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Variabilidade genética e variacao estacional de ‘Candidatus Liberibacter

asiaticus’ em citros no Parana

RESUMO

Huanglongbing se destaca como a doenga mais importante da citriculura no mundo. A
auséncia de materiais genéticos resistentes torna seu manejo dificil e oneroso. Desta forma, o
objetivo deste trabalho foi avaliar a variabilidade entre isolados estritamente relacionados,
monitorar a populacdo de ‘Candidatus Liberibacter asiaticus’ em plantas de citros na Regido
Noroeste do Parana, bem como validar um método de extracdo direto de DNA para detec¢do
em PCR em tempo real. O estudo da variabilidade foi conduzido em plantas citricas em
pomar experimental (Maringa-PR), através do uso microssatélites associados com regides
contendo sequéncias simples repetidas (SSR) da bactéria. A variacdo estacional da populacao
bacteriana foi estudada em mudas de citros mantidas em casa de vegetacdo, em plantas de
laranja doce em pomar experimental e plantas de lima &cida Tahiti em pomar comercial no
municipio de Maringa-PR e em plantas de laranja doce em pomar comercial no municipio de
Paranavai-PR. A populagdo bacteriana foi monitorada por PCR em tempo real através da
coleta mensal de folhas sintomaticas a partir da deteccdo da bactéria na planta. Os métodos de
preparacgéo direto de amostra foram realizados com protocolo de deteccdo de PCR em tempo
real com a utilizacdo de sonda TagMan®. A estrutura genética da populacdo foi determinada
incluindo 21 haplétipos agrupados em trés grupos principais. O estudo revelou que a
diversidade genética esta presente na area desde o inicio da manifestacdo do HLB. Foram
observadas diferencas significativas nos valores de Ct (Cycle Threshold) em amostras
coletadas nas diferentes estacdes do ano e o outono foi a melhor época para a detec¢do da
bactéria em plantas no campo. O método de extracdo direto foi validado e eficiente na
detecgdo de ‘Ca. Liberibacter asiaticus’, demonstrando boa concordancia com amostras cuja
purificacdo de DNA foi realizada.

Palavras-chave: Diversidade de ‘Candidatus Liberibacter asiaticus’. PCR em tempo real.

Sequéncias simples repetidas (SSR). Método de extragdo direta de DNA.
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Genetic variability and seasonal variation of ‘Candidatus Liberibacter
asiaticus’ in citrus in Parana

ABSTRACT

Huanglongbing stands out as the most important disease of citrus worldwide. The absence of
genetic materials resistant makes its management difficult and costly. Thus, the aim of this
study was to evaluate the variability among isolates closely related, monitor the population of
‘Ca. Liberibacter asiaticus’ in citrus plants in northwestern Parang, and validate a method for
direct extraction of DNA for real time PCR detection. The variability study was conducted in
citrus plants in an experimental orchard (Maringa-PR) through the use of microsatellite
regions associated with Simple Sequence Repeats (SSR) of the bacterium. Seasonal variation
of the bacterial population was studied in citrus seedlings maintained in a greenhouse, in
sweet orange plants in an experimental orchard, and Tahiti acid lime plants in a commercial
orchard in Maringa, Parana State, and still, sweet orange plants in a commercial orchard in
Paranavai, Parana. The bacterial population was monitored by real-time PCR by collecting
monthly symptomatic leaves from the detection of the bacterium in the plant. The methods of
sample preparation were directly performed with detection protocol real-time PCR using
TagMan® probe. The population genetic structure was determined by including 21
haplotypes, grouped into three main groups. The research revealed that genetic diversity is
present in the area since the beginning of the manifestation of HLB. There were significant
differences in Ct (Cycle Threshold) in samples collected in different seasons, and autumn was
the best time for detection of bacteria in plants in the field. The direct extraction method was
validated and efficient to detect ‘Ca. Liberibacter asiaticus’, showing similar agreement with
samples whose DNA purification was performed.

Keywords: Diversity of ‘Candidatus Liberibacter asiaticus’. Real time PCR. Simple

Sequence Repeats (SSR). Direct extraction method of DNA.
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1. INTRODUCAO GERAL

Huanglongbing (HLB), também conhecido como greening, se apresenta como uma
das mais devastadoras doencas da citricultura mundial por tornar as plantas rapidamente
improdutivas e seus frutos improprios para o consumo (Da Graga, 1991). Também afeta a
qualidade da fruta para industrializagéo, reduzindo o teor de suco, aumento da acidez, grau
Brix e relacdo entre acidez e °B (Ratio) (Bassanezi et al., 2009).

Os sintomas da doenca normalmente se iniciam em ramos isolados da planta, que se
destacam por apresentarem coloracdo amarelada entre os ramos sadios. Com o0 passar do
tempo, os sintomas progridem tornando toda a planta amarelada (Bové, 2006). As folhas se
apresentam com aparéncia mosqueada, de coloracao alternada entre tons de verde claro, verde
escuro e amarelo, ndo apresentando delimitacGes entre as cores (Chung e Brlansky, 2005;
Feichtenberger et al., 2005; Bové, 2006). Frutos sintomaticos sdo menores, defeituosos,
assimétricos, com coloracdo externa irregular, podendo apresentar inversdao da maturacgdo.
Internamente é possivel observar sementes abortadas, deslocamento da columela conferindo
assimetria ao fruto, além de maturacdo interna desuniforme e coloracdo marrom a castanho
dos feixes vasculares (Bové, 2006).

A doenca € causada por bactérias Gram-negativas de crescimento limitado aos vasos
do floema (Jagoueix et al., 1996), denominada ‘Candidatus Liberibacter’ spp. e inclui as
espécies ‘Ca. Liberibacter africanus’, ‘Ca. Liberibacter americanus’ e ‘Ca. Liberibacter
asiaticus’. A espécie asiatica ocorre na Asia, Peninsula Arabica, Brasil e Estados Unidos (Da
Graca,1991). Nas Américas, Huanglongbing foi relatada pela primeira vez no Brasil, no
Estado de S&o Paulo em pomares de laranja doce em 2004 (Coletta-Filho et al., 2004) e no
Estado do Parand, a doenca foi constatada em 2007 (Nunes et al., 2007). Em 2006 a doenca
foi detectada na Flérida, EUA (Bové, 2006). No territorio brasileiro a espécie asiatica
predomina desde 2008 (Lopez et al., 2009a).

Os vetores desta bactéria sdo duas espécies de psilideos: Diaphorina citri e Trioza
erytreae, sendo esta Ultima apenas encontrada na Africa (Da Graca, 1991; Chung e Brlansky,
2005). Cacopsylla citrisuga foi recentemente relatado na China como portador da bactéria
‘Ca. Liberibacter asiaticus’ (Cen et al., 2012). Borbulhas contaminadas originando mudas
doentes constituem em eficaz meio de disseminacdo da doenca a longas distancias (Lopes et
al., 2009b).



Todas as espécies de citros sdo afetadas pela doenca que causa o rapido declinio das
plantas. As variedades de laranjas doces (Citrus cinenses L. Osbeck) e tangerinas (C.
reticulata Blanco) sdo mais susceptiveis a doenca, enquanto os pomelos (C. paradisi) e liméo
rugoso (C. jambiri) se apresentam mais tolerantes (Tomimura et al., 2009). Nao existem
variedades completamente resistentes aos patdgenos (Folimonova et al., 2009).

O estudo da diversidade genética de ‘Ca. Liberibacter’ spp. pode auxiliar a
comunidade cientifica ao elucidar duvidas existentes sobre estas bactérias e seus mecanismos
de patogenicidade (Deng et al., 2008). Microssatélites associados com regides contendo
seqliéncias simples repetidas (SSR) da bactéria, tem sido aplicados no estudo da variabilidade
genética destes patogenos (Islam et al., 2012) oferecendo uma pontual diferenciagdo dos
isolados (Katoh et al., 2011).

O objetivo deste estudo foi avaliar a variabilidade de ‘Ca. Liberibacter asiaticus’ em
citros na regido Noroeste do Parand e observar a variacdo estacional da populacdo do
patdgeno nestas areas, bem como avaliar um método direto de preparacdo das amostras para a

deteccdo do patdgeno por PCR em tempo real.



2. REVISAO DE LITERATURA

2.1 Importancia da citricultura no Brasil e no mundo

O crescimento da producdo mundial de frutas e verduras no mundo tem sido
impulsionado pela notavel expansdo das regides produtoras, principalmente na Asia e
especialmente na China. Em 2011, a producdo de frutas em todo o mundo foi de
aproximadamente 640 milhdes de toneladas e o cultivo de citros se destaca como a principal
atividade da fruticultura mundial (FAO, 2013a).

A citricultura esta presente em mais de 120 paises (FAO, 2013b) e sua introducdo no
Brasil esta relacionada a historia de seu descobrimento. As primeiras sementes de laranja doce
foram introduzidas no Brasil pelos portugueses no inicio do século XVI entre os anos 1530 e
1540, no inicio de sua colonizagdo, e se expandiram rapidamente por todo o pais, devido as
favoraveis condicgdes climaticas encontradas (Donadio et al., 2005; Neves et al., 2011).

A citricultura brasileira representa um importante segmento da economia nacional,
tanto em valor da produc¢do, como na geracdo de empregos diretos e indiretos. O Brasil se
destaca como o maior produtor de citros (FAO, 2013a), com uma producdo estimada em
torno de 20 milhGes de toneladas de fruta fresca (FAO, 2013a; IBGE, 2013) e com é&rea de
cultivo estimada em aproximadamente 740 mil hectares para o ano de 2013 (IBGE, 2013).
Ocupa o primeiro lugar na producéo de laranja doce e a quinta posi¢édo na producéo de liméo
e lima, sendo ainda considerado um dos principais exportadores (FAO, 2013a). Embora o
Brasil seja responsavel por 53% da producdo mundial de citros (Neves et al., 2011) e o
maior pais em area cultivada, possui baixos valores de produtividade quando comparado a
outros paises com menores areas de cultivo, porém, com alta produtividade. A produtividade
brasileira em 2011 foi superior a 24 t/ha enquanto a produtividade dos EUA, por exemplo,
foi de aproximadamente 32 t/ha em aproximadamente 255 mil hectares cultivados (FAO,
2013b).

Apenas 30% da producdo nacional de laranjas se destinam ao consumo da fruta in
natura e o restante da producdo destina-se ao processamento industrial. O suco de laranja
brasileiro € conhecido mundialmente por sua alta qualidade. A industria brasileira &
responsavel por 60% da producdo mundial e o Brasil consome apenas 2% do suco que
produz, sendo os 98% restantes, exportado para diversas regides do mundo. O suco
brasileiro se destaca por sua competitividade, contribuindo com uma participagdo de 85% no

mercado mundial (Neves et al., 2011; MAPA, 2013) e por se enquadrar como um dos
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principais produtos brasileiros de exportacdo (Neves et al., 2001). Além da fruta para
consumo in natura e do suco industrializado, a laranja ainda oferece outros importantes
subprodutos como 6leos essenciais, liquidos aromaticos e o bagaco de citros, que se destaca
por seu agregado valor econémico, utilizado na alimentacdo animal, sobretudo na
alimentacdo de ruminantes e gado leiteiro (MAPA, 2013).

A maior produgdo de citros se concentra no Estado de S&o Paulo, cuja produgéo
corresponde a 74,9% da safra nacional (IBGE, 2013) e area de plantio de 465 mil hectares.
Este Estado sempre se destacou por elevados nimeros de ganhos em produtividade pela
adoc¢do de tecnologias de manejo. Porém, este cenario vem sofrendo constantes alteracdes
devido as crises que o setor vem enfrentando nos ultimos anos, como a diminui¢do da
demanda suco pelo mercado externo, consequéncia da grande concorréncia com outros tipos
de bebidas e néctares de outras frutas disponiveis ao consumidor e devido aos aumentos nos
custos de producdo decorrentes de problemas fitopatologicos e escassez de mao-de-obra
(Conab, 2013a; Neves et al., 2011).

O Parana contribui com 5% da producdo nacional de citros e possui apenas 3,4% da
area cultivada no Brasil. O Estado do Parana se destaca por apresentar produtividade
superior ao Estado de S&o Paulo, apresentando rendimento médio de 33 t/ha na safra atual,
contra 28,4 t/ha obtidos no Estado de S&o Paulo (IBGE, 2013). Na fruticultura paranaense, a
citricultura corresponde a 56,6% da producdo. A laranja se destaca por representar 45,2% da
producdo citrica no Estado, seguida da tangerina que contribui com 10,4% do volume e do
lim&o que representa apenas 1% do total da fruticultura. Estes nUmeros sdo proporcionais as
areas de cultivo e producdo no estado, no qual a laranja ocupa 35,7 mil hectares que
produziram 961,4 mil toneladas; a tangerina é cultivada em 9,3 mil hectares, foram colhidas
176,3 mil toneladas e os limBes com area de 875 hectares, 0s quais proporcionaram 17 mil
toneladas de frutas colhidas (SEAB, 2012). A citricultura paranaense concentra-se na regiao
metropolitana de Curitiba, no norte do estado e principalmente no Noroeste do Estado do
Parand (Conab, 2013b) com destaque para 0s municipios de Paranavai, Alto Parana,
Rolandia e Nova Esperanca. O Estado conta com parcerias entre produtores e cooperativas,

que industrializam o suco (Governo do Estado do Parana, 2009).



2.2 Doencas de citros

No Brasil, as pragas e doencas de citros sdo consideradas as principais ameacas a
citricultura. Na década passada, 40 milhdes de arvores foram erradicadas devido as pragas e
doengas, elevando a mortalidade de 4% para 5%, o que resulta em quase 80 milhdes de
caixas de citros perdidas ao ano (Neves et al., 2011). Recentemente a citricultura paulista,
marcada na Ultima década pela alta tecnologia empregada no manejo contra pragas e doencas
dentre outras atividades que acarretaram ganhos de produtividade, vem enfrentando uma das
piores crises no setor devido a diminuicdo da demanda de suco no mercado externo. Com
Isso, os produtores endividados pelos altos custos de producdo decorrentes do aumento de
problemas fitopatologicos e pelos baixos precos pagos por caixa da fruta, deixaram as frutas
no pomar na intencdo de evitar gastos. A presenca de frutos remanescentes no pomar
resultou em graves problemas fitossanitarios nas plantas e a erradicacdo completa de alguns
pomares, ocasionando a diminuicdo da producdo na safra 2013/14. A cultura no triangulo
mineiro, com excecdo dos pomares com producdo destinada a inddstria, encontra-se em
situacdo de abandono em funcdo de problemas semelhantes aos enfrentados por citricultores
paulistas, dentre eles a vulnerabilidade as doencas, devido aplicagdo inadequada de insumos
agricolas (Conab, 2013a).

A citricultura apresenta uma extensa lista de doengas que podem atingir qualquer parte
da planta em diferentes épocas de cultivo e sdo causadas por diversos fitopatdgenos, como
fungos, virus, virdides, bactérias, nematdides e até mesmo por agentes causais
desconhecidos. A ocorréncia de doencas ao longo da histéria da citricultura brasileira
marcou o0 cenario de producdo em diversas regides e em distintas épocas, com grandes
perdas de producdo e produtividade (Feichtenberger et al., 2005).

Nos ultimos anos, huanglongbing (HLB), cancro citrico, mancha preta dos citros ou
pinta preta (MCP), mancha marrom de Alternaria (MMA), clorose variegada dos citros
(CVC) e morte subita dos citros (MSC) se destacaram como as principais doencas da cultura
dos citros e 39 milhdes de arvores foram erradicadas devido a presenca destas moléstias nos
pomares dos Estados de S&o Paulo e Minas Gerais, 0 que representou uma diminui¢do de
cerca de 20% na safra de 2011 em comparagéo a safra anterior (Neves et al., 2011). Além
das perdas econémicas, em conjunto com outros fatores, a ocorréncia de doencgas nos citros
podem elevar os custos de producgéo, ameagando a quantidade e a qualidade das frutas
citricas. Em geral, para o controle das doencas no campo faz-se uso do manejo integrado

atraveés de variedades resistentes, diversificacdo de variedades, uso de mudas e material de
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propagacdo sadios, bem como o controle de plantas daninhas e rotacdo de defensivos
agricolas (Feichtenberger et al., 2005).

2.3 Huanglongbing (HLB)

Huanglongbing (HLB), também conhecido como greening, provavelmente teve sua
origem no sul da China e inicialmente foi considerada como uma enfermidade de pouca
importancia para a cultura do citros (Da Graca, 1991; Bové, 2006). O nome dado a doenca
provém do Chinés (“Huang Long Bing”) e significa “doenca do dragdo amarelo” devido a
sintomatologia das plantas infectadas (Bové 2006; Feichtenberger et al., 2005). A doenca esta
presente em diversos paises nos continentes asiatico, africano, americano e Oceania (Da
Graca, 1991; Bové, 2006).

As primeiras detec¢des da doenga na América foram constatadas no Brasil (Coletta-
Filho et al., 2004) e em seguida na Flérida, Estados Unidos (Halbert, 2005). No Brasil, a
doenca foi relatada pela primeira vez em 2004, na regido central do Estado de Sao Paulo, no
municipio de Araraquara (Coletta-Filho et al., 2004; Teixeira et al., 2005b). Em 2005,
determinou-se a existéncia da doenga em pomares no Estado de Minas Gerais (Belasque et al.,
2009) e somente em 2007, constatou-se a primeira deteccdo no Parand, no municipio de
Altonia (Nunes et al., 2007).

HLB se apresenta como uma das mais devastadoras doencas da citricultura mundial
por tornar as plantas rapidamente improdutivas e seus frutos improprios para 0 consumo
(Feichtenberger et al., 2005). Também afeta a qualidade de suco para industrializacdo,
reduzindo seu teor, bem como a concentracao de sélidos sollveis totais por fruta, de grau Brix
e a proporcdo de acidez, gerando o aumento da acidez do fruto (Bassanezi et al., 2009). A
qualidade do suco é afetada mesmo em condicBes de plantas e frutos assintomaticos,
apresentando maior teor de compostos amargos (Baldwin et al., 2010).

Os relatos dos danos econdmicos gerados pela presenca do HLB ressaltam sua
importancia, reafirmando-a como uma terrivel ameaca a citricultura mundial. Nas Filipinas
foram registradas, reducédo nas areas de cultivo de até 75% devido a sua presenca (Altamirano
et al., 1976). Na década de 60, mais de trés milhdes de arvores foram destruidas na Indonésia
(Tirtawidjaja, 1980). A doenga também foi responsavel pela morte de praticamente todas as
arvores de tangerinas e laranja doce no sudoeste da Arabia Saudita (Bové, 1986). Mais de
65% das arvores foram severamente afetadas na Ilha Reunido (Aubert et al., 1996). Na Africa

do Sul, areas identificadas com alto nivel de infeccdo registraram perdas de 30 a 100% em
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pomares afetados (Schwarz et al., 1967). A reducdo da vida util de pomares citricos, area de
producdo e conseqlentes perdas financeiras foram registradas no norte da Tailandia
(Roistacher, 1996; Koizumi et al., 1997). Na Flérida (EUA), o HLB ¢ apontado dentro das
estimativas de impactos totais na industria de citros como um dos principais responsaveis
pelas perdas registradas nas safras 2003/2004 (Hodges et al., 2004).

O HLB é uma das maiores preocupacdes dos citricultores brasileiros, por se tratar de
uma doenca que se alastrou extremamente rapido desde seu ponto de origem na regido central
do Estado de S&o Paulo até outras regies do estado e do Brasil (Belasque et al., 2009; Neves
et al., 2011). E relatado como um dos principais fatores influenciadores na produtividade
média do Estado de S&o Paulo (Conab, 2013a). Em 2009, 24% dos pomares paulistas
apresentaram no minimo uma planta sintomatica, estimando-se que em todo o estado,
aproximadamente 1,9 milhdo de plantas estavam infectadas (Belasque et al., 2009) e 4
milhdes de plantas foram erradicadas (Belasque et al., 2010).

O aumento acelerado de areas infectadas também foi observado no Parang, onde em
2006 o Estado apresentava apenas um municipio com diagnostico confirmado para a doenca.
Em 2008, a doenca evoluiu para 29 municipios e em 2010, a doenca foi detectada em 54
municipios do Parana (Nunes et al., 2010). Atualmente o Parand possui 155 municipios
produtores de laranja e destes, 89 ja possuem diagnéstico positivo para a presenca da doenca.
Atribui-se que 15% dos prejuizos na produgdo paranaense, estimada em aproximadamente

735 mil toneladas, seja devido a progressdo do HLB (Adapar, 2013).

2.3.1 Sintomas

Os sintomas do HLB caracterizam-se principalmente por ramos com folhas apresentando
coloracdo amarelada, geralmente isolados na planta. As folhas apresentam-se com aparéncia
mosqueada, de coloracgdo alternada entre tons de verde claro, verde escuro e amarelo, néo
apresentando limites definidos nas tonalidades (Bové, 2006; Feichtenberger et al., 2005,
Chung e Brlansky, 2005). O mosqueamento das folhas é observado em todas as plantas
infectadas pela doenca, independente da espécie de bactéria, hospedeiro e condicdes
ambientais (Bové, 2006). Os ramos sintomaticos podem ainda exibir folhas curvadas com
engrossamento e escurecimento das nervuras, e menor tamanho (Belasque et al., 2009). E
comum o surgimento de sintomas de deficiéncia de zinco, induzidos pelo patdégeno. Neste
caso, as folhas apresentam clorose internerval, folhas de tamanho reduzido e reducdo de

outros nutrientes (Feichtenberger et al., 2005). Com o desenvolvimento da doenca, pode
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ocorrer intensa desfolha, seca, morte de ponteiros e a progressao dos sintomas em toda a copa
(Feichtenberger et al., 2005; Belasque et al., 2009) devido ao estresse causado pela menor
densidade de massa de raizes observado em plantas doentes (Graham et al., 2013).

Os frutos sintomaticos sdo menores, defeituosos, assimétricos, com coloracdo externa
irregular, podendo apresentar inversdo da maturacdo. Internamente € possivel observar
sementes abortadas, deslocamento da columela conferindo assimetria ao fruto, além de
maturacdo interna desuniforme e coloracdo marrom a castanho nos feixes vasculares (Boveé,
2006). Ocorre queda prematura dos frutos, que aumenta proporcionalmente a severidade da
doenca, fator que contribui para a significativa redugdo na producdo e os frutos sintomaticos
afetam a qualidade do suco (Bassanezi et al., 2008; Bassanezi et al., 2009).

As plantas infectadas nem sempre exibem rapidamente seus sintomas, devido ao
prolongado periodo de laténcia da doenca, o que pode favorecer a rapida disseminacdo do
patégeno no campo (Manjunath et al., 2008). A doenca ndo provoca a morte imediata das

plantas, tornando-as debilitadas e improdutivas ao longo do tempo (Belasque et al., 2009).

2.3.2 Agente causal

O HLB ¢ causado por uma bactéria Gram-negativa de crescimento limitado ao floema
(Garnier et al., 1984), ndo cultivavel, pertencente a subdivisdo das alfa-proteobactérias
(Jagoueix et al., 1994), denominada ‘Candidatus Liberibacter’ spp. ‘Ca. Liberibacter’ inclui
trés espécies causadoras do HLB: ‘Ca. Liberibacter asiaticus’ agente patogénico da doenca
em paises da Asia e das Américas, ‘Ca. Liberibacter africanus’ responsavel por causar a
doenga na Africa e ‘Ca. Liberibacter americanus’, uma das causadoras da doenga nas
Américas, especialmente no Brasil (Jagoueix et al., 1994, Jagoueix et al., 1997; Coletta-Filho
et al., 2005; Teixeira et al., 2005a).

‘Ca. Liberibacter asiaticus’ foi detectada no Brasil em 2004 (Coletta-Filho et al., 2004).
‘Ca. Liberibacter americanus’ foi descrita pela primeira vez em 2005, no Brasil, e
inicialmente esta espécie foi considerada predominante nos pomares do estado de Séo Paulo
(Coletta-Filho et al., 2005; Teixeira et al., 2005a; Bové, 2006). Com o passar do tempo houve
reducdo na freqiiéncia de ‘Ca. Liberibacter americanus’ e a forma asiatica passou a prevalecer
nos campos brasileiros, caracterizando diferencas biologicas entre as especies (Bové, 2006;
Lopes et al., 2009b; Coletta-Filho et al., 2010a). As diferencas de temperatura e diferentes
taxas de transmisséo natural podem ser fatores contribuintes para a irregular distribuicdo das

especies no estado (Lopes et al., 2009a; Lopes et al., 2009b).
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‘Ca. Liberibacter asiaticus’ possui tolerancia as altas temperaturas e 0s sintomas se
desenvolvem bem entre 25 © a 32 °C (Garnier e Bové, 1983; Gottwald et al., 2007), podendo
se multiplicar a partir dos 17 °C (Gasparoto et al., 2012). ‘Ca. Liberibacter africanus’ ¢ ‘Ca.
Liberibacter americanus’ sd0 sensiveis ao calor, com temperatura ideal de desenvolvimento
abaixo dos 30 °C (Garnier e Bové, 1983; Gottwald et al., 2007; Bové, 2006; Lopes et al.,
2009b), porém a espécie americana apresentou desenvolvimento 6timo de sintomas aos 24 °C
(Gasparoto et al., 2012) e pode ocorrer em uma mesma planta com a forma asiatica da doenca
(Coletta-Filho et al. 2005). A espécie africana geralmente é detectada em localidades que
estdo acima de 700 m de altitude (Gottwald et al., 2007).

A bactéria foi cultivada em meio artificial (Sechler et al., 2009) porém, como ndo héa
novos relatos do seu cultivo in vitro e do cumprimento dos postulados de Koch, o patégeno
continua recebendo o prefixo ‘Candidatus’ (Murray e Schleifer, 1994).

Estas bactérias podem se associar a outros agentes patogénicos como espécies de
Phytophtora spp., potencializando danos ocasionados as plantas (Graham et al., 2013). Uma
subespécie da bactéria foi relatada na planta Calodendrum capense, e as analises filogenéticas
revelaram que esta espécie possui uma estreita relacdo com a forma africana da doenca, e foi
denominada ‘Ca. Liberibacter africanus’ subsp. capensis (Garnier et al., 2000).

As espécies de ‘Ca. Liberibacter’ possuem diferentes espécies de plantas hospedeiras,
tais como espécies de plantas com potencial ornamental utilizadas na arborizagdo urbana, as
quais funcionam como fonte de in6culo em areas proximas ao cultivo de citros. Murraya spp.
(murta) é hospedeira da bactéria e do inseto vetor. Embora com baixa incidéncia do patdgeno,
fator que dificulta a deteccdo do mesmo, esta planta é capaz de abrigar as espécies americana
e asiatica (Da Graca 1991; Walter et al, 2012). A espécie arbustiva Murraya exotica (falsa
murta) pode hospedar as formas asiatica e americana da doenca, porém com menor taxa de
multiplicacdo do patdégeno e maior tempo para exibi¢do dos sintomas (Lopes et al., 2010).
Severinia buxifolia (severinia) hospeda a espécie asiatica além de funcionar como abrigo para
0 inseto vetor (Hung et al., 2001).

Outros agentes patogénicos podem ser 0s responsaveis por desenvolver sintomas
semelhantes aos do HLB, como os fitoplasmas ‘Ca. Phytoplasma asteris’ (Chen et al., 2009) e
‘Ca. Phytoplasma phoenicium’ (Teixeira et al., 2008). Estes organismos possuem mecanismo
de patogenicidade semelhantes aos de ‘Ca. Liberibacter’ spp. com crescimento limitado aos
vasos do floema e por isto, séo capazes de ocasionar sintomas semelhantes aos desencadeados

pelas espécies bacterianas (Bové et al., 2008). ‘Ca. Phytoplasma asteris’ ou ‘Ca. Phytoplasma



phoenicium’ podem ser encontrados infectando uma mesma planta de citros com ‘Ca.
Liberibacter asiaticus’ (Teixeira et al., 2008; Chen et al., 2009).

2.3.3 Variabilidade do agente causal

O conhecimento das informagdes gendmicas de ‘Ca. Liberibacter asiaticus’ é
considerado uma importante ferramenta para compreender a interacdo entre este patdgeno,
seus vetores e hospedeiros, além de poder elucidar a origem do patégeno e auxiliar na busca
por medidas de controle (Duan et al., 2009; Katoh et al., 2011). Diante de uma enfermidade
de importancia epidemiol6gica mundial como o HLB, o estudo da diversidade genética
auxilia no esclarecimento de muitas duvidas existentes sobre o patdgeno (Deng et al., 2008).

A variabilidade genética de ‘Ca. Liberibacter asiaticus’ tem sido alvo de grupos de
estudos em diversas localidades do mundo onde a doenca se apresenta como problema no
cultivo de citros (Adkar-Purushothama et al., 2009; Furuya et al., 2010; Katoh et al., 2011;
Liu et al., 2011; Coletta-Filho et al., 2005; Bastianel et al., 2005; Magomere et al., 2009; Ding
et al., 2009, Tomimura et al., 2009). Diferencas encontradas em uma mesma regido do DNA
podem servir como ferramenta de monitoramento da enfermidade presente no campo,
possibilitando ainda observar possiveis relacdes entre diferentes hospedeiros de citros e seus
cultivares, com a sequéncia gendmica da bactéria (Tomimura et al., 2009). Através da
sequéncia do genoma € possivel observar genes e fatores que contribuem para a viruléncia da
bactéria, sua capacidade de metabolizar agucares e observar ainda a existéncia de genes que
possibilitam a absorcdo de nutrientes do floema, causando deficiéncia de zinco local (Duan et
al., 2009).

Baseados nas sequéncias da regido 16S e nas regides intergénicas 16S/23S do rDNA, as
analises filogenéticas de isolados de diferentes regides de cultivo na China, revelaram que as
sequéncias obtidas destas regides sdo altamente conservadas e obteve-se de 98,5 a 100% e
99,7 a 100% de similaridade, respectivamente (Ding et al., 2009). Resultados semelhantes
foram observados quando esta metodologia foi empregada em isolados de ‘Ca. Liberibacter
asiaticus’ de diferentes hospedeiros no sudeste asiatico, os quais apresentaram 100% de
identidade (Tomimura et al., 2009) e para isolados do Japdo, Filipinas, Indonésia e Tailandia
(Subandiyah et al., 2000). Alta homogeneidade também foi encontrada em isolados de toranja
em Guandong na China, quando comparadas com amostras da Tailandia e Nepal (Deng et al.,
2008) em isolados de tangerina do Brasil e EUA (Gupta et al., 2012).
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Utilizando PCR-RFLP, isolados de ‘Ca. Liberibacter asiaticus’ apresentaram altos
niveis de identidade em um mesmo local de amostragem (Bastianel et al., 2005). A analise de
sequéncias genéticas de profagos de ‘Ca. Liberibacter asiaticus’, demonstram a possibilidade
de uma origem comum de isolados de duas diferentes provincias na China, os quais revelaram
pequena variabilidade genética entre as estirpes bacterianas (Liu et al., 2011). Com base em
polimorfismos de um Unico nucleotideo da regido 16S do rDNA e em genes de proteinas
ribossémicas, como a proteina B operon, avaliou-se a diversidade genética de isolados da
espécie asiatica no sul da India e inesperadamente encontrou-se um alto nivel de
heterogeneidade entre as amostras, detectadas em regides caracterizadas por diferencas
climéticas (Adkar-Purushothama et al., 2009).

Microssatélites associados com regides contendo sequiéncias simples repetidas (SSR)
sdo considerados ideais como marcadores genéticos de plantas, mapeamento fisico, estudos
populacionais e identificacdo varietal, por fornecerem grande quantidade de dados e ao
mesmo tempo facilidade na sua identificacdo (Morgante e Olivieri, 1993). Estes marcadores
tém sido empregados no estudo de diferentes patdgenos de distintas culturas para melhor
distinguir genotipos (Carimi et al., 2010; Attanayake et al., 2012), bem como tem sido
empregados no estudo da diversidade de ‘Ca. Liberibacter asiaticus’ (Islam et al., 2012)
conferindo uma diferenciacéo de isolados mais precisa (Katoh et al., 2011).

Através dos marcadores moleculares pode-se estimar a diversidade genética e analisar a
estrutura populacional de ‘Ca. Liberibacter asiaticus’ de uma regido, além de captar maiores e
precisas diferencas entre os isolados (Katoh et al., 2011). A identificacdo de marcadores
moleculares para comparar isolados de ‘Ca. Liberibacter asiaticus’ na Asia e na América do
Norte, possibilitou identificar maior variabilidade no continente asiatico, de onde
provavelmente se difundiu 0 HLB para o continente americano (Chen et al., 2010).

Em Guandong, China, no estudo de seis diferentes regies de cultivo de citros observou-
se alta homogeneidade entre os isolados, e sugerindo que ndo ha diferencas entre 0s mesmos,
devido a proximidade de sua origem de disseminagéo (Deng et al., 2008). Desde a descricao
da doenca, a diversidade genética da bactéria e seus resultados distintos, sdo considerados um
dos maiores desafios aos pesquisadores (Chen et al., 2010).

A estreita relagéo entre isolados de uma mesma ilha no Japdo, e a alta variabilidade
entre isolados de distintas ilhas localizadas no Japdo, Taiwan e Indonésia foi observada
através de microssatélites. O uso de microssatélites possibilitou estudar nestas areas o
provavel local de introdugédo da doenca e a homogeneidade entre isolados de uma mesma area

devido a recente ocorréncia do patogeno no local (Katoh et al., 2011). O uso de sequéncias
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repetidas em tandem, técnica semelhante ao uso dos microssatélites, permitiu diferenciar a
populacdo bacteriana de Guandong na China com amostras coletadas na Flérida (Chen et al.,
2010).

A preocupacdo dos pesquisadores em estudos de diversidade genética de ‘Ca.
Liberibacter asiaticus’ em amplas &reas ou ainda em condic¢Bes intercontinentais tem sido
descrita na literatura (Adkar-Purushothama et al., 2009; Islam et al., 2012) . Nao ha relatos
anteriores descritos na literatura sobre estudos da diversidade genética da doenca em

microregides produtoras de citros, como o caso do noroeste do Estado do Parana, Brasil.

2.3.4 Transmissao

2.3.4.1 Transmissdo por enxertia

As bactérias podem ser transmitidas artificialmente, através de enxertia com borbulhas
ou gemas contaminadas ou atraves da planta parasita trepadeira Cuscuta spp. (Garnier e Bové,
1983; Bove, 2006). Estes métodos de transmissdo tém sido amplamente utilizados no meio
cientifico para investigar a doenca porque oferecem rapidez, facilidade e eficiéncia na
transmissdo do patdgeno as plantas citricas ou a hospedeiros alternativos (Lopes e Frare,
2008).

Apds 4 a 5 meses da inoculacdo, as plantas de citros inoculadas por enxertia através de
borbulhas contaminadas com ‘Ca. Liberibacter asiaticus’ passam a exibir os sintomas da
doenca nas folhas, frutos deformados e sintomas semelhantes aos de deficiéncia de zinco,
ferro e manganés (Lopes e Frare, 2008; Lopes et al., 2009b). No inverno, as taxas de
transmissdo experimentais sdo maiores, porém as taxas de sobrevivéncia dos tecidos das
plantas enxertadas sdo menores (Lopes e Frare, 2008). A planta S. buxifolia também
demonstrou ser capaz de transmitir a bactéria por enxertia, € a detec¢do ocorre apenas 2 a 3
meses apds a inoculacdo (Hung et al., 2001).

A porcentagem de transmissdo para ‘Ca. Liberibacter asiaticus’ varia entre 54,7 a
88%, enquanto as taxas observadas para a ‘Ca. Liberibacter americanus’ sdo menores e
variam entre 10 a 45,2%. Para a forma americana da doenca, as taxas de transmisséo por
enxertia em limdes, tangerinas ou citrumelos (C. paradisi X Poncirius trifoliata) sdo menores
(2 a 25%) que as observadas em laranja doce e tangores (C. reticulata x C. sinensis) (31,2 a
65%) (Lopes et al., 2009b).
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2.3.4.2 Transmisséo por insetos vetores

As bactérias causadoras do HLB podem ser transmitidas por diferentes espécies de
artropodes, conhecidos como psilideos (Hemiptera: Psyllidae e Triozidae). O psilideo é um
inseto que mede de 3-4 mm e que possui corpo levemente achatado quando visualizados
lateralmente. Sua principal caracteristica é posicionar-se num angulo de 45 ° com a superficie
na qual ele se alimenta (Halbert e Manjunath, 2004; Feichtenberger et al., 2005). Podem ser
0s responsaveis pela introducdo da bactéria causadora do HLB em diversos locais do mundo,
como na China e nas llhas Reunido (Gottwald et al., 1989).

O ciclo de vida destes insetos pode durar de 15 a 47 dias independente do hospedeiro, e
estd diretamente relacionado a temperatura, fator que influéncia na sobrevivéncia e nos
estagios de desenvolvimento (Halbert e Manjunath, 2004; Nava et al., 2010). Estes insetos
necessitam um periodo de 15 a 30 minutos para aquisi¢cdo da bactéria ao se alimentar da
planta contaminada e o periodo de incubacdo leva de 14 a 21 dias até a transmissdo para
novas plantas (Halbert e Manjunath, 2004; Feichtenberger et al., 2005). A relacdo entre
patdbgeno e vetor é do tipo propagativa e circulativa (Halbert e Manjunath, 2004;
Feichtenberger et al., 2005). As ninfas sdo mais propensas a aquisi¢cdo da bactéria do que
insetos adultos, e quando adquirem o patégeno, se tornam mais eficazes na transmissdo da
bactéria, do que aqueles que adquirem somente na fase adulta, pela maior quantidade do
patdgeno presente no corpo do inseto (Pelz-Stelinski et al., 2010). A transmissdo ovariana e a
transmissdo sexual sdo outros importantes mecanismos de transmissdo que ocorrem em
pequenas taxas, porém sdo eficazes na complementacdo destes mecanismos (Grafton-
Cardwell et al., 2013).

Trioza eritrea Del Guercio (Hemiptera: Triozidae) e Diaphorina citri Kuwayama
(Hemiptera: Sternorrhyncha: Psyllidae) sdo as principais espécies de psilideos transmissoras
do HLB. Estas espécies sdo vetoras da bactéria ‘Ca. Liberibacter africanus’ na Africa e ‘Ca.
Liberibacter asiaticus’ na Asia, respectivamente (Halbert e Manjunath, 2004; Feichtenberger
et al., 2005). No Brasil, D. citri é a espécie vetora de ‘Ca. Liberibacter asiaticus’ e de ‘Ca.
Liberibacter americanus’ (Teixeira et al., 2005a). Por ser vetor do agente causal do HLB, D.
citri atualmente é a praga mais importante da citricultura mundial e se tornou alvo de
inimeras pesquisas pela rapida disseminacdo da doenca nas Américas (Grafton-Cardwell et
al., 2013).

A espécie africana T. eritrea € sensivel as altas temperaturas e alta umidade relativa do

ar, adaptando-se melhor as condigdes de clima mais frio, em locais que exibem temperaturas
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abaixo de 30 °C. D. citri, é tolerante ao calor e suporta temperaturas acima de 30 °C (Bové,
2006).

Recentemente, o psilideo Cacopsylla citrisuga (Hemiptera: Psyllidae) foi relatado na
China como portador da bactéria ‘Ca. Liberibacter asiaticus’, que foi detectada em ninfas e
insetos adultos desta espécie (Cen et al., 2012). No Butdo, a forma asiatica da doenga foi
encontrada em adultos do psilideo D. comunis Mathur (Hemiptera: Liviidae). Até entdo na
Asia, os patdgenos somente haviam sido descritos em D. citri (Donovan et al., 2012).

Os hospedeiros preferenciais de D. citri sdo plantas da familia Rutaceae e a planta
Murraya paniculata, conhecida popularmente como murta. Os psilideos encontrados na murta
apresentam titulos extremamente baixos da bactéria (Halbert e Manjunath, 2004;
Feichtenberger et al., 2005; Walter e Hall, 2012). Os psilideos podem estar presentes nos
frutos e desta forma séo disseminados a longa distancia através do transporte da fruta in
natura para 0 processamento, mesmo na auséncia de material vegetativo (Halbert et al.,
2010).

2.3.5 Diagnostico

Sintomas visuais e indexacdo bioldgica foram os métodos pioneiros utilizados na
diagnose de HLB (Miyakawa, 1980; Roistacher, 1991). Em seguida, foram desenvolvidos
outros sistemas de deteccdo utilizando quimiofluorescéncia (Schwarz, 1968), microscopia
eletrbnica (Saglio et al., 1971), ensaio imuno enzimatico (teste ELISA) com anticorpos
monoclonais (Gao et al., 1993) e hibridizagao ‘dot-blot” (Villechanoux et al., 1992). No final
de 1980 foi possivel diferenciar pela primeira vez a espécie asiatica da espécie africana, a
partir do desenvolvimento de sondas especificas para hibridizagdo de DNA ‘spot-blot’,
baseada na seqliéncia 8 operon da bactéria (Villechanoux et al., 1992).

Embora trabalhosa e demorada, a microscopia eletrénica de transmissdo (MET) se
tornou uma das técnicas mais confiaveis na deteccdo da bactéria nas décadas de 70 e 80
(Garnier e Bové, 1996) e foi recentemente utilizada para demonstrar a presenca de células
bacterianas no tegumento de sementes de citros e em tubos crivados vasos do floema (Hilf et
al., 2013).

A reacdo em cadeia da polimerase (PCR), considerada um método rapido e preciso no
diagndstico da doenca, foi utilizada como método de deteccdo pouco tempo apds a
caracterizacdo do agente causal do HLB (Jagoueix et al., 1996; Hung et al., 1999). A PCR

baseada na sequéncia do DNA ribossomal (rDNA) 16S, através de trés diferentes iniciadores
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sintéticos possibilitou diferenciar as espécies africana e asiatica (Jagoueix et al., 1996). Afim
de tornar o diagnostico mais sensivel, desenvolveu-se outro protocolo de deteccdo por PCR
através da amplificacdo de genes de proteinas ribossomais e da observacdo do tamanho do
produto amplificado do DNA (Hocquellet et al., 1999a). No Brasil, a PCR também foi
utilizada para distinguir a doenca nas suas formas asiatica e americana, através da
amplificacdo da regido 16S do rDNA (Teixeira et al., 2005a). ‘Ca. Liberibacter’ spp. pode ser
diagnosticada com exatiddo no inseto vetor da doenca através de PCR convencional, tanto em
insetos adultos como nas ninfas em diferentes estagios (Hung et al., 2004).

RAPD (Polimorfismo de DNA amplificado ao acaso) € um recurso utilizado no
isolamento de fragmentos do DNA gendmico para a deteccdo de ‘Ca. Liberibacter’ spp. e de
bactérias ndo cultivaveis, permitindo o isolamento de genes adicionais (Hocquellet et al.,
1999b). Nested PCR, também é utilizado no diagnéstico de HLB com iniciadores sintéticos
especificos. A técnica nested PCR apresenta alta sensibilidade e precisdo quando comparada
com a PCR convencional, permitindo a detec¢do especifica de niveis muito baixos do DNA
bacteriano mesmo em condigdes assintomaticas (Ding et al., 2005).

A PCR em tempo real ou PCR quantitativo (RT-qPCR) inclui-se como um dos
métodos mais sensiveis utilizados para a deteccdo das bactérias que causam HLB. Nesta
técnica, através de sondas e iniciadores sintéticos especificos baseados na variacdo das
sequéncias da regido 16S do rDNA é possivel diagnosticar com precisdo, as diferentes
espécies de ‘Ca. Liberibacter’ spp. (Li et al., 2006; Tatineni et al., 2008). Diferentes
iniciadores sintéticos especificos e diferentes sondas tém sido desenvolvidos e empregados na
deteccdo de HLB (Hocquellet et al., 1997; Wang et al., 2006; Ananthakrishnan et al., 2013).
Por meio da gPCR, a deteccdo de ‘Ca. Liberibacter’ spp. pode ser realizada no inseto vetor
em suas diferentes fases e torna-se possivel detectar a doenca antes do desenvolvimento dos
sintomas no hospedeiro (Manjunath et al., 2008).

A PCR em tempo real oferece sensibilidade até 1000 vezes maior que a PCR
convencional (Teixeira et al., 2008) e constitui importante ferramenta na identificacdo e
deteccdo precoce de ‘Ca. Liberibacter’ spp. (Li et al., 2007). No entanto, métodos
convencionais de purificacdo de DNA tornam o processo trabalhoso e demorado (Olmos et
al., 1996). No diagnostico de HLB, os métodos de extragdo diretos se caracterizam pela ndo
purificacdo dos acidos nucléicos e também, pela simplicidade, sensibilidade, robustez e alta
aplicabilidade em testes de quarentena, além de se equiparar ao meétodo de extracdo

convencional (Fujikawa et al., 2013).
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Os métodos diretos de extragdo de DNA: ‘Spot’, ‘Tissue-print’, diluicdo e ‘Squash’,
permitem a andlise do material vegetal sem a purificacdo dos &cidos nucléicos, agilizam o
processo de diagnostico através da gPCR, evitam contaminagdes do material a ser analisado e
permitem analisar grandes numeros de amostras, possibilitando uma répida e sensivel
deteccdo do patdgeno (Olmos et al., 1996; Bertolini et al., 2008; Capote et al., 2009; Bertolini
et al., 2010; De Boer e Lopez, 2012). Os sistemas diretos ‘Tissue-print’ e ‘Spot’, além de
permitirem a preparacdo direta do material no campo, permitem o armazenamento das
amostras a temperatura ambiente por prolongado periodo de tempo sem afetar a qualidade da

amplificagdo (Olmos et al., 1996).

2.3.6 Quantificacdo da bactéria

As técnicas de quantificacdo de patdgenos foram aperfeicoadas para obtencdo de
valores e diagndsticos precisos. Estas técnicas foram simplificadas ao longo do tempo para
melhor compreender os mecanismos de viruléncia de patogenos, desenvolver estratégias
eficientes de manejo e avaliar habilidades de infec¢do de insetos vetores (Bach et al., 2002;
Alvarez, 2004).

Véarios métodos tém sido utilizados na quantificacdo e na deteccdo das espécies
bacterianas causadoras de HLB. A gPCR tem sido uma das ferramentas mais empregadas
neste tipo de estudo com diferentes sondas e iniciadores sintéticos especificos por diferentes
grupos de pesquisa (Li et al., 2006; Lopes et al., 2009a; Lopes et al., 2009b; Teixeira et al.,
2008). A sonda TagMan baseada na regido 16S do rDNA foi desenvolvida para qPCR,
considerada vantajosa por sua alta sensibilidade (Li et al., 2006). A utilizacdo deste tipo de
sonda aliada a esta técnica, permite a determinacdo dos titulos bacterianos nos diferentes
tecidos vegetais: peciolos foliares, tecidos e membranas dos frutos, raizes e folhas (Li et al.,
2009).

A gPCR e o uso de etidio de monoazide (EMA gPCR) é capaz de quantificar
precisamente ‘Ca. Liberibacter asiaticus’, diferenciando as células vidveis das inviaveis
(Trivedi et al, 2009). A utilizacdo de propidio monoazide (PMA) com o propdsito de remover
células inviaveis de isolados da espécie asiatica de plantas e de psilideos proporciona a analise
gPCR maior rapidez e exatiddo na quantificacdo (Hu et al., 2013). A PCR competitiva (cCPCR)
quantifica a bactéria de forma precisa detectando diferencas significativas nos titulos do
patdgeno em diferentes espécies citricas (Kawabe et al., 2006), porém este método nédo foi

comparado a outros métodos de quantificacao.
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A deteccdo de ‘Ca. Liberibacter asiaticus’ pode ser dificultada pelos baixos titulos que
geralmente a bactéria apresenta em seus hospedeiros, especialmente em plantas
assintomaticas com infeccdes latentes (Trivedi et al., 2009; Hu et al., 2013). A quantificacédo
do patdgeno é considerada uma importante ferramenta na epidemiologia da doenca (Lopes et
al., 2009b) para auxiliar em estudos sobre a movimentacdo do patdgeno, sua proliferacdo e
distribuicdo nos tecidos vegetais (Kawabe et al., 2006; Tatineni et al., 2008).

A severidade da doenca ndo possui correlagdo com os sintomas exibidos por plantas
infectadas (Folimonova et al.,, 2009). Porém, a quantidade do agente patogénico esta
diretamente relacionada com a expressdo dos sintomas (Coletta-Filho et al., 2010b). Para a
expressdo de sintomas do HLB requer-se uma quantidade minima da bactéria nos vasos do
floema, e esta informacao é obtida através da quantificacdo e do monitoramento populacional
bacteriano na planta. Este fator é consideravel no controle da doenca que envolve sua
identificacdo e a eliminacdo de plantas infectadas (Lopes et al., 2009b). Em folhas
assintomaticas, a quantidade da bactéria é significativamente mais baixa, ao contrario de
folhas sintomaticas e folhas jovens, nas quais podem se encontrar alta populacdo bacteriana
(Trivedi et al., 2009).

A distribuicéo irregular de ‘Ca. Liberibacter’ spp. pode ser observada juntamente com
irregularidades na quantidade do patdgeno distribuida na planta. As mais altas concentracdes
de ‘Ca. Liberibacter’ spp. sdo encontradas em folhas sintomaéticas (Tatineni et al., 2008;
Teixeira et al., 2008: Folimonova et al., 2009). Contudo, altas quantidades da espécie
americana podem ser localizadas em folhas assintomaéticas e os frutos sintomaticos sdo
encontrados principalmente préximos a locais com altos titulos bacterianos na planta
(Teixeira et al., 2008).

A reducdo do tamanho populacional bacteriano, bem como sua multiplicacdo, podem
estar relacionadas diretamente com alteracbes nas condi¢cdes de temperatura, afetando os
titulos bacterianos (Lopes et al., 2009a). Os baixos titulos de ‘Ca. Liberibacter americanus’
obtidos em plantas de citros enxertadas e os altos titulos obtidos com ‘Ca. Liberibacter
asiaticus’, podem explicar a prevaléncia da espécie asiatica no Brasil e também a melhor
probabilidade da disseminacgdo desta espécie pelos insetos vetores (Lopes et al., 2009a; Lopes
et al., 2009Db).

Em folhas de murta que expressavam sintomas severos, os titulos bacterianos de ‘Ca.
Liberibacter americanus’ apresentou-se 100 vezes maior do que em folhas com sintomas leves

(Teixeira et al., 2008). Embora em folhas sintomaticas de citros os titulos bacterianos sejam
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maiores, as plantas de murta e os insetos vetores coletados neste hospedeiro, apresentam
niveis extremamente baixos do agente patogénico (Walter et al., 2012).

2.3.7 Resisténcia

Laranjas doces (C. sinensis), tangerinas (C. reticulata) e hibridos de tangerinas, bem
como plantas de outros géneros, como Atalantia, Balsamocitrus, Calodendrum, Clausena,
Fortunella, Microcitrus, Murraya, Poncirus, Severinia, Swinglea, Toddalia e Triphasia sdo
severamente afetadas. S&o moderadamente suscetiveis pomelo (C. paradisi), liméo (C. limon),
lim&o Cravo (C. limonia), calamondin (C. madurensis) e laranja azeda (C. aurantium). Liméo
Galego (C. aurantifolia), toranja (C. grandis) e hibridos de trifoliata (P. trifioliata) sdo mais
tolerantes, ndo expressando a manisfestacdo dos sintomas mesmo a bactéria sendo capaz de
multiplicar-se nos tecidos vegetais (Da Graga, 1991; Feichtenberger et al., 2005; Folimonova
et al., 2009).

A inexisténcia de variedades resistentes ou imunes ao HLB, aliadas ao fato de plantas
infectadas rapidamente se tornarem improdutivas e 0 aumento dos custos de produc¢édo devido
ao controle do inseto vetor, contribuem para a importancia da doenca (Feichtenberger et al.,
2005). Estudos recentes tém sido desenvolvidos para identificar genes associados a tolerancia
de HLB e em resposta a infec¢do de ‘Ca. Liberibacter asiaticus’, foram encontrados genes
relacionados a defesa mesmo em hospedeiros suscetiveis, porém estes genes sdo insuficientes
para inibir a reproducéo e a disseminacdo do patdgeno na planta (Albrecht e Bowman, 2012).
Através da engenharia genética pode-se manipular os potenciais genes encontrados
objetivando melhorar a toléncia e até mesmo a resiténcia ao HLB (Fan et al., 2012). Os
gendtipos de citros se agrupam em quatro diferentes categorias (sensivel, crescimento
reduzido, moderadamente tolerante e tolerante) que variam de acordo com 0s sintomas
desenvolvidos pelo HLB e com a capacidade da planta hospedeira continuar seu

desenvolvimento (Folimonova et al., 2009).

2.3.8 Manejo e controle da doenca

HLB ¢ considerada uma doenca de dificil manejo por apresentar seu patdgeno
geralmente com distribui¢do setorizada na planta, prolongado periodo de laténcia e baixos
titulos bacterianos, os quais dificultam a confirmacéo do diagndstico por PCR convencional,

permitindo assim, que o patdgeno se dissemine através de psilideos (Gottwald, 2010).
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O manejo do HLB € dependente de trés principios basicos, 0os quais envolvem a
prevencdo e reducdo de in6culo no campo, alcancado pelo uso de material de plantio livre da
doenca, controle da populacdo de psilideos nos pomares e remocéo de arvores infectadas logo
apos o surgimento dos primeiros sintomas (Da Graca, 1991; Halbert e Manjunath, 2004;
Feichtenberger et al., 2005; Bové, 2006; Bove, 2012).

Os pomares devem ser inspecionados regularmente com inspetores treinados e auxilio
de plataforma para melhor visualizacdo dos sintomas. As plantas doentes bem como plantas
hospedeiras do patdgeno, particularmente as murtas, devem ser erradicadas imediatamente
(Belasque et al., 2009). A poda de ramos sintométicos tem sido relatada como ineficaz no
controle de HLB no Brasil e em paises asiaticos. Contudo, na Africa do Sul a pratica vem
sendo realizada em plantas acima de cinco anos que possuem menos da metade da copa
sintomatica, de modo que o produtor conviva com a doenga no campo (Lopes et al., 2007;
Feichtenberger et al., 2005).

Na Florida, o uso de programas nutricionais melhorados para o controle dos efeitos
nocivos da doenca, foram amplamente empregados com base em aplicacBes foliares de
micronutrientes, sais de fosfito e de salicilato. Entretanto, um estudo mais aprofundando
revelou que estes produtos ndo influenciam nos titulos bacterianos, na producdo e qualidade
de frutos de arvores tratadas e ndo tratadas, gerando grande preocupacdo no setor, pelo
aumento desenfreado da propagacao da doenca nos pomares de citros (Gottwald et al., 2012).

O controle do vetor pode elevar demasiadamente os custos de producdo. O
planejamento do controle do inseto vetor pode ser auxiliado através do uso de etiquetas
adesivas amarelas para monitorar a populacdo e ser executado através de aplicacdo de
insetidas (Halbert e Manjunath, 2004). O controle biol6gico através do uso inimigos naturais,
pode ser realizado com a introducdo de himendpteros Tamarixia sp., porém o sucesso do
manejo esta relacionado a auséncia de hiperparasitas na area de cultivo de citros
(Feichtenberger et al., 2005). O controle bioldgico também pode ser efetuado através de
fungos patogénicos a D. citri, como a espécie Isaria fumosorosea, que apresenta esporos
patogénicos aos adultos do inseto vetor (Hoy et al., 2010).

Estirpes bacterianas das espécies Paenibacillus validus, Lysinibacillus fusiformis,
Bacillus licheniformis, Pseudomonas putida, Microbacterium oleivorans e Serratia plymutica
presentes na rizosfera de plantas citricas foram isoladas e identificadas como possiveis
controladoras do HLB principalmente através do antagonismo direto ao patégeno. Estas
bactérias tém o potencial de suprimir a forma asiatica da doenca, promovendo 0 crescimento

vegetal através de um manejo sustentavel (Trivedi et al., 2011).
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O tratamento térmico continuo por um periodo minimo de 48 horas a 40 © - 42 °C,
pode suprimir ou eliminar ‘Ca. Liberibacter asiaticus’ de mudas de citros cultivadas em
condicdes controladas (Hoffman et al., 2013). Na producdo de mudas através da cultura de
meristemas a partir de brotos adultos de citros, a eliminacdo da bactéria em sua forma asiatica

é eficaz com o uso das técnicas de vitrificacdo e criopreservacdo (Ding et al., 2008).
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CAPITULO |

MULTILOCUS MICROSATELLITE TYPING OF ¢Candidatus Liberibacter asiaticus’
IN A BRAZILIAN CITRUS ORCHARD



ABSTRACT

Huanglongbing (HLB), the most destructive citrus disease, is associated with the phloem-
limited o-proteobacterium ‘Candidatus Liberibacter’ species. Knowledge of the genetic
structure and diversity in a population is key to control this disease. The present study
analyzed the genetic variability of ‘Ca. L. asiaticus’ in a single and invaded orchard. The
variability of three microsatellite markers located in three different genes was evaluated. A
weak population genetic structure was determined including 21 different haplotypes, the
majority of which were grouped into three major clusters. It was possible to identify diverse
main stream haplotypes depending on the host citrus species and to identify the potential
founder haplotype. The presence of strains that were collected in the beginning of the HLB
manifestation and included in the primary clusters revealed that the genetic diversity was
present from the beginning of the infection. The present study confirms the efficiency of
microsatellite markers for analyzing the variability and evolution of isolates in newly infected
areas.

Keywords: Huanglongbing (HLB). Simple sequence repeat (SSR). Founder haplotype.
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RESUMO

Huanglongbing, a doenca mais destrutiva do citros, esta associada com espécies de
‘Candidatus Liberibacter’, uma o - Proteobacterium limitada ao floema. O conhecimento da
estrutura genética e diversidade em uma populacdo sdo fundamentais para o controle da
doenca. O presente estudo analisou a variabilidade genética de ‘Ca . L. asiaticus’ em um
unico e recentemente pomar invadido. A variabilidade de trés marcadores microssatélites
localizados em trés deferentes genes foi avaliada. A estrutura genética populacional foi
determinada incluindo 21 hapl6tipos diferentes, a maioria dos quais foram agrupados em trés
grandes grupos. Foi possivel identificar diversos haplétipos principais, dependendo das
espécies de citros e identificar o potencial hapl6tipo fundador. A presenca de amostras
coletadas no inicio de uma manifestacdo de HLB e incluidas nos grupos primérios revelou
que a diversidade genética esteve presente desde o inicio da infeccdo. O presente estudo
confirma a eficiéncia de marcadores microssatélites para a analise da variabilidade e a
evolucdo dos isolados em areas infectadas.

Palavras-chave: Huanglongbing (HLB). Sequéncias simples repetidas (SSR). Haplétipo

fundador.
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1. INTRODUCTION

Huanglongbing (HLB) is currently considered to be the most destructive citrus disease
in citrus-producing countries (Bové, 2006). This disease causes rapid tree decline and fruit
drop (Da Graga, 1996). It is associated with the phloem-limited a-proteobacteria ‘Candidatus
Liberibacter asiaticus’, ‘Ca. L. africanus’ and ‘Ca. L. americanus’ (Bové, 2006; Wang e
Trivedi, 2013). These bacteria are transmitted in a persistent, circulative manner by the citrus
psyllid species Trioza erytreae and Diaphorina citri (Gottwald, 2010). Recently, the psylld
Cacopsylla citrisuga in China (Cen et al., 2012) has been identified as a new vector and D.
communis in Bhutan was found to carry ‘Ca. L. asiaticus’ (Donovan et al., 2012). HLB was
described for the first time in Brazil in S&o Paulo state (Coletta-Filho et al., 2004), where ‘Ca.
L. asiaticus’ has been prevalent since 2008 (Bov¢, 2012).

The availability of the full-length ‘Ca. L. asiaticus’ genome has improved the
knowledge on this bacterium and provided insights into its pathogenesis (Duan et al., 2009).
The understanding of the genetic structure and diversity of a population is a relevant tool to
investigate the interaction between the pathogen, vectors and hosts. It could reveal the sources
and track the spread of the pathogen, which, consequently, could aid in the management of
the disease (Deng et al., 2008; Katoh et al., 2011). The 16S rRNA gene has been used to
analyze the genetic diversity of ‘Ca. L. asiaticus’ (Adkar-Purushothama et al., 2009) and the
prophage gene frequency (Liu et al., 2011). However, closely related isolates in a population
were not well discriminated by these methods. Recent studies using microsatellite DNA
markers associated with hypervariable simple sequence repeat (SSR) have provided greater
resolution for differentiating closely related isolates. Chen et al. (2010) applied the SSR
strategy to characterize the variability in ‘Ca. L. asiaticus’ strains from Guangdong (China)
and Florida (USA) using one repeat unit. However, an analysis using a single SSR locus
could be insufficient to reveal the precise genetic diversity of ‘Ca. L. asiaticus’, especially in
newly invaded areas. To overcome this issue, four loci were used by Katoh et al. (2011) to
discriminate among isolates from Japan. Islam et al. (2012) designed and evaluated seven
microsatellite markers from ‘Ca. L. asiaticus’ with samples from nine different countries in
Asia, North America (Florida, USA) and South America (Sao Paulo, Brazil). Recently,
Meneguim et al. (2011) analyzed the genetic diversity of ‘Ca. L. asiaticus’ isolates from
Parana, Brazil, where HLB was detected in 2007 (Nunes et al., 2007), using RFLP analyses
and the sequencing of the B-operon ribosomal protein gene, and did not find any variability
among isolates. In this study, we report the genetic variability among 70 ‘Ca. L. asiaticus’
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isolates from an experimental orchard of adult citrus trees, where HLB was detected in 2010,
including different species, located in Parana-Brazil, using three of the polymorphic
microsatellite markers developed by Islam et al. (2012); these markers had the highest haploid
genetic diversity and the highest number of alleles. The present study is the first report

analyzing the genetic variability of this pathogen in an invaded single orchard.
2. MATERIALS AND METHODS

2.1 Surveys for huanglongbing detection

Visual inspections were performed during March and June every year, from 2009 to
2012, in an experimental orchard containing 2,500 citrus trees (including 2140 plants of
Citrus sinensis, 152 plants of C. reticulata, 64 plants of C. clementina, 40 plants of C. unshiu,
24 plants of C. deliciosa, 24 plants of C. reticulata x C. sinensis, 16 plants of C. reticulata x
C. paradisi, 16 plants of C. unshiu x C. sinensis, 8 plants of C. paradisi, 8 plants of C.
aurantium, 8 plants of C. aurantifolia in the area), located in Iguatemi (FEI/UEM) Maringa-
PR, Brazil (23° 25 S, 51° 57° O, 550 m altitude). The plant material was collected as
specified below only from symptomatic trees. All confirmed HLB-infected trees by the
identification of ‘Ca. Liberibacter’ species using real-time PCR, were removed according to
the Brazilian legislation (Order Num. 53, MAPA; D.O.U. 17/10/2008) for HLB eradication.

2.2 Plant material and DNA purification

Plants exhibiting symptoms, were collected ten leaves showing HLB symptoms from
the canopy of each symptomatic tree at the experimental orchard. Extract from symptomatic
leaves of each tree, were prepared from 0.5g of midribs and petioles by maceration with liquid
nitrogen, stored in individual microtubes and were pooled for DNA purification. Total DNA
was extracted by using cetyltrimethyl ammonium bromide (CTAB) method described by
Murray and Thompson (1980). The concentration and quality of the DNA was evaluated with
a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
All DNA samples were standardized to a concentration of approximately 10 ng/ul and stored

at -20°C until use.
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2.3 Real-time PCR for ‘Ca. Liberibacter’ species detection and identification

The detection of ‘Ca. Liberibacter’ species was performed by real-time PCR using the
HLB/100 complete kit (Plant Print Diagnostics SL, www.plantprint.net, Valencia, Spain)
based on Bertolini et al. (2010) (Spanish patent 201001157). Amplifications were performed
in a StepOne Plus thermal cycler (Applied Biosystems, Foster City, CA, USA). The reaction
cocktail consisted of 1x Path-ID"™qPCR master mix (Ambion, CA, USA), 0.5 uM of each
primer, 100 nM of the TagMan probe and 3 pl of purified DNA in a total volume of 12 pl.
The amplification protocol consisted of a denaturation step at 95 °C for 10 min, followed by
40 cycles of amplification (95 °C for 15 s and 64 °C for 1 min). Data acquisition and analyses
were performed using the thermal cycler software. The default threshold set by the thermal
cycler was slightly adjusted above the noise level onto the narrowest point of the linear part of
the growth curve, according to manufacturer’s instructions.

Identification of ‘Ca. Liberibacter’ species was performed using three different real-
time PCRs, following the previously described protocol and using the forward specific
primers HLBas (5’-TCG AGC GCG TAT GCA ATA CG-3’), HLBaf (5’-CGA GCG CGT
ATT TTA TAC GAG CG-3’) or HLBam (5’-GAG CGA GTA CGC AAG TAC TAG-3’) in
combination with the common reverse primer HLBr (5’-GCG TTA TCC CGT AGA AAA
AGG TAG-3) and the HLBp TagMan probe (Li et al., 2006).

2.4 PCR amplification of the three microsatellite loci of ‘Ca. L. asiaticus’

The three SSR markers were located as follows: i) in the adenosine deaminases gene,
with the nucleotide repeat sequence (5’-TAT TCT G-3’) (SSR_A); ii) in the
phosphohydrolases gene, containing the nucleotide repeat sequence (5’-CAG T-3”) (SSR_C);
and iii) in the transcriptional regulator gene, containing the repeat sequence (5’-CTT GTG T-
3’) (SSR_E). These markers were amplified by PCR according to Islam et al. (2012), with
minor modifications. Briefly, the reaction consisted of 10 mM Tris-HCI, pH 8.9, 50 mM KCl,
1.5 mM MgCl,, 0.25 uM of each primer (LasSSR-A-f: 5’-CGC CTA CAG GAA TTT CGT
TAC G-3°, LasSSR-A-1: 5>-TCT CAT CTT GTT GCT TCG TTT ATC C-3’; LasSSR-C-f: 5’-
CGATTG TTG ATG AAT TAC C-3’, LasSSR-C-r: 5’-GAA TAG AAG AAC CCT AAG C-
3’; LasSSR-E-f: 5°-GAT CAG TAG TCT ATC ACC AC-3’; and LasSSR-E-r: 5’-TAC TGG
AAA CAA ATG GAA TAC-3’), 250 uM dNTPs, 0.5 units of Taq DNA polymerase

(Promega, Madison, WI, USA) and 2 ul of DNA template in a total volume of 25 ul. A
37


http://www.plantprint.net/

MasterCycler Gradient thermal cycler (Eppendorf, Hamburg, Germany) and the following
PCR schedule was used: denaturation step at 95 °C for 2 min, 40 cycles of amplification,
consisting of 94 °C for 45 s, 50 °C for 45 s, 60 °C for 45 s and 72 °C for 45 s, and a final
extension step at 72 °C for 10 min. Successful amplification was confirmed by 2% agarose gel
electrophoresis with BrEt staining and UV visualization. The amplified products were
purified using the UltraClean PCR Clean-up DNA purification kit (MoBio Lab. Inc.,
Carlsbad, CA, USA). The nucleotide sequences of purified amplicons were obtained using an
ABI Prism 310 Genetic Analyzer (Foster City, CA, USA) equipped with the 36 cm 16
capillary array filled with POP-7 polymer (Applied Biosystems, Foster City, CA) in the DNA
Sequencing Unit of the Institute for Plant Molecular and Cell Biology (IBMCP), Valencia,

Spain, and the number of repetitions for each microsatellite was obtained.

2.5 Haplotypes and genetic diversity

The haplotypes were determined based on the combination of allelic data from the
microsatellite loci. In this study, haplotypes are named as a string of three numbers delimited
by a hyphen corresponding to the number of microsatellite repetitions for SSR_A, SSR_C and
SSR_E, respectively. The genetic diversity was obtained using the plugin GenAlEx 6.5
(Peakall and Smouse, 2012).

2.6 Genetic structure analysis

The relationships among the isolates were obtained using Microsatellite Analyzer 4.05
software (http://i122server.vu-wien.ac.at/MSA/MSA_download.html); subsequently,
Population 1.2.32 software (http://bioinformatics.org/~tryphon/populations) was used to
construct an UPGMA dendrogram based on Nei’s genetic distance (Nei et al., 1983) and 1000
bootstraps. MEGA 5.1 software (http://www.megasoftware.net) was used to represent the tree
graphically. To determine the relationships with no prior population assumptions, Structure
2.3.4 software was used (Pritchard et al., 2000), employing 15 independent interations with K
(number of clusters) between 1 and 15. The burn-in period was set to 20,000 iterations, using
a run length of 200,000 Markov chain Monte Carlo repetitions. Structure harvester software
(http://taylorO.biology.ucla.edu/structureHarvester) was used to estimate K. eBURST 3
(http://eburst.mist.net) was used to identify putative founder haplotypes.
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3. RESULTS

3.1 Huanglongbing diagnosis and ‘Ca. L. asiaticus’ identification

Yellow shoots with asymmetric blotchy-mottled leaves or other suspicious symptoms
suggestive of Huanglongbing were visualized for the first time in the experimental orchard in
7 out of 2,500 trees during 2010. In the year 2011, 17 additional trees showing suspicious
symptoms were identified and sampled. In the year 2012, the number of suspected infected
trees increased to 46. All samples (70 in total) were analyzed by real-time PCR and were

determined to be specifically infected by ‘Ca. L. asiaticus’.

3.2 Microsatellite loci amplification and alleles determination

Successful amplifications of the three microsatellite loci were achieved for the 70
samples. Amplicon sizes ranged from 298 to 319 bp for SSR_A, from 230 to 238 bp for
SSR_C, and from 170 to 275 bp for SSR_E. Every locus was found to be polymorphic, and
the number of alleles was 6 for SSR_A (from 9 to 14 repetitions of the microsatellite), 3 for
SSR_C (from 9 to 11 repetitions) and 10 for SSR_E (2, 5, 7, 8, and 13 to 18 repetitions).
Table 1 shows the host, cultivar, year of sampling along with the resulting fragment size and

the number of SSR repetitions for each sample.

3.3 Genetic diversity and genetic structure of the population

The haploid genetic diversity scores per locus for SSR_A, SSR_C and SSR_E, were
0.659, 0.109 and 0.778, respectively. A total of 21 haplotypes were identified in the whole
population. The UPGMA analysis identified three major groups (Figure 1). Major groups
included isolates collected during all three years. Group 1 included the primary haplotype, 12-
11-16 and contained the highest number of isolates and was present during all three years.
Four other haplotypes, each identified in clusters of several isolates collected in 2011 and in
2012, were also present in group 1. Additionally, four haplotypes represented by single
isolates collected in 2012 were included in group 1. Major group 2 included five haplotypes,
with the primary haplotype, 13-11-8, including isolates collected in 2010 and 2012. One
haplotype included one isolate collected in 2010, while the other haplotypes contained isolates
from 2011 and/or 2012. Major group 3 in Table 1 contained three haplotypes, the primary one
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being 11-11-8, which contained several isolates collected during 2010, 2011 and 2012. Two
other single isolates with different haplotypes were also included in the group 3. There were
four haplotypes which did not cluster in any of the three major groups. Haplotypes 10-11-14,
14-10-16, 13-9-16 and 13-10-13 isolates of the species C. sinensis were clustered separately.
Samples of the same species and even cultivar, usually grouped within the same haplotype.
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Figure 1 UPGMA dendrogram showing the genetic relationships of ‘Candidatus Liberibacter
asiaticus’ isolates. Only bootstrap values > 30% are shown.
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The results obtained with the computer program Structure, based on Bayesian
modeling, suggested that two distinct populations were present (K=2). However, the
minimum K that can be obtained with the statistic Delta K is 2, and all individuals in the
analysis resulted in almost the same probability (surrounding 0.5) of belonging either
population 1 or 2. In that case, the more reliable value of K has been described to be 1
(Evanno et al., 2005), because it is weak or non-existent population structure (Hubisz et al.,
2009). eBURST analysis, using the 70 isolates and resampling for 1000 bootstraps,
determined one group that included 19 haplotypes, while 2 haplotypes were singletons (13-
10-13 and 14-10-16). The founder haplotype in the orchard was successfully predicted to be
12-11-8, and it was found in isolates collected from the C. sinensis and C. unshiu species. The
diagram in Figure 2 shows the network with the two primary haplotypes, which included 40%
of the isolates: 12-11-16, found in isolates from the C. sinensis and C. reticulata species; and
11-11-8, found in isolates from the C. sinensis, C. reticulata and C. unshiu species. In
addition, two sub-founder haplotypes, 12-11-7 and 13-11-8 were suggested. The 12-11-7 sub-
founder haplotype was only found in C. sinensis x C. reticulata hosts, the same as for its
directly related haplotype 11-11-7, collected the year before. The second sub-founder
haplotype was only found in isolates from the C. sinensis species.
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Figure 2 Network diagram from eBURST analysis. The solid blue circle in the diagram
indicates the predicted founder haplotype 12-11-8, and the solid yellow circles indicate the
sub-founder haplotypes 13-11-8 and 13-11-7. A larger solid circle implies a higher number of
isolates.

4. DISCUSSION

The identification of ‘Ca. L. asiaticus’ as the invasive species present in the
experimental orchard is in agreement with previous reports that have determined that this
species is prevalent in Brazil (Bové, 2012). The variability of the isolates in the orchard was
determined in the present analysis, in contrast with the previous studies of genetic diversity in
the Parand State (Meneguin et al., 2011) that using other approaches were not able to
discriminate between closely related isolates.

The three multilocus microsatellite markers employed in the present study helped to
identify pathogen introduction patterns and to predict the likely relationships among ‘Ca. L.
asiaticus’ 1isolates found in the orchard. These data provided enough resolution for
differentiating among closely related isolates, which was useful for tracking haplotypes and
identifying invasive strains. The number of SSR alleles for the three markers was lower, as
expected, compared with those reported by Islam et al. (2012) using a collection of isolates
from nine countries, being 6 vs. 30, 3 vs. 15 and 10 vs. 17 for SSR_A, SSR_C and SSR_E,

43



respectively. However, the genetic diversity for SSR_E was surprisingly higher than that
reported by Islam et al. (2012), being 0.778 vs. 0.587. This higher value for SSR_E was
mainly due to the presence of one isolate with only 2 repetitions of the microsatellite,
compared with 18 repetitions for others. SSR_A and SSR_C had predictably lower genetic
diversities than those reported by Islam et al. (2012), being 0.659 vs. 0.881 (SSR_A) and
0.109 vs. 0.631 (SSR_C). Such lower levels of allelic and haploid genetic diversity observed
in populations of ‘Ca. L. asiaticus’ is consistent with the hypothesis that the populations of
this bacterium have derived from recent introductions. Greater variability of ‘Ca. L. asiaticus’
is observed in areas where the ancestral introduction of the pathogen, due to increased
mutations rates, natural selection and population differentiation that occur over time (Islam et
al., 2012).

Twenty-one different haplotypes were identified in the experimental orchard. The
genetic relationships among the isolates in the present study, as determined from the UPGMA
based on Nei’s genetic distance, resulted in three major groups of ‘Ca. L. asiaticus’, which all
included isolates collected from the first detections in 2010 through 2012. This result
confirms that the genetic diversity was present at the origin of the infection. The haplotype
12-11-16, found in C. sinensis and C. reticulata, was the most prevalent and persisted during
the entire experimental period. The haplotypes grouped separately, suggest potential cross-
infection among isolates of ‘Ca. L. asiaticus’. These results may alert to the possible existence
of levels of specificity among isolates of ‘Ca. L. asiaticus’ and hosts of the same species but
of different cultivars, as well as the need to know the levels of pathogen virulence. The
potential for cross-infection can indicate the presence of specific hosts among the different
species of citrus sampled, suggesting potential variability in aggressive behavior among
different isolates of ‘Ca. L. asisticus’. The variability found in isolates may suggest the
existence of pathogenic specialization (Muniz et al., 1998). The variability of the pathogen
and the host, may induce the occurrence of host specificity among the isolates of the pathogen
through cross-infection (Miguel-Wruck et al., 2010).

Structure and eBURST analyses suggested a weak genetic population structure and
provided further insights into the origin of ‘Ca. L. asiaticus’ in the orchard. A founder
haplotype, 12-11-8, was predicted and was only isolated from C. sinensis and C. unshiu. This
result suggests that increasing the number of repetitions from 8 to 16 in the SSR_E
microsatellite is a molecular marker for improving the fitness of the bacterium in C. sinensis
and C. reticulata but hampering the adaptation to C. unshiu. This founder haplotype was not

detected in 2010 but was detected in 2011 and 2012. Most likely, the founder haplotype was
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present at the origin of the infection in symptomless trees during incubation period; as HLB-
infected trees require from months to years to show symptoms. However, the results reported
in this study confirm that the founder haplotype was not as well adapted to the environment as
the haplotypes 12-11-16 (see above) and 11-11-8, which showed higher fitness. This latter
haplotype, 11-11-8, was isolated from C. sinensis, C. reticulata and C. unshiu, which also
suggests that 8 repetitions in SSR_E could be a molecular marker that improves the fitness in
C. unshiu and that losing one repetition of SSR_A, decreasing from 12 to 11, could improve
the fitness in C. reticulata and allows the infection of this host. In contrast, increasing the
number of repetitions of SSR_A from 12 to 13 worsens the adaptation to C. reticulata and C.
unshiu, and consequently, the sub-founder haplotype, 13-11-8 was, only isolated from C.
sinensis. Haplotype 13-11-18, which was only isolated from C. unshiu and C. reticulate was
derived from this sub-founder haplotype. The second sub-founder haplotype, 12-11-7, was
only found in C. sinensis x C. reticulata, suggesting that the loss of one repetition in the third
microsatellite from the founder haplotype (12-11-8) could be required for the bacterium to
adapt to this hybrid. This pattern was also observed in haplotype 11-11-7 which can also
infect the hybrid.

These results suggest that the bacterium is continuously trying different numbers of
copies and combinations of the microsatellites to search for selective advantages, which are
required primarily when there is a high diversity of hosts, vectors and environmental

conditions that influence the populations.
5. CONCLUSIONS

The present study involved, for the first time, an analysis of the genetic diversity of
‘Ca. L. asiaticus’ in a single and recently invaded orchard. The analysis of 3 microsatellites
located in 3 different genes allowed to discriminating among closely related isolates. The
results revealed 21 haplotypes, grouped into three major clusters and probably with a weak
population genetic structure. It was possible to identify the likely founder haplotype and
deduce haplotypes with higher fitness for some citrus species in the orchard under study. The
presence of isolates collected in the year 2010 in the three primary clusters revealed that the

genetic diversity was present from the beginning of the infection.
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Table 1 Host, cultivar, year of sampling and microsatellite loci features of ‘Candidatus
Liberibacter asiaticus’ isolates collected from the experimental orchard.

Sample Host Cultivar Year Amplicon size (bp) Number of repetitions

Gene A Gene C Gene E SSR_ A SSR C SSR E

Citrus

2912 sinensis Bahia 2010 305 238 268 12 11 16
Citrus

2914 sinensis Orama 2010 312 238 261 13 11 15
Citrus Valencia

2922 sinensis Campbell 2010 298 238 212 11 11 8

Ovale Mut

Citrus Proc. 43 5/96

2932 sinensis (S) 2010 312 238 212 13 11 8
Citrus C. sinensis

2943 sinensis 1342 2010 305 238 268 12 11 16
Citrus C. sinensis

3030 sinensis 1342 2010 305 238 268 12 11 16
Citrus Valencia

3069 sinensis Campbell (B) 2010 298 238 212 11 11 8
Citrus

3327 reticulata Osaceola 2011 312 238 261 13 11 15
Citrus

3332 sinensis Werley 2011 305 238 268 12 11 16
Citrus

3334 sinensis Bahia 2011 305 238 268 12 11 16
Citrus
reticulata x

3337 C. sinensis DEKOPON 2011 298 238 205 11 11 7
Citrus C. sinensis

3341 sinensis 1342 2011 305 238 268 12 11 16
Citrus

3350 sinensis Bahia 2011 305 238 275 12 11 17
Citrus

3356 sinensis Pardilhé (S) 2011 312 238 275 13 11 17
Citrus

3358 sinensis MORO 22 (B) 2011 291 238 254 10 11 14
Citrus Tarocco#11

3361 sinensis (B) 2011 305 238 268 12 11 16
Citrus

3362 sinensis Bahia 2011 305 238 212 12 11 8
Citrus

3366 sinensis Bahia 2011 312 238 268 13 11 16
Citrus

3367 sinensis Pera Ovale 2011 319 234 268 14 10 16
Table 1,

Cont;



Citrus

3378 sinensis Espanole 2011 298 238 212 11 11 8
Citrus C. sinensis
3384 sinensis 1342 2011 305 238 268 12 11 16
Citrus
3712 sinensis Péra 2011 305 238 268 12 11 16
Citrus
3729 sinensis Valencia 2011 305 238 254 12 11 14
Citrus
3730 sinensis Valencia 2011 305 238 254 12 11 14
Citrus
3744 sinensis Folha murcha 2011 312 230 268 13 9 16
Citrus C. sinensis
4244 sinensis 1342 2012 305 238 268 12 11 16
Ovale Mut
Citrus Proc. 43 5/96
4249 sinensis (S) 2012 312 238 212 13 11 8
Ovale Mut
Citrus Proc. 43 5/96
4250 sinensis (S) 2012 312 238 212 13 11 8
Citrus Valencia
4252 sinensis Campbell (B) 2012 312 238 205 13 11 7
Citrus Valencia
4253 sinensis Campbell (B) 2012 298 238 212 11 11 8
Citrus Valencia
4255 sinensis Campbell (B) 2012 298 238 212 11 11 8
Citrus
4284 sinensis Folha murcha 2012 312 238 212 13 11 8
Citrus C. sinensis
4330 sinensis 1342 2012 305 238 268 12 11 16
Citrus C. sinensis
4333 sinensis 1342 2012 305 238 268 12 11 16
Ovale Mut
Citrus Proc. 43 5/96
4335 sinensis (S 2012 312 238 212 13 11 8
Ovale Mut
Citrus Proc. 43 5/96
4337 sinensis (S) 2012 305 238 212 12 11 8
Citrus Valencia
4338 sinensis Campbell (B) 2012 284 238 212 9 11 8
Citrus Valencia
4339 sinensis Campbell (B) 2012 298 238 212 11 11 8
Citrus Valencia
4341 sinensis Campbell (B) 2012 298 238 212 11 11 8
Orange
Citrus Barlerin SRA
4726 sinensis 568 (B) 2012 305 238 191 12 11 5
Citrus
4728 sinensis Pera EEL 2012 305 238 275 12 11 17
Citrus
4729 sinensis Pera EEL 2012 305 238 268 12 11 16
Table 1,

Cont;



Citrus

4731 sinensis Pera EEL 2012 305 238 275 12 11 17
Citrus
4735 reticulata Muscia 2012 305 238 268 12 11 16
Citrus
reticulata x
4740 C. sinensis DEKOPON 2012 305 238 205 12 11 7
Citrus
4751 reticulata Muscia 2012 305 238 254 12 11 14
Citrus
4752 reticulata Muscia 2012 298 238 212 11 11 8
Citrus Valéncia
4754 sinensis Taquari 2012 312 238 275 13 11 17
Citrus
4757 sinensis Pera EEL 2012 305 238 275 12 11 17
Citrus
4769 sinensis Diva 2012 298 238 212 11 11 8
Tangerina
Satsuma
4772 Citrus unshiu  Miyakawawase 2012 312 238 282 13 11 18
Tangerina
Satsuma
4773 Citrus unshiu  Miyakawawase 2012 298 238 212 11 11 8
Satsuma
4779 Citrus unshiu  Okitsu SPA29 2012 305 238 212 12 11 8
Citrus
4784 sinensis Pera Ovale 2012 305 238 275 12 11 17
Citrus
4785 sinensis Pera Ovale 2012 305 238 275 12 11 17
Citrus Laranja R.A.H.
4787 sinensis (Sb) 2012 291 238 254 10 11 14
Citrus
4790 reticulata Cravo 2012 312 238 282 13 11 18
Citrus
4791 sinensis Valencia Frost 2012 298 238 212 11 11 8
Citrus
4797 sinensis Midsweet 2012 305 238 268 12 11 16
Citrus
4799 sinensis Midsweet 2012 305 238 261 12 11 15
Citrus
4800 sinensis Midsweet 2012 305 238 254 12 11 14
Citrus
4801 sinensis Orama 2012 312 238 275 13 11 17
Citrus
4802 sinensis Orama 2012 305 238 268 12 11 16
Citrus
4804 sinensis Sunstar 2012 312 238 268 13 11 16
Citrus
4805 sinensis Sunstar 2012 312 238 268 13 11 16
Table 1,

Cont;



4811

4812

4813

4832

4834

Citrus
sinensis
Citrus
sinensis
Citrus
sinensis
Citrus
sinensis
Citrus
sinensis

Harvard

C. sinensis
1342

Valencia Frost

Stone

Torregrosso

2012

2012

2012

2012

2012

305

319

305

312

312

238

234

238

234

238

268

268

170

247

275

12

14

12

13

13

11

10

11

10

11

16

16

13

17
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CAPITULO I

Variacdo estacional de ‘Candidatus Liberibacter asiaticus’ em citros no estado do

Parana



RESUMO

Huanglonbing (HLB) é considerada uma das principais moléstias da cultura do citros por
rapidamente tornar as plantas improdutivas e os frutos inadequados ao consumo, sendo
causada por uma bactéria de crescimento limitado ao floema, denominada ‘Candidatus
Liberibacter’ spp. O objetivo deste trabalho foi avaliar a variacdo estacional de ‘Ca.
Liberibacter asiaticus’ através de PCR em tempo real (JPCR). Plantas infectadas naturalmente
com HLB foram identificadas por PCR convencional, divididas em quatro setores e
protegidas com tela antiafidica para evitar a dispersdo da bactéria causadora da doenca nas
areas. Também utilizou-se mudas inoculadas com borbulhas contaminadas e mantidas em
casa de vegetacdo. O acompanhamento populacional bacteriano foi realizado por 20 meses
através de gPCR com os iniciadores especificos As84F/As180R, apos a extracdo de DNA
total das nervuras de dez folhas coletadas mensalmente. As médias dos valores de Ct (Cycle
Threshold) foram separadas de acordo com as esta¢fes do ano e empregou-se 0 modelo linear
misto. O teste de Tukey foi empregado para separar médias com diferencas significativas.
Foram observadas diferengas significativas entre os Ct em diferentes estacdes do ano e
variagoes bruscas nos valores de Ct nos setores das plantas no campo. O outono foi a melhor
época para deteccdo da bactéria. Ndo foram observadas diferencas significativas para as
mudas. Com o aumento da populacdo bacteriana no hospedeiro observou-se a evolucdo dos
sintomas. Estes resultados confirmam a importancia do conhecimento da época correta para a
deteccdo de HLB e contribuem para a busca de medidas de controle eficazes da doenca.
Palavras-chave: Huanglongbing. qPCR. Epoca de deteccdo. Quantificagao.
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ABSTRACT

Huanglonbing (HLB) is considered one of the principal diseases of citrus cultivation of plants
quickly become unproductive and inappropriate consumption fruits, caused by a bacterium
limited to the phloem called ‘Candidatus Liberibacter’ spp. The objective of this study was to
evaluate the seasonal variation of ‘Ca. Liberibacter asiaticus’ by the real-time PCR (gPCR).
Naturally infected plants with HLB were identified by conventional PCR, divided into four
quadrants and protected with antiaphids screen to prevent the spread of bacteria causing
disease areas. Was also used seedlings inoculated with infected bubble and maintained in the
greenhouse. The bacterial population were followed up for 20 months by the gPCR with
primers specific As84F/As180R after total DNA extraction of the ten leaves ribs collected
monthly. The average values of Ct (Cycle Threshold) were separated according to the seasons
and we used the linear model mixed. The Tukey test was used to separate means with
significant differences. Significant differences were observed between the Ct in different
seasons and abrupt changes in Ct values in the quadrants of the plants in the field. Autumn is
the best period to detect the bacteria. No significant differences were observed for seedlings.
With the increase of the bacterial population in the host observed evolution of the symptoms.
These results confirm the importance of knowing the correct period for the detection of HLB
and contribute to the search for effective measures to control the disease.

Keywords: Huanglongbing. gPCR . Time of detection. Quantification.
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1. INTRODUCAO

A citricultura brasileira representa um importante segmento da economia nacional,
tanto em valor da producdo, como na geragdo de empregos diretos e indiretos. O Brasil se
destaca como o maior produtor e exportador de citros, com uma producgéo estimada em torno
de 19 milhdes de toneladas no ano de 2012 (IBGE, 2012). Na citricultura brasileira, grandes
prejuizos tém sido constatados devido a introducdo de pragas e doengas, trazendo
preocupacdes ao setor no cendrio nacional (Gravena, 1998).

Dentre as moléstias que atacam a citricultura mundial, Huanglongbing (HLB) tem
apresentado destaque e importancia por ser considerada uma das mais devastadoras doencas
(Feichtenberger et al., 2005). A doenga é causada por bactérias Gram-negativas de
crescimento limitado aos vasos do floema (Jagoueix et al., 1996), denominada ‘Candidatus
Liberibacter’ spp. Existem trés espécies de ‘Ca. Liberibacter’ que causam a doenca: ‘Ca.
Liberibacter africanus’, ‘Ca. Liberibacter americanus’ e ‘Ca. Liberibacter asiaticus’. ‘Ca.
Liberibacter asiaticus’ ocorre na Asia, Peninsula Arabica, Brasil e Estados Unidos (Da
Graga,1991). No Brasil, mais de 95% dos casos de HLB s&o causados por ‘Ca. Liberibacter
asiaticus’. No Parana a doenca foi detectada em 2007 (Nunes et al., 2007). No Brasil, o
psilideo Diaphorina citri é o transmissor das bactérias (Yamamoto et al., 2006). Borbulhas
contaminadas originando mudas doentes se constituem em um eficaz meio de disseminacgéo
da doenca a longas distancias (Da Graca, 1991).

Os sintomas caracterizam-se, principalmente, por ramos ou galhos com folhas
apresentando coloracdo amarelada, normalmente isoladas na planta. As folhas apresentam-se
com aparéncia mosqueada, de coloracdo alternada entre tons de verde claro, verde escuro e
amarelo, ndo apresentando limites definidos nas tonalidades (Bové, 2006; Chung e Brlansky,
2005; Feichtenberger et al., 2005). Frutos sintomaticos sdo menores, defeituosos,
assimétricos, com coloracdo externa irregular, podendo apresentar inversao da maturacéo.
Internamente é possivel observar sementes abortadas, deslocamento da columela conferindo
assimetria ao fruto, além de maturacdo interna desuniforme e coloragdo marrom a castanho
dos os feixes vasculares (Bove, 2006).

Os baixos titulos bacterianos apresentados nos hospedeiros de ‘Ca. Liberibacter
asiaticus’ podem dificultar a deteccdo do patdgeno, especialmente em plantas assintomaticas
portadoras de infeccdo latente (Trivedi et al., 2009; Hu et al., 2013). A prevaléncia da espécie
asiatica no Brasil e da maior probabilidade de disseminacdo desta espécie pelos insetos

vetores, pode ser explicada pelos baixos titulos bacterianos de ‘Ca. Liberibacter americanus’
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obtidos em plantas de citros enxertadas e os altos titulos obtidos com ‘Ca. Liberibacter
asiaticus’ (Lopes et al., 2009a; Lopes et al., 2009b). A quantificacdo do patdégeno é
considerada uma importante ferramenta na epidemiologia da doenca (Lopes et al., 2009b)
para auxiliar em estudos sobre a movimentagcdo do patdgeno, sua proliferacdo e distribuicéo
nos tecidos vegetais (Kawabe et al., 2006; Tatineni et al., 2008). As técnicas de quantificacdo
de patégenos foram simplificadas e aperfeicoadas ao longo do tempo com a finalidade de
obter diagnosticos com valores precisos e compreender os mecanismos de viruléncia de
patdgenos, bem como desenvolver eficientes estratégias de manejo e avaliar habilidades de
transmissdo por insetos vetores (Bach et al., 2002; Alvarez, 2004). A técnica gPCR se
demonstra mais eficiente na detec¢do de ‘Ca. Liberibacter’ spp. quando comparado com PCR
convencional, por apresentar alta sensibilidade (Lopes et al., 2009a; Trivedi et al., 2009).

Para evitar diagnosticos demorados e trabalhosos, pesquisadores tém desenvolvido
diferentes técnicas e diferentes iniciadores especificos para a deteccdo e quantificacdo do
agente causal do HLB (Lin et al., 2010; Teixeira et al., 2008; Trivedi et al., 2009). A sonda
TagMan® baseada na regido 16S do rDNA foi desenvolvida para gPCR, permite a
determinacdo da concentracdo bacteriana nos diferentes tecidos vegetais: peciolos foliares,
tecidos e membranas dos frutos, raizes e folhas (Li et al., 2009) e se destaca dentre outras
sondas por sua alta sensibilidade e por ndo ser afetada pelos inibidores presentes nos extratos
de plantas, evitando assim, contaminagdes cruzadas com outros patégenos (Li et al., 2006).

O objetivo deste trabalho foi avaliar a variacdo estacional de ‘Ca. Liberibacter
asiaticus’ através do monitoramento do comportamento populacional por PCR em tempo real,
em pomares comerciais de laranja doce (Citrus sinensis Osbeck) e lima &cida Tahiti (Citrus
aurantifolia Swingle) no Noroeste do Estado do Parand, Brasil.

2. MATERIAIS E METODOS

2.1 Levantamentos e diagnostico de huanglongbing

Foram realizadas inspecOes visuais em pomar experimental na Fazenda Experimental
de Iguatemi (FEI) (23° 25° S, 51° 57’ O, 550 m de altitude) em 2500 plantas, em pomar
comercial de lima acida Tahiti (C. aurantifolia Swingle) na Propriedade Chuva de Prata em
Maringa-PR (23° 25° S, 51° 57° O, 596 m de altitude) em 400 plantas e em pomar comercial

de laranja doce da Fazenda Estrela, no municipio de Paranavai-PR (23° 04’ S, 52° 27’ O, 470
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m de altitude) em 131.086 plantas, para identificacdo de plantas naturalmente infectadas com
HLB. A Fazenda Estrela foi avaliada com auxilio dos funcionérios da propriedade.

As plantas com sintomas foram identificadas e, 10 folhas sintomaticas foram coletadas
e encaminhadas ao laboratério do Ndcleo de Pesquisa em Biotecnologia Aplicada
(NBA/UEM). O limbo foliar foi descartado e a nervura central foi macerada com auxilio de
nitrogénio liquido até a obtencdo de um po fino. A extragdo de DNA total foi feita pelo
método CTAB (Murray e Thompson, 1980). A confirmacdo do diagnostico foi realizada
atravées de PCR convencional, utilizando-se 0s iniciadores sintéticos LPAS
(5’TGGTGATAGGGTGGATTTAG-3") / RPAS (5’TGGTGATAGGGTGGATTTAG-3’), e

as condicdes de amplificacdo segundo Colleta Filho et al. (2010).

2.2 Instalacdo do experimento

2.2.1 Parcelas no campo

Apos a confirmagdo do diagndstico através de PCR convencional, as parcelas foram
instalados a campo. As plantas doentes foram protegidas com tela anti-afidica para evitar a
dispersdo do patdgeno a campo e novas reinfeccoes.

Foram instalados experimentos nas trés propriedades amostradas. Na Fazenda
Experimental de Iguatemi (FEI-UEM), Maringa-PR, o pomar foi instalado no ano de 2004.
Foram teladas quatro plantas de laranja doce (Citrus sinensis Osbeck), das variedades C.
sinensis 1342, Ovale MUT Proc. 43 5/96 (S), Valencia Campbell e o hibrido Tangor Murcott
com Laranja Péra 96, no més de setembro de 2010. Na fazenda Estrela, Paranavai-PR, 0
pomar foi instalado no ano de 2004 e as plantas foram protegidas contra reinfeccdo em julho
de 2008. Foram teladas quatro plantas (planta 1: C. sinensis cv. Péra-Rio sobre porta-enxerto
limdo Cravo e plantas 2, 3 e 4: C. sinensis cv. Folha Murcha sobre porta-enxerto liméo
Cravo). Na propriedade Chuva de Prata, o pomar foi instalado no ano de 2009, com plantas de
lima 4cida Tahiti (Citrus aurantifolia Swingle) sobre porta enxerto limédo Cravo. Trés plantas

foram protegidas contra reinfec¢éo nesta area em setembro de 2010.
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2.2.2 Parcela em casa de vegetacdo

Plantas de laranja doce (C. sinensis Osbeck), da variedade Péra sobre porta enxerto
limdo Cravo, com um ano de idade foram inoculadas no ano de 2008 com borbulhas
contaminadas naturalmente por ‘Ca. Liberibacter asiaticus’. Foram utilizadas 15 plantas, as
quais foram mantidas em casa de vegetacdo do Nucleo de Pesquisa em Biotecnologia
Aplicada (NBA/UEM), Maringa-PR. As coletas de material foram realizadas a cada 30 dias
até a confirmacdo do diagndstico positivo para a doenca por gPCR segundo o protocolo
descrito por Coletta-Filho et al. (2010).

2.3 Coleta de material

As plantas selecionadas no campo foram divididas em quatro setores, nos quais
observou-se a distribuicdo dos sintomas, conforme a esquematizacdo apresentada na figura 1.
De cada setor, foram coletadas 10 folhas dando-se preferéncia as sintomaticas. Nas mudas

mantidas em casa de vegetacdo, foram coletadas 10 folhas de cada planta.

v 1

Planta

Figura 1 Esquematizacdo da divisdo em setores (I, 1, 111, 1V) da copa das plantas infectadas
por ‘Ca. Liberibacter asiaticus’, monitoradas e protegidas contra reinfec¢do de Diaphorina
citri, para coleta mensal de material vegetal para avaliagdo da variagdo estacional de
populagdes de Huanglongbing (HLB) por PCR em tempo real.

As amostragens em plantas de lima acida Tahiti foram realizadas durante 20 meses, no

periodo de outubro de 2010 a maio de 2012. No pomar experimental (FEI-UEM) em
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Maring4d-PR e no pomar comercial no municipio de Paranavai-PR, a realizacdo das
amostragens se estendeu por 23 meses, de abril de 2010 a maio de 2012. Nas plantas mantidas
em casa de vegetacdo, as coletas se iniciaram em setembro de 2010 até maio de 2012,
totalizando 20 meses.

O material coletado foi acondicionado em sacos de papel e encaminhado
imediatamente ao laboratdrio para extracdo de DNA total.

2.4 Extracdo e quantificacdo de DNA

O limbo foliar foi descartado com auxilio de material cortante devidamente
esterilizado. As nervuras centrais foram maceradas em cadinho de porcelana estéril com
auxilio de nitrogénio liquido até a obtencdo de um p6 fino. A extracdo de DNA total foi
realizada pelo método CTAB (Murray e Thompson, 1980) e a integridade e a concentracao do
DNA foram verificadas através de eletroforese em gel de agarose (1%) e ajustadas para 100

ng/uL. As amostras foram armazenadas em freezer comum (-20 °C).

2.5 PCR quantitativo

As gPCR foram conduzidas no equipamento 7500 Fast Real Time PCR System
(Applied Biosystens, Foster City, CA, USA) no Laborat6rio de Biotecnologia do Centro de
Citricultura Sylvio Moreira (Cordeiropolis-SP). As sequéncias de iniciadores (AS84F,
5’TCACCGGCAGTCCCTATAAAAGT-3" e Asl80R, 5’- GGGTTAAGTCCCGCAACGA-
3’) e a sonda probe (As-NED-MGB-111T, 5’-ACATCTAGGTAAAAACC-3’) foram
descritas anteriormente por (Coletta-Filho et al, 2010).

As reacOes de gPCR foram preparadas para um volume final de 20 uL, usando 2X
TagMan fast universal Master Mix (Applied Biosystens), 0,8 UM de cada primer, 0,2 uM da
sonda probe para ‘Ca. Liberibacter asiaticus’, 4 uL de DNA padronizado (100 ng/uL ™), 1L
de Eukaryotic 18S rRNA kit (Applied Biosystems ) como controle interno para a
normalizacdo da quantidade de DNA total de cada reacdo e 1L de agua Milli-Q autoclavada.
Cada ciclo foi composto de duas repeticdes de cada amostra de DNA, duas repeti¢fes de dgua
e também de controles negativos e positivos de HLB. As condig¢des de amplificacdo por PCR
em tempo real foram 50 °C por 2 min, 95 °C por 10 min, 40 ciclos de 95 °C por 15s e 60 °C

por 1 min. Os resultados foram analisados usando ABI Prism software (version 1.4).
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2.6 Andlises estatisticas

Os menores valores de Ct (Cycle Threshold ou ciclo limite: valor que se refere ao
numero de ciclos de PCR necessarios para que o sinal fluorescente atinja o limiar de deteccao)
indicaram os maiores titulos bacterianos na planta, e seu inverso foi considerado verdadeiro
(Lopes et al., 2009a).

Os diferentes valores de Ct obtidos ao longo dos anos foram analisados separadamente
de acordo com as estacdes do ano em seus diferentes niveis (primavera, verdo, outrono,
inverno). As analises foram divididas entre plantas cultivadas a campo e plantas mantidas em
casa de vegetacdo. Modelos lineares mistos foram aplicados para dados longitudinais
(Molenberghs e Verbeke, 2005), utilizando-se as estacdes do ano como efeito fixo. No caso
de plantas cultivadas em condi¢bes de campo, planta e ano, foram utilizadas como efeitos
aleatorios. A biblioteca “Ime4” da plataforma estatistica R (htpp://www.R-project.org) foi
utilizada na andlise. Os valores de Ct foram assumidos para seguir distribuicdo normal, e
guando necessario, os dados foram transformados para atingir homocedasticidade e a
distribuicdo normal dos residuos. Quando diferencas significativas foram obtidas entre os
diferentes niveis do efeito fixo (estagdes do ano), foram realizadas multiplas comparacGes
entre os niveis com o teste de Tukey (Tukey, 1953) (p <0,05), no presente caso, a biblioteca
"multcomp” da plataforma P foi utilizada.

3. RESULTADOS

O modelo que melhor se ajustou para mudas mantidas em casa de vegetacdo foi:
Ct~Epoca+(1|Ano)+(1|Planta)). Para mudas mantidas em casa de vegetacdo, o modelo
empregado indicou interacdo entre os fatores aleatdrios Planta e Ano (2010, 2011 e 2012).
N&o foram observadas diferencas significativas nos valores de Ct entre os diferentes niveis
das Estagdes do Ano (Tabela 1).
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Tabela 1 Valores medios de Ct (Cycle Threshold) das estacfes do ano, obtidos por modelo
linear misto para mudas de laranja doce em casa de vegetacéo.

Estacdes do Ano Periodo Ct (Média £ Erro standart)
Primavera Setembro — Dezembro 29,81 + 1,46
Verao Dezembro — Marco 28,42 + 1,48
Outono Marc¢o — Junho 27,78 £ 1,48
Inverno Junho — Setembro 30,03 +1,61

® Comparacdo de médias realizada por Teste de Tukey (p<0,05).

Nas plantas adultas cultivadas em diferentes propriedades empregou-se o modelo
Ct~Epoca+(1|Local)+(1JAno)+(1|Planta)). Para plantas adultas em diferentes propriedades os
efeitos aleatdrios Local, Plantas e Ano foram significativos no modelo utilizado. No Teste de
Tukey foram observadas diferencas significativas entre os Ct em diferentes Estacdes do Ano
(Tabela 2).

Tabela 2 Valores médios de Ct (Cycle Threshold) das estaces do ano, obtidos por modelo
linear misto para plantas das variedades laranja doce e lima acida Tahiti em diferentes
propriedades no noroeste do Parana.

Estacdes do Periodo Ct (Média £ Erro Temperatura média
Ano standart) (°C)
Primavera Setembro — Dezembro 26,48 + 1,55 a 23,7
Verao Dezembro — Marco 25,75+ 1,47 ab 25,3
Outono Marc¢o — Junho 25,07+1,39b 20,3
Inverno Junho — Setembro 26,28 £ 1,54 ab 20,8

%Letras diferentes na mesma coluna representam diferencas significativas mediante modelo
linear misto (p<0,05). Comparagdo de medias realizada por Teste de Tukey.

Os sintomas iniciais observados nas plantas a campo em geral, se distribuiam

setorizados e a deteccdo de ‘Ca. Liberibacter asiaticus’ foi possivel mesmo em setores que
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apresentavam pouco ou nenhum sintoma. Com o passar dos meses, a evolugdo dos sintomas
foi expressiva na maioria das plantas (Figura 1; Tabela 3).

Na propriedade Estrela, Paranavai-PR, em alguns setores das plantas monitoradas, a
bactéria foi detectada apenas a partir do setimo més de coleta. Na planta 2, o setor | possuia a
maior expressdo dos sintomas e durante todo o experimento apresentou valores de Ct abaixo
de 26,0, com excessdo do més de setembro de 2010. Na planta 3, os setor Il e Il eram
assintomaticos e mesmo na auséncia de sintomas, o setor Il apresentou em média, Ct variando
entre 22,0 a 24,0. No setor |11 a deteccdo ocorreu apenas a partir do sétimo més, com Ct entre
23,0 e 24,0. Na planta 4, os sintomas predominavam no alto da copa, gerando dificuldade de
coletar material sintomatico. Nesta planta a deteccdo se iniciou a partir do décimo més no
setor | e a partir do sexto més no setor I1l. Mesmo com folhas assintomaticas analisadas, 0s
valores de Ct encontrados variavam de 18,0 a 37,5.

‘Ca. Liberibacter asiaticus’ apresentou distribuicdo desuniforme dentro de um mesmo
setor. Com o passar dos meses, os valores de Ct também apresentaram irregularidade dentro
do préprio setor amostrado. Em uma mesma estacdo do ano, foi possivel observar variacdes
bruscas nos valores de Ct no setor, onde em alguns meses a populacédo bacteriana encontrava-
se a titulos muito baixos e no més seguinte os titulos da bactéria se encontravam mais altos, o
inverso também foi observado (Ex.: Planta 1, setor 1, janeiro/11 = Ct 31,0; fevereiro/11= Ct
18,8). Com o aumento da populacdo do patégeno no hospedeiro, observou-se a evolucdo dos

sintomas (Tabela 3).
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Tabela 3 Distribuicdo dos sintomas de ‘Ca. Liberibacter asiaticus’ em plantas de citros
monitoradas e protegidas contra reinfeccdo de Diaphorina citri (- sem sintomas; + sintomas
localizados; ++ sintomas intensos; +++ sintomas intensos com amarelecimento intenso das
folhas).

Local Planta  Espécie Setor Sintomas
2010 2011 2012
Paranavai-PR 1 C. sinensis cv. Péra-Rio I - + +
1 - 4 4
11 + + +
AV - 4 4
Paranavai-PR 2 C. sinensis cv. Folha Murcha I ++ +++ +++
1 - + +
i - + +
AV + + +
Paranavai-PR 3 C. sinensis cv. Folha Murcha I 4 4 4
I - - -
Il - - -
v + + +
Paranavai-PR 4 C. sinensis cv. Folha Murcha I - + +
I + + +
i + + +
v - + +
Maringa-PR 5 C. sinensis 1342 I ++ +++ +++
I ++ +++ +++
i ++ +++ +++
v ++ +++ +++
Maringa-PR 6 Ovale MUT Proc. 43 5/96 (S) I - + +
I - ++ ++
i + ++ ++
v + ++ ++
Maringa-PR 7 Valencia Campbell I + ++ ++
I + ++ ++
i - ++ ++
v - ++ ++
Maringa-PR 8 Tangor Murcott I - + +
I + ++ ++
i + ++ ++
v - + +
Maringa-PR 9 Citrus aurantifolia I - - 1
] + ++ ++
i + ++ ++
v - - A

Tabela 3, Cont.;
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Maringa-PR 10 Citrus aurantifolia I - ++ +++

I + ++ +++
11 ++ +++ +4++
v ++ +++ +++
Maringa-PR 11 Citrus aurantifolia I + ++ ++
I - + +
1 - + +
\Y; + ++ ++

Na planta 5 no experimento instalado na Fazenda Experimental de Iguatemi (FEI-
UEM), Maringé-PR, Brasil, os sintomas iniciais eram nitidos em toda a planta e observou-se
rapida dispersdo da doenca e declinio do hospedeiro. Nos primeiros meses os valores de Ct
variavam entre 34,0 e 37,0 e com a progressdo da doenca, os valores de Ct diminuiram e se
estabilizaram entre 21,0 a 25,0 (Tabela 3).

Nas plantas de lima &cida Tahiti no municipio de Maringa-PR, Brasil, também foi
observado nos setores que possuiam sintomas menos evidentes 0s maiores valores de Ct. Os
setores | e IV da planta 9 possuiam poucos sintomas e a quantidade de bactéria foi pequena
comparado aos setores que apresentavam sintomas evidentes. Com a evolucdo dos sintomas
foliares para total amarelecimento no setor Il da planta 10, os frutos passaram a exibir
deformacdes, enquanto que nos outros setores da mesma planta onde os sintomas eram menos
expressivos, os frutos ndo apresentavam sintomas (Tabela 3).

Em casa de vegetacdo nem todas as plantas enxertadas com borbulhas contaminadas
por ‘Ca. Liberibacter asiaticus’ e diagnosticadas positivamente para a doenca exibiam

sintomas.

4. DISCUSSAO

Durante o monitoramento em mudas mantidas em casa de vegetacdo, ndo foram
observadas diferencas significativas nos valores de Ct para a populacdo do patdégeno nas
diferentes estacGes do ano.

Os menores valores de Ct correspondem aos maiores titulos da bactéria na planta
(Lopes et al., 2009a). No campo, 0s meses correspondentes ao Outono apresentaram 0S
menores valores de Ct, indicando ser esta a época onde a bactéria se encontra em maior titulo

e consequentemente, a melhor época para a deteccdo de ‘Ca. Liberibacter asiaticus’ no Estado
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do Parand. A temperatura pode influenciar diretamente nos valores de Ct encontrados a
campo (Lopes et al., 2009a) e afetar a sobrevivéncia do patdégeno em tecidos inoculados
(Lopes e Frare, 2008). Todavia, no Verdo e no Inverno os valores de Ct encontrados neste
trabalho, foram estatisticamente semelhantes aos valores encontrados nos meses do Outono.
No estado de Sdo Paulo, os meses correspondentes ao Outono e Inverno também sdo
considerados os melhores periodos para identificagdo e visualizagdo dos sintomas na
erradicacdo da doenca. As menores temperaturas prevalentes nestas épocas, ndo sdo capazes
de reduzir a multiplicacdo bacteriana nos tecidos da planta (Lopes et al., 2009a) e podem
favorecer as taxas de transmisséo (Lopes e Frare, 2008).

Os meses de abril, maio e junho, correspondentes ao outono, coincidem com a fase de
inducdo floral dos citros, onde geralmente a ocorréncia de chuvas e as temperaturas
diminuem. Em seguida as plantas entram em periodo de repouso (Rasmussen et al., 1966) no
qual ha um acimulo de reservas que sdo consumidas rapidamente no desenvolvimento das
estruturas reprodutivas (Lima et al., 1989). O periodo de inducdo floral ocorre nos meses em
que a populagdo de ‘Ca. Liberibacter asisticus’ apresenta os maiores titulos bacterianos,
sugerindo que a fenologia dos citros pode ter influencia sobre os titulos bacterianos, devido ao
aumento de reservas neste periodo.

A regido noroeste do Parana durante o monitoramento das plantas apresentou
condicBes atipicas nas estacdes do ano, com auséncia de grandes variacGes nas condicBes
climaticas e de temperatura. As menores temperaturas foram registradas nos meses
correspondentes ao Outono, e as médias encontradas foram de aproximadamente 20 °C. As
temperaturas mais altas foram registradas nos meses de Verdo e as médias ndo ultrapassaram
0s 25 °C (Anexos 1 e 2). A temperatura média anual observada na regido noroeste do Parana
(22,5 °C) encontra-se inserida na faixa de temperatura (17 a 22 °C e 22 a 27 °C) onde foi
observada a maior eficiéncia de infeccdo de ‘Ca. Liberibacter asiaticus’ em citros (Gasparoto
et al., 2012), exercendo importante papel na epidemiologia da doenca e favorecendo o
aumento de plantas que funcionam como fonte de inoculo no campo (Bassanazi et al., 2010).
A temperatura pode estar relacionada diretamente com alteracbes nos titulos bacterianos,
afetando a populacdo do patdgeno e sua multiplicagdo (Lopes et al., 2009a). A baixa
incidéncia e a lenta disseminacdo da bactéria através de D. citri nos campos de producao em
regibes mais quentes do estado de Sdo Paulo sdo fatores relacionados com a influéncia da
temperatura ambiente nos titulos de ‘Ca. Liberibacter asiaticus’ nas folhas (Lopes et al.,
2013).
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Os valores médios de Ct encontrados nas plantas monitoradas foram menores com o
decorrer do tempo tanto para plantas de laranja doce nos municipios de Paranavai-PR e
Maringa-PR, como para as plantas de lima acida Tahiti, em Maringa-PR. Consequentemente,
observou-se a evolugdo da expressdo dos sintomas. A intensidade dos sintomas foliares de
HLB aumentando conforme o tempo também foi constatada em plantas inoculadas por ‘Ca.
Liberibacter’ spp. (Lopes et al., 2009b). A expressdo dos sintomas de HLB est diretamente
relacionada a concentracdo do agente patogénico e uma quantidade minima de bacteria é
necessaria para o surgimento dos sintomas (Trivedi et al., 2009; Coletta-Filho et al., 2010).
No entanto, ‘Ca. Liberibacter asiaticus’ apresenta crescimento lento em plantas de citros
(Trivedi et al., 2009). Isto pode explicar a detecgdo de ‘Ca. Liberibacter asiaticus’ apenas a
partir do sexto més de analise em setores de algumas plantas no campo, onde provavelmente
os titulos bacterianos foram inexistentes ou inferiores aos necessarios para a detec¢do do
patdgeno naquele local da planta.

Altos titulos bacterianos associados a pequenas expressdes de sintomas contribuem
para maior capacidade de adaptacdo da espécie asidtica em relacdo a espécie americana do
patdgeno no Brasil (Lopes et al., 2009b). Porém, em plantas e folhas assintomaticas o
patégeno normalmente € encontrado na planta em baixos titulos (Li et al., 2007; Teixeira et
al., 2008; Trivedi et al., 2009). A distribuicdo irregular da bactéria no hospedeiro (Teixeira et
al., 2008) se constitui em outro importante aspecto observado no comportamento deste
patdgeno, podendo estar relacionado com a ndo deteccdo do mesmo nos meses iniciais do
experimento, bem como a visualizacdo dos sintomas em apenas alguns setores e ramos de
determinadas plantas.

Alguns setores assintomaticos exibiram altos valores médios de Ct, os quais variaram
entre 18 a 37,5. Este evento pode ser explicado pela coleta de folhas novas no momento da
amostragem mensal. As folhas novas podem conter altas quantidades do patbgeno mesmo em
condicBes assintomaticas (Teixeira et al., 2008; Trivedi et al., 2009). Titulos bacterianos mais
elevados para ‘Ca. Liberibacter asiaticus® também foram observados em plantas
assintomaticas e quantidades semelhantes do patégeno foram obtidas em tecidos sintomaticos
e assintomaticos (Lopes et al., 2009b). Plantas assintomaticas com altos valores de Ct e
consequentemente, baixos titulos bacterianos, podem fortemente funcionar como fonte de
inoculo para outras plantas (Bassanezi et al., 2010). As maiores quantidades da bactéria foram
determinadas em folhas sintomaticas e em certas amostras assintomaticas foram encontradas
altas concentragfes do patogeno (Teixeira et al., 2008). Devido a irregular distribuicdo do

patogeno no hospedeiro, diferentes situacdes podem ser observadas em um mesmo ramo
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infectado, de onde é possivel obter-se amostras com diferentes concentracdes bacterianas e ao
mesmo tempo, obter-se amostras negativas para a bactéria (Teixeira et al., 2008).

Nos diferentes locais do experimento e nas diferentes espécies, frutos assimétricos e
deformados foram observados em locais da planta exibindo sintomas expressivos. Setores
com poucos sintomas exibiam frutos assintométicos, porém com a evolugdo dos sintomas,
estes locais da planta passaram a produzir frutos deformados. A observacdo de frutos
sintomaticos também foi descrita anteriormente préximos a folhas sintomaticas com altas
concentracdes da bactéria e em ramos assintomaticos ou com poucos sintomas foram
observados apenas frutos normais (Teixeira et al., 2008).

Estudos desta natureza podem auxiliar a comunidade cientifica na compreensdo do
desenvolvimento do patogeno e sua relacdo com o hospedeiro. A fenologia do hospedeiro e a
época de observacao da bactéria podem ser um dos fatores responsaveis pelas variacdes nos
titulos bacterianos. Estes fatores, aliados ao lento crescimento bacteriano e sua distribuicdo
irregular no hospedeiro, podem contribuir para a variagdo estacional de ‘Ca. Liberibacter
asiaticus’. Este tipo de estudo é importante na compreensdo dos mecanismos de viruléncia da
bactéria e no desenvolvimento de técnicas adequadas de manejo da doenca (Tatineni et al.,
2008).
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ANEXOS



ANEXO 1 Dados climaticos do triénio 2010-2012 em Maringa-PR, Brasil.

Temperatura
Umidade % Preciptacéo
Estacdo doano Maxima Minima Média (média) (mm)
Primavera/2010 28,03 17,50 22,77 72,07 165,60
Verao/2011 29,23 20,00 24,62 79,70 193,13
Outono/2011 2493 13,97 19,45 74,08 85,13
Inverno/2011 25,80 14,53 20,17 66,08 66,53
Primavera/2011 29,43 18,43 23,93 69,35 118,83
Verao/2012 30,53 19,83 25,18 70,25 88,07
Outono/2012 24,20 16,40 20,30 78,13 159,53

*Fonte: Universidade Estadual de Maringd (UEM)

ANEXO 2 Dados climaticos do triénio 2010-2012 em Paranavai-PR, Brasil.

Temperatura
Umidade
Estacdo do ano Maxima Minima Meédia % (média) Preciptacdo(mm)
Outono/2010 25,9 15,9 20,9 70 42,8
Inverno/2010 21,7 15,8 21,7 57 83,9
Primavera/2010 28,9 18,5 23,7 69 188,8
Verdo/2011 30,0 21,2 25,6 79 171,8
Outono/2011 25,6 15,3 20,5 69 109,1
Inverno/2011 26,9 15,4 21,2 58 72,7
Primavera/2011 30,0 19,0 24,5 63 1443
Verdao/2012 31,5 20,3 25,9 66 88,9
Outono/2012 25,7 16,1 20,9 76 194,5

*Fonte: Instituto Agronémico do Parana (IAPAR)



CAPITULO 11l

Spot real-time PCR for direct detection of ‘Candidatus Liberibacter asiaticus’ in citrus

plants

*Parte integrante do anexo “Tissue-print and squash real-time PCR for direct detection

of ‘Candidatus Liberibacter’ species in citrus plants and psyllid vectors”.



ABSTRACT

Huanglongbing (HLB) disease is seriously threatening the citrus industry worldwide.
Accurate detection of the three species associated with HBL disease: ‘Candidatus
Liberibacter asiaticus’, ‘Ca. L. africanus’ or ‘Ca. L. americanus’ is essential for the
preventive control of the disease. Real-time PCR is a useful tool for bacterial detection.
Nucleic acids purification steps, however, limits the number of samples that can be processed
by PCR. The use of direct assays as template showed good agreement with use of purified
DNA (Kappa 0,76+0.052). The simplified direct method of sample preparation presented here
in can be effectively adopted for use in rapid screening of HLB agents in extensive surveys,
certification schemes or for epidemiological and research studies.

Keywords: Huanglongbing (HLB). Direct sample preparation. Real time PCR.
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RESUMO

A doenga Huanglongbing (HLB) doenca esta seriamente ameacando a industria de citros no
mundo. A precisa deteccdo das trés espécies associadas com a doen¢a de HBL: ‘Candidatus
Liberibacter asiaticus’, ‘Ca. L. africanus’ ou ‘Ca. L. americanus’ ¢ essencial para o controle
preventivo da doenca. PCR em tempo real € um instrumento Gtil para a deteccdo bacteriana.
Etapas de purificagdo de &cidos nucleicos, no entanto, limitam o nimero de amostras que
podem ser processadas por PCR. O uso de ensaios diretos como modelo, mostram boa
concordancia com a utilizacdo do DNA purificado (Kappa 0,76 + 0,052). O metodo direto
simplificado de preparagdo das amostras aqui apresentado pode ser efetivamente adotado para
uso na triagem rapida dos agentes de HLB em extensas pesquisas, sistemas de certificacdo ou
para estudos epidemioldgicos e de pesquisa.

Palavras-chave: Huanglongbing (HLB). Preparacao direta da amostra. PCR em tempo real.
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1. INTRODUCTION

Huanglongbing (HLB), often referred to as citrus greening, is considered the most
destructive bacterial disease in the citrus industry. The disease has been described in most of
the major citrus growing regions of the word (Africa, Asia and America), except for the
Mediterranean region, Australia, New Zealand, and North and South-Pacific islands.
Therefore, HLB represents a serious threat for citrus growing regions which are still free of
the disease. Huanglongbing causes a rapid tree decline, including yellow shoots with blotchy-
mottled leaves, lopsided fruits with color inversion, aborted seeds, leaf and fruit drop and
shoot dieback (Bové, 2006; Wang and Trivedi, 2013). Huanglongbing has been associated
with three bacterial species belonging to a new genus, ‘Candidatus Liberibacter’ within the
alpha Proteobacteria: ‘Ca. Liberibacter africanus’ (Laf), ‘Ca. L.asiaticus’ (Las) and ‘Ca.
L.americanus’ (Lam) (Bové, 2006). These bacterial species are restricted to phloem sieve
tubes. They are naturally spread by phloem sap-feeding psyllid species in which they multiply
in a persistent, circulative manner (Bové, 2006; Gottwald, 2010). Insect vector species include
citrus psyllids Diaphorina citri (Capoor et al., 1967; Yamamoto et al., 2006) and Trioza
erytreae (McClean and Oberholzer, 1965); as well as Cacopsylla citrisuga (Cen et al., 2012),
recently described in China. Diaphorina communis identified in Bhutan (Yamamoto, 2007)
has been found to carry Las (Donovan et al., 2012). Its ability, however, to transmit Las has
not been reported yet. The pathogen is also transmitted by grafting or by vegetative
propagation of contaminated plant material. To contain HLB and help in decision-making,
preventive surveys for early detection of the pathogen are crucial.

Considering there are no curative treatments for HLB, quarantine measures to avoid its
entry and establishment, as well as early eradication of the first foci to avoid spread, are the
best measures to prevent its introduction into new areas. Once the pathogen and the vector are
present, the “three-pronged system” (TPS) has been shown to be successful in controlling
HLB in large groves with low initial HLB prevalence (<10%) (Belasque et al., 2010; Bové,
2012).

In the past years, different methods have been developed for detection of HLB agents
including biological indexing (Roistacher, 1991), chemifluorescence (Schwarz, 1968),
transmission electron microscopy (TEM) (Saglio et al., 1971), ELISA, immunofluorescence
(Garnier et al., 1987), and dot-blot DNA hybridization. These methods were able to detect Las
and Laf, for the first time, using specific probes in both plants and psyllids (Villechanoux et
al., 1992). For instance, detection of the HLB bacterium by TEM became for 20 years, since
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the 1970s, the only reliable, although laborious, laboratory technique to undoubtedly confirm
HLB (Garnier and Bové, 1996). In the 1990s, conventional PCR became available and could
detect Las and Laf by amplification of 16S rDNA (Jagoueix et al., 1996) or beta operon
(Hocquellet et al., 1999) sequences. Later, Lam was also be identified by specific 16S rDNA-
based PCR-primers (Teixeira et al., 2005) and by real-time PCR (Teixeira et al, 2008a). Loop-
mediated isothermal amplification (LAMP) (Okuda et al., 2005) as well as FISH assays
(Fujikawa et al., 2013) have also been developed for Las detection.

Real-time PCR is a useful tool that has proven indispensable in a wide range of bacterial
detection protocols. This high through put technique has improved the systems in use,
achieving high speed, specificity, sensitivity and reliability; as well as reducing the risks of
cross contamination compared with conventional PCR (Schaad and Frederick, 2002; Lépez et
al., 2009). Several real-time PCR-based protocols for detection of ‘Ca. Liberibacter’ species
from citrus have been developed (Li et al., 2006; Teixeira et al., 2008a; Bertolini et al., 2010;
Coletta-Filho et al., 2010; Morgan et al., 2012; Fujikawa et al., 2013) but few have been
designed for universal detection of all ‘Ca. Liberibacter’ species associated with the disease
(Li et al., 2006; Bertolini et al., 2010).

The templates used in PCR usually require extract preparation and nucleic acid
purification. Nucleic acid purification step can be totally circumvented using direct sample
preparation methods such as dilution or spot immobilization on membranes (Olmos et al.,
1996; Schaad et al., 2007; Capote et al., 2009; De Boer and Lopez, 2012) or partially
circumvented using the so-called “direct PCR” methods (Fujikawa et al., 2013). Nevertheless,
all these methods require extract preparations which limit the number of samples that can
daily be processed in a robust way. Spot (Capote et al., 2009) is a direct method of sample
preparation in which nucleic acid purification is necessary. The main drawback of systems
based on target immobilization is the small amount of sample that can be loaded onto the
support. This limitation could be avoided by coupling these preparation methods with highly
sensitive techniques such as real-time PCR (Schaad and Frederick, 2002; L6pez et al., 2009).

In this study, spotting method for direct sample preparation without DNA extraction

were coupled with real-time PCR detection protocol based on TagMan chemistry.
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2. MATERIALS AND METHODS

2.1 Plant material

Ten mature fully expanded leaves were collected around the canopy of each tested adult
tree. Leaves were posted to ‘Instituto Valenciano de Investigaciones Agrarias’ (IVIA), in
Valencia, Spain to prepare extracts (see below). Samples were collected from heavily HLB-
infected groves in Maringé and Paranavai, (Parand), Brazil.

Sweet orange, C. macrophylla (alemow) field trees and C. reticulate (mandarin) and C.
paradisi (grapefruit) leaves from certified HLB-free trees grown under insect proof facilities
were sampled at IVIA in Valencia, Spain. These plant materials were used for comparison of
the efficiency of direct procedures and conventional DNA purification methods of sample
preparation, as well as healthy controls.

2.2 Extract preparation and DNA purification

For sensitivity evaluation, extracts from HLB-symptomatic and symptomless mature
sweet orange leaves (0.5 g of fresh leaf midribs), collected from HLB-infected trees, were
prepared in individual plastic bags. Homex 6 homogenizer (Bioreba, Reinach, Switzerland)
was used to grind plant material, approximately 1:20 (w/v), in extraction buffer (PBS buffer,
pH 7.2, supplemented with 0.2% (w/v) sodium diethyl dithiocarbamate). Serial dilutions of
the prepared extract with symptomatic HLB-infected sweet orange leaves were done by
diluting it in HLB-free sweet orange leaf extract (1:20 v/v to 1:10% v/v). Total DNA was
extracted from each dilution by using the cetyltrimethyl ammonium bromide (CTAB) method

(Murray and Thompson, 1980). All extracts were stored at -20 °C until use.
2.3 Real-time PCR protocol

Real-time PCR assays using the new primers coupled with TagMan probe (FAM-
AGACGGGTGAGTAACGCG-BHQ-1) developed in Li et al. (2006), were performed in
StepOne Plus (Applied Biosystems), Light Cycler 480 (Roche, Mannheim, Germany) and/or
SmartCycler (Cepheid, Sunnyvale, CA, USA) thermocyclers. The reaction mixture in a final
volume of 12 pl contained the following: 1 x Path-ID™gPCR master mix (Ambion, Grand
Island, NY, USA), 0.5 uM of each primer (CaLsppF/CaLsppR), 100 nM of TagMan probe
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and 3 pl of purified or extracted DNA targets from immobilized samples. Real-time PCR
protocol consisted of one step at 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. Data acquisition and analysis were performed with the thermocycler
software. The default threshold set by the thermocycler was slightly adjusted above the noise
of the linear part of the growth curve, at its narrowest point, according to manufacturer’s
instructions.

Diagnostic parameters (sensitivity, specificity and accuracy) were calculated according
to the web page: https://www.antonio-olmos.com/parameters/online/calculator.html. Results

were considered positive or negative for each sample and Ct values were recorded.
2.4 Sample preparation by the spot procedure

Freshly prepared or frozen sweet orange leaf extracts from field trees collected in
Maringa and at IVIA, were immobilized on membranes (Capote et al., 2009). Spotting was
carried out by loading 5 pl of crude plant extract onto pieces of approximated 0.5 cm?
Whatman 3MM paper filter, which had been previously introduced into Eppendorf tubes. The
spotted samples were left to dry for 5 minutes and then the tubes were closed and stored at
room temperature in a dark and dry place until use. The DNA targets were then simply
extracted using 100 ul of distilled water (Bertolini et al., 2010; Teresani et al., 2013), vortexed
and placed on ice until use. Three microliters of the extract were directly used as template for

real-time PCR assays.
2.5 Comparison of DNA extraction and spot procedures of sample preparation

The use of purified DNA and spot procedure was compared for Las detection using
Coletta-Filho et al. (2010) real-time PCR method and the ready-made complete kit HLB/100
(Plant Print Diagnostics, Valencia, Spain) developed in this study (see annex). For this
comparison, 258 sweet orange and Tahiti lime samples collected in Brazil in 2010, 2011 and
2012; and 100 HLB-healthy plants collected in Spain in 2013 (see plant material) were used.
Ten fresh leaf midribs were homogenized in liquid nitrogen and 0.5 g of the powder was used
for total DNA extraction by CTAB method. The purified DNA was stored at -20 °C until use.
The rest of the powder was stored at -20 °C until PBS buffer was added for extract
preparation. Five microliters of the crude extract were spotted on paper as previously

described. These extracts were then analyzed by both real-time PCR protocols.
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Preparation of spots and analyses was performed in 2013 at IVIA (in some cases three
years after the samples were collected). Cohen’s kappa index (Cohen, 1960) was calculated to
measure the agreement between DNA extraction with the spot system of sample preparation
using both real-time PCR protocols as well as to compare them using the same samples
spotted on paper. Diagnostic parameters such as sensitivity, specificity and accuracy were
calculated taking into account the true and false positive and negative results. Sensitivity is
the proportion of true positives that are correctly identified by a test. Specificity is the
proportion of true negatives that are correctly identified by the test. Accuracy refers to the
number of true positives and negatives correctly identified by the test (Vidal et al., 2012). A
sample showing positive results by two differently based real-time PCR protocols was
considered as a true positive. A sample showing negative results by at least two differently

based real-time PCR protocols was considered as a true negative.

3. RESULTS

The Las target was amplified from a total of 144 out of 358 spotted samples using the
commercial ready-made kit. Figure 1 shows a comparison between the Coletta-Filho et al.
(2010) protocol using purified DNA or spot and the spotted samples analyzed by the ready-
made HLB/100kit. Using the Coletta-Filho et al. (2010) protocol, Las target was amplified
from 161 out of 358 analyzed samples using purified DNA, and from 134 when using spots of
crude plant extract. When purified DNA analyzed by Coletta-Filho et al. (2010) protocol was
compared with the spot analyzed by the kit, coincidental results occurred in 132 positive and
in 185 negative samples; 29 samples tested positive only by DNA extraction and 12 samples
tested positive only by the spot system (Fig. 1A). The calculated Cohen’s kappa index was
0.766+0.052. When DNA extraction was compared with the spot using the same real-time
PCR protocol, coincidental results were obtained in 123 positive and in 186 negative samples;
38 samples tested positive only by DNA extraction and 11 samples resulted positive only by
the spot system (Fig. 1B). The calculated Cohen’s kappa index was 0.719+0.052. Fig. 1C
shows the comparison of both real-time PCR protocols using the same spotted samples.
Coincidental results were obtained in 105 positive and in 185 negative samples; 39samples
tested positive only with the kit and conversely, 29 tested positive only with the Coletta-Filho
et al. (2010) protocol. The Cohen’s kappa index resulted 0.600+£0.052.
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Figure 1 Comparison of purified DNA and spot procedures of sample preparation prior
different real-time PCR protocols for detection of ‘Ca. Liberibacter asiaticus’ in 358 adult
citrus trees. A: purified DNA Coletta-Filho real-time PCR (DNA by C-F) versus spot of crude
plant extract analyzed by the kit (spot kit), kappa index 0.766+0.052; B: DNA C-F versus spot
C-F, kappa index 0.719+0.052; C: spot C-F versus spot kit, kappa index 0.600+0.052.
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A total of 172 trees were considered as true positives (infected by Las) and 186 as
HLB-free trees, based on symptom observations and the results obtained with the different
real-time PCR protocols and sample preparation systems. The calculated sensitivity,
specificity and accuracy for purified DNA analyzed following the Coletta-Filho et al. (2010)
protocol were 0.94+0.012, 1+0 and 97%, respectively. The calculated sensitivity, specificity
and accuracy for the HLB/100 kit were 0.83+£0.019, 0.99£0.003 and 92%. The calculated
sensitivity, specificity and accuracy for the spot system were 0.78+0.021, 1+0 and 89%,
respectively. The management of the kit in laboratory routine was easier than conventional
protocols based on DNA purification. The use of lyophilized master mix remarkably

facilitates PCR preparation.

4. DISCUSSION

Prevention and containment of HLB and control of citrus psyllid vectors are crucial
for any citrus industry still free of the Liberibacter species associated with the disease.
Therefore, confident, rapid and simple methods that can process large numbers of samples are
required. Considering that many pathogens could be present at low titers in “subclinical
infections” or even in particular physiological states in symptomless plants (Lopez et al.,
2009), detection methods with high sensitivity are needed. Belasque et al. (2009) reported a
prevalence of 10% of trees with visually detectable HLB symptoms in a citrus grove, which
corresponded in reality to a prevalence of 36.5% infected trees.

The non-cultivable nature of the HLB-associated bacteria and the lack of specificity of
the HLB symptoms complicate the detection of ‘Ca. Liberibacter’ species. At present, the
identification of HLB in citrus trees is performed through frequent visual inspections of the
same grove. However, symptom expression may vary depending on the season and citrus
species (Lopes et al., 2009). Moreover, mineral deficiencies and other pathogens including
phytoplasma can induce symptoms indistinguishable from those associated with HLB
(Teixeira et al., 2008b). Real-time PCR is currently the most sensitive, reliable and gold
standard technique for detection and/or identification of ‘Ca. Liberibacter’ species (Morgan et
al., 2012). This powerful tool could substantially contribute to the TPS strategy to manage the
disease, once established in a particular area.

Elimination of symptomatic trees to reduce inoculum source together with insecticide
treatments to lower the psyllid vector populations are essential for HLB management (Bové,

2012; Belasque et al., 2010). Infected trees overlooked by inspectors can be a problem. Such
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trees can become reservoirs for the pathogen and can start secondary infections. Therefore,
the development of user-friendly, direct methods of sample preparation coupled with real-
time PCR assays for the screening of ‘Ca. Liberibacter’ species would be of high interest. The
available real-time PCR methods are sensitive enough but are costly and time consuming.
Hence, its use has been limited to training inspectors for symptom recognition and to confirm
the presence of the pathogen in leaf samples with doubtful symptoms.

This study presents for the first time detection of ‘Ca. Liberibacter’ species in citrus
trees through entrapment of Liberibacter on a membrane for direct real-time PCR.

The spot system of sample preparation was validated using two real-time PCR
protocols for Las detection with samples collected up to three years prior to the analyses. The
highest number of Las-positive trees was obtained with extracted DNA, followed by the kit
using the spot system, and finally by the protocol of Coletta-Filho et al. (2010) using the spot.
These results suggest the high sensitivity of DNA purification when it is used as template, in
spite of the false positives inherent to any high sensitivity technique (Lépez et al., 2009). The
best agreement was between Coletta-Filho et al. (2010) using purified DNA and the
developed kit using the spot system, that resulted “substantial” (Kappa index between 0.61-
0.80) according to Landis and Koch (1977) (Fig.1A). The coincidental results in detection of
HLB-positive and healthy trees by both protocols (DNA purification and kit using the spot)
was 89%. Out of the contradictory results, 8% of the trees tested positive only by DNA
purification. These could be explained by the elimination of PCR inhibitors after DNA
purification process and high sensitivity of this type of system for preparation of templates.
The amount of time needed for analysis and sample preparation, however, should be also take
into account. Conversely, 3% of the trees tested positive only by the kit using the spot,
probably due to inefficient DNA purification. In fact, the use of the spot by both real-time
PCR protocols resulted in 11 HLB-infected and symptomatic field trees that tested negative
using purified DNA.

The use of simplified direct methods of sample preparation is adapted for large-scale
use due to, robustness, lower cost and the reduced risks of contamination compared with non-
direct methods. The developed and proposed system is safe when dealing with quarantine
pathogens especially in the case of non-cultivable and phloem restricted organisms that can be
managed or transferred by courier without biological risks to other laboratories (De Boer and
Lopez, 2012). These methods coupled with real-time PCR are reliable enough for the
screening of ‘Ca. Liberibacter' species in extensive surveys for HLB prevention and

containment.
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ABSTRACT

Huanglongbing (HLB) disease is seriously threatening and/or damaging the citrus industry
worldwide. Accurate detection of the three species associated with HBL disease: ‘Candidatus
Liberibacter asiaticus’, ‘Ca. L. africanus’ or ‘Ca. L. americanus’ is essential for the
preventive control of the disease. Real-time PCR is a useful tool for bacterial detection.
Nucleic acids purification steps, however, limits the number of samples that can be processed
by PCR. Universal detection of ‘Ca. Liberibacter’ species was achieved by a direct tissue-
printing and spotting of plant leaf petiole extract or squashing of individual psyllids onto
paper or nylon membranes. New primers were designed and used with TagMan chemistry for
accurate detection of the bacterium in immobilized targets (prints of 10 overlapping leaf
pedicels/tree or squashed single vectors), by extraction with water and direct use for real-time
PCR. This simplified method was validated and found to be efficient for detection of HLB-
liberibacters in 100% of symptomatic and 59% of symptomless leaves collected from HLB-
infected trees. The use of direct assays as template showed good agreement with use of
purified DNA (Kappa 0,76+0.052). The squash assay allowed detection of the bacterium in
40% of mature Diaphorina citri that fed on symptomatic or on symptomless leavesof HLB-
infected trees. A commercially ready-made kit based on this technology showed 96%
accuracy in intra-laboratory performance studies. The simplified direct methods of sample
preparation presented here in can be effectively adopted for use in rapid screening of HLB
agents in extensive surveys, certification schemes or for epidemiological and research studies.
Keywords: Huanglongbing (HLB). Direct sample preparation. Detection Kit. Intra-laboratory

validation.
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1. INTRODUCTION

Huanglongbing (HLB), often referred to as citrus greening, is considered the most
destructive bacterial disease in the citrus industry. The disease has been described in most of
the major citrus growing regions of the word (Africa, Asia and America), except for the
Mediterranean region, Australia, New Zealand, and North and South-Pacific islands.
Therefore, HLB represents a serious threat for citrus growing regions which are still free of
the disease. Huanglongbing causes a rapid tree decline, including yellow shoots with blotchy-
mottled leaves, lopsided fruits with color inversion, aborted seeds, leaf and fruit drop and
shoot dieback (Bové, 2006; Wang and Trivedi, 2013). Huanglongbing has been associated
with three bacterial species belonging to a new genus, ‘Candidatus Liberibacter’ within the
alpha Proteobacteria: ‘Ca. Liberibacter africanus’ (Laf), ‘Ca. L.asiaticus’ (Las) and ‘Ca.
L.americanus’ (Lam) (Bové, 2006). These bacterial species are restricted to phloem sieve
tubes. They are naturally spread by phloem sap-feeding psyllid species in which they multiply
in a persistent, circulative manner (Bové, 2006; Gottwald, 2010). Insect vector species include
citrus psyllids Diaphorina citri (Capoor et al., 1967; Yamamoto et al., 2006) and Trioza
erytreae (McClean and Oberholzer, 1965); as well as Cacopsylla citrisuga (Cen et al., 2012),
recently described in China. Diaphorina communis identified in Bhutan (Yamamoto, 2007)
has been found to carry Las (Donovan et al., 2012). Its ability, however, to transmit Las has
not been reported yet. The pathogen is also transmitted by grafting or by vegetative
propagation of contaminated plant material. To contain HLB and help in decision-making,
preventive surveys for early detection of the pathogen are crucial.

Considering there are no curative treatments for HLB, quarantine measures to avoid its
entry and establishment, as well as early eradication of the first foci to avoid spread, are the
best measures to prevent its introduction into new areas. Once the pathogen and the vector are
present, the “three-pronged system” (TPS) has been shown to be successful in controlling
HLB in large groves with low initial HLB prevalence (<10%) (Belasque et al., 2010; Bové,
2012).

In the past years, different methods have been developed for detection of HLB agents
including biological indexing (Roistacher, 1991), chemifluorescence (Schwarz, 1968),
transmission electron microscopy (TEM) (Saglio et al., 1971), ELISA, immunofluorescence
(Garnier et al., 1987), and dot-blot DNA hybridization. These methods were able to detect Las
and Laf, for the first time, using specific probes in both plants and psyllids (Villechanoux et
al., 1992). For instance, detection of the HLB bacterium by TEM became for 20 years,
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sincethe 1970s, the only reliable, although laborious, laboratory technique to undoubtedly
confirm HLB (Garnier and Bové, 1996). In the 1990s, conventional PCR became available
and could detect Las and Laf by amplification of 16S rDNA (Jagoueix et al., 1996) or beta
operon (Hocquellet et al., 1999) sequences. Later, Lam was also be identified by specific 16S
rDNA-based PCR-primers (Teixeira et al., 2005) and by real-time PCR (Teixeira et al,
2008a). Loop-mediated isothermal amplification (LAMP) (Okuda et al., 2005) as well as
FISH assays (Fujikawa et al., 2013) have also been developed for Las detection.

Real-time PCR is a useful tool that has proven indispensable in a wide range of bacterial
detection protocols. This high through put technique has improved the systems in use,
achieving high speed, specificity, sensitivity and reliability; as well as reducing the risks of
cross contamination compared with conventional PCR (Schaad and Frederick, 2002; Lépez et
al., 2009). Several real-time PCR-based protocols for detection of ‘Ca. Liberibacter’ species
from citrus have been developed (Li et al., 2006; Teixeira et al., 2008a; Bertolini et al., 2010;
Coletta-Filho et al., 2010; Morgan et al., 2012; Fujikawa et al., 2013) but few have been
designed for universal detection of all ‘Ca. Liberibacter’ species associated with the disease
(Li et al., 2006; Bertolini et al., 2010).

The templates used in PCR usually require extract preparation and nucleic acid
purification. Nucleic acid purification step can be totally circumvented using direct sample
preparation methods such as dilution or spot immobilization on membranes (Olmos et al.,
1996; Schaad et al., 2007; Capote et al., 2009; De Boer and Lopez, 2012) or partially
circumvented using the so-called “direct PCR” methods (Fujikawa et al., 2013). Nevertheless,
all these methods require extract preparations which limit the number of samples that can
daily be processed in a robust way. Tissue-print and/or squash systems on membranes
(Bertolini et al., 2008; Vidal et al., 2012b; De Boer and Ldpez, 2012) are direct methods of
sample preparation in which neither extract preparation nor nucleic acid purification are
necessary. The main drawback of these systems based on target immobilization is the small
amount of sample that can be loaded onto the support. This limitation could be avoided by
coupling these preparation methods with highly sensitive techniques such as real-time PCR
(Schaad and Frederick, 2002; Lo6pez et al., 2009).

In this study, tissue-printing, squashing and spotting methods for direct sample
preparation without DNA extraction were coupled with real-time PCR detection protocol
based on TagMan chemistry. The system was validated in field conditions and by intra-

laboratory performance studies for sensitive detection of any of the three ‘Ca. Liberibacter’
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species associated with HLB, even in infected asymptomatic plants. A patented and validated
ready-made kit is available for detecting HLB-associated liberibacters.

2. MATERIALS AND METHODS

2.1 Plant material and insect vector species

Ten mature fully expanded leaves were collected around the canopy of each tested adult
tree. Leaves were used to prepare immobilized samples on membranes for in situ analysis or
posted to ‘Instituto Valenciano de Investigaciones Agrarias’ (IVIA), in Valencia, Spain to
prepare extracts (see below). Samples were collected from heavily HLB-infected groves in
Maringd and Paranavai, (Parand), Brazil and from symptomatic and symptomless sweet
orange (C. sinensis) HLB-infected trees maintained in a greenhouse in Fundecitrus, S&o
Paulo, Brazil. Furthermore, sweet orange and Catharanthus roseus (periwinkle) infected with
‘Ca. Liberibacter’ species from 13 different geographical origins (Table 5A), maintained at
Institut National de la Recherche Agronomique (INRA)-Bordeaux collection, were also used
for validation of the new real-time PCR protocol.

Sweet orange, C. macrophylla (alemow) field treesand C. reticulate (mandarin) and C.
paradisi (grapefruit) leaves from certified HLB-free trees grown under insect proof facilities
were sampled at IVIA in Valencia, Spain. These plant materials were used for comparison of
the efficiency of direct procedures and conventional DNA purification methods of sample
preparation, as well as healthy controls.

A total of 1,359 adult Diaphorina citri were experimentally submitted to an acquisition
period of 72h on trees at Fundecitrus facilities. From these, 299 individuals were fed on
symptomatic Las and Lam-infected ‘Valencia’ sweet orange leaves, and 1,060 individuals
were fed on symptomless leaves of a Las-infected ‘Valencia’ sweet orange tree. Adult
psyllids were fed on leaves of healthy trees as negative control. A total of 476 Trioza erytreae
individuals were collected on different sweet orange field trees in the Canary Islands, Spain.

All individual psyllid species were caught and preserved in 70% ethanol, posted to

IVIA, where they were squashed and analyzed by real-time PCR (see below).
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2.2 Primer design

A new primer pair was designed based on the available 16S rDNA sequences of ‘Ca.
Liberibacter’ species from citrus using the Primer Express Software version 3.0 (Applied
Biosystems, Foster City, CA, USA). The new forward primer CaLsppF was: 5’-
GCAGGCCTAACACATGCAAGT-3" and the reverse primer CalLsppR was: 5°-
GCACACGTTTCCATGCGTTAT-3". These primers were previously patented (Bertolini et
al., 2010) and used for ‘Ca. Liberibacter solanacearum’ detection (Teresani et al., 2013) as

well as in a ready-made Kit for detection purposes.

2.3 Real-time PCR protocol

Real-time PCR assays using the new primers coupled with TagMan probe (FAM-
AGACGGGTGAGTAACGCG-BHQ-1) developed in Li et al. (2006), were performed in
StepOne Plus (Applied Biosystems), Light Cycler 480 (Roche, Mannheim, Germany) and/or
SmartCycler (Cepheid, Sunnyvale, CA, USA) thermocyclers. The reaction mixture in a final
volume of 12 pl contained the following: 1 x Path-ID™gPCR master mix (Ambion, Grand
Island, NY, USA), 0.5 uM of each primer (CaLsppF/CaLsppR), 100 nM of TagMan probe
and 3 pl of purified or extracted DNA targets from immobilized samples. Real-time PCR
protocol consisted of one step at 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. Data acquisition and analysis were performed with the thermocycler
software. The default threshold set by the thermocycler was slightly adjusted above the noise
of the linear part of the growth curve, at its narrowest point, according to manufacturer’s
instructions.

Real-time PCR specificity was compared with Li et al. (2006) protocol using 17 prints
of fresh sections of plant tissues of sweet orange and Catharanthus roseus (periwinkle)
infected with ‘Ca. Liberibacter’ species from 13 different geographical origins (Table 5A).
The sensitivity of real-time PCR protocols in Teixeira et al. (2008a) that uses SYBR-Green
chemistry, TagMan protocols described in Li et al. (2006) and the newly developed protocol
was compared by cycle threshold (Ct) values. Purified DNA obtained from serial dilutions of
plant crude extracts from sweet orange trees infected with Lam, Las or Laf (Table 1) were
used. Species primers and probe described in Li et al. (2006) were used to confirm universal

liberibacter amplifications using the newly developed protocol.
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2.4 Extract preparation and DNA purification

For sensitivity evaluation, extracts from HLB-symptomatic and symptomless mature
sweet orange leaves (0.5 g of fresh leaf midribs), collected from HLB-infected trees, were
prepared in individual plastic bags. Homex 6 homogenizer (Bioreba, Reinach, Switzerland)
was used to grind plant material, approximately 1:20 (w/v), in extraction buffer (PBS buffer,
pH 7.2, supplemented with 0.2% (w/v) sodium diethyl dithiocarbamate). Serial dilutions of
the prepared extract with symptomatic HLB-infected sweet orange leaves were done by
diluting it in HLB-free sweet orange leaf extract (1:20 v/v to 1:10% v/v). Total DNA was
extracted from each dilution by using the cetyltrimethyl ammonium bromide (CTAB) method
(Murray and Thompson, 1980). All extracts were stored at -20 °C until use. For T. erytreae-
DNA purification, the CTAB method was used.

2.5 Direct sample preparation by tissue-print and squash procedures

Sweet orange leaf samples from HLB-infected trees from Brazil and from HLB-healthy
trees from Spain were immobilized on an area about 0.5 cm? of a positively charged nylon
(Roche, Mannheim, Germany) or on 3MM Whatman paper (GE Healthcare Europe GmbH,
Freiburg, Germany) membranes by pressing the freshly, manually detached, citrus leaf
petioles and touching the membrane, as described in Bertolini et al. (2008). Leaf petiole
imprints from HLB-symptomatic leaves collected from adult trees infected with Las were
combined with overlapping petiole imprints (on the same area of the membrane) of leaves
collected from HLB-healthy tree in ratios (symptomatic: healthy petiole leaves) of 0:10, 1:9,
2:8, 3.7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1 and 10:0. Prints of only one HLB-symptomatic leaf were
also combined with nine HLB-free leaves by imprinting the infected tissues in the first, fifth
and last position on the membrane. Prints of leaves collected from healthy citrus species were
combined with prints of infected (Las) symptomatic leaves to analyze the host effect. The
healthy control consisted of imprints performed with leaf pedicels collected from a certified
HLB-free sweet orange tree.

Fresh single psyllid species or individuals already preserved in alcohol were squashed
on nylon or on paper membranes with the rounded end of an Eppendorf tube (Bertolini et al.,
2008).

The printed and/or squashed samples immobilized on membranes were carefully cut

surrounding the sample and inserted into Eppendorf tubes containing 100 ul of distilled water,
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0.5% Triton X-100 or glycine buffer (0.1 M glycine, 0.05 M NaCl, 1 mM EDTA). Samples
were then incubated at 100°C for 10 min and at room temperature, vortexed and placed on ice
until use. Three microliters of the extract were directly used as template for real-time PCR
assays. The Ct values were then compared. To compare the different procedures of sample
preparation, an analysis of variance (ANOVA) using STATGRAPHICS 5.1 software
(StatPoint Technologies Inc., Warrenton, VA, USA) with three factors (host, buffer and
temperature) and their interactions, was conducted. When the interaction was significant, the
effect of each factor within the rest was also examined. If significant differences were
obtained among the different levels of one factor, the multiple comparisons among levels
were performed with Tukey's test (Tukey, 1953).

2.6 Sample preparation by the spot procedure

Freshly prepared or frozen sweet orange leaf extracts from field trees collected in
Maringa and at IVIA, were immobilized on membranes (Capote et al., 2009). Spotting was
carried out by loading 5 pl of crude plant extract onto pieces of approximated 0.5 cm?
Whatman 3MM paper filter, which had been previously introduced into Eppendorf tubes. The
spotted samples were left to dry for 5 minutes and then the tubes were closed and stored at
room temperature in a dark and dry place until use. The DNA targets were then simply
extracted using 100 pl of distilled water (Bertolini et al., 2010; Teresani et al., 2013), vortexed
and placed on ice until use. Three microliters of the extract were directly used as template for

real-time PCR assays.
2.7 Comparison of DNA extraction and spot procedures of sample preparation

The use of purified DNA and spot procedure was compared for Las detection using
Coletta-Filho et al. (2010) real-time PCR method and the ready-made kit developed in this
study (see below). For this comparison, 258 sweet orange and Tahiti lime samples collected in
Brazil in 2010, 2011 and 2012; and 100 HLB-healthy plants collected in Spain in 2013 (see
plant material) were used. Ten fresh leaf midribs were homogenized in liquid nitrogen and 0.5
g of the powder was used for total DNA extraction by CTAB method. The purified DNA was
stored at -20 °C until use. The rest of the powder was stored at -20 °C until PBS buffer was
added for extract preparation. Five microliters of the crude extract were spotted on paper as

previously described. These extracts were then analyzed by both real-time PCR protocols.
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Preparation of spots and analyses was performed in 2013 at IVIA (in some cases three years
after the samples were collected). Cohen’s kappa index (Cohen, 1960) was calculated to
measure the agreement between DNA extraction with the spot system of sample preparation
using both real-time PCR protocols as well as to compare them using the same samples
spotted on paper. Diagnostic parameters such as sensitivity, specificity and accuracy were
calculated taking into account the true and false positive and negative results. Sensitivity is
the proportion of true positives that are correctly identified by a test. Specificity is the
proportion of true negatives that are correctly identified by the test. Accuracy refers to the
number of true positives and negatives correctly identified by the test (Vidal et al. 2012b). A
sample showing positive results by two differently based real-time PCR protocols was
considered as a true positive. A sample showing negative results by at least two differently

based real-time PCR protocols was considered as a true negative.
2.8 Intra-laboratory validation of a complete ready-made kit

The complete kit HLB/100 (Plant Print Diagnostics, Valencia, Spain) based on the
patented primers in Bertolini et al. (2010) and TagMan probes in Li et al. (2006), lyophilized
master mix, immobilized controls and direct method of sample preparation was evaluated.
The performance study was done by an intra-laboratory assay at three different laboratories
from IVIA using different real-time thermocyclers (see above). Ten blind samples
immobilized on paper and stored for one month at room temperature were used: six positive
and four negative. Template preparation was done as previously described following the kit
manufacturer’s instructions. The positive samples consisted of three Las-two Laf- and one
Lam-infected sweet orange plant extract immobilized on 0.5 cm? pieces of paper. These
samples resulted in Ct values ranging from 27.4 to 34.0 in previous analyses. The negative
samples consisted of extracts from HLB-healthy citrus plants. The annealing temperature was
4°C higher than the previously described for real-time amplification using fresh (non-
lyophilized) master mix. Three replicate reactions were performed for each sample.
Diagnostic parameters (sensitivity, specificity and accuracy) were calculated according to the
web page: https://www.antonio-olmos.com/parameters/online/calculator.html. Results were

considered positive or negative for each sample and Ct values were recorded.
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3. RESULTS

3.1 Real-time PCR protocol. specificity and sensitivity

The designed primers (CaLsppF/CaLsppR) coupled with the TagMan probe described
in Li et al. (2006) were compatible and were able to detect ‘Ca. Liberibacter’ species targets
with an amplification product of 109, 109, 110 and 111 bp for Las, Laf, Lam and ‘Ca.
Liberibacter solanacearum’, respectively. The new real-time PCR protocol amplified all tested
‘Ca. Liberibacter’ species associated with HLB including 13 reference samples from Brazil,
China, Florida, India, Indonesia, Malaysia, Mauricio Islands, Philippines, Reunion Islands,
South Africa, Taiwan, Thailand and Vietnam. Amplification was not obtained from plant
tissues infected with other citrus bacterial pathogens, nor with other 15 unidentified bacteria
from citrus microbiota (data not shown), common inhabitants of citrus plant surfaces
(Table 5A). In vitro analysis of tested HLB associated organisms and other citrus pathogens
confirmed previous in silico specificity analysis performed with available sequences retrieved
from databases.

Table 1 shows average Ct values obtained with different real-time PCR protocols
using serial dilutions of total DNA purified from crude extracts of infected plants with Las,
Laf and/or Lam.The sensitivity of the protocols of Li et al. (2006) and Teixeira et al. (2008a)
was identical. Both protocols were able to detect Las up to 10 and Lam up to 10 serial
sample dilution. The new protocol was ten times more sensitive for Las detection and showed
the same sensitivity for Laf and Lam detection than the PCR protocol described in Li et al.
(2006). Both detected bacterial targets up to 10 serial sample dilution. The HLB-free plant

and real-time PCR cocktail controls resulted negative by all tested protocols.
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Table 1 Sensitivity comparison (cycle threshold-Ct value) of different real-time PCR
protocols using serial dilutions of a crude extract from huanglongbing positive sweet orange

trees
Protocol ‘Ca. DNA extracted from crude extract serial dilutions
Liberibacterspeci
es™? 10" 10% 10° 10*  10° Healthy
Teixeiraetal. (2008) Lam 25.1° 28.6 327 36.5 Undet  Undet
SYBR-Green
Las 248 28.1 31.7 Undet® Undet Undet
Li et al. (2006) Lam 222 26.0 299 33.0 Undet  Undet
TagMan probe Las 209 248 279 Undet Undet Undet
Laf 23.1 26.7 307 34.8 Undet  Undet
New protocol Lam 237 271 308 356 Undet Undet
Las 220 257 29.1 35.6 Undet  Undet
Laf 23.1 269 30.6 34.9 Undet  Undet

% Lam= ‘Candidatus Liberibacter americanus’
Las= ‘Candidatus Liberibacter asiaticus’
Laf= ‘Candidatus Liberibacter africanus’

®Average Ct values from 3 repetitions

¢ Ct undetermined (No fluorescence signal was detected until 40 cycles)

3.2 Comparison of membrane supports for sample immobilization

The Ct values of single prints performed with five different HLB-symptomatic leaves

ranged from 34.1 to 35.9, on nylon and from 33.7 to 36.4, on paper membranes. The Ct values

of composite prints prepared with five pedicels of HLB-symptomatic leaves on nylon (32.3)

and on paper membranes (32.2) were similar. When the same assay was conducted using

symptomless leaves collected from a Las-infected tree, Ct values of the single prints ranged

from 33.5 to 36.4, on nylon and from 34.2 to 36.2, on paper membranes. The Ct values of

composite prints prepared with five pedicels from symptomless leaves from a HLB-infected

sweet orange tree on nylon (33.2) and on paper membranes (33.8) were similar. All single or

composite prints prepared with leaves from a HLB-healthy sweet orange tested negative in

both type of membranes (data not shown).
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3.3 Comparison of protocols for extraction of immobilized ‘Ca. liberibacter’ targets

The comparison of the use of water, glycine or Triton X-100 buffers at 100°C or at

room temperature, using two different ‘Ca. Liberibacter’ host species are shown in Table 2.

Table 2 Comparison of cycle threshold-Ct values from using different protocols to extract
immobilized ‘Ca. Liberibacter’ species targets from paper membranes

Buffer
Glycine Distilled water Triton X-100
Host
Room temp.  100°C Room 100°C Room 100°C
temp. temp.
Citrus 29.0+1,3%a 30.3+1,9bc 30.8+1,7bc 32.4+2,0cd 34.6+0,9e  34.3%1,%

Periwinkle 29.9+1,7ab 29.5+2,4ab 29.6+1,0ab 31.4+24bc 30.3+0,5bc 33.0+1,9de

®Average Ct values + standard error from 15 repetitions. Average with different letters is
significantly different (P < 0.05 using post hoc Tukey’s test)

The average Ct value of each treatment was calculated after 15 repetitions. The use of
glycine at room temperature resulted insignificantly lower average Ct value (29.0 £ 1.3) than
the rest of extraction protocols. No significant differences in average Ct values were observed
among the treatments with glycine at100 °C (30.3 £ 1.9), water at room temperature (30.8 +
1.7) and water at 100 °C (32.4 £ 2.0). Triton X-100 resulted in the highest average Ct value at
100° C (34.3 £ 1.9) and at room temperature (34.6 = 0.9). For periwinkle, the lowest average
Ct value was obtained with glycine at 100° C (29.5 £ 2.4). This value was not significantly
different from those obtained with glycine at room temperature (29.9 + 1.7), distilled water at
room temperature (29.6 + 1.0) or at 100° C (31.4 = 2.4) nor from Triton X-100 at room
temperature (30.3 £ 0.5) (Table 2).
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3.4 Dilution effect of HLB-free leaves on prints prepared with HBL-positive leaves

There was a dilution effect, as shown in the obtained average Ct values ranging from
36.6 to 29.4 (Table 3), from the analyzed membranes with a variable number of combined
prints from HLB-positive and HLB-free leaves. The Las targets were detected from all
proportions of positive/negative prints. When only one print from a HLB-positive leaf (six
replicates with different leaves) was combined with nine prints from HLB-healthy leaves,
amplification occurred (average Ct=36.6). When the proportion of prints from HLB-positive
leaves increased, the Ct value decreased. When all the ten prints were prepared using HLB-
positive leaves, the Ct was equal to 29.4. The Ct value was undetermined when only HLB-
healthy leaves were used (Table 3). Lower Ct values were observed with the use of purified
DNA from HLB-symptomatic leaves (average Ct= 18.9) (1 to 6 in Table 3). No remarkable
differences in Ct values were observed when a print from a HLB-positive sweet orange leaf
was combined with prints from other HLB-free citrus species (mandarin, alemow and

grapefruit) (data not shown).
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Table 3 Dilution effect of Huanglongbing-healthy leaves in the pool of prints prepared with Huanglongbing-symptomatic sweet orange leaf
prints for ‘Ca.Liberibacter asiaticus’detection by tissue-print real-time PCR

Pools of HLB-symptomatic leaf prints / HLB-healthy leaf prints

Leaf® Pu rifiid
0/10 19 2/8 3/7 46 55 64 73 82 91 100 DPNA
1 Undet  37.1° 354 347 338 329 325 307 298 306 3.8 21.2
2 Undet 399 337 324 321 317 311 303 303 305 299 19.8
3 Undet 384 329 316 321 328 312 312 315 308 294 198
4 Undet 331 315 308 309 295 293 292 296 299 295 19.1
5 Undet 387 332 305 295 302 295 29.6 294 292 288 16.9
6 Undet 327 332 312 304 304 288 282 283 285 275 16.7
Average” Undet  36.6 333 318 3L4 312 304 298 298 299 294 189

*Numbers 1 to 6 mean different symptomatic leaves collected from a Huanglongbing-infected sweet orange tree used to prepare prints.
bAverage of Ct values including Huanglongbing-infected and healthy leaf tissues.
°Cycle threshold-Ct undetermined (No fluorescence signal was detected until 40 cycles).

YReal-time PCR Cycle threshold value.

®Real-time PCR Cycle threshold value obtained purifying DNA from each of the leaves (1 to 6) used to prepare the print
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3.5 Comparison between real-time PCR using direct tissue-printing or purified DNA

Real-time PCR using tissue-print or DNA extraction was able to detect Las in all
HLB-symptomatic leaves from trees grown under greenhouse facilities at Fundecitrus and at
INRA, individually analyzed. Both tissue-print real-time PCR and real-time PCR after DNA
extraction detected Las in 59 out of 100 symptomless leaves collected from symptomatic
trees. However, extracted DNA resulted in a stronger PCR signal than when using printed
individual pedicels (average Ct value was lower). No amplifications were observed with any

methods from samples of healthy trees (Table 4).

Table 4 Comparison between tissue-print real-time PCR and real-time PCR using purified
DNA for ‘Ca. Liberibacter’ detection in individual prints of citrus Huanglongbing
symptomatic and symptomless leaves.

Real-time PCR
Sample
Tissue-print  Average Ct DNA extraction  Average Ct
Symptomatic leaves 56/56* 31.80 56/56 22.60
Symptomless leaves 59/100 35.41 50/100 24.87
from symptomatic tree
Leaves from healthy tree 0/85 - 0/85 -

* Analyzed leaves / positives leaves

Y Real-time PCR Ct value.

® Real-time PCR Ct value obtained purifying DNA from each of the leaves (1 to 6) used to
prepare the prints.
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3.6 Development and intra-laboratory validation of a complete ready-made kit based on
direct tissue-print system

The real-time PCR results obtained in the three different laboratories using the Plant
Print Diagnostics kit HLB/100 (containing lyophilized master mix and spotted positive and
negative controls) showed 54 out of 54 positive samples. However, 3 out of 36 negative
samples were positive resulting in Ct values ranging from 35.3 to 37.4. In contrast, the
average Ct values from positive samples ranged from 27.3 to 34.4 (data not shown). No
differences among Ct values were observed using the different thermocyclers or in the
different laboratories (data not shown). The calculated diagnostic parameters of the tested kit

showed a sensitivity of 1+0, specificity of 0.91+0.02 and accuracy of 96 %.

3.7 Detection of ‘Ca. Liberibacter’ targets in individual squashed psyllids

Targets from Las and Lam were successfully amplified from 476 individual D. citri
species using the squash direct method of sample preparation prior to real-time PCR. In the
case of Las, 40 out of 98 (40.8%) analyzed individual psyllids that fed on symptomatic leaves
were positive, and 431 out of 1,060 (40.7%) analyzed individual psyllids that fed on
symptomless leaves were positive. In the case of Lam, only 5 out of 201 (2.5%) individual
psyllids that fed on symptomatic leaves were positive. No amplification was obtained from
100 psyllids that fed on leaves of healthy trees used as controls. ‘Ca. Liberibacter’ targets
were amplified from 9 out of 476 analyzed T. erytreae individuals from the Canary Islands.
The same samples tested negative for Las, Laf and Lam by species specific real-time PCR (Li
et al., 2006).

3.8 Comparison of purified DNA or spot as systems of target preparation for real-time
PCR

The Las target was amplified from a total of 144 out of 358 spotted samples using the
commercial ready-made Kit. Figure 1 shows a comparison between the Coletta-Filho et al.
(2010) protocol using purified DNA or spot and the spotted samples analyzed by the ready-
made HLB/100kit. Using the Coletta-Filho et al. (2010) protocol, Las target was amplified
from 161 out of 358 analyzed samples using purified DNA, and from 134 when using spots of
crude plant extract. When purified DNA analyzed by Coletta-Filho et al. (2010) protocol was
compared with the spot analyzed by the kit, coincidental results occurred in 132 positive and
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in 185 negative samples; 29 samples tested positive only by DNA extraction and 12 samples
tested positive only by the spot system (Fig. 1A). The calculated Cohen’s kappa index was
0.766+0.052. When DNA extraction was compared with the spot using the same real-time
PCR protocol, coincidental results were obtained in 123 positive and in 186 negative samples;
38 samples tested positive only by DNA extraction and 11 samples resulted positive only by
the spot system (Fig. 1B). The calculated Cohen’s kappa index was 0.719+0.052. Fig. 1C
shows the comparison of both real-time PCR protocols using the same spotted samples.
Coincidental results were obtained in 105 positive and in 185 negative samples; 39samples
tested positive only with the kit and conversely, 29 tested positive only with the Coletta-Filho
et al. (2010) protocol. The Cohen’s kappa index resulted 0.600+0.052.
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Figure 2 Comparison of purified DNA and spot procedures of sample preparation prior
different real-time PCR protocols for detection of ‘Ca. Liberibacter asiaticus’ in 358 adult
citrus trees. A: purified DNA Coletta-Filho real-time PCR (DNA by C-F) versus spot of crude
plant extract analyzed by the kit (spot kit), kappa index 0.766+0.052; B: DNA C-F versus spot
C-F, kappa index 0.719+0.052; C: spot C-F versus spot kit, kappa index 0.600+0.052.
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A total of 172 trees were considered as true positives (infected by Las) and 186 as
HLB-free trees, based on symptom observations and the results obtained with the different
real-time PCR protocols and sample preparation systems. The calculated sensitivity,
specificity and accuracy for purified DNA analyzed following the Coletta-Filho et al. (2010)
protocol were 0.94+0.012, 1+0 and 97%, respectively. The calculated sensitivity, specificity
and accuracy for the HLB/100 kit were 0.83£0.019, 0.99£0.003 and 92%. The calculated
sensitivity, specificity and accuracy for the spot system were 0.78+0.021, 1+0 and 89%,
respectively. The management of the kit in laboratory routine was easier than conventional
protocols based on DNA purification. The use of lyophilized master mix remarkably

facilitates PCR preparation.

4. DISCUSSION

Prevention and containment of HLB and control of citrus psyllid vectors are crucial
for any citrus industry still free of the Liberibacter species associated with the disease.
Therefore, confident, rapid and simple methods that can process large numbers of samples are
required. Considering that many pathogens could be present at low titers in “subclinical
infections” or even in particular physiological states in symptomless plants (Lépez et al.,
2009), detection methods with high sensitivity are needed. Belasque et al. (2009) reported a
prevalence of 10% of trees with visually detectable HLB symptoms in a citrus grove, which
corresponded in reality to a prevalence of 36.5% infected trees.

The non-cultivable nature of the HLB-associated bacteria and the lack of specificity of
the HLB symptoms complicate the detection of ‘Ca. Liberibacter’ species. At present, the
identification of HLB in citrus trees is performed through frequent visual inspections of the
same grove. However, symptom expression may vary depending on the season and citrus
species (Lopes et al., 2009). Moreover, mineral deficiencies and other pathogens including
phytoplasma can induce symptoms indistinguishable from those associated with HLB
(Teixeira et al., 2008b). Real-time PCR is currently the most sensitive, reliable and gold
standard technique for detection and/or identification of ‘Ca. Liberibacter’ species (Morgan et
al., 2012). This powerful tool could substantially contribute to the TPS strategy to manage the
disease, once established in a particular area.

Elimination of symptomatic trees to reduce inoculum source together with insecticide
treatments to lower the psyllid vector populations are essential for HLB management (Bové,

2012; Belasque et al., 2010). Infected trees overlooked by inspectors can be a problem. Such
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trees can become reservoirs for the pathogen and can start secondary infections. Therefore,
the development of user-friendly, direct methods of sample preparation coupled with real-
time PCR assays for the screening of ‘Ca. Liberibacter’ species would be of high interest. The
available real-time PCR methods are sensitive enough but are costly and time consuming.
Hence, its use has been limited to training inspectors for symptom recognition and to confirm
the presence of the pathogen in leaf samples with doubtful symptoms.

This study presents for the first time detection of ‘Ca. Liberibacter’ species in citrus
trees or psyllid species through entrapment of Liberibacter on a membrane for direct real-time
PCR. The newly reported primers CaLsppF and CaLsppR, based on the sequence of the most
conserved region of the ‘Ca. Liberibacter’ species genome, recognized all the tested ‘Ca.
Liberibacter’ species associated with HLB from different hosts and origins. No cross-reaction
was noticed when it was tested with other graft-transmitted citrus pathogens. Although the
amplification of ‘Ca. Liberibacter solanacearum’ could been inconvenient in terms of
specificity, this pathogen is not colonizing citrus and none of the HLB psyllid vectors has
been reported to be a vector of ‘Ca. Liberibacter solanacearum’. The new real-time PCR
protocol showed similar sensitivity for ‘Ca. Liberibacter’ spp. detection than the protocols of
Li et al. (2006) and Teixeira et al. (2008a). Printing or compressing leaf petioles or insects on
membranes is simpler than the extract preparation and DNA extraction routinely used for
PCR detection of Liberibacter. Moreover, sample immobilization on membranes can be
performed in field conditions by non-specialized personnel in laboratory procedures (De Boer
and Lopez, 2012). Nylon and paper membranes showed similar efficiency (Ct values) for
fixation and release of the real-time PCR amplifiable ‘Ca. Liberibacter’ targets; being paper
membranes cheaper and more easily handled in field, as well as in laboratory conditions.

The effect of glycine and temperature on the efficiency of extraction and amplification
of ‘Ca. Liberibacter’ immobilized targets varied depending on the host. In infected
periwinkle, the use of glycine or distilled water at room temperature resulted in similar effects
(no significant differences) probably due to the relative high titer of the bacterium in this host.
In citrus, however, glycine at room temperature showed significantly lower Ct values than
glycine incubated at 100 °C for 10 min or distilled water at room temperature (Table 2).
Nevertheless, glycine or just water at room temperature are cheap and simple and were
adopted for screening purposes.

The release of target DNA and the amplification by real-time PCR occurred efficiently
from composite prints of leaf pedicels from HLB-free and HLB-positive trees independent of

the number of positive prints and the printing order. The presence of a single print of HLB-
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positive leaves in ten prints, was enough to give a positive amplification, even when the
positive was covered by the nine prints from healthy citrus plants. This was independent of
the cultivar or citrus species printed. These results suggest that the method can consistently
detect HLB in any citrus species when ten leaves are collected in the canopy of adult trees.
Nevertheless, a decrease of Ct values was observed when the number of printed HLB-positive
leaves increased in the pool of ten prints (Table 3). The HLB detection was equally efficient
using the tissue-print method and purified DNA as templates (Table 3 and 4). Tissue-print
templates, however, resulted in higher Ct values (less sensitive) than purified DNA. This is
probably due to the higher amount of plant material used for DNA purification (complete
midrib from a leaf) compared with tissue-print (sap of the printed section of a hand-detached
single leaf pedicel) and to the quality of the template (purified DNA vs crude sap from plant
material).

The Ct values provide a relative indication of the amount of DNA targets present in an
analyzed sample. Values with a Ct above 35 could be an uncomfortable zone for identifying
infected plants in the case of using SYBR-Green chemistry where unspecific amplifications
might appear. However, the use of TagMan chemistry solves this drawback. In this case, the
presence of a sigmoidal amplification curveis directly related with the presence of the specific
product. Capote et al. (2009) demonstrated that Ct values over 35 were related with Plum pox
virus infection in Prunus trees. In other models, this value can be increased to up to 65 cycles
of amplification without increasing the number of positive results (Osman and Rowhani,
2004). In any case, diagnostic parameters such as likelihood ratios can clarify false positive
and negative rates allow in risk assessment associated with any method (Massart et al., 2009;
Vidal et al., 2012a). In this study, the print of a single pedicel from a HLB-symptomatic leaf
always tested positive with Ct values ranging from 32.7 to 39.9. In the case of healthy leaves,
no amplification was observed. For this reason, the limit of detection (LOD) of the test was
established at Ct equal to 40. ‘Ca. Liberibacter’ targets were detected in 100% of the
symptomatic and in the 59% of the symptomless leaves collected from HLB-infected trees
independent of the sample preparation method (Table 4).

Intra-laboratory performance studies demonstrated the practicality of the commercially
ready-made kit based on direct methods of sample preparation and on the developed real-time
PCR. The recommended real-time protocol included in the kit differs from the protocol that
uses fresh master mix by four degrees for the amplification reaction (64 °C instead of 60 °C).
In fact, in previous assays it was observed that lyophilization could alter the specificity of

TagMan probes (data not shown). However, this change of 4 °C does not compromise the
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sensitivity and/or specificity of the method. The availability of such a kit could contribute to
extend the use and increase the number of tests for the detection of the HLB agents in field
conditions, as it does not require cold storage.

The spot system of sample preparation was validated using two real-time PCR
protocols for Las detection with samples collected up to three years prior to the analyses. The
highest number of Las-positive trees was obtained with extracted DNA, followed by the kit
using the spot system, and finally by the protocol of Coletta-Filho et al. (2010) using the spot.
These results suggest the high sensitivity of DNA purification when it is used as template, in
spite of the false positives inherent to any high sensitivity technique (Lopez et al., 2009). The
best agreement was between Coletta-Filho et al. (2010) using purified DNA and the
developed kit using the spot system, that resulted “substantial” (Kappa index between 0.61-
0.80) according to Landis and Koch (1977) (Fig.1A). The coincidental results in detection of
HLB-positive and healthy trees by both protocols (DNA purification and kit using the spot)
was 89%. Out of the contradictory results, 8% of the trees tested positive only by DNA
purification. These could be explained by the elimination of PCR inhibitors after DNA
purification process and high sensitivity of this type of system for preparation of templates.
The amount of time needed for analysis and sample preparation, however, should be also take
into account. Conversely, 3% of the trees tested positive only by the kit using the spot,
probably due to inefficient DNA purification. In fact, the use of the spot by both real-time
PCR protocols resulted in 11 HLB-infected and symptomatic field trees that tested negative
using purified DNA.

The detection of HLB agents in individual vector species was successfully achieved
using squashed D. citri previously stored in alcohol. The Las species was more frequently
detected than Lam in D. citri that fed in infected trees in Brazil. This could be due to a lower
titer of Lam in Lam-infected trees, resulting in lower acquisition rates by the insect vector
(Lopes et al., 2009). Similar percentage of Las detection on psyllids was observed after
feeding in symptomatic or symptomless leaves from infected trees, suggesting that bacterial
titer could be high even before the observation of symptoms. This fact supports the need for
combination of visual inspections and molecular analysis for accurate HLB containment. No
species specific amplification was obtained from T. erytreae from the Canary Islands. These
data confirm HLB agents are not present in this area in spite of positive results in 1.3% of
tested individuals using universal primers. However, these results suggest other liberibacters

could be present in T. erytreae.
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The use of simplified direct methods of sample preparation is adapted for large-scale
use due to, robustness, lower cost and the reduced risks of contamination compared with non-
direct methods. Furthermore, the immobilization of samples, especially by tissue-print and
squash enables the preparation of samples in the field, without need for cold storage. The
developed and proposed system is safe when dealing with quarantine pathogens especially in
the case of non-cultivable and phloem restricted organisms that can be managed or transferred
by courier without biological risks to other laboratories (De Boer and Lopez, 2012).The
method has already been adopted in an international protocol (IPPC-FAO, 2012) and
validated for other hosts and pathogens (Vidal et al., 2012a and b).These methods coupled
with real-time PCR are reliable enough for the screening of ‘Ca. Liberibacter' species in

extensive surveys for HLB prevention and containment.
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Table 1A Reference ‘Candidatus Liberibacter’ isolates, other bactéria, viruses and viroids that affectcitrus crops and microbiota strains
from citrus, used to test the specificity of the new designed real-time PCR primers.

Real-time PCR
Species Host Origin (Reference) Lietal. New
(2006) primers
‘Candidatus Liberibacter americanus’ Catharanthus roseus Brazil* + +
‘Candidatus Liberibacter americanus’ Citrus sp. Brazil* + +
‘Candidatus Liberibacter asiaticus’ Citrus sp. Brazil + +
‘Candidatus Liberibacter asiaticus’ Catharanthus roseus China* + +

Table 5A, Cont.;
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‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter asiaticus’

‘Candidatus Liberibacter africanus’

‘Candidatus Liberibacter africanus’

Catharanthus roseus
Citrus sp.
Catharanthus roseus
Catharanthus roseus
Citrus sp.
Citrus sp.
Citrus sp.
Citrus sp.
Citrus sp.

Catharanthus roseus

Filipinas*

Filipinas (PH 70) *
Florida*

India (Poona 70) *

India (Poona 70) *
Indonesia-Bali*

Malaysia (95-1) *
Mauritius Island (95-11) *
Reunion Island (USA-7) *

South Africa (AFS 84) *

Table 5A, Cont.;
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‘Candidatus Liberibacter asiaticus’
‘Candidatus Liberibacter asiaticus’
‘Candidatus Liberibacter asiaticus’
‘Candidatus Liberibacter solanacearum’
Xanthomonas citri subsp. citri

Xylella fastidiosa

15 other unidentified microbiota
Spiroplasma citri

Citrus tristeza virus

Citrus exocortis viroid

Citrus sp.
Catharanthus roseus
Citrus sp.

Daucus carota
Citrus sp.

Citrus sp.

Citrus spp.
Catharanthus roseus
Sweet orange

Sweet orange

Taiwan (LK 70) *
Thailand (TH 88) *
Vietnam (95-35) *
Spain

Brazil

Brazil

Spain (IVIA collection)

Morocco (G 11-3)*

Spain (T388, IVIA collection)

Spain (IVIA collection)

Table 5A, Cont.;
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Citrus psorosis virus
Citrus vein enation virus
Hop stunt viroid

Citrus sudden death associated virus

Sweet orange
Sweet orange
Sweet orange

Sweet orange

Spain (IVIA collection)
Spain (IVIA collection)
Spain (IVIA collection)

Brazil

*From INRA-Bordeaux collection, Franc
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