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RESUMO GERAL

O cancro citrico é uma das principais ameagas a cultura dos citros no Brasil. Essa doenca tem
como agente causal a bactéria Xanthomonas citri subsp. citri, classificada como praga
quarentenaria. No Nordeste, essa bactéria é pouco estudada, aumentando a preocupacéo
devido ao seu potencial destrutivo. Assim, 0s objetivos desse trabalho foram: (i) montar uma
colecdo de isolados de X. citri subsp. citri do Nordeste brasileiro; (ii) investigar e relatar
existéncia do cancro citrico no estado do Rio Grande do Norte; (iii) caracterizar a
variabilidade genética de isolados de X. citri subsp. citri obtido do Nordeste brasileiro por
meio de genotipagem rep-PCR; (iv) realizar a identificacdo molecular desses isolados por
meio de analise da sequéncia multilocos (MLSA); (v) caracterizar os isolados utilizando testes
bioquimicos por meio do sistema Biolog®;(vi) realizar a caracteriza¢do patoldgica utilizando
diferentes cultivares de citros; (vii) determinar a sensibilidade a clpricos de isolados de X.
citri subsp. citri, investigando os genes envolvidos na resisténcia; (viii) testar a capacidade de
plantas ndo pertencentes a familia Rutacea servirem como hospedeiras de X. citri subsp. citri.
Um total de 143 isolados foram obtidos de diferentes &reas e Estados do Nordeste brasileiro.
Por meio de analises de MLSA, foi realizado o primeiro registro do cancro citrico no estado
no Rio Grande do Norte. A utilizacdo conjunta de rep-PCR (REP, ERIC, e BOX), MLSA e
Biolog confirmam que a populacdo de isolados obtidos apresentam baixa variabilidade
genética e bioquimica, sugerindo a presenca de uma populacdo geneticamente homogénea no
Nordeste do Brasil. Além disso, confirmamos a ocorréncia do cancro citrico nos estados do
Ceara e Piaui. Teste de patogenicidade em cultivares diferenciadoras indicam que todos os
isolados em nossa colecdo pertencem ao patotipo A e, aparentemente, ndo ha subtipos de X.
citri subsp citri. Isolados representativos submetidos a teste de sensibilidade in vitro
apresentam comportamento similar quanto a sensibilidade a hidréxido de cobre e oxicloreto
de cobre. Além disso, os genes CopA e CopB ndo estdo presentes nesses isolados, o que indica
aparentemente a inexisténcia de isolados resistentes a cobre. Entretanto, o gene copL foi
detectado em todos os isolados testados, porém ao que parece, ndo confere sozinho resisténcia
a cobre. Por fim, foi realizado o primeiro registro da infeccdo em Anacardium occidentale,
Schinus terebinthifolia e Mangifera indica por X. citri subsp. citri, através de inoculacdo
artificial, sugerindo que estas plantas podem servir como hospedeiras alternativas para X. citri

subsp. citri.

Palavras-chave: Citrus sp., cancro citrico, MLSA, Rep-PCR, variabilidade genética, Biolog,
cobre, gama de hospedeiro.



GENERAL ABSTRACT

Citrus canker is one of the main threats to citrus culture in Brazil. This disease is caused by
the bacterium Xanthomonas citri subsp. citri, classified as a quarantine organism. In the
Northeast this bacterium is little studied, increasing the concern due to its destructive
potential. Therefore, this study aimed: (i) to assemble a collection of X. citri subsp. citri
strains from Northeast Brazil; (ii) to investigate and report the existence of citrus canker in the
state of Rio Grande do Norte; (iii) to characterize the genetic variability of X. citri subsp. citri
strains obtained from Northeast Brazil through rep-PCR genotyping; (iv) to perform the
molecular identification of these strains through multilocus sequence analysis (MLSA); (v) to
characterize the strains using biochemical tests, using the Biolog® system; (vi) to carry out
the pathological characterization using different citrus cultivars; (vii) to characterize the
sensitivity of isolates of X. citri subsp. citri to copper-based bactericides and investigating the
genes involved in resistance; (viii) to test the ability of plants not belonging to the Rutaceae
family to serve as hosts for X. citri subsp. citri. A total of 143 strains were obtained from
different areas and states of the Brazilian Northeast. Through MLSA analyses, was carried the
first report of citrus canker in the state of Rio Grande do Norte. The combination of rep-PCR
(REP, ERIC, and BOX), MLSA and Biolog confirms that the population of strains obtained
has low genetic and biochemical variability, suggesting a genetic homogeneity among the
strains present in the Northeast region. In addition, we confirmed the occurrence of citrus
canker in the states of Ceara and Piaui. The Pathological characterization on different citrus
cultivars indicate that all strains in our collection belong to pathotype A and, apparently, there
are no subtypes of X. citri subsp. citri. Representative strains used in the in vitro sensitivity
test show similar results in terms of sensitivity to copper hydroxide and copper oxychloride.
Furthermore, CopA and CopB genes are not present in these strains, which apparently
indicates the absence of copper-resistant strains. However, the copL gene was detected in all
tested strains, but alone it does not confer copper resistance. Finally, was performed the first
report of infection in Anacardium occidentale, Schinus terebinthifolia and Mangifera indica
by X. citri subsp. citri, through artificial inoculation, suggesting that these plants can serve as

alternative hosts for X. citri subsp. citri.

Keywords: Citrus sp., citrus canker, MLSA, Rep-PCR, genetic variability, Biolog, copper,

host range



Capitulo |

Introducao Geral



11

CARACTERIZACAO POLIFASICA E DESCRICAO DE NOVAS
HOSPEDEIRAS DE ISOLADOS DE Xanthomonas citri subsp. citri DO
NORDESTE DO BRASIL

INTRODUCAO GERAL
1. A citricultura

No cenario brasileiro, a citricultura representa uma das principais atividades
econdmicas, contribuindo na geracdo de empregos e influenciando diretamente na economia
do pais (NEVES; TROMBIN, 2017). O cultivo de citros teve inicio com a chegada dos
colonizadores portugueses no século XVI, com a introducdo de sementes de laranja doce
(Citrus sinensis L.) nos estados da Bahia e S&o Paulo. Entretanto, tornou-se uma atividade
comercial somente no século XX (ALMEIDA; PASSOS, 2011). No Nordeste, a citricultura
ndo se destaca na producdo nacional, mas tem grande importancia social e econémica,
principalmente nos estados da Bahia, Sergipe e Alagoas, principais polos produtores (VIDAL,
2018; PANTA et al., 2019).

Com aproximadamente 608.697 ha cultivados e 19.319.750 toneladas produzida em
2020, somando os cultivos de laranjas, limdes e tangerinas (IBGE, 2022), a citricultura € uma
das atividades mais importante economicamente para o pais (NEVES; TROMBIN, 2017). A
regido Sudeste destaca-se como principal regido produtora, com 472.115 ha cultivados e
15.940.909 toneladas produzida, seguida pelas regides Nordeste e Sul, com 108.560 e 68.418
ha cultivados e 1.287.269 e 1.256.945 toneladas produzidas, respectivamente. Desse total, a
regido Nordeste é responsavel por aproximadamente 6% da producdo do pais (IBGE, 2022),
sendo grande parte da producdo destinada ao consumo in natura (MIRANDA et al., 2011),
enquanto na regido Sudeste € para industria, especificamente para producédo de suco de laranja
concentrado congelado para exportacdo (BASTOS et al., 2014; NEVES; TROMBIN, 2017).

De acordo com o Departamento da Agricultura dos Estados Unidos (USDA) a laranja
é a principal fruta citrica cultivada em todo mundo. Ainda segundo esse mesmo 6rgéo, 0
Brasil é responsavel por mais da metade do suco produzido no mundo considerando a média
das ultimas safras (USDA, 2022), enquanto as exportagdes brasileiras do fruto in natura sdo
pouco significativas quando comparadas aos envios do suco de laranja ao exterior (VIDAL et
al., 2018). No que diz respeito aos demais citros para 0s quais se tem informacoes, a

participacdo brasileira na producdo é insignificante. A china responde por boa parte da
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producdo mundial de tangerina, enquando o México, Argentina e a Unido Europeia sdo os
maiores produtores mundiais de limdes e lima (Citrus aurantifolia Christm) (VIDAL et al.,
2018).

A espeécie C. sinensis € economicamente a mais importante para citricultura brasileira.
A principal laranja doce cultivada no pais é a cultivar Péra, seguida das cultivares Natal,
Valéncia e folha murcha, destinadas principalmente ao processamento de suco. A espécie
Citrus reticulata L. compde o segundo grupo de frutas citricas mais produzidas no Brasil,
com predominéncia das cultivares ‘Ponkan’ ¢ a ‘Murcott’, seguida pelo grupo das limeiras e
limoeiros, com destaque as cultivares ‘Lima-da-pérsia’ (Citrus limettioides Tan.), ‘Tahiti’
(Citrus latifolia Tan.), e ‘galego’ (C. aurantifolia). No pais cerca de 80% dos pomares
utilizam como porta-enxerto o limoeiro ‘Cravo’ (Citrus limonia Osbeck) em funcgdo de suas
caracteristicas, como vigor, tolerancia ao estresse hidrico, facil obtencdo de sementes, grande
vigor no viveiro, bom pegamento de mudas no plantio, rapido crescimento e producdo alta e
precoce. Porém outros porta-enxertos também sdo utilizados, como ‘Cledpatra’ (Citrus reshni
hort. ex Tanaka), ‘Citrumelo Swingle’ (Citrus paradisi L. x Poncirus trifoliata L.), ‘Sunki’
(Citrus sunki (Hayata) hort. ex Tanaka), ‘Trifoliata’ (P. trifoliata), ‘Trifoliata Flying Dragon’
(P. trifoliata), ‘Volkameriano ’ (Citrus volkameriana Pasq.) e ‘Rugoso’ (Citrus jambhiri
Lush) (BASTOS et al., 2014 ).

No que diz respeito a citricultura no Nordeste brasileiro, sabe-se que essa regido
possui caracteristicas especificas devido as condicGes climaticas e posicdo geografica
privilegiada capaz de tornar essa regido a principal area de expansdo dos citros. A regido
possui condicdes ecoldgicas adequadas, disponibilidade de area, logistica, proximidade das
regibes produtoras as capitais e grandes cidades e auséncia de doencas altamente prejudiciais
a citricultura (PASSOS et al., 2011).

No Nordeste, os estados da Bahia, Sergipe e Alagoas, sdo o0s principais produtores de
citrus, juntos cobrindo uma é&rea de 101.275 ha e 1.217.143 toneladas produzidas,
respondendo por aproximadamente 95% da producdo na regido, somando os cultivos de
laranja, liméo e tangerina. Desse total, o estado da Bahia é responsavel por aproximadamente
53% da producdo nordestina, onde a produgdo concentra-se no municipio de Rio Real,
localizado no Litoral Norte da Bahia (IBGE, 2022). Em Sergipe, grande parte dos pomares
estdo localizados no sul do Estado, na regido dos tabuleiros Costeiros, em aproximadamente
11.000 estabelecimentos (PANTA et al., 2019). Em Alagoas o principal polo produtor é o
vale do Mandau, onde se destaca o municipio de Santana do Mandal (FERREIRA et al.,

2013). Os demais estados também participam da producdo, porém em menor escala (IBGE,
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2022). O destino dessa producdo em grande parte é para o abastecimento do mercado interno
(SHIBATA et al., 2014).

Atualmente grande parte dos pomares presentes na Bahia e Sergipe utilizam laranja
péra (C. sinensis) como cultivar copa enxertada em porta-enxerto de limoeiro rugoso (C.
jambhiri) ou cravo (C. limonia). E uma maneira de unir caracteristicas de sabor e
aceitabilidade da laranja péra com a rusticidade e adaptabilidade dos limoeiros rugosos ou
cravo, pouco comerciais (BASTOS et al., 2014). No estado alagoano a citricultura tem como
diferencial o cultivo de laranja lima (C. ourantifolia), particularidade que vem destacando o
estado como o principal produtor desta variedade no Nordeste e no Brasil (ALMEIDA et al.,
2011; FERREIRA et al., 2013).

A cadeia produtiva da citricultura aumenta a importancia social da atividade. Somente
de Janeiro a setembro de 2017, o setor criou 45.009 novos postos de trabalho no pais no
cultivo de laranja, 15% a mais do que o mesmo periodo de 2016 (NEVES; TROMBIN, 2017).
Pela sua caracteristica de fonte geradora de renda e emprego, a citricultura pode ser uma real
alternativa no desenvolvimento sustentavel do Nordeste, tanto para atendimento ao mercado
de frutas frescas como para processamento de suco (PASSOS et al., 2011; PANTA et al.,
2019). Entretanto, os citros estdo sujeitos ao ataque de diversos patdgenos causadores de
doencgas, que reduzem a producdo e a longevidade dos pomares, afetando a qualidade do
produto e em alguns casos causando a morte das plantas (AMORIM et al., 2016).

Nesse sentido, dentre as principais doencas dos citros no Brasil, destacam-se: clorose
variegada dos citros (CVC) causada por Xylella fastidiosa Wells; huanglongbing (HLB)
causada por Candidatus Liberibacter spp. (Candidatus Liberibacter asiaticus (Las) e
Candidatus Liberibacter americanos (CLam)); leprose causada por Citrus leprosis virus —
(CiLV); pinta preta causada por Guignardia citricarpa Kiely; podriddo floral causada por
espécies do complexo Colletotrichum gloeosporioides (penz.) sacc e Colletotrichum acutatum
Dyko; gomose causada por Phytophthora nicotianae Breda de Haan e Phytophthora
citrophthora (R.E.Sm. & E.H.Sm.) Leonian; e o cancro citrico causado por Xanthomonas citri
subsp. citri (Hasse) (AMORIM et al., 2016).

Dentre as doengas acima relacionadas, atencdo especial deve ser dada ao cancro
citrico, visto que os danos causados por essa enfermidade sdo significativos, sendo um dos
maiores problemas fitossanitarios presente na citricultura brasileira (FUNDECITRUS, 2021).
No Brasil, X. citri subsp. citri é considerada uma praga quarentendaria presente, restrita aos
estados de Minas Gerais, Mato Grosso do Sul, Mato Grosso, Parana, Roraima, Rio Grande do
Sul, Santa Catarina, Sd0 Paulo, Maranh3o, Ceara e no estado do Piaui (INSTRUCAO
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NORMATIVA N° 38/2018) (MAPA, 2018), e mais recentemente relatado no estado do Rio
Grande do Norte (AMANCIO et al., 2021; PORTARIA SDA N° 616/2022). Dessa forma, X.
citri subsp. citri passou a ser considerada como uma praga de importancia econémica
potencial, com programa oficial de controle estabelecido pelo Ministério da Agricultura,
Pecuéria e Abastecimento (MAPA).

2. Cancro citrico

O cancro citrico foi descrito pela primeira vez em 1915 nos Estados Unidos, quando
Haase (1915) verificou a presenca dos sintomas caracteristicos da doenca em laranja e toranja
provenientes da Florida, Texas e Mississippi. No Brasil, a doenca foi detectada pela primeira
vez em 1957, na regido de Presidente Prudente, Sdo Paulo. Acredita-se que foi introduzida a
partir de mudas contaminadas importados da Asia (ROSSETTI, 1977), provavel centro de
origem desta doenga (KOIZUMI, 1985). Embora muito esforco tenha sido realizado para
impedir a propagacao do cancro citrico no pais ap6s os primeiros relatos, principalmente por
meio da Campanha Nacional de Erradicacdo do Cancro Citrico (CANECC), criada em 1975,
novos casos foram sendo identificados nos anos seguintes (BEHLAU et al., 2020a)

No Brasil, esta doenga caracteriza-se como uma das mais importantes enfermidades no
estado de Sdo Paulo, sendo responsavel por danos severos e representando sério potencial de
risco ao desenvolvimento da citricultura nacional. Em um levantamento realizado em 2021
em éareas produtoras de laranja na regido Sudeste, verificou-se que o0 cancro citrico esta
presente em 15,61% dos talhdes de laranja. Esse levantamento também revelou que 10,76%
das arvores tém cancro citrico, o que representa 21 milhdes de arvores com a doenca
(FUNDECITRUS, 2021).

Analisando o impacto das perdas econdémico ocasionadas pelo cancro citrico, Sanches
et al. (2014) estimaram que a producédo esperada em caixas de laranja para o acumulado de 20
anos, na auséncia da doenca, seria 7,38 bilhGes de unidades em um cenario de prevencdo da
doenca. Entretanto, em um cenario oposto, sem controle da doenca, essa producdo reduziria
para cerca de 6,77 bilhdes, considerando que a doenca segue em expansdo e as plantas
doentes no campo ndo sédo eliminadas ou pulverizadas com cuprico.

Os sintomas caracteristicos do cancro citrico apresentam-se como lesdes circulares,
corticosas, salientes, de coloracdo amarronzada, aspecto eruptivo e rodeadas por anasarca,
presentes em folhas, ramos e frutos (GRACA et al., 2017; ROSSETTI, 2001). A bactéria

penetra principalmente nos tecidos jovens, por meio de aberturas naturais ou ferimentos
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(ROSSETTI, 2001). Nas folhas, observam-se lesGes salientes nas duas faces e, na maioria das
vezes, um halo amarelo circundando a area necrosada (Figura 1A). Com o desenvolvimento
da doenca pode ocorrer desfolha, queda de frutos e seca de ramos, sendo mais comuns em
hospedeiros mais suscetiveis (GOTTWALD et al., 1988; GOTTWALD et al., 1989). Nos
frutos € comum surgirem lesdes de aspecto pardo, salientes com a presenca de um halo
amarelo na borda (Figura 1B). Nos ramos, 0s sintomas ocorrem como lesdes salientes de cor

parda como aqueles apresentados em folhas e frutos (Figura 1C) (ROSSETI, 2001).

Figura 1. Sintomas do cancro citrico causado po Xanthomonas citri subsp. citri em (A)
Folhas; (B) Frutos; e (C) Ramo.

Xanthomonas citri subsp. citri pode ser introduzida em novas areas por meio de
material propagativo e mudas infectadas, os quais irdo originar plantas doentes. A
disseminacdo da bactéria na planta ou entre plantas pode ocorrer por meio de respingos de
chuvas aliados ao vento. A longas distancias a disseminacdo ocorrer pelo transporte de
material propagativo infectado (GOTTWALD et al.,1989).

A penetracdo da bactéria ocorre por meio de ferimentos causados por equipamentos,
espinhos, abrasdo de particulas de poeira ou ainda causados pela larva minadora dos citros
(Phyllocnistis citrella Stainton), uma vez que durante a alimentacdo as larvas rompem a
cuticula e a epiderme, expondo o meséfilo foliar, tornando mais susceptivel a infec¢do por X.
citri subsp. citri (GOTTWALD et al., 2002; GOTTWALD et al., 2007). Outra forma de
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penetracdo da bactéria € por meio de aberturais naturais, principalmente os estdmatos
(GOTTWALD et al., 2002; ROSSETTI, 2001). Ap6s a penetracdo, a bactéria multiplica-se
rapidamente, colonizando os espacos intercelulares e, consequentemente, causando a
formacéo dos sintomas caracteristicos (GOTTWALD et al., 2002).

Temperaturas entre 25°C a 30°C em conjunto com a presenca de ldamina de agua na
superficie das folhas, proporcionam condicdes favoraveis ao desenvolvimento da doenca, com
periodo de incubacao variando de cinco a sete dias (GOTO, 1992; GOTTWALD et al., 2002).
Em condicbes favoraveis a bactéria pode sobreviver por longos periodos em tecidos de
plantas citricas infectados, constituindo a principal fonte de in6culo (GRAHAM et al., 1987 e
1989), ja que a sobrevivéncia da bactéria é curta em qualquer outro substrato (GRAHAM et
al., 1989).

Diversas cultivares ou variedades de citros apresentam diferentes graus de resisténcia
ao cancro citrico. Via de regra, pomelos, lima &cida e limbes sdo mais susceptiveis ao
patégeno. Laranjas doces e laranja azeda apresentam susceptibilidade moderada, enquanto
tangerinas sdo moderalmente resistentes (GOTWALD et al., 2002). Em um estudo de seis
anos realizado no estado do Parana, Carvalho et al. (2015) compararam a susceptibilidade de
186 genotipo ao cancro citrico, incluindo laranja doce (C. sinensis), tangerina (C. reticulata),
tangerina mediterranea (Citrus deliciosa Tenore), tangerina Clementina (Citrus clementina
L.), tangerina satsuma (Citrus unshiu Marc), laranja azeda (Citrus aurantium L.), liméo
(Citrus limon L.), lima doce (C. aurantifolia), toranja (C. paradisi) e quatro hibridos. Com
base nos resultados obtidos, os gendtipos mais resistentes, em média, incluiram tangerina
satsuma e lim&o, e 0s gendtipos mais suscetiveis foram toranja e lima doce. Os geno6tipos de
tangerina, laranja azeda, tangerina mediterranea e laranja doce apresentaram severidade
intermediaria, porém nenhum gendtipo foi imune. Gongcalves-Zuliani et al. (2016) ao
avariarem um método de inoculacdo em folhas destacadas em noves gendtipos de C. sinensis
para comparar a resisténcia a X. citri subsp. citri, verificaram que a variedade péra IAC foi a
mais resistente ao patdgeno, enquanto a variedade Washington foi a mais susceptivel. Ainda
segundo os autores, a resisténcia na variedade péra IAC pode estar envolvida com as aberturas
estomaticas menores em conjunto com uma maior quantidade de exsudados foliares toxicos a
bactéria.

No Brasil, desde que foi detectada pela primeira vez em 1957, o cancro citrico foi
controlado com medidas de excluséo e erradicagdo como estratégia de evitar a disseminacao
da doenca para novas areas, buscando eliminacdo dos focos identificados (BEHLAU et al.,

2017). Entretanto, desde 2016, a partir da Instrucdo Normativa n° 37, de 5 de setembro de
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2016, outras estratégias de controle foram permitidas, como a adog¢do do Sistema de
Mitigacdo de Risco (SMR), que visa diminuir a quantidade de in6culo nos pomares e
controlar a disseminacdo do patogeno e, simultaneamente, seguir as exigéncias fitossanitarias
de paises importadores (OLIVEIRA et al., 2017). Embora esse regulamento conciliasse com a
situacdo da doenca no pais e mantivesse o cancro citrico como doenga quarentenaria, algumas
decisdes prejudicaram os produtores de frutas frescas. Dessa forma, para atender a demanda,
em 2018, foi criada a Instrucdo Normativa n° 21, de 25 de Abril de 2018, seguindo os
principios estabelecidas na legislacao anterior (MAPA, 2018). Atualmente essa é a legislacao
que regulamenta o controle do cancro citrico no pais e permiti que cada unidade federativa
adote um status diferente quando da presenca e incidéncia da doenca em pomares de citros
(BEHLAU et al., 2021a). Nessa perspectiva, areas sob SMR, passaram a implementacdo de
medidas integradas que visam proteger os frutos de infecgdes sem a necessidade de erradicar
as plantas afetadas.

Dentre as principais estratégias de manejo do cancro citrico, destacam-se:
pulverizacdes com produtos a base de cobre (oxicloreto de cobre, hidroxido de cobre e 6xido
cuproso), em numero variavel, de acordo com a incidéncia de condi¢cbes ambientais
favoréveis a bactéria; dar preferéncia a cultivares com maior nivel de resisténcia ao cancro
citrico; realizar o manejo adequadamente da adubacdo, principalmente a nitrogenada;
eliminacdo de pequenos ramos cujas folhas apresentem sintomas da doenca, eliminar frutos
contaminados; realizar o controle periddico do minador dos citros; utilizar quebra-ventos e
proceder a desinfestacdo de maquinas e equipamentos (OLIVEIRA et al., 2017).

Em um estudo de trés anos, Behlau et al. (2021b) avaliaram o efeito isolado e
combinado de quebra-vento, aplicacdo de cobre e controle da larva minadora no manejo do
cancro citrico em laranja doce. Isoladamente as aplicacGes de cobre apresentaram maior
contribuicdo para o controle do cancro citrico quando comparado ao uso isolado de quebra-
vento e controle da larva minadora. Porém, o uso combinado de pulverizacbes de cobre e
quebra-vento contribuiram com a reducdo de 60% na incidéncia da doenca, bem como

aumento do rendimento das plantas em comparagdo com as parcelas ndo manejadas.
3. Xanthomonas citri subsp. citri
Xanthomonas citri subsp. citri foi inicialmente classificada por Hasse, em 1915, como

Pseudomonas citri Clara Hasse. Em 1916, Doidge. (1916) propds que a bactéria fosse

reclassificada como Bacterium citri (Hasse) Doidge. Alguns anos depois a bactéria foi
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renomeada como Bacillus citri (Hasse) Holland (HOLLAND, 1920) e posteriormente de
Phytomonas citri (Hasse) Bergey (BERGEY et al.,, 1923). Com a criagdo do género
Xanthomonas Dowson, em 1939, foi reclassificada como Xanthomonas citri (Hasse) Dowson
(DOWSON, 1939). Em 1978, Young et al. Propuseram alteracGes no sistema de classificacéo
de bactérias fitopatogénicas e oficializaram o uso do termo patovar, o qual foi designado para
classificacdo infrasubespecifica provisoria de fitobactérias até que uma nova classificacdo
pudesse ser realizada com base em critérios mais solidos. Nessa ocasido, a bactéria passou a
ser classificada como Xanthomonas campestris pv. citri (Hasse) Dye (DYE et al., 1980).

Com os avancos das técnicas moleculares, principalmente por meio de estudos de
hibridizacgdo DNA-DNA em conjunto com caracteristicas fenotipicas e patogénicas, X.
campestris pv. citri foi sofrendo novas alteracdes na sua taxomonia. Em 1995, uma nova
classificacdo foi prospota para o género Xanthomonas e, nesse momento, foi reclassificada
como Xanthomonas axonopodis pv. citri (Hasse) Vauterin (VAUTERIN et al., 1995). Em
2005, baseado em analises do espaco intergénico 16S-23S, AFLP e homologia DNA-DNA o
agente causal do cancro citrico passou a ser designado como X. citri subsp. citri, a qual é
aceita até o presente momento (SCHAAD, et al., 2005 e 2006).

Quanto as caracteristicas morfoldgicas, culturais, bioquimicas e fisioldgicas, X. citri
subsp. citri caracteriza por apresentar células em formato de bastonete, gram negativas e com
um unico flagelo polar (GOTO; HYODO, 1985). Apresenta coldnias mucoides em fungédo da
producdo de exopolissacarideos (EPS), principalmente a goma xantana, de coloracdo
amarelada em funcdo da producdo de um pigmento ligado a membrana celular, denominado
xanthomonadina (JANSSON et al., 1975). N&o utiliza asparagina como Unica fonte de
carbono e nitrogénio, apresenta oxidase negativa, catalase positiva, ndo redutora de nitrato,
positiva para hidrolise do amido, positiva para liquefacdo de gelatina, positiva para teste de
arginina dihidrolase e positiva para hidrélise de Tween 80 (BHARDWAJ et al.,2014;
ISOKAR, et al., 2020). Em meio de cultura sélido, X. citri subsp. citri apresenta crescimento
Otimo em temperatura de 30°C e PH otimo de 7,0 com decréscimo do crescimento em
temperaturas de 5°C e 40°C e pH 3, 4 e 9 (ISOKAR, et al., 2020).

No que diz respeito a gama de hospedeiro, X. citri subsp. citri possui patogenicidade,
restrita a plantas da familia Rutaceae (LEYNS et al., 1984). Civerolo (1984) listou uma série
de plantas da familia Rutaceae que podem servir como como hospedeiras dessa bactéria.
Entre as variedades comerciais de citros e porta enxertos, 0 cancro citrico € mais severo em
toranja (C. paradisi), lima comum (C. aurantiifolia) e laranja trifoliata (Poncirus trifoliata

L.). Entretanto, Kalita et al. (1997) relataram que mentrasto (Ageratum conyzoides L.), uma
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planta daninha muito frequentemente encontrada em pomares de citros na india, poderia servir
como hospedeira de X. citri subsp. citri. Até hoje, este € o Unico relato de uma planta ndo

pertencente a familia Rutacea como hospedeira desta bacteéria.

4. Resisténcia de Xanthomonas citri subsp. citri a cipricos

O controle quimico com uso de produtos clpricos, como oxicloreto de cobre, sulfato
de cobre, hidroxido de cobre e 0xido cuproso, € uma das principais formas de minimizar as
perdas causadas pelo cancro citrico. O cobre age na protecdo do tecido vegetal quando
aplicados em folhas jovens e frutos, prevenindo ou dificultando a penetragéo de X. citri subsp.
citri por aberturas naturais ou ferimentos, o que é toxico quando absorvido em alta
concentracdo pelas células bacterianas (MENKISSOGLU; LINDOW, 1991). Entretanto, para
evitar danos, o seu nivel intracelular deve ser controlado, e para isso, as bactérias
desenvolveram sistemas para se proteger da concentracdo excessiva de cobre
(VOLOUDAKIS et al., 2005), contribuindo com a emergéncia de isolados resistentes a cobre
(CuR). Uma vez que a CuR é adquirida, a pressdo colocada pelas aplicagBes continuas de
sprays de cobre contribuie com o0 aumento gradativo das formas resistentes, comprometendo a
eficacia das aplicacdes de cobre (BEHLAU et al., 2013; SUNDIN; JONES; FULBRIGHT,
1989).

Atualmente, ja foram relatadas varias bactérias fitopatogénicas CuR, incluindo
espécies de Pseudomonas syringae pv. tomato ((Okabe) Young, Dye & Wilkie),
Xanthomonas euvesicatoria (Jones, Lacy, Bouzar, Stall & Schaad), Xanthomonas perforans
(Jones, Lacy, Bouzar, Stall & Schaad), Xanthomonas gardneri (Jones et al.) Moriniere et al.
(BEHLAU et al., 2013), Xanthomonas axonopodis pv. vesicatoria (Doidge) (BASIM et al.,
2005; VOLOUDAKIS et al., 2005), Xanthomonas campestris pv. juglandis (Pierce) Vauterin
(BEHLAU et al., 2013; LEE et al., 1994), Xanthomonas alfalfae subsp. citrumelonis (Schaad
et al.) Constantin (BEHLAU et al., 2011) e X. citri subsp. citri (CANTEROS et al., 1999;
RICHARD et al., 2017a).

Primeiros relatos do desenvolvimento de resisténcia de X. citri subsp. citri Cu® foram
detectados na Argentina em meados da década de 1990 (CANTEROS, 1999) e recentemente
em territorio francés (RICHARD et al. 2017a, 2017b). No Brasil, ndo ha relatos de X. citri
subsp. citri CuR, porém testes in-vitro detectaram isolados tolerantes a cobre (Cu') dessa
bactéria ao sulfato de cobre em niveis de 150-200 mg/L no estado do Parana (MARIN et
al.,2019).
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Na maioria dos isolados de Xanthomonas caracterizados como CuR, a resisténcia ao
cobre ¢é conferida pelos genes CopLAB (BEHLAU et al., 2013). Esses genes foram detectados
em plasmideos (BEHLAU et al., 2012; BEHLAU et al., 2013; BENDER et al., 1990;
COOKSEY, 1987; COOKSEY, 1990; STALL; LOSCHKE; JONES, 1986), o que facilita a
sua circulacdo entre diferentes espécies bacterianas e transferéncia para isolados sensiveis a
cobre (Cu®) por meio de processo de conjugacido (BEHLAU et al., 2011, 2012, 2013).
Entretando, genes de resisténcia ao cobre em algumas bactérias, tais como espécies de
Pseudomonas (BEHLAU et al., 2013; LIM; COOKSEY, 1993) e Xanthomonas (BASIM et
al., 2005; BEHLAU et al., 2013; LEE et al., 1994), podem também estar localizados no
cromossomo. E pouco provavel que as bactérias tenham adquirido resisténcia ao cobre por
meio de mutacdes espontaneas, porque esta resisténcia é regulada por varios genes, nestes
organismos (BEHLAU et al., 2013; COOKSEY, 1990). A resisténcia ao cobre conferida por
plasmideos tem sido comumente estudada nos géneros Pseudomonas e Xanthomonas,
mostrando que esses sistemas sdo relacionados e altamente homdélogos (VOLOUDAKIS et
al., 1993). Em isolados de espécies desses géneros com resisténcia ao cobre foram descritos
diversos operons, denominados copA, copB, copC, copD, copF, copG, copL e copM
(BEHLAU et al., 2011; COOKSEY, 1990; SILVER; PHUNG, 1996; VOLOUDAKIS et al.,
2005).

Em Xanthomonas, 0 mecanismo de resisténcia ao cobre e o papel do grupo de genes
copLAB continuam sem ser totalmente elucidados. Estudos indicam que o sequestro e
acumulacdo de cobre celular é o principal mecanismo de resisténcia ao cobre em
Xanthomonas spp., € que 0 gene copL regula a expressao dos genes copA e copB, que
codificam para proteinas de ligacdo de cobre (BEHLAU et al., 2011; BEHLAU et al., 2013;
COOKSEY, 1987; VOLOUDAKIS et al., 2005). Os genes copA e copC codificam proteinas
periplasmaticas que se ligam aos ions cobre e sdo responsaveis pela resisténcia parcial de P.
syringae ao cobre. Os genes copB e copD codificam proteinas de membrana externa e interna,
respectivamente, necessarias para a resisténcia completa (COOKSEY, 1993). Entretanto, em
X. citri subsp. citri apenas os genes copL, copA e copB mostraram-se essenciais para a
resisténcia ao cobre (BEHLAU et al. 2011).

Embora diversos estudos tenham sido realizados na deteccdo de isolados de X. citri
subsp. citri Cu®, ndo ha relatos de estudos com essa perspectiva realizados na regido Nordeste
do Brasil, visto expansdo do cancro citrico nessa regido nos ultimos anos. Portanto, é

importante compreender o perfil de tolerancia ao cobre da populacdo presente nessa regido.



21

Estas informacg0es ajudardo a prever o risco de desenvolvimento de resisténcia em X. citri

subsp. citri, bem como evitar o risco de surgimento.

5. Diversidade genética de Xanthomonas ssp. causadoras de cancro citrico

As cancroses em citros, causadas por Xanthomonas spp. pertencem a uma linhagem
muito ampla de bactérias presentes em todo mundo. Atualmente, sabe-se que existem
diferentes tipos e subtipos, dentro do género Xanthomonas, capazes de causarem cancro em
citros: X. citri subsp. citri tipo A subtipos (A*, A") e Xanthomonas fuscans subsp. aurantifolii
(Schaad) Constantin (tipo B e C) (BEHLAU et al., 2020; FERENCE et al., 2018; IBRAHIM
et al., 2019) (Tabela 1). Um tipo D de cancro citrico também foi relatado na area de Colima,
no México, na década de 1980 (RODRIGUEZ et al. 1985), mas posteriormente foi descoberto
como sendo causado por Alternaria limicola E.G. Simmons & M.E. Palm e nédo foi
considerado (CIVEROLO, 1994). X. alfalfae subsp. citrumelonis, agente etioldgico da
mancha bacteriana dos citros, também foi descrita inicialmente como causadora de cancro em
citros. Entretanto, devido a diferencas quanto a sintomatologia fez com que a bactéria fosse
desconsiderada. (BEHLAU et al., 2020; GRAHAM; GOTTWALD 1990; SCHUBERT et al.
2001) (Tabela 1).

A mais comum e severa é a forma asiatica tipo A, distribuida mundialmente, sendo
patogénica a todas a variedades comerciais de citros. Ja X. fuscans subsp. aurantifolii é
restrita a América do sul e possue limitada gama de hospedeiro. Embora mais severa em
limbes (C. limon), a cancrose B também causa doenca em lima &cida, laranja azeda (C.
aurantium) e pomelo (C. paradisi) (BEHLAU et al., 2020; IBRAHIM et al., 2019;
GRAHAM; GOTTWALD 1990; SCHUBERT et al., 2001).

Isolados pertencentes ao subtipo A* foram obtidos de C. aurantifolia na década de
noventa em varios paises da Asia e da Etidpia, e foram reconhecidas como um subtipo
semelhante, mas distinto dos isolados do tipo A (COOK, 1988; VERNIERE et al. 1998;
DERSO et al., 2009). Isolados pertencentes ao subtipo A* possuem patogenicidade diferente
em comparagao aos isolados do tipo A, visto capacidade de causarem sintomas atipicos de
cancro em C. paradisi (VENIERE et al., 1998). Dessa maneira, estes isolados sdo alocados
dentro de um grupo a parte, denominado subtipo A*.

Posteriormente, na Flérida, em 2000, isolados com caracteristicas fisioldgicas e
genéticas distintas, permitiram identificar um grupo diferente de todos os outros isolados

identificado dentro do tipo A até entdo. A nova variante foi denomicado A", em referéncia ao
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local de identificagdo (RYBAK et al. 2009; SUN et al. 2004). Posteriormente, diversos
estudos baseados em caracteristicas patogénicas e estudos moleculares foram desenvolvidos
para elucidar as diferencas entres os subtipos A (VENIERE et al., 1998; CUBERO;
GRAHAM, 2004; NGOC et al. 2010; RYBAK et al. 2009; SUN et al. 2004).

Tabela 1. Espécies, tipos e subtipos mais relevantes de Xantomomonas spp. causadoras de
cancro em citros e distribuicdo global. Adaptado de Behlau et al. (2020).

Denominacao Patogenicidade Distribuicdo

X. citri subsp. citri Tipo A Todas as especies citricas Em todo o mundo

A maioria causa cancro em todas as
X. citri subsp.citri Subtipo A* espécies citricas. Asia

Alguns isolados sdo patogénicos
apenas em Citrus aurantifolia

X. citri subsp.citri Subtipo A” C. aurantifolia e Citrus macrophylla  Asia e EUA (Flérida)

X. fuscans subsp. aurantifolii Argentina, Paraguai e
tipo B Todas as espécies citricas Uruguai

X. fuscans subsp. aurantifolii ~ C. aurantifolia, citrumelo Swingle e
tipo C C. latifolia Brasil (Sdo Paulo)

Xanthomonas fuscans subsp. aurantifolii tipo B foi descrita pela primeira vez na
Argentina em 1929 e no Paraguai em 1932 (CONDADO, 1942). Porém, somente em 1967, o
cancro citrico foi oficialmente relatado no Paraguai (ROSSETTI, 1977). Nessa mesma
década, uma nova forma de cancro citrico, inicialmente denominado tipo C, foi observada
pela primeira vez no estado de S&o Paulo, Brasil, e foram diferenciadas dos tipos A e B com
base caracteristicas patoldgicas, fisiologicas e sorologicas (NAMEKATA; OLIVEIRA, 1972;
BEHLAU et al.,, 2020). As origens do cancro citrico tipos B e C nunca foram bem
determinadas. Ambas as formas de X. fuscans subsp. aurantifolii causam sintomas
semelhantes aos do cancro, mas sdo menos agressivas do gque os isolados que causam a forma
asiatica. Embora menos agressivas, os isolados do tipo B causam sintomas de cancro em todas
as espécies de citros (GOCHEZ et al., 2018; FONSECA et al., 2019). Recentement, Fonseca
et al. (2019) em um estudo de filogendmica mostraram que 0s genomas de X. fuscans subsp.

aurantifolii tipo B e C carecem de varios genes chaves envolvidos na infec¢do no hospedeiro,
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0 que ajuda a explicar a agressividade atenuada e a predominancia da forma asiatica sobre 0s
tipos B e C.

Por muitos anos, desde a primeira descoberta, a ocorréncia do tipo C ficou restrita a
alguns municipios do estado de Sao Paulo, ndo causando prejuizos econdmicos significativos.
Essa forma nunca foi encontrada na Argentina ou em qualquer outro lugar do mundo
(BEHLAU et al., 2020).

6. Técnicas empregadas para caracterizacao polifasica de Xanthomonas spp.

Atualmente para classificacdo de microrganismos se faz uso de varios métodos que
possibilite a completa resolucdo dos taxons (PRAKASH et al., 2007), denominado
caracterizacdo polifasica. Esse conjunto de técnicas integra diferentes tipos de dados e
informagdes (genotipico, fenotipico e fisiolégica) sobre o taxon, constituindo-se
essencialmente um sistema taxonémico consensual (VANDAMME et al., 1996).

Nesse sentido, a caracterizacdo da variabilidade metabdlica de isolados bacterianos
pode permitir que determinadas caracteristicas sejam utilizadas como marcadores
metabdlicos, Uteis para diferenciacdo e classificacdo de isolados (VERNIERE et al., 1993).
Dentre os sistemas mais utilizados para descricdo do perfil metab6lico de bactérias, destacam-
se aqueles desenvolvidos pelo Biolog Inc. (Hayward, Califérnia). Esses sistemas tém sido
empregados para gerar perfis metabdlicos e demonstrar a variabilidade existentes entre
isolados de Xanthonmonas spp. (CONSTANTIN et al., 2016), porém ¢é importante mencionar
que tais sistemas raramente permitem uma identificacdo acurada em niveis infraespecificos
(SCHAAD; JONES, CHUN, 2001). Portanto, a identificacdo de bactérias baseada apenas no
uso dessa técnica apresenta baixa confiabilidade, sendo necessarios a utilizacdo de outros
métodos (VERNIERE et al., 1993).

O controle quimico é um dos principais métodos utilizados no manejo de doencas de
plantas. Entretanto, a ocorréncia na natureza de isolados resistentes devido ao uso continuo de
produtos quimicos vém se tornando um grande problema (CANTEROS, 1999). Desta forma,
guando um conjunto de isolados de uma mesma bactéria sdo testados quanto a sensibilidade a
um produto quimico, por exemplo um cuaprico, ha tendéncias de se tracar um perfil
caracteristico quanto a sensibilidade. Recentemente, Marin et al. (2019) realizaram um estudo
no Parana e revelaram a existéncia de isolados de X. citri subsp. citri Cu', mas ndo

identificaram isolados CuR.
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A caracterizacdo patoldgica também é outra de forma de tragcar um perfil de isolados
de X. citri subsp. citri quanto a capacidade de causar doengas em determinadas cultivares
indicadoras. Na década de 90, Veniére et al. (1998) diferenciaram os subtipos A* e A",
pertencentes ao patotipo A, por meio de teste de patogenicidade em cultivares
diferenciadoras, observando que isolados pertencentes ao subtipo A* causavam sintomas
tipicos de cancro em C. aurantifolia, mas ndo em C. paradisi. Mais tarde, Sun et al. (2004)
observaram que isolados pertencentes ao subtipo A" diferenciavam do isolados do Subtipo A*
em sua capacidade de causar reacao de hipersensibilidade (HR) em C. paradisi e C. sinensis.
No entanto, mais recentemente Pruvost et al. (2014) desenvolveram uma técnica de
genotipagem (Multilocus Variable Number of Tandem Repeat Analysis (MLVA) que pode
discriminar diferentes subtipos de X. citri subsp. citri. Porém, essa técnica requer
equipamentos especificos e pessoal bem treinado.

Vérias técnicas baseadas em PCR sdo aplicadas para estudar diversidade e
variabilidade genética e os relacionamentos taxonémicos e filogenéticos das espécies e
patovares que compde 0 género Xanthomonas. Sequenciamento da regido 16S do DNA
ribossomal (HAUBEN et al., 1997), anélise de polimorfismo de comprimento de fragmentos
amplificado (amplifiel fragmente lenght polymorphism — AFLP) (RADEMAKER et al.,
2000), PCR com base em sequéncias repetitivas (rep-PCR) (RADEMAKER et al., 2000;
RADEMAKER et al., 2005), MLSA (YOUNG et al., 2008) e analises de DNA polimorfico
amplificado ao acaso (Random Amplified Polymorphic DNA - RAPD) (REZAEI et al.,
2012), sdo amplamente utilizados nas pesquisas.

Algumas técnicas de “fingerprinting” do DNA genomico, tais como AFLP e rep-PCR,
além de serem extremamente importantes para estudos de diversidade e variabilidade
genética, também podem ser usadas para inferir relagdes genotipicas ou taxonémicas entre
fitobactérias. A principal evidéncia de que apoia esta hipdtese deriva de comparacdes
detalhadas entre grupos genotipicos gerados por meio de “fingerprinting” e andlise de
hidridizacdo DNA-DNA (RADEMAKER et al., 2005).

A anélise de rep-PCR foi desenvolvida com base na ocorréncia de trés sequéncias
repetitivas e conservadas ao longo do genoma de diversas bactérias. Essas sequéncias sao
chamadas de REP (Repetitive Extragenic Palindromic), ERIC (Enterobacterial Repetitive
Intergenic Consensus) e elementos BOX, e sdo utilizados para gerar “fingerprintings” que
refletem a estrutura gendmicas de espécies de Xanthomonas (ARSHADI et al.,, 2013,
LOUWS et al., 1994; REZAEI et al., 2012). Adicionalmente, rep-PCR caracteriza-se como
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uma técnica simples, répida e reprodutivel para identificacdo de isolados bacterianos
(LOUWS et al., 1994; LOUWS et al., 1999; STACKEBRANDT et al., 2002).

Utilizando analise de rep-PCR Arshadi et al. (2013) avaliaram um total de 25 amostras
de cancro citrico de diferentes partes da Malasia Ocidental. A anlise de agrupamento usando
0s padrdes de bandas combinados de ERIC e BOX-PCR dividiu claramente os isolados em
diferentes agrupamentos de acordo com sua origem geografica, mas ndo com sua espécie
hospedeira. Uma quantidade relativamente alta de diversidade genética foi observada entre 0s
isolados, indicando que pode haver distintos tipos da bactéria presentes na Malasia. Para
investigar a diversidade genetica de 25 isolados de X. citri subsp. citri oriundos de diferentes
regides no Ird, Rezaei et al. (2012) utilizaram anélises de rep-PCR e RAPD e concluiram que
a origem geogréafica dos isolados da provincia de Sistdo-Baluchistdo é diferente da origem
geografica dos isoladas de outras provincias presentes no Ird e que a analise de rep-PCR em
comparacao com RAPD é mais especifica e confidvel.

A técnica MLSA, baseada em Anélises de Sequéncias Multilocus, também vem sendo
utilizada para o delineamento mais refinado de espécies de Xanthomonas e outras
fitobactérias (ALMEIDA et al., 2010; AH-YOU et al., 2009; YOUNG et al., 2008). Nessa
técnica sequéncias de nucleotideos de vérios genes sdo comparados, gerando informacdes
sobre a diversidade e o relacionamento de taxons por meio de analises filogenéticas (NASER
et al., 2005).

Os genes mais utilizados em MLSA sdo geralamente os “genes housekeeping”, ou
seja, aqueles que conferem funcBes metabdlicas basicas essenciais e apresentam-se
suficientemente conservados para realizacdo de inferéncia filogenéticas (ALMEIDA et al.,
2010). Diversos “genes housekeeping” podem ser utilizados em MLSA (RODRIGUEZ-R et
al., 2012), destacando-se: atpD (subunidade p da F1-Fo ATP sintase), dnaK (proteina de
choque térmico, Hsp 70), gryB (subunidade § da girasse do DNA), fyuA (receptor dependente
do sistema TonB) e rpoD (fator sigma RNA polimerase), os quais foram empregados de
forma bem-sucedida para delimitar isolados de Xanthomonas spp. (AH-YOU et al., 2009;
YOUNG et al., 2008).

Ferraz et al. (2018) utilizaram MLSA com os genes dnaK, gryB, fyuA e rpoD para
identificar um novo patovar associado a eucalipto. Usando as sequéncias dos genes
concatenadas alocaram os isolados em um clado bem definido, indicando que os isolados
pertenciam a espécie Xanthomonas axonopodis. Com base em caracteristicas genéticas,

patogénicas, bioguimicas e fisiolégicas foi proposto um novo patovar nominado X.
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axonopodis pv. eucalipto. De acordo com Young et al. (2008), MLSA apresenta-se como uma
ferramenta robusta que pode ser Gtil para diferenciagdo de espécies Xanthomonas.

Diante do exposto, 0 objetivo deste trabalho foi realizar uma caracterizacdo polifasica
de isolados de X. citri subsp. citri obtidos do Nordeste do Brasil. Assim, neste trabalho
visamos (i) montar uma colecgéo de isolados de X. citri subsp. citri do Nordeste brasileiro; (ii)
investigar e relatar existéncia do cancro citrico no estado do Rio Grande do Norte; (iii)
caracterizar a variabilidade genética de isolados de X. citri subsp. citri obtido do Nordeste
brasileiro por meio de rep-PCR; (iv) realizar a identificacdo molecular desses isolados por
meio de andlise da sequéncia multilocos (MLSA); (v) realizar a caracterizacdo patoldgica dos
isolados utilizando diferentes cultivares diferenciadoras; (vi) caracterizar os isolados
utilizando testes bioquimicos por meio do sistema Biolog®; (vii) determinar a sensibilidade a
cupricos de isolados de X. citri subsp. citri, investigando os genes envolvidos na resisténcia;
(viii) testar a capacidade de plantas ndo pertencentes a familia Rutacea servirem como
hospedeiras desses isolados.
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Citrus canker caused by Xanthomonas citri subsp. citri is one of the most important citrus
diseases in the world (Gottwald et al. 2002), mainly for citrus-producing countries with humid
subtropical regions such as United States, Argentina, and Brazil, where losses may be
significant (Behlau et al. 2020). In the state of Rio Grande do Norte (RN), Brazil, citrus
production is expanding and shows social and economic importance for small farmers, which
produced approximately 297 tons of lime in this state in 2019 (IBGE 2021). In December 2019,
we observed symptoms of erumpent lesions with margins surrounded by yellow haloes on
leaves and fruit of the lime (Citrus aurantifolia cv. Galego) (about 5% incidence) in a plantation
located in the municipality of Mossord, RN (05° 12" 21.1”" S, 37° 19°16 "W). Samples were
collected from the lime orchard, and five bacterial strains (CCRMXCO01 to CCRMXCO05)
showing yellow, convex, mucoid colonies were isolated in a nutrient-yeast-dextrose-agar
medium (NYDA). Pathogenicity tests were performed on sweet orange (C. sinensis cv. Péra)
and lime (C. latifolia cv. Tahiti) seedlings. Four wounds per leaf (upper side) were carried out
with na entomological pin and 10 pl of a bacterial suspension (108 CFU ml—1) were deposited
on each wound. The negative control consisted of leaves treated with sterile distilled water
(SDW). For each citrus species, we used four replicates per strain and one leaf with four wounds
per replicate. Inoculated leaves developed erumpent lesions with margins surrounded by yellow
haloes six days after inoculation (DAI) in both citrus species, while leaves treated with SDW
remained symptomless. Nine DAI, we reisolated the pathogen and performed rep-PCR (REP,
ERIC, and BOX-PCR) analyses (Gama et al. 2018) with the strains inoculated and reisolated
to confirm the identity of the strains and to fulfill Koch’s postulates. The strains were stored at
the Culture Collection Rosa Mariano (CCRM) of the Phytobacteriology Laboratory at the

Universidade Federal Rural de Pernambuco. The five strains reisolated showed the same REP,



40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

39

ERIC, and BOX-PCR profiles as the strains used for inoculations.The molecular identification
was performed sequencing the dnaK, fyuA, gyrB, and rpoD genes (Young et al. 2008). Each
fragment was sequenced in both the forward and reverse directions. Using the BLASTn tool,
we observed that sequences of the dnaK (GenBank MW218913 to MW218917), fyuA
(MW?218918 to MW218922), and rpoD (MW218928 to MW218932) genes of the strains
CCRMXCO01 to CCRMXCO05 showed 100% identity with the sequences of these genes from
the type strain (ICMP 24T) and of other strains of X. citri subsp. citri (ICMP 21 and ICMP
7493), while sequences of gryB (MW218923 to MW218927) of the former strains showed
100% identity with the gyrB sequence of the strains ICMP 24T and ICMP 7493 and 99.85%
identity with strain ICMP 21. This short variation in the sequence of the gyrB gene also may
be observed among strains of X. citri subsp. citri available in NCBI
(https://www.ncbi.nlm.nih.gov/). The phylogenetic analysis performed using Bayesian
inference and the concatenated sequence of all the type or representative strains of species and
pathovars of Xanthomonas available in GenBank showed that the strains CCRMXCO1 to
CCRMXCO05 clustered together with strain ICMP 24T with 1.0 posterior probability. To our
information, this is the first report of X. citri subsp. citri causing citrus canker on lime in RN

state, Brazil.
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Supplementary Figure S1: Phylogenetic analysis performed by Bayesian inference from the
partial sequence of the dnaK, fyuA, gyrB, and rpoD genes showing the strains CCRMXCO01
to CCRMXCO05 grouped along with the type strain of Xanthomonas citri subsp. citri (ICMP
24T). Posterior probability values >0.90 are shown on the branches.
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Abstract

Citrus canker, caused by Xanthomonas citri subsp. citri, is one of the main citrus diseases and
has been reported in several states of Brazil. However, few studies have been undertaken on the
characteristics of the strains associated with this disease in Northeast Brazil. Thus, we
performed a polyphasic analysis using rep-PCR assay, multilocus sequence analysis (MLSA),
biochemical analysis, and pathogenicity test to characterize 143 strains of X. citri subsp. citri
associated with citrus canker in Northeast Brazil, which were obtained in the states of Ceara
(CE), Rio Grande do Norte (RN), and Piaui (P1). The unweighted pair group method (UPGMA)
analysis performed with the combined data from the profiles generated with the REP, ERIC,
and BOX-PCR resulted in the detection of a single haplotype, with all strains considered clones.
Phylogenetic analysis using Bayesian inference (Bl) with the dnakK, fyuA, gyrB, and rpoD genes
showed that two representative strains of the CE, RN, and PI (CCRMXC09, CCRMXC15,
CCRMXC35, CCRMXC69, CCRMXC122, and CCRMXC130) clustered together with type
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strain of X. citri subsp. citri (ICMP 247). Pathogenicity test performed on sweet orange (Citrus
sinensis), lime (Citrus latifolia), and grapefruit (Citrus paradisi) showed that all strains caused
typical citrus canker symptoms, showing a predominance of X. citri subsp. citri pathotype A.
Our data confirm the presence of citrus canker in CE, RN, and PI states and show a genetic

homogeneity among the strains present in the Northeast region.

1 INTRODUCTION

Citrus canker caused by Xanthomonas citri subsp. citri (Hasse) is one of the most
important diseases affecting citrus in Brazil and worldwide (Gottwald et al., 2002; Behlau
2021). This bacterium cause symptoms on leaves, branches, and fruits, reduces productivity
due to the premature drop of affected fruits, and restricts production marketing to other regions
without their presence (Gottwald et al., 2002). The first report of X. citri subsp. citri in Brazil
occurred in 1957 (Bitancourt, 1957). Currently, it is considered a quarantine pest, officially
detected in states of Southeast (Minas Gerais and Sao Paulo), Center-West (Mato Grosso do
Sul and Mato Grosso), North (Roraima), South (Parana, Rio Grande do Sul, and Santa Catarina)
and Northeast regions (Maranhdo, Ceara, and Piaui) from Brazil (Regulatory Instruction
38/2018) (MAPA, 2018). In addition, it has recently been reported in another state of Northeast
region (Rio Grande do Norte) on lime (Amancio et al., 2021).

The movement of contaminated plant materials, mainly through human activities, is the
main cause of the long-distance spread of bacterial citrus canker (Gottwald et al., 2002).
Furthermore, it is evident that citrus canker was introduced into different countries and
especially in Brazil via contaminated citrus propagating material (Bitancourt, 1957; Das, 2003;
Graham et al., 2004). In Brazil, soon after the identification of citrus canker in Southeast region
in the late 1950s, the disease was also tracked in other regions. In the northeast of Brazil, the
introduction of the disease occurred in the last decade, reported initially in the state of Ceara
(CE) in December 2011 (Behlau et al., 2020a). Later, the disease was also officially identified
in the states of Maranhdo (MA) and Piaui (P1) (Regulatory Instruction 38/2018) (MAPA, 2018),
and in 2021 in the state of Rio Grande do Norte (RN) (Amancio et al., 2021).

Based on the host range and the characteristic symptoms, X. citri subsp. citri has been
classified in three main pathotypes (Veniere et al., 1998; Sun et al., 2004; Behlau et al., 2020b),
namely: X. citri subsp. citri pathotype A (Xcc-A), pathotype A* (Xcc-A*), and pathotype A"
(Xce-A"). Strains of pathotype Xcc-A cause canker in all citrus species, while strains of Xcc-
A* produce typical erumpent bacterial canker lesions on Mexican lime (Citrus aurantifolia L.),
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lime (Citrus latifolia L.), and sweet orange (Citrus sinensis L.), but not on grapefruit (Citrus
paradisi L.) (Veniére et al., 1998). On the other hand, strains of Xcc-A" differ from the Xcc-
A* strains in their ability to cause a hypersensitive response (HR) on grapefruit and sweet
orange (Sun et al., 2004). In addition, X citri pv. aurantifolii (Schaad) pathotype B and C (Xca-
B and Xca-B), and X. alfalfa subsp. citrumelonis (Schaad et al.) pathotype E (Xac-E) also have
been associated with citrus canker symptoms (Behlau et al., 2020Db).

Polyphasic approaches integrating biochemical, molecular, and pathological
characteristics have been used to assess genetic diversity and variability within and among
bacterial populations of several Xanthomonas species and pathovars (Cubero and Graham 2002;
Picard et al., 2008; Ah-You et al., 2009; Baia et al., 2021). Among the technics used in these
studies, rep-PCR assay has been used to assess the genetic diversity of Xanthomonas spp.
(Lopes et al., 2001; Munhoz et al., 2011; Arshadi et al., 2013; Arshiya et al., 2014), and to
distinguish Xcc-A strains from different geographic areas (Cubero and Graham 2002). In turn,
multilocus sequence analysis (MLSA) with the dnakK, fyuA, gyrB, and rpoD genes has shown a
high discriminatory power for the differentiation of Xanthomonas spp. (Young et al., 2008;
Ferraz et al., 2019) and it has been a useful tool to discriminate different pathovars of X. citri
(Ferreira et al., 2019), and other pathovars of Xanthomonas (Fargier et al., 2007; Fargier et al.,
2011; Ferraz et al., 2019).

Therefore, given that there is little information about the characteristics of X. citri subsp.
citri strains associated with citrus canker in Northeast of Brazil, this study aimed to carry out a
polyphasic characterization using biochemical, rep-PCR, MLSA, and pathological analyses to
assess X. citri subsp. citri strains obtained from different states of Northeast Brazil from 2019
to 2021. In this study, we observed a genetically homogeneous population, which indicates a
recent introduction of citrus canker in Northeast Brazil. In addition, the results obtained in this
study on the biochemical, molecular, and pathological characteristics of X. citri subsp. citri
strains found in Northeast Brazil will be used to assess strategies for managing citrus canker in

this region.

2 MATERIALS AND METHODS

2.1 Pathogen isolation and pathogenicity test

Leaves and fruit from Mexican lime (cv. ‘Galego’) and sweet oranges (cv. ‘Péra’), presenting

typical symptoms of citrus canker were collected from orchards in the states of RN, CE, and
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Pl, Northeast Brazil. We performed pathogen isolations on NYDA media (20 g/liter agar, 10
g/liter dextrose, 5 g/liter peptone, 5 g/liter yeast extract, and 3 g/liter meat extract in H>O) and
pathogenicity tests on sweet orange (cv. ‘Péra’) according to protocols previously established
by Veniére et al. (1998).

Bacterial suspensions (10° CFU/ mL) were inoculated into plants by infiltration on the
abaxial surface of the leaf. The inoculation was performed at six points of the abaxial surface
by infiltration of 100 pl of the suspensions with the aid of a needleless hypodermic syringe.
Leaves inoculated with sterile distilled water (SDW) were used as a negative control. The
experiment was completely randomized with four replicates such that each replicate comprised
one inoculated leaf with six points of inoculation. The pathogen was reisolated from lesions
characteristic of citrus canker 10 days after inoculation, thus completing Koch’s Postulates. The
strains obtained were preserved in SDW and lyophilization and subsequently stored at the
Culture Collection Rosa Mariano (CCRM) of the Phytobacteriology Laboratory at the
Universidade Federal Rural de Pernambuco.

2.2 DNA Extraction and rep-PCR discriminating

DNA extraction from the strains obtained in this study together with five other strains
previously identified as X. citri subsp. citri by Amancio et al. (2021) listed in Table S1 was
performed according to Gama et al. (2018) and quantified as previously described by Gama et
al. (2011). The repetitive element palindromic (REP), enterobacterial repetitive intergenic
consensus (ERIC), and BOX element (BOX)-polymerase chain reaction (PCR) analyses were
performed according to Louws et al. (1994), with some modifications: 1x PCR Master Mix 2x
(0.05 U/ul of Tag DNA polymerase, reaction buffer, 4 mM MgCl2, 0.4mM of each dNTP), 2
uMof each primer, and 200 ng of DNA. The samples were amplified in a thermocycler, model
PTC-100 (MJResearch,MA). Negative controls (DNA-free reactions) were included in all of
the experiments to test for the presence of contaminants. Twelve microliters of each
amplification reaction were mixed with 3 pl of loading buffer and 3 pl of Safe SYBER, applying
a total volume of 18 pl in each well of the gel. The amplified fragments were visualized using
a 1.5% agarose gel. The electrophoretic was performed for 3h at 80 Vin 0.5x Trisborate-
ethylenediaminetetraacetic acid (EDTA) (TBE) buffer using GenRuler 1 kb DNA Ladder
(Fermentas Life Sciences) markers. The gel was photographed. The analyses were performed

two times.
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The amplification profiles generated with the REP-, ERIC-, and BOX-PCR primers
were visually analyzed according to the presence (1) or absence (0) of 100- to 3,000-bp bands,
and only reproducible bands were recorded. The data generated with each primer were analyzed
separately and together using the multivariate statistical package v. 3.22 (Pavlicek et al., 1999).
Only the reproducible bands ranging from 100 bp to 3 kb were scored for each strain. The
Jaccard similarity coefficient was used to determine the genetic relationships between the
isolates. A distance tree was constructed using the unweighted pair group method with the
arithmetic mean (UPGMA) method.

2.3 Multilocus sequence analysis (MLSA)

Two strains representative of each state of the Northeast Brazil listed in Table S1 characterized
by a rep-PCR were used for MLSA. These strains were selected based on the variability
observed in the rep-PCR analysis. The amplification of fragments of the gene gyrB (DNA
gyrase beta subunit), rpoD (RNA polymerase sigma subunit), fyuA (tonB dependent receptor),
and dnaK (chaperone protein dnaK) from strains CCRMXC09, CCRMXC15, CCRMXC35,
CCRMXC69, CCRMXC122, and CCRMXC130 was performed as described by Young et al.
(2008). PCR amplifications were performed with an initial denaturation at 94°C for 3min, 30
cycles of denaturation at 94°C for 30s, annealing at 54°C for 30s, extension at 72 °C for 1 min,
and final extension at 72°C for 10 min. The amplified fragments were visualized by 1% agarose
gel, and an electrophoretic run performed for 1.5 h at 80Vin 0.5x TBE buffer using the
GenRuler 1-KB DNA Ladder marker. The PCR products were purified using a Clean-up kit
(Axygen Biosciences), and each fragment was sequenced in both the forward and reverse
directions.

The nucleotide sequences were aligned using Muscle (Edgar, 2004), available in
Molecular Evolutionary Genetic Analysis (MEGA) v. 11 (Tamura et al., 2021), and manually
adjusted to allow for maximum similarity of the sequences. The ends of the sequences were
trimmed, resulting in 724, 758, 585, and 852 nucleotide sequences for gyrB, rpoD, fyuA, and
dnak, respectively.

The sequences obtained from the dnakK, fyuA, gyrB, and rpoD genes were compared
with the sequences of theses genes from the types strain ICMP 24T and other strains (ICMP
7493 and ICMP 21) of X. citri subsp. citri available in the GenBank database
(https://www.ncbi.nlm.nih.gov/genbank/), using the software BLASTn



about:blank

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201

47

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). All sequences obtained in this study were deposited
in GenBank

Phylogenetic tree was constructed with sequences of the four housekeeping genes

obtained in this work, those reported by Young et al. (2008) for Xanthomonas spp., and
representative strains of species and pathovars of Xanthomonas available in GenBank
(http://www.ncbi.nlm. nih.gov). Bayesian Inference (Bl) methods were used to construct
phylogenetic tree of concatenated dnakK, fyuA, gyrB and rpoD gene sequences. Mr. ModelTest
3.2 was used to choose the substitution model based on the Akaike information criterion (AIC).
The probability of a posteriori tree distribution was calculated using an MCMC algorithm
(Metropolis-coupled Markov Chain Monte Carlo) of two chains from a random tree with 10
million generations, discarding 25% of the first trees. The Tracer 1.4 program was used to
examine the MCMC convergence and effective sample size. FigTree 1.3.1.

(http://tree.bio.ac.uk/software) was used to view and edit the phylogenetic tree.

2.4 Biochemical characterization of bacterial strains

Six strains selected based on rep-PCR assay and used in MLSA analysis were biochemically
characterized using the Biolog® GEN Il system, which contains 71 carbon sources and 23
inhibitory substances. The bacterial suspension was prepared in IF-A inoculation fluid from
bacterial growth obtained by cultivating the strains in Biolog Universal growth (BUG®)
medium, at 30°C, for 48 hours. The suspensions were adjusted to 98% transmittance and then
100 pl were deposited in each well of the microplates. Subsequently, the microplates were
incubated at 33°C for 36 h. The evaluation observed the presence of bacterial growth, evidenced

by the purple color indicating the reduction of triphenyl tetrazolium chloride.

2.5 Pathological characterization

All 143 strains listed in Table S1 were tested for pathogenicity on leaves of sweet orange (cv.
‘Pera’), lime (cv. ‘Tahiti’), and grapefruit (cv. ‘Marsh’). The strains were inoculated by infil-
tration of bacterial suspensions containing 1 x 10° CFU/ mL on the abaxial leaf surface with the
aid of a needleless hypodermic syringe, as described previously by Veniére at al. (1998). The
negative control consisted of leaves treated with SDW. The experiment was completely ran-

domized with four replicates such that each replicate comprised one leaf with six inoculation
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points per strain. Symptom development was observed 6, 9, and 18 days after inoculation (dai).
Plants were maintained in the greenhouse at 28-32°C.

3 RESULTS

3.1 Pathogen isolation

We isolated 137 bacterial strains from the leaves and fruit of Mexican lime (132 strains) and
sweet orange (5 strains) with symptoms characteristic of citrus canker. All the strains inoculated
on leaves of sweet orange were pathogenic and caused symptoms of erumpent lesions with
margins surrounded by chlorotic halos, a set of characteristic symptoms caused by X. citri

subsp. citri. Leaves treated with SDW remained symptomless.

3.2 Rep-PCR discriminating

The genomic DNA of the remaining 143 strains (listed in Table S1) was analized by a rep-PCR
approach, generating 34 reproducible bands ranging from 100 to 3,000 bp approximately. The
number of scored bands generated from the 143 strains using REP, BOX, and ERIC were 14,
11, and 10, respectively, with multiple and reproducible bands of different intensities. The
UPGMA analysis performed with the combined data from the profiles generated with the REP,
ERIC, and BOX markers, resulted in the demarcation of a single group at the level of 100%
similarity, with all strains considered clones (Figure 1).

3.3 Multilocus sequence analysis (MLSA)

Using the BLASTN tool, we observed that sequences of the dnak, fyuA, and rpoD genes (Table
S2) of the strains CCRMXC09, CCRMXC15, CCRMXC35, CCRMXC69, CCRMXC122, and
CCRMXC130, selected based on rep-PCR, showed 100% identity with the sequences of these
genes from the type strain (ICMP 247) and other strains of X. citri subsp. citri (ICMP 7493 and
ICMP 21), while sequences of gryB of the former strains showed 100% identity with
the gyrB sequence of the strains ICMP 24T and ICMP 7493 and 99.86% identity with strain
ICMP 21 (Table S3). This short variation in the sequence of the gyrB gene also may be observed

among strains of X. citri subsp. citri available in NCBI (https://www.ncbi.nlm.nih.gov/).
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The phylogenetic Bl trees constructed with the concatenated sequences of the
representative strains of species and pathovars of Xanthomonas available in GenBank (Table
S4) and sequences of the dnakK, fyuA, gyrB, and rpoD genes listed in Table S2 of the six strains
representative from state of origin (Northeast of Brazil), selected based on rep-PCR, clustered
the strains CCRMXC09, CCRMXC15, CCRMXC35, CCRMXC69, CCRMXC122, and
CCRMXC130 along with the type strain of X. citri subsp. citri (ICMP 24T) with 1.0 posterior
probability (Figure 2).

3.4 Biochemical analyses

Metabolic fingerprinting showed that the six strains used in this study used the same carbon
sources and were sensitive to the same inhibitory substances. All strains showed positive
reactions for 47 % of the chemical present in the Biolog plate. The positive reactions occurred
for dextrin, D-maltose, D-trehalose, D-Cellobiose, gentiobiose, sucurose, D-turanose,
stachyose, PH 6, D-melibiose, N-acetyl-D-glucosamine, N-acetyl-p-D-mannosamine, 1%
NaCl, a-D-glucose, D-mannose, D-fructose, D-galactose, L-fucose, 1% sodium lactate,
glycerol, rifamycin SV, gelatina, glycyl-L-proline, L-alanine, L-aspartic acid, L-glutamic acid,
L-serine, lincomycin, pectin, D-galacturonic acid, D-glucuronic acid, glucoronamide, mucic
acid, tetrazolium blue, methyl pyruvate, citric acid, a-Keto-glutaric acid, D-malic acid, bromo-
succinic, tween 40, a-Keto-butyric acid, acetoacetic acid, propionic acid, acetic acid, and formic
acid. All strains showed negative reactions for 53% of the chemical presente in the Biolog plate.
The negative reactions occurred for D-turanose, stachyose, PH 5, D-raffinose, a-D-lactose, -
methyl-D-glucoside, D-salicin, N-acetyl-D-galactosamine, N-cetyl neuraminic acid, 4% NacCl,
8% NaCl, 3-methyl glucose, D-fucose, L-rhamnose, lisosine, fusidic acid, D-serine, D-sorbitol,
myo-inositol, D-glucose-6-PD4, D-fructose-6-PD4, D-aspartic acid, D-serine, troleandomycin,
minocycline, L-arginine, L-histidine, L-pyroglutamic acid, guanidine HCI, niaproof 4, L-
galactonic acid lactone, D-gluconic acid, quinic acid, D-saccharic acid, vancomycin,
tetrazolium violet, p-hydroxy-phenylacetic acid, D-lactic acid methyl ester, L-lactic acid,
nalidixic acid, lithium chloride, potassium tellurite, Y-Amino-Butryric acid, a-hydroxy-butyric

acid, p-hydroxy-D, L-butyric acid, aztreonam, sodium butyrate, and sodium bromat (Table S5).

3.5 Pathological characterization



268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

50

All strains obtained from Northeast Brazil were pathogenic when inoculated by infiltration
sweet orange, lime, and grapefruit. The first symptoms of the disease were observed 4-6 dai on
sweet-orange, lime and grapefruit. Initially, water-soaking regions were observed, and with the
progress of the disease, they became erumpent with margins surrounded by yellow haloes, more
clearly seen 9 to 18 dai (Figure 3). Leaves treated with SDW remained symptomless. There was
no difference observed in symptomatology between the strains. No HR was observed during

this test. Our results showed that all strains belong to pathotype A of X. citri subsp. citri.

4 DISCUSSION

A total of 137 strains showing yellow, convex, mucoid colonies were isolated from the
citrus (C. latifolia and C. sinensis) growing of RN, CE, and Pl states, Northeast Brazil, during
2019-2021. These strains were pathogenic when inoculated on sweet orange and produced
symptoms typical of citrus canker. The genetic variability of these strains was analyzed using
the rep-PCR (REP, BOX and ERIC) technique. We observed the same rep-PCR profile for all
strains, regardless the origin of the strain. Naturally, UPGMA analysis grouped all strains in a
single group at the level of 100% similarity. Thus, these results demonstrate the presence of a
clonal population in citrus-producing areas of these states. These results contrast with those
obtained by Arshadi et al. (2013) and Ibrahim et al. (2019), who showed relatively high genetic
diversity among strains of X. citri pv. citri from the West Malaysia and Saudi Arabia, based on
the data of BOX and ERIC-PCR, and REP, ERIC, and BOX-PCR fingerprints, respectively.
Based on the information above, our results suggest a recent and uniform introduction of citrus
canker in the Northeast region.

Rep-PCR assays revealed a clonal population, so two representative strains from the
state of CE (CCRMXC09 and CCRMXC15), RN (CCRMXC35 and CCRMXC69), and PI
(CCRMXC122 and CCRMXC130) were used for MLSA analysis. Thus, the combination of
these techniques allowed the identification of all strains obtained in this study as X. citri subsp.
citri. According to Young et al. (2008), the MLSA technique using concatenated partial
sequences of the gyrB, rpoD, fyuA, and dnaK genes is a robust tool for discrimination species
of Xanthomonas spp. In the present study, the partial sequences of these genes allowed the
precise allocation of the six strains obtained from citrus with citrus canker in the states of RN,
CE and PI in the taxonomic group of X. citri subsp. citri, indicating that they all belong to the
same subspecies of X. citri. The biochemical analyses reveled high biochemical similarity
among the strains CCRMXC09, CCRMXC15, CCRMXC35, CCRMXC69, CCRMXC122, and
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CCRMXC130. This high similarity has also been observed in the strains of X. citri subsp. citri
from West Malaysia, which exhibits low plasticity and genetic diversity, resulting in similar
biochemical profiles (Arshiya et al., 2014).

Based on the information above, our results suggest the existence of a homogeneous
population and a recent introduction of citrus canker in the Northeast Brazil. In this region, the
citrus canker was first reported in CE in December 2011 (Behlau, 2020), while in the PI, and
MA states the detection of this disease had a recent occurrence (Regulatory Instruction 38/2018)
(MAPA,2018), and recently reported by Amancio et al. (2021) in RN state. The Bahia (BA),
Sergipe (SE), Pernambuco (PE), and Paraiba (PB) states were recognized as areas with no
occurrence of citrus (MAPA, 2017a, 2017b,2017c, 2017d), while Alagoas (AL) it is under an
unknown status regarding the occurrence of citrus canker (Behlau, 2020). We believe that citrus
growers' lack of knowledge about exclusion measures, together with the easy circulation of
seedlings, have contributed to the rapid spread of the disease in the Northeast region in recent
years.

The pathological characterization of the 143 strains listed in Table S1 showed that all
were able to cause typical symptoms of citrus canker on sweet-orange, lime, and grapefruit,
showing that all strains belong to pathotype A and indicating absence of Xcc-A* and Xcc-AY.
Using differential citrus cultivars, Veniére et al. (1998) and Sun et al. (2004) classified X. citri
subsp. citri in different pathotype. The strains of Xcc-A* have a host range restricted to
Mexican lime, lime, and alemow (Citrus macrophylla Wester), but not infecting the susceptible
species grapefruit. On the other hand, Xcc-A" differ from the Xcc-A* strains in their ability to
cause a HR on grapefruit and sweet orange. Ibrahim et al. (2019) reported that strains of Xcc-
A from Sauditi Arabia caused typical symptoms of citrus canker on grapefruit and Mexican
lime. However, a second group failed to incite any erumpent lesions on grapefruit, but they
induced lesions on Mexican lime, classifying theses strains as Xcc-A*. Similarly, Lee et al.
(2008) observed that strains from Korea produced typical canker symptoms on sweet-orange,
grapefruit, lemon, and Mexican lime, relating these strains to Xcc-A.

Finally, our research confirms the occurrence of citrus canker caused by X. citri subsp.
citri in CE, RN and PI states, and showed a homogeneity among the strains present in this
region. In the current scenario, there is growing concern about the expansion of citrus canker
in the Northeast region, given the recent emergence of disease in the state RN (Amancio et al.,
2021). In Brazil, the second largest citrus belt is located in northern BA and southern SE (Neves
and Trombin, 2017), and its neighboring states may be responsible for disseminating X. citri

pv. citri through the movement of contaminated planting materials, since it is the main way of
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spreading the bacteria over long distances (Gottwald et al., 2002). This information is important
for designing strategies to control the disease through exclusion measures.
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Suplementary Table 1. Description of the Xanthomonas citri subsp. citri strains used in this study that were obtained originally from northeastern

Brazil.

Strains* City/state HostY
CCRMXCO01 Mossoro - RN Citrus aurantifolia
CCRMXC02 Mossoro - RN C. aurantifolia
CCRMXCO03 Mossoré - RN C. aurantifolia
CCRMXC04 Mossoro - RN C. aurantifolia
CCRMXCO05 Mossoré - RN C. aurantifolia
CCRMXCO06 Mossoré - RN C. aurantifolia
CCRMXCO07 Mossoro - RN C. aurantifolia
CCRMXCO08 Mossoré - RN C. aurantifolia
CCRMXC09* Mossoro - RN C. aurantifolia
CCRMXC10 Mossoro - RN C. aurantifolia
CCRMXC11 Mossoré - RN C. aurantifolia
CCRMXC12 Mossoré - RN C. aurantifolia
CCRMXC13 Mossoré - RN C. aurantifolia
CCRMXC14 Mossoré - RN C. aurantifolia
CCRMXC15* Mossor6 - RN C. aurantifolia
CCRMXC16 Mossoré - RN C. aurantifolia
CCRMXC18 Limoeiro do Norte - CE C. aurantifolia
CCRMXC19 Limoeiro do Norte - CE C. aurantifolia
CCRMXC20 Limoeiro do Norte - CE C. aurantifolia
CCRMXC21 Limoeiro do Norte - CE C. aurantifolia
CCRMXC22 Limoeiro do Norte - CE C. aurantifolia
CCRMXC23 Limoeiro do Norte - CE C. aurantifolia
CCRMXC24 Limoeiro do Norte - CE C. aurantifolia
CCRMXC25 Limoeiro do Norte - CE C. aurantifolia
CCRMXC26 Limoeiro do Norte - CE C. aurantifolia




CCRMXC27
CCRMXC28
CCRMXC29
CCRMXC30
CCRMXC31
CCRMXC32
CCRMXC33
CCRMXC34
CCRMXC35?
CCRMXC36
CCRMXC37
CCRMXC38
CCRMXC39
CCRMXC40
CCRMXCA41
CCRMXC42
CCRMXC43
CCRMXC44
CCRMXC45
CCRMXC46
CCRMXC47
CCRMXC48
CCRMXC49
CCRMXC50
CCRMXC51
CCRMXC52
CCRMXC53
CCRMXC54

Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE

OCO00000000000000000000000000O0

. aurantifolia
. aurantifolia
. aurantifolia

aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia

. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
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CCRMXC55
CCRMXC56
CCRMXC57
CCRMXC58
CCRMXC59
CCRMXC60
CCRMXC61
CCRMXC62
CCRMXC63
CCRMXC64
CCRMXC65
CCRMXCG66
CCRMXC67
CCRMXCG68
CCRMXC69?
CCRMXC70
CCRMXCT71
CCRMXC72
CCRMXC73
CCRMXCT74
CCRMXC75
CCRMXCT76
CCRMXCT77
CCRMXC78
CCRMXCT79
CCRMXC80
CCRMXC81
CCRMXC82

Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE

OCO00000000000000000000000000O0

. aurantifolia
. aurantifolia
. aurantifolia

aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia

. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
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CCRMXC83
CCRMXCB84
CCRMXC84.2
CCRMXC85
CCRMXC86
CCRMXC87
CCRMXC88
CCRMXC89
CCRMXC90
CCRMXC91
CCRMXC92
CCRMXC93
CCRMXC9%4
CCRMXC95
CCRMXC96
CCRMXC97
CCRMXC98
CCRMXC99
CCRMXC100
CCRMXC101
CCRMXC102
CCRMXC103
CCRMXC104
CCRMXC105
CCRMXC106
CCRMXC107
CCRMXC108
CCRMXC109

Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE

OCO00000000000000000000000000O0

. aurantifolia
. aurantifolia
. aurantifolia

aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia
aurantifolia

. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
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CCRMXC110
CCRMXC111
CCRMXC112
CCRMXC112.2
CCRMXC113
CCRMXC114
CCRMXC115
CCRMXC116
CCRMXC117
CCRMXC118
CCRMXC119
CCRMXC120
CCRMXC121
CCRMXC122*
CCRMXC123
CCRMXC124
CCRMXC125
CCRMXC126
CCRMXC127
CCRMXC128
CCRMXC129
CCRMXC130*
CCRMXC131
CCRMXC132
CCRMXC133
CCRMXC134
CCRMXC135
CCRMXC136

Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Limoeiro do Norte - CE
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl

. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
Citrus sinensis
C. sinensis
C. sinensis
C. sinensis
C. sinensis
C. sinensis
C. aurantifolia
C. aurantifolia

OO0 O00000O0000000000000
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CCRMXC137
CCRMXC138
CCRMXC139
CCRMXC140
CCRMXC141
CCRMXC142

Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl
Teresina - Pl

O0O0O0O0O0O000

. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
. aurantifolia
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*CCRM: isolates from the Laboratory of Phytobacteriology (LAFIBAC) Culture Collection of Federal Rural University of Pernambuco-UFRPE (Pernambuco,

Brazil).
YRN = Rio Grande do Norte state, CE = Ceara State, Pl = Piaui state.

Z |solates used in the Multilocus sequence analysis (MLSA)



1

2

based on rep-PCR assay and used in MLSA analysis.
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Suplementary Table 2. Multilocus sequences of Xanthomonas citri subsp. citri strains selected

Isolate code Gene Host plant Geographic ~ GenBank
origin accession no.

CCRMXCO09 dnaK C. aurantifolia Brazil ON731778
CCRMXC15 dnaK C. aurantifolia Brazil ON731779
CCRMXC35 dnaK C. aurantifolia Brazil ON731780
CCRMXC69 dnaK C. aurantifolia Brazil ON731781
CCRMXC122 dnaK C. aurantifolia Brazil ON731782
CCRMXC130 dnaK C. sinensis Brazil ON731783
CCRMXCO09 fyuA C. aurantifolia Brazil ON731784
CCRMXC15 fyuA C. aurantifolia Brazil ON731785
CCRMXC35 fyuA C. aurantifolia Brazil ON731786
CCRMXC69 fyuA C. aurantifolia Brazil ON731787
CCRMXC122  fyuA C. aurantifolia Brazil ON731788
CCRMXC130  fyuA C. sinensis Brazil ON731789
CCRMXCO09 gyrB C. aurantifolia Brazil ON731790
CCRMXC15 gyrB C. aurantifolia Brazil ON731791
CCRMXC35 gyrB C. aurantifolia Brazil ON731792
CCRMXC69 gyrB C. aurantifolia Brazil ON731793
CCRMXC122  gyrB C. aurantifolia Brazil ON731794
CCRMXC130  gyrB C. sinensis Brazil ON731795
CCRMXCO09 rpoD C. aurantifolia Brazil ON731796
CCRMXC15 rpoD C. aurantifolia Brazil ON731797
CCRMXC35 rpoD C. aurantifolia Brazil ON731798
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CCRMXC69 rpoD
CCRMXC122  rpoD

CCRMXC130  rpoD

C. aurantifolia

C. aurantifolia

C. sinensis

Brazil

Brazil

Brazil

ON731799

ON731800

ON731801
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Suplementary Table 3. BLASTn analyzes of the sequences of dnaK, fyuA, gryB, and rpoD

genes of the strains selected on rep-PCR assay and used in MLSA analysis with representatives

strains of Xanthomonas citri subsp. citri available in Genbank.

Strain* BLAST dnaK % BLAST fyaA%  BLAST gryB%  BLAST rpoD %
CCRMXCO09 100-XcclY 100-Xccl 100-Xccl 100-Xccl
CCRMXCO09 100-Xcc2 100-Xcc2 100-Xcc2 100-Xcc2
CCRMXCO09 100-Xcc3 100-Xcc3 99,86-Xcc3 100-Xcc3
CCRMXC15 100-Xccl 100-Xccl 100-Xccl 100-Xccl
CCRMXC15 100-Xcc2 100-Xcc2 100-Xcc2 100-Xcc2
CCRMXC15 100-Xcc3 100-Xcc3 99,86-Xcc3 100-Xcc3
CCRMXC35 100-Xccl 100-Xccl 100-Xccl 100-Xccl
CCRMXC35 100-Xcc?2 100-Xcc2 100-Xcc2 100-Xcc2
CCRMXC35 100-Xcc3 100-Xcc3 99,86-Xcc3 100-Xcc3
CCRMXC69 100-Xccl 100-Xccl 100-Xccl 100-Xccl
CCRMXC69 100-Xcc2 100-Xcc2 100-Xcc2 100-Xcc2
CCRMXC69 100-Xcc3 100-Xcc3 99,86-Xcc3 100-Xcc3

CCRMXC122 100-Xccl 100-Xccl 100-Xccl 100-Xccl
CCRMXC122 100-Xcc2 100-Xcc2 100-Xcc2 100-Xcc2
CCRMXC122 100-Xcc3 100-Xcc3 99,86-Xcc3 100-Xcc3
CCRMXC130 100-Xccl 100-Xccl 100-Xccl 100-Xccl
CCRMXC130 100-Xcc?2 100-Xcc2 100-Xcc2 100-Xcc2
CCRMXC130 100-Xcc3 100-Xcc3 99,86-Xcc3 100-Xcc3

*CCRM: isolates from the Laboratory of Phytobacteriology (LAFIBAC) Culture Collection of Federal

Rural University of Pernambuco-UFRPE (Pernambuco, Brazil).

YICMP 24 (Xccl); ICMP 7493 (Xcc2); ICMP 21(Xcc3).



Suplementary Table 4. Xanthomonas strains used in multilocus sequence analysis (MLSA) available in GenBank

GenBank Accession number

Species Synonym Strain dnaK fyuA gyrB rpoD

Xanthomonas albilineans? ICMP 196 - EU498963 EU499082

X. arboricola pv. juglandis® ICMP 35 EU498750 EU498852 EU498951 EU499070

X. axonopodis pv. axonopodis® ICMP 50 EU498751 EU498853 EU498952 EU499071

X. axonopodis pv. allii CFBP 6369 CM002866 CMO002866 CM002866 CM002866

X. axonopodis pv. alfalfag® X. alfalfae subsp. alfalfae ICMP 5718 EU498792 EU498894 EU499001 EU499120

X. axonopodis pv. aurantifolii X. fuscans subsp. aurantifolii ~ ICMP 8432 EU498811 EU498913 EU499027 EU499146

X. axonopodis pv. begoniae® ICMP 194 EU498757 EU498859 EU498962 EU499081

X. axonopodis pv. cajani® ICMP 444 EU498767 EU498869 EU498973 EU499092

X. axonopodis pv. citri? X. citri subsp. citri ICMP 24 EU498749 EU498851 EU498950 EU499069

X. axonopodis pv. citrumelo X. alfalfae subsp. citrumelonis ICMP 10009 EU498826 EU498926 EU499042 EU499162

X. axonopodis pv. commiphorae DXD 01 JN898928 JN621250 JN621253 JN621257

X. axonopodis pv. dieffenbachiae LMG 695 CP014347 CP014347 CP014347 CP014347

X. axonopodis pv. glycines® ICMP 5732 EU498794 EU498896 EU499003 EU499122

X. axonopodis pv. malvacearum X. citri subsp. malvacearum ICMP 217 EU498760 EU498862 EU498966 EU499085
X. axonopodis pv. mangiferaeindicae LMG 941 CAHO01000008 - CAHO01000012 CAHO01000002

X. axonopodis pv. manihotis® ICMP 5741 EU498796 EU498898 EU499006 EU499125

X. axonopodis pv. phaseoli® X. phaseoli ICMP 5834 EU498802 EU498904 EU499015 EU499134

X. axonopodis pv. phaseoli (biovar. fuscans)? X. fuscans subsp. fuscans ICMP 239 EU498761 EU498863 EU498967 EU499086

X. axonopodis pv. punicae NCPPB 466 JN790906 JN790914 JN790930 JN790938

X. axonopodis pv. ricini ICMP 3031 EU498782 EU498884 EU498991 EU499110

X. axonopodis pv. vasculorum® ICMP 5757 EU498798 EU498900 EU499011 EU499130

X. axonopodis pv.vignicola® ICMP 333 EU498764 EU498866 EU498970 EU499089

X. axonopodis pv. vesicatoria® X. euvesicatoria ICMP 109 EU498754 EU498856 EU498955 EU499074

X. axonopodis pv. vesicatoria® X. perforans ICMP 16690 EU498844 EU498944 EU499059 EU499179

X. bromi? ICMP 12545 EU498837 EU498937 EU499052 EU499172
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X. campestris pv. campestris
X. cassavae?
X. codiaei?
X. cucurbitae?
X. cynarae?
X. dyei pv. dysoxyli?
X. frageriae?
X. gardneri?
X. hortorum?
X. hyacinthi?
X. melonis
X. oryzae pv. oryzae?
X. pisi?
X. populi?
X. sacchari?
X. theicola?
X. translucens pv. translucens?
X. vasicola?

X. vesicatoria®
Stenotrophomonas maltophilia®
Xanthomonas citri pv. anacardii

Xanthomonas citri pv. bilvae

ICMP 6541
ICMP 204
ICMP 9513
ICMP 2299
ICMP 16775
ICMP 2415
ICMP 5715
ICMP 16689
ICMP 453
ICMP 189
ICMP 8683
ICMP 3125
ICMP 570
ICMP 5816
ICMP 16916
ICMP 6774
ICMP 5752
ICMP 3103
ICMP 63
ICMP 17033
CFBP 2913
CFBP 3136

EU498805
EU498759
EU498822
EU498780
EU498846
EU498781
EU498791
EU498843
EU498769
EU498816
EU498784
EU498770
EU498801

EU498783
EU498753
EU498848
CP024057
KY984128

EU498907
EU498861
EU498922
EU498882
EU498946
EU498883
EU498893
EU498943
EU498871
EU498916
EU498886
EU498872
EU498903

EU498885
EU498855
CP024057
KY984161

EU499018
EU498965
EU499038
EU498989
EU499061
EU498990
EU499000
EU499058
EU498975
EU498960
EU499032
EU498993
EU498976
EU499014
EU499063
EU499020
EU499009
EU498992
EU498954
EU499066
CP024057
KY984194

EU499137
EU499084
EU499158
EU499108
EU499181
EU499109
EU499119
EU499178
EU499094
EU499079
EU499152
EU499112
EU499095
EU499133
EU499183
EU499139
EU499128
EU499111
EU499073
EU499186
CP024057
KY984227

(CFBP)- Collection Francaise de Bactéries Phytopathogenes; (ICMP)- International Collection of Microorganisms from Plants;

(LMG) - BCCM/LMG Bacteria Collection, Laboratory for Microbiology; (NCPPB)- National Collection of Plant Pathogenic Bacteria;
(IBSBF)- Colecéo de Culturas de Fitobactérias- IBSBF (Instituto Bioldgico). #Type strain of species / P°Pathotype strain



Suplementary table 5. Biochemical characters of the Xanthomonas citri subsp citri strains selected on rep-PCR assay and used in MLSA
analysis.

Biochemical test CCRMXC 09 CCRMXC15 CCRMXC35 CCRMXC69 CCRMXC122 CCRMXC130
Negative Control - - - - - -
Dextrin + + + + + +
D-Maltose + + + + + +
D-Trehalose + + + + + +
D-Cellobiose + + + + + +
Gentiobiose + + + + + +
Sucrose + + + + + +
D-Turanose + + + + + +
Stachyose + + + + + +

Positive Control - - - - - -
pH 6 + + + + + +
pHS - - - - - -

D-Raffinose - - - - - -
a-D-Lactose - - - - - -
D-Melibiose + + + + + +
B-Methyl-D-glucoside - - - - - -
D-Salicin - - - - - -

N-Acetyl-B-Dmannosamine - - - - - -




N-Acetyl-D-galactosamine
N-Acetyl Neuraminic Acid
1% NaCl
4% NacCl
8% NaCl
a-D-Glucose
D-Mannose
D-Fructose
D-Galactose
3-Methyl Glucose
D-Fucose
L-Fucose
L-Rhamnose
Inosine
1% Sodium Lactate
Fusidic Acid
D-Serine
D-Sorbito
D-Mannitol
D-Arabitol
myo-Inositol

Glycerol




D-Glucose6-PO4
D-Fructose6-PO4
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Figure 1 DNA fingerprinting patterns from strains

of Xanthomonas citri subsp. citri by BOX-PCR
(A), REP-PCR (B) and ERIC-PCR (C); M =

Molecular marker (1-KB plus ladder marker); 1

CCRMXC09; 02 =
CCRMXC35; 04 =
CCRMXC69; 06 =
CCRMXC100; 08 =

CCRMXC20;
CCRMXC36;
CCRMXC74;
CCRMXC108;

03
05
07
09

CCRMXC122; 10 = CCRMXCI130; 11 = water

(H20).
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Figure 2 Phylogenetic analysis performed by Bayesian inference from the partial sequence of
the dnak, fyuA, gyrB, and rpoD genes showing the strains CCRMXC09, CCRMXC15,
CCRMXC35, CCRMXC69, CCRMXC122, and CCRMXC130, selected on rep-PCR assay,
grouped along with the type strain of Xanthomonas citri subsp. citri (ICMP 24T). Posterior

probability values > 0.90 are shown on the branches.
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Figure 3 Pathological characterization
of strains of Xanthomonas citri subsp.
citri from northeastern Brazil on
different citrus cultivars. Characteristic
symptoms of citrus canker in these
citrus species indicate that the strains

are pathotype A
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Abstract

Citrus canker disease is one of the main threats to citrus-producing in Brazil. This disease is
caused by the bacterium Xanthomonas citri subsp. citri (Xcc), classified as a quarantine
organism. This bacterium is little studied in the Northeast of Brazil, increasing the concern due
to its destructive potential. Thus, the present study aimed to characterize the sensitivity of Xcc
strains obtained from Northeast Brazil to copper-based bactericides through in-vitro and
molecular tests and study the ability of plants not belonging to the family Rutaceae to serve as
hosts of Xcc. In vitro sensitivity tests to copper-based products in solid media showed that all
strains have the same sensitivity to copper oxychloride and copper hydroxide. Specific primers
previously designed to amplify the CopLAB cluster genes revealed the absence of copper
resistance strains (CuR). Cross-inoculation experiments showed that strains of the Xcc can
survive when inoculated artificially on leaves of cashew, mastic, and mango. To our knowledge,
this also is the first report of Xcc surviving on plants belonging to the Anacardiaceae family in
Brazil and worldwide. This information will be useful in designing strategies to control citrus

canker.
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CopA - CopB -CopL - Cross-inoculation
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Citrus Canker, caused by Xanthomonas citri subsp. citri (Xcc), is one the most important disease
on citrus in Brazil and worldwide (Gottwald et al. 2002; Behlau et al. 2020). Chemical control
with copper-based bactericides is the main way to minimize the losses caused by this disease
(Scapin et al. 2015; Behlau et al. 2017; Marin et al. 2019). The most commonly used copper
formulations contain copper oxychloride, copper hydroxide or cuprous oxide (Behlau et al.
2017; Graham et al. 2016). The sprays promote a protective layer when applied on young leaves
and fruit, preventing or hindering the penetration of Xcc by natural openings, stomata or wounds
(Menkissoglu and Lindow 1991). However, the continuous use of these bactericides may
induce the emergence of Xcc populations resistant to copper (Behlau et al. 2011, 2013; Richard
et al. 2017), reducing the effectiveness of disease control.

Copper-resistant strains (Cu®) have been detected in populations of several species of
phytopathogenic bacteria (Lee et al. 1994; Behlau et al. 2013; Voloudakis et al., 2005; Basim
et al. 2005), including Xcc (Behlau et al. 2011; Richard et al. 2017). The first CuR strains
reported in Xcc occurred in 1990 in Argentina, when the numerous copper sprays used to control
of recurrent outbreaks of citrus canker showed a lack of response (Behlau et al. 2011; Canteros
1999). Recently, CuR strains of Xcc were also detected in the French territories of Reunion
Island and Martinique (Richard et al. 2017). There are no reports of CuR strains of Xcc in Brazil.
However, recently strains of the Parané that showed the ability to develop on medium amended
with intermediate concentrations of copper was reported and were named tolerant strains (Cu™)
(Marin et al. 2019)

Copper resistance in xanthomonads strains is conferred by several genes, copLAB
(Behlau et al. 2011, 2013) and copABCD (Behlau et al. 2011; Richard et al. 2017a, 2017b).
These genes were detected on plasmids, facilitating their horizontal transfer between different
strains through the conjugation mechanism (Behlau et al., 2011, 2012, 2013). The copper
sequestration and accumulation was suggest as primary copper resistance mechanism in
Xanthomonas (Cooksey, 1990, VVoloudakis et al., 2005). In the copLAB cluster, copL regulates
the expression of copA and copB, which encode for copper-binding proteins (Cooksey 1990;
Voloudakis et al. 2005). In the copABCD cluster, the copA and copC genes encode periplasmic
proteins that bind copper ions and are responsible for the partial resistance of Pseudomonas
syringae to copper. The copB and copD genes encode outer and inner membrane proteins
necessary for complete resistance (Cooksey 1993). However, in Xcc only the copL, copA, and
copB genes were essential for copper resistance (Behlau et al. 2011).

In Northeast Brazil, Ceara (CE) is the only state recognized as an area under eradication

of citrus canker (Behlau et al. 2020), where applications of copper-based bactericides have been
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employed. Maranhdo (MA), Piaui (P1) and, Rio Grande do Norte (RN) are states where citrus
canker was recently detected (Behlau et al. 2020; Amancio et al. 2021), increasing concern
about the progress of citrus canker in Northeast Brazil in recent years. In this region, the
presence of copper-resistant strains is unknown(Behlau et al. 2011; Richard et al. 2017).

In addition, the possibility of non-Rutaceae plants serving as hosts of commonly near
areas where citrus species are cultivated in this region has never been studied. In a study carried
out in India, Kalita et al. (1997) reported that goat weed Ageratum conyzoides L., plant
commonly found in citrus orchards serves as a host of Xcc, being considered to date the only
report of non-rutaceous plants as host of Xcc. This information is essential for designing disease
control strategies, as Xanthomonas diseases probably also occur on many wild plant species of
no economic importance and which have received little or no attention. Thus, this study aimed
to characterize the sensitivity of strains of Xcc obtained from Northeast Brazil to copper
hydroxide and copper oxychloride, investigate the involvement of CopLAB cluster genes in
bacterial copper resistance, and study the possibility of non-Rutaceae plants serving as
alternative hosts for Xcc.

Thirteen strains from the Cultures Collection Rosa Mariano (CCRM) of the
Phytobacteriology Laboratory at Federal Rural University of Pernambuco (UFRPE) were
obtained (Table 1). They were isolated from different citrus-producing areas Northeast Brazil
in 2021. The strains were obtained from the leaf samples collected in Mexican lime (Citrus
aurantifolia L. cv. galego) and oranges (Citrus sinensis L. cv. Péra) orchards. These strains
were previously characterized by Amancio (2022).

In separate experiments, the sensitivity of the strains to copper hydroxide and copper
oxychloride in solid media was studied according to Behlau et al. (2011), with minor
modifications. To induce the expression of the possible copper resistance or tolerance genes,
individual colonies of the strains were cultured at 28° C for 24 h on nutrient-yeast extract-
dextrose-agar (NYDA) medium (3 g/liter meat extract, 5 g/liter peptone, 10 g/liter glucose, 5
o/liter yeast extract, 22 g/liter agar,) supplemented with low and non-inhibitory concentration
of 20 mg/liter of copper hydroxide and copper oxychloride (Behlau et al. 2011; Marin et al.
2019). Subsequently, bacterial suspensions prepared from the colonies obtained from NYDA +
Cu were standardized to 108 CFU/mI and transferred (10 ul) to plates containing NYDA
supplemented with different concentrations of copper hydroxide and copper oxychloride (0, 25,
50, 75, 100, 125, 150, 175, 200, 300, and 400 mg/liter). The plates were incubated at 28° C for

96 h and evaluated for the presence of bacterial growth.
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To investigate the presence of the copper resistance genes, all the strains used in the
sensitivity test were submitted to DNA extraction according to Gama et al. (2011). Specific
primers previously designed based on the CuR strains were used to amplify the copA, copB, and
copL genes of the cluster CopLAB (Behlau et al. 2011; Behlau et al. 2013). PCR analysis were
performed according to Behlau et al. (2011).

In separate experiments, the strains listed in Table 1 were inoculated on the leaves of
cashew (Anacardium occidentale), hog plum (Spondias mombin), mastic (Schinus
terebinthifolia ‘red-mastic’), grape (Vitis vinifera cv. Nubia), mango (Mangifera indica cv.
Espada), and lime (Citrus latifolia cv. Tahiti) seedlings, previously grown in a greenhouse. The
leaves were inoculated using the infiltration method against the abaxial surface. The
concentrations of the bacterial suspensions were adjusted to 10° CFU/ml using a
spectrophotometer (Analyzer 500M, Sao Paulo, Brazil) (Veniére et al. 1998). The inoculation
was performed on six points of a leaf blade by infiltration of 100 pl of the suspensions with the
aid of a needleless hypodermic syringe. Leaves inoculated with sterile distilled water (SDW)
alone comprised the negative control. The experimente was completely randomized, with four
replicates. Each replicate comprised three inoculation points of the leaf inoculated. Each leaf
was inoculated on six points, generating two replicates per leaf. After the inoculations, the
seedlings were incubated in a greenhouse and evaluated daily for 12 days to determine the
incubation period, which is the number of days from inoculation until the first symptoms.
Disease severity was evaluated 12 days after inoculation, estimating the extent of damage in
diametrically opposite directions.

The population sizes in leaf lesions were estimated 13 days after inoculation for strains
CCRMXC09, CCRMXC15, CCRMXC35, CCRMXC69, CCRMXC122, and CCRMXC130,
according to Gama et al. (2018). These strains were previously characterized and identified by
multilocus sequence analysis (MLSA) as X. citri subsp citri by Amancio (2022). Four-leaf
fragments (1 cm?) were excised from the leaf blade, surface-sterilized and individually
homogenized in 2 ml of SDW. Aliquots of the homogenized suspensions and of 10-fold
dilutions obtained from the suspensions were plated on NYDA media. Bacterial population
sizes were based on enumeration of isolates colonies. The experiment was completely
randomized with four replicates such that each replicate comprised a leaf lesion per strain. To
confirm the identity of the strains recovered and quantified in the study of population size per
lesion, the genomic DNA was extracted based method used to Gama et al. (2018) and
posteriorly performed rep-PCR (REP, ERIC, and BOX-PCR) analyses (Gama et al. 2018) to

compare the profiles as the strains used for inoculations.
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The assumptions of the analysis of variance were verified by Shapiro-Wilk and Levene
tests using the Statistix 9 software (Tallahassee, FL). The means obtained of the disease severity
were compared by the Scott-Knott test (P < 0.05) using the SAEG program version 9.0 (Federal
University of Vic,0sa-UFV, Vic,0sa, Minas Gerais, Brazil) and the least significant difference
was used to compare the means obtained on population sizes in leaf lesions using the Statistix
9 program.

Regarding the sensitivity study to different copper sources, the strains showed a
different sensitivity response to copper oxychloride and copper hydroxide. On NYDA culture
medium, strains of Xcc grew up to 100 mg/liter and 200 mg/liter of copper oxychloride and
copper hydroxide respectively, and no growth was observed at concentrations higher than these
(Fig. 1). The quantitative analysis of copper sensitivity of Xcc allowed to identify greater
sensitivity to copper oxychloride than copper hydroxide. However, for each copper source, it
was impossible to observe different phenotypic reactions among the tested strains. These results
indicate that all strains have the same sensitivity to these copper sources.

Molecular analyzes revealed that no copper resistance genes from the CopAB cluster
were detected for the strains tested in this study. However, PCR product (650 pb) were observed
for the copL gene to all strains (Fig. 2). These gene clusters were described as essential for the
expression of the copper resistance phenotype in several species of phytopathogenic bacteria,
such as P. syringae pv. tomato, X. euvesicatoria, X. perforans, X. gardneri (Behlau et al. 2013),
X. axonopodis pv. vesicatoria (Basim et al. 2005; Voloudakis et al. 2005), X. campestris pv.
juglandis (Behlau et al. 2013; Lee et al. 1994), X. alfalfae subsp. citrumelonis (Behlau et al.,
2011) and Xcc (Behlau et al. 2011, 2017a; Richard et al. 2017). Previous findings indicate that
CopLAB cluster genes are essential for copper resistance in Xcc (Behlau et al. 2011), involved
in the sequestration and accumulations of copper (Cooksey 1990; Voloudakis et al. 2005). In
our research, only the presence of the CopL gene was detected among the 13 strains studied.
However, previous studies indicate that the CopL gene alone is insufficient to confer copper
resistance, being involved only in the expression of copA and copB genes (Behlau et al. 2011).

Our results reinforce the hypothesis that in Northeast Brazil there is a population of Xcc
strains that is homogeneous in terms of copper sensitivity. This was confirmed in this study
through in vitro sensitivity tests and molecular analyses. Based on the data rep-PCR technique,
using REP, ERIC, and BOX-PCR, Amancio (2022) suggested a genetic homogeneity among
the strains present in the Northeast region, and these findings may explain the similarities
observed in our results, demonstrated through sensitivity test copper-based bactericides and

detection of genes involved with copper resistance. In addition, it is known that citrus canker
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was introduced in the Northeast of Brazil in the last 10 years (Behlau et al. 2020), indicating
low exposure time of the strains found in this region to copper-based bactericide.

To gain insights into the host range, we inoculated strains of Xcc (Table 1) on different
plant species. All of the strains used in this study were able to cause damage to the leaves of
mastic, cashew, hog plum, mango, and lime (Fig. 3). However, no significant (P < 0.05)
differences were observed regarding the severity of symptoms by the Scott-Knott test in these
plants (Table 2). In cashew, the maximum lesion size was produced by CCRMXC18, with 24.4
mm?, while the minimum lesion size was recorded in CCRMXC09, with 10.1 mm?2. In mastic
and mango the maximum lesion size was produced by CCRMXC122 and CCRMXC60, with
20.1 mm? and 17.1 mm? respectively, while the minimum lesion size was recorded in
CCRMXC130, with 8.3 mm? and 11.7 mm? respectively. In lime all of the strains were able to
cause typical symptoms of citrus canker, with watersoaking regions folowed by erumpent with
margins surrounded by yellow haloes, which caused lesions ranging from 16 to 41 mm?, as
expected. However, no damage was observed on grapevine leaves, while in hog plum, the
leaves showed discreet watersoaking regions 3 days after inoculation (dai), without progression
of symptoms. Anyway, in both cases, the severity was considered null in both.

In cashew and mango, the incubation period was 3 dai. These spots progressed into
dark lesions on both sides of the leaf, remaining of this way until the end of the experiment.
Interestingly, we observed a slight yellow halo around the lesions on mango leaves. In mastic,
the incubation period was 36 h, and the symptoms observed consisted of irregularly shaped
brown spots. In lime, the first symptoms were observed 4 dai.

Statistic differences (P < 0.05) were observed among the population density of the
strains of Xcc in the different plant species 13 dai (Table 3). In cashew, the population density
per lesion of the strains of Xcc ranged from 0,7 to 2,9 x 10* CFU/lesion, while in mastic and
mango, the population density per lesion ranged from 2.4 to 9.0 x 10* and 0.2 to 0.7 x 10*
CFUl/lesion, respectively. The population density of these strains was significantly larger per
lesion when inoculated on lime (283 to 380 x 10* CFU/lesion) (Table 3). On the other hand, on
hog plum and grape no strain tested was recovered of leaf inoculated, suggesting that apparently
there was no infection of this plant by Xcc.

To finish, the genomic DNA of the strains CCRMXC15, CCRMXC35, CCRMXC69,
CCRMXC122, and CCRMXC130 reisolated from mastic, cashew, and mango used in the study
of cross-inoculation showed the same REP, ERIC, and BOX-PCR profiles as the strains used

for inoculations, confirming the identity of the strains inoculated and fulfill Koch’s postulates
(Fig. 4)
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Our results of cross-inoculation experiments showed that Xcc can survive when
inoculated artificially on leaves of cashew, mastic, and mango. This was confirmed in this study
through a pathogenicity test followed by an estimate of population density per lesion. This
information is important for designing strategies to control citrus canker disease since, in an
eradication program, it is important to identify all prospective hosts of the target pest or
pathogen. In 1997, Kalita et al. (1997) reported that goat weed A. conyzoides, a plant commonly
found in citrus orchards in India, serves as a host of Xcc. Until now, only the weed A. conyzoides
was reported as non-rutaceous natural host of Xcc.

In the present study, it was possible to recover strains of Xcc from plants belonging to
the Anacardiaceae family, suggesting an apparent infection of these plants. However, the
population density of Xcc per lesion in these hosts was significantly reduced when compared
to the population density of Xcc on lime per lesion, suggesting a lower capability of bacteria to
multiply during colonization. However, our results showed that Xcc can survive for more than
10 days on mastic, cashew, and mango, and even at low population density, it may serve as a
source of primary inoculum for new infections if these plants are found near to citrus orchards.

Based on our data, we conclude that there are no Cu® strains in our collection, suggesting
a homogeneous population in terms of sensitivity to copper-based products. Furthermore, we
describe the first report of Xcc surviving on mastic, cashew, and mango in Brazil and

worldwide. This information may be useful to designing strategies to control citrus canker.
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Table 1. Description of the Xanthomonas citri subsp. citri strains used in this study that were originally obtained in different states/areas from
northeastern Brazil.

Strains* City/state HostY
CCRMXCO09 Mossoro - RNY Citrus aurantifolia
CCRMXC15 Mossoré - RN C. aurantifolia
CCRMXC18 Limoeiro do Norte - CE C. aurantifolia
CCRMXC35 Limoeiro do Norte - CE C. aurantifolia
CCRMXC43 Limoeiro do Norte - CE C. aurantifolia
CCRMXC50 Limoeiro do Norte - CE C. aurantifolia
CCRMXC60 Limoeiro do Norte - CE C. aurantifolia
CCRMXC69 Limoeiro do Norte - CE C. aurantifolia
CCRMXC84 Limoeiro do Norte - CE C. aurantifolia
CCRMXC90 Limoeiro do Norte - CE C. aurantifolia

CCRMXC112.2 Teresina - Pl C. aurantifolia
CCRMXC122 Teresina - Pl C. aurantifolia
CCRMXC130 Teresina - Pl Citrus sinensis

*CCRM: isolates from the Laboratory of Phytobacteriology (LAFIBAC) Culture Collection of Federal Rural University of Pernambuco-UFRPE
(Pernambuco, Brazil).
YRN = Rio Grande do Norte state, CE = Cear State, Pl = Piaui state.
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Table 2. Severity of strains of Xanthomonas citri subsp. citri inoculated on cashew, mastic,
mango, and lime 12 days after inoculation

Severity (mm?)¥

Schinus Anacardium Mangifera Citrus
Strains" terebinthifolia occidentale indica latifolia
CCRMXCO09 19.15a*Y 10.14 a 15.96 a 16.05 a
CCRMXC15 12.14 a 18.57 a 1461 a 42.81a
CCRMXC18 18.96 a 24.45a 1241 a 17.54 a
CCRMXC35 1252 a 22.18a 992a 29.38 a
CCRMXC43 8.76 a 15.42 a 10.93 a 29.66 a
CCRMXC50 16.54 a 16.02 a 16.82 a 24.44 a
CCRMXC60 10.97 a 16.74 a 17.10 a 33.18a
CCRMXC69 9.72 a 17.60 a 15.40 a 34.20 a
CCRMXC84 11.90 a 15.20 a 12.73 a 41.05a
CCRMXC90 13.62 a 17.90 a 18.25a 19.12 a
CCRMXC112.2 1459 a 14.28 a 12.43 a 24.29 a
CCRMXC122 20.19a 20.69 a 12.43 a 29.98 a
CCRMXC130 8.36 a 16.01 a 11.71a 26.26 a

CV (%)* 20,7 18,92 11,75 13.87

v Severity: evaluated by measuring the damage at 12 days after inoculation.

W CCRM: isolates from the Laboratory of Phytobacteriology (LAFIBAC) Culture Collection of
Federal Rural University of Pernambuco-UFRPE (Pernambuco, Brazil).

* Mean of four replicates. Means followed by the same letter in the column did not exhibit
significant differences by the Scott-Knott test (P < 0.05).

¥ Data transformed into Log x + 0.5.

ZCV: coefficient of variation.
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Table 3. Population density recorded from leaf lesions 13 days after inoculation with

Xanthomonas citri subsp. citri on cashew, mastic, mango, and lime

Colony forming unit (CFU)/ lesion (CFU X 10%)

Anacardium Schinus Mangifera Citrus

Isolate” occidentale terebinthifolia indica latifolia
CCRMXCO09 2.3abY 9.0a 0.4b 283 b

CCRMXC15 0.7¢ 2.7d 0.2b 323ab
CCRMXC35 20D 8.1b 0.3b 257 b
CCRMXC69 29a 6.1c 0.2b 377 a
CCRMXC122 18D 2.4d 0.7a 376 a
CCRMXC130 2.4 ab 2.8d 0.2b 380 a
C.V (%)* 21.6 10.23 29.68 18.4

*CCRM: isolates from the Laboratory of Phytobacteriology (LAFIBAC) Culture Collection of
Federal Rural University of Pernambuco-UFRPE (Pernambuco, Brazil).

YMean of four replicates. Means followed by the same letter in the column did not exhibit significant
differences by the least significant difference test (P < 0.05).

ZCV: coefficient of variation.
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Fig 1. Sensitivity of Xanthomonas citri subsp citri isolates to copper. Nutrient-yeast extract-dextrose-agar (NYDA) medium supplemented with
different concentrations of products
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Fig 2. Amplification by PCR of the CopLAB cluster genes of Xanthomonas citri subsp. citri
strains from northeastern Brazil. MM, molecular marker 1 kbp Plus (Invitrogen). Number on

the right indicates the size of the fragment in base pairs (bp).
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Figure 3. Cross-inoculation of isolates of Xanthomonas citri subsp. citri on mastic, cashew, grape, hog plum, mango, and lime using artificial
inoculation by infiltration.
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Fig 4. Comparison of profiles obtained by rep-PCR (REP, ERIC, BOX) of the Xanthomonas
citri subsp. citri strains inoculated and recovered 13 days after inoculation on mastic, cashew,

and mango in the study of cross-inoculation.
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CONCLUSOES GERAIS

Foi realizado o primeiro registro da ocorréncia de cancro citrico causado por
Xanthomonas citri subsp. citri em Citrus aurantifolia no estado no Rio Grande do

Norte;

Os 143 isolados obtidos de plantas de citros com sintomas de cancro no Nordeste do
Brasil foram identificados como X. citri subsp. citri, utilizando técnicas de rep-PCR e
MLSA;

A utilizacdo da técnica de MLSA confirmou que o cancro citrico estd presente nos

estados do Piaui e Cearg;

Isolados obtidos em diferentes Estados do Nordeste brasileiro pertencem ao patotipo A,
capazes de causar sintomas tipicos de cancro em Citrus sinenses, C. aurantifolia e
Citrus paradisi, ndo havendo a presenca de isolados pertencentes aos subtipos A* e AW

de X. citri subsp citri em nossa colecao;

A utilizacdo das técnicas de rep-PCR e MLSA confirmaram que a populacéo de isolados
de Xanthomonas obtidos de C. aurantifolia e C. sinensis apresentam baixa variabilidade
genética, sugerindo uma origem em comum na introducédo do cancro citrico no Nordeste

do Brasil;

A utilizacdo do sistema Biolog® confirmou que isolados de X. citri subsp. citri obtidos

nesse estudo apresentam baixa variabilidade bioguimica;

Isolados de X. citri subsp. citri apresentaram comportamento similar quanto a

sensibilidade a hidréxido de cobre e oxicloreto de cobre;

Os genes CopA e CopB néo estdo presentes nos isolados estudados, o que indica

auséncia de isolados resistentes ao cobre;

O gene CopL esta presente em todos os isolados estudados e ao que parece ndo confere

sozinho resisténcia a cobre;
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e Foi realizado o primeiro registro da infecgdo por X. citri subsp. citri em Mangifera
indica, Anacardium occidentale e Schinus terebinthifolia, ao que indica serem
hospedeiras desta bactéria



