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RESUMO GERAL 

 

A produção de hortaliças é afetada por nematoides, sendo o  Meloidogyne spp. 

(nematoide de galhas), um dos maiores causadores de perdas nas olerícolas. Esse parasita é 

responsável por uma das mais complexas relações parasito/hospedeiro, em função da indução 

de sítios de alimentação que funcionam como dreno biológico e formação de galhas com 

formatos e tamanhos distintos, sendo o principal sintoma da infecção. Na presente pesquisa é 

apresentada em quatro artigos como os nematoides de galhas podem afetar o desenvolvimento 

das culturas do quiabeiro (Meloidogyne incognita), alface (M. javanica), salsinha (M. 

incognita)  e jiloeiro (M. incognita), mostrando os impactos estruturais causados na anatomia 

da raiz pela indução das células gigantes que formam o sítio de alimentação. Nas cultura do 

quiabeiro e alface não houve prejuízo do seu desenvolvimento causado pelo nematoide de 

galhas enquanto as culturas da salsinha e jiloeiro inoculadas tiveram seu desenvolvimento 

afetado por esse parasita.  As galhas já eram detectadas após 18 DAI nas quatro culturas 

analisadas, sendo menores em alface e salsinha e maiores no quiabeiro e jiloeiro, células 

gigantes e o sítio de alimentação também já eram notados nessa época, promovendo a 

desorganização do sistema vascular. Foi investigada nestas culturas as alterações na parede 

celular em relação a compostos pécticos e hemicelulósicos na formação das células gigantes.  

Nas culturas da alface e jiloeiro foi avaliado se os produtos biológicos utilizando fungos 

(Trichoderma harzianum ou Paecilomyces lilacinus, respectivamente) seriam efetivos no 

controle dos nematoides de galhas M. javanica ou M. incognita, respectivamente. Neste 

estudo o T. harzianum não foi efetivo no controle do nematoide nessa cultivar de alface,  

enquanto o fungo  P. lilacinus auxiliou o jiloeiro a suportar melhor o parasitismo e reduziu a 

quantidade de galhas e nematoides. Os resultados fornecem novas perspectivas para o 

entendimento da alimentação dos nematoides nas células gigantes, especialmente frente às 

alterações na estrutura da parede celular, além de mecanismo de biocontrole da praga. 

 

 

Palavras-chave: Anatomia. Células gigantes. Meloidogyne. Olerícolas. Parede celular. 

 

 



GENERAL ABSTRACT 

 

Vegetable production is affected by nematodes, with Meloidogyne spp. (knot 

nematode), one of the main causes of losses in vegetable crops. This parasite is responsible 

for one of the most complex parasite/host relationships, due to the induction of feeding sites 

that function as a biological drain and the formation of galls with different shapes and sizes, 

being the main symptom of the infection. The present research presents in four articles how 

root-knot nematodes can affect the development of okra (Meloidogyne incognita), lettuce (M. 

javanica), parsley (M. incognita) and jiloeiro (M. incognita) crops, showing the impacts 

structural changes caused in the root anatomy by the induction of the giant cells that form the 

feeding site. In the cultures of okra and lettuce, there was no damage to their development 

caused by the root-knot nematode, while the inoculated cultures of parsley and eggplant had 

their development affected by this parasite. The galls were already detected after 18 DAI in 

the four cultures analyzed, being smaller in lettuce and parsley and larger in okra and 

eggplant, giant cells and the feeding site were also already noticed at that time, promoting the 

disorganization of the vascular system. Changes in the cell wall in relation to pectic and 

hemicellulosic compounds in the formation of giant cells were investigated in these cultures. 

In lettuce and eggplant crops, it was evaluated whether biological products using fungi 

(Trichoderma harzianum or Paecilomyces lilacinus, respectively) would be effective in 

controlling the root-knot nematodes M. javanica or M. incognita, respectively. In this study, 

T. harzianum was not effective in controlling the nematode in this lettuce cultivar, while the 

fungus P. lilacinus helped the eggplant to better withstand the parasitism and reduced the 

number of galls and nematodes. The results provide new perspectives for the understanding of 

nematode feeding in giant cells, especially in the face of changes in cell wall structure, as well 

as the pest biocontrol mechanism. 

 

 

Keywords: Anatomy. Giant cells. Meloidogyne. Vegetables. Cell wall. 
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PRIMEIRA PARTE 

1 INTRODUÇÃO 

Na produção de hortaliças, alguns fatores  abióticos e bióticos podem afetar a 

produtividade, e entre os fatores bióticos se destacam as doenças causadas por fungos, 

bactérias, vírus e, em especial, os nematoides (PINHEIRO; AMARO; PEREIRA, 2010).  

Os nematoides de galhas Meloidogyne spp., tem ampla distribuição geográfica e 

podem infectar vasta gama de hospedeiros (FREITAS; OLIVEIRA; FERRAZ, 2001). Desta 

forma constituem um dos fatores limitantes à produção de olerícolas no Brasil (BARROS et 

al., 2018), podendo levar a perdas de rendimento que chegam a 30% (ANWAR; McKENRY; 

LEGARY, 2009) nas cultivares de maior susceptibilidade (PINHEIRO; AMARO; PEREIRA, 

2010; ALVES et al., 2015). As espécies de Meloidogyne mais disseminadas são o M. 

incognita e M. javanica, grandes causadores de prejuízos às hortaliças (ROSA; 

WESTERICH; WILCKEN, 2013). Estas espécies são polífagas e cada uma pode infectar mais 

de 1.000 espécies de plantas hospedeiras já conhecidas (OLIVEIRA et al., 2018). O 

nematoide de galhas apresenta seis estágios de ovo a adulto, sendo que apenas o juvenil J2 é a 

forma infectante e móvel, que recém-eclodida procura raízes das plantas hospedeiras por 

quimiotaxismo (FRAGOSO et al.,2007). Após a infecção, os próximos estágios J3, J4 e 

adulto ocorrem dentro da raiz da planta (FERNANDES, 2020), a fêmea torna-se sedentária e 

estabelece um sítio de alimentação, induzindo a formação de células gigantes e galhas 

(HELLER et al., 2019). 

A galha nas raízes é o principal sintoma de infecção por nematoides na planta 

hospedeira. Desenvolve-se a partir da hipertrofia e hiperplasia de células do parênquima 

vascular e cortical devido a secreções esofagianas do nematoide das galhas (CORDEIRO et 

al., 2005; JAMMES et al., 2005). As células gigantes são essenciais para o desenvolvimento e 

reprodução do nematoide (SÁ, 2011), assumindo papel de dreno metabólico (FERRAZ; 

BROWN, 2016). Essas células são selecionadas e modificadas por secreções esofagianas do 

J2, e em torno de 5 a 7 células, constituem o sítio de alimentação do nematoide de galhas 

(LEITE, 2020).   Apresentam grande quantidade de núcleos, proliferação de organelas 

celulares (VOVLAS et al., 2005), pequenos vacúolos e parede celular com invaginações 

(VILELA et al., 2019). 

A parede celular desempenha funções importantes nas plantas, uma delas é servir 

como barreira contra microrganismos.  É constituída de polímeros de carboidratos, como 
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hemiceluloses, celuloses, pectinas e proteínas da parede (SÁ, 2011). Os processos de síntese e 

modificações da parede celular ainda são parcialmente compreendidos (BACETE et al., 

2018), porém já se sabe que nas células gigantes a parede celular passa por processo de 

espessamento e afrouxamento para permitir a expansão e suporte para alimentação do 

nematoide (MEIDANI et al., 2019).  

O conhecimento da função de diferentes componentes da parede celular e como eles 

interagem com estímulos exógenos, como patógenos e estresse ambiental, podem juntamente 

com outros estudos elucidar nos processos de resistência ou tolerância a estresse buscando 

melhores rendimentos (HOUSTOUN et al., 2016) e, com auxílio de técnicas de controle dos 

nematoides,  minimizar perdas nas culturas. 

Dessa forma, a utilização combinada dos métodos de controle no manejo integrado, a 

exemplo do uso de cultivares resistentes, plantas antagonistas, adubação verde, rotação de 

culturas, bem como os controles químico e biológico (BARKER; KOENNING, 1998), 

auxiliam na redução da infestação dos nematoides, bem como dos prejuízos. O controle 

biológico tem sido apresentado como vantajoso por não deixar resíduos que contaminem o 

meio ambiente, e por contar com uma vasta diversidade de inimigos naturais dos nematoides, 

com destaque para os fungos (NUNES, 2008).     

Neste contexto, objetivou-se avaliar o efeito no nematoide do desenvolvimento das 

seguintes hortaliças (quiabeiro, alface, salsinha e jiloeiro); as modificações estruturais na 

anatomia da raiz infestadas por esse parasita e ainda se o controle biológico pode auxiliar no 

controle do nematoide de galhas. 
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2 REFERENCIAL TEÓRICO 

2.1 Meloidogyne spp. em hortaliças e alternativas de controle  

Os nematoides de galhas podem afetar hortaliças como alface (Lactuca sativa L.) 

Asteraceae, quiabo (Abelmoschus esculentus) Malvaceae, salsinha (Petroselinum crispum 

Mill.) e outras apiaceas como coentro, cenoura. O jiloeiro (Solanum gilo) e outras solanaceas 

como a batata inglesa, pimentas, pimentão, jiló, berinjela e tomate. E também a batata-doce, 

da família Convolvulaceae, a beterraba da Amaranthaceae, e ainda as cucurbitáceas 

(abóboras, abobrinhas, melão, morangas e pepino) (PINHEIRO; MELO; RAGASSI, 2019), 

dentre outras, comumente cultivadas por pequenos e médios agricultores. 

Na cultura do quiabeiro (Malvaceae) os danos podem chegar a 100%, dependendo do 

nível populacional de nematoides, visto que estes debilitam o sistema radicular das plantas 

que apresentam queda drástica do vigor, redução do tempo de colheita, da quantidade e 

tamanho de frutos (ROSSI et al., 2017). As espécies de maior destaque nessa cultura são os 

nematoides de galhas M. incognita, M. javanica e M. arenaria, que causam sérios prejuízos, 

por ser uma cultura muito susceptível, ela pode ser utilizada até mesmo como indicadora da 

existência do nematoide Meloidogyne spp. nas áreas de produção (PINHEIRO et al., 2013).   

A alface também é acometida por fitonematoides (LOPES; QUEZADO-DUVAL; 

REIS, 2010), com destaque para M. incognita e M. javanica (PINHEIRO, 2017). Nessa 

cultura os nematoides podem causar injúria no sistema radicular, tais como redução de 

volume e tamanho de raízes e formação de galhas, e na parte aérea diminuição na quantidade 

e qualidade das folhas, o que impacta na comercialização (FERRAZ; BROWN, 2016; SILVA, 

2021). As cultivares do tipo lisa são as mais suscetíveis aos nematoides (CHARCHAR; 

MOITA, 1996). Na alface, o controle químico dos nematoides de galhas com nematicidas não 

é recomendado, em função do ciclo curto da cultura e pela falta de registro de produto 

químico específico para alface no Brasil (SISTEMA DE AGROTÓXICOS 

FITOSSANITÁRIOS - AGROFIT/MINISTÉRIO DA AGRICULTURA, PECUÁRIA E 

ABASTECIMENTO - MAPA, 2022). Desta forma, faz-se necessários estudos para aplicação 

do controle biológico, com produtos a base de fungos, durante a produção dessa cultura. 

Os nematoides causam grandes perdas no cultivo de apiáceas (PINHEIRO; 

FERREIRA; PEREIRA, 2012), sendo que nas culturas do coentro e da salsinha se destacam 

os nematoides das galhas, principalmente M. incognita, e o reniforme Rotylenchus reniformis 

(PINHEIRO; PEREIRA, 2016). Nas solanáceas, o jiloeiro apresentou susceptibilidade a 
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Meloidogyne como observaram Macêdo, Pinheiro e Mendonça (2016), sendo que dos 31 

genótipos de jiló avaliados para resistência a M. incognita, M. javanica e M. enterolobii, 

todos apresentaram susceptibilidade.  

O plantio de hortaliças nas áreas contaminadas por nematoide pode elevar o nível do 

inoculo no solo e favorecer a sua disseminação, o que impacta na agricultura da região 

(ALVES et al. 2015). No Maranhão um levantamento em áreas produtoras de hortaliças 

mostrou a presença de M. incognita em quase 74% das áreas amostradas (SILVA, 1991). Na 

Região Sul de Goiás, em Joviânia, nematoides de galhas também foram encontradas em 

hortaliças como alface e repolho (SILVA et al., 2012). Depois de introduzidos em uma área 

agrícola é praticamente impossível a erradicação dos nematoides de galhas por serem de 

difícil manejo (NIÑO CASTAÑEDA, 2015). Como não existe registro de nematicidas para a 

grande maioria das hortaliças cultivadas (AGROFIT/MAPA, 2022), acabam sendo utilizados 

produtos não registrados, que são tóxicos, e com residual longo em relação ao ciclo das 

hortaliças, podendo contaminar o consumidor ao utilizar as hortaliças in natura (PINHEIRO; 

MELO; RAGASSI, 2019).  

Diante disso, devem ser adotadas de modo integrado algumas estratégias como a 

rotação/sucessão com culturas não hospedeiras (DIAS et al., 2010), evitar a entrada do 

nematoide na área, adubação verde (CHINELATO,2019) e solarização do solo. Contudo, a 

associação dessas medidas com o controle biológico seria desejável, com o objetivo de 

reduzir as perdas a níveis toleráveis, sem causar grandes interferências no ambiente 

(MIZUBUTI; MAFFIA, 2001). 

Atuando como antagônicos a nematoides, os microrganismos mais empregados na 

agricultura são fungos e bactérias (STIRLING, 1991; VAZ et al.,2011). Os fungos do gênero 

Trichoderma têm mostrado resultados no controle de nematoides (MUKHTAR; TARIQ-

KHAN; ASLAM, 2021) e apesar do seu principal modo de ação ser por meio da produção de 

compostos tóxicos, há relatos sobre o parasitismo de ovos de nematoides (SHARON et al. 

2001; EAPEN; BEENA; RAMANA, 2005) e na produção de enzimas com aplicações 

industriais, como polissacaridases, proteases e lipases. Essas enzimas na natureza estão 

envolvidas na degradação da parede celular de patógenos de plantas (HJELJORD; 

GRUNDLER; SIDDIQUE, 2001). O Paecilomyces lilacinus também tem sido utilizado no 

biocontrole de forma eficiente, caracterizado como um fungo saprófito, oportunista, que 

parasita ovos e cistos, capaz de utilizar grande quantidade de substratos, tendo ainda pouca 

especificidade de hospedeiros (DOMSCH; GAMS; ANDERSON, 1980; GOETTEL et al., 

2001). 
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Com base no exposto, frente ao grande número de cultivares e genótipos de hortaliças 

susceptíveis, estudos que determinam impactos da infecção dos nematoides em características 

agriculturáveis ainda são necessários, especialmente aqueles que descrevem o 

desenvolvimento das galhas e o tempo de formação dos sítios de alimentação das células 

gigantes. 

2.2 Ciclo de Meloidogyne spp. e impacto estrutural nas raízes hospedeiras 

Os nematoides do gênero Meloidogyne, conhecidos como nematoide de galhas, são 

endoparasitas sedentários obrigatórios das raízes de diversas plantas (ABAD et al., 2003; 

CASTAGNONE-SERENO, 2006). Estes organismos também são considerados como os mais 

prejudiciais as culturas pelos nematologistas (JONES et al., 2013), sendo 98 espécies, que 

parasitam mais de 5.500 espécies de plantas (GOODEY; FRANKLIN; HOOPER, 1965; 

CASTAGNONE-SERENO; DANCHIN, 2014). 

O ciclo de vida do nematoide de galhas consiste em seis estágios, ovo, J1, J2, J3, J4 e 

adultos. Somente o estágio J2 (móvel) é capaz de infectar as raízes do hospedeiro e, os 

estágios adicionais de desenvolvimento ocorrem nos locais de alimentação (ESCOBAR et al., 

2015) envolto pela galha (GOMES, 2020). O J4 muda para adulto fêmea, geralmente os 

machos deixam a raiz, e as fêmeas tornam-se sedentárias, aumentam seu tamanho e passam a 

ter forma globosa ou de pêra, e depositam seus ovos fora da raiz em uma matriz gelatinosa de 

glicoproteína, que serve como proteção contra predadores e dessecação (PERRY; MOENS 

2011; ESCOBAR et al., 2015; SIKANDAR et al., 2020). A fêmea produz em torno de 400 

ovos, gerando um rápido aumento da população (FERRAZ; MONTEIRO, 2011). Este ciclo 

dura em média de três a quatro semanas, e depende das condições climáticas, sendo que 

temperaturas extremas podem reduzir ou paralisar as atividades dos nematoides (FERRAZ; 

BROWN, 2016) Apesar de sobreviver em condições temperadas, esse parasita se desenvolve 

melhor em climas tropicais (STRAJNAR et al., 2011; WOLFGANG et al., 2019). 

Durante o processo de entrada e estabelecimento do nematoide, ele induz a formação 

um local de alimentação essencial ao parasitismo, e galhas externamente a raiz, entendida 

como uma resposta secundária dessa interação (BIRD; KALOSHIAN, 2003). Estas galhas são 

oriundas da hiperplasia e hipertrofia das células vizinhas ao sítio de infecção/alimentação 

estabelecido pelas fêmeas (ALVES, 2014). A formação de galhas nas raízes depende da 

espécie de Meloidogyne envolvida, da densidade populacional desse nematoide e da espécie 
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ou cultivar de planta hospedeira. Normalmente quanto maior a densidade populacional do 

nematoide, maior será a quantidade de galhas (MITKOWSKI; ABAWI, 2003).  

Apesar de ser o sintoma mais característico, não é obrigatório em todas as plantas, e 

pode variar de tamanho e posição, sendo de bem evidentes a pouco perceptíveis em 

determinadas espécies (FERRAZ; BROWN, 2016). Essa diferença no tamanho e forma das 

galhas pode ser notada nas espécies de hortaliças avaliadas no presente trabalho (FIGURA 1). 

Galhas maiores, por vezes unidas e com formato irregular no quiaeiro (FIGURA 1A), na 

alface poucas galhas com formato mais esférico (FIGURA 1B), na salsinha uma maior 

quantidade de galhas pequenas e esféricas (FIGURA 1C), enquanto no jiloeiro muitas galhas 

unidas e formando um intumescimento nas raízes (FIGURA 1D). 

 

Figura 1 – Diversidade de galhas nas raízes das hortaliças estudadas. 

 
Legenda: A-D: Galhas nas hortaliças. A – Galhas no quiabeiro aos 66 dias após a inoculação (DAI). B 

– Galhas na alface aos 50 DAI. C – Galhas na salsinha aos 66 DAI; D – Galhas no jiloeiro aos 72 DAI. 

Galhas ponta da seta. 

Fonte: Do autor, 2022. 

 

Na forma infectante, o juvenil J2 ao penetrar na zona de alongamento da raiz através 

da secreção de enzimas hidrolíticas (PERRY; MOENS, 2011), atinge o cilindro vascular e 

forma um grupo de 5 a 8 células de alimentação (ESCOBAR et al., 2015). Estas células são 

formadas por hipertrofia e sucessivas divisões dos núcleos sem completar a citocinese 

(NIÑOCASTAÑEDA, 2015). As células gigantes formam o sítio de alimentação dos 

nematoides (FIGURA 2A, B, C, D e E), apresentam características peculiares com grande 

quantidade de núcleos, paredes espessas, citoplasma denso e, às vezes, granuloso (ASMUS; 

FERRAZ; APPEZZATO-DA-GLÓRIA, 2000).  
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Figura 2 –  Alteração na estrutura anatômica das raízes das hortaliças inoculadas com 

Meloidogyne spp. 

 
Legenda: A-E: Sítios de alimentação formado por células gigantes. A – Sítio de alimentação no 

quiabeiro aos 18 dias após a inoculação (DAI); B – Sítio de alimentação na alface aos 27 DAI; C – 

Sítio de alimentação na salsinha aos 25 DAI; D – Sítio de alimentação no jiloeiro aos 25 DAI. E – 

Sítio de alimentação e a fêmea do nematoide aos 32 DAI na raiz do jiloeiro; F – Fêmea do nematoide e 

massa de ovos. G – Massa de ovos em detalhes. 

SA = Sítio de alimentação; NF = Nematoide fêmea; MO = Massa de ovos. 

Fonte: Do autor, 2022. 

 

Estas células nutridoras são metabolicamente ativas, funcionam como células de 

transferência, de onde o nematoide (FIGURA 2E, F) retira os nutrientes dos tecidos 

condutores (MIEIDANI et al., 2019), sendo a única fonte de nutrientes durante seu ciclo de 

vida. As células gigantes são a chave de um parasitismo bem-sucedido (DAVIS; HUSSEY; 

BAUM, 2004), e o ciclo se encerra com a deposição da massa de ovos (FIGURA 2G).  

Assim, conhecer o desenvolvimento das galhas e o exato momento de formação destas 

células gigantes durante o processo de infecção pode se tornar peça-chave para futuros 

estudos para engenharia genética e seleção de cultivares resistentes. O estudo das células 
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gigantes também tem sido reportado em diversos trabalhos com intuito de auxiliar no 

entendimento das alterações do sistema radicular das hospedeiras e entender danos causados 

em culturas susceptíveis. Nas culturas analisadas foram observados sítios de alimentação bem 

formados, capazes de suportar a alimentação do nematoide (FIGURA 2A, B, C, D e E) e 

impactar toda estrutura anatômica das raízes. 

2.3 Estrutura da parede celular e suas alterações em resposta a infecção por nematoides  

A parede celular vegetal é uma estrutura dinâmica, com papel essencial para o 

crescimento e desenvolvimento vegetal (SRIVASTAVA et al., 2017), auxiliando no suporte e 

resistência à pressão de turgescência interna, proteção contra patógenos, desidratação, 

sinalização, armazenamento de carboidratos e controle da taxa e direção de crescimento 

(ALBERSHEIM et al., 2011). Ela é composta de microfibrilas de celulose, hemicelulose, 

pectina e proteínas solúveis (STICKLEN, 2008).  

As hemiceluloses são formadas por um grupo heterogêneo de polissacarídeos que se 

ligam com firmeza à parede (TAIZ; ZEIGER, 2004), sendo o xiloglucano (HAYASHI; 

KAIDA, 2011) e arabinoxilano (CARPITA; GIBEAUT, 1993) as principais encontradas em 

eudicotiledôneas e monocotiledôneas comelinóides.  As hemiceluloses podem ser diferentes 

em órgãos jovens, com maior taxa de crescimento, em relação a tecidos maduros, sem 

expansão celular na qual auxiliam na defesa contra patógenos (WOLF; HÉMATY; HÖFTE, 

2012). 

As pectinas são um grupo de polissacarídeos estruturais da parede celular que 

participam do crescimento e desenvolvimento vegetal (SEYFRIED et al., 2016). São 

complexas e heterogêneas, ricas em α-galacturonato constituídas principalmente de três 

domínios interligados entre si por ligações glicosídicas: homogalacturonano, 

ramnogalacturonano-I (RG-I) e ramnogalacturonano-II (RG-II) (O’NEILL; ALBERSHEIN; 

DARVILL, 1990; FRY, 2010).  

São consideradas o principal cimentante da parede celular, que auxilia na firmeza, 

coesividade do tecido, resistência mecânica (ZHONGDONG et al., 2006) expansão, adesão, 

sinalização intercelular (HOUSTON et al., 2016) e ainda na regulação a porosidade (WOLF; 

GREINER, 2012). A sua distribuição e o grau de esterificação são variáveis envolvidas nas 

mudanças estruturais e funcionais da parede celular (SANTANA, 2014), sendo que a rápida 

expansão do tecido e das células causa variação no grau de metil-esterificação das pectinas 

(FORMIGA et al., 2013; CARNEIRO; OLIVEIRA; ISAIAS, 2014; DHEILLY et al., 2016). 
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A parede celular tem sua forma, composição e propriedades alteradas no decorrer da 

vida celular em resposta ao crescimento (PEAUCELLE; BRAYBROOK; HÖFTE, 2012), 

diferenciação (ODA; FUKUDA, 2011), estresses e agentes abióticos (KONNO; NAKATO; 

TSUMUKI, 2003; ALBERSHEIM et al., 2010) e bióticos (BISHOP et al., 2002; HAMANN, 

2012).  

Tem sido relatadas alterações na estrutura da parede celular durante a formação de 

galhas induzidas por insetos (FORMIGA et al., 2013; MARTINI, 2017) e por nematoides 

(MEIDANI et al., 2019; VILELA et al., 2021). Com a entrada do nematoide de galhas os 

mecanismos de defesa são ativados (HOLBEIN; GRUNDLER; SIDDIQUE, 2016) e a parede 

celular desempenha um papel importante nesse processo (VERONICO et al., 2018).  

Os nematoides modificam a função das células e a composição da parede celular 

(BOZBUGA et al., 2018). Na formação do sítio de alimentação deste microrganismo ocorre a 

rediferenciação de algumas células.  As células gigantes atingem seu tamanho máximo em 

duas semanas, e sua expansão está relacionada ao aumento do volume do citoplasma, das 

organelas e da espessura da parede celular (CAILLAUD et al., 2008). Mudanças na forma e 

volume dessas células podem ser devido ao aumento de homogalacturonanos que auxiliariam 

a manter a flexibilidade, como já foi observado na parede de células guardas 

(GIANNOUTSOU; GALATIS; APOSTOLAKOS, 2019). A composição da parede celular de 

células gigantes induzidas por M. incognita foi estudada em Arabidopsis thaliana, Feijão 

azuqui (Vigna angularis) e milho (Zea mays), sendo observadas diferenças na detecção de 

polissacarídeos nos diferentes hospedeiros (BOZBUGA et al., 2018). 

Neste contexto, os estudos imunocitoquímicos são ferramentas importantes para se 

conhecer a dinâmica dos polímeros que formam a parede celular, especialmente por mostrar a 

localização espacial e temporal dos epítopos que são sítios específicos dos diferentes 

constituintes da parede celular (DOLAN; LINSTEAD; ROBERTS, 1995; KNOX, 2006).  O 

estudo da parede celular é desafiador devido a sua heterogeneidade e complexidade estrutural 

(PATTATHIL et al., 2015), porém  pode fornecer informações importantes para a cascata de 

eventos que ocorrem na formação das células gigantes e assim permitir a infecção do 

nematoide das galhas em raízes de diferentes cultivares. 
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3 PERSPECTIVAS 

Este estudo foi realizado com objetivo de contribuir com o conhecimento da interação 

nematoide/planta. O gênero de nematoide escolhido Meloidogyne spp. é o mais importante 

devido a sua distribuição e agressividade, causando grandes perdas de produtividade nas 

culturas. Dessa forma, informações que possam mostrar como esse parasita impacta no 

desenvolvimento das culturas são necessárias, pois os danos variam de acordo com a espécie 

de Meloidogyne envolvida e espécie de planta hospedeira.  

Após a contaminação da área com esse parasita, dificilmente ele será eliminado, e as 

medidas utilizadas são para minimizar o efeito nas culturas.  Nesse aspecto tem se destacado 

produtos de controle biológico, visto que o uso de nematicidas químicos tem sido cada vez 

mais questionado. Esses produtos têm grande potencial para mitigar os danos nas culturas, 

principalmente em hortaliças, e o sucesso da sua utilização depende de estudos como este, das 

interações entre planta, nematoides e o microorganismos presente no produto.  

Diante da possibilidade do parasitismo do nematoide limitar a translocação de água e 

nutrientes, e afetar o desenvolvimento das culturas, estudos histopatológicospodem fornecer 

informações relevantes acerca da formação do sítio de alimentação e alterações nas áreas 

adjacentes com a formação das galhas, já que impactam severamente a anatomia das raízes 

hospedeiras. Enfim este trabalho traz novas perspectivas para estudos mais aprofundados de 

componentes da parede celular e seu papel na formação de células gigantes, essenciais no 

parasitismo de Meloidogyne, e aliados a estudos dos genes envolvidos nesse processo podem 

trazer informações relevantes para resistência das espécies, que é um aspecto importante 

quando se trata de nematoides parasitas de plantas. 
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Impact of Meloidogyne incognita (Nematode) infection on root tissues and cellwall 

composition of okra (Abelmoschus esculentus L. Moench, Malvaceae) 

 

Roberta Mendes Isaac Ferreira Vilela, Vinícius Coelho Kuster, Thiago Alves Magalhães, 

Camila Araújo Moraes, Adelino Cardoso de Paula Filho and Denis Coelho de Oliveira1 

 

Abstract 

Root-knot nematodes are endoparasites whose mature females lodge and grow inside the root 

of some cultivated plants, leading to losses in productivity. Herein, we investigated if the 

infection of okra, Abelmoschus esculentus (Malvaceae), promoted by the root-knot nematode 

Meloidogyne incognita (Meloidogynidae) changes some agronomic traits of the host plant, as 

well as the cell wall composition of the root tissues. The okra Santa Cruz 47® cultivar was 

infected with a suspension of 5.000 M. incognita juveniles (J2). The inoculated and non-

inoculated okra plants were then submitted to morphological analysis at the end of 

experiment, as well a histological (at 4, 11, 18, 39 ad 66 days after inoculation) and 

immunocytochemical analysis (control and 66 days after inoculation). Root-knot nematode 

infection reduced the dry weight of the stem system but, unexpectedly, the number and weight 

of fruits increased. At 11 days after inoculation, we detected the presence of giant cells that 

increased in number and size until the end of the experiment, at 66 days after inoculation. 

These cells came from the xylem parenchyma and showed intense and moderate labeling for 

epitopes recognized by JIM5 and JIM7. The presence of homogalacturonans (HGs) with 

different degrees of methyl esterification seems to be related to the injuries caused by the 

nematode feeding activity and to the processes of giant cell hypertrophy. In addition, the 

presence of HGs with high methyl-esterified groups can increase the cell wall porosity and 

facilitate the flux of nutrients for the root-knot nematode. 

 

Keywords: Cultivated plants. Giant cells. Pectin. Root-knot nematode. 
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1 Introduction 

 

The root-knot nematode is one of the most relevant pathogens of cultivated plants 

around the world, affecting different cultures and leading to great losses in productivity (Jones 

et al. 2013; Silva et al. 2016). The genus Meloidogyne (Meloidogynidae) stands out as the 

main disease-causing agent for okra, Abelmoschus esculentus L. Moench (Malvaceae) 

(Pinheiro et al. 2013), leading to a loss of up to 27% in productivity (Sikora and Fernandez 

2005). Okra is highly suitable for small farm agriculture (Filgueira 2008) since it involves low 

production costs, easy growth, and highly profitable revenue (Mota et al. 2000). It is also a 

versatile and nutrient-rich vegetable of great potential value, which may be used for its oil, 

fuel and biomass, and as animal feed (Martin 1982). Despite many benefits, okra culture is 

exceptionally susceptible to attack by nematodes, such as Meloidogyne incognita root-knot 

nematode, that could impact the productivity of the crop. 

Root-knot nematodes are endoparasites whose globose and sedentary mature females 

lodge and grow inside the root of plants (Mitkowski and Abawi 2003). These nematodes feed 

on the stele cells of roots, inducing galls by cell division and hypertrophy of the root cortex 

(Williamson and Gleason 2003; Galbieri and Belot 2016). During the feeding activity of the 

root-knot nematodes, 5 to 8 feeding cells, the giant cells, develop in the vascular cylinder 

(Escobar et al. 2015). Giant cells are induced by the effector proteins secreted by the 

nematode, which interact with genes and proteins of the host cells (Bellafiore 2010; Gheysen 

and Mitchum 2011; Ali et al. 2017), change their physiological and structural traits (Siddique 

et al. 2015; Juvale and Baum 2018; Smant et al. 2018), and lead to the success of the 

parasitism. Giant cell formation depends on the continuous feeding stimulus of the gall-

inducing nematode, starting with successive nuclear divisions without cytoplasmic division 

(Mitkowski and Abawi 2003; Abad et al. 2009; Escobar et al. 2015), which makes the cells 

multinucleated. During giant cell development, the cell cytoplasm turns dense and the cell 

wall invaginates, increasing the cell surface and the absorption of photoassimilates, minerals, 

and other substances (Reddigari et al. 1985; Berg et al. 2009; Vilela et al. 2019). For instance, 

the giant cells induced by the root-knot nematode on Glycine max L. exhibited invaginations 

on their walls and numerous associated mitochondria (Vilela et al. 2019). The occurrence of 

numerous mitochondria in giant cells indicates a high energy demand (Golinowvky et al. 

1996; Hussey and Grundler 1998; Vieira et al. 2013) since giant cells are a specialized sink, 

supplying resources to the nematode until reproduction. 
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Few studies using a cellular approach have addressed the changes in cell wall 

composition promoted by infectious nematodes in host plants. As examples, distinct syncytial 

cell wall compositions were recorded in infectious processes induced by Heterodera shachtii 

in Arabidopsis thaliana, by Globodera pallida in potatoes, by Heterodera glycines in soybean 

and by H. avenae and H. filipjevi in spring wheat (Davies et al. 2012; Zhang et al. 2016). In 

the present study, we focused on how the infection by root-knot nematodes changes one of the 

most important components of the primary cell wall, i.e., pectic polysaccharide (see 

Albersheim et al. 2011). The main pectic polysaccharides are homogalacturonan (HG), 

rhamnogalacturonan-I (RG-I), rhamnogalacturonan-II (RG-II), xylogalacturonan (XGA), and 

apiogalacturonan (AP) (Ridley et al. 2001; Willats et al. 2001; Albersheim et al. 2011). 

Changes in cross-linking capacity with cations and the degree of methyl-esterification of these 

polysaccharides, especially HGs, can define the physical and biological properties of the cell 

walls (Willats et al. 2020; Albersheim et al. 2011; Liu et al. 2013; Oliveira et al. 2014; 

Martini et al. 2019). The dynamics and impact of M. incognita on the host cell wall 

composition of the host have not been addressed yet. Thus, understanding the cell wall 

dynamics and composition of giant cells in relation to surrounding cells can provide new 

insights into the parasite-host interaction and the mechanism of nematode gall formation. 

The current study evaluates the tissue and cellular changes promoted by the M. 

incognita root-knot nematode on A. esculentus. Cell wall composition was targeted here, with 

emphasis on protein and pectin modulation during giant cell development, which would help 

us understand how M. incognita respond to the A. esculentus infestation. Our objectives were: 

(i) to assess the influence of M. incognita root-knot nematodes on the agricultural traits of the 

okra plant; to (ii) determine changes in the development, morphology and histology of roots 

infected by M. incognita; and (iii) evaluate the changes of pectin and protein cell wall 

composition of root-knot nematode galls, with emphasis on giant cell events. 

 

2 Material and methods 

 

2.1 Experimental setup 

 

The experiment was carried out in the greenhouse of Centro Universitário UniCerrado, 

Goiatuba municipality (18º 00’ 45” S, 49º 21’ 17” W), Goiás State, Brazil, between February 

and May 2019. A. esculentus, Okra Santa Cruz 47® cultivar (Figure 1A), was selected for the 

experiment since it is the cultivar most extensively used by small cropping farmers in Brazil 
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(Pinheiro 2017) and because of its high susceptibility to infection with the root-knot nematode 

M. incognita  (Oliveira et al. 2007).  

Okra seeds were sown into 98-cell trays filled with Bioplant® substrate. Two weeks 

after emergence, seedlings were transplanted to 2.8 L vases with a substrate proportion of 1:1 

sand/soil sterilized by autoclaving at 120ºC for one hour, along with 12 g of the fertilizer 

Forth Cote NPK (15-09-12). Six days after transplantation, the root-knot nematodes were 

inoculated into two holes around the roots by pipetting a 5 ml suspension of 5.000 M. 

incognita juveniles (J2). Just the inoculated juvenile females can induce gall on the roots. A 

total of 50 okra plants were inoculated and 50 others were kept as controls (i.e. non-inoculated 

plants) among two treatments with 10 repetitions. Each plot was composed of five vases and 

each vase contained one plant in a randomized block design. 

 

   Figure 1. Morphological characteristics of okra Abelmoschus esculentus, Santa Cruz 47® 

cultivar, inoculated with the Meloidogyne incognita root-knot nematode. 

 
Legend: A-Structure of okra used in the experiments; B- Roots with galls (white dotted 

circle); C- Small galls; D-Medium galls;E- Large galls. Abbreviations: Ga= Gall. Bars= 0.2 

cm. 
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2.2 Structural and agronomical traits of nematode galls 

 

The structural traits resulting from gall infection were analyzed at 4, 11, 18, 39 and 66 

days after inoculation (DAI). After evaluating the root changes in each DAI, we selected 

inoculated (n = 40) and non-inoculated (n = 40) okra plants at 66 DAI for specific 

agronomical trait analyses. At these stages, all plants were carefully removed from the vases 

and placed on paper towels to dry. The height of the stem system (from the collar to the 

terminal bud of the main axis) and the length of the roots (Figure 1B) were measured. The 

fresh weight of the stem system, fruits, and roots was weighed on a digital scale (Balmak 

ELP-10), followed by drying in a kiln for 72 hours and weighing the dry weight.  

The fruits were manually counted and weighed using a digital scale (Balmak ELP-10) 

for the assessment of productivity. Galls were isolated and counted for the estimation of gall 

index (GI) according to Taylor and Sasser (1978), with plants showing resistant reaction 

status when they have 0 to 10 galls and susceptible reaction status when they have ≥ 11 galls. 

The method of Coolen and D’Herde (1972) was used to extract and count the nematodes from 

20 roots of okra plants. Galls were classified as large when measuring ≥ 1 cm and as 

small/medium galls when measuring ≤ 1 cm (Figure 1 C-E). 

 

2.3 Histological features 

 

Samples of inoculated okra roots (i.e. 4, 11, 18, 39 and 66 days after inoculation) and 

non-inoculated roots (i.e. 4 and 66 days after inoculation) were fixed in 4% paraformaldehyde 

(Roland and Vian 1991), dehydrated in a graded ethanol series (50, 70, 80, 90, and 95%), and 

embedded in 2-hydroxyethyl methacrylate Leica® Historesin (Leica Instruments, Heidelberg, 

Germany). Next, all samples were cut into 6 µm transverse and longitudinal sections with a 

rotary microtome (YD315, ANCAP, Brazil) and stained with 0.05% toluidine blue, pH 4.7 

(O’Brien et al. 1964). The sections were mounted with Entellan® and analyzed with a Leica® 

DM50 light microscope coupled to an HD camera. 

 

2.4 Immunocytochemical approach 

 

Roots were selected for immunocytochemistry at 66 days after inoculation and at 66 

days after normal non-inoculated growth. The previously described Leica® Historesin 

protocol was used, but without sample staining or mounting. The samples were then 
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incubated in blocking solution (3% powdered milk solution, Molico® in PBS) for 30 minutes 

to prevent crosslinking, followed by incubation with primary monoclonal antibodies (JIM 5, 

JIM 7, LM1, LM5, LM6) at 1:5 dilution in blocking solution for one hour in the dark. The 

samples were washed with PBS three times of 5 min each and incubated with the secondary 

anti-rat IgG FITC antibody (Sigma-Aldrich®) in blocking solution (1:100) for two hours in 

the dark. Samples of inoculated and non-inoculated roots without primary antibodies were 

used as controls. Finally, the samples were washed in PBS, mounted in glycerin/distilled 

water (1:1 v/v), and analyzed with a Leica® DM4000 B fluorescence microscope coupled to a 

Leica® DFC3000 G camera. We also use a DAPI filter (excitation spectrum 385-400 nm) for 

autofluorescence localization (Chomicki et al 2014; Joca et al 2019) in an overlap function of 

the microscope software to better showed the results of monoclonal antibodies. 

 The monoclonal antibodies labeled epitopes for low methyl-esterified HG (JIM 5), 

high methyl-esterified HG (JIM 7), extensin (LM1), (1→4) β-D-galactan (LM5) and (1→5) 

α-L-arabinan (LM6). Based on immunocytochemical images, the intensity of the fluorescence 

reaction was measured in the different tissues using gray scale methodology (Gy = Gray 

value) and ImageJ version 1.51k software (http://rsb.info.nih.gov/ij). Fluorescence intensity 

was measured in triplicate in each tissue and classified into the following three intensity 

categories: (-) negative (= 0 Gy values); (+) weak (<15 Gy values); (++) moderate (15-30 Gy 

values), and (+++) intense (>30 Gy values). 

 

2.5 Data analyses 

 

Statistical analyses were performed only for the morphological results. First, all data 

were tested for normal distribution of errors and homogeneity of variances and then analyzed 

by one-way ANOVA and the Tukey test at the 5% level of significance. Analyses were 

performed using the SISVAR software (Ferreira 2010). 

 

3 Results 

 

3.1 Agronomical traits 

 

After 66 days, inoculated plants were taller than non-inoculated plants, although there 

were no differences in root length or fresh weight of the stem system and roots (Table 1). The 

dry weight of the stem system was greater for the non-inoculated treatment, while inoculated 
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plants exhibited larger and more numerous fruits than non-inoculated ones (Table 1). In 

addition, 66 days after inoculation there was counted 425 small/medium galls and 15 large 

galls for each gall system, and 169 nematodes per 5 g of roots. 

 

Table 1. Means of morphological data and standard derivation from 40 non-inoculated okra 

plants Abelmoschus esculentus, Santa Cruz 47® cultivar, and from 40 okra plants 

inoculated by Meloidogyne incognita root-knot nematodes at 66 days after 

inoculation. 
Abbreviations:HAP- Height of stem system; RL- Root length; FWSS- Fresh weight of stem system; 

FWR- Fresh weight of root; DWSS- Dry weight of stem system; NF- Number of fruits; WF- Weight 

of fruits; CV - Coefficient of variation. 

* Averages followed by the same lowercase letter in the columns do not differ between treatments.   

 

3.2 Gall morphology and development 

 

The regular non-inoculated root of A. esculentus was light brown in color with small 

darkened portions and no pronounced protrusions (Fig. 2A). The roots of inoculated plants 

did not show any noticeable morphological alteration until day 11, when a slight thickening 

was first detected (Fig. 2B, C). The root-knot nematode galls greatly increased in size after 

18, 39, and 46 days (Fig. 2D, E, F), with new lateral roots developing directly from the galls 

and the principal roots. After 66 days, we noted an increase in gall number on the root system, 

with these galls being larger, clustered, and of irregular shape. No changes in morphology 

were noticed in non-inoculated roots except for the regular thickening caused by normal 

growth (data not shown). 

 

3.3 Histological changes after nematode induction 

 

In general, the gall formation disorganized the histological profile of the roots, 

creating a new and unique structure. At day 4 of the experiment, the non-inoculated plants of 

A. esculentus showed roots with a uniseriate epidermis, parenchymatic cortex, a vascular 

cylinder with five protoxylem poles, and no pith (Fig. 3A). On day 66, the vascular cambium 

Treatments  Morphological data 

HSS (cm)    RL (cm)          FWSS (g)         FWR (g)                    DWSS 

(g)                           

NF       WF (g)                           

Not Inoculated       53 ± 31b  40 ± 8a 53 ± 33a  44 ± 0.18a 32 ± 17a 0.78 ± 1.15b 10 ± 17b 

Inoculated              71 ± 25a 37 ± 10a 54 ± 28a 47 ± 0.21a 23 ± 21b 1.22 ± 1.21a  19 ± 24 a 

CV (%)              14.48           15.36        20.76          14.08        28.57     39.33      42.18 
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had already been established and secondary growth was usual, with the production of more 

secondary xylem than secondary phloem (Fig. 3B). The main changes seen in inoculated roots 

were first detected on day 11, with well-formed multinucleated giant cells produced from 

xylem parenchymal cells, which changed the typical polyarchy organization of the root (Fig. 

3C). After giant cell development, the primary phloem was pushed to the periphery of the gall 

and the cortex grew due to the hypertrophy process (Fig. 3C). In that stage, a female in 

contact with the giant cells, which had thick cell walls and dense cytoplasm (Fig. 3C, detail). 

On day 18, the giant cells remained in the center of the organ, surrounded by primary xylem 

(Fig. 3D). On day 39, a large amount of secondary xylem was produced, leading to a lateral 

enlargement of the gall (Fig. 3E). A periderm was produced in outer layers and replaced the 

epidermis (Fig. 3E). On day 66, new giant cells were produced, with a large increase in the 

cortical parenchyma through hyperplasia and hypertrophy processes (Fig. 3F, G). 

 

Figure 2. Morphological changes of okra roots Abelmoschus esculentus, Santa Cruz 47® 

cultivar, 66 days after inoculation (DAI) of Meloidogyne incognita root-knot 

nematode.  

 
Legend: A- Not inoculated root; B- 4 DAI, with no morphological signal of galls; C, D- After 11 and 

18 DAI, respectively, with the beginning of root thickening; E, F- Larger and numerous galls at 39 
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and 46 DAI, respectively; G- Well-developed and grouped galls of varied shapes and sizes at 66 DAI. 

Abbreviations: Ga= Galls, LR= Lateral root. 

 

Figure 3. Histological features of okra roots Abelmoschus esculentus, Santa Cruz 47® cultivar,  66 

days after non-inoculated treatment (DNI) and after different days of inoculation (DAI) 

with Meloidogyne incognita root-knot nematodes.  

 
Legend: A, B- Non-inoculated roots; C-G- Inoculated roots; A- 4 DNI with primary axial root 

and pentarca organization; B- 66 DNI with usual secondary growth; C- 11 DAI in primary 

growth and giant cells in formation. In detail, note the presence of the female nematode in 

touch with the giant cells; D, E- 18 and 39 DAI with installation of the vascular cambium and 

the beginning of secondary growth; F- 66 DAI with larger numbers of giant cells and 

expanded cortical parenchyma.  Abbreviations: Ca= Vascular cambium, GC = Giant cell, Ph= 

Phloem, In- Inductor, Me- Metaxylem, Pr- Protoxylem, Co- Cortical parenchyma, SPh- 

Secondary phloem, SX- Secondary xylem, PX- Primary xylem, Pa- Parenchyma, Xy- Xylem. 
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3.4 Immunocytochemical analyses 

 

The inoculated and non-inoculated A. esculentus roots showed similar results in 

immunocytochemical analysis (Table 2), which was based on the means and standard 

deviation present in the supplementary table. However, epitopes of (1→5) α-L-arabinans, 

recognized by LM6, occurred only in non-inoculated roots (Table 2). These epitopes were 

intensely labeled in the cortical parenchyma cell walls and moderately in the parenchymal cell 

wall of xylem, phloem, and vascular cambium (Table 2; Fig. 4A, B). The epitopes of extensin 

and (1→4) β-D-galactan, recognized by LM1 and LM5, respectively, were not detected in 

either treatment (Table 2). Epitopes of HGs with high methyl-esterified groups, recognized by 

JIM7, were intensely to moderately labeled in the cortical parenchyma cell walls and 

parenchyma cell walls of xylem in both treatments, as well as in giant cells (Table 2; Fig. 4C, 

D; Fig. 5A, B). Epitopes of HGs with low methyl-esterified groups, recognized by JIM5, were 

distributed at the same sites as those detected by JIM7, with differences in intensity (Table 2). 

Epitopes recognized by JIM5 were intensely labeled in the cortical parenchyma cell wall of 

the non-inoculated root (Table 2; Fig. 4E, F) and moderadamente marcados in the 

parenchyma cell wall of xylem and giant cells of inoculated roots (Table 2; Fig. 5C, D). 

 

Table 2. Reaction intensity of the epitopes for pectins and proteins of okra root Abelmoschus 

esculentus, Santa Cruz 47® cultivar, sat 66 days after inoculation with by Meloidogyne 

incognita root-knotnematodes (DAI) or no inoculation (DNI). 

Monoclonal 

Antibodies    

  Fluorescence intensivity 

  Non-inoculated root   Inoculated root 

 Pe Co Xy Ph VC  Pe Co Xy Ph VC GC 

   PC VE      PC VE    

JIM 5 - +++ + - ++ +  - ++ +++ - + + +++ 

JIM 7 - +++ +++ - + +  - ++ +++ - + + ++ 

LM1 - - - - - -  - - - - - - - 

LM5 - - - - - -  - - - - - - - 

LM6 - +++ ++ - ++ ++  - - - - - - - 

Abbreviations: Pe- Periderm; Co- Cortical parenchyma; Xy- Xylem; PC- Parenchymal cell of xylem; 

VE- Vessel element; Ph- Phloem; VC- Vascular cambium; GC- Giant cell. 

* Intensety of reaction: (-) Negative (= 0 Gy value); (+) Weak (<15 Gy value); (++) Moderate (15_30 

Gy value); (+++) Intense (>30 Gy value).  
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Figure 4. Immunocytochemistry for LM6 (A, B), JIM7 (C, D) and JIM5 (E, F) antibodies in 

okra roots Abelmoschus esculentus, Santa Cruz 47® cultivar,  at 66 days after non-

inoculated treatment (DNI).  

 
Abbreviations: Ca= Vascular cambium, PX- Primary xylem, SX- Secondary xylem, Co- 

Cortical parenchyma, Pe- Periderm, Ep- Epidermis, LR- Lateral root, En- Endodermis. PS.: 

Green labeling on the cell wall indicates a positive result, while blue labeling shows 

autofluorescence using the DAPI filter. 

 

 

 



38 

 

Figure 5. Immunocytochemistry for JIM7 (A, B) and JIM5 (C, D) antibodies for okra roots 

Abelmoschus esculentus, Santa Cruz 47® cultivar,  at 66 days after inoculation (DAI) with 

Meloidogyne incognita root-knotnematodes.  

 
Abbreviations: Ca= Vascular cambium, PX- Primary xylem, SX- Secondary xylem, Co- 

Cortical parenchyma, GC- Giant cell. PS.: Green labeling on the cell wall indicates a positive 

result, while blue labeling shows negative results using the DAPI filter. 

 

4 Discussion 

 

The root-knot nematode M. incognita impacts some agronomic traits of okra, 

decreasing, for example, the dry weight of the stem system. However, some traits such as the 

number and weight of fruits increased unexpectedly, with these changes possibly being 

related to an increase in the production of lateral roots stimulated by the presence of galls. 

Giant cells developed from day 11 after inoculation and increased in number and size until 66 

days after inoculation. Giant cells came from the parenchyma cells of xylem and showed 
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intense and moderate labeling for epitopes recognized by JIM5 and JIM7. The presence of 

these HGs with different degrees of methyl esterification seems to be related to the injuries 

caused by the nematode feeding activity, as well as to the typical hypertrophy process that 

occurs in giant cells (see Vilela et al. 2019).   

 

4.1 Nematode infection determines agronomic traits 

 

Okra is a semi-woody annual shrub that can reach 3 m in height; however, the Santa 

Cruz 47® cultivar is shorter, reaching up to 2 m on average, a height that facilitates harvest 

(Filgueira 2008). In the present study, okra ranged from 50 to 70 cm in height at harvesting, 

with a difference between treatments. Unexpectedly, inoculated plants were taller than non-

inoculated ones, a result probably due to the moderate stress caused by the nematodes, as 

already described in the literature (Abrão and Mazzafera 2001). Nevertheless, the nematode-

infected plants usually showed a weaker and shorter development of stem systems (Silva et al. 

2006). Meloidogyne spp. infection can lead to root cortex detachment, interruption of root-tip 

growth, and extensive mutilation of the root system (Brass et al.  2008), something not 

detected until 66 days after inoculation in our study.  

Fresh root weight did not differ between the non-inoculated and inoculated groups, as 

also observed in parasitic infection promoted by M. javanica in Tectona grandis Linn. F. 

(Oliveira and Silva 2013) and in Musa spp. (Cofcewicz 2004). Due to the large number of 

galls in the inoculated roots in our study, a greater weight of these roots was expected since, 

according to Carneiro et al. (1999), the formation of galls and the increase in the number and 

proliferation of lateral roots can lead to an increase in the weight of inoculated plants. For 

instance, an increase in the fresh weight of the inoculated roots was reported for passion fruit 

(Sharma et al. 2005). Meloidogyne spp. infection also typically reduces plant growth and fruit 

production (Ritzinger and Ritzinger 2003), although in our study the inoculated plants, 

surprisingly, produced more and heavier fruits than non-inoculated plants despite a decrease 

in the dry weight of the stem system. According to Pinheiro et al. (2013), nematode-caused 

stress may directly or indirectly influence the performance and survival of okra plants, a fact 

that was also observed here with M. incognita infection of okra. 

Okra cultivars are highly prone to root-knot nematode infections and are even used to 

indicate the presence of Meloidogyne spp. (Pinheiro et al. 2013). This expected susceptibility 

was detected and detailed in the current study. We found over 400 galls per root, including 

small, medium, and large ones, which, according to the gall index (GI) proposed by Taylor 
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and Sasser (1978), far exceeded the minimum number of 100 for a plant to be considered 

susceptible. The giant cells are essential for the development of the root-knot nematode, since 

the nematodes penetrate and establish a feeding site in the root system of plants, thus using 

their nutrients as food (Kindt 2013). Galls seem to be good indicators of the presence of the 

parasite (Davis et al. 2004), with the number of galls in a root permitting the host plant to be 

classified as susceptible or resistant. Herein, we detected a large number of nematodes in 

roots and, although the literature suggests that the development and productivity of plants 

could be affected by the infection, this was observed for okra infection with M. incognita, but, 

unexpectedly, sometimes in a positive way. 

 

4.2 Root-knot gall morphology and histopathology           

 

The root-knot nematode induces a root thickening in okra that may be hard to notice 

before 11 days of inoculation. On the other hand, the gall reaches its maximum size on day 66 

after in-oculation. Thus, gall formation is the best-known symptom of Meloidogyne nematode 

infection since galls develop just after the juveniles infect the roots (Mitkowski and Abawi 

2003). According to these authors, galls have an elongated shape and a swollen appearance 

and occur throughout the root system, as was the case for the galls observed in our study. 

These galls are a result of cell hypertrophy of the cortex or of adjacent cells surrounding the 

nematode, as well as tissue hyperplasia usually of the pericycle (Vilela et al. 2019). The 

development of root-knot nematode galls may be the consequence of secretions from 

esophageal glands injected by the buccal stylet of the nematode, resulting in the formation of 

giant cells and of galls. The two structure formations are independent of each other (Ferraz 

and Brown 2016) and, sometimes, galls may be small or indistinct (Moens et al. 2009) or may 

be absent (Davis et al. 2004; Ferraz and Monteiro 2011).   

Here in, we first noted the formation of a feeding site with giant cells on day 11 after 

inoculation, differently from the findings of Vilela et al. (2019), who noticed giant cells 

induced on soybean by M. javanica on day 18 after inoculation. Also, root-knot galls induced 

by M. graminicola and M. incognita on rice (Oryza sativa L.) showed different times of giant 

cell formation, which developed 2 and 6 days, respectively, after inoculation (Nguyên et al. 

2014). Giant cells are essential for the development and reproduction of the parasite since 

they act as a metabolic drain of the plant, taking nutrients from the host plant organs to feed 

the nematodes (Galbieri and Belot 2016). These worms do not kill host cells (Abad et al. 

2003), but rather form a feeding tube (Davis et al. 2004) from the secretions of the esophageal 
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glands towards the cytoplasm of the plant cell, filtering the cytosol during ingestion 

(Mitkowski and Abawi 2003). Giant cells typically have a dense cytoplasm, numerous nuclei, 

and thick cell walls, as observed by Castañeda (2015) in an investigation of banana roots 

(Musa acuminata subgroup Cavendish, cv. Grande Naine) infested with M. incognita. Using 

electron microscopy to study Glycine max root galls induced by M. javanica, Vilela et al. 

(2019) revealed that the walls of giant cells were thicker and exhibited invaginations towards 

the cell lumen. The cell walls undergo thickening and loosening processes to expand and 

support the absorption of nutrients by the nematodes (Escobar et al. 2005; Bohlmann and 

Sobczak 2014). The presence of giant cells at 11 days after okra inoculation with M. incognita 

disorganized the central vascular cylinder of the roots and could compromise water transport 

and nutrient uptake, leading to plant wilt, yellowing, and reduced growth (Dorhout et al. 

1991; Anwar and Javed 2010; Premachandra and Gowen 2015). Herein, based on agronomic 

traits, the growth of the okra plants was not compromised even though giant cells and gall 

formation disorganized the histological profile of the roots. 

 

4.3 Cell wall composition of parenchyma cells of xylem and giant cells 

 

In general, galls develop from tissue hyperplasia and cellular hypertrophy (Oliveira et 

al. 2016), and these processes are dependent on changes in cell wall dynamics and 

composition, as discussed for insect galls (Oliveira et al. 2014; Carneiro et al. 2015; Teixeira 

et al. 2018; Martini et al. 2019). The development of root-knot nematode galls also requires a 

sequence of destructive and constructive cell wall modifications (Bohlmann and Sobeczak 

2014), especially driven by the action of different pectolytic enzymes (see Wieczorek 2015). 

The detection of pectic epitopes by monoclonal antibodies has been used as a tool to detect 

pectolytic activities in gall tissues (Oliveira et al. 2014). Herein, cell hypertrophy was a 

striking feature of the root cortex, leading to gall formation on okra induced by M. incognita. 

Giant cell development also requires changes in the distribution and dynamics of epitopes of 

high and low methyl-esterified HGs.  

HGs with high methyl-esterified groups were intensely detected in the parenchyma 

cells of xylem in both non-inoculated and inoculated plants. Giant cells showed moderate 

labeling for HG epitopes with a high degree of methyl-esterification since these cells come 

from the parenchyma cells of xylem. HGs are linear homopolymers with approximately 100 

molecules of (1-4)–α-linked-D-galacturonic acid, synthesized in the Golgi apparatus in a high 

methyl-esterified form (Albersheim et al. 2011). The presence of HGs with high methyl-
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esterified groups is usually detected on young tissues during the processes of growth and 

elongation (Knox 1992; Albersheim et al. 2011; Wolf and Greiner 2012) and, in galls, it has 

been associated with the processes of cell hypertrophy during development (Carneiro et al. 

2015; Oliveira et al. 2016; Teixeira et al. 2018; Martini et al. 2019). The presence of epitopes 

with high methyl-esterified groups in the cell walls of giant cells may guarantee cell growth 

and elongation and, therefore, the establishment of root-knot nematodes. 

HGs with low methyl-esterified groups were weakly detected in the parenchyma cells 

of xylem in non-inoculated plants and intensely in inoculated ones, and also detected 

intensely in the giant cells. The process of HG de-methyl-esterification depends on the action 

of pectin methylesterases (PME) or polygalacturonases (PG) (Willats et al. 2000; Hongo 

2012). Since the random de-methyl-esterification of HGs leads to whole cell wall degradation 

and cell death (Hongo et al. 2012), we suppose that these processes in the root-knot nematode 

gall on okra occur by the action of PMEs. Our results support an intense process of synthesis 

and de-methyl-esterification of parenchyma cell walls of xylem and giant cells on the roots of 

inoculated plants. The de-methyl-esterification process and the presence of low methyl-

esterified epitopes of HG in the parenchyma cells of xylem and giant cells may increase cell 

stiffening and porosity, as already detected in galls induced by insects (Oliveira et al. 2014; 

Carneiro et al 2015; Martini et al. 2019). Herein, the increase in porosity may have favored 

the nutrient exchange between host tissues and nematode galls induced by M. incognita in 

okra. 

 

5 Conclusions 

 

The root-knot nematode M. incognita induces galls and giant cells on the roots of okra, 

disorganizing the histological profile of root tissues. However, the disorganization of the 

anatomical structure of the root did not affect the growth and development of okra until 66 

days after inoculation, on the contrary, the inoculated plants even grew larger and had larger 

and more numerous fruits than the non-inoculated ones.Giant cell formation occurs at 11 days 

after inoculation and is essential for the establishment of root-knot nematodes. As a feeding 

site for the root-knot nematode, giant cell formation depends on changes in the degree of HG 

methyl-esterification of the xylem parenchyma cell wall in order to elongate and in nutrients 

flux due to increased porosity. 
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The root-knot nematode Meloidogyne javanica infection on Lactuca sativa (Asteraceae): 

impacts on the agronomic traits, root and gall development, and use of Trichoderma 

harzianum (Ascomycota) as biocontrol 

 

 

Roberta Mendes Isaac Ferreira Vilela, Vinícius Coelho Kuster, Thiago Alves Magalhães, 

Caroline Lemes Sousa, Laiz Morgana Almeida Pereira, Vitor Campana Martini and Denis 

Coelho de Oliveira 

 

 

Abstract 

 

Due the high importance of Lactuca sativa L. (Asteraceae), the lettuce, in human diet in the 

economy, andhigh suitability for small farm by its capacity for adaptation to several 

environmental conditions, we evaluate the impact of the nematode Meloidogyne javanica 

Treub. (Heteroderidae) on the agronomic traits and development of this vegetable. In addition, 

we evaluated whether the application of the fungus Trichoderma harzianum Rifai 

(Hypocreaceae) is effective in controlling root-knot nematodes in this crop. Our results 

showed different impacts generated by Meloidogyne javanica galls on the roots structure and 

agronomic traits of the lettuce. There was an increase in root fresh weight per root length in 

the treatment with nematodes and a decrease of the width of the aerial part. Our multiple 

regressions analyses indicate a relation between the agronomical traits that could represent a 

lost in productivity in the adult individual. The treatments with M. javanica + T. harzianum 

also exhibited the smallest lettuce plants anda negative relationship with the number of leaves. 

Despite that the fungus seems to be not efficient controlling root-knot nematode in our study 

na concentração testada. The galls development is the most visible symptom of a M. javanica 

infection in lettuce and a useful trait for field diagnosis. These galls generally have a rounded 

shape and, in the Lisa Inês cultivar, they were observed for the first time at 12 DAI (Days 

After Inoculation) in both treatments, with the nematode and nematode and T. harzianum 

showing grade 3 susceptibility. 27 DAI formed a well-formed feeding site, altering the 

vascular root system. 

 

Keywords: nematode. lettuce. vegetable. galls. biological control. 
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1 Introduction 

 

Lactuca sativa L. (Asteraceae), the lettuce, is one of the most marketable vegetables in 

human diet1 and in addition it is highly suitable for small farm by its capacity for adaptation 

to several environmental conditions.2This species presents a relatively short production cycle, 

45-60 days, which make possible a year-round production with quick financial feedback.3 

However, there are a lot of lettuce cultivars susceptible to pathogens, especially root-knot 

nematodes, that may compromise consecutive cycles when in high population numbers.4 

Different species of root-knot nematode occurs in the regions where lettuce are 

cultivated in Brazil, such as M. incognita and M. javanica Treub. (Heteroderidae) being the 

most harmful species to the cultivar. 4Meloidogyne spp. are obligate-endoparasites of 

underground organs.5 The infection by this nematode begins with the juveniles (J2) 

penetrating the root, migrating through the cortex, and settling in the vascular cylinder.6 Then, 

the females become sedentary and start inducing giant multinucleate cells from which the 

nematodes feed.6,7,8 

A symptom of root-knot nematode infection in the root host is the formation of galls,9 

although these gall formations is not mandatory in the interaction with the parasite.10The time 

of gall and giant cell formation depends on the infected host plant and the species of 

nematode as similarly occur in okra (Abelmoschus esculentus) and the soybean (Glycine max) 

inoculated with M. incognita and M. javanica. On these systems, both galls and giant cells 

were detected 11 days after nematode inoculation.8 The development of giant cells may be 

quicker during the infection cycle, like two days for rice (Oryza sativa) infected by M. 

graminicola,11 and nine days for banana genotypes infected with M. incognita.12 From a 

histological perspective, nematode galls result from the tissue hyperplasia and cell 

hypertrophy of vascular tissue and root cortical parenchyma,13 with the highly specialized 

giant cells originating from vascular cells.14 

The giant cells and gall formation may provoke a histological disorganization of the 

vascular cylinder and to the obliteration of the vessel elements of xylem.15 Such changes can 

hamper the water flux and nutrients translocation in the host plants and cause symptoms such 

as yellowing, wilting and reduced development of plant organs.16,17 In the susceptible lettuce 

cultivars, the root-knot infections can decrease the leaf volume18 reducing the quality and 

production19,20 of the culture and potentially making fresh consumption unfeasible. The level 

of damage caused by nematodes varies with their initial densities in the soil, the 

environmental conditions, and the susceptibility of the host.21 Although losses in quality and 
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production range between 10-20% in nematode-infected leafy vegetables,20 losses caused by 

Meloidogyne spp. can reach 100% of the production.22 Hence, there is a growing demand for 

better understanding the mechanisms of nematode infection, gall and giant cell formation, and 

control of the parasite population in the soil. 

In a general way, the control of pathogenic nematodes is done through cultural 

practices, most commonly, soil turning, irrigation after turning, fallowing, biofumigation, 

flooding, green manuring, crop rotation, and chemical control with nematicides applied 

directly in the soil.23,24 However, the use of chemical products for controlling populations of 

nematodes has become increasingly restricted, due to their low control efficacy and high 

toxicity.25 In the case of lettuce, residues of these chemicals can remain in the leaves until 

consumption and pose risks to human health, since these plants have a short production 

cycle.26 Fungi and bacteria are prominent organisms in the biocontrol of plant pathogens, with 

fungi of the genus Trichoderma spp. being one of the most used.27 These fungi can directly 

and indirectly suppress nematodes through the production of toxic compounds, such as lytic 

enzymes that degrade the chitin present in nematode eggs and can induce resistance in 

cultivated plants.28 Mycoparasitism, competition for nutrients, and antibiosis are used by 

Trichoderma spp. in an antagonistic way to also control fungi and bacteria populations and 

promote growth in plants, further increasing their defense against pathogens.29 

Given the importance of lettuce in human nutrition and economy, this study seeks to 

understand i) the impact of the nematode M. javanica on the agronomic traits and 

development of lettuce. ii) In addition, we evaluated whether the application of the fungus 

Trichoderma harzianum Rifai (Hypocreaceae) is effective in controlling nematodes in this 

crop, thus changing the effects of the nematode on lettuce development and on the total 

number of galls formed. We believe that the development of the nematode in the lettuce will 

disrupt the root vascular system and promote a reduction in the productivity due to resource 

competition with the root-knot development site. In treatments with the fungus T. harzianum 

we expect a lower impact on productivity since it will reduce the multiplication of this 

pathogen. 

  

2 Material and methods 

 

2.1 Experiment setup 
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       The experiment was carried out in the greenhouse of UniCerrado, a University Center in 

the Goiatuba municipality (18º 00’ 45” S, 49º 21’ 17” W), Goiás state, Brazil, from March to 

May 2020. The temperature of the greenhouse was monitored using a hygrometer, varying 

between 20-35º C throughout the experiment. The lettuce cultivar Lisa Inês, Sakata® (Fig. 1 

A) was selected for its susceptibility to Meloidogyne  spp., being more affected by them when 

compared to curly type cultivars.30, 31, 32 The Lisa cultivar presents smooth leaves and does not 

have a cabbage-like head, but rather a rosette of leaves.33 

 

Figure 1. Morphological characteristics of the cultivar Lisa Inês lettuce (Lactuca sativa L.) 

with galls induced by Meloidogyne javanica. 

 

Legends: A- Cultivar used in the experiment; B- Aerial and root systems; C- Gall occurrence 

(arrows) in the roots. 

  

             The lettuce seeds were sown into 2 polyethylene trays (98 cells) containing the 

Carolina Soil® substrate. After 20 days of emergence, the seedlings were transplanted to 2.8 L 

pots containing soil mixture substrate (dystrophic red latosol) and 1:1 sand. The substrate 

adbeen previously sterilized in an autoclave at 120º C for one hour. At the time of 

transplantation, 1.8 ml of a solution containing 5,000 juveniles (J2) of M. javanica were 

inoculated into 100 plants using a pipette. The nematodes used had been previously identified 
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to species level, inoculated into susceptible tomato (Solanum lycopersicum) plants for 

multiplication, and extracted from the root galls by the method of Coolen and D’Herde34. In 

addition to the nematode inoculation, 50 of these 100 pots also received a biological product 

which shows necrotrophic mycoparasite properties natural to soils (that is, T. harzianum), and 

is effective in controlling numerous phytopathogenic fungi and nematodes.35 The compound 

(80 mL) had been diluted in water at the recommended by the manufacturer (0.0667 mL / 4 L 

of water). For the control group, 50 plants were kept with no nematode inoculation and/or use 

biological product then totaling three treatments (50 uninoculated plants, 50 with M. javanica, 

and 50 with M. javanica + T. harzianum). With three treatments and 10 repetitions, with each 

plot consisting of 5 vessels. Treatments were randomly distributed inside the greenhouse. 

Then, 15 days after transplantation, we placed 8 g of the formulated Forth Cote (15-09-12) in 

each pot for plant nutrition. 

 

2.6 Agronomic traits and galls 

 

The Lisa Inês cultivar presents an early cycle of 54 days,36 so at 50 DAI (days after 

inoculation) the experiment was disassembled and the productivity data were collected. The 

plants were carefully removed from the pot, the roots were washed for soil removal and 

placed on paper towels for water retention. We then obtained the following parameters: (i) 

shoot fresh weight (SFW)(g) and (ii) root fresh weight (RFW) (g), using the Balmak ELP-10 

analytical balance; (iii) root length (RL) (cm), using a ruler; (iv) stem/crown diameter (SCD) 

(g), using a caliper to measure the middle region of the stem; (v) number of leaves (plant) 

(NL), and (vi) width of the aerial part (WAP) measured with a ruler and considering the 

largest end-to-end diameter of two opposing leaves in the plant. 

To evaluate Lisa Inês resistance against M. javanica, we secluded and ranked the galls 

in a 0-5 scale, where 0 = no galls; 1 = 1-2 galls; 2 = 3-10 galls; 3 = 11-30 galls; 4 = 31-100 

galls; and 5 = more than 100 galls, as proposed by37 for the gall index. Plants presenting up to 

10 galls (Grades 0-2) were classified as resistant, and those with ≥ 11 galls (Grades 3-5) as 

susceptible. To assess cultivar susceptibility and nematode development, we removed the 

roots from the soil and counted all galls per plant individual. To estimate the nematode 

population in each plant, we extracted the parasites from the galls through the technique of 

Coolen and D’Herde34, in which each root is cut and ground with water and hypochlorite and 

sieved multiple times. During the extraction, Kaolin (clay powder) and a sucrose solution 
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were added. The material was centrifuged at different times, and, at the end, the nematodes 

were obtained from the supernatant. To quantify the nematodes, we standardized the weight 

of the smallest root (5 g) and calculated a rule of three for all roots with greater weight. 

To determine the final nematode population in the soil, we removed 200 g of substrate 

from each pot at the time of lettuce removal for analysis and placed them in properly 

identified paper bags. They were taken to the laboratory and, after homogenization in water 

and sieving, the flotation-centrifugation methodology proposed by38 was used. After 

centrifugation and insertion of a sucrose solution (454 g sugar/1 L water), the nematodes 

retained in the 500-mesh sieve were transferred into plastic cups and identified in a water 

suspension medium. To count the nematodes in the root and in the soil, we used a binocular 

microscope (Bioval® L-1000b-AC) and the Peters counting chamber. 

  

2.7 Morphological and anatomical characterization 

 

            Morphological and anatomical analyzes were performed on root and gall fragments 

when the feeding site was already well established in the inoculated roots: (i) roots inoculated 

with M. javanica 27 DAI; (ii) roots inoculated with M. javanica and T. harzianum 27 DAI; 

and (iii) uninoculated roots 27 DNI (days after non-inoculation). Root and gall samples were 

photographed with a stereoscopic microscope (Leica® EZ4 HD) for morphological 

characterization. For the anatomy, samples of uninoculated roots were taken from parts 

equivalent to those with gall occurrence on inoculated roots. The galls were selected 

randomly. 

 After collection, samples were fixed in 4% paraformaldehyde39 and stored in 70% 

alcohol. The samples were then dehydrated in an ethylic series (85 and 95%), soaked in 2-

hydroxyethyl methacrylate, and sectioned in a rotating microtome at 6 μm thick. The sections 

were stained with 1% toluidine blue, pH 4.040 and mounted with Entellan®. All samples were 

analyzed and photographed with a Leica® DM500 photomicroscope coupled with a Leica® 

ICC50HD camera. 

 

2.8 Statistical analyses 

 

The collected data were submitted to analysis of variance (ANOVA) to test the 

difference between the absolute values of the development variables and the treatments. To 

test the difference between groups we used a Tukey HSD test. In order to know if the 
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treatments influence the relationship between agronomic traits, we performed multiple 

regressions using characteristics of economic interest (shoot fresh mass; lettuce head width, 

number of leaves) with root fresh mass as a response variable and the other traits as 

predictors. Treatments were used as a fixed factor and interacting with all predictors. To test 

cultivar resistance against nematode infestation and whether T. harzianum offers resistance 

against gall induction, multiple regression models were used with total galls as the response 

variable. The predictor variables were the two treatments with nematode inoculation, the 

agronomic traits, the total number of nematodes in the soil and in the root, and the interaction 

between factors. 

All variables were standardized using the “scale( )” function of the R software41 so 

that the magnitude scale was comparable within the multiple model. We used the model 

selection function of the statistical package “MuMIn”42 to determine the best model. Models 

were selected using the Akaike's Information Criterion (AIC) method43 and all models with 

delta AIC < 2 were considered plausible. As a simplification criterion, the most parsimonious 

model was highlighted. The graphs were made using a bivariate relationship between each 

predictor variable and the response, using the treatment as a grouping variable to separate the 

lines drawn by the “ggplot2” package.44 The relationships within each result table, however, 

represent complete models where the treatment was considered a random and fixed factor. 

  

3 Results 

 

At 50 DAI galls were found in both plants inoculated with M. javanica (17.52 ± 18.0) 

and in those with M. javanica + T. harzianum (12.42 ± 9.2). The lettuce variety used in the 

experiment presented a Grade 3 (11 to 30 galls) of susceptibility to M. javanica, following 

Taylor and Sasser 37. We also detected differences in the absolute values between agronomic 

traits and in the relationship between them when comparing the treatments. 

The shoot fresh weight (SFW) was similar between treatments, but the relation 

between SFW and the other agronomic traits differed between them (Fig. 2A-F), with the 

SFW being positively related to the number of leaves (Fig. 2E, b = 7.47), width of the aerial 

part (Fig. 2D, b = 4.56), stem diameter (Fig. 2C, b = 1.56) and root length (Fig. 2B, b = 0.98) 

in the most parsimonious model (Table 1, Model 120, Appendix BA). It is also related to root 

fresh weight (RFW, Fig. 2F, b = 0.93). In plants inoculated with T. harzianum, we found a 

significant relationship between SFW and root fresh weight (RFW) and root length (Fig. 2B, 

D and F), but it was a weaker relationship compared to the other treatments, with less weight 
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gained for each unit of length of the root infested with T. harzianum. The plants inoculated 

with the fungus also had the greatest SFW per crown diameter, while the other treatment with 

nematodes presented the lowest values for these traits and no relation between the increase in 

crown diameter and SFW. The treatment with T. harzianum presented an inverse pattern to 

the other treatments, with lower fresh weight in relation to the width of the aerial part. 

 

Figure 2. Multiple regressions using shoot fresh weight (SFW) as a response and the 

treatments and plant development of cultivar Lisa Inês lettuce, variables as 

predictors.  

 
Legends: Red = Control (Uninoculated plant); Green = Plant inoculated with nematode (M. javanica) 

and trichoderma (T. harzianum); Blue = Plant inoculated with nematode (M. javanica). 

 

The width of the aerial part differed between treatments (F1,115 = 6.33; p < 0.01) (Fig. 

3A). This trait was directly related to all agronomic traits within the models with delta AIC < 

2 (Table S1). The strongest relationship was with SFW (Fig. 2D, b = 2.08), followed by 

negative relations with the number of leaves (Fig. 3D, b = -1.57) and root length (Fig. 3B, b = 

-1.04) within the most parsimonious model (Table 2, model 54, Appendix B). It was also 

negatively related to RFW (Fig 3E, b = -0.52) and stem diameter (Fig. 3C, b = -0.23). 

Regarding the treatments, we could notice that plants inoculated only with M. javanica 

presented a smaller width of the aerial part, compared to the control and to the treatment with 

T. harzianum. The treatments also had an effect on the relationships between the agronomic 

traits, and while the nematode treatment had the lowest width of the aerial part and increased 
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width for each unit of stem diameter, the other two treatments showed a tendency to decrease 

width in larger stems. 

 

Figure 3. Multiple regression using width of the aerial part (WAP), as a response and the 

treatments and plant development of cultivar Lisa Inês lettuce, variables as 

predictors. 

 

 
 

Legends: Red = Control (Uninoculated plant); Green = Plant inoculated with nematode (M. javanica)  

and Trichoderma (T. harzianum); Blue = Plant inoculated with nematode (M. javanica). 

 

We found no difference in the number of leaves between treatments (Fig. 4), but this 

variable was still related to the remaining agronomic traits (Fig. 4A-C). Within the most 

parsimonious model, the number of leaves had a positive relationship both with SFW, which 

was the trait with the greatest effect on this variable (b = 2.09), and RFW (b = 1.24), and a 

negative relationship with width of the aerial part (b = -0.91) (Table 3, model 1085, Appendix 

C). The number of leaves was also related to the root length (b = 0.41), and the crown 

diameter (b = 0.16). The treatments influenced the relationships between the number of leaves 

and root fresh weight and also with root length, where the control presented the greatest 

increase in the number of leaves per unit of root fresh weight and length when compared to 

the two treatments.  

A difference in RFW was noted between the two treatments (Fig. 5A), with the 

treatment using T. harzianum presenting the lowest values. In addition, the treatments also 

affected the relationship of RFW with other agronomic traits (Fig. 5B, C). Within the more 
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parsimonious model, root length had the greatest positive influence on RFW (b = 1.13), 

followed by stem diameter (b = 1.05) and number of leaves (b = 0.9) (Table 4; Model 116, 

Appendix D). The treatments with nematodes presented a greater increase in weight per unit 

of root length. The treatment with the fungus also showed lower root fresh weight values in 

larger lettuce (SFW and Width of the aerial part) plants.  

 

Figure 4. Multiple regression using as number of leaves (plant) (NL) a response and the 

treatments and plant development of cultivar Lisa Inês lettuce, variables as 

predictors. 

 
 

Legends: Red = Control (Uninoculated plant); Green = Plant inoculated with nematode (M. javanica) 

and trichoderma (T. harzianum); Blue = Plant inoculated with nematode (M. javanica). 
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Figure 5. Multiple regressions using root fresh weight (RFW) as a response and the 

treatments and plant development of cultivar Lisa Inês lettuce, variables as 

predictors. 

 
Legends: Red = Control (Uninoculated plant); Green = Plant inoculated with nematode (M. javanica) 

and trichoderma (T. harzianum); Blue = Plant inoculated with nematode (M. javanica). 

 

The number of nematodes in the soil and in the roots did not differ between the 

treatments of inoculated plants. Despite this, there was an effect of the treatments on the 

relations between number of galls and the agronomic traits or the abundance of nematodes 

(Fig. 6). The traits influenced by number of galls were RFW (Fig 6F, b = 0.17) and SFW (Fig. 

6B, b = 0.09), stem diameter (Fig. 6C, b = -0.15), number of root nematodes (Fig. 6G, b = 

0.15), number of leaves (Fig. 6A, b = 0.14) and width of the aerial part (Fig. 6D, b = 0.09). 

The effect of number of galls on RFW was different between treatments, with a greater 

increase in root fresh weight per gall in the treatment with T. harzianum. The increase in 

number of galls is also related to increase of shoot fresh weight in the treatment with T. 

harzianum. The treatment also changed the relationship between number of galls and stem 

diameter, which despite being positively related to number of galls, is not influenced by 

treatments. As with the wight of aerial part, the number of nematodes in the soil is negatively 

related to number of galls (b = -4.59), but it does not present the same relationship within the 

treatments. For width of the aerial part, only the treatment without the fungus presented a 

negative relationship with the number galls. 
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Figure 6. Multiple regressions using galls as a response and the treatments and plant 

development of cultivar Lisa Inês, lettuce variables as predictors. 

 
Legends: Green = Plant inoculated with nematode (M. javanica) and Trichoderma (T. harzianum); 

Blue = Plant inoculated with nematode (M. javanica).  

           

3.1 Anatomy and morphology of lettuce roots and galls 

 

The uninoculated roots (Fig. 7A) presented only primary growth, with a uniseriate 

epidermis covered by a thin cuticle, a cortical parenchymal and a diarchal vascular cylinder 

(Figure 7B). This anatomical structure was maintained from 27 DNI (Fig. 7B) to 50 DNI. 
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Figure 7. Morphological and histological traits of cultivar Lisa Inês lettuce: uninoculated (A, 

B), inoculated with Meloidogyne javanica (C, D, E) and inoculated with M. 

javanica + Trichoderma harzianum (F, G, H). A, B, C, D, F, G are 27 days after 

inoculation (DAI); E, H are 50 DAI; A- Absence of galls; B- Root in primary 

structure, with uniseriate epidermis, parenchymal cortex and diarchal vascular 

cylinder; C, E- Presence of galls; D, F- Treatments with histological similarity, 

presence of giant cells in the vascular cylinder and surrounded by hypertrophied 

parenchymal cells.  

 

Abbreviations: Ep- Epidermis; CG- Giant cell; Co- Cortex; Ga- Galls, LR- Lateral root; PX- 

Protoxylem; MX- Metaxylem; Ph- Phloem; Pa- Parenchyma; In- Inductor; VC- Vascular Cylinder; 

XY-Xylem. 

 

The inoculated roots with M. javanica and M. javanica + T. harzianum have 

morphologically similar spherical galls (Fig. 7C, E, F, H) already noticeable at 12 DAI. The 

galls kept growing in diameter throughout the experiment, as evidenced by the increasingly 

larger galls collected 27 DAI (Fig. 7C, F) and 50 DAI (Fig. 7E, H). The two nematode 

treatments also shared a similar anatomical structure, characterized by a disorganized vascular 

system (Fig. 7 D, G). The cortical cells suffered intense hyperplasia and hypertrophy, which 
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caused a rapid increase in their extension (Fig. 7D, G). Lateral roots were frequently observed 

and were formed by external portions of the vascular cylinder around the gall (Fig. 7D). 

The formation of giant cells occurred at 12 DAI in the central portion of the vascular 

cylinder, which led to the displacement of xylem and phloem cells to more peripheral regions 

and the compression of these tissues (Fig. 7D, G). The cylinder normally presented two to 

five giant cells, a thick cell wall, a dense, multinucleated cytoplasm, and multiple small 

vacuoles (Fig. 7D, G). Females were in contact with the giant cells and fed directly on them 

(Fig. 7G). 

 

4 Discussion 

 

Our results showed different impacts generated by M. javanica galls on the roots 

structure and agronomic traits of the lettuce. There was an increase in root fresh weight per 

root length in the treatment with nematodes. We could also note that root fresh weight was 

not related to shoot fresh weight in the treatment with T. harzianum, producing lighter lettuce 

leaves, but heavier roots. The width of the aerial part was smaller for the heaviest roots, which 

were those from the treatments with the nematodes. In the treatment without T. harzianum, 

the number of galls showed a negative relationship with the number of leaves. However, in 

the treatment with the fungus this relationship was positive. Despite the number of galls 

increasing along with root increase, it continued to produce more leaves and heavier shoot 

fresh weight. 

 

4.1 Impact on agronomic traits 

 

         The induction of phytoparasitic nematodes can reduce the productivity from 7% to 

50% in crops of economic interest worldwide.48,49 Damage caused by root-knot nematodes in 

vegetables can be expressed as a reduction in production or a decline in the quality of the 

product to be marketed.50 However, the infestation of M. javanica on Lisa Inês lettuce did not 

generate significant reductions in in the most of agronomical traits analyzed. However our 

multiple regressions analyses indicate a relation between the variables that seems to represent 

a lost in productivity in the adult individual. Here, although the shoot fresh weight showed a 

positive relationship with the other agriculture variables, there was no difference in shoot 

fresh weight between the treatments. However, parasitism by M. incognita reduced the aerial 

parts in the “Babá de Verão”, “Brisa”, and “Lucy Brown” lettuce cultivars, also evaluated 
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under greenhouse conditions.51,52 The treatment with M. javanica and without fungus showed 

a reduction inwidth of the aerial part and a negative relationship with most of the agronomic 

traits tested. There was no significant difference in the number of leaves between treatments, 

but the control had greater gain of leaves per root length and fresh weight. For lettuce plants, 

root-not nematode infestation can cause stand failure (plant population), lower growth, 

smaller and lighter lettuce heads, and looser yellowish leaves.53 In addition, a reduced size of 

the head or aerial part and a lower leaf volume cause economic loss to the producers.54,20 

In soybean, that the use of T. harzanium led to an increase in root weight and length.55 

Herein, we found that inoculated plants with M. javanica had heavier root fresh weight 

compared to non-inoculated plants and those inoculated with M. javanica + T. harzianum. 

The weight gain in the roots of plants inoculated with M. javanica may be due to the presence 

of galls, which are protuberances or thickenings formed by the increase in the number and 

size of cells in the host organ.56 Galls are classic drains of photoassimilates and strong 

competitors for resources.57,58 Cytohistological processes triggered by the nematodes increase 

the weight of the gall induction site, as well as the production of secondary roots, something 

that often occurs in mild nematode-induced infections and that can also interfere with the final 

root fresh weight.60 The tolerance of Lisa Inês lettuce to the presence of nematodes without 

harming crop productivity has also been reported for other plant species, as highlighted by 

Charchar and Moita18 and Santos 61, who cite normal plant development and no loss of 

productivity for cultivars even in intense gall occurrence. According to Fiorini et al 62, this 

tolerance may be related to good soil mineral nutrition associated with the abundance of the 

root system. 

              Flat lettuce cultivars, preferred by some consumers, are more susceptible to 

Meloidogyne spp.18 However, our study showed that the lettuce cultivar Lisa Inês was 

considered Grade 3 (11-30 galls) in the Taylor and Sasser scale, which means it did not 

present a high susceptibility to M. javanica M. javanica, when compared to other vegetables. 

             The incidence of galls is an important feature in the selection for marketable lettuce 

cultivars with greater resistance to root-knot nematodes.63,64,65 In addition, the use of T. 

harzianum was inefficient to prevent gall formation and significantly reduce the number of 

nematodes in the soil and roots. However, the use of T. harzianum had a positive impact on 

head diameter in the treatment with nematodes. In Silvety hybrid tomato, T. harzianum led to 

a decrease of Meloidogyne spp. in the soil66 as also happened in a study with common 

beans.67 Peixoto et al68 mentions that the greater the number of nematodes infecting the roots 

of lettuce plants, the smaller is the amount of water and nutrients that reach the leaves, 
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causing a decrease in commercial production. Even though T. harzianum harzianum is not 

efficient for biological control in our study, it would be interesting to test other dosages and 

the combination with other techniques such as solarization and crop rotation can keep root-

knot nematodes below the level of economic damage. 

 

4.2 Anatomical analyses 

 

The presence of galls is the most visible symptom of a Meloidogyne spp. infestation,13 

and a useful trait for field diagnosis. These galls have generally a rounded shape.20 In the Lisa 

Inês cultivar, they were first noticed at 12 DAI in both treatments with the nematodes. The 

appearance of galls within a similar period has also been reported for gall inductions by M. 

incognita in okra (11 DAI)8 and by M. javanica in soybean (11 DAI).7 

As soon as the female root-knot nematode establishes itself in the galls, she starts to 

form multinucleated giant feeding cells.20 These giant cells were also reported here 

functioning as the feeding site of M. javanica. Giant cells are common in root galls induced 

by nematodes, as already demonstrated for  cotton Glossipium hirsutum parasitized by M. 

incognita, 45 and for the roots of ‘Magnet’ and 'Helper M' tomato Solanum lycopersicum 

rootstocks inoculated with M. enterolobii and M. javanica,46 with the appearance of giant cells 

18 DAI and 10 DAI, respectively. In our study, a well-formed feeding site was noticed in the 

vascular cylinder at 27 DAI, which was similar for Musa acuminata parasitized by M. 

incognita (24 DAI), which presented hypertrophied and hyperplastic undifferentiated root 

cortical cells, and a disorganized vascular cylinder with giant cells.12 This can obliterate part 

of the xylem vessel elements and cause the total disorganization of the vascular cylinder,15 

with potential to reduce the transport of water and nutrients by the xylem.47 

 

5 Conclusion 

 

i) The species M. javanica triggers the formation of galls and giant cells on lettuce, cultivar 

Lisa Inês, 12 days after inoculation, with a consequent reduction in the width of the shoot and 

changes in the root system, due to the grade 3 susceptibility of the cultivar. 

 ii) The use of the fungus T. harzianum at the concentration tested does not reduce the number 

of galls on plants and soil nematodes in lettuce, cultivar Lisa Inês. 
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Supplementary Material 

 

A- Table 1. Multiple regression table using shoot fresh weight (SFW) as a response and 

treatments and plant development variables as predictors. SCD=stem/crown diameter; WAP= 

width of the aerial, RFW= root fresh weight, NLP = number of leaves (plant); gl= degrees of 

freedom. 

Modelos est RL SCD WAP RFW NLP Trat CR:trat NLP:trat gl AICc delta peso 

120 49.75 0.98 1.56 4.56   7.47 + +   10 803.1 0.00 0.16 

1144 49.19 1.90 1.68 4.48  5.75 + + + 12 804.6 1.46 0.08 

128 50.03 0.77 1.35 4.61 0.93 7.29 + +   11 804.7 1.54 0.07 

Nulo 53.23                 2 914.8 111.64 0.00 

 

B- Table 2. Multiple regression table using width of the aerial part (WAP), as response and 

treatments and plant development variables as predictors.  RL=root length; SCD=stem/crown 

diameter; SFW= shoot fresh weight; RFW= root fresh weight; NL= number of leaves (plant); 

trat = treatment; gl= degrees of freedom 

Model est RL SCD SFW RFW NL Trat SCD:trat SWF:trat Gl AICc delta peso 

62 32.27 -0.74   2.13 -0.52 -1.47 +     8 564.6 0.00 0.12 

54 32.47 -1.04  2.08  -1.57 +   7 564.7 0.10 0.11 

318 32.39 -0.85   2.57 -0.53 -1.42 +   + 10 565.4 0.74 0.08 

310 32.61 -1.16  2.56  -1.52 +  + 9 565.6 0.93 0.07 

56 32.57 -1.05 -0.23 2.12   -1.52 +     8 566.4 1.74 0.05 

184 32.59 -1.01 -0.33 2.11  -1.51 + +  10 566.5 1.81 0.05 

Nulo 31.03                 2 616.4 51.77 0.00 

 

C- Table 3. Multiple regression table using number of leaves (plant) (NL) as response and 

treatments and plant development variables as predictors. RL=root length; SCD=stem/ crown 

diameter; WAP= width of the aerial part; SFW= shoot fresh weight; RFW= root fresh weight; 

trat= treatment; gl= degrees of freedom 

Model est RL SCD WAP SFW RFW trat CR:trat SWF:trat gl AICc delta Peso 

1085 19.33     -0.91 2.09 1.24 +       + 9 489.7 0.000 0.171 

1150 19.26 0.12  -0.89 2.10 1.16 + +     + 12 491.3 1.591 0.077 

1087 19.26   0.16 -0.91 2.04 1.18 +       + 10 491.5 1.798 0.069 

126 19.03 0.41  -0.89 2.12 0.45 + +  10 491.6 1.866 0.067 

Nulo 18.80                 2 588.2 98.471 0.000 

 

D- Table 4. Multiple regression table using root fresh weight (RFW) as response and 

treatments and plant development variables as predictors. RL=root length; SCD=stem/crown 

diameter; SFW= shoot fresh weight; NL=number of leaves (plant); trat= treatment; gl= 

degrees of freedom. 

Model est RL SCD NL trat RL:trat SCD:trat NL:trat gl AICc delta peso 

244 11.20 1.14 0.98 0.93 + + +   11 598.8 0.00 0.19 

116 11.18 1.13 1.05 0.93 + +   9 599.4 0.64 0.14 

1268 11.57 0.76 0.59 1.75 + + + + 13 600.5 1.70 0.08 

Nulo 12.63               2 694.5 95.74 0.00 
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E- Table 5. Multiple regression table using number of galls as response and treatments and 

plant development variables as predictors. RL=root length; SCD=stem/crown diameter; 

WAP=width of the aerial part; SFW= shoot fresh weight; RFW= root fresh weight; NL 

=number of leaves (plant); NR= number of nematodes in root; NS=number of nematodes in 

the soil; trat = treatment; gl = degrees of freedom. 

Model Est SCD   WAP SFW RFW      NR NS NL trat gl AICc 

21468 2.41 -0.13 0.10   0.14 0.15   0.19 + 11 808.1 

23516 2.40 -0.14 0.12  0.20 0.14  0.19 + 12 808.8 

22496 2.40 -0.15 0.09 0.08 0.17 0.15   0.14 + 13 809.1 

21500 2.41 -0.14 0.10  0.14 0.15 0.03 0.20 + 12 810.0 

Nulo 2.63                 1 892.1 

 

 

 

Modelos SCD:trat WAPtrat SFW:trat RFW:trat NR:trat NL:trat Peso 

21468 + +     + + 0.13 

23516 + +  + + + 0.09 

22496 + + +   + + 0.08 

21500 + +     + + 0.05 

       0.00 
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How the root-knot nematode Meloidogyne incognita affects the development and 

anatomical structure and parsley Petroselinum crispum (Mill.)? 

 

Roberta Mendes Isaac Ferreira Vilela, Vinícius Coelho Kuster, Vitor Campana Martini, 

Renato Marques Oliveira and Denis Coelho de Oliveira. 

 

 

Abstract 

 

Infection by the root-knot nematode Meloidogyne incognita impacts crop productivity 

worldwide, including parsley (Petroselinum crispum). This infection goes through a complex 

relationship between the pathogen and the tissues of the host plant, leading to the formation of 

galls and feeding sites that disorganize the vascular system, affecting the development of 

cultures. In this work, we sought to evaluate the impact of parasitism on the agronomic 

characteristics of parsley, on the development of galls and feeding sites and how this 

development impacts the anatomical structure of the root. In addition, we evaluated the 

dynamics of cell wall composition during the formation of feeding sites (giant cells). Parsley 

was inoculated with 5,000 juvenis (J2) of M. incognita and root fragments were removed at 

04, 11, 18, 25, 32, 39, 46, 54 and 66 DAI, and the agronomic characteristics were evaluated at 

66 DAI (Days After Inoculation). M. incognita affected the development of agronomic 

characteristics of parsley, which showed lower root weight and lower shoot weight and 

height. The formation of giant cells was noticed at 18 DAI, with a number of giant cells 

sufficient to nourish the female nematode. Small, spherical galls were also noted at 18 DAI, 

both of which disorganize the vascular tissue of the root.There were distinct responses in the 

detection of polysaccharides from the cell wall of the giant cells at two different times in the 

inoculated root and in the control root, in which homogalacturonans were more frequently 

marked in the later phase of the inoculated roots, which may be related to the formation of 

galls and flexibility of the roots. Giant cells thus contributing to the nutrition of the nematode. 

 

Keywords: Nematode. Parsley. Production. Galls. Anatomy. Immunocytochemistry. 
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1 Introduction 

  

The formation of galls on roots is one of the first symptoms of the establishment of the 

galling nematode. These galls are formed by the hypertrophy of the parenchyma cells in the 

cortex (Grossi de Sá 2011; Vilela et al. 2019; 2021) and appear soon after Meloidogyne spp. 

nematodes penetrate and infect the roots of the host plants (Pinheiro 2016). In the juvenile 

stage (the second stage, J2), the nematodes move to the adjacent cells of the vascular system, 

until the zone of protoxylem development, where they establish and start to modify 

structurally the cells (Grossi de Sá 2011). Through the secretion produced by their esophageal 

glands, the parasites trigger a process of hypertrophy and hyperplasia of the cells of vascular 

system, which leads tothe formation of giant cells (Vilela et al. 2021). As these giant cells 

increase in size they provide the nematode with food, becoming a feeding site (Taylor e 

Sasser 1983; Zhao et al. 2000; Moens et al. 2009). After they are adult and sedentary, females 

produce an egg mass and close the cycle (Pinheiro and Pereira 2016). These eggs (500 to 

1000) are surrounded by a gelatinous matrix and are usually located in the cortical 

parenchyma or on the surface of the roots (Pinheiro 2012). 

Giant cells are one of the most complex responses occurring in plant tissues by the 

action of a pathogen (Huang 2005). These cells are multinucleated, with dense cytoplasm and 

thick invaginated cell walls (Vilela et al. 2019). The cell wall may undergo a process of 

thickening and loosening that allows expansion and, thus, favors the absorption of nutrients 

by the parasite (Bohlmann and Sobczak 2014; Escobar et al. 2015). In galls induced by 

Meloidogyne incognita (Heteroderidae) in okra (Abelmoschus esculentus, Malvaceae), 

changes in the degree of methyl-esterification of homogalacturonans (HGs) in the cell wall of 

xylem parenchyma cells were essential for their elongation, gain in porosity and, 

consequently, the formation of the giant cells (Vilela et al. 2021). Thus, understanding the 

processes that lead to changes in the dynamics of cell wall components during the nematode-

host plant interaction can be configured as important tools in the proposition of infection 

control. 

The plant cell wall consists mainly of cellulose, hemicelluloses and pectins 

(Albersheim et al. 2011; Wilson et al., 2015) and protects the plant against the attack of 

pathogens, such as M. incognita, by activating defense mechanisms in the host plant (Holbein 

et al.,  2016). Among the wall compounds, pectins are complex structural polysaccharides 

generally involved in cell adhesion, rigidity, and porosity (Albersheim et al., 2011), and 

aredivided into main groups: homogalacturonans (HGs), rhamnogalacturonans I (RG-I) and 
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rhamnogalacturonans II (RGII), xylogalacturonans (XGA) e apiogalacturonans (AP) 

(Mohnen, 2008; Keegstra, 2010, Albersheim et al. 2011). Hemicelluloses are fibrillar 

polysaccharides composed mainly of hexoses or pentose units, which form xyloglucans, 

heteromannans, heteroxylans, among other types (Pauly et al, 2013). These compounds 

interact with cellulose microfibrils and form a cellulose-hemicellulose network that becomes 

established in the pectic matrix of the cell wall, acting in wall stabilization, rigidity, or even as 

a reserve compound. (Scheller and Ulvskov, 2010). Nematode galls on roots can cause a 

remobilization of non-cellulosic cell wall compounds previously set in the host organ, 

changing the cellular and functional structures during the formation of the cells that will 

compose the galls (Vilela et al. 2021). Galls are the main symptom of the root-knot nematode, 

which is present in several crops such as parsley Petroselinum crispum (Mill.) Nym 

(Apiaceae). 

A parsleyis a spice plant widely used for its flavor and aroma (Salla et al. 2019; Proz 

2020), and its medicinal properties (Cătunescu et al. 2017). It is also an important source of 

income for family farmers who supply supermarkets, grocery stores, fairs, and restaurants 

with fresh plants (Carvalho 2010). This herb is susceptible to infections by root-knot 

nematodes, particularly M. incognita (Kofoid and White 1929; Pinheiro 2016), a globally 

distributed parasite common in vegetable crops and responsible for severe production losses 

(Moens et al. 2009). Such pathogens make certain agricultural goods unviable for 

commercialization and consumption by damaging their root system, which can lead to 

productivity losses reaching up to 100% (Rosa et al. 2013; Pinheiro et al. 2014; 2017; Silva et 

al. 2016). Losses depend on infestation levels and plant species (Pinheiro et al. 2017), as it 

reduces the absorption of water and nutrients from the soil (Tihohod 2000; Asmus 2001; 

Gomes et al. 2008). Also, the intensive cultivation of species of the Apiaceae in the same 

area, under certain climatic conditions, can lead to an increase in the population of galling 

nematodes with a life cycle between 21 and 45 days (Pinheiro; Ferreira; Pereira 2012). 

The present study seeks to evaluate the impact of infestation by Meloidogyne 

incognita on the roots of parsley Petroselinum crispum Mill.To do that, we intend to answer 

the following questions: (i) does the infestation of the nematode M. incognita affect 

agronomical traits of parsley? (ii) What are the histological changes triggered by the induction 

of galls on parsley roots throughout its development? (iii) What are the pectic and 

hemicellulose compounds remobilized in the parsley root cell wall to form galls and giant 

cells? We hypothesize that gall formation will reduce shoot production, which impacts plant 

productivity, as well as disorganize the vascular cylinder of the root, as it is the site of gall 
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induction. Furthermore, we believe that changes in the degree of methyl-esterification of HGs 

in the cell wall of root cells will allow for cell hypertrophy during gall formation, which 

includes giant cells. 

 

2 Material and methods 

 

             The experiment was carried out in a greenhouse at UniCerrado University Center, 

municipality of Goiatuba. (18º 00’ 45” S, 49º 21’ 17” W), Goiás state, Brazil. The variety of 

parsley used was (Da Roça) Horticeres Seeds®, which has flat leaf, was chosen because it is 

one of the favorites in Brazil for its flavor and aroma in Brazil (Lana 2021). 

              In December 2020, seeds were sown into100-cell plastic trayscontaining Bioplant® 

(Sphagnum peat, coconut fiber, rice husk, pine bark, vermiculite and nutrientes) substrate for 

seedling cultivation. After 20 days of seedling emergence, the seedlings were transplanted to 

2.8 L pots with the substrate in a 1:1 proportion of sand and dystrophic red latosol soil. We 

chose this substrate based on the preference of Meloidogyne spp. for sandy soils (Starr 1998; 

Asmus 2004; Asmus et al. 2015). The mixture of sand and soil had been sterilized in an 

autoclave at 120 °C for 1 h. Six days after transplantation, nematodes were inoculated into 

two holes close to the roots by pipetting 2 mL of a solution containing a suspension of 5,000 

juveniles (J2) of M. incognita. The nematodes used as inoculum in this study had been 

previously identified, multiplied in Solanum gilo due to its susceptibility to this parasite, and 

extracted from the root galls by the method of Coolen and D'Herde (1972, modified).We 

conducted two treatments: (i) control treatment, where 50 individuals of parsley grew without 

M. incognita; and (ii) inoculum treatment, where 50 parsley individuals were exposed to 

juveniles (J2) of M. incognita early in their development. The design consisted of randomized 

blocks, with 10 replications per treatment and five pots per plot. 

 

2.1 Agronomic traits and galls 

 

 The flat leaf parsley (cv. Da Roça) has a cycle ranging between 54 and 75 days 

(Guidoni 2011) and, in our experiment the plants were removed from the pots 66 days after 

inoculation (DAI). After the parsley development period, the plants of both treatments were 

carefully removed from the soil and had their roots washed and placed on an absorbent paper 

surface for excess moisture removal. The aerial part was collected simultaneously.Agronomic 

traits was then evaluated based on the following parameters: (i) root fresh weight (g); (ii) 
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shoot fresh weight, both weighed on a Balmak ELP-10 analytical balance; (iii) shoot height, 

(iv) root length, with measurements taken between the plant neck and the tip of the terminal 

bud of the main branch; (v) root dry weight; (vi) shoot dry weight, after drying in an oven for 

72 hours, and (vii) number of root galls. 

The resistance of parsley to the root-knot nematode was evaluated according to the 

number of galls in the root, which was used to obtain the gall index (GI), proposed by Taylor 

and Sasser (1978). This classification ranks the plants in 0-5 scale: 0 = no galls; 1 = 1-2 galls; 

2 = 3-10 galls; 3 = 11-30 galls; 4 = 31-100 galls and 5 = more than 100 galls. Thus, parsley 

will be considered resistant if the plants have 0 to 10 galls (scales 0-2) or susceptible if the 

plants have 11 or more galls (3-5). 

 

2.2 Morphological and anatomical analyses 

 

Roots of uninoculated plants were collected in median portions of the organ 4 days 

after non-inoculation (DNI), while galls present in the median and apical regions of the roots 

were collected on different days after inoculation (04, 11, 18, 25, 32, 39, 46, 54 and 66 DAI). 

All plant fragments were fixed in FAA50 (formaldehyde + acetic acid + 50% ethanol 1:1:18) 

and subsequently stored in 70% alcohol (Kraus & Arduin 1997). We measured thenon-galled 

roots and the galls from the different DAI with a digital caliper and photographed them with a 

stereoscopic microscope (Leica® EZ4 HD). 

For anatomical characterization, the plant fragments were dehydrated in an ethanol 

series and embedded in 2-hydroxyethyl methacrylate (Historesin, Leica® Instruments, 

Germany), and then sectioned on a rotating microtome (YD-315 model, China) at6 μm thick. 

Sections were stained with toluidine blue at 1%, pH 4.0 (O'Brian and Feder 1968) and 

mounted with Entellan®. The slides were photographed with a Leica® DM500 

photomicroscope and coupled with a Leica® ICC50HD camera. 

 

2.3 Immunocytochemical analyses 

 

The immunocytochemical analyzes were performed at 66 DNI for the control, and at 

25 and 66 DAI for the treatments. These stages were chosen to compare the composition of 

the cell wall in a healthy root and in the initial and final stages of giant cells development. 

Samples subjected to monoclonal antibodies for hemicellulose detection were pre-

incubated with 10 μg mL-1 of pectate lyase (Sigma-Aldrich) in 2 mM of CaCl2 buffer, 50 mM 
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of 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (Sigma-Aldrich, USA), pH 10 

(Marcus et al., 2008), for 2 h. After this pre-treatment, the sections selected for the detection 

of hemicelluloses were immersed in a blocking solution of Molico® powdered milk/ 

phosphate buffer saline (PBS) during 30 minutes. The samples were then incubated for 2 h in 

the monoclonal primary antibodies JIM5, JIM7, LM5, LM6, LM11, LM15 and LM21 

(Appendix 1) (Centre for Plant Sciences, University of Leeds, UK) (Table 1), diluted 1:10 in 

milk/PBS. After incubation, sections were washed in PBS and again incubated inthe 

secondary antibody FITC (1:100 in 3% milk/PBS), for 2 hours in the dark. Control was 

obtained by suppressing incubation with the primary antibodies.  

The slides were mounted in 50% glycerin, and the reactions were observed through a 

fluorescence microscope (DM4000 LED, Leica® Instruments, Germany) coupled with a 

monochromatic HD camera (DFC3000 G). Excitation wavelengths of 450–490 nm and an 

emission filter of 515 nm were used. DAPI filter was used for autofluorescence labeling. 

Thus, positive (+) results were marked with green staining, and negative (-) results with blue. 

 

2.4 Statistical analyses 

 

The collected data were submitted to an ANOVA to assess the difference among 

treatments. To test the effect of the number of galls on agronomic traits, simple linear 

regressions were performed using the traits of economic interest (root fresh weight; shoot 

fresh weight; root length; and root dry weight) as a response variable and the number of galls 

as a predictor. When necessary, data were transformed to meet the assumptions of 

homoscedasticity and normality. Analyses were performed using the R statistical program (R 

Core Team 2020). The graphs were made using the “ggplot2” package (Wickham 2010). 

 

3 Results 

 

3.1 Agronomic traits 

 

At 66 DAI we verified that parsley inoculated with M. incognita had lower root fresh 

weight (F1,78 = 35.7; p < 0.001), shoot fresh weight (F1,78 = 22.1; p < 0.001), shoot height 

(F1,78 = 13.4; p < 0.001), root length (F1,78 = 6,1; p < 0.05), root dry weight (F1,78 = 17; p < 

0.001) and shoot dry weight (F1,78 = 6.5; p < 0.05) compared to the uninoculated group at 66 
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DNI (Fig. 1). The number of galls found (28) ranked the flat leaf parsley (Da Roça) at Grade 

3 (11-30) susceptibility to M. incognita, following the scale by Taylor and Sasser (1978). 

 

Figure 1. Agronomic trait means of flat leaf parsley (Da Roça) uninoculated (control) and 

inoculated with Meloidogyne incognita using the variables A- root dry weight; B- 

shoot fresh weight; C- shoot height; D- root length; E- root dry weight; F- shoot 

dry weight. Red = Uninoculated plant (control); Green = Plant inoculated with the 

nematode M. incognita. 

 
 

Regarding the number of galls, despite the plants infested with the nematode being 

smaller, the plants that reached a larger size also harbored more galls. There was a positive 

relationship between root fresh weight (est = 0.02; p < 0.05), shoot fresh weight (est = 0.01; p 

< 0.01), root length (est = 0.005; p < 0.01) and root dry weight (est = 0.002; p < 0.05) with the 

number of galls per individual (Fig. 2). 
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Figure 2. Relationship between the number of galls and agronomic traits of parsley (Da Roça) 

inoculated with Meloidogyne incognita. Root and shoot fresh weight, root length, 

root dry weight. 

 
 

3.2 Gall morphology 

 

The uninoculated root showed the usual structural development for the culture (Fig. 

3B) without protuberances (Fig. 3C) at 4 DNI. The roots of plants inoculated with M. 

incognitapresented galls (Fig. 3D). No lateral thickening of the root was detected at 4 and 11 

DAI, the formation of galls started being noticeable only at 18 DAI (Fig. 3E). 

An increase in the gall size was visible at 25 and 32 DAI (Fig. 3F, G), and 39 DAI 

galls had kept growing and become more spherical (Fig. 3H). Then, at 46 DAI (Figure 3I) the 

galls had assumed an irregular shape, and an egg mass visible to the naked eye was present on 

their surface. The egg mass was also noticeable 54 and 66 DAI (Fig. 3J, 3K), when the galls 

were more numerous. 
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Figure 3. Morphological traits of parsley and its galls induced by Meloidogyne incognita. A- 

Flat leaf parsley (Da Roça), the variety used in the experiment; B- Aerial and root 

system of the uninoculated plants; C- Root 4 days after inoculation (DAI) showing 

no sign of lateral thickening; D- Presence of galls on the inoculated root; E- 

Appearance of galls 18 DAI; F, G- Small spherical galls 25 and 32 DAI; H- Larger 

and spherical galls 39 DAI; I- Larger and irregularly conformed galls with the 

presence of a eggs mass 46 DAI; J- Gall 54 DAI; K- Galls in a greater quantity 66 

DAI. 

 

 

3.3 Anatomical traits 

 

Four days after non-inoculation, the root presented a uniseriate epidermis, vascular 

cylinder with diarch xylem (2 poles of the protoxylem) and a cortex with 5 to 7 layers of 

parenchyma cells (Fig. 4A). Later, at 66 DNI (Fig. 4B), the epidermis was replaced by a 

periderm while the cortex presented a greater number of layers. The vascular cylinder 

remained with primary xylem and phloem, and xylem was tetrarch in some roots (Fig. 4B). 

No protuberances were observed on roots inoculated with M. incognitaat 4 and 11 

DAI, with galls being anatomically detected only 18 DAI (Fig. 4C). On the 18th DAI the 

epidermis was uniseriate with a parenchymal cortex, and the vascular cylinder with a few 

small giant cells (Fig. 4C). Then, 25 DAI the number and size of giant cells had increased 
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(Fig. 4D), and cell divisions had begun in the cortical parenchyma (Fig. 4D). Giant cells 

presented a thick multinucleated cell wall, with a clear disorganization of the vascular system 

(Fig. 4D). At this stage, the female of M. incognita is an adult and has a globose shape, 

remaining in direct contact with the giant cells (Fig. 4E), something similar to that found 32 

DAI (Fig. 4F). 

A large number of nourishing/giant cells was observed at 39 DAI (Fig. 4G), as well as 

the first appearance of the egg mass (Fig. 4H). The giant cells reached their greatest extent 

and quantity in the later stages, 46 DAI (Fig. 4I), 54 DAI (Fig. 4J) and 66 DAI (Fig. 4K, L), 

causing greater disorganization of the vascular system. After multiplication of cortical 

parenchyma cells in previous stages, the parenchyma occupied a large proportion of the gall. 

The appearance of the periderm was observed at 66 DAI (Fig. 4K). 

 

3.4 Immunocytochemistry analysis of cell wall 

 

The monoclonal antibodies detected the distinct types of hemicelluloses and pectins 

between inoculated and uninoculated roots at 66 DNI and 66 DAI, as well as between roots 

inoculated in the earliest stage of giant cells (25 DAI), such as shown in Table 2. 

Epitopes of methyl-esterified HGs, recognized by the JIM7 antibody, were marked in 

the cortex, xylem parenchyma cells, and phloem at 66 DNI (Fig. 5A; Table 1) and 66 DAI, as 

well as in giant cells (Fig. 5B; Table 1). Prior to that, at 25 DAI, only the cell walls in the 

cortex parenchyma were marked (Table 1). Epitopes of HGs with low methyl-esterification, 

recognized by JIM5, were less present at 66 DNI and 25 DAI, occurring in the cortex and 

periderm, respectively (Table 1). Later, at 66 DAI, only the xylem vessel elements were not 

marked (Fig. 5C, D; Table 1). Epitopes of (1→4) β-D-galactan, recognized by LM5, were 

detected in the same cells and tissues in the three stages, occurring in the cortex, xylem 

parenchyma cells, and phloem (Fig. 3E- I; Table 1). Epitopes of (1→5) α-L-arabinans, 

recognized by LM6 and pitopes of (1→4)-β-D-xylan / arabinoxylan, recognized by LM11, 

were not detected (Table 1). 

Heteromannan epitopes, recognized by LM21, occurred only in the periderm 66 DNI 

(Fig. 6A; Table 1) and in the cortex and giant cells at 66 DAI (Fig. 6B; Table 1). Xyloglucan 

epitopes were marked by LM15 in the cortex, xylem parenchyma cells, and phloem at 66 DNI 

(Fig. 6C; Table 1). This epitope was widely marked at 66 DAI, not occurring only in the 

periderm (Fig. 6D; Table 1).  
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Figure 4. Anatomical traits of roots uninoculated (A and B) and inoculated (C-L) 

withMeloidogyne incognita. A- Uninoculated root 4 days after non-inoculation (DNI); B- 

Uninoculated root 66 DNI; C- Few Giant cells 18 days after inoculation (DAI); D- Well-

formed feeding site 25 DAI; E, F- Presence of the female of M. incognita in contact with the 

giant cells; G- Numerous giant cells 39 DAI; H- Presence of inductor and egg mass; I, J- 

Giant cells 46 and 54 DAI; K, L- Presence of more feeding sites, and high disorganization of 

the vascular system.  

 
Abbreviations: Co= Cortex; GC= Giant cell, Ep- Epidermis; Eg- Egg mass of female nematode; LC- 

Larval chamber (female chamber); Pe- Peridermis; In- inductor (nematode); Pa- Parenchyma; Xy- 

Xylem; VC-Vascular cylinder. 
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Table 1. Positive and negative immunofluorescence results in the roots of flat leaf parsley (Da Roça) uninoculated (66 DNI) and 

inoculated (25 DAI and 66 DAI) with Meloidogyne incognita. 

 
Monoclonal    

Antibodies                                                                                

   

66 DNI 25 DAI 66 DAI 

Pe Co Xy Ph Pe Co Xy Ph GC Pe Co Xy Ph GC 

  PC Ve    PC Ve     PC Ve   

JIM7 - + + - + - + - - - - - + + - + + 

JIM5 - + - - - + - - - - - + + + - + + 

LM5 - + + - + - + + - + - - + + - + - 

LM6 - - - - - - - - - - - - - - - - - 

LM11 - - - - - - - - - - - - - - - - - 

LM21 - - - - - + - - - - - - + - - - + 

LM15 - + + - + - - - - - - - + + + + + 

Abbreviations: Pe- Periderm; Co- Cortical parenchyma; Xy- Xylem; PC- Parenchymal cell of xylem; VE- Vessel element; Ph- Phloem; GC- Giant 

cell. 

* Results: (-) Negative; (+) Positive.  
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Figure 5. Distribution of homogalacturonans, marked by JIM7 and JIM5, and 

rhamnogalacturonans, marked by LM5, in roots parsley (Da Roça), uninoculated 

(66 DNI) and inoculated (25 and 66 DAI) with Meloidogyne incognita.  

 

 
Note: Single arrows show the positive result. Abbreviations: Co- Cortex; Pe- Periderm; VC- Vascular 

cylinder; GC- Giant cells; Xy- Xylem; Eg- Eggs; In- Inductor. 
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Figure 6. Distribution of hemicellulose epitopes, marked by LM21 and LM15, in roots 

uninoculated (66 DNI) and inoculated (25 and 66 DAI) with Meloidogyne 

incognita.  

 
Note: Single arrows show the positive result. Abbreviations: Co- Cortex; LC- Larval chamber (female 

chamber); Pe- Periderm; VC- Vascular cylinder; GC- Giant cells; Xy- Xylem. 

 

4 Discussion 

 

4.1 Impacts of M. incognita induced galls on agronomical traits 

 

  Parsley reaches a shortheight before flowering, and the common flat leaf variety can 

reach up to 25 cm (Oliveira 2016), but the average reached in this study was between 10 to 13 

cm. There was a difference between uninoculated plants and those inoculated with M. 

incognita, with the lattershowing less root and shoot development. The root-knot nematode is 

one of the main soil limiting factors for plant production (Hallmann and Meressa, 2018) and 

when plants are parasitized, they mightexhibit lower vigor and shoot development (Silva et al. 
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2006). In the tomato crops, root-knot nematode parasitism can reduce the yield (Pinheiro et al. 

2014). In parsley infected by M. arenaria, as the population density of the parasites increased, 

the fresh weight of leaves decreased (Lozada-Villanueva, 2021). Reduction in plant height in 

the presence of high Meloidogyne densities was too reported by Aguirre et al., (2002). 

Reduction in shoot height and dry weight also occurred in tomato plants parasitized by M. 

incognita (Bordin 2002), and in rice (Oryza sativa), in which the root-knot nematode reduced 

shoot and root fresh weight in 11.1% and 21.85%, respectively, when compared to 

uninoculated plants (Neuschrank 2019). 

 In the present study, M. incognita impaired plant development, leading to lower fresh 

and dry weight and shorter shoot height. A decline in these agronomic traits combined with 

dwarfism, yellowing of the leaves, and a reduced branch growth would economically harm 

farmers (Sikora and Fernandez 2005; Souza 2018), as the aerial part is the commercialized 

part of parsley. Such scenarios are generally associated with the presence of galls on the root 

and a decrease in the root system (Sasanelli et al. 2015; Hallmann and Meressa 2018; Ntalli et 

al., 2019). M. incognita infection has significantly reduced plant height, stem circumference, 

plant fresh weight, and number and weight of roots in cassava (Manihot esculenta) 

(Akinsanya, 2020).  

We further observed that the root-knot nematode infestation negatively affected the 

fresh and dry weight and root length of parsley, being lighter and shorter in relation to 

uninoculated roots. Root compromise has been reported in some crops such as rice, which can 

be severely affected by Meloidogyne spp. due to its noxious action on the root system (Bridge 

et al. 2005). In sweet potato (Ipomoea batatas), there has been reduction in the yield and 

quality of its tuberous roots (Pinheiro et al. 2011). Plants infected by nematodes of the genus 

Meloidogyne may have shorter roots, which are less efficient in absorbing water and nutrients, 

causing decreased growth and reduced productivity because of deformation and root under 

development (Taylor and Sasser 1983). Combined with the formation of tumors throughout 

the root system, these symptoms result in lower shoot development, generalized leaf 

chlorosis, reduced productivity and may lead to plant death (Moura 1997; Tihohod 2000; Vale 

et al. 2013). The severity of the damage caused by nematodes depends on factors related to 

parasite density androot weight (Pinheiro 2014), in addition to susceptibility of the genotype 

planted, and the season (Silva and Santos 2007). 

            One of the main symptoms caused by the presence of the Meloidogyne nematode is 

the formation of galls (Souza and Maximiano 2018) and flat-leaf parsley was considered 

susceptible to the parasites, classified in Grade 3 of the scale by Taylor and Sasser (1978). 
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Two other varieties, the ‘common parsley’ and the ‘giant Portuguese parsley’, had similar gall 

rates when parasitized by M. enterolobii, 2.8 and 3.7 respectively (Rosa et al. 2015). In 22 

genotypes of okra (Abelmoschus esculentus) plants inoculated with M. incognita, the gall 

index ranged between grades 2 and 5 (Martinello 2001), and the same variation was found in 

carrot Daucus carota cultivars infested with M. incognita breed 1 and M. mayaguensis 

(Pinheiro; Carvalho; Vieira 2010). Hence, the susceptibility to this parasite can varyamong 

plant species, eventually even within the same species, and also depending on the 

Meloidogyne nematode species involved. 

            Although not essential for the nematode to develop, galls help the producer to 

diagnose the infection and select more resistant genotypes, and even though it is not a rule, 

there may be a correlation between number of galls and nematode multiplication (Hussey and 

Janssen 2002). We found a positive correlation between the analyzed agronomic variables and 

the number of galls per individual, and the inoculated plants that were heavier, taller, and with 

longer roots hosted more galls. In pigeon pea (Cajanus cajan) parasitized by M. enterolobii, 

taller and heavier plants but with lower root weight had the greatest number of galls and the 

highest pathogen reproduction factor (Moreira et al. 2018), while in the okra inoculated with 

M. incognita, the inoculated plants obtained greater shoot height in relation to the 

uninoculated plants (Vilela et al. 2019), so in that particular case the root-knot nematode did 

not interfere with crop development. 

 

4.2 Gall morphology induced by M. incognita 

 

The female individuals Meloidogyne induce hyperplasia of the parenchyma cells in the 

cortex and vascular cylinder, simultaneously with the process of cellular hypertrophy, thus 

causing a thickeningcalled root gall to develop in the root. In this study, galls were found 

from 18 DAI onwards, still small, and spherical in shape. However, in okra infested by M. 

incognita (Vilela et al. 2021) and in soybean parasitized by M. javanica (Vilela et al. 2019) 

small protuberances were noticed earlier, at 11 DAI; and, as well as in this study, the galls 

were noticeable at 18 DAI. In a study with tomato plants inoculated with 5,000 J of M. 

incognita, the formation of typical galls on the roots could be seen 15 DAI (Corrêa 2005). 

Here, 66 DAI the galls on the parsley had a more irregular shape, were slightly larger and in 

greater quantity, as in the okra parasitized by M. incognita, but in this culture most galls were 

united in a swelling and had a more elongated shape (Vilela et al 2021). The size of galls 

usually depends on the species of plant infected or the number of nematodes present in the 
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tissue (Ornat and Sorribas 2008). In grasses and onions, galls are usually small and barely 

perceptible, sometimes no more than slight protrusions (Mitkowski and Abawi 2003), as in 

the banana tree in which M. incognita induced the formation of small galls on thin roots or 

dilations on thicker roots (Niño Castañeda 2015). 

In parsley cv. Robustus parasitized by M. javanica, the roots presented large spherical 

galls, individual or grouped, and some contained an egg mass (Sasanelli 2015), also found in 

coriander, but with smaller isolated galls occurring along the roots (Biondi et al. 2001). The 

egg mass could be noticed in the parsley after the 5th week (at 39 DAI in anatomy) and at 45, 

54 and 66 DAI it was visible on the surface of the galls. The full cycle of Meloidogyne spp., 

from egg to egg, usually happens in the summer taking around three to four weeks and is 

influenced by factors such as temperature. The female can produce more than 2000 eggs, 

which are surrounded by a mucilage that protects them against desiccation and adverse 

conditions (Pinheiro 2021). 

 

4.3 Anatomical traits of root-knot galls 

 

Giant cells were observed at all times evaluated from 18 DAI onwards. These cells are 

a key factor for the success of the nematode/plant interaction after the arrival of this parasite 

at the cortical cylinder. If the nourishing cells are not formed, or are degenerated with few or 

no nuclei, the development and/or reproduction of this parasite will be suppressed, showing a 

resistant response of the host plant (Expósito 2020) that did not occur in this study, since the 

giant cells remained well formed until 66 DAI. 

After the 18th DAI, 2 to 8 giant cells were found forming the feeding site of the 

female M. incognita in the galls. Normally, 3 to 8 giant cells can be found around the anterior 

region of the nematode or at the point where it inserts the stylet, with the goal of inducing and 

maintaining these cells in case there is continuous stimulationfrom the nematode (Moura 

1996). Giant cells induced by M. incognitaare already noticeable 8 DAI andare 

multinucleated and thick-walled (Oliveira 2006). These characteristics were also found in the 

present study. 

A well-formed feeding site with several giant cells can benoted 25 DAI, characterizing 

this site as efficient for nematode nutrition, and the presence of five to nine giant cells per 

feeding site is enough to promote the perfect development of the nematode (Silva et al. 1990). 

The disorganization of the vascular cylinder is clear, which suggests a possible impairment of 

its functions that may lead to a reduction in the transport of water and nutrients through the 
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xylem (Dorhout et al. 1991). The female of M. incognita can be observed close to the 

nourishing cells between 32 and 39 DAI. In a longitudinal section of banana roots parasitized 

by this nematode, the female had a dilated body, typical of the genus, with piriform shape and 

rounded, globose, and oval perineal patterns (Niño Castañeda2015), producing an egg mass 

external to the root and visible to the naked eye (Pinheiro et al., 2014).Giant cells act as a 

nutritive drain, as they mobilize photoassimilates to these cells, and serve as continuous food 

for females (Abad et al. 2003). Following the formation of the feeding site, and in addition to 

hyperplasia of adjacent tissues, parsley cv. Robustus infected by M. javanica showed giant 

cells (3-6) adjacent to vascular tissues and distortion in such tissues (Sasanelli 2015). Several 

feeding sites can be observed in the galls of parsley 66 DAI, as well as in corn (Zea mays), 

which had feeding sites 60 DAI, with giant cells presenting walls than normal cells causing 

visible compression and even the obliteration of xylem vessel elements (Asmus and Ferraz 

2000). 

Studies on changes in root anatomy of susceptible plants and on thedevelopment of 

giant cells are important to understand the mechanisms of nematode parasitism by 

documenting these changes in host root tissues (Westerich 2012). 

  

4.4 Immunocytochemistry 

 

The immunocytochemical studies show differences regarding the presence/abundance 

of pectin and hemicellulose epitopes in the walls of giant cells in roots parasitized by the 

pathogen (25, 66 DAI) and walls of non-parasitized root cells (66 DNI). In order to 

understand the molecular architecture of the cell wall, monoclonal antibodies have been used 

to detect markers for developmental stages of signals derived from the cell wall (Willats et al. 

2000). The cell walls of gall-induced giant cells undergo the process of thickening and 

loosening to allow expansion and support nutrient uptake by this parasite (Albersheim 2011; 

Zhang et al. 2017). 

Homogalacturonans (HGs) with low methyl-esterification and recognized by JIM5 

were marked in basically all cells of the inoculated root 66 DAI. The formation of the gall 

requires a process of cell hypertrophy and the appearance of giant cells. Especially in this 

final phase, the marking in the inoculated root may be related to the bonds between HGs and 

Ca2+, the latter interacting with the dimethyl-esterification gels providing rigidity to the cell 

walls. This dynamics of flexibility and rigidity is essential for the development and 

maintenance of the final form (Isaias et al, 2013). JIM 7 methyl-esterified HGs were marked 
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in the late stages of the inoculated root66 DAI, but also in the 66 DNI. Similar markings were 

observed in the walls of okra root cells parasitized by M. incognita 66 DAI and DNI (Vilela et 

al. 2021). HGs are the most abundant polysaccharide in pectin (Caffall and Mohnen 2009), 

and areassociated with plant development, biotic stress (Senechal et al. 2014), and cell wall 

resistance (Caffall and Mohnen 2009). As HGs were present in parsley giant cells, we believe 

that their abundance may be related to a greater flexibility of the giant cell wall (Albersheim 

2011), thus providing a nutrition supply necessary for the development of the nematode. 

Xyloglucan (XG) epitopes, marked by LM15, are one of the hemicelluloses frequently 

found in plants (Obel et al. 2006), which appears to be involved in cell growth signaling, and 

is responsible for the spacing and ordering of cellulose microfibrils (Oliveira Junior et al. 

2006). They weremarked in the uninoculated root and widely marked in the final stage of the 

inoculated root (66 DAI). Xyloglucan, methyl-esterified pectic HGs and arabinan were 

present in the walls of giant cells of Arabidopsis thaliana, Vigna angularis and Zea 

maysinfected with M. incognita (Bozbuga 2017). They were also noted in the giant cells of 

parsley, but the epitopes of (1 → 5) α-L-arabinans, recognized by LM6 that acts on the wall 

stiffness, were not detected in the analyzed roots, although they were abundant within the 

syncytial cell walls in potatoes and soybean roots parasitized by cyst nematodes (Zhang et al. 

2017) and in the insect-induced phases of gall maturation and senescence (Carneiro et al. 

2014). We noticed variations in the pectic composition of the cell wall, which may be related 

to the different phases of cell differentiation, growth and plant development (Carneiro et al. 

2014). 

Rhamnogalacturonan-I (RG-I) is a complex pectic polysaccharide (Harholt et al. 2010) 

involved in cell wall tension (Mikshina et al. 2015) and in altering the mechanical structure of 

the plant cell wall (Bidhendi and Geitmann 2016). Recognized by LM5, (1→4) β-D-galactan 

epitopes were detected in the same cells in the cortex, xylem and phloem parenchyma cells in 

uninoculated roots and also in the initial and final stages of inoculated roots, but they were not 

marked in the giant cells of parsley or okra (Vilela et al. 2021), apparently playing no role in 

the formation of these cells. 

 

5 Conclusion 

 

i) The root-knot nematode M. incognita affected the development of parsley, contributing 

negatively to the reduction of height and weight, both in the shoot and in the root system, in 

addition to the length of the roots.  
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ii) The galls and giant cells were noticed at 18 DAI and caused a disorganization in the root 

structure, mainly in the vascular system, which could interfere with sap transport.  

iii) Hemicelluloses and pectins were detected differently in control roots at the final stage and 

inoculated at the initial and final stages and we believe that homogalacturonans are involved 

in the flexibility of the cell wall of giant cells essential for parasitism of this nematode. 
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Appendix 1 

 

Monoclonal antibodies and epitopes used for labeling pectin and hemicellulose compounds. 

Monoclonal Antibody Epitopes References 

Pectins/ Homogalacturonan (HG) 

JIM 5              partially Me- HG/ no ester   VanderBoshet al. (1989); Knox 

et al. (1990); Willats et al. 

(2000); Clausen et al. (2003) 

 

JIM 7              partially Me- HG                              Knox et al. (1990); Willats et al. 

(2000); Clausen et al. (2003) 

Pectins/Rhamnogalacturonan-I 

LM 5 (1 ->4)      

 

β- D galactan                              Jones et al. (1997); Willats et al. 

(1999); Orfila e Knox (2000) 

 

LM 6 (1 ->5)       α- L- arabinan                             Willats et al. (1999); Orfila e 

Knox (2000) 

Hemicellulose 

Heteroxylan 

LM 11(1 ->4)      

 

β- D Xylan/arabinoxylan        

 

McCartney et al (2005) 

 

LM 21     

 

 

heteromannan 

 

Marcus et al (2010)      

LM 15  XXXG motif of 

xyloglucan                 

Marcus et al (2008) 
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Galhas induzidas por Meloidogyne incognita no jiloeiro (Solanum gilo Raddi): impacto 

estrutural e nos parâmetros fitotécnicos e ainda controle com Paecilomyces lilacinus 

  

Roberta Mendes Isaac Ferreira Vilela, Vinícius Coelho Kuster, Andréa Avelino De Souza, 

Vitor Campana Martini & Denis Coelho de Oliveira 

 

 

Resumo 

 

Meloidogyne é um dos gêneros de nematoides demaior importância na agricultura mundial, 

uma vez que causa perda na produtividade em culturas hospedeiras, como no jiloeiro 

(Solanum gilo). Esse nematoide forma galhas nas raízes das plantas parasitadas, bem como 

sítios de alimentação constituídos de células gigantes. O controle biológico tem auxiliado na 

redução da perda de produtividade, com destaque para os que utilizam fungos como 

Paecilomyces lilacinus. Desta forma, o objetivo deste trabalho foi avaliar o impacto de 

Meloidogyne incognita no desenvolvimento do jiloeiro, assim como testar um nematicida 

microbiológico (P. lilacinus) como agente de controle biológico. O impacto do nematoide foi 

aqui estimado por avaliações agronômicas, histológicas e quanto a composição da parede 

celular analisada em relação as alterações dos compostos pécticos e hemicelulósicos. As 

plantas foram inoculadas com 5000 juvenis de 2º estágio (J2) de M. incognita e as amostras 

para os estudos histopatológicos foram coletadas aos 04, 11, 18, 25, 32, 39, 46, 54, 66 e 72 

dias após a inoculação (DAI). Nas análises agronômicas foram realizadas aos 72 DAI, 

enquanto que as de imunocitoquímica também aos 25 DAI. Houve redução do crescimento, 

do peso da raiz e da parte aérea em plantas inoculadas com M. incognita, enquanto plantas 

controlee plantas inoculadas com M. incognita + P. lilacinus apresentaram resultados 

semelhantes. Galhas e células gigantes foram observadas aos 18 DAI em ambos os 

tratamentos com inoculação.  P. lilacinus não interferiu na formação das células gigantese das 

galhas, porém reduziu a quantidade de nematoides e ovos nas raízes. O jiloeiro é susceptível a 

M. incognita, sendo a cultivar jiló Comprido Verde Claro altamente susceptível, uma vez que 

possui mais de 100 galhas por raiz. As marcações dos epitopos de polissacarídeos ocorreram 

de forma distinta entre as raízes não inoculadas e entre os estágios de desenvolvimento da 

galha. Homogalacturonanos altamente esterificados indicam a presença de paredes celulares 

flexíveis nas galhas jovens, inclusive nas células gigantes, com paredes mais rígidas com a 

baixa metilesterificação observada nas células maduras. Por fim, o jiloeiro foi impactado 

negativamente no crescimento da sua parte aérea e ganho de massa, porém o uso de um do 

fungo P. lilacinus pode reduzir os danos na cultura.   

 

Palavras-chave: Anatomia de galhas. Jiló. Células gigantes. Parede celular. Controle 

biológico. 
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1 Introdução 

 

Nematoides indutores de galhas são endoparasitas obrigatórios e sedentários que 

formam sítios de alimentação na região do sistema vascular de raízes de plantas hospedeiras 

(Escobar et al. 2015; Galbieri e Belot 2016), onde completam o seu ciclo de vida (Ye et al.  

2019). Os estímulos gerados pelos nematoides levam, então, a formação de células gigantes, 

que são o seu sítio de alimentação, e aumento da divisão e crescimento celular no córtex da 

raiz, resultando na formação de galhas (Pinheiro 2019; Galbieri e Belot 2016). O ciclo de vida 

destes nematoides, especialmente das espécies de Meloidogynne spp., desperta grande 

interesse devido ao impacto que estes organismos geram em diversas culturas de importância 

agronômica em todo mundo (Koenning et al. 2004; Dijan-Caparalino 2012; Onkendi et al. 

2014).  

Os nematoides juvenis de segundo estádio (J2) penetram nas raízes, na zona 

meristemática, migram célula a célula até a zona de alongamento da raiz e, seguem em 

direção ao cilindro vascular (Cepulité et al. 2018). No sistema vascular, os nematoides do 

gênero Meloidogyne induzem a formação de células gigantes (Heller et al. 2019) que são 

essenciais para nutrição e desenvolvimento do nematoide galhador. Depois se fixarem e 

induzirem os sítios de alimentação, os nematoides passam pelos estágios três e quatro até 

chegarem à fase adulta (Oliveira 2016), cujas fêmeas depositam os ovos em uma matriz 

gelatinosa (Pinheiro 2021) e os machos deixam as raízes sem causar danos às hospedeiras 

(Cares et al. 2006). 

O desenvolvimento e estabelecimento das células gigantes dependem de uma série de 

alterações na estrutura e composição da parede celular, com ganho em elasticidade e 

porosidade, essenciais para o crescimento e o fluxo de nutrientes nestas células (Caillaud et al. 

2008, Bozbuga et al. 2018, Vilela et al. 2019). A parede celular é composta principalmente 

por celulose, hemiceluloses e pectinas (Defillipi et al., 2018), sendo que a proporção destes 

polímeros pécticos e o grau de esterificação das moléculas estão relacionados com as 

propriedades funcionais da parede celular vegetal (Knox, 1997). Esses polímeros 

desempenham diversas funções nas plantas, como manter e determinar a forma celular 

(Szymanski, 2009; Singh e Montgomery, 2011), controlar o crescimento celular e vegetal 

(Wolf et al., 2012), resistir à pressão de turgor interna (Haswell et al., 2008) e atuar na 

percepção e sinalização durante o desenvolvimento da planta, ativando mecanismos de defesa 

(Hamann, 2012; Nühse, 2012). Na interação patogênica entre plantas e microorganismos 

ocorre uma cascata de eventos, e estudos que abordem as modificações ocorridas na parede 
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celular utilizando anticorpos monoclonais podem auxiliar no entendimento dessa complexa 

relação e auxiliar na busca por resistência aos patógenos (Ñino Castañeda, 2015). De fato, 

compreender o processo de infecção do nematoide nas raízes e o desenvolvimento de sítios de 

alimentação nas galhas é relevante para identificar mecanismos de controle do patógeno. 

O controle do nematoide de galhas é fundamental devido ao seu impacto na 

produtividade de culturas de interesse econômico, sendo recomendada a ação conjunta entre 

vários métodos, tais como rotação de culturas, o uso de genótipos resistentes, controle 

biológico e químico (Almeida et al. 2005).  

O uso de produtos fitossanitários sintéticos para controle de nematoides tem sido 

adotado, porém encontra-se cada vez mais restrito devido ao alto custo, a baixa eficácia ao 

longo de várias aplicações e pela toxicidade, com risco de contaminação dos recursos hídricos 

e perda da biodiversidade (Dong e Zhang 2006; Araújo et al, 2012; FAO e Who, 2016). Por 

outro lado, o controle biológico com fungos nematófagos tem a capacidade de capturar ou 

parasitar nematoides em seus diferentes estágios de vida e são divididos em grupos conforme 

seus diversos modos de ação, podendo ser ectoparasitas, endoparasitas, parasitas de fêmeas e 

ovos ou produtores de metabólicos tóxicos (Alves e Freitas 2014). Um exemplo é o 

Paecilomyces lilacinus (Thom.) Samson, que é um fungo de solo que tem se mostrado efetivo 

no controle de espécies de nematoides de galhas (Campos; Campos et al. 1990, 1997; Kerry, 

1990), afetando diretamente a capacidade reprodutiva deste microrganismo (Ballagro 2020).  

As medidas de controle são necessárias principalmente para as espécies de plantas que 

apresentam susceptibilidade aos nematoides, como o jiloeiro Solanum gilo Raddi 

(Solanaceae), que embora seja uma das espécies mais rústicas das solanáceas, é sensível ao 

ataque de nematoides do gênero Meloidogyne (Pinheiro et al. 2013), com maiores 

preocupações devido a sua ampla distribuição geográfica e a extensa gama de hospedeiros 

(Ferraz e Brown, 2016).  

As espécies Meloidogyne javanica e M. incognita são os principais nematoides de 

galhas no Brasil e causam grandes perdas econômicas em diversas culturas (Oliveira et al 

2018), inclusive nas solanáceas (Bernard et al. 2017). O M. incognita (Heteroderidae) (Kofoid 

e White 1919) se destaca em função da alta polifagia (Huang et al. 2006), elevada capacidade 

reprodutiva e agressividade (Bakhetia et al. 2005). 

Neste contexto, a relevância do estudo do comportamento da infecção de plantas de 

jiloeiro por nematoides é baseada no fato de se tratar de uma espécie de hortaliça de grande 

relevância para agricultura familiar e com boa aceitação no mercado brasileiro por possuir 

fruto com sabor amargo, com propriedades antioxidantes (Odetola et al. 2004; Pinheiro et al. 
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2013; Pinheiro et al. 2015) e de elevado valor nutricional e terapêutico elevados (Odetola, 

Iranloye e Akinloye, 2004). Assim, em infestações elevadas esses microrganismos poderão 

contribuir, negativamente, para redução do desenvolvimento da planta e da produtividade da 

cultura.   Diante do exposto, o presente estudo buscou: (i) avaliar o efeito do parasitismo do 

nematoide M. incognita nas características agronômicas da cultura do jiloeiro S. gilo; (ii) 

determinar a eficiência do produto biológico à base do fungo P. lilacinus no controle do 

galhador, na inibição da formação de galhas e das células gigantes; (iii) descrever as 

modificações estruturais nas raízes inoculadas com esse parasita durante o desenvolvimento 

das galhas e formação das células gigantes; e (iv) caracterizar as alterações na estrutura e 

composição da parede celular em relação a compostos pécticos e hemicelulósicos 

remobilizados para formação de células gigantes. 

 

2 Material e métodos 

 

2.1 Área de estudo e desenho experimental 

 

O experimento foi conduzido na casa de vegetação do Centro Universitário de 

Goiatuba - Unicerrado, município de Goiatuba (18º 00’ 45” S, 49º 21’ 17” W), Goiás, Brasil. 

Foi utilizada a cultivar do jiloeiro, Comprido Verde Claro (Topseed®), que é susceptível ao 

nematoide M. incognita e preferida nos mercados de Goiás, Minas Gerais e Rio de Janeiro 

(Alves 2016).  

             As sementes foram semeadas em dezembro de 2020 em duas bandejas de plástico de 

100 células cada, contendo o substrato para mudas Bioplant®  (Turfa de sphagnum, fibra de 

coco, casca de arroz, casca de pinus, vermiculita). Após 20 dias de emergência, as mudas 

foram transplantadas para vasos de 2,8 L contendo o substrato esterilizado na proporção 1:1 

de areia e solo do tipo Latossolo Vermelho Distrófico Santos et al. (2018). A mistura de areia 

e solo que constitui o substrato foi esterilizada em autoclave a 120° C por 1 h.  

Após seis dias do plantio, realizou-se a inoculação dos nematoides em 100 plantas de 

jiló, em dois orifícios próximos as raízes com a utilização de uma pipeta contendo a 

suspensão de 5.000 juvenis (J2) de M. incognita em cada 2ml de inoculo, previamente 

multiplicado em outras cultivares de jiloeiro e extraídos de acordo com o método de Coolen & 

D’Herde (1972, modificada). Em 50 dessas plantas também foram adicionadas nematicida 

microbiológico, à base do fungo P. lilacinus, na concentração: 7,5x109 UFC/g, indicado para 

controle de nematoide-das-lesões-radiculares (Pratylenchus brachyurus) e nematoides-das-
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galhas (M. javanica e M. incognita) (Ballagro 2021). O produto foi aplicado na “cova” do 

vaso, pouco antes do transplante da muda, na quantidade recomendada pelo fabricante, na 

qual adaptamos para vasos, sendo preparada uma calda com 4 litros de água e 0,04 g do 

produto, com aplicação total de 100 mL por vaso. As outras 50 plantas restantes foram 

mantidas como grupo controle, ou seja, sem inoculação. Desta forma, o experimento foi 

constituído por três tratamentos (1- Controle, 2- Inoculação de nematoide, 3- Inoculação de 

nematóide + aplicação de nematicida a base do fungo P. lilacinus. Então foram 3 tratamentos 

com 10 repetições. Cada parcela foi composta por cinco vasos e cada vaso continha uma 

planta em delineamento de blocos casualizados. Após 15 dias do transplante das mudas, foi 

utilizado 8 g do formulado Forth Cote (15-09-12) em cada vaso para a nutrição das plantas. 

As plantas foram irrigadas diariamente utilizando regador de 8L de capacidade. 

  

2.2 Avaliação de características agronômicas e desenvolvimento da cultura 

 

As avaliações das características agronômicas e quantificação das galhas foram 

realizadas aos 72 dias após a inoculação (DAI), um pouco antes da colheita tradicional do jiló 

que ocorre entre 80 e 100 dias após a semeadura (Pinheiro et al. 2015), porém essa cultivar 

ainda não apresentava frutos. Inicialmente as plantas foram retiradas dos vasos, as raízes 

foram lavadas para se retirar as partículas de solo e colocadas em folhas de papel toalha para 

se retirar o excesso de umidade. Nesse momento, foram analisados os seguintes parâmetros: 

(i) massa fresca da parte aérea (MFPA); (ii) massa fresca da raiz (MFR), pesadas com auxílio 

da balança analítica Balmak ELP-10; (iii) comprimento da raiz (CR); (iv) altura da parte aérea 

(APA), onde se utilizou a régua graduada em centímetros. Nesse parâmetro foi utilizado como 

referência a distância entre o colo da planta e a extremidade do broto terminal do ramo 

principal; (v) massa seca da parte aérea (MSPA), colocadas separadas em saco de papel Kraft 

e levadas para estufa por 72 horas e pesadas novamente. 

 

2.3 Quantificação dos nematoides e das galhas 

 

Foi avaliado o número de galhas; o número de ovos em 5 g de raiz; e o número de 

nematoides em 5 g de raiz. Para a extração dos nematoides e ovos das galhas nas raízes 

utilizou-se a técnica de Coolen & D’Herde (1972, modificada), onde as raízes foram cortadas 

e trituradas no liquidificador com água e hipoclorito, e a solução foi passada em uma peneira 

de 500 Mesh.  Então se adicionou à solução, o Caulim (pó de cerâmica), centrifugou e após 
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adicionar uma solução de sacarose, foi centrifugado e peneirado novamente sendo coletado 

dos nematoides do sobrenadante. Para quantificação dos nematoides, como as raízes têm 

pesos diferentes foi padronizado o peso da menor raiz (5 g) e calculada uma regra de três para 

todas as raízes com maior peso. Para visualização dos nematoides e dos ovos, as amostras 

foram colocadas em lâmina de Peters e observadas em microscópio binocular Bioval® L-

1000b-AC. 

Para avaliar o nível de resistência da cultivar de jiló, Comprido Verde Claro, ao M. 

incognita, as galhas foram isoladas e contadas de acordo com o Índice de galhas (IG) 

proposto por Taylor & Sasser (1978), onde o nível de infestação foi caracterizado como: 0 = 0 

galhas; 1 = 1-2 galhas; 2 = 3-10 galhas; 3 = 11-30 galhas; 4 = 31-100 galhas e 5 = > 100 

galhas.  Foram consideradas resistentes as plantas que apresentaram de 0 a 10 galhas (0, 1, 2) 

e suscetíveis (3, 4, 5) quando as plantas possuíam > 11galhas.  

 

2.4 Análises anatômicas  

 

Para preparo das lâminas histológicas, foram realizadas coletas de fragmentos vegetais 

oriundas de: (i) nas plantas do tratamento controle, os fragmentos foram retirados nas porções 

medianas (próxima as regiões onde se localizavam as galhas retiradas de raízes inoculadas), 

aos 4 e 66 dias após a não inoculação (DNI); (ii) nas plantas inoculadas com M. incognita e 

inoculadas com M. incognita + P. lilacinus foram retiradas algumas  galhas presentes nessas 

raízes, as galhas selecionadas para as avaliações anatômicas foram as de tamanho médio para 

os respectivos dias após a inoculação (DAI), ou seja, 04, 11, 18, 25, 32, 39, 46, 54, 66 e 72 

DAI. Os fragmentos foram fixados em FAA50 (formaldeído + ácido acético + etanol 50% 

1:1:18). As raízes não inoculadas e as galhas foram medidas com auxílio de um paquímetro 

digital e fotografadas com um microscópio estereoscópico (Leica® EZ4 HD).  

Para as avaliações anatômicas, fragmentos das raízes e das galhas foram desidratados 

em série etanólica, embebidas em 2-hidroxietil metacrilato (Historesin, Leica® Instruments, 

Germany) e seccionadas transversalmente em micrótomo rotativo (YD-315 model, China) a 6 

μm de espessura. Em seguida, os cortes foram corados com azul de toluidina a 1%, pH 4.0 

(Feder; O'Brian 1968) e montados com Entellan®. As amostras foram fotografadas com 

fotomicroscópio Leica® DM500 acoplado com uma câmera Leica® ICC50HD. 
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2.5 Análises de imunocitoquímica 

 

Para análises de imunocitoquímica foram utilizadas amostras de raízes não inoculadas 

aos 72 DNI e de galhas inoculadas apenas com M. incognita, aos 25 e 72 DAI. Optou-se por 

não fazer em raízes inoculadas com M. incognita + P. lilacinus por não apresentar diferenças 

na formação de células gigantes e galhas em relação às raízes inoculadas com M. incognita. 

Os 25 DAI foi selecionado pela presença de células gigantes em estágio inicial de formação, 

enquanto os 72 DAI por ser um estágio de desenvolvimento no qual as galhas e células 

gigantes alcançam tamanho máximo no experimento. Para tal, foi utilizado cortes em 

historesina obtidos segundo técnica descrita previamente, porém sem coloração ou montagem 

das lâminas. 

As amostras sujeitas aos anticorpos monoclonais primários para detecção de 

hemiceluloses foram previamente tratadas com 10 μg ml-1 de pectato liase (Sigma-Aldrich) 

em 2 mM do tampão CaCl2, 50 mM do ácido 3-(ciclohexilamino)-1-propanossulfônico 

(CAPS) (Sigma-Aldrich, USA), pH 10 (Marcus et al., 2008), por 2 h. Em seguida, todos as 

amostras foram imersas em uma solução bloqueadora de leite em pó Molico®/tampão fosfato-

salino (PBS), durante 30 minutos. As amostras, então, foram incubadas por 2h nos anticorpos 

primários monoclonais JIM5, JIM7, LM5, LM6, LM11, LM15 e LM21 (Centre for Plant 

Sciences, University of Leeds, UK) (Apêndice 1), diluídos 1:10 em leite / PBS. Após a 

incubação, os cortes foram lavados em PBS e novamente incubados no anticorpo secundário 

FITC (1:100 em 3% leite/PBS), por 2h e na ausência de luz. O controle foi obtido por meio da 

supressão da incubação com os anticorpos primários. 

As lâminas foram montadas em glicerina 50% e analisadas no microscópio de 

fluorescência (DM4000B LED, Leica, Alemanha) acoplado com câmera monocromática HD 

(DFC3000G). Utilizaram-se os comprimentos de onda de excitação de 450–490 nm e filtro de 

emissão de 515 nm. Filtro DAPI foi utilizado para marcação da autofluorescência. Assim, 

resultados positivos (+) foram marcados com a coloração verde, enquanto os negativos (-) de 

azul. 

 

2.6 Análise dos dados 

 

Para avaliar o desenvolvimento do jiloeiro inoculado com M. incognita e M. incognita 

+ P. lilacinus em comparação com plantas não inoculadas, foram feitas análises de variância 

ANOVA fatorial, usando cada variável agronômica como resposta e os tratamentos como 
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preditoras. Posteriormente, regressões múltiplas utilizando a variável agronômica como 

resposta e os tratamentos em interação com as outras variáveis agronômicas como preditora 

para se identificar as mudanças nas relações entre as partes em crescimento do vegetal. 

Também foram realizadas regressões múltiplas paras se identificar as relações entre o número 

de nematoides na raiz e o total de galhas. Todas as análises foram feitas usando o programa 

estatístico R Core Team (2020) e os pacotes “lme4” para as regressões multiplas, “MuMIn” 

para a seleção de modelos e “ggplot2” para desenhar os gráficos.   

Os dados referentes a quantidade de galhas, nematoides e ovos em 5 g de raiz foram 

analisados estatisticamente utilizando-se o programa da Microsoft Corporation® para a 

geração dos gráficos descritivos, bem como análises de variância e comparação das médias 

pelo teste de Tukey a 5% de probabilidade, utilizando-se o programa SISVAR® (Ferreira 

2008). 

 

3 Resultados 

 

3.1 Características agronômicas e de desenvolvimento do jiloeiro 

  

Na comparação entre os tratamentos de cada uma das variáveis (Fig. 1) foi possível 

notar redução dos nas características agronômicas nas plantas inoculadas apenas com o M. 

incognita, com exceção da variável comprimento da raiz que foi similar em todos os 

tratamentos. A massa fresca da raiz em plantas não inoculadas foi semelhantes as das 

inoculadas com M. incognita + P. lilacinus (p = 0.78), com uma menor massa fresca da raiz 

em plantas inoculadas com M. incognita (F2,87 = 22.28; p < 0.001; Fig. 1A). A massa fresca da 

parte aérea mostrou diferença entre os grupos (F2,87 = 20.42; p < 0.001), com similaridade 

entre o tratamento controle e M. incognita + P. lilacinus  (p = 0.28; Fig. 1B). O comprimento 

da raiz (Fig. 1C) foi a única variável que não teve diferença entre os tratamentos (p = 0.07). 

Na altura da parte aérea (Fig. 1D) houve distinção entre os grupos (F2,87 = 21.93; p < 0.001), 

sem diferença entre o controle e o tratamento com M. incognita + P. lilacinus (p = 0.67). Na 

massa seca da parte aérea (Fig. 1E) houve diferença entre os grupos (F2,87 = 19.85; p < 0.001), 

seguindo o padrão anterior, com similaridade entre o controle e o tratamento com M. 

incognita + P. lilacinus (p = 0.69). 
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Figura 1. Regressão múltipla comparando as características agronômicas do jiloeiro, Cultivar 

Comprido Verde Claro, pelos tratamentos. A- Massa fresca da raiz; B- Massa 

fresca da parte aérea; C- Comprimento da raiz; D- Altura da parte aérea; E- Peso 

seco da parte aérea. Vermelho: Controle (plantas não inoculadas); Verde: Plantas 

inoculadas com o nematoide (Meloidogyne incognita) e o fungo (Paecilomyces 

lilacinus); Azul: Plantas inoculadas apenas com o nematoide (M. incognita).     

 
 

Nos tratamentos com M. incognita e M. incognita + P. lilacinus não houve aumento 

de massa fresca da raiz com o aumento da quantidade de nematoides em 5g de raiz (Fig. 2A; b 

= 0.47). Houve uma relação positiva entre a massa fresca da parte aérea e a massa fresca da 

raiz (b = 4.4), indicando que plantas maiores também apresentaram raízes maiores (Fig. 2B). 
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Também foi possível observar relação positiva entre o número de galhas com a massa fresca 

da raiz no tratamento apenas com o nematoide (b = 3.41; Fig. 2C). Isso demonstra que o 

aumento do número de galhas elevou a massa fresca da raiz apenas no tratamento com 

nematoides, contudo, houve padrão inverso para o tratamento com M. incognita + P. 

lilacinus, onde raízes mais leves tiveram mais galhas, e as mais pesadas menos galhas. 

 

Figura 2. Regressão múltipla comparando peso fresco da raiz (g) com características 

agronômicas do jiloeiro, Cultivar Comprido Verde Claro, dentro dos tratamentos. 

A- Massa fresca da raiz x nematoides em 5g de raiz; B- Massa fresca da raiz x 

massa fresca da parte aérea; C- Massa fresca da raiz x número de galhas. 

Vermelho: Controle (plantas não inoculadas); Verde: Plantas inoculadas com o 

nematoide (M. incognita) e o fungo (Paecilomyces lilacinus); Azul: Plantas 

inoculadas apenas com o nematoide (M. incognita).     

 
 

As raízes inoculadas com M. incognita +P. linacinus apresentaram menor quantidade 

de galhas em relação às inoculadas com M. incognita (Tabela 2), porém indicando ainda alta 

susceptibilidade da cultivar de acordo com a escala de Taylor & Sasser, sendo categorizada 

com grau 5 (mais de 100 galhas). As plantas inoculadas apenas com M. incognita continham 

uma média de 332 galhas (74 ± 578) e as inoculadas com M. incognita + P. linacinus 
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apresentavam uma média de 274 galhas (variância de 42 ± 490). Nota-se redução na 

quantidade de galhas, nematoides e ovos nas raízes de plantas inoculadas com M. incognita 

+P. linacinus (Tabela 1). 

 

Tabela 1. Quantidade de galhas, ovos em 5 g de raiz, nematoides em 5g de raiz e de solo no   

jiloeiro, Cultivar Comprido Verde Claro, inoculado apenas com Meloidogyne 

incognita e inoculado com M. incognita + Paecilomyces linacinus.   

Tratamentos Galhas Ovos/5g raiz Nematoides/5g raiz 

M. incognita 332,5a 640,6a 91,0a 

M. incognita + P. linacinus 274,7b 456,3b 79,4b 

CV(%) 53,28 148,5 104,12 

*Letras minúsculas distintas na coluna diferem entre si pelo teste de Tukey a 5% de significância. Para a análise 

os dados originais foram transformados em x0,5.  

 

3.2 Morfologia das galhas induzidas por M. incognita nas raízes do jiloeiro 

 

Aos 72 DNI, as plantas de jiló apresentavam porte herbáceo (Fig. 3A), com raízes 

saudáveis e sem a presença de galhas (Fig. 3B, C). Ambas as raízes oriundas de plantas 

inoculadas apenas com o M. incognita (Fig. 3D) e inoculadas com M. incognita +P. lilacinus 

(Fig. 3N) apresentaram galhas. Nesses tratamentos não foi notado espessamento lateral que 

apontassem a formação de galhas aos 4 DAI (Fig. 3E e 3O), nem aos 11 DAI. Contudo, 

espessamentos laterais pequenos foram detectados aos 18 DAI (Fig. 3F e 3P), e mais 

conspícuos e esféricos aos 25 DAI (Fig. 3G e 3Q). Aos 32 DAI, as galhas apresentavam 

externamente massa de ovos (Fig. 3H) e estavam dilatadas (Fig. 3H e 3R). A partir dos 39, 46 

e 54 DAI (Fig. 3I, J, K e 3S, T, U) as galhas aumentaram de tamanho, adquirindo formato 

irregular. Aos 66 DAI (Fig. 3L e 3V), as galhas estavam grandes, esféricas e em maior 

quantidade, sendo que aos 72 DAI (Fig. 3M e 3X) houve aumento em quantidade, bem como 

algumas estavam unidas e promovendo o intumescimento na raiz. 
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Figura 3. Características morfológicas do jiloeiro, Cultivar Comprido Verde Claro, não 

inoculado (A-C) e de suas galhas, inoculadas apenas com Meloidogyne incognita 

(D-M) e com M. incognita e Paecilomyces linacinus (N-X). 

 

 

Legenda: A- Cultivar de Jiló Comprido Verde Claro em vasos; B- Sistema radicular; C- Raiz 

aos 72 DNI sem a formação de galhas; D, N- Sistema radicular com galhas; E, O- Raiz aos 4 

DAI, sem espessamento lateral. F, P- Raiz aos 18 DAI com início do surgimento das galhas; 

G, Q- Presença de pequenas galhas esféricas aos 25 DAI; H- Ovos ocorrendo externamente a 

raiz; H, R- Galhas maiores e esféricas aos 32 DAI; I, S- Galhas aos 39 DAI, com formato 

irregular e maior tamanho; S- Presença de massa de ovos externamente a raiz; J, T- Galhas 

maiores aos 46 DAI; K, U- Manutenção da massa de ovos aos 54 DAI; L, V- Galhas 

esféricas, grandes e em maior quantidade aos 66 DAI; M, X- Aumento do número de galhas 

aos 72 DAI, com união de algumas e intumescimento da raiz. 

 

3.3 Anatomia da raiz do jiloeiro 

 

Aos 4 DNI, as raízes do jiloeiro apresentaram crescimento primário com epiderme 

unisseriada, cilindro vascular triarco e córtex com 3 a 4 camadas de tecido parenquimático 

(Fig. 4A). Entretanto, aos 66 DNI, a raiz apresentou crescimento secundário típico, 

substituição da epiderme pela periderme e surgimento do xilema secundário (Fig. 4B). 

Lacunas também apareceram na porção cortical do órgão (Fig. 4B). Aos 4 e 11 DAI, as raízes 

apresentaram estrutura anatômica similar a das raízes não inoculadas. Aos 18 DAI nota-se a 

formação de um sítio de alimentação, com 4 células gigantes nas raízes inoculadas apenas 

com M. incognita (Fig. 4C) e com M. incognita + P. lilacinus (Fig. 4D). Aos 25 DAI, o sítio 

de alimentação já estava bem formado em ambos os tratamentos com inoculação, com cerca 

de 5 células gigantes (Fig. 4E e 4F). As células gigantes multinucleadas, apresentavam 
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citoplasma denso e parede celular mais espessa (Fig. 4F). São formadas no cilindro vascular, 

o que promoveu a desorganização do sistema vascular (Fig. 4F). 

 

Figura 4. Características anatômicas de raízes do jiloeiro, Cultivar Comprido Verde Claro, 

não inoculadas (A, B) e das galhas após inoculação apenas com Meloidogyne 

incognita (C, E, G, I, K, L) e com M. incognita + Paecilomyces lilacinus (D, F, H, 

J, M). 

 
Legenda: A- Raiz não inoculada aos 4 DNI; B- Raiz não inoculada aos 66 DNI; C- Raiz 

inoculada aos 18 DAI, com células gigantes em formação; D- Raiz aos 18 DAI, com células 

gigantes bemformadas;E- Aos 25 DAI, o sítio de alimentação está bem estabelecido e com 

alterações no sistema vascular; F- Aos 25 DAI, células gigantes bem formadas, com núcleos 

evidentes, citoplasma granuloso e parede celular espessa; G- Aos 39 DAI, com fêmea de M. 

incognita próximo as células gigantes; H- Aos 39 DAI há várias células gigantes e sistema 

vascular desorganizado; I- Aos 46 DAI há a presença nítida da massa de ovos em massa 

gelatinosa; J- Aos 46 DAI nota-se a presença do indutor na câmara da fêmea; K- Aos 66 DAI 

existem vários sítios de alimentação e grande quantidade de células parenquimáticas; L, M- 

Aos 72 DAI, com detalhes das células gigantes e seus vacúolos fragmentados. 

Abreviações: Co= córtex; GC= célula gigante; Ep- epiderme; Eg= massa de ovos da fêmea do 

nematoide; Pe= periderme; In= indutor; Pa- parênquima; Ca= câmbio vascular; Xy- xilema; 

VC= câmbio vascular. 

 

Aos 39 DAI, a fêmea encontra-se globosa e próxima as células gigantes, com presença 

de uma massa de ovos (Fig. 4G). Nas raízes inoculadas com M. incognita +P. lilacinus há 

uma maior quantidade de células gigantes (Fig. 4H). Massa de ovos estava visível também 
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aos 46 DAI (Fig. 4I), assim como a fêmea do nematoide (Fig. 4J). Aos 66 DAI observa-se que 

a periderme substitui a epiderme como tecido de revestimento, bem como há uma grande 

proliferação de células parenquimáticas corticais (Fig. 4K). Os sítios de alimentação também 

são notados aos 72 DAI em ambas as raízes inoculadas (Fig. 4L, 4M), com visível presença 

de vários núcleos e de vacúolos fragmentados nas células gigantes, principalmente nas galhas 

do tratamento M. incognita +P. lilacinus (Fig. 4M). 

 

3.4 Imunocitoquímica 

 

A análise imunocitoquímica para epitopos de compostos pécticos e hemicelulósicos, 

tanto em raízes não inoculadas aos 72 DNI e raízes inoculadas com M. incognita aos 25 e 72 

DAI, mostrou resultados positivos a depender do tecido e estágio de desenvolvimento (Tabela 

2). 
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Tabela 2. Resultados de imunocitoquímica nas raízes do jiloeiro, Cultivar Comprido Verde Claro, não inoculadas (72 DNI) e nas galhas após 

inoculação (25 DAI e 72 DAI) apenas com Meloidogyne incognita 
 

 

 

 

 

 

 

 

 

 

 

 

 

Abreviações: Pe- periderme; Co- córtex; Xy- xilema; PC- células parenquimáticas do xilema; V- elementos de vaso; Ph- floema; GC- células gigantes. 

* Resultados: (-) Negativo; (+) Positivo. 

Anticorpos 

monoclonais 

 

72 DNI 25 DAI 72 DAI 

Pe Co Xy Ph Pe Co Xy Ph CG Pe Co Xy Ph CG 

  PC Ve    PC Ve     PC Ve   

JIM7 - + - - + - + + - + + - + + - + + 

JIM5 - + - - + - - + - - - - + + - + + 

LM5 - + - - + - + + - + + - + + - + + 

LM6 - + - - + - + + - + + - - - - - - 

LM11 - - - - - - - - - - - - - - - - - 

LM21 - - - - - + - - - - - - - - - - - 

LM15 - - - - - - + + - + + - - - - - -  
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                Epitopos de homogalacturonanos (HGs) metil-esterificados, reconhecidos pelo 

anticorpo JIM7, foram detectados no córtexe no floema aos 72 DNI (Fig. 5A; Tabela 2). Aos 

25 e 72 DAI, ocorreu a marcação no córtex, nas células parenquimáticas do xilema, no floema 

e nas células gigantes (Fig. 5B, C; Tabela 2). Epitopos de HGs com baixa metil-esterificação, 

reconhecidos pelo JIM5, foram marcados aos 72 DNI, no córtex õe floema (Fig. 5D; Tabela 

2) e marcado somente nas células parenquimáticas do xilema aos 25 DAI (Fig. 5E; Tabela 2). 

Enquanto aos 72 DAI ocorreu marcação no córtex, nas células parenquimáticas do xilema, no 

floema e nas células gigantes (Fig. 5F; Tabela 2). Epitopos de (1→4) β-D-galactano, 

reconhecidos pelo LM5, foram marcados aos 72 DNI, no córtex e floema (Fig. 5G; Tabela 2). 

E aos 25 e 72 DAI, ocorreu marcação no córtex, nas células parenquimáticas do xilema, no 

floema e nas células gigantes (Fig. 5H, I; Tabela 2).  

 

Figura 5. Distribuição de homogalacturonanos, marcados por JIM7 e JIM5, e 

ramnogalacturonanos, marcados por LM5, em raízes de jiloeiro, Cultivar Comprido 

Verde Claro, não inoculadas com Meloidogyne incognita aos 72 DNI (A, D, G), 

inoculadas aos 25 DAI (B, E, H) e aos 72 DAI (C, F, I). 

 
Abreviações: Co- córtex; Pe- periderme; Ph- floema; GC- células gigantes; Xy- Xxilema; Eg- ovos; 

In- indutor; Pa- parênquima. 

 

Epitopos de (1→5) α-L-arabinanos, reconhecidos pelo LM6, foram detectados aos 72 

DNI, no córtex e no floema (Fig. 6A; Tabela 2). Aos 25 DAI, ocorreu marcação no córtex, 
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nas células parenquimáticas do xilema, no floema e nas células gigantes (Fig. 6B; Tabela 2), 

entretanto não houve marcação aos 72 DAI. Epitopos de (1→4) -β-D-xilano/ arabinoxilano, 

reconhecidos por LM11 não foram detectados em nenhuma das fases (Tabela 2). Epitopos de 

heteromanano, reconhecidos por LM21, ocorreram apenas na periderme aos 25 DAI (Tabela 

2).  Epitopos de xiloglucano, marcado por LM15, foram detectados apenas aos 25 DAI no 

córtex, nas células parenquimáticas do xilema, no floema e nas células gigantes (Fig. 6C; 

Tabela 2). 

 

 

Figura 6. Distribuição de epitopos pécticos, marcados por LM6, em raízes de jiloeiro, 

Cultivar Comprido Verde Claro, não inoculadas aos 72 DNI (A) e inoculadas com 

Meloidogyne incognita aos 25 DAI (B). Epítopos hemicelulósicos, marcados por 

LM15, aos 72 DAI (C). 

 

 
Abreviações: Co- córtex; GC- células gigantes; Pa- parênquima; Pe- periderme; Xy- xilema. 
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4 Discussão 

 

  A espécie M. incognita induz galhas nas raízes da cultivar de jiloeiro Comprido 

Verde Claro, afetando o crescimento da parte aérea e ganho de massa, oque pode impactar na 

produtividade da cultura. As galhas e células gigantes aparecem aproximadamente aos 18 

DAI e causam desorganização do cilindro vascular da raiz. A hiperplasia e a hipertrofia das 

células da galha ocorrem devido a alterações na estrutura e na composição péctica e 

hemicelulósica da parede celular, especialmente em relação a presença de 

ramnogalacturonanos e o grau de metil esterificação dos homogalacturonanos. O nematicida 

microbiológico a base do fungo Paecilomyces lilacinus reduziu o impacto do M. incognita no 

jiloeiro, evitando a diminuição da altura da planta e perda de massa, uma vez que atua 

principalmente na redução do número de ovos e de nematoides na raiz. Isso demonstra que o 

uso do fungo é benéfico contra infecções de M. incognita na cultivar de jiloeiro utilizada na 

presente pesquisa.  

 

4.1 Galhas e impacto nas características agronômicas, desenvolvimento do jiloeiro 

 

Nematoides parasitas de plantas são pragas que causam perdas de produção 

significativas em diversas culturas (Rossettoe Santiago 2021), com alto custo para o seu 

controle (Carvalho Filho 2021). Os nematoides parasitas precisam das plantas hospedeiras 

para completar o seu ciclo de vida (Galbieri e Belot 2016), afetando diretamente o 

desenvolvimento das hospedeiras. Neste trabalho, a cultivar Jiló Comprido Verde Claro é 

altamente susceptível aos nematoides de galhas, apresentando grau 5 (mais de 100 galhas) de 

acordo com a escala de Taylor & Sasser (1978), que é o índice de galhas mais utilizado no 

mundo (Abe 2019). Esse grau de susceptibilidade foi encontrado também em outras hortaliças 

como o quiabeiro infestado por M. incognita (Vilela et al. 2021), o pepino e o grão de bico 

parasitados por Meloidogyne spp. (Bernardes Neto et al. 2019) e na ervilha infestada com M. 

javanica, onde havia uma grande quantidade de galhas (Sharma 2000).  

O grau de infestação, o número de galhas e a susceptibilidade dependem, geralmente, 

da planta hospedeira (Mitkowsaki e Abawi 2003). O índice de galhas é utilizado em diferentes 

estudos como ferramenta na caracterização da reação de genótipos de hortaliças aos 

nematoides de galhas, sendo que altos índices de galhas e de massa de ovos mostram a 

facilidade desse parasita em estabelecer o parasitismo e completar o ciclo biológico no 
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sistema radicular das plantas (Navarrete et al. 2016), impactando assim uma série de 

características agriculturáveis.  

Nematoides de galhas provocam danos consideráveis na cultura do jiloeiro (Pinheiro 

et al. 2013), aqui também demonstradas em relação a diversas características agronômicas. No 

presente estudo, a infecção do jiloeiro por M. incognita ocasionou a redução da altura das 

plantas e perda de massa fresca, o que pode ser decorrente da ação das galhas como drenos de 

fotoassimilados (Oliveira et al. 2016). A formação de galhas em raízes também pode causar 

diminuição na absorção de nutrientes e translocação de água, refletindo no crescimento da 

parte aérea da planta (Araújo; Bragante; Bragante 2012). Baixo vigor e reduzido 

desenvolvimento da parte aérea após infecção por nematoides já foram reportadas para 

diferentes culturas (Silva et al. 2006) como na beterraba, cultivar Oscarpoly, na qual houve 

redução significativa da massa fresca parte aérea e raiz (Korayem 2006) sendo relacionadas 

com a diminuição da produção (Ferraz; Monteiro 1995; Kran et al. 2019). As galhas induzidas 

por nematoides também podem reduzir o tamanho e o peso das raízes (Alves 2020), 

entretanto, isso não ocorreu para cultivar de jiloeiro utilizada na presente pesquisa, o que pode 

ser decorrente da quantidade de galhas e da proliferação de raízes secundárias (Carneiro; 

Mazzafera; Ferraz 1999). 

 A utilização do controle biológico com o fungo P. lilacinus demonstrou resultados 

surpreendentes, mantendo os parâmetros agronômicos similares aos das plantas não 

inoculadas. Isso mostra que esse fungo atua de forma a aumentar a resistência da planta 

hospedeira a infestação pelo nematoide. Este fenômeno já foi reportado ao se utilizar o fungo 

Trichoderma spp., que elevou aumentou a resistência de plantas a estresses abióticos, 

melhorou a utilização de nutrientes e reforçou o crescimento, desenvolvimento e a 

produtividade de algumas culturas (Harman et al. 2004), no pepineiro (Cucumis sativus L.)  

isolados desse fungo promoveram o crescimento em plantas e induziram a  resistência à 

antracnose (Silva et al, 2012). 

A espécie P. lilacinus é um fungo do solo que vem se mostrando efetivo no 

biocontrole de espécies do gênero Meloidogyne (Santiago et al. 2006), assim como 

demonstrado no presente estudo. Aqui, mostramos que houve redução na quantidade de 

galhas, de nematoides e de ovos nas raízes com a utilização do fungo P. lilacinus, o que 

acreditamos ser devido a sua característica de penetrar nos ovos dos nematoides e destruir o 

embrião, além de exercer forte pressão na capacidade reprodutiva das fêmeas, que após 

colonizadas são mortas (Dunn et al. 1982).  
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Esses resultados atestam a eficiência do fungo P. lilacinus contra a infecção por 

Meloidogyne, permitindo que a planta hospedeira suporte melhor o parasitismo. A redução da 

população de Meloidogyne durante a infecção é uma medida efetiva de controle do número de 

galhas, permitindo a manutenção da densidade de nematoides abaixo do nível de dano 

econômico (Rusinque et al. 2018).  

 

4.2 Morfologia das galhas induzidas por M. incognita nas raízes do jiloeiro  

 

A penetração dos nematoides na sua fase juvenil (J2) leva a um processo de infeção e 

formação das galhas (Pinheiro et al. 2010), como observado neste trabalho para ambos os 

tratamentos com inoculação de M. incognita. Este parasita desencadeia vários eventos que 

podem levar à indução de múltiplas galhas nas raízes, representadas por grandes grumos e 

inchaços (Ñino Castañeda 2015), que podem gerar o intumescimento da raiz, o que de fato 

ocorre no jiloeiro após 66 DAI.  

Galhas induzidas por nematoides desse gênero foram relatadas em outras Solanáceas 

como o pimentão (Capsicum annuum L.) (Gabia 2019), pimentas (Capsicum spp.) (Pinheiro; 

Amaro; Pereira 2012), tomate Solanum lycopersicum (Rusinque et al. 2018; Gabia, 2019), 

berinjela Solanum melongena (Pinheiro 2016), batata (Solanum tuberosum) (Schafer 2017) e 

tabaco (Nicotiana tabacum) (Bellé 2021), além de culturas pertencentes a outras famílias,  

como o quiabo (Abelmoschus esculentus) da família Malvaceae (Vilela et al., 2021), cebola   

(Allium cepa) Amaryllidaceae (Pinheiro 2021) e da família Fabaceae a soja (Glycine max) 

(Grigolli e Asmus 2014; Vilela et al. 2019; Santos et al. 2020)e o grão de bico (Cicer 

arietinum) (Vovlas et al. 2005),  sendo que este apresenta morfologia semelhante as galhas 

induzidas no jiloeiro.  

As galhas radiculares apresentam tamanhos e formas distintas (Ferraz 2001), porém, 

nesse estudo não apresentaram diferenças em relação a esses aspectos entre as raízes 

inoculadas com M. incognita ou com M. incognita +P. lilacinus. Contudo, as diferenças se 

tornaram marcantes em ambas as raízes de acordo com as épocas analisadas, apresentando-se 

como leve protuberância no estágio inicial, passando para um formato mais esférico na fase 

intermediária e chegando no estágio mais avançado unidas e com intumescimento da raiz, 

algo semelhante ao relatado na raiz do quiabeiro (Vilela et al. 2021). Esse aspecto de galhas 

alongadas e inchaço ao longo do sistema radicular pode ser devido a múltiplas infecções nas 

raízes desencadeada por inúmeros juvenis (Pinheiro 2014), gerando alta infecção e, 

consequente, fusão das galhas (Williamson e Hussey 1996). 
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As galhas podem ser poucas e pequenas mesmo em plantas susceptíveis, como no 

milho parasitado por M. javanica, que apresentou pequeno engrossamento nas radicelas 

(Asmus et al. 2000). Na berinjela (Pinheiro 2016) e na pimenta, na qual as galhas são bem 

menores se comparadas com as de outras hortaliças, como o tomateiro (Pinheiro; Amaro; 

Pereira 2011) que quando parasitado por M. incognita tem galhas maiores e com formato 

irregular (Pinheiro et al. 2014). Na soja (Grigolli e Asmus 2014) e no tabaco (Heller et al. 

2019), as galhas nas raízes têm tamanhos e quantidade variados, dependendo da densidade 

populacional do nematoide e da suscetibilidade da cultivar (Bellé 2021), que são fatores 

importantes que influenciam na quantidade de galhas, juntamente com outros aspectos como a 

espécie de Meloidogyne e da planta hospedeira (Rusinque et al. 2018).  

O ciclo do nematoide de galhas normalmente ocorre de 3 a 4 semanas (Ferraz e 

Monteiro 1995), sendo que para as galhas do jiloeiro na quarta e na quinta semana já era 

visível a massa de ovos externamente. Na cebola, a massa de ovos foi observada mesmo 

quando as galhas ainda não eram visíveis (Pinheiro 2021) e na pimenta se apresentavam com 

coloração marrom claro (Pinheiro; Amaro; Pereira 2011). Esta massa gelatinosa é composta 

de uma matriz de glicoproteínas e são macias, pegajosas e hialinas, ficando mais firmes e 

escurecidas com o passar do tempo (Moens et al. 2009).  

Cada fêmea produz cerca de 500 ovos em uma massa gelatinosa (Agrios 2005). Após 

uma primeira muda no ovo, os juvenis de segundo estágio eclodem do ovo no solo e 

normalmente reinfectam a mesma planta hospedeira (Bird e Kaloshianb 2003), o que pode 

explicar uma maior quantidade de galhas nos últimos dias após a inoculação analisadas no 

jiloeiro. Presentes na maioria das interações, as galhas induzidas por Meloidogyne não são 

sintomas obrigatórios, podendo estar ausentes em raízes de algumas plantas, como no cafeeiro 

infectado por M. coffeicola (Ferraz e Brown 2006). As células gigantes são fundamentais para 

o desenvolvimento e reprodução do nematoide, porém as galhas não são (Tihohod 2000). 

Entretanto é um dos principais sintomas da infestação por esse parasita. 

 

4.3 Anatomia da raiz e desenvolvimento das galhas no jiloeiro  

  

O nematoide de galhas estabelece e mantém uma relação íntima com a planta 

hospedeira durante o parasitismo (Rusinque 2018) e, quando bem-sucedido, é caracterizado 

pela formação de células gigantes altamente específicas, induzidas e mantidas pelas fêmeas 

desse parasita (Mukhtar 2020).  
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As células gigantes se desenvolvem por meio do estímulo recebido das secreções de 

glândulas esofagianas que possuem reguladores de crescimento, que também ocasionam 

hipertrofia e hiperplasia de células proximais e, consequentemente, levam a formação de 

galhas (Mitkowski e Abawi 2003). Desta forma, a formação de células gigantes associadas a 

hipertrofia e a hiperplasia principalmente de células parenquimáticas foram os principais 

eventos que caracterizaram a formação das galhas no jiloeiro. 

As células gigantes estavam presentes tanto nas raízes inoculadas com M. incognita 

quanto nas inoculadas com M. incognita + P. lilacinus, sugerindo então que o fungo não 

interferiu na formação do sítio de alimentação da galha. O P. lilacinus é conhecido pela 

colonização e morte das fêmeas (Dunn et al. 1982), o que não ocorreu nas raízes analisadas, 

visto que os sítios de alimentação ainda estavam bem estabelecidos aos 66 e 72 DAI. 

Os sítios de alimentação já estavam presentes em espécies de Arachis induzidas por M. 

arenaria aos 15-19 DAI (Proite 2008). No quiabeiro, aos 11 DAI já era possível observar 

sítios de alimentação com mais de 4 células gigantes em todos os estágios (Vilela et al. 2021), 

algo que ocorreu no jiloeiro após os 18 DAI. Em goiabeira (Psidium guajava L.), cultivar 

Paluma, parasitadas por M. enterolobii, as células gigantes foram observadas a partir dos 17 

DAI, com fêmeas adultas ao lado destas células notadas aos 27 a 31 DAI (Freitas 2012).  

No jiloeiro, as fêmeas foram notadas próximas ao sítio de alimentação aos 39 DAI, 

mostrando-se em formato globoso, como é o usual (Mitkowski e Abawi, 2003). Em batateira, 

cultivar Cara, infestadas por M. javanica, observou-se que cada fêmea adulta estava rodeada 

por três a seis grandes células gigantes com paredes celulares espessadas, citoplasma 

granulado e numerosos núcleos (Vovlas et al. 2005), características celulares essas similares 

ao encontrado nas células gigantes das galhas de soja parasitas por M. javanica (Vilela et al. 

2019), bem como para o jiloeiro a partir dos 25 DAI. As células gigantes são geralmente 

multinucleadas, o que possibilita alta produção de proteínas que podem ser utilizadas na 

alimentação do nematoide (Mitkowski e Abawi 2003). Além disso, o jiloeiro apresentou 

múltiplos vacúolos fragmentados aos 72 DAI, assim como já relatado para goiabeira a cv. 

Paluma (Freitas 2012). 

Estudos anatômicos com foco na formação e na estrutura das células gigantes e nas 

alterações na estrutura radicular tem sido desenvolvidos (Asmus et al 2000; Proite 2008; 

Westerich et al. 2012; Palomares-Rius, et al. 2017 Vilela et al. 2019; Vilela et al. 2021)                                           

e vem trazendo informações úteis para se compreender melhor a relação parasita- hospedeiro, 

bem como os danos causados pelos nematoides de galhas em culturas susceptíveis.  
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O desenvolvimento das galhas do jiloeiro se iniciou dentro do cilindro vascular, como 

já relatado para outras culturas (Escobar et al. 2015), promovendo desorganização do sistema 

vascular e possível compressão ou até mesmo obliteração de elementos de vaso do xilema, o 

que já foi relatado também no milho parasitado por M. javanica (Asmus et al. 2000). Esse 

comprometimento do sistema vascular radicular pode interferir no fluxo de seiva e no 

desenvolvimento da planta, inclusive do jiloeiro, afetando a produtividade vegetal.  

Aqui destacamos que o impacto negativo nos parâmetros agronômicos desencadeados 

pela infecção de M. incognita no jiloeiro pode ter relação direta com as profundas 

modificações anatômicas aqui reportadas. A formação das galhas no jiloeiro também foi 

marcada por alto e expressivo processo de hiperplasia das células parenquimáticas corticais da 

raiz, sendo o principal fator que promoveu crescimento em espessura da galha, algo também 

relatado para galhas de soja induzidas por M. javanica (Vilela et al. 2019) e do quiabeiro 

induzidas por M. incognita (Vilela et al. 2021). 

 

4.4 Dinâmica da parede celular durante a formação da galha e sítios de alimentação 

 

O uso de anticorpos monoclonais para detecção de compostos de parede celular tem 

sido utilizado para compreensão de aspectos funcionais durante o desenvolvimento de galhas 

de insetos (Formiga et al. 2013, Oliveira et al. 2014, Carneiro et al. 2015; Martini et al. 2019) 

e, mais especificamente, em galhas induzidas por nematoides (Bozbuga 2017; Meidani et al. 

2019; Vilela et al. 2021). Apesar de estudos recentes com estes microrganismos, ainda pouco 

se sabe sobre a dinâmica na formação das células gigantes e do alongamento das células do 

córtex para formação de suas galhas. Na presente pesquisa a indução das galhas do jiloeiro 

promoveu elevada mudança na composição das paredes celulares dos tecidos das raízes, com 

surgimento de novos epitopos pécticos e hemicelulósicos ao longo do desenvolvimento das 

galhas.  

As pectinas são polissacarídeos abundantes em ácido galacturônico e encontram-se 

distribuídos em três classes: ramnogalacturonanos I (RG-I), ramnogalacturonanos II (RG-II) e 

homogalacturonanos (HGs) (Ridley et al. 2001; Willats et al. 2001; Albersheim et al. 2011).        

Os homogalacturonanos (HGs), reconhecidos pelo anticorpo monoclonal JIM5, se ligam a 

epitopos presentes em polímeros de HG relativamente não esterificados, enquanto o JIM7 a 

HGs de esterificação moderada a alta (Knox et al. 1990; Willats et al. 2000). Esse grau de 

esterificação está relacionado a diferentes funcionalidades das paredes celulares, com ganho 
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de flexibilidade com os HGs altamente metilesterificados e de rigidez com os HGs não-

metilesterificados (Knox et al. 1990; Willats et al. 2000; Sabba e Lulai 2005).  

As raízes não inoculadas de jiloeiro apresentaram córtex e floema com diferentes 

níveis de metilesterificação. Após inoculação, as galhas jovens, aos 25 DAI, apresentaram 

predominância de HGs altamente metilesterificadas, inclusive nas células gigantes, sendo as 

paredes celulares demetilesterificadas com o desenvolvimento final das galhas, aos 72 DAI. 

Isso demonstra um investimento inicial em extensibilidade das células na formação dos sítios 

de alimentação e das galhas do jiloeiro, com subsequente enrijecimento celular final.  

No milho, os HGs metilesterificados, galactano, arabinogalactano e xiloglucanos 

estavam em abundância nas paredes das células gigantes induzidas por nematoides, enquanto 

HGs com baixa metilesterificação foram marcados com maior frequência no último estágio da 

raiz inoculada (Bozbuga, 2017), seguindo o padrão encontrado neste trabalho. No quiabeiro, 

Vilela et al. (2021) sugerem que a síntese e a desmetilação das paredes celulares das células 

gigantes e do parênquima do xilema podem aumentar a porosidade e, assim, a troca de 

nutrientes com os nematoides de galhas.  

Os epítopos de (1→5)-α-L-arabinanos, reconhecidos pelo LM6, tem relação com a 

adesão de células e geralmente estão associados com a diminuição da capacidade de expansão 

celular (Brummell et al. 2004). Esses epitopos não foram marcados nas galhas maduras do 

jiloeiro, aos 72 DAI, estando bem representados nas galhas jovens, aos 25 DAI. Ao mesmo 

tempo, houve uma sobreposição na marcação dos tecidos das galhas jovens pelo LM6 e pelo 

LM5, que reconhece os epitopos de (1 → 4)-β-D-galactanos. Os epitopos marcados pelo LM5 

permitem que a parede celular se expanda e alongue (McCarley et al. 2003), algo esperado 

para os tecidos jovens das galhas do jiloeiro aos 25 DAI. A sobreposição com a marcação do 

LM5 e LM6 pode, então, demonstrar uma função associada entre expansão e adesão ao longo 

do desenvolvimento das galhas do jiloeiro.  

Epítopos de xilogluganos, reconhecidos pelo LM15, tem papel essencial na regulação 

da expansão da parede celular (Cosgrove 1999; Carpita 1996), auxiliando no seu alongamento 

e crescimento (Pauly et al. 2013). Esses epítopos foram marcados na galha jovem, aos 25 

DAI, e ausentes nos demais estágios maduros, com e sem inoculação, o que reforça o seu 

papel na formação e desenvolvimento da parede celular dos tecidos da galha de jiloeiro, 

inclusive da própria célula gigante. 

 

5 Conclusão 

 



127 

 

i) O M. incognita prejudica o desenvolvimento do jiloeiro, cultivar Comprido Verde Claro, 

que apresenta menor altura e peso da parte aérea, bem como redução do peso da raiz. 

ii) As plantas inoculadas com P. lilacynus suportam melhor o parasitismo visto que não houve 

redução em nenhum dos parâmetros agronômicos, e ainda promovem redução na quantidade 

de nematoides e de ovos nas raízes.  

iii) Células gigantes e galhas ocorrem aos 18 DAI em ambas as raízes inoculadas, sendo a 

cultivar classificada como altamente susceptível.  

 iv) O desenvolvimento das galhas de jiloeiro foi mediado pela demetilesterificação das 

paredes celulares, associado com a marcação de epítopos de (1→4)-β-D-galactanos, (1→5)-α-

L-arabinanos e xilogluganos que criam equilíbrio entre adesão e flexibilidade necessário ao 

desenvolvimento das células gigantes e dos demais tecidos da galha. 
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Apêndice 1 

 

Anticorpos monoclonais e epitopos utilizados para a marcação de compostos  

pécticos e hemicelulósicos. 

Anticorpo Monoclonal Epitopos Referências 

Pectins/ Homogalacturonan (HG) 

JIM 5              partially Me- HG/ no ester   VanderBoshet al. (1989); Knox 

et al. (1990); Willats et al. 

(2000); Clausen et al. (2003) 

 

JIM 7              partially Me- HG                              Knox et al. (1990); Willats et al. 

(2000); Clausen et al. (2003) 

Pectins/Rhamnogalacturonan-I 

LM 5 (1 ->4)      

 

β- D galactan                              Jones et al. (1997); Willats et al. 

(1999); Orfila e Knox (2000) 

 

LM 6 (1 ->5)       α- L- arabinan                             Willats et al. (1999); Orfila e 

Knox (2000) 

Hemicellulose 

Heteroxylan 

LM 11(1 ->4)      

 

β- D Xylan/arabinoxylan        

 

McCartney et al (2005) 

 

LM 21     

 

 

heteromannan 

 

Marcus et al (2010)      

LM 15  XXXG motif of 

xyloglucan                 

Marcus et al (2008) 

 

 

 

 

 


