

2,000 repeats in the Mega 11 program (Tamura et al., 2021).

Table 3. Information about isolates used in the phylogenetic analysis of this study.

GenBank accession

Virus species Geographic origin Reference
number

NC_002815.2 CVvX China Liou et al., 2004
LC128411.1 South Korea Unpublished
JF937699.1 China Unpublished
KU497494.1 China Unpublished
OM912831.1 China Unpublished
BK011045.1 EUA Jiang et al., 2019
MW051787.1 Germany Unpublished
OP037852.1 Spain Janssen et al., 2022
NC_024458.1 PiVX China Unpublished
MN982523.1 China Unpublished
MN982522.1 China Unpublished
LC654699.2 South Korea Unpublished
KY581589.1 South Korea Park et al., 2018
NC_006059.1 ZyVX Germany Koenig et al., 2004
0OL584352.1 Germany Unpublished
JF930326.1 China Unpublished
KM288844.1 China Liao et al., 2016
KY581590.1 South Korea Park et al., 2018
NC_011659.1 SchvX Germany Koenig et al., 2004
KP090203.1 Brazil Unpublished
KU854929.1 Mexico Unpublished
KY581588.1 South Korea Park et al., 2018
NC_006060.1 OpVX Germany Koenig et al., 2004
D00344.1 Potato virus X (PVX) Out group  Netherlands Huisman et al., 1988

2.5. Analysis of selection pressure

To identify codons under selection with synonymous (dN) and nonsynonymous (dS)

mutations, the nucleotide sequences were aligned using Muscle implemented in Mega 11

(Tamuraetal., 2021) and analyzed by models implemented in Mega 11 and the HyPhy package,

the latter of which is available on the Datamonkey server (http://www.datamonkey.org/). In this

analysis, when the dN/dS ratio is >1, positive selection is occurring; when dN/dS <1, negative

selection is occurring; and when dN/dS =1, neutral selection is occurring. In the maximum
likelihood (ML) analyses, the programs Fixed Effects Likelihood (FEL) (Kosakovsky Pond and
Frost, 2005) and Mixed Effects Model of Evolution (MEME) (Murrell et al., 2012) were used.

In the Bayesian analysis, the Fast, Unconstrained Bayesian Approximation (FUBAR) program

was used (Murrell et al., 2013).
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3. RESULTS
3.1. Biological assays and symptoms in cladodes

No symptoms were observed in D. stramonium and in the two species of Nicotiana. The
symptoms observed in C. quinoa and C. amaranticolor plants inoculated with the cladode
extract of Selenicereus spp. plants collected in the field are shown in Figure 2. There was no
difference in the symptoms caused by the four species of viruses, which included local chlorotic
lesions that progressed to necrosis over time. There was no difference in plant reaction when

the extract of plants with single or mixed infections was inoculated.

Figure 2. Symptoms of chlorotic and necrotic lesions observed in the indicator plants C. quinoa
and C. amaranticolor 20 days after mechanical inoculation. A: healthy; B: CVX; C:
CVX+PiVX; D: CVX+PiVX+ZyVX.
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3.2. Detection and identification of viruses

Based on RT-PCR analysis, no infected samples for the genera Tobamovirus and
Orthotospovirus were detected (Table 4). Most samples, i.e., 181 (84.9%) of the total, were
infected with one or more virus species belonging to the genus Potexvirus, while the remaining
32 (15.1%) were negative for viruses (Table 4). Among the positive samples, the species CVX,
PiVX, ZyVX and SchVX were identified, with 63 samples (35.0%) showing simple infections,
81 samples (44.7%) with two species of virus, 30 samples (16.5%) with three virus species and
7 samples (3.8%) with four Potexvirus species. In cases of simple infections, CVX occurred in
34 of the 63 infected samples (18.9%), ZyVX in 24 (13.3%), PiVX in 2 (1.1%) and SchVVX in
3 (1.7%).



59

Table 4. Detection and identification of different viruses using RT-PCR reactions in Selenicereus spp. samples, with simple and mixed infections.

Infection simple

Infections Mixed

e CVX ZyVX PiVX  SchvX CVX+PIVX  CVX+ZyVX PIVX+ZyVX CVX+PIVX+ZyVX  CVX+PIVX+ZyVX+SchVX  Neg
Lavras 4 2 4 5 5
Ribeirdo Vermelho 2 14 7 11 3 1 7
Ingai 7 12 1 7
Perddes 7 14 6 2
Boa Esperanca 11 2 7 7 2
Guiricema 5 2 1 3 2 2 7
Itu 4 1 1 2
Vargem Grande do Sul 1 1 1
Aracoiaba do Sul 1 1 2
Planaltina 1 2 2
Tomé Acu 3
Tapejara 1 1 2
Cacapava do Sul 1 1 1 1 2
Porto Alegre 1 1 1 1 1 3
TOTAL (%)* 34(18.8%) 24(13.2%) 2(1.1%) 3(1.6%) 35(19.3%) 36(19.9%) 10(5.5%) 30(16.5%) 7 (3.8%) 32

*Percentage in relation to the 181 infected samples.
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The species CV X was identified most often at all sampled sites, while the species ZyVX
had the highest incidence in the state of Minas Gerais and the species SchVVX and PiVX had the
highest incidence in the state of Rio Grande do Sul. In samples with mixed infections,
identification of the combination CVX+PiVX was higher in the states of Minas Gerais, Brasilia
and Par, while the combination CVX+PiVX and PiVX+ZyVX prevailed in Minas Gerais, S&0
Paulo and Rio Grande do Sul. Finally, infections with all four species of potexvirus occurred in
specific locations in the states of Minas Gerais, Sdo Paulo and Rio Grande do Sul.

The symptoms observed in the cladodes are shown in Figure 3. The plants infected with
CVX alone showed chlorotic ring spots and necrotic lesions. In the samples with mixed
infections of two and three species, the symptoms were stronger, with more intense chlorosis
due to the coalescence of the rings, distributed in the form of mosaics and/or mottling on the
cladodes. In cladodes infected with the four viral species CVX, PiVX, ZyVX and SchVX, small
brownish-red spots appeared, in addition to spots and chlorotic rings. All plants with simple or
mixed infections exhibited cladode folding, mosaic and mottling, both in younger and in older

cladodes.
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le and mixed
infections of potexvirus species. A: healthy; B, C and D: CVX; E and F: CVX+PiVX; G:
CVX+ZyVX; H, l and J: CVX+PiVX+ZyVX; K, L and M: CVX+PiVX+ZyVX+SchVX.
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3.3. Phylogenetic analysis

Based on the results obtained, the 49 isolates selected to represent the potexvirus species
from the different regions sampled in this study as shown earlier in Table 2. When the
nucleotide sequences of the CVX isolates were compared, they were clearly subdivided into
two groups (Figure 4): the first group consisted of the isolates MG_INGO01, MG_INGO02,
MG_ING03, MG_ING04, MG_ING05, MG_GUI107, RS_TAP01, RS_PORTOO01, SP_ITU01,
DF _PLAO1 and PA_TOMEO1 and also the GenBank isolates used for comparison (NC_002815
and KU497494 from China, BK011045 from the United States, LC128411 from South Korea,
MW051787 from Germany and OP037852 from Spain). The second group consisted of isolates
MG_PERO01, MG_PER02, MG_RIB01, MG_RIB02, MG_BOA01, MG_BOA02, MG_LAV03
and MG_GUI06, which in turn were similar to isolates JF937699 and OM912831 from China.
Notably, both groups of CVX isolates were also found in China.

The main difference between the sequences of the two groups was a deletion of 9
nucleotides in group 1: the deletion occurred at positions 42 to 50 in the initial region of the CP
gene, in the 5' — 3' direction (Figure 4). This region, which encodes the three 'SSA' amino

acids, is highly conserved among the isolates that contain it.

[Rs_Porto0l ATGTCTAGTACTGGAGTCCAGTATTCTCAGTCGTCCGGACF—————-—1 scceeTecact
OP037852.1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH————-——- lccceerecact
MG_Gui07 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH———————- lccceerccact
KU497494.1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGCCCGCCGGACH-———--—- lccceerccact
MW051787.1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCTTCCGGACH————--—- lccceerecact
MG_INGO1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———————1 lccceerccact
MG_Ing02 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———--—- lccceeTecacT
MG_Ing04 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———--—- lccceeTecarT
CVX group 1 — uG_1ng05s ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH———————- lccceeTecacT
PA_Tome01 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH————--—- lcccaeTecacT
1C128411.1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH————--—- lccceeTecact
MG_Ing03 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-——————- lccceeTecacT
RS_Tap0l ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———--—- lcccaeTecacT
NC_002815.2 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———--—- lcccaeTecacT
BK011045.1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———-——- lccceecTecacT
SP_ITUO1 ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———--—- lccceeTecacT
| DF_PLAOL ATGTCTACTACTGGAGTCCAGTCTTCTCAGTCCTCCGGACH-———--—- CCCGCTCCACT
MG_Per0l ATGTCTACTACTGGAGTTCAGACTTCTCAGACTTCAGGACKATCCAGCACACGGGTCTCC
MG_RIBO1 ATGTCTACCACAGGAGTCCAGACTTCTCAGACTTCAGGACIIATCCAGCACACGGGTCTCC
MG_PER02 ATGTCTACTACTGGAGTCCAGACTTCTCAGACTTCAGGACKATCCAGCACACGGGTCTCC
MG_RIBO2 ATGTCTACTTCTGGAGTCCAGACTTCTCAGACTTCAGGACKATCCAGCACACGGGTCTCC
. MG_Lav03 ATGTCTACCACAGGAGTTCAGACTTCTCAGACTTCAGGACKATCCAGTACCCGEGTCCCC
VX group2 — ;53376001 ATGTCTACCACAGGAGTTCAGACTTCTCAGACTTCAGGACkATCCAGTdCCCGEGTCCCC
MG_Boa02 ATGTCTACCACAGGAGTCCAGACTTCTCAGACTTCAGGACKATCCAGTACCCGGGTCTCC
MG_Guilé ATGTCTACCACAGGAGTTCAGACTTCTCAGACCTCAGGGCLATCCAGTACCCGEGTCTCC
0M812831.1 ATGTCTACCACAGGGGTTCAGACTTCTCAGACTTCAGGGCLATCCAGTACCCGGGTCTCC
MG_Boall ATGTCTACCACAGGAGTCCAGACTTCTCAGACTTCAGGACKATCCAGCACACGGGTCTCC
- o o W - W W - W R W w kW W W -

Figure 4. Alignment of nucleotides at the 5' terminal of isolates from both groups showing the

deletion of 9 nucleotides at position 42 to 50 of the CP gene.

When the isolates from group 1 were compared with each other and with the similar
isolates from GenBank cited above, they showed high shared nucleotide identity between 96%
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and 99%. The same was observed for the second group, which presented shared nucleotide
identities between 94% and 99% among themselves and 93% and 98% with the GenBank
isolates. The shared identities between the isolates from group 1 and group 2 were between 74
and 76%.

The amino acid identities of the Brazilian isolates from group 1 ranged from 97 to 100%
compared to each other and from 83% to 99% compared to the GenBank isolates. The amino
acid identities of the Brazilian isolates from group 2 ranged from 96% to 100% compared to
each other and from 94% to 100% compared to the GenBank isolates. The identities between
the isolates from group 1 and group 2 ranged from 87 to 88%.

Considering the ICTV criteria, which establish a minimum of 72% nucleotide identity
and a minimum of 80% amino acid identity for species to be considered equal within the genus
Potexvirus (Kreuze et al., 2020), although the second group presented smaller identities, they
were all considered to belong to the CV X species.

The nucleotide and amino acid identities of the isolates of PiVX, ZyVX and SchVX
were above 90%, both when they were compared to each other and when they were compared
to the isolates of the respective species available in GenBank.

The cladogram constructed based on the nucleotide sequences (Figure 5A) showed clear
clustering between isolates of the same species with a possible common ancestor. The first
clade, which grouped the CVX isolates, was separated into two subclades, which corroborates
the findings of the nucleotide sequence analysis. The clades including the isolates of ZyVX and
PiVX showed lower variability than the others. The cladogram constructed based on the amino
acid sequences (Figure 5B) showed the same trend observed in the previous cladogram, with
few variations, especially among the SchVX isolates.
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Figure 5. Pﬁ;logenetic tree constructed based on the nucleotide (A) and amino acid (B)
sequence of the CP gene of the isolates obtained in this study and the isolates available in
GenBank. Bootstrap values were obtained using the Mega 11 and Neighbor-Joining program
with 2.000 repetitions.
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3.4. Selection pressure

Sequence analysis region of the CP gene of the studied potexvirus isolates showed that
the dN/dS ratio was negative, that is, less than 1, which indicates that they are under a process
of purifying selection (Table 6). When comparing the regions under selection pressure using
the FEL and FUBAR methods, selection pressure was observed for the same region at 82 sites
in CVX, 6 sites in PiVX, 16 sites in ZyVX and 36 sites in SchvX.

Table 6. Selective pressures on the codons of the CP gene of isolates from Brazil, belonging to
the species CVX, PiVX, ZyVX and SchVX.

Pressure Selection*

Method Virus species Codons _ i
Positive Negative Neutral
CVvX 229 102
PiVX 225 8
FEL ZyVX 226 24
SchvX 225 49
CVvX 229 113
PiVX 225 2 6
FUBAR ZyVX 226 16
SchvvX 225 39
CVvX 229 6
PiVX 225
MEME ZyVX 226 1
SchvX 225
*P <0,01.
4. DISCUSSION

The high infection rate of dragon fruit cladodes, detected by RT-PCR of samples
collected in several commercial fields in Brazil, indicated that this is a crop whose management
has been neglected, preventing the full expression of its genetic potential in the field. This type
of study had not yet been performed in Brazil and showed the presence of four species of
potexvirus, CVX, PiVX, ZyVX and SchVX, in both simple and mixed infections, aggravating
the overall health status of the plant.

The symptoms observed in the indicator plants of C. quinoa and C. amaranticolor were
similar to those reported by several authors when they inoculated the extract of infected cacti
into cultivated and experimental plants: Opuntia ficus by Berrera et al. (2013), Opuntia tuna,
Hylocereus undatus and Schlumbergera truncata by Duarte et al. (2008) and Schlumbergera
bridgesii, Zygocactus sp. and Opuntia sp. by Koening et al. (2004). The symptoms observed in
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pitaya cladodes were also similar to those reported by authors who detected the presence of at
least one potexvirus in different parts of the world where the plant is grown (Parameswari et
al., 2023, 2022; Bae and Park, 2022; Janssen et al., 2022; Evallo et al., 2021a; Gazis et al., 2018;
Masanto et al., 2018; Peng et al., 2016).

In recent years, reports of plants with mixed infections in other countries have suggested
that they tend to occur more frequently in nature and are more complex than simple infections
(Xu et al., 2022; Singhal et al., 2021; Moreno and Lépez-Moya, 2020). According to Xu et al.
(2022), in nature, mixed infections with two or more viruses are frequent in plants, interacting
in multiple and intricate ways, as could be observed in the present study. Similar results have
also been observed in other pathosystems, where mixed infections with the presence of two,
three, four and up to eight virus species per sample were detected: tomato plants in China (Xu
etal., 2017), bean plants in Mexico (Chiquito-Almanza et al., 2021), vines in Canada (Xiao et
al., 2018) and Slovenia (Miljanic et al., 2022), and wheat in the USA (Tatineni et al., 2022).

In general, mixed infections tend to be more severe when the viruses are spread by
vectors. However, although potexviruses do not have a vector in nature, they are easily
transmissible by mechanical means, especially during cultivation (Kreuze et al., 2020). In
addition to being subjected to routine pruning and fruit harvesting with sharp objects, dragon
fruit also undergoes vegetative propagation, conditions that facilitate viral transmission.

The lack of information on the occurrence of the virus has led to a lack of planning and
control of viruses in dragon fruit in Brazil. This may be because the production of the fruit in
the country is relatively recent and established by admirers of ornamental plants, and it is
common for them to freely exchange propagation material to obtain the diversities of shapes
and colors that the cacti have. This exchange of genetic material results in the spread of the
virus over long distances, facilitating the introduction of the virus into newly planted crops and
its subsequent spread by cultural practices (Hossain et al., 2021; Kreuze et al., 2020; Mercado-
Silva, 2018).

The phylogenetic analyses revealed that the potexvirus isolates from different regions
of Brazil showed high identity with the isolates from different regions of the world available in
GenBank, suggesting that the species detected in this study entered the country through
propagation material contaminated with virus. The viruses were then distributed to different
regions through infected seedlings. This proposed route is supported by the presence of CVX
isolates belonging to two distinct groups in the same region and in most of the sampled regions.

The results obtained in this study emphasize the importance of taking actions to promote

the dissemination of knowledge about specific measures to control dragonflies, aimed at dragon
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fruit producers. In Brazil, the vast majority of these producers are family farmers with small
planted areas and with little knowledge about disease and pest control. In addition, it is
necessary to establish inspection measures in nurseries producing seedlings, which are

responsible for the initial introduction of viruses into orchards.

5. CONCLUSION

The high occurrence of four potexvirus species (CVX, PiVX, ZyVX and SchVX) in
every sampled Brazilian orchards for commercial production of dragon fruit demand additional
studies, aiming to evaluate the incidence of viruses over the country. The distribution of
potexvirus species among the producing areas indicates an intensive movement of infected
seedlings from grower to grower, showing a lack of sanitary control, probably due to their
unpreparedness to live with viral diseases. Efficient control measures must be taken to allow

the pitaya cultivation in Brazil to be successful and promotes its sustainable cultivation.
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ABSTRACT

Dragon fruit (Selenicereus spp. syn. Hylocereus spp.) cultivation has grown significantly in
recent years both in Brazil and throughout the world. This growth has demanded basic
information on diseases caused by pathogens that can affect the crop. Among them, diseases of
viral etiology stand out for the lack of curative control methods and for being underreported
because the symptoms induced by viruses can be confounded with nutritional disorders.
Previously, four viral species of the genus Potexvirus were detected in samples from different
regions of Brazil. The objective of this study was to determine the incidence and spatial
distribution of potexvirus in 12 commercial dragon fruit orchards in southern Minas Gerais.
The number of plants evaluated for incidence determination was calculated based on the size
of each orchard, and the spatial distribution was investigated throughout the area. High
incidences of potexvirus were detected, ranging from 80% to 100%. The spatial distribution of
diseased plants showed an aggregated pattern in planting rows and a regular pattern in plots,
indicating dissemination through cultural operations and infected seedlings as a source of
inoculum. This was the first study on the epidemiology of viruses in dragon fruit orchards, and
the data obtained indicate that producers are unaware of control measures required to live with
the disease. In addition, the results showed the need for control seedling commercialization,
aiming at the propagation of healthy material, along with the use of appropriate management
practices to decrease the spread of viruses within orchards.

Keywords: dragon fruit, epidemiology, Potexvirus, CVX, PiVX, ZyVX, SchVX.
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1. INTRODUCTION

Fruit growing is one of the main agricultural activities in Brazil, which is the third largest
fruit producer in the world, behind only China and India (ABRAFRUTAS, 2022). Due to its
continental dimensions and varied soil and climate conditions, the country has the potential to
produce a wide variety of tropical, subtropical, temperate and semiarid fruits.

The fruit market has experienced a recent global expansion, especially of exotic fruits,
such as pitaya or Dragon fruit, reflecting the changing habits of the world population (SANTOS
et al., 2022). Pitaya belongs to the family Cactaceae, genus Selenicereus syn. Hylocereus
(KOROTKOVA et al., 2017), and the four main commercial species are Selenicereus undatus,
which produces large fruits with red skin and white pulp; Selenicereus costaricensis, which
produces medium-sized fruits with red skin and red pulp; Selenicereus megalanthus, which
produces medium-sized fruits with yellow skin with thorns and white pulp; and Selenicereus
setaceus, which produces small fruits with red skin, thorns and/or white pulp. The species S.
undatus and S. megalanthus are the most cultivated species in the world (MERCADO-SILVA,
2018).

Despite the great diversity of native cultivars found in Brazil, most dragon fruit cultivars
planted today come from Taiwan and Israel (FALEIRO et al., 2021; SANTOS et al., 2022).
The wide temperature range in which dragon fruit can be grown (from 4 to 38 °C) allows its
cultivation in the regions with different soil and climate conditions. In addition, dragon fruit is
highly hardy because it is a CAM plant, i.e., it utilizes crassulacean acid metabolism, a special
photosynthesis pathway observed in plants that grow in environments with hot and dry climates.
As such, the dragon fruit plant closes its stomata during the day to decrease water loss through
transpiration, making it highly efficient in water use.

These characteristics make the dragon fruit a perfect candidate to be cultivated in
semiarid regions, covering nine Brazilian states and the northeast and north of the state of Minas
Gerais. In 2022, approximately 3 million kg of the fruit were produced in Brazil, generating a
revenue of R$ 44 million (CONAB, 2023). This strong market has created a great demand for
knowledge about the crop because in addition to knowledge on the phenological cycle and
nutritional requirements of dragon fruit, understanding the diseases and pests that affect
production is also indispensable. Therefore, investigate their etiology and epidemiology is
crucial for sustainable management, and the tools developed in the field of epidemiology are
essential to understand how diseases in general occur in a plant population.

Among the diseases that affect cultivated plants, viruses are economically important

and, in general, increase proportionally with agricultural intensification, being responsible for
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approximately 47% of emerging and reemerging diseases (JANSSEN & RUIZ, 2021; JONES,
2021). The unavailability of curative control measures and the ease of dissemination of viruses
in the field, whether through vectors or cultural operations, mean that these diseases have great
potential to cause considerable damage to cultivated plants.

Technological innovations have allowed considerable advances, especially in the
understanding of the epidemiology of viral diseases (JONES, 2021). At the macro scale,
examples include the implementation of information systems, modeling capacity, decision
support and forecasting of disease incidence, analysis of spatiotemporal propagation patterns
and general understanding of the factors responsible for the progress rates of epidemics. In
contrast, at the micro level, molecular epidemiological approaches and evolutionary studies,
together with the most recent procedures for disease detection, are additional innovations
capable of significantly contributing to the understanding of disease dynamics (JONES, 2013).

Recently, three viral species belonging to the genus Potexvirus were detected and
identified in commercial dragon fruit orchards in municipalities in the southern of the state of
Minas Gerais: Cactus virus X (CVX), Pitaya virus X (PiVX) and Zygocactus virus X (ZyVX).
The infected plants presented symptoms such as chlorotic lesions, progressing to mosaic and/or
mottled and curled cladodes, which reduced vigor and fruit yield. However, there is a complete
lack of knowledge about the different factors related to the etiology and epidemiology of the
virus in the field. The objective of this study was to diagnose the infected plants present in these
orchards and to determine the incidence and spatial distribution of disease to provide

information for the sustainable management of viruses in the dragon fruit crop.

2. MATERIALS AND METHODS

Sample collection

The sample collections were performed in 12 dragon fruit orchards in five municipalities
in the southern of the state of Minas Gerais (Table 1) from April to September 2022.
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Table 1 Description, geographic coordinates and the cultivation system of the orchards

evaluated
. . . N°of  Planting Type of
City Orchard Latitude Longitude plants  density cultivation
A 21°0'59"S  45°34'14"W 722 )
Boa Esperanca 2x2 Organic
B 21°0'57"S  45°34'11"W 765
C 21°21'30"S  44°58'3"W 1012 2x0.6
Ingai 21°21'28"S  44°582"W 72 2x2 Conventional
E 21°21'27"S  44°58'2"W 117 2x0.6
F 21°11'46"S  45°3'35"W 617
Ribeirdo G 21°11'47"S  45°3'34"W 211
2x0.6 Conventional
Vermelho H 21°11'48"S  45°3'35"W 1098
I 21°11'50"S  45°3'36"W 351
Lavras? J 21°13'45"S  44°58'53"W 198 2x2 Experimental
K 21°5'7"S 45°2'8" W 223
Perddes 2x2 Conventional
L 21°4'24" S 45°2'19" W 305

Federal University of Lavras, UFLA

Disease incidence

A piece of cladode approximately 20 cm long was used as the sampling unit and

collected randomly in each the orchard. These cladode samples were sent for diagnosis of

potexvirus by RT-PCR. The minimum number of samples collected for determination of viral

incidence was calculated based on the total number of plants in each orchard (Table 1). For this,

the equation proposed by Cooke (1998) was used n = (Z2pgN)/d?(N-1)+Z?pq, where n = number

of samples to be collected; Z = tabulated value referring to the abscissa of the standard normal

curve, with a 90% confidence level, that is, 1.65; p = 0.6, an estimate of the probability of

finding virus in the sample, according to tests previously performed at the Molecular Virology

Laboratory of the Federal University of Lavras; q = 1-p; N = total number of plants in the

orchard and d= sampling error, that is, error attributed to the probability of finding or not virus

in the collected sample.
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The disease incidence (DI) was determined using the technique of Campbell and
Madden (1990), i.e., by multiplying the ratio between the number of infected plants (PI) and
the total number of plants sampled (PA). The distribution of normality was calculated using the
Shapiro—Wilk test (P < 0.05), and the significance of differences was tested using the Kruskal—
Wallis test for nonparametric data, which allows for the comparison of three or more groups in
independent samples and is used in cases where the ANOVA prerequisites were not met. The
p value was adjusted using Duncan's test, using the rstatis, dplyr and ggplot2 packages of the
R statistical program (R CORE TEAM, 2022).

RT-PCR

The total RNA of the cladodes was extracted by the lithium chloride method (CHANG
et al., 1993). These cladode samples were sent for diagnosis of potexvirus and CVX, PiVX,
ZyVX and SchVX species by RT-PCR. The reverse transcriptase (RT) reaction was performed
using M-MLYV Reverse Transcriptase (Sigma—Aldrich Co., Saint Louis, MO, USA) following
the manufacturer's instructions. The reaction was prepared to a final volume of 20 pl, initially
containing 1 pl of 20 mM random primers, 1 pl of 10 mM dNTPs, 6 pl of ultrapure water and
2 pl of total RNA (500 ng/ul). After heating at 70°C for 10 minutes, the tubes were immediately
transferred to a container with ice, and then 2 pl of enzyme buffer (10X), 1 ul of enzyme and 7
pl of ultrapure water were added, and the reaction was incubated again at 37°C for 50 minutes
and at 85°C for another 10 minutes.

Recombinant Taqg DNA Polymerase (Thermo Fisher Scientific Inc., Carlsbad,
California, USA), degenerate primers for the genus Potexvirus and species-specific primers
were used for PCR amplification: Potex 1RC 5' TCAGTRTTDGCRTCRAARGT 3' and Potex
2RC5' AGCATRGCNSCRTCYTG 3' (VAN DER VLUGT & BERENDSEN, 2002), CVX 678
UupP 5S’ATGTCTACTACTGGAGTCCA 3 and CVvX 678 DN 5’
CTACTCAGGGCCTGGGAGAA 3°, PiVX 678 UP 5 ATGGCTACTCAAACAGCACAA 3’
and PiVX 678 DN 5 CTACTCTGGGGAGGGAAG 3°’, ZyVX 681 UP 5’
ATGTCTAACACTGCAGGAGT 3’ and ZyVX 681 DN 5> TCATTCGGGACCCGTAGGA
3°, and SchVX 678 UP 5° ATGTCGACCACTCCATCTTC 3’ and SchVX 678 DN 5’
TTATTCAGGGGATGGTAGTA 3’ (PARK et al., 2018). The amplification conditions were
as follows: initial heating at 94°C for 3 minutes followed by 35 cycles of 94°C for 45 seconds,
annealing temperature of primer pair for 30 seconds, 72°C for 1 minute, and a final extension
at 72°C for 10 minutes. The PCR product was analyzed on a 0.7% agarose gel counterstained
with Red Nucleic Acid Gel Stain (Biotium®).
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Spatial pattern of disease

The spatial pattern of the disease was evaluated in the planting rows using the doublet
test and the run test (MADDEN et al., 2007; CAMPBELL & MADDEN, 1990; MADDEN et
al., 1982). For studies in plots, the dispersion index was considered (UPTON & FINGLETON,
1985). For analysis, visual inspections were performed in each plant present in these orchards,
recording the presence and/or absence of viral symptoms in the plants. The symptoms of mosaic
and chlorotic rings were considered references to detect the presence and absence of viruses in

the field (Figure 1). Data analyses were performed using Microsoft Office® Excel.

Fig. 1 Potexvirus symptoms in dragon fruit, used as a reference in data collection to determine
the presence or absence of the virus in the plant. A: healthy; B: mosaic; C, D & E: chlorotic

rings; F: cladode coiling
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For the doublet test, the numbers of healthy (-) and diseased (+) plants in the planting
rows were used. The expected number of doublets (E(p)) (MADDEN et al., 1982) was
calculated considering E(p) = m(m-1)/N, where m = number of diseased plants and N= number
of plants in the row. The calculation of the doublet variance was performed using the equation
variance?(p) = [m(m-1)[N(N-1)+(2 N(m-2)+N(m-2)(m-3)-(N-1)m(m-1)]/N2(N-1)]. The
standardized value (Z(p)), based on the normal distribution, was obtained using the equation:
Z(p) = [(D+0.5-E(D)]/o(D), where D= number of doublets (two adjacent diseased plants) and
o(p)= standard deviation. The distribution is considered to follow an aggregate pattern when
Z(p) > 1.64 (P = 0.05), and when Z(p) <1.64 (P = 0.05), it follows a random pattern. For
orchards in which the presence of symptoms was observed in all plants, the variance formula
was adjusted to variance?(p) = [m(m-1)[N(N-1)+(2N(m-2)+N(m-2)(m-3)-(N-1)m(m-1)]/N2(N-
n].

The expected number of runs (E(r)) (MADDEN et al., 1982) was obtained by the run
test E(r) = 1+2 m(Nm)/N and its variance: variance?(r) = 2m(Nm)[2m(Nm)-N]J/[N2(N-1)]. The
standardized value (Z(r)) = [R+0.5-E(R)]/s(R) was calculated based on the normal distribution,
where R: number of runs; m: number of diseased plants; N: number of plants in the row; s(r):
standard deviation. Z(gr) > - 1.64 (P = 0.05) indicates a random pattern, and Z(r) < -1.64 (P =
0.05) indicates an aggregate pattern. For the orchards in which the presence of symptoms was
observed in all plants, the variance formula was adjusted to variance’(r) = 1+2
m(Nm)[2m(Nm)-N]/[N2(N-1)].

The dispersion index (D) was obtained from the values of the mean (X), according to
the equation (X1+X2...)/Zt, where: X1+X2...= the sum of the number of symptomatic plants in
the entire area, Xt: total plants in the orchard. The variance (s?), is calculated by (s?) = Z[(X1-
Ww?2/n-1], where: X1...= the number of infected plants, u= arithmetic mean mentioned above,
n= total number of plants. Based on the calculated values, the dispersion index (D) is the ratio
between s2/X. When D < 1, it indicates a regular spatial pattern, when D = 1, a random pattern,
and when D > 1, an aggregate pattern (CAMPBELL & MADDEN, 1990; UPTON &
FINGLETON, 1985).

3. RESULTS
Incidence of potexvirus

All samples that showed symptoms were positive, but plants without symptoms were
not always negative for the presence of potexvirus, indicating a probable recent infection. The

average incidences observed in each orchard are georeferenced in Figure 2 and detailed in Table
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2. All orchards sampled had high incidences of potexvirus, with the majority between 80% and
100%.
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Fig. 2 Viruses incidence map in dragon fruit orchards in the southern region of the State of

Minas Gerais, Brazil

Table 2 Incidence of viruses in dragon fruit orchards in the southern region of Minas Gerais

City Orchard R_T_—PCR resul_t _ Incider?ce (%)
Positive  Negative Potexvirus CVX PiVX 2ZyVX SchvX
Boa Esperanca A 11 100 63.6 9 81.8
B 10 1 90.9 63.6 182 636
Cc 19 3 86.4 86.4 545 50
Ingai D 4 100 100 50

E 4 100 100 50 25
F 11 100 100 455 909
Ribeirdo G 6 100 333 166 833
Vermelho H 21 2 73.9 435 43 56.5
I 6 2 75 375 125 875
Lavras J 5 1 83.3 16.6 83.3 83.3
Perdies K 6 100 100 100
L 8 100 100 75 100
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The lowest incidence was observed in crop | (75%), and the highest incidence, with all
plants infected, was observed in Boa Esperanca, in orchard A; in Ingai, in orchards D and E; in
both Perddes orchards (K and L); and in orchards F and G of Ribeirdo Vermelho. The test for
nonparametric data included the assumptions that the incidence data by collection site were
independent (Kruskal-Wallis test P = 0.443) and that the differences were not significant when
the collection sites were compared (Table 3). Among the species analyzed, only SchVX was
not detected. The CV X species was detected in all municipalities, with high incidences in Ingai
and Perdbes. The ZyVX species had the highest incidence in Ingai, with 100%; Ribeirdo
Vermelho in orchards F, G and I; Lavras; and Boa Esperanca in the orchard in orchard A. For
PiVX, the species was detected in most municipalities but only in Lavras it showed a high

incidence.

Table 3 Probability of comparisons between orchards analyzed by municipalities using
molecular detection by RT-PCR for potexvirus

City Valor-p?
Boa Esperanca Ingai 0.397™
Boa Esperanca Ribeirdo Vermelho 0.452"
Boa Esperanca Perddes 0.562m
Boa Esperanca Lavras 0.237"™
Ingai Ribeirdo Vermelho 0.874"
Ingai Perddes 0.139™
Ingai Lavras 0.558"
Ribeirdo Vermelho Perddes 0.155™
Ribeirdo Vermelho Lavras 0.476"™
Perddes Lavras 0.097

4P<0.05 ™ ndo significativo

Spatial pattern of disease

The maps of the spatial disposition of the disease in the orchards are shown in Figure 3,
where the red squares represent infected plants and the green squares represent healthy plants.
They reflect the results that were obtained when random sampling was performed for viral
diagnosis in plants. In general, visual observation indicated a slightly lower incidence than that
observed in incidence tests based on diagnosis by RT-PCR. While the diagnostic tests indicated
an incidence ranging from 61.5% to 100% in random collections, visual inspection showed a
frequency of infected plants of 69.7% to 98.5%. Considering that in the diagnostic tests some
plants that did not show symptoms were positive for potexvirus, it is likely that some of the

plants evaluated as negative in the visual inspection were infected.
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Boa Esperanca

Ingai

—

Ribeirio Vermelho

H
—
Lavras
J

Perdoes

Fig. 3 Maps of the spatial position of symptomatic and asymptomatic potexvirus plants in
dragon fruit orchards in the southern of the state of Minas Gerais. Red: plants with virus

symptoms, Green: plants without virus symptoms.
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The spatial distribution of viruses between rows, analyzed by the run and doublet tests,
showed an aggregate pattern for most of the orchards analyzed (Table 4). The occurrence of the
aggregate pattern was observed in all municipalities, in 9 orchards by the run test (75%) and in
8 orchards by the doublet test (66.6%), indicating the occurrence of inoculum dispersion via
seedlings and cultural operations. This finding was confirmed in the spatial distribution in plots
by the dispersion index, which showed a regular pattern in 11 orchards (91.6%). The exception

was one orchard in the municipality of Ingai (C), which showed the aggregate pattern.

Table 4 Result of the analyzes of run, doublet and dispersion index spatial patterns with p<0.05

) Run Doublet D

City Orchard
E(r) 6% (r) Z(Rr) P E(p) 6’(0) Z(o) P VM P
Boa A 4.99 0.01 455 RD 956.01 0.01 6.25 A 0.002 R
Esperanca B 126.79 20.15 -1054 A 647.19 5.14 11.16 A 0.26 R
C 365.69 125.24 -11.72 A 642.88 3149 11.72 A 1.49 A
Ingai D 32.31 13.36 -1.31 A 32.67 3.53 151 RD 0.23 R
E 41.73 13.60 -0.61 A 72.85 3.58 0.87 RD 0.48 R
F 50.95 371 -9.06 A 608.06 0.98 9.53 A 012 R
Ribeirdo G 1.00 1.00 0.50 A 21500 2150 0.11 RD 000 R
Vermelho H 10.96 0.08 1.94 RD 1123.03  0.03 2.92 A 000 R
| 6.95 0.08 16.39 RD 377.03 0.03 8.37 A 002 R
Lavras J 84.64 35.08 -0.19 A 95.48 896 -033 RD 013 R
K 8.91 0.15 1.53 A 363.05 0.05 1.95 A 0.01 R

Perddes

L 2391 191 -7.53 A 293.59 0.54 8.05 A 0.11 R

E(r): expected value of R, E(p): expected value for D, o(r): variance of R, o?(p): variance of
D, Z(r): standardized value for rums, Z(p): standardized value for doublets, D: dispersion index,
VM: relationship between variance and mean, P: standard, A: aggregate, RD: random, R:

regular

4. DISCUSSION

This study demonstrated the vulnerability of dragon fruit to viral species belonging to
the genus Potexvirus, which is corroborated by the high incidence rates recorded in all sampled
fields. In addition to this crop being propagated vegetatively, it is subjected to several pruning
and fruit harvesting operations with cutting tools. Therefore, the fact that these viruses do not
have a vector in nature does not prevent their spread from easily occurring. Potexvirus are
known to be transmitted by contaminated equipment, pollen, seeds and leaves (VERCHOT,

2021; BERCKS, 1949). As dragon fruit is not propagated by seeds in Brazil, transmission must
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have occurred via cultural operations, without ruling out the possibility of transmission via
pollen, which has not yet been studied in this crop (EVALLO et al., 2021).

The introduction of inoculum into the inspected orchards probably occurred via infected
seedlings, since no other crop was detected near the visited fields. Once present in the crop,
manual operations were responsible for its rapid dissemination to the other plants in the orchard.
Several studies have warned of viruses being introduced into dragon fruit crops by cuttings
(TAITANO et al., 2021; MERCADO-SILVA, 2018; MIZHARI, 2014, 2015). According to
Alonso Barrera et al. (2015) and Masanto et al. (2018), the absence of tool disinfection protocols
for during pruning and harvesting is the main route of disease transmission after the arrival of
the inoculum in the orchard.

Studies that investigated the occurrence of potexvirus in dragon fruit in other countries
indicated that after the viral particle enters the tissue, the disease develops, leading to systemic
invasion of the plant. Thereafter, dissemination occurs rapidly, culminating in high incidences.
Liao et al. (2003) reported incidences between 50% and 90% in Taiwan. Similar results were
reported in Malaysia, where Masanto et al. (2018) reported incidences of 40% to 100% and
Gazis et al. (2018) found incidences between 55% and 90% in the United States. According to
Masanto et al. (2018), when correlating incidence with severity, it was shown that the higher
the incidence of infected plants, the greater the severity of the disease in the orchard.

Our findings demonstrate the need for greater care in the production and acquisition of
seedlings with high phytosanitary quality, which would have a greater chance of being achieved
with the multiplication of healthy matrices in vitro (LEE & CHANG, 2022; EVALLO et al.,
2021; CORREIA et al., 2017). In addition to these practices, tissue health must be confirmed
by more sensitive diagnostic techniques, such as RT-PCR with degenerate primers for
potexvirus (VAN DER VLUGT et al., 2002) or species-specific primers for potexvirus and
other viruses that have been reported in cacti (PARK et al., 2018; ZHANG et al., 2016; BAKER
& ADKINS, 2015). Simultaneous detection by multiplex PCR and RT—qPCR are also
techniques that have the necessary sensitivity for the detection of the genera and/or species of
viruses present (HOFFMEISTEROVA et al., 2022; PARK et al., 2021).

In Brazil, dragon fruit cultivation was introduced in the late 1990s (NUNES et al., 2014),
so it is a relatively recent phenomenon that still needs to be studied in the context of the edaphic
and climatic conditions of the country. Seedling production is usually performed by
noncertified nurseries that do not apply any type of diagnostic method to verify seedling health.

In addition, there are no large commercial orchards, with most production undertaken by family
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farmers in low-technology operations, who acquire seedlings from dubious sources, including
online, given the lack of options.

The aggregated spatial pattern of the disease observed in the evaluated orchards pointed
to a clear viral spread between neighboring plants that certainly occurred through cultural
operations. Part of the fields presented a regular spatial distribution pattern, also indicating the
possible presence of the inoculum in the seedlings used for crop establishment. In field C of
Ingai, which presented a random distribution pattern, most healthy plants, according to the
producers, were replaced by plants that showed high disease severity or that had a drop in vigor,
which certainly contributed to the change in the spatial pattern.

Interestingly, in Boa Esperanca, field A was established before field B and therefore the
plants had longer exposure in the field, which indicates disease spread throughout the crop
cycle, allowing an incidence of disease in plants of practically 100%. The same pattern was
observed in the Perddes fields, where the K field was established before the L field.

Alonso Barrera et al. (2015) investigated the spatial pattern of viral spread in dragon
fruit and observed an aggregate spatial pattern, with an evident direction along the row,
suggesting spread through pruning and harvesting operations. Similar results were found by
studies on other vegetatively propagated crops: Rice et al. (2019) determined the spatial pattern
of spread of the sugarcane mosaic and concluded that spread must have occurred from infected
propagative material; Arnold et al. (2017) and Cieniewicz et al. (2017) observed a high degree
of spatial aggregation in grapevine, with spread dependent on the existence of inoculum. For
infections caused by viruses, the aggregate pattern has been the most common due to the vector
mode of transmission or because of spread via mechanical action through wounds caused by
tools (JANSSEN & RUIZ, 2021; JEGER, 2020).

For an improvement in dragon fruit production in Brazil, official control agencies must
regulate the production and commercialization of seedlings and provide training for farmers to
enable them to content with the occurrence of viral diseases through roguing and special care

in pruning and fruit harvesting operations.

5. CONCLUSION

- All orchards established in municipalities in southern Minas Gerais have a high incidence of
potexvirus.

- The spatial distribution of diseased plants shows an aggregated pattern in most orchards,
indicating spread via cultural operations and infected seedlings as an inoculum source.
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CONSIDERACOES FINAIS

Considerando o crescimento da producéo dessa fruta exotica na agricultura e o consumo
na alimentacdo global, as doengas podem impactar diretamente o rendimento da cultura. A
quantidade de fitopatdgenos relatados afetando o cladddio como o fruto estdo aumento ano apos
ano. Dentre os fitopatdgenos, as viroses causam prejuizos ao reduzir o crescimento da planta e
a producdo de frutos. Detectamos e identificamos a presenca de espécies do género Potexvirus:
CVX, PiVX, ZyVX e SchVX em amostras de diferentes regides do Brasil com infeccdes
simples ou mistas, com duas ou mais espécies. A planta infectada pode ou ndo apresentar
sintomas, quando apresenta sintomas, sdo observados mosaico e mosqueado, anéis cloroticos e
pontuacdes a manchas de coloracdo marrom-avermelhado no cladédio e no fruto, reduzindo o
crescimento da planta e a producéo de frutos. Ao analisarmos a incidéncia e o padrdo espacial
da doenca, altas incidéncias foram detectadas (80 a 100%) na maioria dos pomares e um padrdo
espacial agregado, demonstrando a vulnerabilidade da cultura da pitaia as espécies de virus
pertencentes ao género Potexvirus. Com indculo inicial partindo de mudas infectadas e
disseminando no pomar pelo uso de ferramentas de poda. Outra via de disseminacdo da doenca
é a permuta de mudas como material genético entre os produtores, o que ressalta a necessidade
de material genético com fitossanidade comprovada. Diante desses resultados, podemaos iniciar
uma compreensdo de como este patossistema ocorre na natureza. Demais estudos sdo
fundamentais para um maior entendimento em como o virus afetam estd cactacea gerando

perdas direta na producao.



