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RESUMO

O género Meloidogyne (NEMATODA: HETERODERIDAE) consiste em 98 espécies sendo o
nematoide Meloidogyne incognita 0 maior representante patogénico endémico nas Américas.
Sua atividade cosmopolita de interagdo com maultiplas plantas é atualmente justificada no uso
de proteinas efetoras para a inducdo de sitios de alimentagdo em hospedeiros compativeis
resultando na perda da produtividade de importantes culturas no campo. Entender as bases desse
sinergismo direciona para uma nova perspectiva centrada nos aspectos da intervencdo génica
via RNA de interferéncia (RNAI) contra transcritos envolvidos na traducdo dessas proteinas,
além da prospeccao de genes associadas a resisténcia de hospedeiros incompativeis ser também
utilizada como segunda medida visando a evolucdo de plantas superiores. Neste presente
trabalho, dividido em quatro capitulos, identificamos os genes efetores Minc03328 e
Minc16803 de M. incognita e o gene Germin-like protein subfamily 1 member 10 do genétipo
de soja Pl 595099 como candidatos promissores para engenharia genética de resisténcia em
plantas. Por meio do novo levantamento bibliografico elaborado no capitulo 1 desta tese,
concluimos os papéis-chave de efetores de M. incognita majoritariamente voltados para
inibicdo de redes imunes de plantas bem como na formacéo e manutencédo de células gigantes.
Esse indicativo pode ser novamente constatado com a selegéo dos alvos efetores Minc03328 e
Minc16803, onde seus silenciamentos — via RNAI — foram capazes de reduzir a susceptibilidade
de linhagens transgénicas de Arabidopsis thaliana. O resultado de nossas analises culminou na
publicacdo de dois artigos, integrando os Capitulos 2 e 3 deste documento. O capitulo final
deste trabalho integra um terceiro elemento validado denominado Germin-like protein
subfamily 1 member 10, sendo o seu envolvimento na resisténcia contra M. incognita
confirmado de forma heter6loga em planta modelo. Dentre outras analises, certificamos um
modo de atuacdo extrinseco para sua resisténcia sendo o incremento da sua atividade na geragdo
de perdxido de hidrogénio mensurados a niveis transcricionais para importantes marcadores
génicos relacionados as vias de fitormonios e respostas de hipersensibilidade. Esses dados
contribuem para uma nova medida adotada na protecdo de soja contra nematoides, sendo a
piramidacéo génica dos elementos aqui validados, a estratégia delineada na salvaguarda desse

e outros importantes cultivos de relevancia agronémica.

PALAVRAS-CHAVE: Meloidogyne incognita, RNA de interferéncia, genes efetores,
Germin-like protein, protecéo in planta.
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ABSTRACT

The genus Meloidogyne (NEMATODA: HETERODERIDAE) comprises 98 species, with
Meloidogyne incognita being the most prominent endemic pathogenic representative in the
Americas. Its cosmopolitan ability to interact with a wide range of plant species is attributed to
the use of effector proteins, which facilitate the induction of feeding sites in compatible hosts,
ultimately leading to significant yield losses in economically important crops. Understanding
the mechanisms underlying this interaction opens new perspectives, including gene intervention
via RNA interference (RNAI) targeting transcripts involved in the production of these proteins.
Additionally, the identification and use of resistance-associated genes from incompatible hosts
represent a complementary approach to fostering the evolution of higher plants with enhanced
defenses. In this study, divided into four chapters, we identify the effector genes Minc03328
and Minc16803 from M. incognita and the Germin-like protein subfamily 1 member 10 gene
(GmGLP10) from the resistant soybean genotype Pl 595099 as critical components in plant
defense against M. incognita. A comprehensive literature review in Chapter 1 highlights the
pivotal roles of these genes, primarily in inhibiting plant immune responses and enabling the
formation and maintenance of giant cells. The significance of these findings is demonstrated by
the selection and silencing of the effector targets Minc03328 and Minc16803 through RNAI,
which successfully reduced the susceptibility of transgenic Arabidopsis thaliana lines. These
results are detailed in two published articles, comprising Chapters 2 and 3 of this thesis. Chapter
4 introduces a third validated component, GmGLP10, whose involvement in resistance against
M. incognita was confirmed through heterologous expression in a model plant. Our analyses
reveal an extrinsic mode of action, where increased activity of GmGLP10 leads to elevated
hydrogen peroxide production, as measured by transcriptional changes in key gene markers
associated with phytohormone pathways and hypersensitivity responses. These findings
provide a new avenue for soybean protection, with gene pyramiding of the validated elements
presented here emerging as a promising strategy to safeguard soybeans and other crops of

agronomic importance.

KEYWORDS: Meloidogyne incognita, RNA interference, effector genes, Germin-like

proteins, protection in planta.
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INTRODUCAO GERAL

Nematoides parasitas de plantas (NPP) sdo considerados um dos principais patégenos
agricolas capazes de impor severas restricdes na protecdo de importantes cultivos de interesses
comerciais no mundo (Decraemer & Geraert, 2006a, b). No Brasil, um dos maiores problemas
é a infestacdo de solos por nematoides formadores de galhas (NFG), que acometem as raizes de
culturas de grande relevancia agronémica, como por exemplo a soja. Dentre eles, destacam-se
as espécies do género Meloidogyne, sendo os NFG Meloidogyne incognita, M. javanica e M.
enterolobii responsaveis por perdas de US$ 6.5 bilhGes por ano no mercado da soja, integrando
a faixa estimada de 10 a 14% dos danos causados por NPP na agricultura mundial (Barros et
al., 2022).

Para solucionar esse problema, nosso grupo de pesquisa busca, por meio da engenharia
genética de plantas, desenvolver cultivares superiores como uma alternativa promissora,
priorizando o minimo impacto no equilibrio ambiental (Basso et al., 2024). Tecnologias como
0 RNA de interferéncia (RNAI) e a expressao de proteinas recombinantes antinematoides tém
se mostrado, ao longo dos ultimos 18 anos de estudos (2005-2023), ferramentas moleculares
cruciais para o controle de espécies do género Meloidogyne (Fig. 1). Essas estratégias ndo
apenas contribuem para a reducéo significativa dos danos as culturas agricolas, mas também
promovem maior produtividade de forma sustentavel, oferecendo uma alternativa ao uso
indiscriminado de agroquimicos e atendendo as demandas globais por praticas agricolas mais

equilibradas e ecologicamente responsaveis (Vashisth et al., 2024).

Nesse contexto, a aplicacdo de ferramentas 6micas tem ampliado o entendimento das
interacbes moleculares entre plantas e nematoides, revelando as principais estratégias
evolutivas envolvidas tanto em interacbes compativeis quanto incompativeis (lbrahim et al.,
2019). Estudos como os de Bellafiore et al. (2008), que identificaram cerca de 486 proteinas
efetoras no secretoma de M. incognita, destacam a complexidade das taticas empregadas por
esses NPP para se estabelecerem em mais de 3.000 especies de plantas vasculares (Jones et al.,
2013). Essas proteinas tém sido exploradas como alvos para a tecnologia de RNA., inicialmente
em estudos de prova de conceito em plantas modelo e, mais recentemente, em culturas

comerciais, reforcando o potencial protetivo dessa abordagem (Lisei-de-Sa et al., 2021).

Recentemente, nosso grupo de pesquisa identificou a existéncia dos genes efetores
Minc03328 e Minc16803 como importantes alvos especificos pela tecnologia do RNA de

interferéncia in planta (Moreira et al., 2022, 2023). Esses dados, reunidos nos capitulos 2 e 3
12
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desta tese, revelaram altos niveis na reducéo da susceptibilidade de linhagens transgénicas de
Arabidopsis thaliana desafiadas contra 0 NFG M. incognita. Além do silenciamento génico
pos-transcricional determinados, via analises de PCR em tempo real (RT-gPCR), confirmamos
seus usos para inducdo e manutencao das células gigantes (CG) em plantas terrestres. Enquanto
a regulacdo negativa de Minc03328 foi capaz de infringir a estabilidade do citoplasma das CG
averiguadas (Moreira et al., 2022), Minc16803 revelou este mesmo fen6tipo acompanhado da
malformacdo de fémeas adultas, em relacdo ao controle experimental (Moreira et al., 2023).
Com base nesses resultados, uma nova medida visando a protecdo de cultivos de soja foi
adotada, sendo a utilizagdo dos mesmos cassetes génicos atualmente utilizados em provas de

conceito em plantas de interesse comerciais (estudos em andamento).

De forma semelhante, a expressdo heterdloga do gene Germin-like protein subfamily 1
member 10 (GmGLP10) foi também validada para este ultimo fim atestando para uma reducéo
significativa na reproducéo de M. incdgnita, em mais de 49% em raizes de tabaco transgénico.
Estudos prévios realizados em nosso grupo de pesquisa ja levantava indicios da superexpressdo
de GmGLP10 como uma medida a ser investigada em provas de conceito in planta, devido a
sua alta expressdo diferencial constatada tanto a niveis de transcritos, quanto proteicos no
genotipo resistente de soja Pl 595099 (Arraes et al., 2022). Além do seu envolvimento na
protecdo de plantas, a atividade de GmGLP10 foi mensurada via analises de RT-qPCR para
varios marcadores génicos de planta, sensitivos ao incremento do peréxido de hidrogénio no
espaco citoplasmatico. Esses dados reunidos no capitulo 4 desta tese permitiram identificar os
principais elementos a jusante, intricados com as vias do &cido salicilico e jasmonico, etileno,
espécies reativas de oxigénio (ERO) e respostas de hipersensibilidade, como os principais

agentes capazes de intervir no desbalanco homeostatico de CG.

Deste modo, a presente investigacao teve como principal objetivo conhecer os principais
elementos-chaves explorados em ambos contextos coevolutivo de interacdo com a finalidade
de elaborar novas medidas de controle por meio da intervencdo genética. Assim como o uso do
RNAI mediando o silenciamento de Minc03328 e Minc16803 — terem nos mostrado os melhores
resultados —, a superexpressdo de GmGLP10°E foi vislumbrada como uma terceira alternativa
a ser integrada em cassetes génicos de transformacdo, em cultivares elites. Para tanto, novos
estudos estdo sendo executados a fim de validar se os efeitos antagdnicos combinados dos trés
elementos aqui averiguados, podem ser utilizados como nova medida protetiva em cultivares

transgénicos de soja e algodao.

13
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Figura 1: Validacdo de moléculas antinematoides. Nos ultimos 18 anos, nosso grupo de pesquisa identificou dezenas de genes de M. incognita como potenciais alvos
para a tecnologia de RNA de interferéncia (RNAI), resultando na publicacdo de estudos significativos sobre os melhores candidatos atualmente investigados em plantas de
interesse comercial, como soja e algoddo. Por meio de tecnologias dmicas (protedmica, transcriptdbmica e genémica), genotipos resistentes, como a soja Pl 595099, foram
analisados, revelando tracos génicos relacionados a resisténcia ao nematoide das galhas (NFG) e ao nematoide de cisto da soja (NFC). Esta linha do tempo destaca os genes
que apresentaram maior eficacia quando validados em plantas modelo. Em particular, os genes Minc03328 e Minc16803 de M. incognita e a proteina Germin-like protein
subfamily 1 member 10 (GmGLP10), proveniente da soja PI 595099, estdo sendo avaliados em cultivares comerciais de soja e algoddo como potenciais ferramentas protetivas
para cultivares geneticamente modificadas. Dados preliminares indicam que o uso de RNAI contra Minc03328 e Minc16803 reduziu a susceptibilidade em plantas modelo
em mais de 85%, enquanto a expressdo heterdloga de GmGLP10 em tabaco reduziu a reproducéo do patdgeno em mais de 49%.
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O ciclo parasitico das espécies do género Meloidogyne

As espécies de Meloidogyne, conhecidas como formadoras de galhas, tém destaque
cientifico e econémico devido aos prejuizos causados a agricultura. De acordo com a revista
Molecular Plant Pathology, elas figuram entre os dez principais nematoides agricolas (Jones et
al., 2013). Até o momento, sdo identificadas 98 espécies, com M. incognita sendo o principal
representante nas Américas. No Brasil, M. incognita, M. javanica e M. enterolobii causam
perdas anuais de US$ 6,5 bilhdes na producédo de soja, representando de 10 a 14% dos danos

globais por nematoides parasitas (Barros et al., 2022).

Embora o sinergismo entre Meloidogyne e plantas ainda seja pouco compreendido, 0s
genomas de M. incognita e M. hapla j& foram sequenciados, revelando diferencas significativas
no tamanho genémico: 183 Mb e 43.718 genes em M. incognita, contra 53,6 Mb e 14.207 genes
em M. hapla (Abad et al., 2008; Blanc-Mathieu et al., 2017). Apesar disso, ambas as espécies
compartilham o mesmo ciclo infeccioso, que se completa em 3 a 8 semanas a 28°C (Fig. 2A;
Favery et al., 2016). Mudancas climéaticas, como o aumento da temperatura, aceleram o

desenvolvimento embrionario e a infeccdo em raizes (Velloso et al., 2022).

Juvenis pré-parasiticos (ppJ2) sdo atraidos por compostos liberados pelas raizes, como
o salicilato de metila e o dissacarideo L-Gal(al1-3)-L-Rha, detectados por 6rgdos sensoriais
ceféalicos chamados anfideos (Fig. 2A - C; Cepulyté et al., 2018; Kihika et al., 2017). Os juvenis
perfuram a parede celular das raizes com o estilete e secretam efetores moleculares para superar
barreiras fisicas e imunoldgicas de plantas, facilitando o parasitismo (Escobar et al., 2015; Sato
etal., 2019).

Durante a fase migratoria, 0S juvenis percorrem a raiz até o cilindro vascular, onde
desdiferenciam células para criar sitios de alimentacéo, conhecidos como células gigantes (Fig.
2A, D). Essas células sdo hipertrofiadas e multinucleadas, apresentando intensa atividade
metabolica, enquanto as adjacentes sofrem hiperplasia, formando as galhas caracteristicas
(Kyndt et al., 2013; de Almeida Engler et al., 2013).
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Apo0s a instalagdo, os juvenis avangcam para as fases J3 e J4, tornando-se sedentarios
(Fig. 2A). Em hospedeiros incompativeis, podem regredir para machos e retornar a rizosfera
(Castagnone-Sereno et al., 2013; Goverse & Smant, 2014). Fémeas maduras produzem
centenas de ovos por partenogénese, liberados em uma matriz glicoproteica (Fig. 2E;
Castagnone-Sereno, 2006). Temperaturas elevadas podem acelerar o ciclo, promovendo a
eclosdo precoce de juvenis e aumentando a capacidade infecciosa (Calderon-Urrea et al., 2016;
Oota et al., 2020).
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Figura 2: Ciclo do desenvolvimento de M. incognita em plantas terrestres. (A) O ciclo de

vida de M. incognita € composto por seis estadios de desenvolvimento: ovos, ppJ2 (juvenis de

segundo estadio pré-parasitico), pJ2 (juvenis em estadio parasitico), J3 (juvenis em estadio 3),

J4 (juvenis em estadio 4, que ndo se alimentam) e fémeas adultas. Durante o ciclo endocitico,
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pJ2s migram através das camadas de celulas epidérmicas e corticais até as células do
parénquima cortical, onde as desdiferenciardo em CG que comporao o seu sitio de alimentacdo
(setas vermelhas). Como caracteristica, observa-se nas interacdes compativeis que as CG
apresentam citoplasma bastante proeminentes contendo varios nucleos os quais se dividem de
maneira acitocinética (Imagem BABB a direita). Em relagdes incompativeis (seta lilas), estadio
J4 diferenciam-se em macho abandonando o hospedeiro (Imagem BABB a esquerda). (B)
Estruturas moleculares de Salicilato de metila e ramnogalacturonanos: principais metabolitos
atrativos para interacdo de M. incognita em raizes de plantas. (C) Representacdo esquematica
anatdbmica de M. incdgnita. (D) Representacdo da analise histopatolégica de uma galha, apos
coloracdo com azul de toluidina. (E) Imagem de galha (G) corada com fucsina &cida

evidenciando estadio de fémea adulta desenvolvida (F) e massa de ovos (EM).

Mecanismos de patogenicidade de Meloidogyne spp., em plantas terrestres

O aparelho bucal (estilete) e as glandulas esofagicas (duas subventrais e uma dorsal) sdo
0s principais mecanismos adaptativos de Meloidogyne spp., permitindo sua sobrevivéncia em
mais de 3.000 espécies de plantas vasculares (Fig. 2C, Jones et al., 2013; Mitchum et al., 2013).
O estilete € essencial para superar barreiras fisicas, como a parede celular rica em celulose e
lignina e a estria de Caspary, enquanto as glandulas secretam efetores cataliticos que degradam

polissacarideos da célula vegetal (Quentin et al., 2013; Cosgrove et al., 2005).

Estudos sugerem que genes de origem bacteriana foram incorporados ao genoma
ancestral dos nematoides. O sequenciamento de M. incognita revelou cerca de 60 proteinas
relacionadas a seis familias de enzimas de origem bacteriana, como celulases (EC 3.2.1.4),
pectato liases (EC 4.2.2.2) e expansinas, que desempenham papéis na degradacdo e modificacdo
das paredes celulares das plantas (Fig. 3A, Abad et al., 2008; Danchin et al., 2010).

Durante as fases migratoria e sedentaria, Meloidogyne spp. secreta efetores via estilete,
dos quais cerca de 87% suprimem a imunidade das plantas, e 23% induzem a formacéao e
manutencdo de células gigantes nos sitios de alimentacdo (Fig. 3B, Bellafiore et al., 2008;
Molloy et al., 2023). Essas células hipertrofiadas sdo metabolicamente ativas e recebem
nutrientes transportados pela vascularizagéo ao redor, garantindo o suprimento necessario para

o0 desenvolvimento do nematoide (Fig. 4A, Hoth et al., 2005).
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As glandulas esofagicas tém papel central na producdo de efetores. Nas fases iniciais,
as glandulas subventrais sdo altamente ativas, com intensa transcricéo e secrecdo de proteinas
como Mi-CRT, MiMSP40 e Minc03328, importantes para o parasitismo (Jaubert et al., 2005;
Niu et al., 2016). Em estagios mais avancados, a glandula dorsal assume maior relevancia,

sustentando o ciclo sedentério (Hussey & Mims, 1990).

Embora a maior parte dos efetores seja produzida pelas glandulas esofégicas, outros
tecidos, como anfideos, glandulas retais e hipoderme, também participam da secrecdo de
moléculas essenciais durante o parasitismo (Rutter et al., 2014; Zhao et al., 2019). Estudos
recentes identificaram novos genes associados a esses 6rgaos, ampliando o entendimento sobre

0s mecanismos de interacdo de Meloidogyne spp. com plantas (Moreira et al., 2022).
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Figura 3: Interseccdo dos efetores de M. incognita no desenvolvimento e fisiologia de
células vegetais. (A) Representacdo esquematica dos principais efetores de M. incognita (em
caixas amarelas) bem como seus alvos in planta por meio de andlises de interatomas proteina-
proteina (PPI). Segundo Sato et al., (2019), os modos de acdo de proteinas efetoras podem ser
classificados aos niveis apoplasticos e citoplasméaticos em células vegetais. No primeiro nivel
se enquadram efetores cataliticos e miméticos de plantas, enquanto no segundo englobam uma
diversidade efetora sumariamente envolvida na inibicdo de resposta de defesa da planta e na
formacdo e manutencdo de CG. (B) Grafico de pizza representando os 49 efetores de M.
incognita com fungdes determinadas em plantas. Segundo Molloy et al., (2023), suas fungdes
encontram-se reclusas em processos de plantas cujos efeitos permitem intervir na supressao de
redes imunes de defesa (PTI e ETI), estabelecimento de CG e degradacdo da parede celular.
Desse numero, apenas 4% permanecem desconhecidos suas classificacdes quanto a esses
processos, embora seus alvos de plantas sejam compreendidos pelas técnicas de PPI. (Figura
adaptada, Molloy et al., 2023)

PAREDE
CELULAR

NUCLEO

CELULA GIGANTE

NEMATOIDE

XILEMA

Figura 4: Vascularizacéo dos tecidos vasculares como medida importante de aquisicio de
nutrientes. A esquerda, representacdo esquematica: sitios de alimentacdo (em verde)
circundado pelo xilema (na cor bege) e floema (em azul) como mecanismo de obtencdo de

nutrientes por meio do extravasamento apoplastico. A direita, imagem de galha induzida em
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raiz de A. thaliana obtida por analise de BABB. CG encontra-se delimitada por linhas
tracejadas. (Figura adaptada, Bartlem et al., 2014)

Efetores de nematoides formadores de galhas

Entre as varias definigdes propostas para efetores de patdgenos de plantas, Bird et al.
(2015) foram pioneiros ao defini-los como “qualquer molécula do nematoide parasita capaz de
suprimir as defesas do hospedeiro ou manipulé-lo para garantir um fornecimento constante de
alimento”. Com base nos resultados do genoma de M. incognita, essa definicdo destacou a
transferéncia horizontal de genes como um dos principais fatores que sustentam o sucesso do
parasitismo de nematoides formadores de galhas (NFG) (Abad et al., 2008; Opperman et al.,
2008; Haegeman et al., 2011). Avanc¢os na gendmica funcional permitiram a classificacéo
sistematica de efetores em apopléasticos e citoplasmaticos, de acordo com sua agdo no nucleo e
em outros compartimentos celulares da célula vegetal (Fig. 3A; Jaouannet & Rosso, 2013;
Gardner et al., 2015).

Embora esse tema tenha evoluido recentemente, Gheysen & Fenoll (2002) ja haviam
apontado indicios da hiperplasia de organelas como consequéncia direta dessa acao (Fig. 5).
Alteracbes como fragmentacdo do vacuolo e proliferacdo de organelas, como reticulo
endoplasmatico rugoso, ribossomos, mitocondrias e plastidios, foram associadas a uma
ontogenia celular diversificada (Fig. 5C; Molloy et al., 2023). Essas mudancas foram
inicialmente interpretadas como respostas de defesa do hospedeiro, resultando na formagéo de
tecido de novo para reparar danos causados pelo patégeno (Harris & Pitzschke, 2020; Ribeiro
et al., 2023). Repetidos ciclos de divisdo celular indicaram potencial regenerativo nas células

lesionadas, resultando na formacéo de "calos™" (Kyndt et al., 2013; Ribeiro et al., 2023).

Embora essa hipdtese ainda esteja em investigacao, o foco recente tem sido a habilidade
dos efetores em manipular redes de sinalizacdo do hospedeiro, causando desequilibrios
homeostaticos. O efetor MjMCMZ2, por exemplo, € o primeiro identificado a induzir hiperplasia
nuclear em células gigantes (CG). Quando superexpresso em raizes de tomateiro, Fitoussi et al.
(2022) demonstraram sua capacidade de promover replicacdo excessiva de DNA, levando a
multiplicacdo e clusterizagdo de nucleos nas CG (Fig. 5A). Esse efeito foi relacionado a
semelhanca de sequéncia entre MjMCM2 e a subunidade MCM2 do complexo MCM2-7,
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envolvido na fase S do ciclo celular eucariético (Bochman & Schwacha, 2009; Fitoussi et al.,
2022).

Efetores como chorismate mutase 1 (MjCM-1) e isocorismatase 1 (Mi-ISC-1) também
foram validados em Meloidogyne spp. Essas proteinas, quando superexpressas, causaram uma
reducdo significativa nos niveis de auxina e acido salicilico, demonstrando que o desbalango
hormonal € um mecanismo de agéo crucial para os NFG (Bauters et al., 2020; Doyle & Lambert,
2003; Qin et al., 2022). Adicionalmente, efetores miméticos de horménios vegetais podem
interagir com receptores da familia CEP (peptideos codificados na extremidade C-terminal),
IDA (inflorescence deficient in abscission) e RALF (rapid alkalization factors), induzindo a
proliferacéo e diferenciacdo celular em tecidos do procdmbio e xilema, essenciais para o
transporte de nutrientes as CG (Mitchum & Liu, 2022).

Com base nesses avancos, uma nova classificacdo dos efetores foi proposta,
considerando seu modo de acdo (apopléstico ou intracelular), os aspectos da biologia vegetal
que alteram e sua fung@o como fatores de viruléncia que beneficiam o parasitismo ao longo do
ciclo de vida dos nematoides (Molloy et al., 2023). Estudos recentes identificaram 49 efetores
de NFG e 45 de nematoides formadores de cisto (NFC), destacando seu envolvimento em
processos como supressao da defesa imune, modificacdo da parede celular e manutencéo das
CG (Fig. 3B; Molloy et al., 2023). No entanto, 4% a 9% desses efetores ainda tém fungdes

desconhecidas, embora seus alvos vegetais ja tenham sido identificados.

Ha evidéncias de que a evolucdo dos efetores contribuiu para inibir redes de defesa
imune do hospedeiro, facilitando a coevolucdo dos NFG em plantas terrestres (Fig. 3 e 6;
Molloy et al., 2023; Bali & Gleason, 2023). Mais da metade dos efetores analisados
demonstraram a capacidade de bloquear a resposta de hipersensibilidade (HR) do hospedeiro.
Por exemplo, Kumar et al. (2023) relataram que o efetor MjShKT, quando coinfiltrado com os
marcadores MAPKKKa e Gpa2/RBP-1, foi capaz de suprimir HR em folhas de Nicotiana
benthamiana. Além disso, outros efetores tém sido associados a interferéncia em vias de
transducdo de sinais mediados por cinases, fatores de transcricdo, hormonios de defesa e

espécies reativas de oxigénio (Haegeman et al., 2012; Goverse & Mitchum, 2022).

Finalmente, a auséncia de plasmodesmatas nas CG sugere um mecanismo alternativo de
fornecimento de nutrientes, mediado pelo extravasamento de elementos do tubo crivado para o
apoplasto (Hoth et al., 2008). Apesar do isolamento dessas estruturas, efetores desempenham

papel critico ao promover a permeabilidade de transportadores simplasticos, garantindo a
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absorcdo de micronutrientes e macromoléculas pelas CG recém-formadas (Hoth et al., 2005;
2008).
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Figure 5: Hiperplasia de organelas na CG. Analise de secdes de galhas coradas com azul de
toluidina indicando os (A) Cluster de nucleos derivados do processo mitose celular acitocinético
e a (B) fragmentacdo do vacuolo celular. xy, xilema; nu, nacleo; PC, parede celular; VC,
vacuolo; GD, glandula dorsal; GS, glandula subventral. (C) Entre outras mudancas previstas
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616 nas CG destacam-se a proliferacdo de ribossomos, reticulo endoplasmético, mitocéndrias e
617  plastideos. Setas vermelhas simbolizam o incremento do nimero de organelas em CG, enquanto

618  setaroxa representam o incremento de seus tamanhos.
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Figura 6: Redes imunes de plantas. (A) O reconhecimento de elicitores de nematoide pelos
receptores de reconhecimento de padrdo RLP (receptors-like proteins) permitem suas
heterodimerizacGes com correceptores do tipo RLK (receptor-like kinases) determinando a
primeira via de defesa designada NTI (Nematode — Triggered Immunity). A fosforilacdo do
dominio citoplasmatico (circulos vermelhos) representa o passo subsequente determinando a
mobilizacdo de outros fatores a jusante para o nucleo da célula vegetal. Durante a coevolucao,
a aquisicao e neofuncionalizacao de efetores no genoma de NFG deram a possibilidade de inibir
essa primeira rede de defesa dando origem a susceptibilidade desencadeada pelo efetor (ETS).
Por outro lado, plantas fazem uso de proteinas da familia NLR que possuem a habilidade no
reconhecimento direto de efetores (NBS sensores) e induzem a formacdo dos anéis
pentaméricos denominados “resistoSSOmos” em associagdo com proteinas auxiliares da familia
NBS. Este resultado permitird a formacéo de poros da membrana plasmatica da célula vegetal
dando origem a resposta de hipersensibilidade (HR). (B) Principais vias de sinalizacdo
relacionadas a via NTI, descobertas nos Gltimos anos.

Coevolucéo nas interacdes Meloidogyne spp-hospedeiros: interseccédo de efetores na rede
imune

Durante o curso coevolutivo entre nematoides e plantas hospedeiras, ambos os lados
desenvolveram mecanismos sofisticados que garantem a coexisténcia dessas espécies
(Williamson & Kumar, 2006). As plantas possuem um arsenal genético composto por
receptores que codificam proteinas envolvidas na imunidade desencadeada por nematoides
(NTI) e na imunidade desencadeada por efetores (ETI) (Fig. 6; Kaloshian & Teixeira, 2019;
Ngou et al., 2022). Esse sistema de defesa possibilita que os vegetais permanecam saudaveis e
férteis em ambientes terrestres, adotando estratégias de reconhecimento direto e indireto de
padrdes moleculares associados a patogenos de plantas (NPP), mediados por receptores de
reconhecimento de padrdo (PRR), que acionam respostas imunologicas multifacetadas
(Mitchum et al., 2013; Kaloshian & Teixeira, 2019).

O reconhecimento de padrdes moleculares associados a nematoides (NAMP) e efetores
desencadeia respostas de defesa dramaticas, que incluem a ativagdo de MAPK e a inducdo de
morte celular programada (Fig. 6, 7; Kaloshian & Teixeira, 2019). Diferentemente dos efetores
apoplasticos, que sdo frequentemente adquiridos via transferéncia lateral de genes (TLG), os

efetores citoplasmaticos sdo mais diversificados nos genomas de nematoides formadores de
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galhas (NFG) e apresentam modos de acao versateis (Danchin et al., 2010; Kikuchi et al., 2017).
Um exemplo notavel é o efetor citoplasmatico chorismate mutase (MjCM-1), cuja origem, via
TLG, é atribuida as plantas; a origem dos demais efetores citoplasmaticos ainda é pouco
compreendida (Doyle & Lambert, 2003). Estudos sugerem que a diversidade dos efetores nos
genomas de Meloidogyne spp. resulta de multiplos eventos de duplicacdo génica e
diversificacdo das copias paralogas, um processo conhecido como neofuncionalizacdo (Lilley
etal., 2018).

Embora a maioria dos efetores citoplasmaticos tenha fungdes ainda indefinidas, estudos
de interatomas revelaram importantes alvos moleculares in planta. Por exemplo, as proteinas
transthyretin-like (MjTTLS5) e lectina do tipo C (MiCTL1) reduzem o conteudo de perdxido de
hidrogénio em células vegetais, inibindo as atividades da redutase ferroredoxina:tiorredoxina
(AtFTRc) e catalases, respectivamente (Fig. 6B; Lin et al., 2016; Zhao et al., 2021). De forma
semelhante, o efetor MgMO237 de Meloidogyne graminicola interage com proteinas como 1,3-
B-glucan synthase (OsGSC), cysteine-rich repeat secretory protein 55 (OsCRRSP55) e
pathogenesis-related Betvl family protein (OsBetvl), modulando o equilibrio redox nas células
vegetais (Chen et al., 2018). Essas interacdes envolvem vias canénicas de imunidade disparadas
pelo reconhecimento de NAMP por PRRs, levando a expressdo de genes de defesa e a produgédo
de espécies reativas de oxigénio (ERO) (Kaloshian & Teixeira, 2019).

Na via ETI, o reconhecimento de efetores por genes da familia NBS-LRR ¢é crucial para
a execucdo da morte celular programada como parte da resposta de hipersensibilidade (HR) em
plantas ndo hospedeiras (Fig. 7; Rhodes et al., 2022). Essa resposta, mais duradoura e dréstica
que a PTI, tem efeitos localizados nos sitios de infeccdo. Exemplos bem estudados incluem
tomateiros (Lycopersicon peruvianum) e batateiras (Solanum bulbocastanum), cujos genomas
servem como base para programas de melhoramento genético visando resisténcia a espécies de

Meloidogyne e outros patégenos (Williamson & Hussey, 1996; Williamson & Kumar, 2006).

Apos décadas de pesquisa, 0 gene Mi-1.2, proveniente do locus Mi da variedade
resistente de tomateiros (L. esculentum Mill x L. peruvianum), foi clonado, representando um
dos principais elementos dessa segunda rede de defesa (Smith, 1944). A superexpressao de Mi-
1.2 conferiu alta resisténcia em linhagens transgénicas de berinjela (S. melongena), reduzindo
sua suscetibilidade a M. javanica em mais de 80% (Goggin et al., 2006). Resultados similares
foram obtidos para M. incognita e outros patogenos, indicando que Mi-1.2 atua de forma

conservada, reconhecendo efetores e desencadeando HR (Fig. 7, Nombela et al., 2003).
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Avangos em microscopia sugerem que Mi-1.2 interage com a proteina auxiliadora
NRC4 de solanéceas, participando da montagem do resistossomo e da inducéo de HR (Fig. 7;
Lidke et al., 2023). Apesar de o efetor de Meloidogyne reconhecido por Mi-1.2 ainda ndo ter
sido identificado, sua coexpressdo com NRC4 em N. benthamiana induziu HR local mesmo na
auséncia do efetor (Wu et al., 2017). A superexpressdao de Mi-1.2 mostrou-se segura, sem

evidéncias de respostas autoimunes (Goggin et al., 2006).

Entretanto, o uso de cultivos geneticamente modificados, como os que contém Mi-1.2,
deve ser alternado com outras praticas agricolas para evitar a superacdo da resisténcia por novos
isolados. Casos de resisténcia vencida j& foram relatados em tomateiros resistentes a NFG na
América do Norte, sul da Europa e Africa (EI-Sappah et al., 2019). Além disso, fatores como
monocultivo e aumento da temperatura global, provocados por atividades humanas, contribuem
significativamente para a perda funcional da familia génica Mi (Dropkin, 1969a, b). Essa
pressdo antropica tem favorecido a adaptacdo dos NFG, destacando a necessidade de

desenvolver novas estratégias de controle.

ADP ‘ ><ATP
INATIVO ATP ATIVO

A\

(V8]

) ¥ y G ~.f_\
B DIMERO  RESISTOMO
— Dominio N-terminal (CC, TIR e RPW8)

— Dominio de ligacdo aos nucleotideos (NTP e NDP}24

— Regides ricas em leucina (%ER)

SENSOR

Figura 7: Mecanismo de acionamento de proteinas NLR e inducdo da formacéo de
resistomos. (A) O estadio inativo de NLR é estavel (Kd baixa), sendo o seu acionamento
dependente do reconhecimento direto do efetor cognato pelo sitio LRR (3). Neste ponto &
concebido a troca de ADP por ATP no dominio NBS (2) de NLR tornando-a passivel & interagdo
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com a proteina NLR auxiliar. O resultado desse processo ¢é a formacao de resistomo, sendo a
exposicdo do dominio N-terminal (1) capaz de induzir a formagdo de poros na membrana
plasmatica da célula vegetal no complexo ativo. Particularmente a NLR sensora Mi-1.2 (figura
a direita), instavel a temperaturas superiores a 28°C, sabe-se do seu apoio sincrono a NRC4 de
tomateiros, embora permanega elusivo o efetor cognato & Mi-1.2. Para evitar sua autoativacao,
Mi-1.2 sdo estabilizados, a niveis pds-traducionais, pelas chaperonas SGT1 e HSP90, sendo o

seu acionamento dependente do reconhecimento direto ao efetor.

Efetores para a manutencéo dos sitios de alimentacédo

Ao contrario dos sincicios, que estdo conectados aos elementos de tubo crivado
enucleados por meio de plasmodesmatas secundarios (PD) induzidos por nematoides
formadores de cisto (NFC), as células gigantes (CG) séo isoladas simplasticamente, recebendo
nutrientes das células de tubo crivado nucleadas, desprovidas das células companheiras (CC)
(Fig. 8A; Hoth et al., 2005, 2008). Inicialmente, estudos de microscopia eletronica
evidenciaram uma espessura elevada da parede celular na interface dessas células, destacando
a auséncia de PD como indicativo do isolamento funcional dos sitios de alimentacéo (Fig. 8B;
Jones & Northcote, 1972; Jones & Dropkin, 1976). Devido as semelhancas morfoldgicas entre
CG e células de transferéncia de plantas, Hammes et al. (2005) hipotetizaram que a abundancia
de transportadores em CG poderia ser uma compensacdo pela desconexdo com os tecidos
vasculares adjacentes (Fig. 8A; Rodiuc et al., 2014).

Essa hipdtese foi corroborada pela identificacdo de transportadores, como AtSUC2, H+-
ATPase e a aquaporina TobRB7, que mostraram expressdo restrita aos sitios de alimentacédo
(Opperman et al., 1994; Bird & Wilson, 1994; Juergensen et al., 2003). Além disso, analises
de microarranjo revelaram a regulacdo positiva de pelo menos 26 transportadores em CG
induzidas por Meloidogyne incognita, destacando  as  familias MOP
(multidrug/oligosaccharidyl-lipid/polysaccharide flippase), AAAP (auxin amino acid
permease) e ABC (ATP-binding cassette transporters) como as mais representativas (Fig. 8A;
Hammes et al., 2005).

Durante o processo de infecgdo por nematoides formadores de galha (NFG), observa-se
a perda funcional das CC nos tecidos vasculares e a proliferacdo de elementos de tubo crivado
nucleados (Hoth et al., 2005, 2008). Como as CC sdo responsaveis por recuperar a sacarose

perdida no floema, sua auséncia redireciona o fluxo de fotoassimilados para o apoplasto que
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circunda as CG (Fig. 8A). Hoth et al. (2008) indicaram que o0 extravasamento apopléstico,
auxiliado por transportadores altamente expressos, € o principal mecanismo de importacao de
nutrientes. Por exemplo, o gene AtSUC1, com expressdao exclusiva em CC, demonstrou alta

atividade em sitios de alimentacdo de M. incognita (Hammes et al., 2005).

Outros genes, como AtLHT4, AtAAP-3, -6, -7, AtAUX4, AtACAS8 e AtPIP2.5, também
exibiram altos niveis de expressdo transcricional em CG, sugerindo que a reprogramacao génica
é mediada direta ou indiretamente por efetores de nematoides (Hammes et al., 2005). No
entanto, as identidades desses fatores de viruléncia ainda permanecem desconhecidas. Apesar
disso, alguns efetores foram identificados como reguladores da atividade dos transportadores.
Por exemplo, o efetor 8D05 de M. incognita interage com a aquaporina TIP-2, promovendo sua
permeabilidade para transporte de agua, ureia, amobnia e compostos nitrogenados, essenciais

para a manutencdo metabdlica das CG (Xue et al., 2013; Leitdo et al., 2012).

A interacdo entre nematoides formadores de cisto (NFC) e plantas também revela
diferencas significativas. Enquanto os NFC utilizam PD para o transporte simplastico em
sincicios, os NFG dependem de altera¢Ges na polaridade de carreadores de efluxo de auxina,
como PIN-3 e -4, para manter o abastecimento nos sitios de alimentacdo. A delecéo de pin-1
em Arabidopsis thaliana resultou em uma reducdo de 40% na reproducdo de Heterodera
schachtii, destacando a importancia do transporte de auxina no desenvolvimento dos sincicios
(Grunewald et al., 2009).

Assim, 0s nematoides parasitas de plantas (NPP) manipulam o transporte de metabolitos
para estabelecer e manter seus sitios de alimentacdo. A interacdo entre efetores e
transportadores ativos destaca a adaptacao evolutiva dos NFG e NFC, evidenciando estratégias
funcionais similares, apesar de diferencas em seus alvos moleculares in planta (Abril-Urias et
al., 2023).
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Figura 8: Intersec¢ao dos efetores de M. incognita na atividade de transportadores de CG.
(A) Representacdo esquematica da obtencdo de fotoassimilados por meio da violacdo da
atividade de transportadores. Entre eles, destacam-se os transportadores de sacarose (AtSUC1),
aquaporinas (TobRB7), amino&cidos histidina e lisina (AtLHT4), permeasse e influxo de
auxina (AAAP e AUX-1, -4), flipases de lipideos e sacarideos (MOP) e influxos de prétons
(ABC). (B) Analise histopatologica de secdo de galha corada com azul de toluidina. A coloracédo
escura da imagem representa a elevada espessura da CG como medida fisica do isolamento dos
sitios de alimentacdo com as células adjacentes. (*) células gigantes, PC parede celular, PD

plasmodesmos e xy xilema.

Base molecular da resisténcia ndo-hospedeira contra nematoides parasitas de plantas

A resisténcia ndo-hospedeira (NHR) € definida como a capacidade de todos os genotipos
de uma planta resistirem a uma espéecie de patdégeno, impedindo seu ciclo reprodutivo
(Panstruga & Moscou, 2020). Essa forma de defesa é resultado da interacdo entre barreiras
fisicas e quimicas pré-formadas e o sistema imune inato da planta. Algumas espécies da familia
Solanaceae, como o tomateiro (Lycopersicon peruvianum) e a soja (Glycine max), tém sido
amplamente estudadas nesse contexto, contribuindo para o desenvolvimento de cultivares
resistentes e para a conservacdo de germoplasma em bancos genéticos (Smith, 1944; El-Sappah
etal., 2019).

O tomateiro foi uma das primeiras espécies a apresentar evidéncias genéticas de
resisténcia a nematoides, com a descoberta do alelo dominante Mi, localizado no cromossomo
6. Esse gene mostrou eficacia contra M. incognita, promovendo reducdo de 71% na formacao
de galhas e aumento de necrose em 88% nas cultivares resistentes (Dropkin et al., 1969). A
introducdo do gene Mi em cultivares comerciais, por meio de programas de melhoramento
genético, resultou em diversas linhagens hibridas. Posteriormente, avangos em técnicas de
mapeamento genético, como RAPD e RFLP, levaram a identificacdo do gene Mi-1.2,
responsavel pela resisténcia, codificando uma proteina NLR (Nucleotide-binding Leucine-rich
Repeat) da classe CNL (CC-NB-LRR) (Milligan et al., 1998). Essa proteina requer a
estabilizacdo por chaperonas como SIHSP90-1 e SISGT1, ativando-se apenas na presenca de

efetores do nematoide, 0 que evita respostas imunes indevidas (Fig. 7, Bhattarai et al., 2007).
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Apesar de sua ampla utilizacdo, o gene Mi apresenta limitagdes, como instabilidade a
temperaturas acima de 28°C, o que motivou a busca por homdlogos termoestaveis. Genes como
Mi-9 e Mi-HT demonstraram maior resisténcia, inclusive em temperaturas de até 32°C,
ampliando o espectro de acdo contra Meloidogyne spp. Outros genes, como Mi-2, Mi-3 e Mi-6,
também mostraram potencial termoestavel, embora sua aplicacdo em cultivares comerciais

ainda seja limitada (Sanchez-Puerta & Masuelli, 2011; Devran et al., 2023).

Na soja, a resisténcia a nematoides do cisto (Heterodera glycines) é atribuida aos I6cus
rhgl e Rhg4, predominantes nas cultivares Peking e Pl 88788. Genes como GmSNAP18,
GmAAT e GmWI12 s&o componentes-chave nesse processo, contribuindo para a estabilidade
dos sincicios e limitando o estabelecimento do nematoide (Cook et al., 2012). Variantes do
gene GmSNAP18, por exemplo, afetam sua interacdo com a proteina NSF, gerando
instabilidade no complexo 20S e induzindo citotoxicidade nos sitios de alimentacdo, o que

prejudica o ciclo de vida do patégeno (Bayless et al., 2016).

Embora os mecanismos de resisténcia em tomateiros e soja apresentem diferencas,
ambos demonstram o papel central de fatores genéticos e proteicos na defesa contra nematoides.
A compreensdo dessas interacdes moleculares abre perspectivas para o desenvolvimento de
novas estratégias de controle, seja pelo melhoramento genético tradicional ou por meio de
ferramentas biotecnoldgicas como a edi¢do genémica. A identificacdo de genes termoestaveis
e a exploracdo de complexos imunoldgicos, como os resistossomos observados em plantas,
oferecem caminhos promissores para ampliar a resisténcia a nematoides e melhorar a

produtividade agricola (Ngou et al., 2022; Wang et al., 2019).

Abordagens 6micas aplicadas a prospeccao de genes associados a resposta de defesa no
genotipo de soja Pl 595099

Avancos em tecnologias de sequenciamento tém destacado as abordagens dmicas como
ferramentas-chave para identificar genes de defesa nos genotipos Pl 437654 e Pl 595099,
resistentes a nematoides de cisto (NFC) e galha (NFG), respectivamente. Pl 437654 se destaca
pela interrupgcdo completa do desenvolvimento de fémeas de Heterodera glycines (tipo 1.2.5.7),
com analises de RNA-seq identificando 63 genes diferencialmente expressos (DEG) em 5 dias
apos a infeccdo (DAI) e 39 em 10 DAI. Esses genes estdo associados a fortalecimento da parede
celular, enzimas oxidativas e sinalizacdo de célcio, consolidando o papel desse genotipo na

resisténcia nao-hospedeira (NHR) a NFC (Torabi et al., 2023).
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Em contrapartida, Pl 595099 apresenta resisténcia significativa contra NFC e NFG.
Ensaios recentes confirmaram sua eficiéncia contra M. incognita (raca 1), detectada em S&o
Paulo, reforcando seu potencial no desenvolvimento de cultivares superiores. Estudos
anteriores ja haviam demonstrado a riqueza de genes relacionados a regulacdo hormonal,
transducdo de sinais e defesa celular em galhas induzidas por M. javanica, com termos
funcionais associados & resisténcia sistémica mediada por &cido jasmoénico e etileno
identificados (Lisei-de-Sa et al., 2012; Beneventi et al., 2013).

Analises mais recentes com M. incognita (raca 1) identificaram 66 termos funcionais
enriquecidos nos niveis transcricionais e 26 nos niveis proteicos, destacando processos de
oxidagéo-reducéo, replicacdo e morfologia celular. Entre os genes validados, GmBetV (PR-10)
apresentou reducdo superior a 60% na reproducdo de M. incognita. Contudo, devido ao seu
potencial alergénico em humanos, modificagdes mutagénicas foram propostas para minimizar
riscos (Arraes et al., 2022; Fuhrer et al., 2022).

Outro gene destacado foi Glyma.20G220800 (GmGLP-10), escolhido por sua alta
expressdao em andalises dmicas. Estudos prévios demonstraram o papel da familia GLP na
resisténcia contra fungos como Sclerotinia sclerotiorum e Rhizoctonia solani e na defesa contra
patdégenos em arroz e tabaco, devido a geracao de ions peroxidos e ativacdo de genes de defesa
como PR-1 e PR-5 (Beracochea et al., 2015; Zhang et al., 2018). Esses achados reforcam o
potencial do genotipo P1 595099 na protecdo contra nematoides e sua relevancia para estratégias

de melhoramento genético.

Desvendando novos papéis das proteinas Germin e Germin-like proteins (GLP) em
plantas terrestres

Além de seu papel de defesa, amplamente documentado em relacdo a superexpressao
contra diversos fitopatdgenos, as proteinas Germin e GLP sdo onipresentes nos genomas das
plantas (Fig. 9A). O primeiro relato de Germin foi feito em estudos sobre embriGes de trigo,
por Thompson e Lane (1980), no contexto de germinagdo. Contudo, a verdadeira funcéo dessas
proteinas era dificil de entender, levando a busca pelo seu ortélogo. Assim, as proteinas
esferulina-A (57,3%) e -B (57,5%) do protista Physarum polycephalum, envolvidas no
encistamento sob déficit hidrico, foram as primeiras a serem registradas como homologas (Lane

et al, 1991). Outro indicio importante surgiu com a proteina Germin-like de
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Mesembryanthemum crystallinum, que, com 75,7% de similaridade, foi associada ao equilibrio
osmatico em plantas haléfitas adaptadas a salinidade (Andolfatto et al., 1994).

Com os avangos no sequenciamento de proteinas, Lane et al. (1993) descobriram que a
proteina Germin compartilhava o dominio Cupin-1, que é também encontrado nas enzimas
oxalato oxidases (OXO; EC 1.2.3.4) de Hordeum vulgare (Fig. 9A-B). Esse dominio se mostrou
crucial para o melhoramento da cevada contra fungos, por sua capacidade de catalisar a
conversao de acido oxalico em CO: e perdxido de hidrogénio (H20:) no apoplasto das células
vegetais (Hu et al., 2003). Ambas as proteinas Germin e GLP desempenham papéis importantes
em processos como oxidacdo de oxalato e dismutacdo de superdxido, embora também estejam
envolvidas em outras func¢Bes, como polifenol oxidase e pirofosfatase, além de atuarem como
receptores de plantas, como as ricadesinas, que tém papel no estabelecimento de simbidticos
(Fig. 9A, Swart et al., 1994, Fan et al., 2005; Cheng et al., 2014, Pei et al., 2019).

O H:0: gerado por essas proteinas ¢ considerado um fator chave na regulagdo de
maltiplas funcBes fisioldgicas, incluindo defesa, desenvolvimento e autofagia. Segundo
Podgorska et al. (2017), a associagdo de Germin e GLP com outras oxidases apoplasticas resulta
em uma produg¢do basal de H>0. de 10-25 pmol-g—1 em condi¢des normais. No entanto, em
situacdes de estresse, esse nivel pode aumentar significativamente. O H20: € essencial para o
controle redox no citoplasma, afetando a translocagéo de NPR1 (Non-Expressor of PR-1) para
0 ndcleo, onde interage com o fator de transcricdo TGA para induzir a expressao de genes PR
(Pathogenesis-Related) relacionados a resisténcia contra patdgenos (Fig. 9A, Chi et al., 2013;
Castro et al., 2021).

A evolucdo de Germin e GLP em plantas terrestres tem sido marcada pela adaptacao
extrema de suas atividades, com estruturas estabilizadas por pontes de dissulfeto e glicosilacdes
antes de serem exportadas para o apoplasto (llyas et al., 2023). Além do peptideo sinal na regido
N-terminal, suas fungdes estdo associadas ao dominio Cupin_1, cujos motivos BOX-A
(QDFCVAD), -B (G--P-H-HPRATEXXXX-G) e -C (GXXHFQ-N-G) sdo essenciais para sua
catalise (Fig. 9B, Bernier & Berna, 2001). A presenca de residuos como o glutamato, que
coordena ions de cobre e manganés, facilita a atividade do cluster de histidina, fundamental
para a atividade oxalato-oxidase (Dunwell et al., 2008; Freitas et al., 2017). Além disso, essas
proteinas podem formar oligdmeros para maximizar sua atividade catalitica, o que as torna mais
resistentes ao ambiente redutor gerado no apoplasto, bem como a condigdes extremas como

calor ou presenca de proteases (Dumas et al., 1993; Carter & Thornburg, 1999).
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O excesso de H20: no apoplasto também estd envolvido na atividade de peroxidases,
que catalisam a conversdo de monoligndis em ligninas, resultando em uma parede celular
recalcitrante (Fig. 9A). Esse processo tem sido associado a resisténcia de plantas como o
algoddo (Gossypium barbadense) ao fungo Verticillium dahliae e a soja (Glycine max) a
Meloidogyne incognita, onde a via de fenilpropanoides é fortemente expressa (Xu et al., 2011;
Arraes et al., 2022).

Germin e GLP podem atuar de maneira anterograda na defesa das plantas, sendo
limitados pelo &cido oxalico proveniente de patdégenos ou do metabolismo secundario das
plantas (Kumar et al., 2019). A auséncia desse acido no metabolismo de plantas tem sido
associada ao desequilibrio de suas vias biossintéticas. Li et al. (2022) sugerem que as vias de
glioxalato e ascorbato podem ser responsaveis pela producdo de acido oxalico, com seus
metabolitos intermediarios como o succinato e acido acético atuando como marcadores de

resisténcia em genotipos de tomateiro resistentes a Meloidogyne spp. (Afifah et al., 2019).

Chavan et al. (2023) observaram que a aplica¢do exdgena de dehidroascorbato (20 mM)
em arroz aumentou a resisténcia ao nematoide M. graminicola, gerando uma resposta rapida de
H:0: e ativando genes da rota do éacido salicilico, como os genes PR1-a, -b e WRKY45. Isso
também ativou a fenilalanina amoénia-liase, fortalecendo a via de fenilpropanoides (Chavan et
al., 2022; Singh et al., 2021). Esses achados s&o importantes no contexto do nosso estudo, onde
a superexpressao de GmGLP10 em tabaco resultou em um aumento na expressao da ascorbato
peroxidase (NtAPX), facilitando a geracdo de acido oxalico e a resisténcia ao nematoide M.
incognita (Li et al., 2022).

Em resumo, as proteinas Germin e GLP tém papéis fundamentais na defesa das plantas
contra patogenos, atuando em vérias frentes, incluindo a geracao de H20:, a modulacdo de vias
antioxidantes e de fenilpropanoides, e a resisténcia a nematoides, com a superexpressao dessas
proteinas abrindo novas perspectivas para 0 manejo biotecnolédgico de cultivos resistentes a

doengas.
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Figura 9: Mecanismos de acao das proteinas Germin e Germin-like proteins (GLP). (A)
Germin e Germin-like proteins sdo dois grupos de proteinas com atividades cataliticas de
conversdo do &cido oxalico (substrato) em peroxido de hidrogénio. O desbalango homeostatico
gerado pelo incremento deste Gltimo produto fara com que parte do peroxido de hidrogénio seja
utilizado por peroxidases (PRX) no apoplasto (AP) para a polimerizagéo de ligninas, enquanto
demais excedentes seja mobilizado para o citoplasma do citosol, via aquaporinas. Seu excesso
neste compartimento promovera uma mudanca no potencial redox do coativador transcricional
NPR1 (inicialmente oligomerizado) para sua forma monomérica que, por sua vez, sera
translocado para o nlcleo vegetal. Essa mobilizagdo representa um precedente importante para
a resisténcia de plantas contra M. incognita, ja que 0 médulo NPR1/TGA estara disponivel para
a ativacdo transcricional dos genes de defesa relacionadas as vias de fitormonios de defesa
validadas neste estudo. (B) Representacdo esquematica da GLP. Além do peptideo sinal (PS)
que a auxilia para o AP, a proteina GLP possui o dominio Cupin_1 (representado pelos motivos
BOX-A, -B e -C) responsavel pela conversdo de radicais superoxido em oxigénio e peroxido
de hidrogénio. Presenca dos residuos de histidina (H) e glutamato (E) a auxilia na coordenacgéo
do ion manganés (Mn**) para o estabelecimento do bolsdo estereoespecifico da enzima ao
radical superdxido. Imagem a esquerda mostra a localizagdo da proteina GLP10 fusionada a
proteina GFP no AP de células de N. benthamiana.
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OBJETIVO GERAL

Analisar funcionalmente os papéis de genes efetores de M. incognita e do gendtipo de
soja P1 595099 visando o desenvolvimento de novas estratégias a serem aplicadas em plantas

de soja e algodéo.

OBJETIVOS ESPECIFICOS

v Validacdo do silenciamento génico pds-transcricional, via RNAI, do gene efetor

Minc03328 de M. incognita em linhagens transgénicas de Arabidopsis thaliana;

v Validagdo do silenciamento génico pos-transcricional, via RNAI, do putativo gene
efetor Minc16803 de M. incognita em linhagens transgénicas de Arabidopsis thaliana;

v Validacdo e caracterizagcdo molecular do gene Germin-like protein subfamily 1 member
10, proveniente do gendtipo resistente de soja PI 595099, em planta modelo.
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Para os estudos que integram os capitulos Il e 111 desta tese, descrevemos os genes Minc03328
e Minc16803 de M. incdgnita como importantes e promissores alvos génicos pela tecnologia
do RNA de interferéncia. Linhagens transgénicas de A. thaliana expressando duplas-fitas de
RNA (dsRNA), contra ambos alvos, demonstraram uma reducdo de suas susceptibilidades em
mais de 90% para Minc03328, enquanto o silenciamento de Minc16803 mostrou uma reducéo
em mais 87% em termos do pardmetro reprodutivo. Interessante, constatamos que ambos
produtos génicos podem estar implicados na manutencdo de CG, uma vez que Seus
silenciamentos foram capazes de infringir na integridade dos sitios de alimentacdo. Por meio
dos exames histopatolégicos, confirmamos ainda outros efeitos diretos na morfologia do
nematoides (hipodermes e massas de ovos), bem como nos tecidos vasculares de plantas (em
destaque ao xilema). Apesar da atividade das proteinas DICERs de plantas intervirem no
enderecamento estavel de longos dsRNAs in planta, pequenos siRNAs gerados em células
vegetais podem ser absorvidos via transportadores semelhantes a SID1 e SID2 de nematoides,
tornando parte do complexo RISC (RNA-induced silencing complex - composto pelas proteinas
Argonaute) e desencadear a clivagem do transcrito alvo compativel a fita guia do siRNA
incorporado no complexo RISC. Ademais, RNA polimerases dependentes de RNA (RdRP)
auxiliam na amplificagdo de novas moléculas de dsRNA em células do nematoide gerando
novos fragmentos de SiRNA, que seréo disseminados de forma sistémicas.
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CAPITULO 11

Minc03328 EFFECTOR GENE DOWNREGULATION SEVERELY AFFECTS
Meloidogyne incognita PARASITISM IN TRANSGENIC ARABIDOPSIS THALIANA
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Maria Fatima Grossi-de-Sa. (2022). Minc03328 effector gene downregulation severely affects
Meloidogyne incognita parasitism in transgenic Arabidopsis thaliana. PLANTA. 255:44,
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ABSTRACT

Meloidogyne incognita is the most economically important species of root-knot nematodes
(RKN) and causes severe damage to crops worldwide. M. incognita secretes several effector
proteins to suppress the host plant defense response, and manipulate the plant cell cycle and
other plant processes facilitating its parasitism. Different secreted effector proteins have already
been identified in M. incognita, but not all have been characterized or have had the confirmation
of their involvement in nematode parasitism in their host plants. Herein, we characterized the
Minc03328 (Minc3s00020901299) effector gene, confirmed its higher expression in the early
stages of M. incognita parasitism in plants, as well as the accumulation of the Minc03328
effector protein in subventral glands and its secretion. We also discuss the potential
for simultaneous downregulation of its paralogue Minc3s000839g03984 gene. Using the in
planta RNA interference strategy, Arabidopsis thaliana plants overexpressing double-stranded
RNA (dsRNA) were generated to specifically targeting and downregulating the Minc03328
gene during nematode parasitism. Transgenic Minc03328-dsRNA lines that significantly
downregulated Minc03328 gene expression during M. incognita parasitism were significantly
less susceptible. The number of galls, egg masses, and [galls/ egg masses] ratio were reduced
in these transgenic lines by up to 85%, 90%, and 87%, respectively. Transgenic Minc03328-
dsRNA lines showed the presence of fewer and smaller galls, indicating that parasitism was
hindered. Overall, data herein strongly suggest that Minc03328 effector protein is important for
M. incognita parasitism establishment. As well, the in planta Minc03328-dsRNA strategy
demonstrated high biotechnological potential for developing crop species that could efficiently
control RKN in the field.
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RESUMO

Meloidogyne incognita é a espécie economicamente mais importante dos nematoides
formadores de galhas (NFGs), causando graves danos as culturas em todo o mundo. M.
incognita secreta diversas proteinas efetoras para suprimir a resposta de defesa da planta
hospedeira e manipular o ciclo celular da planta e outros processos da planta facilitando seu
parasitismo. Diferentes proteinas efetoras secretadas ja foram identificadas em M. incognita,
mas nem todas foram caracterizadas ou tiveram a confirmacdo de seu envolvimento no
parasitismo de nematoides em suas plantas hospedeiras. Aqui, caracterizamos o gene efetor
Minc03328 (Minc3s00020g01299), confirmamos sua maior expressdo nos estadios iniciais do
parasitismo de M. incognita em plantas, bem como o acimulo da proteina efetora Minc03328
nas glandulas subventrais e sua secrecao. Também discutimos o potencial de regulacéo negativa
simultanea de seu gene paralogo Minc3s00083g03984. Usando a estratégia de interferéncia de
RNA in planta, linhagens de Arabidopsis thaliana superexpressando RNA de fita dupla
(dsRNA) foram geradas para direcionar e regular negativamente o gene Minc03328 durante o
parasitismo de nematoides. As linhas transgénicas Minc03328-dsRNA que reduziram
significativamente a expressdo do gene Minc03328 durante o parasitismo por M. incognita
foram significativamente menos suscetiveis. O nimero de galhas, massas de ovos e propor¢ao
[galhas/massas de ovos] foram reduzidos nessas linhagens transgénicas em até 85%, 90% e
87%, respectivamente. As linhas transgénicas Minc03328-dsRNA a presenca de menos galhas
e menores, indicando que o parasitismo foi prejudicado. No geral, os dados aqui sugerem
fortemente que a proteina efetora Minc03328 é importante para o estabelecimento do
parasitismo por M. incognita. Além disso, a estratégia Minc03328-dsRNA in planta demonstrou
alto potencial biotecnolégico para o desenvolvimento de espécies agricolas que poderiam

controlar eficientemente o NFG no campo.
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Abstract

Main conclusion Minc03328 effector gene downregulation triggered by in planta RNAI strategy strongly reduced plant
susceptibility to Meloidogyne incognita and suggests that Minc03328 gene is a promising target for the development
of genetically engineered crops to improve plant tolerance to M. incognita.

Abstract Meloidogyne incognita is the most economically important species of root-knot nematodes (RKN) and causes severe
damage to crops worldwide. M. incognita secretes several effector proteins to suppress the host plant defense response, and
manipulate the plant cell cycle and other plant processes facilitating its parasitism. Different secreted effector proteins have
already been identified in M. incognita, but not all have been characterized or have had the confirmation of their involvement
in nematode parasitism in their host plants. Herein, we characterized the Minc03328 (Minc3s00020g01299) effector gene,
confirmed its higher expression in the early stages of M. incognita parasitism in plants, as well as the accumulation of the
Minc03328 effector protein in subventral glands and its secretion. We also discuss the potential for simultaneous downregula-
tion of its paralogue Minc3s00083g03984 gene. Using the in planta RNA interference strategy, Arabidopsis thaliana plants
overexpressing double-stranded RNA (dsRNA) were generated to specifically targeting and downregulating the Minc03328
gene during nematode parasitism. Transgenic Minc03328-dsRNA lines that significantly downregulated Minc03328 gene
expression during M. incognita parasitism were significantly less susceptible. The number of galls, egg masses, and [galls/
egg masses] ratio were reduced in these transgenic lines by up to 85%, 90%, and 87 %, respectively. Transgenic Minc03328-
dsRNA lines showed the presence of fewer and smaller galls, indicating that parasitism was hindered. Overall, data herein
strongly suggest that Minc03328 effector protein is important for M. incognita parasitism establishment. As well, the in
planta Minc03328-dsRNA strategy demonstrated high biotechnological potential for developing crop species that could
efficiently control RKN in the field.

Keywords Crop protection - Effector protein - In planta RNAi - New biotechnological tools - Plant-nematode interaction -
Root-knot nematode

Abbreviations ppJ2  Pre-parasitic second-stage juvenile
DAI  Days after inoculation RKN  Root-knot nematode
eGFP Enhanced green fluorescent protein
pJ2 Parasitic second-stage juvenile
Introduction

Plant—parasitic nematodes (PPNs) are one of the major
Communicated by Dorothea Bartels. agricultural pathogens in several crops, causing annu-
ally significant economic losses worldwide (Bernard et al.
2017). Among them, root-knot nematodes (RKN) comprises
several obligate sedentary endoparasites from the genus
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Meloidogyne spp. (Trudgill and Blok 2001). Meloidogyne
incognita is the most reported species infecting several eco-
nomically important crops such as cotton, eggplant, and soy-
bean (Abad et al. 2008). Its life cycle consists of the follow-
ing stages: egg, ppJ2 (pre-parasitic second-stage juveniles),
pJ2 (parasitic second-stage juveniles), J3, and J4 non-feeding
juveniles, and females. The pJ2, J3, and J4 parasitic stages,
and females are typically sedentary endophytes, while eggs
and ppJ2 are exophytes (Triantaphyllou and Hirschmann
1960; Castagnone-Sereno et al. 2013). During a compatible
interaction, RKNs disrupt root cells by hyper activating their
cell cycle, increasing the parasitized cells size called giant-
feeding cells, causing surrounding vascular cell hyperprolif-
eration, forming feeding sites within root swellings named-
galls (Engler et al. 2012; Shukla et al. 2018). Consequently,
these nematode-infected roots are disrupted on water, and
nutrient uptake and, consequently, plants reduced growth
and yield (Melakeberhan et al. 1987; Carneiro et al. 2002;
Lu et al. 2014).

For successful parasitism, M. incognita secrete a cocktail
of effector proteins that act in trans to manipulate differ-
ent biological processes and defense responses of the host
plants (Nguyen et al. 2018; Grossi-de-Sa et al. 2019; Zhao
et al. 2019). Genome data mining and secretome analyses
from M. incognita pJ2s allowed the identification of several
candidate effector proteins (Huang et al. 2003; Bellafiore
et al. 2008; Rutter et al. 2014). For example, Bournaud et al.
(2018) showed that the MiPM effector protein interacts with
the soybean CSNS5 subunit of the COP9 signalosome pro-
tein to facilitate M. incognita penetration and parasitism in
host plants. Mendes et al. (2021b) reported that MiEFF1/
Minc17998 effector protein interacts with soybean GmHub6
protein to promote M. incognita parasitism in host plants.
Truong et al. (2021) demonstrated that the MiEFF1 effec-
tor protein also interacts with Arabidopsis thaliana cyto-
solic glyceraldehyde-3-phosphate dehydrogenase proteins
promoting M. incognita parasitism in plants. Mendes et al.
(2021a) verified that the Minc00344 and Mj-NULG 1a effec-
tor proteins interact with GmHub10 protein to promote the
M. incognita and M. javanica parasitism in soybean. Inter-
estingly, the downregulation of the Minc01696, Minc00344,
or Minc00801 effector genes using in planta RNAi (RNAI,
host induced gene silencing) strategy in stable transgenic
tobacco and soybean hairy roots strongly disturbed M.
incognita parasitism (unpublished data). Rutter et al. (2014)
revealed that the Minc03328 effector gene expression was
significantly upregulated during M. incognita parasitism in
plants, ranging from 3 to 14 days after inoculation (DAI),
followed by a strong post-transcriptional regulation at 21
DALI. In addition, Rutter et al. (2014) also indicated that
Minc03328 effector transcript specifically accumulated
into M. incognita subventral glands (SvG) of pJ2 and J3
stages. Despite this interesting preliminary information, the
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importance of the Minc03328 effector protein for successful
parasitism of M. incognita in host plants has been not yet
further investigated.

Herein, we applied in planta RNAI strategy for the pro-
duction of double-stranded RNA (dsRNA) to target and
downregulate Minc03328 effector transcripts in M. incognita
during plant parasitism. We then evaluated the importance of
this effector for M. incognita parasitism in these transgenic
plants. Stable transgenic A. thaliana lines, overexpressing a
dsRNA capable of producing siRNAs molecules targeting
and posttranscriptionally regulating Minc03328 gene were
successfully generated, and the susceptibility level of these
transgenic Minc03328-dsRNA lines to M. incognita was
assessed. Morphological analyzes illustrated that down-
regulation of Minc03328 affected nematode as well as gall
morphology, and immunocytochemical analysis localized
Minc03328 protein in the nematode SvG and its secretion
in planta. Thus, the importance of the Minc03328 effector
protein in the M. incognita versus host plant interaction and
its potential biotechnological use via in planta RNAI strat-
egy in economically important crops are herein discussed.

Materials and methods
Sequence features

Minc03328 effector gene, its paralogue Minc3s00083g03984
gene, and their orthologous genes were retrieved from Bio-
Project ID PRIEB8714 (sample: ERS1696677) (Blanc-
Mathieu et al. 2017) from WormBase Parasite Database
version WBPS13 (Lee et al. 2017). Subsequently, conserved
domains were identified using CDD Database from NCBI
(Marchler-Bauer et al. 2015), PFAM Database from EMBL-
EBI (El-Gebali et al. 2018), and InterPro Scan (Blum et al.
2020), while nuclear export signal (NES) was predicted with
cutoff 0.5 using NetNES 1.1 Server (la Cour et al. 2004),
and nuclear localization signal (NLS) was predicted with
cutoff 0.5 using NLStradamus online tool (Nguyen Ba et al.
2009). The secretory proteins were predicted using MatureP
tool (http://www.stepdb.eu/MatureP.php) (Orfanoudaki
et al. 2017). For inferring potential orthologous and par-
alogous genes corresponding to each effector studied here,
comparative genomic trees were generated from BioProject
PRJEB8714 (Blanc-Mathieu et al. 2017) by the Worm-
Base ParaSite Database using the Ensembl Compara tools
implemented in this database (Vilella et al. 2009) and using
default parameters.

Minc03328 insilico expression level

The expression levels of the Minc03328 effector gene and
its paralogue Minc3s00083g03984 gene in different M.
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incognita life stages were determined using transcriptome
datasets from BioProject number: PRINA390559 (Choi et al.
2017) retrieved of the BioSample database (NCBI). Particu-
larly, 15 transcriptome libraries from M. incognita egg, J2,
pJ2/13, J4, and female stages were generated by Choi et al.
(2017) using Truseq RNA Sample Prep Kit (Illumina), and
mRNAs were paired-end sequenced (2 X 101 nucleotides)
using Illumina HiSeq 2000 technology. The raw data (fastq
files) were downloaded from NCBI using the following
accession numbers: egg stage: SRR5684407, SRR5684403,
and SRR5684417; J2 stage: SRR5684416, SRR5684412, and
SRR5684414; pJ2/J3 stage: SRR5684413, SRR5684415,
and SRR5684404; J4 stage: SRR5684408, SRR5684406,
and SRR5684405; and female stage: SRR5684410,
SRR5684409, and SRR5684411. Fastq files were trimmed
using Trimmomatic version 0.39 (Bolger et al. 2014). The
quantification was performed by the Kallisto program ver-
sion 0.43.0 (Bray et al. 2016) using a genome reference
retrieved from WormBase Parasite Database (BioProject
ID PRIEB8714) (Szitenberg et al. 2017). The target gene
expression in different nematode life stages was estimated
as transcript per million (TPM) by the Kallisto program.

Histopathological analysis of Nicotiana tabacum
roots infected with M. incognita

N. tabacum var. SR1 Petit Havana plants were inoculated
with 1.000 M. incognita ppJ2 and maintained under green-
house conditions. Infected root tips were harvested during
nematode parasitism at 0, 5, 10, 15, and 22 DAI, washed in
water, slightly dried with a paper towel, and stained with
acid fuchsin, according to Bybd et al. (1983). Then, root
samples were immersed in 2.5% (v/v) sodium hypochlorite
solution for clarification and washed with water for 10 min.
Finally, roots were completely immersed in acid fuchsin
solution (1.25 g acid fuchsin solubilized in 1:3 v/v glacial
acetic acid and distilled water). For improved root stain-
ing, samples were gently heated in a microwave for 1 min.
After staining, acid fuchsin solution was discarded, and roots
were rinsed and transferred to acidified glycerol solution
(24:1 glycerol and hydrochloric acid, v/v). Histopathologi-
cal analyses were performed by bright-field microscopy and
images were generated by a Zeiss AxioCam MR.

Minc03328 expression profile during M. incognita
parasitism in N. tabacum

Total RNA was extracted using Quick-RNA™ Plant Mini-
prep kit (Zymo Research, Irvine, CA, USA) from M. incog-
nita eggs, ppJ2, and infected N. tabacum galls at 5, 10, 15,
and 22 DAI. The RNA concentration was estimated using
a spectrophotometer (NanoDrop 2000, Thermo Scientific,
Waltham, MA, USA), and integrity was evaluated with 1%

agarose gel electrophoresis. RNA samples were treated with
RNase-free RQ1 DNase I (Promega, Madison, WI, USA),
according to the manufacturer’s instructions. DNase-treated
RNA was used as template for cDNA synthesis using Oligo-
(dT),, primer (100 uM), random hexamers (50 uM), and
SuperScript ITII RT (Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s instructions. After synthe-
sis, cDNA samples were diluted at 1:10 with nuclease-free
water. RT-qPCR assays were performed in Applied Bio-
systems 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA) using 2 ul cDNA, 0.2 uM
gene-specific primer (Suppl. Table S1), and GoTaq® qPCR
Master Mix (Promega, Madison,WI, USA). Gene expression
level was normalized using Mi/8S and MiGAPDH as endog-
enous reference genes. Three biological replicates were used
for each treatment, composed of four plants that totaled at
least 50 galls. All cDNA samples were carried out in tech-
nical triplicate, while primer efficiencies were previously
determined and target-specific amplification was confirmed
by a single and distinct peak in the melting curve analysis.
The relative expression level was calculated using 2A-ACT
method (Schmittgen and Livak 2008). The data were sub-
jected by variance analysis (ANOVA) and, when significant,
means were compared using Tukey test at 5% significance
level using SASM-Agri statistical package (Canteri et al.
2001).

Minc03328 effector protein immunolocalization
in M. incognita

M. incognita-infected galls at 1, 5, and 10 DAI from wild-
type A. thaliana plants and uninfected roots were collected
and fixed in 4% (v/v) formaldehyde in 50 mM PIPES buffer
pH 6.9 (Sigma-Aldrich, St. Louis, MO, USA). Then, these
galls were dehydrated and embedded in butyl methylmeth-
acrylate essentially as described by Kronenberger et al.
(1993) and Vieira et al. (2012). A primary anti-Minc03328
polyclonal antibody was produced in rabbits by GenScript
(Leiden, The Netherlands) for use in this study, where a
short amino acid sequence (14 aa length) with low sequence
identity to other M. incognita or plant proteins was selected
(Suppl. File S1). The anti-Minc03328 antibody and a com-
mercial secondary antibody goat anti-rabbit IgG conjugated
with Alexa 488 (Molecular Probes, Eugene, OR, USA) were
diluted 20- and 300-fold, respectively, in blocking solution
(1% w/v bovine serum albumin in 50 mM PIPES buffer pH
6.9 (Sigma-Aldrich, St. Louis, MO, USA), and 0.2% v/v
DMSO). As a negative control, the primary antibody was
omitted in some slides. Galls sections (5 pm) were incubated
for 30 min in acetone, and adhered tissues were rehydrated in
decreasing absolute ethanol concentrations. Slides were then
washed twice for 15 min in PIPES buffer pH 6.9 (Sigma-
Aldrich) and blocked with blocking buffer (2% w/v bovine
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serum albumin in PIPES buffer, pH 6.9) for 3 h incubating
at room temperature. Sections were then incubated overnight
with primary antibody at 4 °C and then 1 h at 37 °C. Next,
a 2 h incubation at 37 °C was performed with a secondary
antibody. DNA was stained with 1 pg/mL 4’,6-diamidino-
2-phenylindole (Sigma-Aldrich) in water. Finally, slides
were quickly washed in distilled water to remove salts and
gently coverslipped in 90% (v/v) glycerol for observation
under an Axioplan (Zeiss, Jena, Germany) equipped for
epifluorescence microscopy. Images were acquired with an
Axiocam digital camera (Zeiss).

Agrobacterium-mediated genetic transformation
of A. thaliana to generate Minc03328-dsRNA lines

The binary vector (named GS62658-4 virMinc03328)
was synthesized and assembled by Epoch Life Science
(Missouri, TX, USA), and subsequently transfected into
A. tumefaciens strain GV3101. A 200 bp fragment from
Minc03328 encoding sequence was chosen as dsRNA tem-
plate to activate in planta RNAI strategy (Suppl. Table S2).
BLASTp and BLASTn analyses from NCBI and WormBase
databases were performed to evaluate sequence similarity
to other metazoans and A. thaliana genes to minimize off-
target silencing. Then, this 200 bp fragment was cloned in
sense and antisense strands separated by the pdk intron and
under control of constitutive pUceS8.3 promoter (Grossi-de-
Saet al. 2013) (Fig. 2a). The AptII gene (hygromycin resist-
ance) was used as a selection marker gene under control
of the pUbi3 promoter, while enhanced green fluorescent
protein (eGFP) gene was used as molecular marker pro-
tein in transgenic Minc03328-dsRNA lines (Fig. 2a). The
A. thaliana ecotype Col-0 inflorescences were genetically
transformed by the floral dip method (Clough and Bent
1998). Then, seeds from A. thaliana lines were screened
in vitro using 15 mg/L hygromycin B (Invitrogen, Carlsbad,
CA, USA) according to Harrison et al. (2006). Subsequently,
hygromycin-resistant plants were acclimated in pots contain-
ing commercial substrate and maintained in a growth room
(22 °C, 70-75% relative humidity, and ~ 100 pmol photons
m~2 s~! light intensity with a 16/8 h photoperiod). Accli-
mated plants were screened by PCR using specific primers
targeting eGFP gene (Suppl. Table S1) and GoTaq® DNA
Polymerase mix (Promega, Madison, WI, USA). Total DNA
was purified from A. thaliana leaves according to Doyle
and Doyle method (1987). Amplicons were analyzed in
1% agarose gel electrophoresis stained with ethidium bro-
mide. In addition, GFP protein accumulation in transgenic
lines was confirmed under a Zeiss inverted LSM510 META
laser scanning microscope using 488-nm excitation line and
500-530-nm band-pass filter (Zeiss). Finally, several inde-
pendent transgenic lines were generated, T,-to-T; genera-
tions were advanced, and four homozygous T; transgenic

@ Springer

Minc03328-dsRNA lines were selected for bioassays with
M. incognita race 3.

Minc03328-dsRNA transgenic plants’inoculation
and susceptibility assessment

M. incognita ppJ2 race 3 were obtained from tomato plants
(Solanum lycopersicum cv. Santa Clara) inoculated and
maintained for 2 or 3 months under greenhouse conditions
(25-37 °C, 12-16 h light,~70% humidity). The infected
60-90-day-old roots were washed and ground using a
blender after treatment with 0.5% sodium hypochlorite. Eggs
were harvested, rinsed with tap water, and subsequently sep-
arated from root debris using 100-550 pm sieves (Hussey
and Barker 1973). The eggs were then hatched under aerobic
conditions incubating at 28 °C, and ppJ2 were harvested
every 2 days, gently decanted at 4 °C, and quantified under
a microscope using counting chambers. A. thaliana plants
from four transgenic Minc03328-dsRNA lines (n=5-20
plants) additional to wild-type control plants were inoculated
with 500 M. incognita ppJ2 race 3 suspended in distilled
water. Plant susceptibility level to M. incognita was evalu-
ated at 60 DAI measuring number of galls per plant, num-
ber of egg masses per plant and, then, calculating [galls/egg
masses number] ratio. Then, data were subjected to ANOVA
analysis, and when significant, means were compared by
the Tukey test at 5% significance level using SASM-Agri
statistical package (Canteri et al. 2001).

The transgene expression and Minc03328 gene
downregulation

Total RNA was extracted from transgenic and wild-type
galls at 5 DAI using TRIzol (Life Technologies, Carlsbad,
CA, USA), according to the manufacturer’s recommenda-
tions. The transgene expression in transgenic A. thaliana
lines was confirmed by RT-qPCR analysis using specific
primers to target pdk intron sequence. The relative expres-
sion values of the transgene were normalized using AtActin
2, AtGAPDH, and AtEF1 as reference endogenous genes
(Suppl. Table S1). In another hand, Minc03328 gene down-
regulation in M. incognita during its parasitism in transgenic
A. thaliana lines was confirmed by RT-qPCR analysis using
MiGAPDH, MiActin, and Mif}-tubulin as reference endog-
enous genes (Suppl. Table S1). All Ct values were corrected
according to primer’s efficiencies using the Miner tool
(http://www.miner.ewindup.info), and relative gene expres-
sion was calculated using 2"-ACT method (Schmittgen and
Livak 2008) as described above. Normalized expression data
obtained from A. thaliana and M. incognita reference genes
were generated using geNorm software (St-Pierre et al.
2017) with M-values assigned between 0.4 and 0.7. Each
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treatment was composed of three biological replicates, while
each biological replicate included three plants. All samples
were evaluated in technical triplicates.

Gall morphology analysis of Minc03328-dsRNA
transgenic A. thaliana

The M. incognita-induced galls in A. thaliana transgenic
line #1 and wild-type control plants were excised from 45
DAI plants and fixed in 2% (v/v) glutaraldehyde in 50 mM
PIPES buffer pH 6.9 (Sigma-Aldrich) for 1 week. Fixed
galls were then dehydrated using an ethanol gradient (10,
30, 50, 70, 90, and 100%; v/v) and embedded in Technovit
7100 resin (Kulzer, Friedrichsdorf, Germany), according to
the manufacturer’s recommendations. Then, galls sections
(5 um) were stained in 0.05% (w/v) toluidine blue in 100 mM
sodium phosphate buffer (pH 5.5) and rinsed in distilled
water. Slides were mounted with Depex (Sigma-Aldrich, St.
Louis, MO, USA). Stained sections were observed under
bright-field light microscopy, and images were obtained with
a digital AxioCamHRc camera for morphological analyses
(Carl Zeiss, Oberkochen, Germany). At least 20 galls were
analyzed for gall and nematode morphology observations.

Results

In silico sequence analysis of Minc03328 effector
gene

The Minc03328 (ID: Minc3s00020g01299) gene sequence
has 2.06 kb length organized in 6 exons and 5 intron
sequences, flanked by 5’- and 3’-UTR sequences. Its CDS
sequence has 1428 nucleotides length, encoding a 475
amino acid protein with a predicted 6.67 isoelectric point
and 54.99 kDa molecular weight (Table 1; Suppl. Table S2).
In addition, two start codons were identified in the 5’-UTR
or beginning of CDS 5’ region. Blanc-Mathieu et al. (2017)
have suggested that Minc03328 translation starts from this
second start codon (Suppl. Table S2). The Minc03328
effector protein has a predicted non-cytoplasmatic domain,
nuclear exportation signal, nuclear localization signal, secre-
tory signal peptide located in the N-terminal (amino acids
at+ 1 to+ 22 position), and absence of an internal transmem-
brane domain (Table 1; Suppl. Table S2). The absence of a
transmembrane domain and presence of a secretion signal
peptide suggest as features needed to address Minc03328
effector protein to vesicles in the exocytic-secretory pathway
and subsequent secretion of the mature protein during M.
incognita parasitism in plants.

The comparative genomic tree generated from Minc03328
gene showed that the Minc3s00083g03984 gene can
be consistently considered as its paralogue gene, while

scf7180000417668.g1585 (M. floridensis), tig00000829.
251954 (M. arenaria), scaffold1253_cov168.g2771 (M.

javanica), NXFT01001574.1.4100_g (M. graminicola),

and scaffold8370_cov173.¢11786 (M. enterolobii) can be
considered as their orthologous genes in other Meloidogyne
species (Suppl. Fig. S1). Pairwise comparisons of nucleo-
tide sequences showed that Minc03328 effector gene has
50-70% identity with other effector genes present in Meloi-
dogyne sp. (Suppl. Fig. S2), whereas it has 60-99% identity
with its paralogue and orthologous genes (Fig. 1a). A phy-
logenetic tree generated from nucleotide sequences showed
that Minc03328 effector gene is more closely related to
tig00000829.¢51954 (M. arenaria) and scf7180000417668.
21585 (M. floridensis) genes (Fig. 1b). All these collec-
tive data from in silico sequence analysis suggest that the
Minc03328 effector gene is distant at the sequence and phy-
logenetic levels from other Meloidogyne effector genes, but
has remarkable characteristics closely associated with M.
incognita parasitism in plants.

Minc03328 gene expression and protein
immunolocalization in M. incognita

From transcriptome data mining, it was possible to identify
Minc03328 gene expression profile, as well as its paralogue
Minc3s00083203984 gene, in different M. incognita life
stages (egg, pJ2, ppJ2/J3, J4, and female) during nematode
parasitism in plants (Fig. 1¢). The highest expression level of
these two genes was observed in the pJ2/J3 stage followed by
the J4 stage, which coincides with onset of the M. incognita
parasitism in plants (Fig. 1c). These in silico gene expres-
sion data were confirmed by real-time RT-qPCR analysis.
The RT-qPCR analysis indicated that Minc03328 gene is
overexpressed during M. incognita parasitism in N. tabacum
specifically at 5 DAI, confirming its expression modulation
at the beginning of the parasitic process and suggesting its
specific association during the plant-nematode interaction
(Fig. 1d and e). In accordance, fuchsin-stained N. tabacum
roots showed that M. incognita pJ2s at 5 DAI are fully estab-
lished in infected roots, while at 10 and 15 DAI was verified
that M. incognita J3 and J3/J4 induced successful feeding
sites, and progressively developed into females at 22 DAI
(Fig. 1d). Subsequently, the Minc03328 effector protein was
immunolocalized and showed to accumulate in subventral
glands during M. incognita parasitism in N. tabacum at 5 to
10 DAI (Fig. 1f). Punctually localized green fluorescence
was observed close to the nematode head and strongly sug-
gested in planta secretion of the Minc03328 effector protein
during early M. incognita parasitism. It is expected that this
signal to be very weak and localized, since this is one (or
two) proteins embedded in a cocktail of a number of other
nematode secreted molecules. Particularly, a significant fluo-
rescence signal was also observed in some giant cells near
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Table1 (continued)

NES motif NLS motif Secre-

CDD domain PFAM domain

Immunolocali-

zation

Amino acid Expression

Nucleotide

(bp)

Gene descrip-

tion

Gene ID

Gene

tory

protein
Yes

No

Yes

smart00220  Pkinase

573 3 dpi/12 Subventral
cl31127

2020

Effector

Minc3s00036g02098

Minc01696*

M. incognita

(CL0016)

eland cells

=

involved in
nematode
parasitism

The gene sequences were retrieved of BioProject PRIEB8714 (2017) from WormBase database version WBPS14 (Lee et al. 2017)

DUF4954 or ¢128804 domain of unknown function; smart00220 serine/threonine protein kinases, catalytic domain; CLO0I6 protein kinase superfamily

*Qutgroup used in the sequence analysis

the head tip of nematode (Fig. 1g, letters i and ii), while in
some galls, a strong fluorescence signal was observed along
the cell wall suggesting the presence of Minc03328 pro-
tein, but we cannot totally exclude that eventual unspecific
staining from remaining sticking antibody in some tissue
might occur (Fig. 1g, letters iii). No fluorescence signal was
observed in late J2/J3/J4 stages ranging from 15 to 22 DAI
(Fig. 1h, letters i and ii). In addition, absence of the fluores-
cence signal also was observed in females and egg masses at
22 to 45 DAI (Fig. 1i, letter i and ii), but interestingly, some
punctual fluorescence signals were visualized within eggs
possibly already containing ppJ2 that will hatch (Fig. 1i,
letter ii and iii). Thus, these data collectively showed that
Minc03328 effector gene is expressed in infective juveniles
(pJ2 and J3 stages) and during early stages of M. incognita
parasitism in plants (5 DAI). As well, that the encoded effec-
tor protein accumulates in subventral glands of ppJ2 and
pJ2, is visibly secreted and might be present in giant cells,
suggesting that this effector may be involved in promoting
M. incognita parasitism in plants.

Plant genetic transformation and susceptibility
level assessment

A 200 bp length fragment was selected from Minc03328
effector gene to apply the in planta RNAI strategy (Suppl.
Table S2). It is plausible to consider that the RNAI strategy
generated for Minc03328 gene downregulation may have
also downregulated the Minc3s00083g03984 paralogue gene
due to high sequence identity (Suppl. File S2). In addition,
this 200-bp sequence from Minc03328 effector gene used did
not show any significant hits in the A. thaliana transcriptome
after pairwise sequence comparison, indicating a reduced
probability of potential off-target effects in these transgenic
plants. The 200-bp DNA fragment was cloned into sense
and antisense orientation separated by the pdk intron, while
its expression was triggered by the constitutive pUceS8.3
promoter (Fig. 2a). To provide more evidence that the
Minc03328 effector protein is directly linked to M. incog-
nita parasitism in plants, we successfully generated 12 stable
transgenic A. thaliana lines using A. tumefaciens-mediated
delivery system (floral dip). Transgenic Minc03328-dsRNA
lines were systematically screened in vitro under hygromycin
selection (Suppl. Fig. S3). After advancing to T generation,
four transgenic lines (Line #1 to #4) were selected to com-
pare their susceptibility level to M. incognita with wild-type
control plants. PCR analyses using specific primers targeting
eGFP gene confirmed transgene insertion in all transgenic
lines (Fig. 2b). Transgene expression was checked in all
transgenic Minc03328-dsRNA lines by detecting the GFP
fluorescent protein accumulation through confocal micros-
copy (Fig. 2c). Next, 15-20 plants from each transgenic line
and wild-type control plants were individually transferred to
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«Fig.1 In silico sequence analysis of the M. incognita effector genes,
Minc03328 effector gene expression, and Minc03328 effector protein
immunolocalization in M. incognita. a Pairwise sequence identity
matrices of nucleotide sequences generated using Sequence Demarca-
tion Tool version 1.2 software. b Evolutionary analysis of nucleotide
sequences generated by the Phylogeny.fr web service. Highlighted
in red and green boxes or letters are, respectively, Minc03328 gene
studied in this work and its paralogue gene. The gene sequences were
retrieved from WormBase Parasite Database version WBPSI13. ¢
Minc03328 and Minc3s00083g03984 gene expression profile in dif-
ferent M. incognita life stages: egg, pJ2. J3. J4, and female, from tran-
scriptome datasets under BioProject number: PRINA390559 (Choi
et al. 2017), retrieved from BioSample database (NCBI). Error bars
represent confidence intervals corresponding to three libraries per
nematode life stage. d Histopathological images of M. incognita pJ2,
13, J3/]J4, and female in N. tabacum roots stained with acid fuchsin
at 5, 10, 15, and 22 days after inoculation (DAI). e Minc03328 gene
expression profile measured by real-time RT-qPCR analysis in dif-
ferent M. incognita race 3 life stages (egg. ppJ2. and pJ2 to female)
during its parasitism in N. tabacum. Relative expression levels were
normalized with Mil8S and MiGAPDH as endogenous reference
genes (Suppl. Table S1). Error bars represent confidence intervals
corresponding to three biological replicates. Different letters on bars
indicate significant differences based on Tukey’s test at 5% signifi-
cance level. f Minc03328 effector protein immunolocalization in M.
incognita pJ2 during its parasitism in wild-type N. tabacum plants.
Minc03328 protein (bright green fluorescence signal) was local-
ized in subventral glands (SvG) (white arrow) and at the head tip
(orange arrow) of M. incognita p]2s during its parasitism in N. tab-
acum roots at 5 to 10 DAL g A significant fluorescence signal was
observed in giant cells near the head tip of nematode (i and ii; indi-
cate by orange arrows), while in some galls, a strong fluorescence
signal was observed at the edges of giant cells (iii; yellow arrows);
white arrow indicates the nematode. h No detected fluorescence sig-
nal was observed in J3/J4 at 15-22 DALI (i and ii; white arrows). i No
detected fluorescence signal was observed in females (i; white arrow)
and egg masses (ii: indicates by “em™) at 22—45 DAI, but a powerful
fluorescence signal was visible within juveniles (iii; orange arrow) in
the eggs before hatching. The immunolocalization experiments were
performed using a primary anti-Minc03328 antibody and a secondary
anti-rabbit ALEXA-488-conjugated antibody. Fluorescence images
represent longitudinal sections of a butyl-methyl methacrylate mix-
ture embedded pJ2 during its parasitism in N. tabacum. Weak green
color is autofluorescence of the fixed tissues

pots containing sterile substrate/sand mixture (1:1, v/v) and
inoculated with M. incognita ppJ2s. At 5 DAL, the transgene
and Minc03328 effector gene expression were evaluated by
RT-qPCR analysis. The RT-qPCR analysis revealed a high
RNAI transgene expression level in M. incognita-infected
galls of all four transgenic A. thaliana lines (Fig. 2d). Con-
sistent with this, the Minc03328 effector gene expression in
M. incognita pJ2 to J3 fed on transgenic roots at 5 DAI was
strongly decreased in all four transgenic lines compared to
wild-type control plants (Fig. 2e). At 60 DAI, gall and egg
mass number, and their ratio [gall/egg masses number] were
assessed to estimate plant susceptibility to M. incognita. All
four transgenic lines carrying the RNAi construct down-
regulating the Minc03328 effector gene showed reduced sus-
ceptibility to M. incognita compared to wild-type control
plants. The number of galls per plant was reduced up to 85%

(Fig. 2f), egg masses were reduced up to 90% (Fig. 2g), and
the [gall/egg masses number] ratio was reduced up to 87%
(Fig. 2h) in transgenic lines. Collectively, these data con-
firmed that a reduced percentage of the M. incognita ppJ2s
inoculated in these transgenic Minc03328-dsRNA lines suc-
cessfully reached the final infection cycle. In accordance,
the development and reproductive cycle of at least 64% of
inoculated ppJ2s were disturbed by in planta Minc03328
gene downregulation. Consistently with these previous data,
[galls/egg masses number] ratio suggests that Minc03328
effector gene downregulation significantly affected M. incog-
nita parasitism in plants and delayed pJ2, J3, and J4 develop-
ment in adult females, reflecting negatively on production
of egg masses.

To investigate gall and nematode development during
parasitism in plants, we analyzed gall morphology at 45
DALI from a selected transgenic line compared to wild type.
Histopathological morphology analysis was focused only
on Line #1, because it showed identical susceptibility lev-
els to Minc03328-dsRNA Line #2, #3, and #4 (Fig. 2e-h).
Wild-type A. thaliana roots showed clearly higher number
and more prominent M. incognita-induced galls (Fig. 3a)
compared with roots from transgenic A. thaliana line,
which showed fewer and smaller galls (Fig. 3b). Interest-
ingly, galls from wild-type control plants showed the pres-
ence of well-developed nematodes (Fig. 3¢) compared with
the delayed development of nematode in transgenic plants
(Fig. 3d). In addition, galls from wild-type plants showed
typical giant cells with high cytoplasmic content (Fig. 3c, e,
and g), whereas galls induced in transgenic plants showed
fewer cytoplasm content and presented cell-wall stubs sug-
gesting attempted cell wall formation (Fig. 3d, f, and h).
Neighboring cells from transgenic plants showed xylem,
giant cells, and neighboring cells with irregular sizes and
shapes suggesting altered gall ontogenesis (Fig. 3d and f;
Suppl. Fig. S4) compared with galls and neighboring cells
from wild type plants, which showed better cellular organi-
zation (Fig. 3c and e; Suppl. Fig. S4). Another notable fea-
ture was that nematodes in wild-type apparently developed
faster and presented a more defined cuticle (Fig. 3c, e, and
2), whereas a delayed nematode development was apparent
in transgenic plants (Fig. 3d, f, and h; Suppl. Fig. S4). In
addition, mature female cuticle during nematode parasit-
ism in wild-type plants was well defined and perfectly vis-
ible (Fig. 3¢, e, and g). In contrast, cuticle of nematodes in
transgenic lines were not well defined and clearly disturbed
presenting an undefined morphology and were weakly
staining during nematode parasitism in Minc03328-dsRNA
transgenic plants (Fig. 3d, f, and h; Suppl. Fig. S4). Thus,
the gall morphology in transgenic A. thaliana illustrated the
consequence of the Minc03328 gene downregulation during
M. incognita infection, feeding sites induction, and giant
cell ontogenesis, leading to important deleterious effects on
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«Fig.2 Agrobacterium-mediated A. thaliana genetic transforma-
tion, dsRNA transgene expression in transgenic Minc03328-dsRNA
lines, Minc03328 effector gene expression in M. incognita during its
parasitism in transgenic lines, and susceptibility level of transgenic
A. thaliana lines for M. incognita race 3. a Overview of the vector-
DNA used for genetic transformation of A. thaliana plants, targeting
downregulation of the nematode Minc03328 effector transcript by the
in planta RNAI strategy. b PCR detection of the dsRNA transgene
in A. thaliana lines indicating 400-bp expected size amplificon.
Marker: 1.0-kb DNA ladder (Invitrogen, Cat. #10787018):; Positive
control: water-diluted binary vector; WT: non-transgenic line used as
a negative control for PCR and bioassays. ¢ Fluorescence detection
of GFP protein in transgenic lines under a Zeiss inverted LSMS510
META laser scanning microscope using 488-nm excitation line and
the 500-530-nm band-pass filter (Carl Zeiss). Scale bars: 10 mm. d
dsRNA transgene expression level in M. incognita-infected galls of
transgenic A. thaliana lines. The relative expression was calculated
with 27-ACT formula using AtActin 2, AtGAPDH, and AtEF1 as
endogenous reference genes (Suppl. Table S1). Error bars represent
confidence intervals corresponding to three biological replicates.
Different letters on bars indicate statistically significant differences
between transgenic Minc03328-dsRNA lines compared to wild-type
control plants, according to Tukey’s test at 5% significance level. e
Minc03328 gene expression in M. incognita during its parasitism in
wild-type plants and transgenic lines. The relative expression was cal-
culated with 2A-ACT formula using MiGAPDH, MiActin, and Mif-
tubulin as endogenous reference genes (Suppl. Table S1). Error bars
represent confidence intervals corresponding to three biological rep-
licates. Different letters on bars indicate statistically significant differ-
ences between M. incognita fed in transgenic lines compared to M.
incognita fed in wild-type control plants, according to Tukey’s test at
5% significance level. f Gall number per plant, g egg masses num-
ber per plant, and h [galls/egg masses] ratio in transgenic A. thaliana
lines at 60 DAL Error bars represent confidence intervals correspond-
ing to 12-15 plants per line. Different letters on bars indicate statis-
tically significant differences between transgenic lines compared to
wild-type control plants, according to Tukey’s test at 5% significance
level

gall and nematode development. Therefore, considering that
Minc03328 gene expression is highest in early stages of M.
incognita parasitism, our data suggest that Minc03328 effec-
tor gene downregulation within nematodes during parasit-
ism might negatively affect nematode infection, feeding site
formation, gall genesis, and nematode development. Overall,
our data strongly suggest the importance of Minc03328 as
an effector protein during M. incognita parasitism in host
plants.

Discussion

Plant—parasitic nematodes are important phytopathogens
that interfere in complex pathways of the plant hosts allow-
ing the promotion of parasitism in numerous plant species
(Quentin et al. 2013). In contrast, beyond preformed and
basal defenses, higher plants exhibit another arsenal of
pathogen-activated molecules (Vieira and Engler 2017;
Sato et al. 2019; Cabral et al. 2020). First, root damage
caused by nematode infection produces and accumulates

Fig. 3 Histopathological morphology of M. incognita-induced galls in trans-
genic Minc03328-dsRNA A. thaliana lines. Plants from transgenic Line #1 and
wild-type control plants were submitted to M. incognita infection, and gall and
nematode morphology were evaluated at 45 DAL Sectioned galls were stained
with toluidine blue. a and b Transgenic A. thaliana roots showed fewer and
smaller galls compared to wild-type control plants. ¢—f Galls from wild-type
control plants showed development of multiple feeding sites, giant cells filled
with cytoplasm, and presented fastly maturing nematodes (identified by letter
“n”). In contrast, galls from transgenic plants showed giant cells with a few
cytoplasmic contents (identified by *) and often containing cell-wall stubs
(black arrows). Similarly, galls and neighboring cells from transgenic lines
showed a higher organization, while wild-type control plants showed xylem,
galls, and neighboring cells with irregular sizes and shapes. suggesting altered
giant cell ontogenesis. In the images g-h, the nematode cuticle was apparently
disintegrated during M. incognita parasitism in transgenic A. thaliana plants
compared to perfectly visible mature female cuticle during M. incognita para-
sitism in wild-type control plants (red arrows). This analysis demonstrated that
Minc03328 silencing caused a direct effect on nematode morphology as well
indirectly in gall structure. Asterisks, giant cell: NC, neighboring cells: n, nem-
atode. Scale bars =50 pm
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molecules that act in trans as damage-associated molecular
patterns (DAMPs) that, consequently, activate pattern-trig-
gered immunity (PTI). In addition, nematode-associated
molecular patterns (NAMPs) enhance plant basal defense
(NAMPs triggered immunity) (Al et al. 2018). The sec-
ond level of plant defense responses against nematodes is
related to effector-triggered immunity (ETI) (Holbein et al.
2016). In contrast, PPNs secrete several effector proteins
during host plant—-nematode interaction to overcome these
defense mechanisms and promote its parasitism in host
plants (Vieira and Gleason 2019). More specifically, these
nematode effector proteins act by disrupting the plant
defense response and modulating the plant cell cycle and
cellular development (Vieira and Gleason 2019). Interest-
ingly, many nematode effectors interact with host plant
proteins, individually or collectively suppressing host
defense signaling or preventing PTI and ETI activation
(Manosalva et al. 2015; Zhao et al. 2019; Mendes et al.
2021a, b). At the same time, other effectors can act by
interacting and destabilizing host plant proteins involved
in specific biological processes to make them suitable for
nematode infection.

RKN (Meloidogyne spp.) are major crop pathogen
worldwide, and limited range of available control agents
or resistant/tolerant cultivars has significantly limited the
effectiveness of its control and management (Seo and Kim
2014; Bernard et al. 2017). The low effectiveness of con-
trol measures in the field and the emergence of resistant or
tolerant RKN populations have led to the use of genetically
engineered cultivars to overcome these drawbacks. Fol-
lowing the sequencing and evaluation of the M. incognita
genome (Abad et al. 2008; Blanc-Mathieu et al. 2017), sev-
eral candidate effector proteins have been identified. How-
ever, the information about their biological functions after
secretion in host plants or their action mode in plant cells
is still poorly understood (Bellafiore et al. 2008; Lin et al.
2013; Rutter et al. 2014; Mejias et al. 2019).

In this study, the Minc03328 gene and its effector protein
were characterized and their involvement in M. incognita
parasitism in plants was successfully confirmed. Sequence
analysis showed the absence of cytoplasmic and trans-
membrane domains and the presence of a secretory signal
peptide. In addition, orthologous or paralogous genes for
Minc03328 were also identified in other species from Meloi-
dogyne sp. genus, suggesting that this effector pathway can
be functionally conserved in other Meloidogyne species,
mainly in M. arenaria and M. floridensis. In contrast, low
sequence identity of Minc03328 was observed with other
already well-characterized effector genes, indicating that this
particular effector might act in a specific pathway during
parasitism. At the same time, its paralogue gene showed high
sequence identity to Minc03328, being 93% (1342/1444) for
nucleotide and 88% (424/481) for amino acid sequences.

@ Springer

These observations based on sequence analysis suggest that
both genes can act in a common particular effector pathway
and might present redundant functions. The Minc03328 gene
expression analysis showed higher expression at onset of
parasitism, and the immunocytochemical analysis proved
that Minc03328 protein was accumulated in subventral
glands and was observably secreted and possibly accu-
mulated in giant cells. These collective data support that
Minc03328 can be considered an effector protein closely
involved during M. incognita parasitism in host plants. In
addition, our data are in accordance with Rutter et al. (2014),
which showed that Minc03328 effector gene expression was
upregulated in M. incognita at 3—14 DAI and showed that
Minc03328 transcript accumulated specifically in subventral
glands.

Herein, we found that downregulation of this effec-
tor gene using in planta RNAI strategy in transgenic
Minc03328-dsRNA A. thaliana lines consistently attenu-
ated the parasitic capacity of M. incognita. Remarkably,
overexpression of the dsRNA transgene in Arabidopsis lines
caused a significant reduction in number of galls and egg
masses, and [galls/egg masses] ratio compared with wild-
type control plants. These data indicate that Minc03328 can
be in fact an effector gene with highlighted importance in
plant parasitism by M. incognita. Since dsSRNA sequence
used as RNAI in this study can target both Minc03328 and
its paralogue gene, these phenotypic data, which reduced
plant susceptibility to nematodes observed in the transgenic
plants, indicate that this effector pathway, which could be
controlled by the effector Minc03328 itself, and possibly
also by its paralogue gene, might be significantly affected or
compromised in some way.

Morphological analyses of M. incognita-induced galls
showed that pJ2s fed on Minc03328 downregulated lines
struggle to induce and establish feeding sites, and inhibit the
progression of gall development. Since Minc03328 effector
gene expression was upregulated at 5 DAI in J2/J3s, these
morphological analyses supported that its knockdown some-
how strongly impaired giant cells metabolic activity and
development. Giant cells displayed few cytoplasm contents
and cell-wall stubs added to the observation that nematode
cuticle appears to lose its structure likely hampering nema-
tode parasitism in transgenic plants. These morphological
results fully support that Minc03328-dsRNA overexpression
downregulates Minc03328 gene activity reducing plant sus-
ceptibility to nematodes.

Similar to previous results with other effectors, the
knockdown of a single effector gene can be sufficient to
impair nematode parasitism (unpublished data). Thus, data
obtained in this present study collectively confirm that the
Minc03328 gene acts as a potent effector protein impor-
tant for the successful parasitism of M. incognita in host
plants. It was once again demonstrated that in planta RNAi
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strategy is highly effective in downregulating M. incog-
nita effector genes. To date, several M. incognita effector
genes or other nematode genes have been characterized and
validated using in planta RNAI strategy (Suppl. Table S3)
(Basso et al. 2020). Similarly, the downregulation of any
of the three effector genes Minc01696, Minc00344, and
Minc00801 was shown to be sufficient to strongly disturb
M. incognita parasitism in plants (unpublished data). Data
presented here, together with those in the literature, have
shown that although M. incognita has dozens of effector pro-
teins acting in the modulation of its parasitism in plants, the
disruption of one or some of these genes can significantly
compromise the infectious process of the nematode (Mejias
et al. 2019; Mendes et al. 2021a, b). Thus, using in planta
RNAI strategy to downregulate Minc03328 effector gene in
economically important crops such as cotton and soybean is
an interesting biotechnological approach to decrease plant
susceptibility to M. incognita. Recently, Lisei-de-Sa et al.
(2021), using a similar strategy, showed that triple down-
regulation of cysteine protease, isocitrate lyase, and splicing
factor genes significantly impaired M. incognita parasitism
in transgenic cotton lines. Understanding the action mode of
this effector when secreted in plant cells will provide further
evidence in the plant-nematode interaction. Previous stud-
ies reported by Mukhtar et al. (2011), Consortium (2011),
and Wessling et al. (2014) showed that different and diverse
pathogen effectors could target the same hub protein of the
host plant during its parasitism.

In conclusion, we have here explored the Minc03328
gene function during parasitism, confirming that Minc03328
protein acts as a powerful effector of substantial impor-
tance for successful M. incognita parasitism in plants.
Since the dsRNA sequence used in this study possibly
downregulated not only Minc03328 but also its paralogue
Minc3s00083203984 gene, the complete disruption of this
effector pathway likely contributed to the reduced suscep-
tibility observed in transgenic Minc03328-dsRNA lines.
Finally, our findings demonstrated that the Minc03328 effec-
tor gene and, possibly, its paralogue gene could be powerful
targets for biotechnological approaches like in planta RNAi
technology for M. incognita control and management in eco-
nomically important crops.
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ABSTRACT

Meloidogyne incognita is one of the most important plant-parasitic nematodes (PPNs) causing
severe crop losses worldwide. Plants have evolved complex defense mechanisms to respond to
PPNs attacks. Conversely, PPNs have evolved infection mechanisms that involve the secretion
of effector proteins into host plants to suppress immune responses and facilitate parasitism.
Therefore, effector genes are attractive targets for the genetic improvement of plant resistance
to M. incognita. In this study, we functionally characterized the Minc16803
(Minc3s00746¢g16803) putative effector gene to evaluate its role during plant-nematode
interactions. First, we found that the Minc16803 gene is expressed in all nematode life stages
and encodes a protein with an N-terminal signal peptide for secretion, a motif characteristic of
effector proteins and with the absence of transmembrane domain. In addition, our data
demonstrated that transgenic Arabidopsis thaliana lines overexpressing a Minc16803-dsRNA
efficiently downregulated the Minc16803 transcripts in infecting nematodes. Furthermore,
transgenic lines were significantly less susceptible to M. incognita compared to wild-type
control plants. The number of galls per plant was reduced by up to 84%, while the number of
egg masses per plant decreased by up to 93.3%. Moreover, galls and feeding sites in the roots
of transgenic lines were smaller than those in the control plants. Histological analysis revealed
giant cells without cytoplasm, disordered neighboring cells, and malformed maturing
nematodes in transgenic galls. Curiously, numerous hatching ppJ2 juveniles were often
observed near the female body within the transgenic root tissues before egg mass extrusion. All
findings strongly suggest that Minc16803 gene is a promising target to engineer agricultural

crops for M. incognita resistance through host-induced gene silencing.
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RESUMO

Meloidogyne incognita € um dos mais importantes nematoides parasitas de plantas (NPPs),
causando graves perdas de colheitas em todo 0 mundo. As plantas desenvolveram mecanismos
de defesa complexos para responder aos ataques de NPPs. Por outro lado, os NPPs
desenvolveram mecanismos de infecgdo que envolvem a secrecdo de proteinas efetoras nas
plantas hospedeiras para suprimir as respostas imunes e facilitar o parasitismo. Portanto, genes
efetores sdo alvos atrativos para o melhoramento genético da resisténcia de plantas a M.
incognita. Neste estudo, caracterizamos funcionalmente o suposto gene efetor Minc16803
(Minc3s00746916803) para avaliar seu papel durante as interagbes planta-nematoide.
Primeiramente, descobrimos que o gene Minc16803 € expresso em todos os estadios de vida do
nematoide e codifica uma proteina com um peptideo sinal N-terminal para secre¢do, um motivo
caracteristico de proteinas efetoras e com auséncia de dominio transmembrana. Além disso,
nossos dados demonstraram que linhas transgénicas de Arabidopsis thaliana superexpressando
Minc16803-dsRNA regulam negativamente eficientemente os transcritos de Minc16803 na
infeccdo de nematoides. Além disso, as linhas transgénicas foram significativamente menos
susceptiveis a M. incognita em comparacdo com as plantas do controle do tipo selvagem. O
namero de galhas por planta foi reduzido em até 84%, enquanto o nimero de massas de ovos
por planta diminuiu em até 93,3%. Além disso, as galhas e os locais de alimentacdo nas raizes
das linhagens transgénicas eram menores do que nas plantas controle. A analise histolégica
revelou células gigantes sem citoplasma, células vizinhas desordenadas e nematoides em
maturagdo malformados em galhas transgénicas. Curiosamente, numerosos juvenis de ppJ2
eclodidos foram frequentemente observados perto do corpo feminino dentro dos tecidos
radiculares transgénicos antes da extrusdo da massa de ovos. Todas as descobertas sugerem
fortemente que Minc16803 é um alvo promissor para engenharia de culturas agricolas visando

a resisténcia contra M. incognita atraves do silenciamento genético induzido pelo hospedeiro.
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Abstract

Meloidogyne incognita is one of the most important plant-parasitic nematodes (PPNs) causing severe crop losses worldwide.
Plants have evolved complex defense mechanisms to respond to PPNs attacks. Conversely, PPNs have evolved infection
mechanisms that involve the secretion of effector proteins into host plants to suppress immune responses and facilitate para-
sitism. Therefore, effector genes are attractive targets for the genetic improvement of plant resistance to M. incognita. In this
study, we functionally characterized the Minc 16803 (Minc3s00746g16803) putative effector gene to evaluate its role during
plant-nematode interactions. First, we found that the MincI6803 gene is expressed in all nematode life stages and encodes
a protein with an N-terminal signal peptide for secretion, a motif characteristic of effector proteins and with the absence
of transmembrane domain. In addition, our data demonstrated that transgenic Arabidopsis thaliana lines overexpressing a
Minc16803-dsRNA efficiently downregulated the Mincl6803 transcripts in infecting nematodes. Furthermore, transgenic
lines were significantly less susceptible to M. incognita compared to wild-type control plants. The number of galls per plant
was reduced by up to 84%, while the number of egg masses per plant decreased by up to 93.3%. Moreover, galls and feed-
ing sites in the roots of transgenic lines were smaller than those in the control plants. Histological analysis revealed giant
cells without cytoplasm, disordered neighboring cells, and malformed maturing nematodes in transgenic galls. Curiously,
numerous hatching ppJ2 juveniles were often observed near the female body within the transgenic root tissues before egg
mass extrusion. All findings strongly suggest that Mincl6803 gene is a promising target to engineer agricultural crops for
M. incognita resistance through host-induced gene silencing.
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Introduction

The co-evolutionary interactions between pathogens and
their host plants have driven the development of complex
mechanisms of pathogen infection and plant immune defense
(Zhang et al. 2020). Plant-parasitic nematodes (PPNs) have
evolved a striking diversity of mechanisms to overcome
plant defenses. One of the mechanisms used by PPNs for
successful infection involves the secretion of several effector
proteins produced by esophageal glands into plant root cells
through their stylet (Jagdale et al. 2021). Nematode effectors
generally impair plant immune responses by interfering with
different host metabolic and physiological processes, such as
hormone-dependent defense pathways (Habash et al. 2017),
secondary metabolite pathways (Bauters et al. 2020), actin
filaments organization (Leelarasamee et al. 2018), cell cycle
onset and progression (Coke et al. 2021), protein ubiquitina-
tion, and gene expression regulation (Diaz-Granados et al.
2020).

The root-knot nematode (RKN) Meloidogyne incognita
attacks a wide range of agronomically important crops and
seriously threatens crop production worldwide (Bernard
etal. 2017). The M. incognita life cycle includes six stages,
egg, ppJ2 (pre-parasitic second-stage juveniles), pJ2 (para-
sitic second-stage juveniles), J3, J4 non-feeding juveniles,
and adult females (Triantaphyllou and Hirschmann 1960;
Castagnone-Sereno et al. 2013). The M. incognita pJ2s
secrete several effector proteins that trigger the differentia-
tion of root vascular parenchymal cells into 5-7 specialized,
multinucleate, and hypertrophied feeding cells, named giant
cells, which are formed by successive nuclear divisions with-
out cytokinesis (Kyndt et al. 2013). The galls formed in host
roots are the typical symptoms of M. incognita infection and
result from the proliferation of the tissue around the nema-
tode and giant cells. The feeding cells exhibit high metabolic
activity and provide all nutrients required for nematodes to
complete their life cycle (Siddique and Grundler 2018).
Studies have revealed that M. incognita secretes an arsenal
of effector proteins into host plant root cells that can interact
with different target proteins of parasitized plants. The inter-
action between nematode effectors and targeted plant pro-
teins triggers molecular, physiological, and morphological
changes that culminate in the formation of permanent feed-
ing sites (Jagdale et al. 2021). For instance, the M. incognita
MIF-like effector facilitates nematode parasitism by interact-
ing with plant Annexin 1 and Annexin 4, and subsequently
suppressing host signal transduction and immune responses
(Zhao et al. 2019). The M. incognita Mi-ISC-1 effector sup-
presses plant salicylic acid biosynthesis (Qin et al. 2021),
and Mj2GO02 effector from Meloidogyne javanica impairs
cell death by disrupting jasmonic acid-mediated signaling
to promote parasitism (Song et al. 2021). Similarly, the M.
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incognita effector MiEFF1 targets A. thaliana cytosolic
glyceraldehyde-3-phosphate dehydrogenases and univer-
sal stress proteins, which are involved in the regulation of
salicylic acid and jasmonic defense-related genes expression
(Truong et al. 2021). Mendes et al. (2021a) showed that the
Minc00344 and Mj-NULG 1 a effector proteins interact with
GmHub 10 soybean protein to promote M. incognita and M.

Jjavanica parasitism, respectively. Mendes et al. 2021b also

reported that MiEFF1/Minc17998 effector protein interacts
with GmHub6 protein to promote M. incognita parasitism
in soybean plants.

Host-induced gene silencing (HIGS) provides a promis-
ing strategy toward increased plant resistance to nematodes
(Basso et al. 2020; Lisei-de-Sa et al. 2021). A number of
studies have demonstrated that transgenic plants expressing
engineered dsRNAs can efficiently trigger the silencing of
essential genes or parasitism genes of nematodes (Huang
et al. 2006; Sindhu et al. 2009; Souza Junior et al. 2013;
Lourengo-Tessutti et al. 2015). Since effectors can contribute
substantially to nematode pathogenicity, their silencing is
expected to impair nematode infection. Therefore, effector
genes are attractive targets for developing RNAi-based trans-
genic plants with reduced susceptibility to PPNs. Previous
functional studies using RNAi-plants have provided experi-
mental evidence that diverse nematode effectors, such as
Heterodera schachtii 30D08 and Hs25A01 (Pogorelko et al.
2016; Verma et al. 2018), Heterodera glycines Hg1 6B09 (Hu
etal. 2019), Meloidogyne graminicola Mg01965 (Zhuo et al.
2019) and MgMO237 (Chen et al. 2018), and Meloidogyne
enterolobii MeTCTP (Zhuo et al. 2017) contribute signifi-
cantly to nematodes parasitism. With respect to M. incognita
effectors, it was demonstrated that transgenic A. thaliana
plants that expressed a dsRNA targeting MiMsp40 were less
susceptible to M. incognita, as evidenced by decreased num-
ber of galls and eggs (Niu et al. 2016). Moreira et al. 2022
showed that downregulation of the Minc03328 effector gene
triggered by in planta RNA| strategy decreased the number
of galls (85%), egg masses (90%), and the ratio [number
of egg masses/number of galls] (87%) and consequently
reduced the plant susceptibility to M. incognita.

The identification and characterization of the effec-
tors employed by M. incognita to counteract plant defense
responses and the mechanistic basis of effector activity
in plants provide important insights into the biology of
plant-nematode interactions (Vieira and Gleason 2019).
In addition, this knowledge can be helpful in developing
more effective control methods against M. incognita. An
increasing number of putative nematode effectors have been
described, but detailed information on the functional role of
effectors involved in M. incognita parasitism is still lacking
(Bellafiore et al. 2008; Gardner et al. 2018; Grynberg et al.
2020).
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Here, we identified and functionally characterized a puta-
tive effector, named Minc 16803. We found that Minc16803
gene is transcriptionally expressed in all nematode stages,
including pJ2, J3, J3/J4, adult females, and eggs. This gene
encodes a protein with a predicted secretory N-terminal sig-
nal peptide and a motif characteristic of known effectors,
reinforcing its potential as an effector protein. Furthermore,
we demonstrated that transgenic A. thaliana lines over-
expressing a dsRNA targeting the Minc16803 transcripts
significantly suppressed plant infection by M. incognita.
Morphological analyses of M. incognita-induced galls in
transgenic roots strongly suggest that the Minc16803 pro-
tein might contribute to the proper development of feed-
ing sites in the host plant. Curiously, these analyses also
revealed malformed maturing nematodes and ppJ2s near
the female body, which hatched from eggs prior egg mass
extrusion on root surface. Taken together, all data indicate
that the putative effector protein Minc16803 plays a key role
in M. incognita parasitism and may be a valuable target for
plant-mediated RNAi control of nematodes.

Material and methods
Minc16803 gene sequence

The putative Minc 16803 effector gene was identified based
on comparative genomic and transcriptomic analysis.
Briefly, we searched for proteins having a predicted sig-
nal peptide for secretion, no transmembrane region, and
harboring protein motifs characteristic of effector at the
N-terminal region. In addition, we required the protein to
be encoded by a gene expressed at all developmental stages
of the M. incognita life cycles and being in maximum 3
copies, consistent with the triploid genome structure. The
Mincl16803 (Minc3s00746g16803) sequence and its two
paralogous Minc3s00070g03473 and Minc3s00200g07395
genes (Suppl. File S1) were retrieved from the BioProject ID
PRJEB8714 (sample: ERS1696677) (Blanc-Mathieu et al.
2017) in the WormBase Parasite Database version WBPS 16
(Lee et al. 2018). Subsequently, conserved domains in the
Mincl6803 gene sequence were identified using CDD Data-
base from NCBI (Marchler-Bauer et al. 2015), PFAM Data-
base from EMBL-EBI (El-Gebali et al. 2019), and Inter-
Pro Scan (Blum et al. 2021), while the nuclear localization
signal was predicted with a cutoff value of 0.5 using the
NLStradamus online tool (Nguyen Ba et al. 2009). Secre-
tory signal peptides were predicted using the MatureP tool
(Orfanoudaki et al. 2017) and SignalP 5.0 program (Alma-
gro Armenteros et al. 2019), whereas putative transmem-
brane domains were predicted using the TMHMM program
(Moller et al. 2001). In addition, we used the MERCI soft-
ware (Vens et al. 2011) to check whether protein motifs
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enriched at the N-terminal region of known effector proteins
could be identified in Minc16803.

Inssilico expression level of the Minc16803 gene

The expression levels of the Mincl6803 gene and
its two paralogous genes Minc3s00200g07395 and
Minc3s00070g03473 at different M. incognita life stages
were retrieved from WormBase Parasite (Howe et al. 2017),
in the ‘Expression’ section, sub-section ‘Life Cycle’ of gene-
based displays. In short, in WormBase Parasite, RNA-seq
data of five M. incognita developmental life stages (egg,
J2, pJ2/J3, J4, and female), generated in triplicates (Choi
et al. 2017), were aligned on the M. incognita annotated
genome (Blanc-Mathieu et al. 2017) using TopHat2 (Kim
et al. 2013). Expression values in Transcripts Per Million
units (TPM) were determined from the aligned reads using
HTSeq (Anders et al. 2015).

Meloidogyne incognita race 3 inoculum

Meloidogyne incognita race 3 inoculum was maintained
on tomato plants (Selanum lycopersicum cv. Santa Cruz)
under greenhouse conditions. Infected roots were collected
at 90 days after infection (DAI), rinsed with water, and
then grounded for 30 s in a 0.5% sodium hypochlorite solu-
tion using a blender. The suspension was sieved through
a set of sieves (45, 100, and 500-mesh), while eggs were
collected on the 500-mesh sieve. The collected eggs were
submitted to the Baermann funnel technique, and hatched
ppJ2s were transferred to a Becker with sterile distilled
water and sequentially decanted at 4 °C for 7-14 days. For
gene expression assays, eggs were collected as previously
described, re-suspended in an inert suspension of kaolin sub-
strate, and centrifuged at 2,500 rpm for 5 min. The precipi-
tated material was re-suspended in a 30% (w/v) sucrose solu-
tion and centrifuged again at 2,500 rpm for 5 min. Finally,
the supernatant was passed through a 500-mesh sieve, and
the eggs retained on the sieve were rinsed in sterile water
and immediately frozen in liquid nitrogen.

Meloidogyne incognita development
in wild-type Nicotiana tabacum roots

The N. tabacum var. Petit Havana (SR1) plants were inocu-
lated with 1,000 ppJ2s of M. incognita and maintained under
greenhouse conditions. Infected roots were harvested dur-
ing nematode parasitism at 5, 10, 15, and 22 DAI, washed
with water, dried with paper towels, and stained with acid
fuchsin according to Bybd et al. 1983. Then, root samples
were immersed in 2.5% (v/v) sodium hypochlorite solution
for clarification and washed with water for 10 min. Finally,
the clarified roots were completely immersed in acid fuchsin
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solution (1.25 g acid fuchsin solubilized in 1:3 v/v glacial
acetic acid and distilled water). For better root staining, sam-
ples were slightly heated in a microwave for 1 min. After the
staining step, the acid fuchsin solution was discarded; roots
were rinsed and transferred to acidified glycerol solution
(24:1 v/v glycerol and hydrochloric acid). Nematode stages
were then visualized in galls under a stereomicroscope and
imaged using a Zeiss Axiocam MR.

Minc16803 expression level during M. incognita
parasitism in wild-type N. tabacum

Total RNA was extracted from M. incognita eggs, ppJ2,
and infected N. rabacum galls at 5, 10, 15, and 22 DAI,
using Quick-RNA™ Plant Mini-prep kit (Zymo Research,
Irvine, CA, USA). RNA concentration was determined
using a spectrophotometer (NanoDrop 2000, Thermo Sci-
entific, Massachusetts, USA), and integrity was assessed in
1% agarose gel electrophoresis. RNA samples were treated
with RNase-free RQ1 DNase I (Promega, Madison, Wis-
consin, USA) according to the manufacturer’s instructions.
DNase-treated RNA was used as a template for cDNA
synthesis using oligo-(dT),, primer (100 uM), random
hexamers (50 uM), and SuperScript III RT (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s
instructions. RT-qPCR assays were performed in an Applied
Biosystems 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA) using 2 ul cDNA (diluted
1:20), 0.2 uM gene-specific primer (Suppl. Table S1), and
GoTaq® qPCR Master Mix (Promega, Madison, Wisconsin,
USA). Gene expression level was normalized using Mil8S
and MiGAPDH as endogenous reference genes. Three bio-
logical replicates were used for each treatment. All cDNA
samples were carried out in technical triplicate, while primer
efficiencies were previously determined, and target-specific
amplification was confirmed by a single and distinct peak in
the melting curve analysis. The relative expression level was
calculated using the 2~*2€T method (Pfaffl 2001). Data were
subjected to variance analysis (ANOVA) and, when signifi-
cant, means were compared by Tukey test (P <0.05) using
the SASM-Agri statistical package (Canteri et al. 2001).

Binary vector construction, plant transformation,
and selection of transgenic plants

The vector backbone used in this study was derived from the
pPZP-201BK-EGFP binary cloning vector (Chu et al. 2014),
in which the T-DNA sequence (pUceS8.3::Minc16803-
dsRNA) was cloned. In this T-DNA, the interfering dsRNA
targeting Mincl6803 gene transcripts was expressed under
the control of the constitutive soybean ubiquitin-conjugating
4 promoter (pUceS8. 3) (patent: EP1953232B1). The nucleo-
tide sequence of the Minc16803 gene selected to target its
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transcripts by the RNAi strategy corresponded to the 200 bp
sequence at nucleotide positions +445 to+ 644 relative to
the start codon of the Minc16803 coding sequence. Multiple
sequence alignments were used to investigate whether this
200 bp sequence can also target the two paralogous genes
(Suppl. File S2). In addition, the Mincl6803 nucleotide and
protein sequences were previously subjected to a similar-
ity search with the A. thaliana transcriptome to make sure
that no homology was present and thus avoid possible off-
target effects. The sense and antisense strands of the 200 bp
dsRNA cloned between Sall and Spel restriction sites were
separated by the pdk intron sequence of pyruvate orthophos-
phate dikinase (Smith et al. 2000). This full-length T-DNA
was synthesized and assembled into the pPZP-201 BK-EGFP
backbone by the Epoch Life Science (Sugar Land, Texas,
EUA). Subsequently, this resulting binary vector (named
GS62658-4 virMinc16803) was transfected into Escheri-
chia coli and then, into Agrobacterium tumefaciens strain
GV3101.

Arabidopsis thaliana ecotype Columbia (Col-0) plants
were grown to the reproductive stage on a commercial sub-
strate in a growth room (22 °C, 70-75% relative humidity,
and photoperiod 16 h with~ 200 pmol photons m=2.s~! of
light intensity). Transgenic plants were generated using the
floral dip method as described previously by Clough and
Bent (1998). Then, T, seeds from four independent trans-
genic lines (Line #1 to #4) and non-transgenic (wild-type or
WT) A. thaliana were harvested. For generation advance-
ment, seeds were surface-sterilized with 70% ethanol for
1 min and then, with 2% sodium hypochlorite solution sup-
plemented with 0.5% Tween-20 for 10 min. After washing
the seeds five times with sterile water, they were sowed on
Petri plates containing Murashige-Skoog (MS) medium
(Murashige and Skoog 1962) (2.2 g MS salts, 3 g phytagel,
10 g sucrose, pH 5.7) supplemented with 15 mg/L hygro-
mycin B (Invitrogen, Carlsbad, CA, USA), except for seeds
from wild-type control plants. Seed dormancy was broken
by incubating the plates for 2 days at 4 °C in the dark. Pos-
teriorly, these plates were transferred to a growth room, and
1-week-old seedlings were transplanted to pots containing
sterile commercial substrate and maintained under the same
conditions as described above.

Genomic DNA was isolated from young leaves collected
from A. thaliana plants following the CTAB/chloroform
extraction method (Allen et al. 2006). DNA concentration
and purity were analyzed in a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies) and 1% agarose gel
electrophoresis. The screening of T, lines and subsequent
generations (T, and T;) was carried out via PCR using spe-
cific primers for detection of the eGFP transgene (Suppl.
Table S1). PCR was performed using GoTaq® DNA poly-
merase (Promega, Madison, WI, USA) with a final primer
concentration of 10 mM and 100 ng of genomic DNA as
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template in a PCR System 9700 (Life Technologies, Carls-
bad, CA, USA). The PCR conditions included an initial
denaturation step at 94 °C for 2 min; 35 cycles of denatura-
tion at 94 °C for 30 s, annealing at 60 °C for 30 s, and exten-
sion at 72 °C for 60 s, followed by a final extension at 72 °C
for 5 min using a PCR System 9700 (Life Technologies,
Carlsbad, CA, USA). PCR products were then analyzed in
1% agarose gel electrophoresis. Additionally, the expression
of the eGFP reporter gene was confirmed by visualization of
the eGFP fluorescence protein in seedlings under the Axio
Zoom macroscope Vv. 16, filter set 38 HE (Carl Zeiss, Jena,
Germany). Segregation analyses of A. thaliana lines were
performed based on inheritance patterns analyzed by germi-
nation of surface-sterilized seeds onto Petri plates containing
MS medium supplemented with 15 mg/L hygromycin B up
to the T; generation. Four independents transgenic T; lines
were randomly selected to be used in nematode infection
bioassays.

Meloidogyne incognita infection assay

For nematode infection bioassays of transgenic A. thaliana
lines (Line #1 to #4) and wild-type control plants, 20-day-
old plants were inoculated with 500 ppJ2s and maintained
in a growth room at 22 °C. The A. thaliana plants were har-
vested at 60 DAI; roots were washed with water and stained
with floxin B (Taylor and Sasser 1987). Then, galls and egg
masses were counted and dissected under a binocular micro-
scope, and the reproduction ratio [number of egg masses/
number of galls] was evaluated. The bioassay was carried
out with 10 plants per transgenic line or wild-type control
A. thaliana in two biological repetitions.

Minc16803-RNAi transgene expression
and Minc16803 gene downregulation in M. incognita
during parasitism in transgenic A. thaliana lines

Total RNA was extracted from transgenic and wild-type
seedlings or galls at 10 DAI using TRIzol (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s
recommendations. RNAIi transgene expression in trans-
genic A. thaliana lines was confirmed by RT-qPCR analysis
using specific primers for the pdk intron sequence. Relative
expression of the RNAIi transgene was normalized using
AtActin 2, AtGAPDH, and AtEF 1 as reference genes (Suppl.
Table S1) and calibrated to the levels of the Line #1. On the
other hand, Minc16803 gene downregulation in M. incog-
nita during its parasitism in transgenic A. thaliana lines was
confirmed by RT-qPCR analysis using MiGAPDH, MiAc-
tin and Mif-tubulin as reference genes (Suppl. Table S1).
Primer efficiency was calculated using the Miner tool (http:/
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www.miner.ewindup.info), and relative gene expression was
analyzed using the 2744€T method (Pfaffl 2001) through
qBase +v.3.1 software (Biogazelle, Zwijnaarde, Belgium).
The suitability of the A. thaliana and M. incognita reference
genes was evaluated by geNorm analysis (Vandesompele
et al. 2002), which showed M-values below 0.5. Each treat-
ment consisted of three biological replicates and each bio-
logical replicate included three to five plants. All samples
were evaluated in technical triplicates.

Gall morphology analysis of wild-type
and transgenic A. thaliana lines

Galls of transgenic lines and wild-type control plants were
collected at 7, 21 and 45 DAL, fixed in 2% glutaraldehyde in
50 mM PIPES butffer pH 6.9 for 15 days, dehydrated with an
ethanol gradient (15, 30, 50, 70, 80, and 100%), embedded
and polymerized in Technovit™ 7100 (Kulzer, Friedrichs-
dorf, Germany) as described by the manufacturer. Galls were
then sectioned (3 pm), stained in 0.05% (w/v) toluidine blue,
and mounted with Depex (Sigma-Aldrich, St. Louis, MO,
USA). For morphological analyses, stained sections were
observed under bright-field light microscopy, and the images
were obtained with a digital camera (AxiocamHRc, Carl
Zeiss, Oberkochen, Germany). At least 50 sections from 30
different galls of transgenic or wild-type control plants were
analyzed. The mean diameter of galls and mean area of feed-
ing sites were measured with ZEISS ZEN software. A total
of 30 galls from two different experiments were examined
per treatment.

Results
Bioinformatics analysis of Minc16803 gene

Using different bioinformatics filters detailed in the meth-
ods section, we identified a putative effector gene in the M.
incognita genome, referred here as Minc16803 gene, located
in the Minc3s00746g16803 locus. The Minc16803 gene is
approximately 1.66 kb in size, divided into 10 exons and 9
intron sequences, and flanked by 5’- and 3’-UTR sequences.
Its CDS sequence has 1,052 nucleotides encoding a protein
of 343 amino acids, a predicted isoelectric point of 9.2, and
a molecular weight of 40.25 kDa (Table 1; Suppl. File S1).
The Minc16803 protein sequence showed the presence of a
secretory signal peptide (from position 1 to 22 amino acid)
at the N-terminal portion, a predicted non-cytoplasmatic
domain, and the absence of transmembrane motifs, indicat-
ing that Minc16803 is likely a secreted protein (Table 1).
In a previous analysis, four degenerate protein motifs had
been identified enriched at the N-terminal region of known
M. incognita effectors (Vens et al. 2011). We found three of
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3 these four motifs at the N-terminal region of the encoded
= protein sequence of Minc16803 and Minc3s00070g03473,
= providing additional evidence that they might be putative
g.“ 35 2 M. incognita effectors. However, Minc3s00200g07395 did
« not show any of the degenerate motifs (Fig. 1A, Suppl.
g Table S2).
%) 2 & We also retrieved and analyzed the phylogenetic tree cor-
< > = responding to gene entry ‘Minc3s00746g16803” in Worm-
. Base Parasite (https://parasite.wormbase.org/Multi/GeneT
8 P g — ree/Image?gt=WBGT00000000029539). All phylogenetic
_5 g3 E,J_S trees in WormBase Parasite have been generated using
5 & § - 8 Ensembl Compara pipeline (Cunningham et al. 2022), which
S = S ©
& SERR o produces both nucleotide and amino acid-based phyloge-
= nies and then, compare to a reference species tree to infer
§ duplication and speciation branches and thus, orthology and
= paralogy. The phylogenetic tree for Mincl6803 confirmed
8 2 2 that Minc3s00070g03473 and Minc3s00200g07395 can be
consistently considered its paralogs (Fig. 1B). In addition,
i = 5 orthologs were identified in several other species albeit all
= £ o o . - . .
=22 | & £ being plant-parasitic nematodes, including other root-knot
2 g g 2 g nematodes (Meloidogyne floridensis, Meloidogyne hapla,
RES|P =]

M. graminicola, and M. javanica), cyst nematodes (Glo-

E bodera pallida, Globodera rostochiensis, H. glycines and
% Heterodera schachtii), stem and bulb nematode (Ditylenchus
& B 2 dipsaci), and the pine wilt nematodes (Bursaphelenchus
§ E E xylophilus and Bursaphelenchus okinawaensis). Therefore,
3 5 5 Mincl16803 is widely conserved in several plant-parasitic
o nematodes, but specific to phytoparasites (Table 1, Fig. 1B).
z The high sequence identity between Mincl6803 and its two
2 2 2 paralogous genes (95 to 99% amino acid identity) suggests
< = - that they may likely be the result of gene duplication, con-
=] sistent with the triploid structure of the M. incognita genome
E - (Blanc-Mathieu et al. 2017).
s |8 B
i » 2 Minc16803 expression level at different M. incognita
g 2 2 =) developmental stages
K 2 % 2 % % From transcriptome data mining, it was possible to identify
% % § % § :E the Minc16803 gene expression profile, as well as its two
© C S |2 paralogous Minc3s00070g03473 and Minc3s00200g07395
o S genes, at different M. incognita life stages (egg, ppJ2, pJ2/
§ § J3, J4, and female) during nematode parasitism in plants
s : = (Fig. 1C). Interestingly, the expression of all three genes
R g i was similar across the five different life stages of M. incog-
i S g nita; however, the Minc3s00200g07395 gene had a higher
a N S i‘ expression level than the other genes at all developmental
g ;? E 2 stages (Fig. 1C). Then, the in silico Minc16803 gene expres-
— 2 = = é sion data were confirmed by RT-qPCR analysis in different
é k4 :S’ developmental stages of M. incognita during infection in N.
Ei § - E S g tabacum plants. The different stages of the nematodes col-
=18 RS :gf E S lected for the RT-qPCR analysis were identified through acid
% ; § % S S % fuchsin staining of tobacco roots infected with M. incog-
2 |2 = s | & nita. Under our experimental conditions, penetration of ppJ2
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Fig.1 Sequence analysis and gene expression profiles. A Sche-
matic representation of MERCI motifs found at the N-terminal
region of Minc16803 and Minc3s00070g03473 proteins. B Final
merged phylogenetic tree (WBGT00000000029539), corresponding
to Minc16803 as well as its paralogs and orthologs retrieved from
WormBase Parasite. C Gene expression profiles of the Mincl16803
and its paralogs Minc3s00200g07395 and Minc3s00070g03473
genes at different M. incognita life stages: egg, pJ2, J3, J4, and
female, retrieved from WormBase Parasite and based on transcrip-
tome datasets under BioProject number PRINA390559 (Choi et al.
2017). Error bars represent confidence intervals corresponding to

infectious juveniles into the root tissue starts within 1 DAL
Juvenile nematode migration toward the vascular cylinder

AQ Springer

(D)

three libraries per nematode life stage. D Histological images of M.
incognita pJ2, p]2/J13/14, and female during parasitism in N. tabacum
roots at 5, 10, 15, and 22 days after inoculation (DAI). E Minc16803
gene expression profile measured by RT-qPCR analysis in differ-
ent M. incognita life stages (egg. ppJ2. and pJ2 to female) during its
parasitism in N. tabacum. Relative expression levels were normalized
with Mil8S and MiGAPDH as endogenous reference genes. Data are
presented as means +SE of three biological replicates. Different let-
ters on the bars indicate significant differences based on Tukey’s test
(P<0.05)

is mainly visible around 5 DAI (Fig. 1D), and nematodes
are characterized by a vermiform and slender body shape.
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At 10 and 15 DAI, we verified that most tobacco roots were
infected by M. incognita, presenting a more swollen body
shape, and numerous nematodes were observed nearby the
vascular tissue during the induction and establishment of
feeding sites (Fig. 1D). The infected region shows clear
changes in morphology, forming swellings and the typical
fully developed galls around 15 DAI. However, it was not
possible to precisely characterize the development stage of
nematodes at 10 and 15 DAI based on their morphology due
to the presence of pJ2 and non-feeding J3 and J4 nematodes.
At 22 DALI, several adult females displaying a pear-shaped
body were clearly observed in developed galls within the
roots (Fig. 1D). We observed a significant decrease in the
transcript levels of Minc16803 in ppJ2 and at 22 DAI, while
at 10 and 15 DAL, the Mincl6803 expression was similar
to that observed in the eggs stage. The highest Minc16803
expression was observed in pJ2 at 5 DAI, with an increase
of 2.65-fold compared to the eggs, suggesting that the
Minc16803 plays a role at the early stages of parasitism
(Fig. 1E).

Transgenic A. thaliana lines harboring
Minc16803-dsRNA

To investigate the effect of in planta expression of dsRNA
targeting Minc16803 on M. incognita parasitism, several
transgenic A. thaliana lines were generated. Then, we ran-
domly selected only four lines (Line #1 to #4) for further
analysis. The 200 bp sequence of the Mincl16803 transcript
was cloned in sense and antisense separated by the pdk intron
sequence in an expression cassette controlled by the strong
and constitutive pUceS8.3 promoter (Fig. 2A). In silico anal-
ysis using si-Fi software (Liick et al. 2019) revealed that the
Minc16803-dsRNA designed based on 200 bp Minc16803
sequence was predicted to generate 84 and 32 perfect
matching 21 nucleotides small-interfering RNA (siRNA)
molecules against its paralogous Minc3s00070g03473 and
Minc3s00200g07395 genes, respectively. This data indicated
that Minc16803 and its two paralogous could be downregu-
lated by the RNAi sequence used here, possibly resulting in
the disruption of their biological function. After floral dip
transformation, A. thaliana plants resistant to hygromycin
were characterized by PCR to confirm the insertion of the
T-DNA into the plant nuclear genome in T, to T; genera-
tions. Transgenic plants were also selected in MS medium
supplemented with 15 mg/L hygromycin B up to T; genera-
tion, and an uniform population of resistant seedlings in the
progenies was observed (Fig. SIA). Amplification by PCR
of the eGFP fragment (423 bp) over the three generations
demonstrated stable inheritance of the T-DNA (Fig. 2B).
Additionally, the transgenic events were also confirmed by
confocal analyses of eGFP fluorescence protein accumula-
tion in the plant leaves (Fig. 2C). Phenotypic differences
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between the transgenic lines and wild-type control plants
were not identified, indicating that the expression of
Minc16803-dsRNA did not result in pleiotropic effects on
plant architecture and development (Suppl. Fig. S1B).

Meloidogyne incognita infection assay on transgenic
A. thaliana lines

To evaluate the efficacy of in planta Minc16803-dsRNA
overexpression in reducing plant susceptibility to M. incog-
nita, bioassays using M. incognita race 3 inoculum were
performed with four transgenic lines and wild-type plants.
Then, these plants were evaluated for galls/plant and egg
masses/plant. Consistently, we observed a significant reduc-
tion of 66.3-84% in the number of galls and 79.3-93.3%
in egg masses in transgenic A. thaliana lines compared
with wild-type plants (Fig. 2D, E). Further, a significant
decrease in the ratio [number of egg masses/number of
galls] ranging from 54.7 to 64.1% was verified in the trans-
genic lines (Fig. 2F). Subsequently, RT-qPCR analyses were
performed to confirm that the transgenic lines successfully
overexpressed Mincl16803-dsRNA and to examine whether
the observed effects on nematode parasitism were due to
Minc16803 gene downregulation. Transgene expression
analyses targeting the pdk intron showed that Minc16803-
dsRNA was overexpressed in all four transgenic lines,
whereas in the wild-type plants, gene expression was not
detected (Fig. 2G). In addition, a significant decrease in
Minc16803 gene expression of 90-95% was observed in
nematodes during parasitism in transgenic lines compared
to those in wild-type control plants (Fig. 2H). However, our
attempts to determine the silencing of Minc3s00070g03473
and Minc3s00200g07395 were unsuccessful. Due to the
high identity among Minc16803, Minc3s00070g03473,
and Minc3s00200g07395, it was not possible to design spe-
cific and efficient primers to detect Minc3s00070g03473
and Minc3s00200g07395 expression. We designed four
pairs of primers for each gene (Minc3s00070g03473 and
Minc35s00200g07395), but all of them had poor perfor-
mance. Primers that did not amplify the target sequence or
primers that amplified the target sequence with efficiencies
outside the acceptable range to be considered suitable for
RT-qPCR analyses (90—110%) and/or showed more than one
PCR amplification peak according to melting curve analysis
were considered primers with poor performance.

Histological analysis of the galls in the transgenic A.
thaliana lines

To further characterize the effects of Minc16803 gene down-
regulation on nematode during plant parasitism, transgenic
A. thaliana plants from Line #1 and wild-type control plants
were infected with M. incognita ppJ2, and the roots were
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«Fig.2 Agrobacterium-mediated genetic transformation of A. thaliana,
susceptibility level of transgenic A. thaliana lines to M. incognita
race 3, and Minc16803 gene expression in M. incognita during its
parasitism in transgenic lines and wild-type control plants. A Over-
view of the T-DNA used into binary vector for genetic transforma-
tion of A. thaliana plants, targeting downregulation of Mincl6803
gene transcripts by the in planta RNAI strategy. B PCR detection
of the eGFP transgene in A. thaliana lines, indicating the expected
amplicon size of 400 bp. Marker: 1.0-kb DNA ladder (Invitrogen):
positive control: binary vector;: WT: wild-type control plant used as
a negative control for PCR analysis and plant-nematode bioassays. C
Fluorescence detection of eGFP protein in transgenic lines under a
Zeiss inverted LSM510 META laser scanning microscope using 488-
nm excitation line and the 500-530-nm band pass filter (Carl Zeiss).
Scale bars: 10 mm. Plant susceptibility analysis based on D number
of galls per plant, E number of egg masses per plant, and F ratio
[number of egg masses/number of galls] in T; transgenic A. thaliana
lines (n=10 plants) at 60 DAL Data are presented as means+SE of
10 plants per transgenic line or wild-type control. Different letters on
bars indicate statistically significant differences according to Tukey’s
test (P <0.05). G Transgene expression level measured by RT-qPCR
analysis in transgenic lines and wild-type control plants using the pdk
intron fragment as the target. Relative expression levels were normal-
ized using AtActin 2, AtGAPDH, and AtEFIA as endogenous refer-
ence genes. Transgene expression was undetected in WT plants, and
transgene expression levels were relative to the expression of Line
#1. H Minc16803 gene expression measured by RT-qPCR analysis in
M. incognita during parasitism in transgenic lines and wild-type con-
trol plants. Relative expression levels were normalized with MiActin,
MiTubulin and MiGAPDH as endogenous reference genes. Data are
presented as means +SE of three biological replicates. Different let-
ters on the bars indicate significant differences based on Tukey’s test
(P<0.05)

collected at 7, 21, and 45 DAL for histological analysis. This
analysis was focused only on Line #1 because it showed sim-
ilar susceptibility levels to Minc16803-dsRNA Lines #2, #3,
and #4 (Fig. 2D, F). We observed that the galls collected at 7
and 21 DAI in the wild-type plants showed maturing nema-
todes and multiple well-developed feeding sites with giant
cells containing a dense cytoplasm, while upon Minc16803
downregulation, giant cells were devoid of cytoplasm and
nematodes showed morphological alterations (Fig. 3A, B).

The wild-type control roots at 45 DAI showed a large
number of galls containing giant cells filled with cyto-
plasm and mature nematodes that developed normally. In
addition, egg-laying females were often visible at 45 DAI
(Fig. 4A). Minc16803-dsRNA (Line #1) infected roots
showed fewer and smaller galls compared to wild-type
roots. In Minc16803-dsRNA galls, we observed malformed
nematodes without well-defined shapes, which stained more
intensely than nematode sections in the wild-type plants
(Fig. 4B). This suggests that induced downregulation of
Minc16803 within nematodes strongly affected their devel-
opment and likely their maturation. However, some nema-
todes were capable of laying eggs that often hatched before
egg mass extrusion (Fig. 4B). In addition, the gall diameters
at 7 and 45 DAL, as well as the feeding site areas at 45 DAI
from Minc16803-dsRNA (Line #1) roots, were significantly
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smaller compared to those from wild-type roots (Fig. 4C,
D, E).

Discussion

Meloidogyne incognita is among the most devastating
PPNs and has caused severe yield losses to several crops
worldwide (Bernard et al. 2017). Currently, the control of
M. incognita is mainly based on the use of chemical nemati-
cides and resistant cultivars developed through conventional
breeding (Koenning et al. 2001; Wheeler et al. 2014). How-
ever, M. incognita continues to overcome the limited num-
ber of resistant cultivars available, and several nematicides
have been banned from use or are being phased out due to
their negative impact on the environment and human health
(Zhou et al. 2000; Silva et al. 2014; Oka 2020). Therefore,
the development of innovative and environmentally friendly
strategies for managing M. incognita is crucial to promote
more sustainable agricultural systems.

Meloidogyne incognita has developed sophisticated
mechanisms of parasitism to manipulate plant physiology
and immunity signaling pathways that ultimately result in
the establishment of permanent feeding structures, whereby
nematodes take up nutrients needed for their development
and reproduction (Kyndt et al. 2013; Ali et al. 2017). Among
these, effector-dependent parasitism mechanisms are pivotal
for successful infection during compatible plant-nematode
interactions (Mejias et al. 2019). Identifying novel M. incog-
nita target genes that encode effector proteins is an important
step toward developing innovative biotechnological strate-
gies that can be applied to the management of this devastat-
ing plant-parasite (Rutter et al. 2014). Herein, we described
the identification of the Minc16803 putative effector gene
and demonstrated its contribution to the enhancement of A.
thaliana resistance to M. incognita through the host-induced
gene silencing system.

With rapid advances in sequencing technologies, genomic
and transcriptomic information from an increasing number
of nematodes is becoming available, which has facilitated
the prediction and characterization of numerous effectors
(Danchin et al. 2013; Pogorelko et al. 2020; Grynberg et al.
2020; Rocha et al. 2021). Prior to functional analyses, the
prediction of putative effectors relies primarily on in sil-
ico analysis of genes encoding proteinaceous secretions
that have a signal peptide for secretion and the absence of
transmembrane domains (Xie et al. 2016; Chen et al. 2017).
Taking advantage of published genomes for M. incognita,
we identified the Minc16803 gene. At a first step, an assess-
ment of protein sequence using bioinformatic analyses was
performed. As expected, we found that the predicted pro-
tein encoded by the Mincl16803 gene retrieved from the
M. incognita genome contains a signal peptide and lacks
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Fig.3 Histological analysis of galls in wild-type and transgenic
plants infected with M. incognita. Gall sections were stained with
toluidine blue and imaged by bright-field microscopy. A Galls sec-
tions in the wild-type control roots showed well-developed feed-
ing sites and nematodes. B Minc16803-dsRNA (Line #1) transgenic
galls showed giant cells with low cytoplasmic content and apparent
unstructured nematodes. Note that nematodes cuticle seems affected,
and nematodes stained more strongly, suggesting morphological
changes during their development (black arrows). *, giant cell: n,
nematode; Gl1, gall 1 and G2, gall 2. Scale bars: 50 pm

transmembrane domains, which is structurally consistent
with the potential secretory nature of the protein. The N-ter-
minal signal peptide is important for directing the effector
proteins from the cytoplasm to the endoplasmic reticulum
of the nematode secretory esophageal gland cells, and then,
the mature effector proteins are secreted into the root cells
via the nematode stylet (Wang et al. 2010). Accordingly,
the Minc16803 protein is presumably secreted. In addition,
three motifs typical of known effectors (Vens et al. 2011;
Grynberg et al. 2020; Rocha et al. 2021) were identified in
the predicted Minc 16803 protein sequence, suggesting that
Minc 16803 might be an effector protein secreted in plant
tissue during parasitism. However, future in situ hybridiza-
tion and/or antibody localization studies will be required
to assess whether Minc 16803 is expressed in the nematode
esophageal gland cells and secreted in plant tissues in order
to confirm that it is indeed an effector protein. Furthermore,
putative orthologs of Minc16803 gene were found in other
Meloidogyne spp., as well as in other nematode genera, all
being plant-parasitic species, suggesting that this gene may
have a conserved role not only in the parasitism of Meloido-
gyne spp. but also in other phytoparasitic nematodes.
Subsequently, we analyzed the expression level of
Mincl16803 gene throughout the life cycle of M. incognita
during the compatible M. incognita-tobacco interaction.
The peak of Minc16803 gene expression at 5 DAI suggests
that this putative effector acts at the early stages of infec-
tion by interfering with the initiation and/or establishment
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Fig. 4 Histological analysis of M. incognita-induced galls and measurement
of the galls and feeding sites. Gall sections were stained with toluidine blue
and imaged by bright-field microscopy. A Wild-type control roots illustrated
a large number of galls at 45 DAI containing giant cells filled with cytoplasm.
Nematodes had a rounded form and cuticles less stained (yellow arrows). Egg-
laying females and egg masses (green arrows) were often visible at 45 DAL
B Minc16803-dsRNA (Line #1) infected roots showed fewer and smaller galls
compared to wild-type roots. In Minc16803-dsRNA galls, the nematodes illus-
trated irregular forms and the cuticle seemed altered (black arrows), with no
well-defined morphology and nematodes stained more strongly, suggesting
structural body changes. Strikingly, the eggs in Minc/6803-dsRNA (Line #1)
apparently hatched prematurely (red arrows) compared to what was seen in
wild-type plants (green arrows), and the gelatinous matrix containing the eggs
colored more strongly. C-D Gall diameter measurements revealed significantly
smaller galls in Minc/6803-dsRNA (Line #1) compared to wild-type galls at
7 DAI and 45 DAL E Feeding site area measurements revealed significantly
smaller feeding sites in Minc/6803-dsRNA (Line #1) compared to those in
wild-type galls at 45 DAL This analysis demonstrated that Minc/6803 down-
regulation had a direct effect on gall and nematode development. Data are pre-
sented as means+SD from two experiments with n=30 galls examined per
treatment. Statistical differences between treatments are based on Student's t
test (****P <0.0001). *, giant cell: n, nematode: F. female. Scale bars: 50 ym
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of feeding sites. However, Minc16803 and its two paralogous
genes were found to have considerable expression levels in
all stages of nematode development. Suppression of plant
defense at the early stages of nematode infection is extremely
important to establish a successful infection. Thus, nema-
todes are expected to use some effectors at the early stages
of parasitism, which is supported by the upregulation of
the Minc16803 gene at 5 DAL Similar to our results, the
MjTTLS5, MgGPP, and Mi-msp2 effector genes have been
shown to be upregulated at early stages of M. javanica, M.
graminicola, and M. incognita parasitism, respectively (Lin
etal. 2016; Chen et al. 2017; Joshi et al. 2019).

In addition, an infection bioassay was performed to
test whether the transgenic A. thaliana lines expressing
Minc16803-dsRNA affect the infection and reproduc-
tion process of M. incognita. Indeed, the expression of
Mincl16803-dsRNA in transgenic A. thaliana lines down-
regulated Mincl6803 transcripts in the nematode, lead-
ing to reduced susceptibility of plants to M. incognita. We
observed that the T; progeny of four independent transgenic
lines showed a significant decrease of up to 84% and 93.3%
in the number of galls and number of egg masses, respec-
tively, indicating that Minc16803 gene downregulation not
only affected the ability of the nematode to infect the host
plant but also compromised nematode reproduction. Further-
more, it was found that the ratio of number of egg masses/
number of galls was significantly lower in the transgenic
lines compared with the wild-type control plants. These
data strongly suggest that the significant downregulation
of Minc16803 transcripts compromised the development of
later-stage juveniles into female adults, as well as egg pro-
duction that could ensure novel galls establishment. Thus,
the reduced plant susceptibility to M. incognita among the
four transgenic lines was most likely associated with the
Minc16803 gene expression downregulation in nematodes
and potentially of its two paralogous genes.

In agreement with our findings that Minc 16803 protein
is critical for M. incognita infection and reproduction, a
recent study showed that the number of galls in transgenic
A. thaliana plants overexpressing dsSRNA molecules against
the effector genes Mi-msp3, Mi-msp5, Mi-msp18, and Mi-
msp24 of M. incognita was reduced by 89%, 78%, 86%, and
89%, respectively. In addition, the reproduction factor was
significantly reduced in all dsRNA-overexpressing lines
compared to the wild-type control plants (Joshi et al. 2020).
Likewise, downregulation of the Mi-msp2 effector gene by
RNAIi was shown to reduce A. thaliana susceptibility to M.
incognita, as observed by the significant reduction in the
number of galls, females, and egg masses by up to 54%,
66%, and 95%, respectively (Joshi et al. 2019). Furthermore,
dsRNA molecules that target the MiPDI1 effector gene were
found to confer reduced susceptibility to M. incognita when
overexpressed in A. thaliana (Zhao et al. 2020).
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Unlike insects, nematodes are able to amplify the siRNA
signal by RNA-dependent RNA polymerases (Pak and Fire
2007), and therefore, even a small amount of dsRNA pro-
duced by the plant may induce strong and prolonged gene
downregulation in nematode cells. In addition, the siR-
NAs generated by the processing of dsRNA by the plant
RNAIi machinery can be efficiently taken up by nematode
midgut cells and trigger an RNAIi response (Steeves et al.
2006). Thus, the development of RNAi-based transgenic
crops against highly effective target genes offers a valuable
approach for conferring resistance to phytonematodes. Sev-
eral studies have shown the efficacy of host-delivered RNAi
silencing of effector and essential genes to control different
nematode species, including M. incognita (Dinh et al. 2014;
Dutta et al. 2015; Chaudhary et al. 2019; Zhao et al. 2019,
2020). Interestingly, Tian et al. 2019 reported that over-
expression of dsRNA molecules targeting the H. glycines
HgY25 and HgPrpl7 genes in transgenic soybean plants
resulted in a significant reduction in cyst and egg numbers.
Similarly, it was recently shown that simultaneous down-
regulation of cysteine protease, isocitrate lyase, and splicing
factor genes significantly impaired plant parasitism by M.
incognita in transgenic cotton lines (Lisei-de-Sa et al. 2021).

To better understand how Minc16803 gene downregula-
tion might affect plant-nematode interactions, histological
analyses of M. incognita-induced galls in the transgenic A.
thaliana line and wild-type control plants were compared.
Our results demonstrated that Minc 16803 plays a role in the
induction and establishment of feeding sites as the trans-
genic galls exhibited giant cells lacking cytoplasm and sur-
rounded by even more asymmetrically dividing neighbor-
ing cells. Interestingly, nematodes in the transgenic lines
displayed irregular body shapes, suggesting cuticle damage
and cytoplasmic degeneration. The morphological altera-
tions in the nematode body might be attributed to the fact
that giant cells did not support the full development of the
nematodes. Intriguingly, numerous hatching M. incognita
ppJ2s were frequently observed in the amorphous egg mass
secreted by female nematodes that remained inside the root.
These alterations indicate that some females, even with an
aberrant phenotype, were able to lay the eggs that apparently
hatched prematurely, perhaps in an effort to accelerate their
infection cycle. Therefore, it is possible that the significant
reduction in the number of egg masses found on the root
surface of the transgenic lines is due to the unhealthy state
of the maturing nematodes.

The molecular mechanisms by which nematode effector
proteins overcome plant defense systems and facilitate plant
parasitism are diverse. For instance, M. javanica MjTTL5
effector alters the plant’s oxidative response through aug-
mentation of the host’s ROS-scavenging system by inter-
acting with A. thaliana ferredoxin:thioredoxin reductase
catalytic subunit (Lin et al. 2016). M. incognita MiMIF-2
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interacts with A. thaliana annexins to suppress host immune
responses and promote parasitism (Zhao et al. 2019). On
the other hand, M. incognita MiEFF18 has been shown to
target the plant core spliceosomal protein SmD1 to modu-
late the expression of critical genes required for giant cell
ontogenesis (Mejias et al. 2021). However, the molecular
mechanisms underlying the process by which the putative
Minc16803 effector suppresses plant defenses to establish
parasitism remain to be investigated. In addition, detailed
studies will allow the precise identification of the tissues
or cells in which the putative Minc16803 effector specifi-
cally acts, and the host target proteins that interact with
Minc16803.

In summary, our findings indicate that transgenic A.
thaliana lines overexpressing a Minc16803-dsRNA target-
ing Minc 16803 transcripts have reduced susceptibility to M.
incognita, as observed by the remarkable reduction in the
number of galls and egg masses. These results suggest that
the putative Minc16803 effector gene is an amenable tar-
get for improving the resistance of economically important
crops to M. incognita using in planta RNAi technology. The
Minc16803 dsRNA can be pyramided with dsRNAs target-
ing other nematode genes or even with plant resistance genes
to develop genetically engineered crops with improved and
durable resistance to M. incognita. Furthermore, a major
advantage of using RNAI technologies is that the dsSRNA
molecules can be rationally designed based on the gene
sequence of interest to specifically target M. incognita or a
wider range of closely related nematode species. Given that
putative Minc16803 orthologous have been found in other
Meloidogyne spp. and the relative flexibility in selecting
Minc16803-dsRNA target sites based on the gene sequence,
the RNAI cassette could be adapted to downregulate not
only Mincl16803 but also its orthologous genes. Therefore,
it would be interesting to develop RNAi-based transgenic
crops to suppress Minc16803 gene expression in M. incog-
nita and even its orthologous genes in other RKNs.
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Neste estudo, demonstramos que a superexpressdo de GmGLP10 — Germin-like protein
subfamily 10 — proveniente do gendtipo de soja PI 595099, em plantas de tabaco, reduziram as
suas susceptibilidades em mais de 49% com relacdo ao parametro numero de galhas
examinadas. Andlises de microscopia confocal revelaram que GmGLP10 é exportada ao
apoplasto das células vegetais onde fard emprego do ion superdéxido, gerando H>O2 como

resultado de sua catalise. Caso como o coativador transcricional NPR1, importante sensor ao
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incremento de H20- in planta, é também aqui defendido como fator determinante da ativacéo
transcricional de varios genes sensiveis ao estresse bidtico. Desse modo, 0 incremento deste
produto no citoplasma da célula vegetal foi mensurado via analises de RT-gPCR para varios
marcadores sensiveis ao incremento de H>O», relacionadas as vias: etileno (ET), acido abscisico
(ABA), jasmonico (JA) e salicilico (SA), espécies reativas de oxigénio (ERO) e resposta de
hipersensibilidade (HR). Particularmente a este ultimo caso, evidenciamos 0 apoio sincrono
entre os genes NtHSR201 e NtHSR203 — relacionadas a resposta de hipersensibilidade — aos
principais danos morfoldgicos observados na formacao das CG, sendo eles, aqui defendidos,
como mais um elemento integrante da ativacdo multifacetada dos eventos associados a morte
celular programa (PCD) em plantas terrestres. Por fim, evidenciamos o papel-chave do (SNP)-
908 como razdo crucial da extincdo do cis-elemento RYPE (consenso CATGCA) na sequéncia
promotora de GmGLP10pr0 do gendtipo Pl 595099, justificando a sua alta expressdo nesse
genotipo em relagdo a cultivar susceptivel BRS 133. Ha indicios de que o fator de transcrigéo
ABI3 aja na repressao promotora de GmGLP10pr0 da cultivar BRS 133, apds sua ligacdo ao
consenso RYPE e recrutamento de modificadores de histonas (HM) com atividades de

metilacdo e/ou desacetilaco.
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SUMMARY

Meloidogyne incognita is a widespread plant-parasitic nematode that causes
substantial economic losses to soybean crops. Nonetheless, the mechanisms of
soybean resistance to M. incognita remain poorly understood.

Previously, we showed that Germin-like protein subfamily 1 member 10
(GmGLP10) is upregulated at the transcriptional and translational levels in M.
incognita-induced galls of the resistant soybean genotype Pl 595099 but not in the
susceptible soybean genotype BRS133, suggesting that GmGLP10 plays a role in
soybean resistance to M. incognita.

Here, we demonstrated that the absence of the cis-regulatory element
RYREPEATBNNAPA in the GmGLP10 promoter isolated from the soybean
genotype P1595099 may be responsible for the differential expression of GmGLP10
in the M. incognita-induced galls of P1 595099 roots.

Transgenic soybean hairy roots and tobacco plants overexpressing GmGLP10
showed increased resistance to M. incognita compared to wild type. Furthermore,
histological examination of M. incognita-induced galls showed a significant delay
in female development and reproduction, as well as a reduction in gall size. In
addition, upregulation of hormonal-, ROS- and defense-related genes was observed
in the tobacco GmMGLP10°E lines, suggesting that GmGLP10 functions as a positive
regulator of defense-induced responses by promoting dynamic transcriptional
alterations in the M. incognita-induced galls.

In contrast, Arabidopsis thaliana glpl0 mutant lines were less resistant to
nematodes. Moreover, loss-of-function of GLP10 dramatically affected seed
germination and A. thaliana development.

Taken together, our results provide functional evidence that GmGLP10 contributes
to plant resistance against M. incognita by interfering with a ROS pathway to

reprogram gene expression for activating multiple downstream immunity responses.
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RESUMO

Meloidogyne incognita € um nematoide parasita de plantas que causa perdas
econémicas substanciais as culturas de soja. No entanto, 0s mecanismos de

resisténcia da soja ao M. incognita permanecem pouco compreendidos.

Anteriormente, mostramos que o0 membro Germin-like protein subfamily 1 member
10 (GmGLP10) é regulado positivamente tanto a niveis transcricionais quanto
traducionais em galhas induzidas por M. incognita no gendtipo de soja resistente Pl
595099, mas ndo no gendtipo de soja suscetivel BRS133, sugerindo que GmGLP10

desempenha um papel na resisténcia da soja ao M. incognita.

Neste estudo, demonstramos que a auséncia do cis-elemento RYREPEATBNNAPA
no promotor GmGLP10 isolado do gendtipo de soja P1 595099 pode ser responsavel
pela expressao diferencial de GmGLP10 em galhas induzidas por M. incognita em
raizes P1 595099.

Raizes induzidas em folhas destacada de soja e plantas de tabaco superexpressando
GmGER109# mostraram maior resisténcia ao M. incognita em compara¢do com o
controle experimental. Exames histolégicos de galhas induzidas pelo M. incognita
mostraram um atraso significativo no desenvolvimento e reproducdo de fémeas,
bem como uma reducdo no tamanho das galhas. Além disso, a regulacédo positiva de
genes relacionados a hormonios, ERO e defesa foi observada nas linhagens
GmGLP109% de tabaco transgénicos, sugerindo que GmGLP10 funciona como um
regulador positivo das respostas induzidas pela defesa, promovendo alteracfes de

transcritos substanciais em galhas induzidas pelo M. incognita.

Em contraste, linhagens glp10-/- mutantes de Arabidopsis thaliana foram menos
resistentes aos nematoides. A perda de funcdo de glpl10 afetou dramaticamente a

germinacdo de sementes e o desenvolvimento de A. thaliana.

Coletivamente, nossos resultados fornecem evidéncias funcionais de que o
GmGLP10 contribui para a resisténcia de plantas contra M. incognita, interferindo
com uma via de ERO, cujo resultado possibilita reprogramar a expresséo de genes

intricados na defesa de plantas contra o nematoide formador de galha.
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GmGLP10-overexpressing transgenic plants triggers defense response in Meloidogyne
incognita-induced giant cells by up-regulation of H202-sensitive genes
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Summary

e Meloidogyne incognita is a widespread plant-parasitic nematode that causes
substantial economic losses to soybean crops. Nonetheless, the mechanisms of
soybean resistance to M. incognita remain poorly understood.

e Previously, we showed that Germin-like protein subfamily 1 member 10
(GmGLP10) is upregulated at the transcriptional and translational levels in M.
incognita-induced galls of the resistant soybean genotype Pl 595099 but not in the
susceptible soybean genotype BRS133, suggesting that GmGLP10 plays a role in

soybean resistance to M. incognita.

e Here, we demonstrated that the absence of the cis-regulatory element
RYREPEATBNNAPA in the GmGLP10 promoter isolated from the soybean
genotype P1595099 may be responsible for the differential expression of GmGLP10
in the M. incognita-induced galls of P1 595099 roots.

e Transgenic soybean hairy roots and tobacco plants overexpressing GmGLP10
showed increased resistance to M. incognita compared to wild type. Furthermore,
histological examination of M. incognita-induced galls showed a significant delay

in female development and reproduction, as well as a reduction in gall size. In
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addition, upregulation of hormonal-, ROS- and defense-related genes was observed
in the tobacco GmMGLP10°E lines, suggesting that GmGLP10 functions as a positive
regulator of defense-induced responses by promoting dynamic transcriptional
alterations in the M. incognita-induced galls.

e In contrast, Arabidopsis thaliana glpl0 mutant lines were less resistant to
nematodes. Moreover, loss-of-function of GLP10 dramatically affected seed
germination and A. thaliana development.

e Taken together, our results provide functional evidence that GmGLP10 contributes
to plant resistance against M. incognita by interfering with a ROS pathway to

reprogram gene expression for activating multiple downstream immunity responses.

Introduction

The genus Meloidogyne (NEMATODA: HETERODERIDAE) consists of 98 species,
with M. incognita being the largest endemic representative in the Americas (Jones et al., 2013).
In Brazil, M. incognita, M. javanica and M. enterolobii are responsible for losses in the soybean
sector of more than US$6.5 billion per year, reaching 10 to 14% of the damage caused by plant-
parasitic nematodes (PPNSs) in agriculture worldwide (Barros et al., 2022). Due to the increase
in temperatures resulting from climate change, recent studies revealed the early embryogenic
development of M. incognita (stage J1), inducing its premature hatching (Calderén-Urrea et al.,
2016). Pre-parasitic stage 2 juveniles (ppJ2s) are guided by plant metabolites released by the
roots to establish feeding sites (Kihika et al., 2017; Tsai et al., 2021). Stage 2 parasitics
juveniles (pJ2) complete their migratory endocytic cycle in two anterograde directions
intracellularly. First, they migrate towards the root tip; and then, in an acropetal direction until
vascular cylinder’s cells where the nematodes will induce dedifferentiation into giant cells
(GCs) (Bartlem et al., 2014; Goverse & Smant 2014). At this point, their compatible interaction
is stablished and the exchange of nematode’s cuticles for the third (J3) and fourth (J4) stages
give rise to adult females that will oviposit a glycoprotein matrix containing hundreds to
thousands of eggs (Castagnone-Sereno et al., 2013).

However, there are significant exceptions of non-compatible hosts, which during co-
evolution, resulted in delayed PPNs development (Goverse & Smant 2014). Over the past
decades, the domesticated soybean (Glycine max (L.) Merr.) P1 595099 [germplasm line G93-
9223 (G83-559 x (G80-15152 x P1230977)], has been the center for omics investigations, given
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the genetic background responsible for the high resistance against cyst (CNs) and root-knot
nematodes (RKNs) (Davis et al., 1998; Lisei-de-S& et al., 2012). Recently, the combined
transcriptome and proteome analyses revealed new insights involving the cross-talk between
plant hormonal and some metabolic pathways as the main reasons attributed for the high
tolerance of PI 595099 against Meloidogyne spp. (Beneventi et al., 2013; Arraes et al., 2022).
To try to explain this phenotype, a model for resistance was proposed relating the
phytohormones auxin (AUX), ethylene (ET), salicylic acid (SA) and jasmonic acid (JA) as the
major agonists to enhance reactive oxygen species (ROS) levels in M. javanica-induced GCs
(Beneventi et al., 2013).

Through an integrated multi-omics analysis, Arraes et al., (2022) found a large number
of genes positively regulated in soybean upon M. incognita parasitism. The authors suggested
that genes related to plant immune response and phenylpropanoid pathway could be responsible
for Pl 595099 resistance to M. incognita. Furthermore, genes involved in metabolism of
carbohydrates and lipids, response to stimulus, signal transduction, and oxidation-reduction
have also been implicated in plant defense against RKNs (Beneventi et al., 2013; Arraes et al.,
2022). Transgenic approaches have further proven that the overexpression of glutathione S-
transferase (GmGST) and pathogenesis-related protein 10 (GmPR10) genes, originally from
the soybean PI 595099, decrease soybean susceptibility against M. incognita up to 39% - 41%
(Freitas-Alves et al., 2023). The high differential expression of Germin-like protein subfamily
1 member 10 (GmGLP10) observed in M. incognita-induced galls through transcriptome and
proteome analyses (Arraes et al., 2022), and the documented role of GmGLP10 in disease
resistance in plants (Liu et al., 2016; Zhang et al., 2018) encouraged us to further examine the

roles of GmGLP10 in the resistance of soybean against M. incognita.

In addition to their diverse roles in development, germination, pollen formation and
stress-related signaling, germin-like proteins (GLPs) participate in defense against a broad
range of bacteria and fungi pathogens (Davidson et al., 2009; Manosalva et al., 2009).
Apoplastic GLPs are ubiquitous water-soluble glycoproteins located in the extracellular matrix,
which contains a conserved B-barrel core that is involved in copper and manganese ion binding
(Bernier & Berna 2001). To date, all GLPs contain at least one N-glycosylation site, while the
high abundance of several short B-structures in C-terminal half gives them the possibility to
mediate oligomer formation (Carter & Thornburg 1999). Due to their conserved motifs (namely
germin boxes), which include Box-A (QDFCVAD), Box-B (G--P-H-HPRATEXXXX-G) and
Box-C (GXXHFQ-N-G), GLPs belong to the “Cupin” subfamily, whose domain allows
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catalysis of the dismutation of superoxide radicals into oxygen and hydrogen peroxide (Hu et
al., 2003).

In this study, a functional investigation revealed that transgenic soybean hairy roots and
tobacco plants overexpressing GmGLP109% significantly increased resistance against M.
incognita. The nucleotide polymorphism (SNP)-908 found into cis-regulatory repression motif
RYREPEATBNNAPA [DNA motif CATGCA] in the GmGLP10 promoter showed another
important role by altering GmGLP10 expression patterns in PI 595099 transgenic plants. As a
result, GmGLP10-mediated anti-nematode signaling triggered phytohormone (ET, SA, JA) and
defense (ROS and HR) genes expression, likely leading to a hypersensitive response in M.
incognita-induced GCs. Conversely, the loss of glpl0 function inhibited A. thaliana
development and increased susceptibility to nematode infection. These data highlight

GMGLP10°F as a new valuable target for crop improvement against RKNSs.

Materials and Methods

Plasmid constructs

A CDS fragment covering 699 bp of the GmGLP10 gene (Glyma.20G220800.1), was
amplified via Q5® High-Fidelity DNA Polymerase (New England BioLabs, MA, USA) from
the 30 DAI galls cDNA, containing the 5' (5'-GTCGAC-3; Sall restriction site) and 3' (5'-
ACTAGT-3'; Spel restriction site) in the forward (Fwd) and reverse primers (Rvs), respectively
(Table S2), followed by ligation using T4 ligase (Promega, Madison, WI) in the binary vector
pPZP201-BK-EGFP and sequencing (Moreira et al., 2022; Moreira et al., 2023). The final clone
(pPZP201-BK-EGFP-GmGLP10) was subsequently used as a template for a second
amplification containing the attbl and attb2 sites in the Fwd and Rvs primers, followed by
recombination in the pDONR entry vectors. To obtain the GmGLP10 clones fused to EGFP at
both ends (C- and N-terminals), the GmGLP10-NS clone (without stop codon - NS) was cloned
into the pDONR207 vector, while EGFP-ST (with stop codon - ST) was recombined into
pDONR221, using BP clonase (Invitrogen, USA). After the second sequencing, both clones
were recombined, via LR clonase (Invitrogen, USA), into the pK7TFWG2 and pK7WGF2
vectors, respectively, followed by their introduction into Agrobacterium tumefaciens (strain
GV3101) and agroinfiltration in Nicotiana benthamiana leaves. Likewise, around -2037 bp

DNA fragment upstream of the translation start codon (ATG) from the soybean genotypes BRS
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133 (susceptible) and PI 595099 (high tolerance) was first PCR-amplified using specific
primers (Table S2) and cloned into the entry vector pPDONR221. After sequencing, the

fragments were subcloned into the destination vector pKGWFS7.

Agrobacterium-mediated plants transformation and plant growth conditions

Tobacco plants (Nicotiana tabacum cv. Petit Havana SR1) were grown under aseptic
conditions on phytagel-solidified MS medium supplemented with 10 g/L sucrose and
hygromycin (50 mg/L) (Murashige & Skoog 1962). Plants were grown in a climate control
room at 22°C, 70 — 75% relative humidity and ~100 pmol photons m 2 st light intensity with
a 16-h-light/8-h-dark photoperiod and used for Agrobacterium tumefaciens-mediated nuclear
transformation. Transgenic soybean cv. Williams 82 hairy roots was generated using
Agrobacterium rhizogenes (strain K599), previously transformed with pPZP201-BK-EGFP-
GmGLP10, according to Freitas-Alves et al., (2023). Mutants A. thaliana lines, glp10_1
(SALK_038626) and glpl0_2 (SALK_062879C), were obtained from the European
Arabidopsis Stock Centre. Homozygous seeds of the both T-DNA insertion glp10-/- mutants
and wild type control (ecotype Columbia, Col-0), were sown on a soil/sand mixture, stratified

for 3 days at 4°C, and then grown under a 12 h photoperiod in a growth chamber at 21°C.

Histochemical GUS and histopathological analysis

Promoter activity of pPGmGLP10::eGFP-GUS fusion lines were monitored at 4, 12 and
30 days after inoculation (DAI) with M. incognita (race 3) as described by de Almeida Engler
et al., (1999). Galls were collected at 30 DAI for morphological analysis and at 4, 12 and 30
DAI for GUS assays. Galls were fixed in 2% glutaraldehyde in 50 mM PIPES buffer (pH 6.9)
during 2 weeks. After GUS assays, galls were imaged with and Axio Zoom. V16 (Zeiss) under
bright-field optics using an Axiocam digital camera (Zeiss). For morphological analyses and
GUS expression localization, galls were subsequently dehydrated using a gradient ethanol
dilution series (10, 30, 50, 70, 90 and 100 v/v), embedded in Technovit 7100 (Heraeus Kulzer,
Wehrheim, Germany) according to the manufacturer, and then sectioned to 5 um. Sections were
placed onto poly-L-lysine coated glass slides, stained in 0.05% toluidine blue, mounted in DPX
(Sigma-Aldrich) and imaged with a digital Axiocam (Zeiss) under dark- or bright-field optics.
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For BABB analysis, galls were fixed in 3% glutaraldehyde (in PBS pH 7.4) under
vacuum during 15 min at 4°C, rinsed 3 times for 20 min in PBS (pH 7.4), and then dehydrated
in a gradient ethanol. Samples were transferred to ethanol:BABB solution 1:1 (v/v) for 1 h, and
finally maintained for 1 h in 100 % BABB [benzyl alcohol:benzyl benzoate 1:2 (v/v)] (Cabrera
et al., 2018). Cleared samples were mounted in BABB and imaged using a Confocal Laser

Scanning Microscopy system (LSM880; Zeiss).

For acid fuchsin staining, infested roots were stained according to Bybd et al. (1983).
First, plant roots were washed under running water and then dried with paper towels. Samples
were then immersed in 2.5% sodium hypochlorite solution for clarification, for 10 minutes and
then washed for 5 minutes in running water. Infected roots were submerged in an acid fuchsin
solution containing [1.25g of acid fuchsin solubilized in glacial acetic acid and distilled water
(1:3 v/v)], and then heated for 1 minute in the microwave. After boiling the solution was
discarded, roots were then washed under running water for 1 minute, and transferred to acidified
glycerol solution. Samples were then mounted in glycerol, coversliped, and imaged using a

differential interference contrast microscopy (Zeiss AxioCam MR).

Nematode infection tests

Due to their incompatibility with hosts, two races of M. incognita were used in this study
(race 1 and race 3). The race 1 was used to infect the soybean genotypes, while the race 3 was
used in the nematode infection tests with tobacco and A. thaliana plants. Both populations were
previously characterized using SCAR markers and propagated in tomato plants (Solanum
lycopersicum L., cv. Santa Cruz). 3-week-old soybean plants of genotypes BRS 133 and Pl
595099, and transgenic tobacco plants were inoculated with 1.000 ppJ2s and examined after 60

DAI by counting gall and egg mass numbers.

For A. thaliana lines, plants were infected with 500 ppJ2s and examined under the same
conditions as described above at 45 DAI. To normalize the data, all fresh roots had their weights
examined and relativized by the final count obtained from the number of galls and egg masses.
All parameters were analyzed using Microsoft Excel to calculate means and Standard deviation
of the mean (SD). For each independently transformed line, we used at least 10 plants, in a
completely randomized design, and all data referring to the bioassay represent mean +
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SD. Significant differences between treatments and wild type control plants were evaluated
through variance analysis (ANOVA one-way) and Student-Newman-Keuls test (P < 0.05).

Data were tested for normality and homogeneity of variances using the Shapiro-Wilk
and Bartlett tests, respectively. All counting data were transformed using the Box-Cox method.
Analyses were performed in R Program (v. 3.6.1), using the easy anova (v. 7.0) and fpp (v.3.0-
7) packages.

Gall diameter and giant cell area measurements

Gall diameter and giant cell area were measured to investigate differences in gall
development in each transgenic line compared with the control wild type. The AxioVisionLE
(Zeiss) software was used to measure both parameters in galls collected from soybean hairy
roots (n > 10) at 14 DAI and 30 DAI, and galls from transgenic tobacco roots (n = 30) at 45
DAI. Feeding site development was evaluated in transgenic tobacco galls (30 DAI) by the
BABB clearing method as described above. Data were analyzed by Wilcoxon test (significance
level of 0.05). Vertical lines indicate mean values plus standard deviations determined for each

technical replicate.

Microscopy analysis

For subcellular localization of fluorescent EGFP fusion at N- and C-terminals of
GmGLP10, N. benthamiana leaves were used for agroinfiltration with A. tumefaciens
previously transformed with the constructs described above. Fluorescence was visualized in
epidermal cell layers 2 days after infiltration using a Confocal Laser Scanning Microscopy
system (LSM880; Zeiss). For imaging GFP, the 488-nm excitation line, and the 500-530-nm
bandpass filter were used. The same wavelength was used for BABB analysis and the green
autofluorescence generated by glutaraldehyde was recovered. The images were then analyzed
using the ZEN 2010 software (Zeiss).

RNA extraction and RT-gPCR analysis
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Total RNA was extracted from 150 mg of galls (30 DAI) using TRIzol® (Invitrogen),
followed by quantification in NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies), and its quality and integrity were checked in 1 % (w/v) agarose gel stained with
0.1 ug/mL ethidium bromide. Each sample was treated with 2U RNase-Free DNase (Invitrogen,
USA) and the cDNA synthesis was performed using SuperScript Il (Invitrogen, Carlsbad, CA,

USA) and Oligo-(dT)2o primer, according to manufacturer’s protocol.

The heterologous expression profile of GmGLP10 and marker genes related to hormonal
defense pathways (ET, HR, JA, SA and ROS), was performed with the real-time quantitative
PCR (RT-gPCR) in optical 96-well plates in a 7.500 Fast Real-Time PCR System (Applied
Biosystems), using the GoTag® qPCR Master Mix (Promega, USA) to 1 X Master Mix final
concentration. All genes were carried out in technical triplicate reactions for each biological
sample (Table S2). The amplifications conditions were 95 °C during 10 minutes, followed by
40 cycles (15 seconds at 95 °C and 1 minute at 60 °C). NtActin and NtL25 were chosen as
endogenous control genes, and relative gene expression was calculated by the 2744¢

comparative method.

Cis-regulatory elements annotation, phylogenetic analysis and genomic locations of Cupin
domains

The cis-regulatory elements in each GmGLP10 promoter (-2037 bp upstream of the
translation start codon) were identified by “Plant Cis-acting Regulatory DNA Elements”
database (PLACE, https://www.dna.afrc.go.jp/PLACE /place seq. shtml). For the phylogenetic
reconstruction of the soybean Cupin superfamily, the Glycine max deduced Cupin domain
sequences, available in Phytozome, were used in a global alignment with all soybean Cupin
sequences identified by InterProScan program (Quevillon et al., 2005). Cupin domain sequence
(code: IPR006045) was used as a guide to determine the distribution of the Cupin genes along
20 soybean chromosomes via PLAZA 3.0
(https://bioinformatics.psbh.ugent.be/plaza/versions/plaza_v3_dicots/genome_mapping/index).
All full-length domain sequences were aligned using Clustal X software and used as input to
construct a phylogenetic tree using the MEGA 5.0 by Neighbor Joining (NJ) method with 1000
replicates of bootstrap analysis, according to the same parameters adopted by Wang et al.,
(2014). WebLogo was used to create the distribution of Germin BOX amino-acid residues at

the corresponding Cupin domain of all GmGLPs retrieved from phytozome
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Results

The soybean genotype P1 595099 is highly resistant to M. incognita (race 1)

We re-evaluated the soybean genotype Pl 595099 for resistance to the M. incognita
isolate (race 1) by inoculation of plant roots with ppJ2s. Plant were kept under standard
greenhouse conditions and evaluated at 60 DAI. The level of resistance of soybean genotype PI
595099 was compared to the M. incognita-susceptible soybean genotype BRS 133, which was
used as a control (Fig. 1a). There was no significant difference in the fresh weight of infected
roots at 60 DAI of both genotypes (Fig. 1b). The soybean genotype Pl 595099 proved to be
highly resistant to M. incognita infection. Observation of disease symptoms revealed that the
amount of galls and egg masses in PI 595099 roots were notably less abundant than those in
BRS 133 roots (Fig. 1c). Detailed analysis showed a significant reduction in the number of galls
and egg masses in the soybean genotype P1 595099 compared to the soybean genotype BRS
133 (Fig. 1d-g). A reduction of over 57.24% in the number of galls/g of root and 54.68% in the
number of egg masses/g of root was observed (Fig. 1e, 1g). Overall, we observed in both
soybean genotypes that each M. incognita-induced gall had only one adult female producing

egg mass and often more than one feeding site occurs in each gall (Fig. S1).

Changes in the cis-regulatory elements of the GmGLP10 promoter likely confer high
gene expression in the soybean genotype P1 595099

Previously, we showed that GmGLP10 is significantly overexpressed at the
transcriptomic and proteomic level in M. incognita-induced galls of soybean genotype PI
595099 compared to uninfected roots (Arraes et al., 2022), but changes in its expression were
not observed in the soybean genotype BRS 133. The expression profile of GmGLP10 suggests
that it might be involved in Pl 595099 response to M. incognita. To further investigate the
possible reasons that led to the contrasting GmGLP10 expression patterns in both soybean
genotypes, the -2.037-bp promoter fragments upstream of translation start sites of GmGLP10
genes from soybean genotypes Pl 595099 and BRS 133 were cloned and analyzed (Fig. S2a-
D). In total, 494 and 491 cis-regulatory elements were predicted in the sequences of GmGLP10
promoter from the soybean genotypes BRS 133 and Pl 595099, respectively (Fig. 2a).

According to the promoter sequence analyses, seven cis-regulatory elements were present in
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higher number in the GmGLP10 promoter from soybean genotype BRS 133, including
CAATBOX1 (CAAT), GATABOX (CCAAT), MYBST1 (GGATA), GT1CONSENSUS
(GRWAAW), IBOXCORE (GATAA), RYREPEATBNNAPA (CATGCA), and SREATMSD
(TTATCC). On the other hand, four cis-regulatory elements were more frequent in the
GmGLP10 promoter from soybean genotype Pl 595099, including MARTBOX
(TTWTWTTWTT), POLASIG3 (AATAAT), TATABOX2 (TATAAAT), -10PEHVPSBD
(TATTCT) (Fig. 2a). However, comparative analysis between the GmGLP10 promoter
sequences of soybean genotype BRS 133 relative to Pl 595099 revealed two single nucleotide
polymorphisms at (SNP)-458 (C nucleotide was mutated to T) and (SNP)-908 (G nucleotide
was mutated to A) positions, which resulted in the addition of -10PEHVPSBD and the complete
deletion of cis-regulatory element RYREPEATBNNAPA in P1 595099 (Fig. 2a-b).

To confirm that GmGLP10 is expressed within M. incognita-induced galls, the
pGmMGLP10::GUS cassette harboring the GmGLP10 promoter from Pl 595099 was used to
transform tobacco plants. At least three independent transgenic tobacco lines were generated
using the pGmGLP10::GUS construct to investigate promoter activity driving GUS expression
at different time points of infection (Fig. S2a-c). Our analysis of GUS staining assays revealed
promoter activity (blue) in UR, and young (4-12 DAI) and mature (30 DAI) galls (Fig. 2c).
Observations of sectioned galls under dark-field-optics revealed that GUS staining (red) was
present in the GCs as well as in neighboring cells during early and late gall developmental
stages, indicating that GmGLP10 is expressed during nematode parasitism (Fig. 2d). Promoter
activity in UR was more restricted to the vascular tissue, revealing the same expression pattern

seen in the vascular tissue of the galls (Fig. 2d).

Cloning and sequence analysis of GmGLP10

Molecular cloning and sequence analysis of the full-length coding sequence revealed
that GmGLP10 encodes a protein with a predict size of 24.94 kDa, one N-glycosylation site at
the Asn-34, and high conserved germin box (-A, -B and -C) motifs (Table S1). In addition,
GmGLP10 harbors a predicted signal peptide (SP) in the N-terminal region, which is likely
responsible for the extracellular matrix (EM) localization of GmGLP10. We show here that all
GLPs belongs to the Cupin_1 subfamily, with GmGLP10 on chromosome 20 (Fig. S3a).

A total of 60 putative members of Cupin superfamily genes have previously been

identified in the G. max soybean genome (version G. max v1.1) (Wang et al., 2014). In this
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study, we identified 23 new members of Cupin superfamily through Blasp searches against the
recently available genome sequence of soybean (version G. max v11.0), updating the Cupin
superfamily to 83 genes members (Fig. S3a). GLPs were organized into 14 phylogenetic groups,

with GmGLP10 belonging to monophyletic group 1, (Fig. S3b).

Subcellular localization of GMGER10

We used transient expression assays to examine the subcellular localization of
GmGLP10. Confocal images of N. benthamiana leaf cells harboring the GFP-ASP-GmGER10
or ASP-GmGER10-GFP constructs showed the transient subcellular localization of ASP-
GmGERZ10 protein in the cytoplasmic region, while cells expressing the full GmGER10 protein
revealed GFP signals at the cytoplasmic bridges as well as plasmatic membrane periphery (Fig
3). GFP signals in the nucleus were observed only with the GFP construct and the ASP-
GmGER10 mutant, suggesting its passive diffusion restricted to its size. In addition, the co-
localization between RFP-HDEL (ER marker) with GmGER10 demonstrates its clear
involvement with the extrinsic secretion pathway in the ER before being exported to EM (Fig.
3).

Overexpression of GmMGLP10 in soybean hairy roots leads to increased resistance to M.
incognita

To examine the possible involvement of GmGLP10 in plant defense against M.
incognita, we introduced the entire coding sequence of GmGLP10 into the hairy roots of
soybean. Overexpression of GmGLP10 in soybean hairy roots resulted in reduced number of
gall compared to control roots transformed with the empty vector. We observed a significant
decrease of 54.50% in the number galls/plant and 30% in the number of galls/gram of root at
30 DAI (Fig. 4a-b). Histological analyses revealed an apparent inhibition in nematode
development at 14 DAI and 30 DAI and apparently changed in GCs cytoplasm in view of low
TB staining (Fig 4c). In addition, the galls and GCs of GmGLP10 overexpression hairy roots
displayed reduced sizes compared to the control at 14 DAI and 30 DAI (Fig. 4d-g). The
inhibition in nematode development is likely due to the inhibited gall expansion seen during

gall ontogenesis. Morphological and diameter size changes were not observed in uninfected
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roots (UR) of GmGLP10 overexpression roots compared to control, suggesting a specific effect
of GmGLP10 overexpression in galls (Fig. 4h-i).

Overexpression of GmGLP10 in tobacco plants increases resistance to M. incognita and
inhibits gall development

To further investigate the function of GmGLP10 in plant defense against M. incognita,
we generated three independent transgenic tobacco lines overexpressing GmGLP10 (Fig. 5a,
S4a-c, Sha). Transgenic lines were analyzed by PCR and EGFP reporter gene activity (Fig.
S5b-c), and T4 homozygous progenies were obtained via hygromycin selection (Fig. S6a).

GmGLP10 overexpression in transgenic lines was confirmed by RT-qPCR analysis (Fig. 5b).

The phenotypic traits of GmGLP10¢% lines and wild type plants were evaluated
throughout their development. The roots of GmGLP109% lines and wild type plants showed a
similar weight at 60 DAI, while plant weight and length of GmGLP10°% line#1 were
significantly higher compared to control (Fig. 5c-d). A delay in the development was observed
in GmGLP109% lines compared to control plants, as indicated by the size of young tobacco
plants and the size of their leaves (Fig. S6b-c). However, their development increased
throughout plant development, reaching a similar size as those of the wild type. Analysis of
young tobacco leaf blade anatomy revealed that leaf thickness and mesophyll area of
GmGLP10°E lines were significantly decreased compared to those of wild type leaves (Fig.
Séd-f).

Morphological examination of transgenic tobacco roots infected with M. incognita
revealed a significant delay in female development and egg masses oviposition at 30 DAI
compared to wild type (Fig. 5f). BABB analysis of M. incognita-induced galls from
GmGLP109% lines demonstrated apparent smaller feeding sites as well as decreased nuclear
density (red arrows) compared to wild type (Fig. 50). Nuclear morphology of UR was normal,
suggesting that GmGLP10 overexpression affected mitotic activity only in GCs (Fig. S7a). The
GmGLP109% lines exhibit significantly smaller gall size and GC area compared to wild type at
30 DAI (Fig. 5h-1). At 60 DAL, a significant decrease in the number of galls and egg masses
was observed in GmGLP109% lines compared to control, with reductions in galls/g of root
ranging from 40.52% - 41.94% and egg masses/g of root ranging from 49.1% - 62.83% (Fig.
5j-m).
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Despite the resistance found in relation to the experimental control, the ratio (egg
masses/galls) point to transgenic tobacco lines that are less susceptible in relation to the genetic
background, concluding the participation of GmGLP10 in its resistance when heterologous

express (Fig. S7b).

Overexpression of GmGLP10 in tobacco plants increases the expression of defense-related genes

and hypersensitive response-related genes in M. incognita-induced galls

To better understand GmGLP10 function during galls ontogeny, mature galls (30 DAI)
of GmGLP109% lines were analyzed (Fig. 6a). Delay in nematode development (Line #2),
apparent decreased xylem proliferation around GCs (arrows in Line #1) and lack of cytoplasm
in GCs (Lines #1 and #2) were observed (Fig. 6a). To gain insights into the mechanisms
underlying GmGLP10-mediated defense in transgenic tobacco plants, the expression of several
marker genes related to defense signaling pathways was evaluated in the M. incognita-induced
gall of GmGLP109% lines and wild type plants. RT-gPCR analysis revealed that among 24
marker genes evaluated, 11 genes were induced in the galls of GmGLP109F lines.
Overexpression of GmGLP10 in tobacco resulted in the upregulation of some genes implicated
in HR (NtHSR201 and NtHSR203), SA pathway (NtPR-2 and NtPR-5), ET pathway (NtERF1,
NtACS6 and NtEIN3), JA pathway (NtMYC2, NtAOC and NtAOS), and ROS burst (NtRBOHD
and NtAPX) (Fig. 6b-1). These analyses imply that key genes involved in defense signalling
pathways are probably directly or indirectly subject to regulation by GmGLP10 in M. incognita-

induced galls.

The loss-of-function of the Arabidopsis glp10 increases plant susceptibility to M.
incognita

We screened homozygous Arabidopsis T-DNA insertional mutants of genes encoding
germin-like proteins and found the locus At3g05950.1 with 64.6% of amino acid similarity with
soybean GmGLP10 (Fig. 7a). Two mutant alleles [glp10 1 (SALK 038626) and glpl0 2
(SALK _062879)] were selected and their homozygous (HM) ger-/- state was confirmed by PCR
analysis (Fig. 7b). Observation of the seedlings grown in soil revealed that Atglp10 loss-of-
function led to inefficient and delayed germination, and retarded seedling development (Fig.
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S8a). Following 22 days of growth, glp10_1 and glp10_2 mutants displayed decreased rosette
diameter, leaf number, leaf length, leaf width and fresh weight (Fig 7 c-o0, S8b-d).

To determine whether the stress caused by M. incognita parasitism interfere with plant
development and flowering, wild type and mutant plants were challenged with M. incognita
and compared to mock treatment. We observed that the rosette diameter of knockout plants was
affected by M. incognita parasitism at 48 hours after inoculation; however, this difference of
rosette diameter between non-inoculated and inoculated plants was less pronounced throughout
plant development and from 15 DAI no difference was observed (Figs. 7f-J, S9). Considering
the number of leafs per plant, we observed an increase in the number of leaves of inoculated
wild type and glp10_2 mutant at 15 DAI and 22 DAI (Figs. 7k-0). The same correlation was
investigated by the number of plants with emerged tassels at different time points of infection,

but no information could be obtained between root stress and plant height (Fig. S10).

Overall, a large number of females within the galls were seen in the roots of glp10 1
and glp10_2 mutant lines, while in the wild type roots usually only one female was observed in
each gall, indicating that these mutants were highly susceptible to M. incognita (Fig. 8a). We
phenotyped the plant roots by measuring the root weight at 45 DAI. We found that glp10_1 and
glp10_2 mutant lines had significantly lower fresh weight relative to wild type roots, likely due
to Atglp10 loss-of-function (Fig 8b). Interestingly, glp10_1 and glp10_2 mutant lines showed
an increased susceptibility to M. incognita, further demonstrating the involvement of Atglp10
in plant defense against nematodes (Fig. 8c-g). Glp10 loss-of-function had a significant impact
on the plant susceptibility to M. incognita. The glp10_2 mutant had significantly more galls/g
of root, while both glp10_1 and glp10_2 showed an increase of 87% and 95% in number of egg
masses/g of root (Fig. 8f-0).

Discussion

In the present study, we found that the roots of soybean genotype Pl 595099 presented
the typical disease symptoms caused by M. incognita parasitism (galls and egg masses) to a
much lesser degree than in the known M. incognita-susceptible soybean genotype BRS 133,
confirming that PI 595099 is resistant to this nematode. Among the many soybean genotypes
available, the genotype PI 595099 is a recognized source of desirable traits for nematode
resistance (de Sa et al., 2012; Lopes-Caitar et al., 2013; Vieira et al., 2016; Alekcevetch et al.,
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2019); however, many aspects of the mechanisms that govern M. incognita—soybean
interactions are still not well understood. Therefore, mining resistance resources and
understanding the genetic and molecular mechanisms of soybean resistance to M. incognita is
an important step towards the development of novel soybean varieties based on precision

breeding and biotechnological approaches.

We recently demonstrated through comparative multi-omics analysis that the
expression of GmGLP10 gene and its encoded protein is induced by M. incognita infection in
the resistant soybean genotype P1 595099, but the same gene induction is not triggered in the
susceptible soybean genotype BRS 133, suggesting that GmGLP10 might be directly involved
in a key pathway driving nematode resistance in soybean (Arraes et al., 2022). Given that
promoters play an important role in controlling the spatiotemporal gene expression, we next
asked whether GmGLP10 promoter has experienced structural divergence within the soybean
genotypes and whether their sequence composition supports the differential GmGLP10
expression in M. incognita-induced galls. Sequence variation in the soybean GmGLP10
promoter was then investigated in genotypes BRS 133 and P1 595099. Even though there was
a relatively small natural sequence variation in terms of sequence identity, such sequence
variation resulted in considerable changes in the composition of cis-regulatory elements of both
genotypes. We identified 494 cis-regulatory elements in BRS 133 and 491 cis-regulatory
elements in Pl 595099. The frequency of MARTBOX, POLASIG3, TATABOX2, and -
10PEHVPSBD was increased in one unit in the genotype Pl 595099 compared to BRS133,
while CAATBOX1, GATABOX, MYBST1, GTICONSENSUS, IBOXCORE,
RYREPEATBNNAPA, and SREATMSD showed the opposite trend, decreasing their
frequency. Interestingly, we further found that the (SNP)-458 caused the addition of -
10PEHVPSBD and the (SNP)-908 led to the deletion of RYREPEATBNNAPA in Pl 595099
relative to GmGLP10 promoter from BRS 133.

Little is known about the cis-regulatory element -10PEHVPSBD, which has been
associated with plastid genes (Thum et al., 2001). RYREPEATBNNAPA has been described
as an ABA-responsive cis-regulatory element as it is an essential target site for ABSCISIC
ACID INSENSITIVE3 (ABI3) transcription factor (Ezcurra et al., 2000; Nambara & Marion-
Poll, 2003), a major component of ABA signaling pathway that regulates seed germination,
plant development, growth, abiotic and biotic stress responses (Chen et al., 2020). ABI3 directly
induces or represses the transcription of many target genes (Tian et al., 2020). For instance,

during the plant dehydration stress, ABI3 negatively regulates the expression of RAV1

113



2311
2312
2313
2314
2315
2316
2317
2318
2319
2320
2321
2322
2323
2324
2325
2326
2327

2328
2329
2330
2331
2332
2333
2334
2335
2336
2337
2338
2339
2340
2341
2342
2343

transcription factor by binding to the RYREPEATBNNAPA of its promoter and decreasing the
content of histones H3K4me3 and H3K27ac associated with its transcription activation
(Sengupta et al., 2020). In another study, ABI3 negatively affects the DNA-binding activity of
ERF1 to the cis-element present in the promoters of ABI5, ARF7, AUX1 and PIN1 genes
implicated in lateral root development (Zhang et al., 2023). Based on these findings, the (SNP)-
908 found in the GmGLP10 promoter appears to be important to avoid the repressive effects on
gene expression caused by ABI3. Therefore, it is possible that the distinct number of cis-
regulatory elements and the absence of the RYREPEATBNNAPA in the GmGLP10 promoter
isolated from the soybean genotype Pl 595099 might be responsible for the differential
expression of GmGLP10 in the M. incognita-induced galls of PI 595099 roots. Even though it
is known that ABI3 interacts with RYREPEATBNNAPA in the nucleus to repress the
expression of diverse genes (Tian et al., 2020), further studies are required to elucidate how is
the regulation of GmGLP10 expression in both soybean genotypes. It would be interesting to
test through chromatin immunoprecipitation (ChlP) assays if ABI3 transcript factor indeed can
bind directly to the GmGLP10 promoter that contain the cis-regulatory element
RYREPEATBNNAPA and if the lack of RYREPEATBNNAPA sequence prevent ABI3 from
binding to the GmGLP10 promoter.

Like other isolated GLPs, which are usually localized in the apoplast and its
extracellular matrix, GmGLP10 was observed at the cytoplasmic bridges and plasmatic
membrane periphery, suggesting that it is likely an apoplastic protein. The presence of a N-
terminal signal peptide in GmGLP10 protein supports its apoplastic localization. Our functional
experiments revealed that GmGLP10 overexpression in soybean hair roots and tobacco plants
results in increased resistance to M. incognita, whereas knockout of AtGLP10 in Arabidopsis
led to reduced resistance, indicating that GmGLP10 functions as a positive regulator in M.,
incognita resistance. Consistent with these observations, several studies have shown that GLPs
play a key role in plant resistance against fungal, bacterial and virus pathogens (Banerjee &
Maiti, 2010; Knecht et al., 2010; Banerjee et al., 2010; Guevara-Olvera et al., 2012; Rietz et
al., 2012; Mejia-Teniente et al., 2015; Beracochea et al., 2015; Liu et al., 2016). For instance,
GmGLP10 overexpression in transgenic tobacco significantly enhanced resistance to
Sclerotinia sclerotiorum. In addition, H.O:> levels and expression of plant defense-related genes
and HR-associated genes were increased in the transgenic plants (Zhang et al., 2018). Similarly,
GhGLP2-overexpressing Arabidopsis showed increased resistance against Verticillium dahlia

and Fusarium oxysporum pathogens. Moreover, induction of defense- and oxidative stress-
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related genes, increased callose deposition and cell wall lignification at infection sites were
observed in transgenic plants (Pei et al., 2020). A recent study showed that overexpression of
OsGLP3-7 increased rice resistance to Pyricularia oryzae, Magnaporthe oryzae, and
Xanthomonas oryzae, which was accompanied by enhanced expression of genes involved in JA
and phytoalexin pathways. Further, higher levels of H.O> JA and phytoalexin were detected in
transgenic plants. By contrast, RNAI suppression of OsGLP3-7 increased disease symptoms,
as well as H>O», JA and phytoalexin levels (Sun et al., 2023). Additionally, functional analysis
of a cotton GLP gene using GhABP19-overexpressing and GhABP19-RNAI transgenic lines
demonstrated that GhABP19 modulates cotton defense response against Verticillium dahliae
and Fusarium oxysporum through its SOD activity and activation of JA pathway (Pei et al.,
2019).

Multiple and coordinated plant immune responses are triggered upon pathogen
perception and infection, including reactive oxygen species (ROS) production, defense gene
expression, defense hormone production (jasmonates, salicylates, auxins, gibberellins and
abscisic acid), mitogen-activated protein kinase (MAPK) activation and intracellular Ca?*
influx (Zhang et al., 2020; Rutter et al., 2022; Zou et al., 2024). It is generally believed that
GLP-mediated plant resistance against pathogens is partially due to their superoxide dismutase
activity, which is intrinsically linked with ROS. SOD catalyzes the dismutation of the
superoxide radical (O2") into hydrogen peroxide (H202) and molecular oxygen (O2), which are
less reactive products, thereby protecting plant cells from oxidative burst. H.O> in turn has a
direct antimicrobial effect. Furthermore, the H202 acts as a local and systemic signaling
molecule activating downstream signal transduction pathways of hypersensitive response and
systemic acquired resistance (Waszczak et al., 2018) and regulates SA and/or JA signaling
pathways (Myers et al., 2023). Therefore, it is tempting to speculate that H,O2 produced by the

activity of GmGLP10 might contribute to plant immune responses against M. incognita.

To better understand how GmGLP10 improves plant resistance to M. incognita, we
conducted RT-gPCR analysis on a subset of genes with known roles in the plant hormonal,
ROS and defense pathways. Consistent with previous studies (Liu et al., 2016; Zhang et al.,
2018; Pei et al., 2019, 2020), our gene expression analysis of GmGLP10° lines and wild type
plants indicates that GmGLP10 mediates host resistance to M. incognita through the regulation
of hormonal-, ROS- and defense-related genes. Remarkably, two HR-related genes (NtHSR201
and NtHSR203), two SA-related genes (NtPR2 and NtPR5), three ET-related genes (NtERF1
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and NtACS6, NtEN3), three JA-related genes (NtMYC2, NtAOC and NtAOS) and one ROS-
related gene (NtRBOHD) were transcriptionally upregulated by GmGLP10 overexpression.

Nonexpressor of pathogenesis-related genes 1 (NPR1) is an SA receptor that plays a
key role in plant defense responses. In its inactive form, NPR1 is present in the cytoplasm as
an oligomer. When the ROS burst is triggered, the reduction of the cytoplasm is induced by SA
resulting in the activation of the thioredoxin TRXh5 that promotes the release of NPR1 (Tada
et al., 2008). In the nucleus, monomeric NPR1 binds to transcription factors to induce the
expression of defense genes (Zhang et al., 1999; Zhou et al., 2000). Thus, it is possible that
H>0> signaling molecules induced by M. incognita infection and those produced by GmGLP10
activity function synergistically with SA to activate NPR1, which in turn may lead to the
coordinated induction of a large number of defense genes in soybean. It is worthwhile to
investigate whether the cellular redox changes caused by GmGLP10 overexpression are
involved in SA/NPR1-mediated transcriptional reprogramming in the GmGLP10°F lines since

NPR1 has the ability to sense the redox state of the cell.

Interestingly, we observed that the seed germination of glp10-1 and glp10-2 mutants
was dramatically decreased compared to wild type, providing strong evidence that GmGLP10
also play a role in seed dormancy and/or germination. However, the seed germination was not
affected by GmGLP10 overexpression. Previous findings suggest that GLPs can positively or
negatively regulate different aspects of seed physiology, including dormancy, germination and
vigour. For instance, the germination potential and seedling percentage of rice Oscdp3.10
mutants were significantly lower than those of wild type plants, but the germination percentage
of mutant were not significantly affected by Oscdp3.10 loss-of-function. In addition, it was
shown that the seed vigour of Oscdp3.10 overexpressing lines was similar to the control (Peng
et al., 2022). Nonetheless, another study showed an inverse correlation between OsGLP2-1
expression levels and seed germination rate, indicating that OsGLP2-1 negatively regulates
seed dormancy and germination. It was demonstrated that OsGLP2-1 overexpression in rice led
to deep dormancy and decreased germination rate, while suppression of OsGLP2-1 resulted in
the release of dormancy (Wang et al., 2020). On the other hand, Arabidopsis loss-of-function
AtPirinl mutants display reduced germination levels in the absence of stratification (Lapik &
Kaufman, 2003).

Based on our findings and those reported on the literature, we suggest a model to
describe the molecular function of GmGLP10 in mediating resistance to M. incognita in the

soybean genotype Pl 595099 (Figure 9). In the soybean genotype BRS 133, the GmGLP10
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expression is likely repressed transcriptionally by the transcription factor ABI3 due to the
presence of the cis-regulatory element RYREPEATBNNAPA in its promoter, consequently
limiting the expression levels of GmGLP10 during M. incognita parasitism. Conversely, the
absence of cis-regulatory element RYREPEATBNNAPA in the GmGLP10 promoter of
genotype P1 595099 may impair its interaction with ABI3 and the transcription factor may not
exert its repressive transcriptional regulation on GmGLP10. As a result, GmGLP10 is induced
during M. incognita infection and contributes to soybean resistance through the increase of
H20:> in the apoplast, which in turn promotes changes in the redox cellular environment and
release of the NPR1 monomers that translocate into the nucleus to activate the transcription of
several defense genes. Further investigation is required to elucidate the underlying molecular

mechanisms governing the role of GmGLP10 in plant resistance to M. incognita.
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Figure 1. Performance of soybean genotypes BRS 133 and PI 595099 under M. incognita
infection. (A) Soybean genotypes at V1 growth stage was the TO point used in our study for M.
incognita (race 1) inoculation. Scale bars: 10 cm. (B) Average value of root fresh weight (g) of
soybean genotypes evaluated after 60 DAI. (C) Histological examination of infected roots
under bright-field optics. Black arrows show egg masses staining with phloxine B. Scale bars:
100 um. The resistance test was performed using the parameters (D, E) Galls/plant, galls/gram
of roots, and (F, G) Egg masses/plant, egg masses/gram of roots. Significant differences were

analyzed by Student’s t test (n=13, ****P < 0.0001). Data are presented as means + SD.
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Figure 2. GmGLP10 promoters sequencing analysis and GUS activity under pGmGLP10
(P1 595099) control. (A) Cis-regulatory elements of pGmGLP10 from the soybean genotype
BRS 133 (susceptible) and PI1 595099 (resistance) predicted by PLACE database (B) Schematic
diagram of the frequency of cis-regulatory elements found in pGmGLP10 of both soybean
genotypes. (C) GUS activity performed in transgenic tobacco plants under pGmGLP10 (Pl
595099) control. (D) Dark-field optics images of sectioned galls (4, 12 and 30 DAI) and URs
illustrating GUS staining (red) in vascular tissues and GCs induced by M. incognita. G, Galls;
White arrows, egg mass; NC, Neighbouring cells; UR, uninfected roots; Asterisk, giant cell;

DAI, days after inoculation. Scale bars: 50 pum.
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Figure 3. The soybean GmGLP10 is likely an apoplastic protein. The full GmGLP10 protein
and ASP-GmGLP10 protein (without signal peptide - ASP) fused to GFP at N- and C-terminals
were expressed in N. benthamiana leaves and examined under a confocal microscope 2 days
after infiltration. In all experiments, more than 30 cells were examined. Confocal images show
the transient subcellular localization of ASP-GmGLP10 protein in cytoplasmic region of N.
benthamiana leaf cells transformed with both GFP terminals fused constructs, while the full
GmGLP10 revealed GFP signals at cytoplasmic bridges as well as plasmatic membrane
periphery. GFP signals in the nucleus were confirmed only for construct GFP and the ASP-
GmGLP10 mutant indicating its passive diffusion restricted to its size. In turn, the co-
localization between RFP-HDEL (ER marker) with GmGLP10 demonstrates its clear
involvement with the extrinsic secretion pathway in the ER before being exported to EM

(merged signals). Scale bars, 10 mm.
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Figure 4. Nematode bioassay and histological analysis of M. incognita-induced galls of
soybean hairy roots overexpressing GmGLP10. Infection tests showed a significant reduction
(****P < 0.0001) in (A) galls/plant and (B) galls (g root)™ evaluated in soybean hairy roots at
30 DAL. Histological examination was performed in galls induced at (C) 14 DAI and 30 DAI
(n=18) revealing a big delayed in nematode development and possible damaged in GCs in view
of the low TB staining observed. The same cross-section images showed a significant reduction
in gall diameters evaluated at (D) 14 DAI and (E) 30 DAI (n=26) as well as GC area
measurements at (F) 14 DAI and (G) 30 DAI (n=17). Histological analysis was also used to
evaluated possible morphological changes in (H) uninfected roots (UR) by (I) cross section
diameter measurements, indicating no alteration in roots anatomy (n=13). Significant
differences were analyzed by Student’s t test (****P < 0.0001). Data are presented as means +
SD. Scale bars: 50 pm.
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Figure 5. Transgenic tobacco plants overexpressing GmGLP10 reduce susceptibility
against M. incognita by interfering in GCs formation and nematode development. (A)
Phenotypic analysis of GmGLP109% transgenic tobacco plants at 30 DAI. Scale bars: 10 cm.
(B) GmGLP10 transcript abundance in transgenic tobacco lines. Relative expression levels
were calculated relative to the Line #1 (lowest expression level). Fresh weight measurements
of (C) roots, (D) shoots and (E) plant height. Significant differences were analyzed by Student’s
t test (*P < 0.01). (F) Acid fuchsin staining of galls at 30 DAI revealed a delay in nematode
reproduction compared to wild-type control. (G) Whole cleared galls of GmGLP109% lines
showed low nuclei cluster content (red arrows) and empty spaces into GCs (white arrows).
Scale bars: 50 um. (H) Galls diameters and (1) giant cells area measurements were performed
on galls collected at 30 DAI. Significant differences were analyzed by Student’s t test (n=15,
***pP < (0.001). The parameters (J) galls/plant, (K) galls (g root)™, (L) egg masses/plant and
(M) egg masses (g root)! were evaluated at 60 DAI. Significant differences were analyzed by
Student’s t test (n>13, *P < 0.05, **P < 0.01, ****P < 0.0001). Data are presented as means +
SD.
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Figure 6. Transgenic tobacco plants overexpressing GmGLP10 reduce susceptibility
against M. incognita by interfering in GCs formation and defense gene expression. (A)
Histological examination of M. incognita-induced galls at 30 DAI. Scale bars: 50 um. Several
defense genes related to Hypersensitive Response — HR: (B) NtHSR201, (C) NtHSR203;
salicylic Acid — SA: (D) NtPR2, (E) NtPR5; Ethylene — ET: (F) NtERF1, (G) NtACS6, (H)
NtEIN3; Jasmonic Acid — JA: (I) NtAOC, (J) NtAOS; and Reactive Oxygen Species — ROS:
(K) NtRBOHD and (L) NtAPX were examined by RT-gPCR analysis showing up-regulation in
the transgenic plants. Relative expression levels were calculated by 2724 and expressed as
means of technical triplicates of the three biological replicates. All target genes levels were
normalized using the NtL25 and NtActin as reference genes. Significant differences were
analyzed by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <(0.0001). Data are

presented as means + SD.
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Figure 7. Molecular characterization of Arabidopsis thaliana glp10-/- mutant lines. (A) A.
thaliana At3g05950.1 is a functional ortholog of soybean GmGLP10 (Glyma.20G220800.1)
and they share 64.6% of amino acid sequence identity, while their signal peptide (SP) and
Cupin_1 domain share 50 and 70% of identity, respectively. The germin boxes A, B and C are
presented by WebLogo. (B) Structure of the glp10 gene with the mutations studied in this work
are indicated by glp10_1 (SALK 038626) and glp10_2 (SALK 062879). 5’- and 3’-UTR are
indicated by white boxes, exons are indicated by blue boxes, and introns by black line.
Homozygous glp10-/- plants for each knockout line were confirmed by PCR analysis. M,
marker; WT, Wild type; gDNA, genomic DNA. (C) Phenotypic analysis of Arabidopsis glp10-
/- mutant lines in different times points after germination (DAG). Scale bars: 3 cm. (D)
Diameter rosettes measurements analysis at different DAGs. (E) Fresh weight measurements
in shoots were analyzed at Day 11. Significant differences were analyzed by Student’s test
(n=10, ****P < 0.0001). Data are presented as means + SD. (F-J) Diameter rosettes analysis
in plants infected (I) and non-infected (NI) with M. incognita (race 3) at different times points.
(K-O) Number of leaves analysis at different time points after M. incognita infection. In both
cases were adopted the times points 48h, 5, 10, 15 and 22 DAI as intervals of analysis.
Significant differences were analyzed by Student’s test (n=12, *P < 0.02, **P < 0.006, ***P <
0.0002). Data are presented as means = SD.
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Figure 8. Arabidopsis glp10-/- mutant lines increase the susceptibility to M. incognita. (A)
Acid fuchsin staining of galls at 45 DAI revealed multiple nematodes in a single root knot gall
in mutant glp10-/- lines. Scale bars: 50 um. (B) Fresh weight of infected roots. The parameters
(C) galls/plant, (D) egg masses/plant, (E) Ratio (egg masses/plant), (F) galls (g root)™, and
(G) egg masses (g root) ! were evaluated at 45 DAI. Significant differences were analyzed by
Student’s tests (n>10, *P < 0.05, **P <0.01, ***P <0.001, ****P <0.0001). Data are presented

as means * SD. G, Galls; F, female nematodes.
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Figure 9: Model proposed to explain the difference of the GmGLP10 expression between
soybean genotypes (Pl 595099 and BRS 133) based on the extinction of the
RYREPEATBNNAPA (CATGCA) motif. Under M. incognita infection, the elevation of
ABA mobilizes the transcription factor ABI3 to the nucleus, acting in the recognition of the
CATGCA motif and repression of GmGLP10 expression via deacetylating and/or methylating
histones (HM) (Sengupta et al., 2020). Through this indication, there is strong evidence that
GmGLP10 remains in an inactive transcriptional stage in the susceptible genotype, due to the
new heterochromatin stage formed; while (SNP)-908, identified by the G908A exchange in the
Pl 595099 genotype, refers to a new resistance to the ABI3/HM module. Although these
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2922 indications provide circumstantial evidence of the negative role of the RYREPEATBNNAPA
2923  motif in the susceptible context, additional studies will be conducted in the BRS 133 cultivar
2924  inorder to determine whether gene depletion of this motif can circumvent the repressive activity
2925  of the ABI3/HM module.
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Supporting Information
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P1 5950994

BRS 133
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RATIO

Fig. S1. The ratio (egg masses/galls) was determined according to the relation between egg
masses/galls analyzed after 60 DAI. Data represent mean + SD (n=13). Statistical differences

are marked with *(P < 0.05) based on Student’s t-test analysis.
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Fig. S2. Physical map used for cloning GmGLP10 promoters from soybean genotype and
transformation of tobacco plants. (A) pKGWFS7 map used as destination vector for
GmGLP10 promoters cloning. In this study, a -2.037-bp region upstream from the transcription
initiation site was selected to examine GUS activity. (B) PCR fragments from soybean
pGmGLP10 promoters isolated to cloning and sequencing by Sanger methods. (C) Transgenic
tobacco explants generated by A. tumefaciens-mediated transformation previously transfected
with recombinant pKGWFS7 plasmids. Scale bars: 2 cm.
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Fig. S3. Graphical representation and phylogenetic reconstruction of soybean GmGLP
superfamily. (A) Graphical representation of the location for the GmGLP superfamily on the
soybean chromosomes. Only GmGLP10 containing the Cupin_1 domain (code: IPR006045) is
predicted in this analysis. The new identified GmGLP genes are in red, while the previously
described GmGLP by Wang et al., 2014 are indicated in black. The GmGLP10 (Cupin1-061),
used in this study is located in chromosome Gm20 and is represent in green color. The asterisks
indicate tandem duplicated genes. (B) All GmGLP amino acid sequences from the soybean
genome were used to perform the phylogenetic analysis by using the Maximum Likelihood
method and JTT matrix-based model (Jones et al., 1992). The final GmGLP phylogenetic tree
conducted in MEGA X and curated using the online tool Interactive Tree Of Life — iTOL was
grouped into 14 groups in view of previously function described for some members in literature.

The bootstrap values are indicated by blue circles (minimum 70).
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Fig. S4. Cloning and sequencing of expression cassettes aiming GmGLP109 ectopic
expression in GCs. (A) Statistically significant values of log2(FC; fold-change) given by
differential GmGLP10 expression levels at transcriptome and proteomes analysis performed in
soybean genotype P1 595099 (Arraes et al., 2022). (B) Physical maps of the expression cassettes
used in this study to ectopic expression of GmGLP10 under pUceS8.3 soybean promoter
(Moreira et al., 2023). The dsRNA-nuHP-Minc16803 transgene from PZP201-BK-EGFP-
nuHP16803 vector was replaced by GmGLP10 using Sall and Spel enzymes. (C) Confirmation
of GmGLP10 cloning into PZP201-BK-EGFP-nuHP16803 plasmids using Xhol restriction
enzymes. The cleavage DNA products (white arrows) is consistent with the three Xhol sites
presents inside and outside of GmGLP10 DNA sequences. (D) The GmGLP10 cloning was
confirmed by Sanger sequencing. A single synonymous mutation was found, but it was

irrelevant for amino acid exchange.
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Fig. S5. Generation of transgenic tobacco plants overexpressing GmGLP109%. (A)
Regeneration of primary hygromycin-resistant explants lines transformed by A. tumefaciens
previously transfected with pPZP201-BK-EGFP-GmMGLP10 generated in this study. Scale bars:
2 cm. (B) PCR analysis from four independent transgenic lines (T0). Primers were designed to
eGFP target whose expected amplicon size is 423 bp. The transgenics lines#1, #2 and #3 were
used in this study. (C) T4 transgenic seedlings expressing eGFP under a stereo fluorescence
macroscope (Leica, Wetzlar, Germany). Scale bars: 1 cm. M, marker; PC, positive control
(pPZP201-BK-EGFP-GmMGLP10 — 50ng/uL); WT, Wild-type (Negative control).
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Fig. S6. Generation of transgenic tobacco plants overexpressing GmGLP10%E, (A) Seed
assays to confirm transgenic tobacco plants. T4 transgenic GmGLP109~ tobacco and Wild-type
(Wt) seeds were germinated under synthetic medium supplemented with hygromycin
antibiotics (50 mg/L). Scale bars: 2 cm. (B) Phenotypes of soil-grown transgenic tobacco lines
after 2 weeks in greenhouse. Consecutive numbers on tobacco leaves (from the bottom to the
top of the plant) represent measurement points for morphological analyses. Scale bars: 5 cm.
(C) Tobacco leaves phenotype from transgenic GmGLP109% plants and Wild-type control.
Scale bars: 2 cm. (D) Anatomical structure of the leaf blade from transgenic GmGLP109%
tobacco (Line#1, #2 and #3) and Wild type. The upper and lower epidermis and the mesophyll
region were apparently disorganized, containing restricted aerenchyma tissue in a small
volume. Red arrows and Blak arrows represent aerenchyma tissue and stomata, respectively.
Scale bars: 50 um. (E) Leaf thickness and (F) Mesophyll area measurements. Data represent
mean £ SD (n=16). Statistical differences are marked with ****(P <(0.0001) based on Student’s
t-test analysis.
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Fig. S7. Control BABB analysis in Uninfected roots (URs) and examination of infection
test by ratio (egg masses/galls). (A) Whole cleared URs from Wild-type and transgenic
GmGLP10°¢% tobacco (Line#1). Red line on images is magnified to show nuclei (black arrows).
Scale bars: 50 um. (B) Ratio (egg masses/plant). In sum, Ratio > 1 denotes more than one egg
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masses per M. incognita-induced galls, while Ratio < 1 indicate that the nematodes fail in their
ability to develop in adult females and reproduction. Compared with Wild-type control (R =
1.8), Line#1l (R = 1.3) and Line#3 (R = 1.1) are less susceptible, while no difference was
obtained by Line#2 (R = 1.6). Data represent mean + SD (n=16). Statistical differences are
marked with ****(P < 0.0001 and n>13) based on Student’s t-test analysis.
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Fig. S8. Germination and above-ground Arabidopsis growth is compromised in the glp10-
/- mutants. (A) Wild-type (Col-0) and HM glp10-/- Arabidopsis seeds were germinated in soils
and representative germinated seedlings images presented show a delay in glp10-/- mutants
development compared with control. Representative photos were taken at 1 and 2 weeks after
germination. Scale bars: 2 cm. (B) Rosette leaves of 3-week-old of A. thaliana plants grown in
grown-chamber at 16-h-light/8-h-dark photoperiod at 21°C. Scale bars: 0.5 cm. (C) Length of
leaf and (D) Width of leaf measurements. In total was used 9 plants per genotype. Data represent
mean = SD (n=9). Statistical differences are marked with ****(P < 0.0001 and n>13) based on

Student’s t-test analysis. Experiment was performed once.
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3139
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3141  Fig. S9. Phenotypical characterization of HM glp10-/- mutant lines under M. incognita
3142 infections at different times points. The plants were infected with M. incognita (Time 0) and
3143  the diameter rosettes and number of leaves parameters evaluated in 0, 48h, 5, 10, 15 and 22
3144  DAI. Each treatment was subdivided in two subgroups (Mock and Infected) containing n=12
3145 plants. 10 DAI was considered the onset of the reproductive stage in view of the precocious

3146  inflorescence’s emergence. Scale bars: 3 cm.
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Fig. S10. The effect of root stress and plant height. The emerged tassels were accounted in
(A) 10 DAI, (B) 15 DAI and (C) 22 DAI and the data presents in radar plot (blue lines). No
direct correlation was found between plants infected with M. incognita and the reproductive
stage advances (hallmarked by the inflorescence’s emergence). Scale bars: 8 cm. (D) Plant
height measurements. All treatments and subgroups (I, infected and NI, non-infected) was
cultivated in a growth chamber with standard settings and measured at 22 DAI. Statistical
analysis was examined by Student’s tests. The asterisks above each bar indicate the significative

(*P <0.05 and n>10). All results are present as means + standard deviation.
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3177 Tables

Table S1: Complete inventory of the GmGER superfamily in soybean genomes.

Glymav11.0 Name Length Cupin 1-domain ™ SP Molecular weight (kDa) pl
1 Glyma01g38340.2 GLP070 614 239-394 e 1to 22 71.74 5.42
2 Glyma01g04450.1 GLP001 220 63-212 - 1to 25 23.6 8.49
3 Glyma02g16440.1 GLP071 506 116 - 275and 316 - 480 --------- 1t0 43 57.81 6.16
4 Glyma02g03100.1 GLP002 220 63-212 - 1to025 23.7 8.88
5 Glyma02g05010.1 GLP003 205 54 - 196 5t0 27 1to 26 22.3 8.81
6 Glyma02g01085.1 GLP004 147 14 - 136 15.79 6.26
7 Glyma03g38630.1 GLP005 218 59-208 - 1to21 22.84 9.06
8 Glyma03g32030.1 GLP006 495 36 -241and 323 -472 - 1to 19 55.70 5.89
9 Glyma03g32020.3 GLP072 390 33-238and324-385  ------ee- 11018 4417 5.33
10 Glyma04g39040.2 GLP0O07 199 52-175 e 1t029 22.43 8.67
11 Glyma05¢g30300.1 GLPO73 381 26 - 182 and 215 - 364 41.33 5.23
12 Glyma05g30290.1 GLP074 358 3-159 and 192 - 341 38.87 5.22
13 Glyma05¢g25620.1 GLP008 215 59-209 = e lto21 23.03 6.27
14 Glyma06g15930.1 GLP0O09 228 76-206 0 - 1to 27 24.84 7.05
15 Glyma07g04310.1 GLP0O10 209 53-199 - 1to018 22.01 6.57
16 Glyma07g04320.1 GLP011 208 54-198 - 1to 19 21.61 9.15
17 Glyma07g04330.1 GLP012 208 54-198 e 1t019 21.93 6.95
18 Glyma07g04340.1 GLP013 225 71-215 21to38 1to20 23.85 8.55
19 Glyma07g04400.1 GLP014 208 54-198 e 1t019 21.93 6.95
20 Glyma08g13440.1 GLPO75 361 3-161and 196 - 343 39.01 5.12
21 Glyma08g08600.1 GLP015 215 59-209 - 1t020 22.84 7.05
22 Glyma08g24320.1 GLPO16 211 65-202 @ - 1to 18 23.25 5.90
23 Glyma09g03010.1 GLPO17 217 60-210 e l1to21 22.98 6.02
24 Glyma09g08030.1 GLP018 135 73-121 4to0 26 1to 20 15.30 10.71
25 Glymal0g28190.1 GLP019 223 65-213 e 1t026 23.58 9.42
26 Glymal0g28020.1 GLP020 220 61-209 - 1to 22 23.20 8.32
27 Glymal0g28010.1 GLP021 221 62 - 210 7t024 1to0 23 23.38 7.64
28 GlymalOg04280.1 GLP0O76 563 37-250and 391-537  ---me-me- 1to 23 63.79 5.17
29 Glymal0g31200.2 GLP022 198 61 - 187 2t021 1t020 21.61 5.84
30 Glymal0g31210.1 GLP023 232 62-215 - 1t020 24.98 6.89
31 GlymalOgl11935.1 GLP024 125 1-113 15t034 - 13.60 6.25
32 Glymal0g39170.1 GLPO77 584 193 - 351 and 399 - 555 5t0 27 1to 26 68.20 5.94
33 Glymal0g39150.1 GLP078 621 212 - 370 and 422 - 583 71029 1to 24 72.22 5.50
34 GlymalOg39161.1 GLP0O79 337 33-165 71024 1to 26 38.89 8.40
35 Glymal0g08360.1 GLP025 226 68-214 e 1to 23 24.68 7.06
36 Glymal0g03390.1 GLP080 504 110 - 271 and 312 - 478 710 26 1to 26 57.99 6.08
37 GlymalOg42611.1 GLPO26 177 55 - 168 5to0 22 1t020 19.05 7.71
38 Glymallg07020.1 GLP081 696 240 - 395 71024 1to 23 81.76 5.32
39 Glymallgl5870.1 GLP082 476 40 - 194 and 279 - 429 710 26 1to 24 52.91 5.73
40 Glymallgl5360.1 GLP083 356 3-157 and 195 - 339 38.37 5.53
41 Glymallgl5290.1 GLP084 356 3-157 and 195 - 339 38.43 5.68
42 Glymal2g31110.1 GLP027 207 56-197 e 1lto24 22.20 5.72
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

Glymal29g09760.2
Glymal2g09630.2
Glymal2909640.2
Glymal2g07180.1
Glymal3g16960.2
Glymal3g22050.1
Glymal3g40360.1
Glymal3g18450.2
Glymal5g05040.2
Glymal5g19510.1
Glymal5g04710.1
Glymal5g35130.1
Glymal59g13960.1
Glymal6g00980.1
Glymal6g00990.1
Glymal6g07580.1
Glymal6g07560.2
Glymal6g07550.1
Glymal6g01000.1
Glymal6g06520.1
Glymal6g06530.1
Glymal6g06500.1
Glymal6g06630.1
Glymal6g06640.1
Glymal7g05760.1
Glymal9g27580.1
Glymal99g34770.2
Glymal9g34780.1
Glymal9g09370.2
Glymal9g09990.1
Glymal9g09810.1
Glymal99g09830.1
Glymal9g09840.1
Glymal9g09860.1
Glymal9g24840.1
Glymal9g24850.1
Glymal9g24870.2
Glymal9g24910.1
Glymal9g24900.1
Glymal9g41220.1
Glymal9g41070.2
Glyma20g25461.1
Glyma209g25430.1
Glyma20g22180.1
Glyma20g28640.1
Glyma20g28650.1

GLPO028
GLP029
GLPO030
GLP085
GLPO31
GLP032
GLPO33
GLP034
GLPO35
GLPO036
GLPO086
GLPO37
GLP038
GLPO039
GLP040
GLP0O41
GLP042
GLPO043
GLP044
GLPO045
GLP0O46
GLP047
GLP048
GLPO049
GLP0O50
GLPO51
GLPO87
GLPO052
GLP053
GLP054
GLP055
GLPO056
GLPO57
GLPO058
GLP059
GLPO060
GLPO61
GLP062
GLP063
GLP064
GLP0O65
GLPO088
GLPO66
GLPO67
GLP089
GLP090

207
207
212
356
199
226
483
491
351
213
356
231
215
209
181
214
188
210
206
221
220
221
221
215
208
212
536
481
181
221
221
221
221
221
212
221
221
219
221
219
184
137
207
224
439
605

53-199
53-199
67 - 204
3-157 and 195 - 339
45 - 189
68 - 214
43 - 197 and 289 - 438
38 - 249 and 357 - 491
176 - 327
57 - 203
3-157 and 195 - 339
65 - 201
59 - 209
53-199
27 -171
57 - 204
31-178
56 - 200
52 -196
58 - 209
60 - 209
57 - 209
59 -210
59 - 209
52 -198
58 - 209
36 - 220 and 360 - 509
36 - 240 and 309 - 458
49 - 169
58 - 209
58 - 209
58 - 209
58 - 209
58 - 209
50 - 201
58 - 209
58 - 209
59 - 208
58 - 209
60 - 209
41 - 177
22 -127
55 -197
65 - 214
34 - 193 and 240 - 401

196 - 354 and 406 - 567

161

71025
7to 25
5to 27

1to 25
1to 25
1to 27

1to 23
1to 23
1to 24

1to 22

1to 18
1t020
1to 18
1t019
1to 22

1to21
1to 17
1to 20
1t020
1to 20
1t020
1to 20
1to 17
1to 20
1to021
1to19
1t020
1to 20
1t020
1to 20
1t020
1to 20
1t019
1to 20
1t020
1to19
1t020
1to 22

71029

1to24
1to 27
1to 23
1to 24

21.94
21.94
23.02
38.30
20.73
24.40
54.58
55.37
39.62
22.24
38.31
25.67
22.87
21.91
19.18
22.95
20.10
22.59
21.97
23.94
23.78
23.99
24.03
23.45
21.32
22.78
60.48
54.24
19.84
23.99
23.99
23.99
23.99
23.99
22.86
23.98
23.95
23.64
23.98
22.99
19.62
14.53
22.12
23.73
50.44
70.30

6.90
6.90
6.96
531
8.60
6.05
5.98
5.46
5.38
6.03
5.82
5.54
6.02
7.01
7.90
5.58
5.02
9.17
6.49
6.90
6.41
6.90
8.82
6.83
8.53
6.50
6.49
5.73
8.49
6.90
6.90
6.90
6.90
6.90
5.49
6.90
6.90
5.76
6.90
9.23
4.69
6.81
6.90
9.52
5.88
5.12



89
90
91
92
93

Glyma209g28660.1
Glyma209g36320.1
Glyma209g28466.1
Glyma20g28460.1
Glyma209g36300.1

GLP091
GLP068
GLP092
GLP093
GLP069

605
222
383
439
232

196 - 354 and 406 - 567

61-211
178 - 350

34 -193 and 240 - 401

62 - 215

71029 1to24
3to21 1to 20
--------- 1to 23
--------- 1to0 20

70.30
23.91
43.97
50.47
24.97

5.12
8.48
9.01
5.88
8.43

TM, transmebrane; SP, signal peptide; pl, point isoeletric. New GmGER members is identified in red colors.
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Supplemental Table S2: List of primers used in this study.

Gene cloning and eGFP tags fusions (N- and C-terminals)

Primer name Sequence (5'-3") Purpose Tm (°C) Reference
Sall- gcgcgcGTCGACATGAAGGTTTTT  GmGLP10 gene 3' 60.0 In this study
GmGLP10_ Fwd TACTTCTTCG flanking region PCR
amplification
Spel- ataaatACTAGTITAATTATGTTTCC GmGLP10 gene 5' 60.0 In this study
GmGLP10_Rvs CGTTAACT flanking region PCR
amplification

attB1-GFP- GGGGACAAGTTTGTACAAAAAA To generate GFP fusions  60.0 In this study
GmGLP10 Fwd GCAGGCTtcATGAAGGTTTTTTA at GmGLP10 N-

CTTCTTCG terminals
attB2-GFP- GGGGACCACTTTGTACAAGAAA To generate GFP fusions  60.0 In this study
GmGLP10_Rvs  GCTGGGTHFTAATTATGTTTCCC at GmGLP10 N-

GTTAACT terminals
attB1- GGGGACAAGTTTGTACAAAAAA To generate GFP fusions  60.0 In this study
GmGLP10- GCAGGCTtcACCATGAAGGTTTT  at GmGLP10 C-
GFP_Fwd TTACTTCTTCG terminals
attB2- GGGGACCACTTTGTACAAGAAA To generate GFP fusions  60.0 In this study
GmGLP10- GCTGGGTtATTATGTTTCCCGTT  at GmGLP10 C-
GFP_Ruvs AACTTTGTTG terminals
ASP M- GGGGACAAGTTTGTACAAAAAA To generate GFP fusions  60.0 In this study
GmMGLP10- GCAGGCTTCACCBIGTATGATC  at ASPi-»M- GmGLP10
GFP_Fwd CAAGCCCCTTGCAAGAC C-terminals
attB2-GmGLP10- GGGGACCACTTTGTACAAGAAA To generate GFP fusions  60.0 In this study
GFP_Rvs GCTGGGTtATTATGTTTCCCGTT  at ASP:1-22M- GmGLP10

AACTTTGTTG C-terminals
GFP-ASP M- GGGGACAAGTTTGTACAAAAAA To generate GFP fusions  60.0 In this study
GMGLP10 Fwd GCAGGCTTCEEGTATGATCCAA  at ASPi»:M- GmGLP10

GCCCCTTGCAAGAC N-terminals
attB2-GFP- GGGGACCACTTTGTACAAGAAA To generate GFP fusions  60.0 In this study
GmGLP10_Rvs  GCTGGGTHITAATTATGTTTCCC  at ASPi-22M- GmGLP10

GTTAACT N-terminals
attB1_p:: GGGGACAAGTTTGTACAAAAAA GmGLP10 promoter 60.0 In this study
GmGLP10 Fwd GCAGGCTGTATATGAGATTTGA cloning

ACAGCCAAGA
attB2_p:: GGGGACCACTTTGTACAAGAAA GmMGLP10 promoter 60.0 In this study
GmGLP10_Rvs  GCTGGGTTTTTCTCCCTCTCGCT cloning

ACTAAC
Primers for GmGLP10 promoter sequencing by Sanger methods.
SEQ1 p:: GTGTACCGAATAACTTGGCAAA GmGLP10 promoter 60.0 In this study
GmGLP10 Rvsl TATAA sequencing
SEQ2 p:: GCTAAATCTTGACTCTCCCAGA  GmGLP10 promoter 60.0 In this study
GmGLP10 Fwd2 CA sequencing
SEQ2 p:: GTGATCCTTCTCCACCCCTG GmGLP10 promoter 60.0 In this study
GmGLP10_Rvs2 sequencing
SEQ3 p:: GCACTTTCTGTTTTCCCGAATAC GmGLP10 promoter 60.0 In this study
GmGLP10 Fwd3 C sequencing
SEQ3 p:: CGAGTGTCCACTATTGCATATTT GmGLP10 promoter 60.0 In this study
GmGLP10 Rvs3 ATC sequencing
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SEQ4 _p:: GGAACCATTCATTTACGTCACT  GmGLP10 promoter 60.0 In this study

GmGLP10 Fwd4 TGT sequencing

SEQ4 p:: CCCCACATCATCGTCATGATG GmGLP10 promoter 60.0 In this study

GmGLP10_Rvs4 sequencing

SEQ5 _p:: GCCGCCAGGTCTCAAAACAAA  GMGLP10 promoter 60.0 In this study

GmGLP10_Fwd5 sequencing

SEQ5 _p:: TTTTCTCCCTCTCGCTACTAACT GmGLP10 promoter 60.0 In this study

GmGLP10 RvsS5 TAATT sequencing

Primers for characterization of T-DNA insertion sites in A. thaliana glp10-/- mutant lines.

LP glp10_1 Fwd TTAAAAATGATGTCGGCCATC T-DNA for Salk mutants  56.1

RP_glp10_1 Rvs TAACGTTGACAAAATCCCTGG T-DNA for Salk mutants  56.1

LP glpl0 2 Fwd ACGTTCACATCCAGCTGAAAC T-DNA for Salk mutants  56.1

RP_glpl0_ 2 Rvs TTCTTTCTTTGTTCATTCGCC T-DNA for Salk mutants  56.1

LBbl1.3 NEW_R ATTTTGCCGATTTCGGAAC T-DNA for Salk mutants  56.1

VS

Primers for characterization of transgene insertion in tobacco plants (T0).

eGFP_Fwd GACGTAAACGGCCACAAGTT Transgenic tobacco lines  60.0 Moreira et al.,
selection (2022)

e¢GFP_Rvs GATGCCGTTCTTCTGCTTGT Transgenic tobacco lines  60.0 Moreira et al.,
selection (2022)

Primers used for RT-gPCR analysis.

NtAOS_Fwd GCCAAACGCGACCTTATGAT Marker genes for JA 60.0 Guimaraes et
signaling al., (2022)

NtAOS_Rvs CCACAAAATCCTTTCCGGCA Marker genes for JA 60.0 Guimaraes et
signaling al., (2022)

NtAOC_Fwd CCTGCTTATCTTCGCTTGAG Marker genes for JA 60.0 Guimaraes et
signaling al., (2022)

NtAOC_Rvs ATGCAGAGTCCAGCCGTTAT Marker genes for JA 60.0 Guimaraes et
signaling al., (2022)

NtMYC2_Fwd CCTCATTGATGGTGCTCGTG Marker genes for JA 60.0 Guimaraes et
signaling al., (2022)

NtMYC2_Rvs TTTCGGTGTTCTTGCTCAGC Marker genes for JA 60.0 Guimaraes et
signaling al., (2022)

NtACS6_Fwd ATGCCAAGGAAAGGGATTCTAC Marker genes for ET 60.0 Guimaraes et

A signaling al., (2022)

NtACS6_Rvs TGGGAGGTTTGGGCGAAGA Marker genes for ET 60.0 Guimaraes et
signaling al., (2022)

NtACO_Fwd GACAAAGGGACATTACAAGAA  Marker genes for ET 60.0 Guimaraes et

GT signaling al., (2022)

NtACO_Rvs GAGAAGGATTATGCCACCAG Marker genes for ET 60.0 Guimaraes et
signaling al., (2022)

NtEFE26_Fwd CGGACGCTGGTGGCATAAT Marker genes for ET 60.0 Guimaraes et
signaling al., (2022)

NtEFE26_Rvs CAACAAGAGCTGGTGCTGGATA Marker genes for ET 60.0 Guimaraes et
signaling al., (2022)

NtEIN3_Fwd AAATGGACCTGCAGCCATAG Marker genes for ET 60.0 Guimaraes et
signaling al., (2022)

NtEIN3_Rvs TGAAGCTCCTGCAAAGTGTG Marker genes for ET 60.0 Guimaraes et
signaling al., (2022)
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NtERF1_Fwd
NtERF1_Rvs
NtPR3_Fwd

NtPR3_Rvs

NtEDS1_Fwd
NtEDS1_Rvs
NtNPRL_Fwd
NtNPRL_Rvs
NtHINL_Fwd

NtHINL_Rvs

NtHSR515 Fwd

NtHSR515_Rvs

NtLOX_Fwd
NtLOX_Rvs
NtCA_Fwd
NtCA_Rvs
NtACC_Fwd
NtACC_Ruvs
NtCAT1_Fwd
NtCAT1_Rvs
NtAPX1_Fwd

NtAPX1_Rvs

NtRbohD_Fwd

NtRbohD_Rvs

NtPR1_Fwd

TTAACGTCGGATGGTCGCCG
ACACCTCTGTAATGCCTTCC
CAGGAGGGTATTGCTTTGTTAG
gGTGGGAAGATGGCTTGTTGTC
TGATGACTTCAATGCTAATGTG
éiTCATGTAAGGTCCTGTATCT
giATGATACGGCAGAAGA
AGATGAGGAGATGTTGTTAG
CGACCTAACAAAGTCAAGTTCT
ACG
CTCTATCTCCCAATAAAACCAA
$$EGGCAGAATAGATGGGTA
TTTGGTGAAAGTCTTGGCTC
GGACTTGAAGGATGTTGGTGC
TCACATTAAACGTAGCATCTCC
EGCCTGTGGAGGTATCAAA
GAGAAGGAGAAAGACCGAACT
TCTGAGGTTACTGATTTGGATT
$§GACATGGTGGATAGTTGCT
TGGACTTCATACTGGTCTCA
TTCCCATTGTTTCAGTCATTCA
GAGAAATATGCTGCGGATGA
CGTCTAATAACAGCTGCCAA
ACCAGCACTGACCAAAGAA
TAGCATCACAACCACAACTA

AACCCATCCATACTATTCCTTG
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NtPR1_Rvs GCCGCTAACCTATTGTCCC
NtPR2_Fwd TGATGCCCTTTTGGATTCTATG
NtPR2_Rvs AGTTCCTGCCCCGCTTT
NtPR4_Fwd GGAAAACGGAAAGGTAAGAAG
NtPR4_Rvs égiCACGAGGTAGGTATCACAA
NtPR5_Fwd $¢£\AATG CTGCTGGTAGGGG
NtPR5_Rvs GGTTAGTCGGGGCGAAAGTC

NtHSR201 Fwd CAGCAGTCCTTTGGCGTTGTC

NtHSR201_Rvs  GCTCAGTTTAGCCGCAGTTGTG

NtHSR203_Fwd TGGCTCAACGATTACGCA

NtHSR203_Rvs  GCACGAAACCTGGATGG

NtL25_Fwd GCTAAGGTTGCCAAGGCTGTCA
AG

NtL25_Rvs GCACTAATACGAGGGTACTTGG
GGTTT

NtActin_Fwd CATTGGCGCTGAGAGATTCC

NtActin_Rvs GCAGCTTCCATTCCGATCA

GmGLP10_Fwdl TGGCCATTGCTGGTCTTAGT

GmGLP10_Rvsl AAGCTTTGGCGAGAACTTCA
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In this work

In this work

Restriction enzyme sequences (italic format), attB sequence (underlined). Start codon and stop codon are in yellow
and green, respectively. The deletion of signal peptide (ASP:-22) was replaced by start codon to encode methionine

(M) at begin of coding sequence.
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3233
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3238
3239

CONCLUSOES GERAIS

A presente investigacdo teve por objetivo validar o silenciamento génico pds-
transcricional dos genes efetores Minc03328 e Minc16803 e a superexpressao do gene Germin-
like protein subfamily 1 member 10 (GmGLP10), proveniente do genotipo de soja Pl 595099,
cujos resultados permitiram tracar novas medidas protetivas em cultivares de interesse

agrondmico contra o ataque do NFG M. incognita.

Baseado em nossos dados, verificamos que os alvos Minc03328 e Minc16803 podem
ser utilizados como alternativa preventiva pelo uso da tecnologia do RNA de interferéncia,
sendo os seus silenciamentos capazes de reduzir a susceptibilidade de linhagens transgénicas
de A. thaliana em mais de 84%. Apesar dos seus aspectos elusivos in planta, certificamos dos
seus usos na manutencdo de células gigantes, uma vez que a regulacdo negativa de ambos
transcritos foi capaz de infringir na integridade dos sitios de alimentagdo os quais representam

a sua unica medida de sobrevivéncia em plantas terrestres.

Além do elevado grau de similaridade compartilhada com outras espécies Meloidogyne
substanciar um mecanismo preservado de acdo desses efetores, analises de homologias de
sequéncias aos niveis de ambas sequéncias codantes também evidenciaram a exclusividade
legitima dos genes Minc03328 e Minc16803 reclusa a grande parte das espécies nocivas
formadores de galhas. Tomando como relevancia a utilizacdo de sequéncias especificas como
mecanismo da deplecdo do transcrito, via acdo das proteinas Argonautas, as possibilidades de
off-targets foram também investigadas nos genomas de outros organismos pertencentes ao reino
Metazoa confirmando o minimo de interferéncia possivel que o uso da tecnologia do RNAI
poderd proporcionar no meio ambiente. Este dado permitiu o estabelecimento do uso dos
cassetes génicos em plantas de soja e algoddo. Os primeiros transformantes independentes

gerados (TO) encontram em fase de caracterizacdo molecular (estudos em andamento).

Neste estudo, o papel funcional do gene Germin-like protein subfamily 1 member 10
(GmGLP10) foi também explorado, revelando uma terceira medida a ser perseguida tanto pela
sua expressdo heterdloga em plantas de interesse comerciais, quanto por técnicas de edicdo de
genomas. A principio, os indicios 6micos revelavam alta expressao diferencial de GmGLP10
no genatipo resistente de soja PI 595099 como indicadores do seu fenotipo de resisténcia contra
M. incognita, sendo o apoio deste ultimo fim confirmado em linhagens transgénicas de tabaco
superexpressando GmGLP10. Nossos dados demonstraram uma reducéo da susceptibilidade de

plantas de tabaco em mais de 49%, enquanto que os testes de resisténcia realizados em raizes
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3267

3268

3269

3270

transgénicas pilosas, induzidas a partir do peciolo de folhas da soja, indicaram uma reducéo em
mais de 55% do namero de galhas.

A partir desses dados, revelamos o papel funcional da proteina apoplastica GmGLP10
na geracdo de peroxido de hidrogénio, sendo a sua atividade averiguada por meio do
monitoramento transcricional de varios marcadores génicos, sensiveis ao incremento das ERO
no citoplasma da célula vegetal. Dentre suas identidades, destacam-se as vias do etileno (ET),
acido abscisico (ABA), jasmonico (JA) e salicilico (SA), espécies reativas de oxigénio (ERO)
e resposta de hipersensibilidade (HR). Particularmente ao ultimo caso, evidenciamos o apoio
sincrono entre 0s genes relacionadas a resposta de hipersensibilidade NtHSR201 e NtHSR203
aos principais danos morfoldgicos observados na formacéo das CG. Ademais, casos como 0
atraso do desenvolvimento de nematoides e a desorganizacdo do xilema foram também
observados nos exames histoldgicos, remetendo como outros indicios correlatos a HR como

resultado final da expressao ectopica de GmGLP10 em CG.

Por fim, evidenciamos o papel chave do (SNP)-908 como razéo crucial da extin¢do do
cis-elemento RYPE (consenso CATGCA) na sequéncia promotora de GmGLP10pr do genotipo
P1 595099, justificando a sua alta expressdo nesse gendtipo em relacéo a cultivar susceptivel
BRS 133. H& indicios de que o fator de transcricio ABI3 aja na repressdo promotora de
GmGLP10pr, da cultivar BRS 133, apés sua ligacdo ao consenso RYPE e recrutamento de
modificadores de histonas (HM) com atividades de metilacdo e/ou desacetilacdo. Por meio
desse indicativo, existe uma forte evidéncia de que GmGLP10 permaneca em estadio
transcricional inativo no gendtipo susceptivel, devido ao novo estadio de heterocromatina
formado; enquanto o (SNP)-908, identificado pela troca G908A no gendtipo Pl 595099, remete
para uma nova resisténcia ao médulo ABI3/HM. Apesar desses indicios fornecerem evidéncias
circunstanciais do papel negativo do motivo RYPE no contexto susceptivel, estudos adicionais
serdo conduzidos na cultivar BRS 133 a fim de averiguar se a deplecdo génica deste motivo,

via sistema CRISPR-Cas9, podera contornar a atividade repressiva do médulo ABI3/HM.
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3446  Suppl. Fig. S2 In silico sequence analysis of the M. incognita effector genes, highlighting in
3447  red boxes the Minc3s00020g01299 (Minc03328) gene studied in this work. Pairwise sequence
3448 identity matrices of nucleotide sequences were generated using Sequence Demarcation Tool
3449  version 1.2 software. Gene sequences were retrieved from WormBase Parasite Database
3450  version WBPS13.

3451

3452

3453

3454

3455

3456

175



3457

3458

3459

3460

3462

3463
3464
3465
3466
3467

3468

3469

3470

3471

3472

3473

3474

3475

3476

3477

3478

3479

3480

3481

a)

% Seed survival under Hygromycin B concentration (15 mg/L)

100% 100% 100%
Line #1 Line #2 Line #3

Suppl. Fig. S3 Phenotype of the transgenic A. thaliana lines and wild-type control plants during
screening in Petri plates containing MS-agar and 15 mg/L hygromycin, and after
acclimatization and cultivation under growth room. a A. thaliana Tz transgenic lines selected
in vitro under half-strength (0.5X) MS medium containing 15 mg/L hygromycin B. b

Transgenic A. thaliana lines during advancement of generations (T to Ts3). Scale bars: 1 cm.
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Suppl. Fig. S4 Histopathological morphology of M. incognita-induced galls in the Minc03328-
siRNA line of A. thaliana. Plants from transgenic Line #1 and wild-type control plants were
submitted to M. incognita infection, and gall and nematode morphology was evaluated at 45
DAI. Sectioned galls were stained with toluidine blue. a and b Transgenic galls presented giant
cells with few cytoplasmic contents and often contained regular cell walls (black arrows).
Neighboring cells from transgenic galls showed more irregular sizes and shapes (yellow arrows)
than wild-type control galls suggesting altered giant cell ontogenesis. ¢ Nematode cuticle was
apparently disintegrating (orange arrow) and not well defined. This analysis demonstrated that
Minc03328 gene silencing caused a direct effect on nematode morphology as well indirectly in

gall structure. Abbreviations: asterisks, giant cell; n, nematode. Scale bars = 50 pum.
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Table S1: Primer sequences used in this study.

Primer name |Gene Gene ID Sequence 5°- 3’ Purpose | References

GFP-F eGFP GACGTAAACGGCCACAAGTT PCR This work

GFP-R (ransgene iransgene GATGCCGTTCTTCTGCTTGT PCR This work

Minc03328-F  Minc03328 TGATAAGCGCCCTAGGAAATGA gPCR | This work

Minc03328-R Minc3s00020g01299 GACTAGGATCGTATCGGGTGC qPCR | This work

Mil8S-F Mil8S ACCGTGGCCAGACAAACTAC qPCR | This work

Mil8S-R Minc3s02085g28182 GATCGCTAGTTGGCATCGTT qPCR | This work

MiGAPDH-F MiGAPDH| GCTTCCTGCACTACTAATTGTCTTG gPCR | Lourengo-Tessutti ef al. (2015)
MiGAPDH-R Minc3s07075g40689 CAGTAACAGCGTGTACAGTAGTCAT |[qPCR | Lourengo-Tessutti et al. (2015)
miActin-F MiActin GATTCGTATGTGGGAGATGAGG qPCR This work

miActin-R Minc3s00730g16611 TTAGCCTTTGGGTTGAGAGG qPCR | This work

mif-tubulin-F  |Mif- TGGAAAGTATGTCCCAAGAGC gPCR | Lourenco-Tessutti ef al. (2015)
miB-tubulin-R  fubulin Minc3500001200047 CACCACCAAGCGAGTGAGT gPCR | Lourengo-Tessutti ef al. (2015)
Pdk intron-F  |Pdk intron TGCTAATATAACAAAGCGCAAGA qPCR This work

Pdk intron-R transgene ACCTTGTTTATTCATGTTCGACT qPCR This work

Actin 2-F AtActin 2 |AT3G18780 CTTGCACCAAGCAGCATGAA qPCR | Che et al. (2010)

Actin 2-R CCGATCCAGACACTGTACTTCCTT gPCR | Che et al. (2010)

GAPDH-F AtGAPDH TTGGTGACAACAGGTCAAGCA gPCR | Ogneva et al. (2021)
GAPDH-R AT1G13440 AAACTTGTCGCTCAATGCAATC gPCR | Ogneva et al. (2021)

EFI1-F AtEF1 TGAGCACGCTCTTGCTTTCA qPCR | This work

EF1-R AT5G60390 GGTGGTGGCATCCATCTTGTTACA gqPCR | This work

References: Lourenco-Tessutti IT, Souza Junior JDA, Martins-de-Sa D, Viana AAB, Carneiro RMDG, Togawa RC, de Almeida-Engler J, Batista JAN, Silva MCM, Fragoso RR, Grossi-
de-Sa MF (2015) Knock-down of heat-shock protein 90 and isocitrate lyase gene expression reduced root-knot nematode reproduction. Phytopathology 105:628-637.

Che P, Bussell JD, Zhou W, Estavillo GM, Pogson BJ, Smith SM (2010) Signaling from the endoplasmic reticulum activates brassinosteroid signaling and promotes acclimation to stress
in Arabidopsis. Science Signal 3(141):ra69.
Ogneva 2V, Volkonskaia VVV, Dubrovina AS, Suprun AR, Aleynova OA, Kiselev KV (2021) Exogenous stilbenes improved tolerance of Arabidopsis thaliana to a shock of ultraviolet B
radiation. Plants 10(7):1282.
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Suppl. Table S2: Effector Minc03328 (Minc3s00020g01299) coding sequence organized in 6 exons and 5 introns, selected as a target sequence for in

planta RNAI strategy to downregulate Minc03328 gene.

Length

Sequence

Gene structure

I - - - - - -
= Minc3s00020g01 299
protein coding

5’-UTR
30 bp
CCGCATAAAATTAGTGCATCAATGACAAAATTGGGCAATCCTCGTGTGACTCATGTTACTTTCCCAGTAAAACA
AAATTCAAGCAAATCTGGCATCAGTTTGACTGTAAGTGACCCAAAACAGCCCGTTCTTCGTGCTTCTGCAAAACACGATAATCAGGA
TTTGTTTAGCAATGACGAAAACAACGATGATGATATATTAGATGAATTACAATATTACATCAAGAAATATGAAGAAAAGGAAAGA
GACGAGGTTGCAAGAATTAATCTTGAAGATGTTGAAGAGCACAACAAATACATGGAAGAACAAGAAAAGTTATATGAACAAACAAA
CDS AGGAAAAGAAGGCCTTGATAAAATTTCCAAGAATCTTCTTGATAGAAAACATGCTAGTTACAGTAAAATAAGTTCATATGAACTTAT
1.428 bp CAAAGAATTTTATGGAATTGATCTGGAATATAAAATTCCGAAAACAATTGAACAACGAAAAAATCTCGTAACAAAATTACTTGAAGG

TTTTATAAAGATGATAAATAAAAGGAACAAGGAAAAATTTGATATAATGATAAGCGCCCTAGGAAATGAAAATCATAAAGAAAAAA
AGGGAGAATTTGATGAATTTTTACAGTATCTAGAACTGTTCGCACCCGATACGATCCTAGTCTCCTTTCTTCAAATTCCTGATGAAGGT]
CGACAACTTTTGTTTGAAACTTTCGATGAGATATTAACAGATTTGAAAAAAAGTAAAAACAAAAAAGATGAACACGGAAAAATAATT
AAAGGCAGTTCTCAACATCCAGCTGTCCATTTGAAAAAATATCACGACAAATTAAACAACAGCGATCTCGATGCTGATACAAAAGAA
CGAATTGATCAATTCTTCACAATTGTTCAAAATGACTTCAATCAATTGCCAATATATTTAACAGAAAATTTTGCCAGTCTCTTCAGAA
AAATTGCAACATTAGGACTCCCGGGATTAAAAGAAGCATTAATCCGTTACTTAGAAGTATGGAATCATGCAGATCCTCAGGATCAGC
AAATGATGGCAAACGCATTTCCTAAATTGGCTTTCTTCTACAACGATTCAAAATCAATGAAAATGAATGATTGGGCTTATCGTTCAGT
AAAAGGAAATTTCTTTTTTAAAATTCCACTTTTGATATTGCTTAAAATGATTTTCTTGAACAAGCCAAAATTGGAGAATGATAGTGCTT]
TATATAAAGAATTGCGTGAAAAATTAACAAAAGATTTTGAAGCTAACAAGGAGCTTATTGATGAAATTGGAAAGTTCTTTAAACCCG
CAAAACCCCTTGTTGGTTCAGTAAAAATTTTGAATTGA

First start codon
10 aa

Second start

MIPFLIL AVSSSQGVNIPHKISASMTKLGNPRVTHVTFPVKQNSSKSGISLTVSDPKQPVLRASAKHDNQDLFSNDEN

codon NDDDILDELQYYIKKYEEKERDEVARINLEDVEEHNKYMEEQEKLYEQTKGKEGLDKISKNLLDRKHASYSKISSYELIKEFYGIDLEYKIP

475 aa KTIEQRKNLVTKLLEGFIKMINKRNKEKFDIMISALGNENHKEKKGEFDEFLQYLELFAPDTILVSFLQIPDEGRQLLFETFDEILTDLKKSKN

54.99 kDa KKDEHGKITKGSSQHPAVHLKKYHDKLNNSDLDADTKERIDQFFTIVONDFNQLPIYLTENFASLFRKIATLGLPGLKEALIRYLEVWNHAD

pl 6.67 PODQOMMANAFPKLAFFYNDSKSMKMNDWAYRSVKGNFFFKIPLLILLKMIFLNKPKLENDSALYKELREKLTKDFEANKELIDEIGKFFK
PAKPLVGSVKILN*

3’-UTR tatgcgagaaaaaatgaaagaagtgatatgtaaaaaaagtgaaggaagat

50 bp

Nucleotide and amino acid sequence in blue letters: 5’-UTR with a putative premature start codon. Nucleotide and amino acid sequence in yellow letters: predicted importation peptide
signal (22 aa length). Underline nucleotide sequence: sequence target (200 bp length) used in RNAI strategy. Nucleotide sequence in red: peptide sequence (14 aa length) used as a
reference to synthesis of the anti-Minc03328 polyclonal antibody.
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Suppl. Table S3: Literature review about M. incognita effector genes already validated by in planta RNAI strategy in different plant species.

Effector gene In situ localization Host plant Promoter  Phenotype References
MiMSP40 subventral esophageal A. thaliana CaMV35S 35 to 50% reduction in galls number Niu et al. (2016)
13 to 18% reduction in egg masses
Mil16D10 subventral esophageal A. thaliana CaMV35S 63 to 90% reduction in galls number and gall size Huang et al. (2006a) and
Huang et al. (2006b)
Mil6D10 subventral esophageal Grape hairy roots CaMVv35S - Yang et al. (2013)
Mil6D10 subventral esophageal Potato CaMVv35S - Dinh et al. (2015)
Mi8D05 subventral esophageal A. thaliana CaMV35S  90% reduction in gall formation Xue et al. (2013)
Mi-msp3 subventral esophageal A. thaliana CaMV35S  89% reduction in galls number Joshi et al. (2020)
MilSE5 subventral esophageal Pepper (**) 31% reduction in galls number Shi et al. (2018)
44% reduction in egg masses
Mi-CRT subventral esophageal A. thaliana CaMV35S  High reduction in galls number Jaubert et al. (2005);
Jaouannet et al. (2013)
msp-20 subventral esophageal S. melongena (eggplant) CaMV35S 41 to 67% reduction in multiplication factor Shivakumara et al. (2017)
Mi-CM-3 subventral esophageal N. benthamiana (**) 51% reduction in females number Wang et al. (2018)
Mi-msp-1 or Mi- subventral esophageal S. melongena (eggplant) CaMV35S 33 to 46% reduction in galls number Chaudhary et al. (2019a)
vap-1 41 to 51% reduction in egg masses and Chaudhary et al.
62 to 70% reduction in multiplication factor (2019b)
Minc03328 Subventral esophageal A. thaliana pUceS8.3  85% reduction in galls number Rutter et al. (2014)
90% reduction in egg masses This work
64 to 87% reduction in [galls/egg masses] ratio
Mi-msp5 dorsal oesophageal glands  A. thaliana CaMV35S  78% reduction in galls number Joshi et al. (2020)
cells
Mi-msp18 dorsal oesophageal glands  A. thaliana CaMV35S  86% reduction in galls number Joshi et al. (2020)
cells
Mi-msp24 dorsal oesophageal glands  A. thaliana CaMV35S  89% reduction in galls number Joshi et al. (2020)
cells
Misp12 dorsal oesophageal glands ~ N. benthamiana (**) 63% reduction in egg number Xie et al. (2016)
cells
msp-18 dorsal oesophageal glands  S. melongena CaMV35S 43 to 69% reduction in multiplication factor Shivakumara et al. (2017)
cells
MiMIF-2 (MIF-like) hypodermis cuticle A. thaliana CaMV35S  60% reduction in galls number Zhao et al. (2019)
Mi-msp2 *) A. thaliana CaMV35S 52 to 54%, 60 to 66%, and 84 to 95% reduction Joshi et al. (2019)
respectively in galls numbers, females, and egg masses
MilDL1 - A. thaliana CaMV35S  40% reduction in galls number Kim et al. (2018)
Minc01696 Subventral esophageal N. tabacum and soybean pUceS8.3 80 to 90% reduction in egg, J2, galls number, and Grossi-de-Sa, MF
Minc00344 Subventral esophageal hairy roots nematode reproduction factor (personal communication)
Minc00801 Rectal glands
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Mi-cpl cysteine protease Cotton pUceS8.3  reduction in gall formation (57-64%) and egg masses  Lisei-de-Sa et al. (2021)
Mi-icl isocitrate lyase production (58-67%), as well as in the estimated
Mi-sf splicing factor reproduction factor (60-78%)

(*) upregulated during early parasitic stages; (**) virus-mediated RNAI; (-) not described so far.
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Suppl. File S1. Amino acid sequence analysis for polyclonal antibody production against Minc03328
effector protein.

a Amino acid sequence alignment between Minc03328 (target gene used in this study) protein, its
orthologous gene, and peptide sequence used for polyclonal antibody production.

Minc3s00083g03984 PIKQSSSNSGISLTVSGPKQPVLRASAKHDHODLESNDENNDDDLLDELQYYIKKLHEKE
Minc03328 PVKONSSKSGISLTVSDPKQPVLRASAKHDNQDLFSNDENNDDDILDELQYYIKKYEEKE
Antibody peptide = @ —--m-mmmmmmmmm—mm—m—m———— - KHDNQDLEFSNDENN--=-—=—==—=——=———————

khkKk e kkkkhkKhk kK k)%

b BLASTP analysis (WormBase) against Meloidogyne incognita PRJEB8714 dataset (Blanc-Mathieu
etal. 2017), allowing found only 2 hits: Minc3s00020g01299 (Minc03328 target gene used in this study)
and Minc3s000837g03984 (orthologous gene of the Minc03328).

.
Search WormBase ParaSite..
pa ras lte Version: WBPS16 (WS279)
g O vohulus, PRINASODS 1, WBGene0I262424, Bma-eat 4, eat-4 o metalopeptidasa
Genome List BLAST BioMart REST API Downloads Tools WormBase Login Register Help and Documentation
Web Tools ~ N
I Web Tools Results for antibody peptide
=3 BLAST
& Ticket ) Job details =
= antibody peptide Job name antibody peptide
Variant Effect Predictor
'
¥ Configure this page Search type BLASTP (NCBI BLAST)
o Sequence rantibody peptide
=< Share this page KHDNQDLFSNDENN
Query type Protein

4 Download results file m

Results table =

Show/hide columns (9 hidden)

Genome Subject name Gene hit Query start Length Score ¥ Eval %ID
Meloidogyne incognita (PRJEBE7 14) Minc3s00020g01299 Minc3s00020901299 1 14 15equence] 79 0.00077  100.0 (Atonment)
Meloidogyne incognita (PRJEBST7 14) Minc3s00083g03984 Minc3s00083903984 1 14 [Sequence] T4 0.0035 92.9 [alignment]

HSP distribution on query sequence

c BLASTP analysis (NCBI) against the Meloidogyne incognita taxid:6306 dataset. Two top hits:
Minc3s00497g13327 (query cover: 92% and percentage identity: 75%) and Minc3s01544924587 (query
cover: 35% and percentage identity: 100%).

Job Title Protein Sequence Filter Results
RID PGB8HCS3A0IN  Search expires on 10-15 2027 pm  Download All v |_| e
F'rogram BLASTP 9 Citation Organlsm only fop 20 will appear —
Type common name, binomial, taxid or group name |

Database nr See details v | w aroup

<4 Add organism
Query ID IcljQuery_223283
Description None Percent Identity E value Query Coverage
Molecule type  amino acid | | o | | | ‘ to | | | | 1o ‘ ‘

Query Length 14

Other reports  Distance tree of results  Multiple alignment MSA viewer @ m
Graphic Summary Alignments Taxonomy

Sequences producing significant alignments Download * [ Select columns ~ Show 2]
select all 58 sequences selected GenPept Graphics Distance tree of results  Mulfiple alignment EEEMSA Viewer
- - - - - v

putative esophageal gland cell secretory protein 20 [Meloidogyne incognita] Meloidogyne incognifa 215 344 92% 0051 75.00% 261 AAMDSSS6.1

I ical protein [Meloid incogpnita] Meloidogyne incognita 193 183 35% 042 100.00% 313 AHK097571
candidate secreted effector Minc00672 [Meloidogyne incognita] Meloidogyne incognita 185 185 B4% 085 6000% 149 ASX950211
putative Na-K-Cl cotransporter [Meloidogyne incognita] Meloidogyne incognita 180 180 T1% 12 63.64% 1082 CACS05451
candidate secreted effector Minc18636 [Meloidogyne incognita] Meloidogyne incognita 159 159 35% 72 80.00% 312 ASKI5047T1

idate secreted effector [Meloidogyne i ita] Meloidogyne incognita 189 159 35% 72 80.00% 316 QPCS29731
cytochrome ¢ oxidase subunit | [Meloidogyne i ita] Meloidogyne incognita 189 375 Ti1% 72 100.00% 507 YP 0090257341
turonase [Meloidogyne incognita] Meloidogyne incognita 15.1 250 T1% 15 50.00% 633 AAM2E240.1
secreted protein MSP-1 [Meloidogyne incognita] Meloidogyne incognita 142 142 57% 30 50.00% 231 AADO1511.1
putative cathepsin L protease [Meloidogyne incognita] Meloidogyne incognita 142 142 ST% 30 62.50% 383 CADS39795.1
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Suppl. File S2. Sequence alignment of nucleotide between Minc03328 and its homologous
gene Minc3s00083g03984. Letters with yellow background are highlighted 200-bp RNAI

sequence and in green are highlighted primer set used in RT-PCR assays for gene expression.

———————————— ATGATTCCTTTCCTTATTCTGTTGTGCTCCTTATTTGAAAATTGCGGT

ATGTTTTACTCGATGATTCCGTTCCTTATTCTGTTGTGCTCCTTCTTTGAAAATTGCGGT
Kk kkokkkk Kkkkkkkhhkkkhkkkkhkkkhkhkkkh Khkkkkkkkkkkrkkx

GCTGGCGTTCCACATGCAGCTGTAAGCAGTTCGCAGGGAGTCAACATTCCGCATAA---A

[ECo——o== TCCACTTTCAGCTGTAAGCAGTTTGAATGGAG-—--—— TTCCAACTAAAACA
* % Kkkkk ok Kkkkkkkkkkkxhkx Kk ok KKKk *x kK * ok x *
ATTAGTGCATCAATGACAAAA---—-————— TTGGGCAATCCTCGTGTGACTCATGTTACT

ATTAATGCCTCAATGCCAAAACTGGGAAGTTTGGGCAATCCTCGTGTGAATCATGTTTCT

Khkkk Kkhkk Khkkhkkk kkxkk hhkkhkkhhhkhkhrkhhrkhhkkk Khkkrkhkkx *%x

TTCCCAGTAAAACAAAATTCAAGCAAATCTGGCATCAGTTTGACTGTAAGTGACCCAAAA
TTCCCAATAAAACAAAGTTCAAGCAATTCTGGCATTAGTTTGACTGTAAGTGGCCCAAAA

hhkkhkkk hkhkkkhkkkhk khkhhhkhkkhhkhk Ahkkhkkkhkhk *khkkrkkhkkhkkkrhkkrkkkx Hrkkkxk*

CAGCCCGTTCTTCGTGCTTCTGCAAAACACGATAATCAGGATTTGTTTAGCAATGACGAA
CAGCCCGTTCTTCGTGCCTCTGCAAAACACGATCATCAGGATTTGTTCAGCAATGACGAA

Kok kkhkhhhkhkhhhhhhhkhk Khkhhkhhhhhhhhhhk hhhhkrhkhhhhhkh *hkkhkkkhkhkxxk

AACAACGATGATGATATATTAGATGAATTACAATATTACATCAAGAAATATGAAGAAAAG
AACAACGATGATGATCTATTAGATGAATTACAATATTACATCAAGAAACTTCATGAGAAG

R I L R S R R R * ok kK KKK

GAAAGAGACGAGGTTGCAAGAATTAATCTTGAAGATGTTGAAGAGCACAACAAATACATG
GAAAGAGACGAGGTTGCAGAAATTAATCTTAAAGATGTTGAAGAGCACAATAAATACATA

R KAk Kk hAhhA* KhhkAhhkAAhkhhkAhhk kA h*x hAhkhkkxx*

GAAGAACAAGAAAAGTTATATGAACAAACAAAAGGAAAAGAAGG-—-—-—— CCTTGATAAA
GAAGAACAAAAAGAGTTGTATGAAGAAACAAAAGGAAAAGAAGGCTTTGACCTTGATAAA

KAk Kk KKK KhK KKk Khhkkhk KAAKKAKE KAAAAAAAR KA KA KKK KK Kok kK k kKK KK

ATTTCCAAGAATCTTCTTGATAGAAAACATGCTAGTTACAGTAAAATAAGTTCATATGAA
ATTTCCAAGAATCTTCTTGATAGAAGACATGCTAGTTACAGTAAAATAAGTTCATATGAA

B I o R

CTTATCAAAGAATTTTATGGAATTGATCTGGAATATAAAATTCCGAAAACAATTGAACAA
CTTATCAAAGAATTTTATGGAATTGATCTGGAATATAAAATTCCGAAAACAATTGAACAA

Kok khkkhkhkhkkhhkkhhkhkhhkkhhkkhhkkhkkhhkkhhkkhkhkkhhkkhhkkhkkhkkhkkkkkkkk*x*k*

CGAAAAAATCTCGTAACAAAATTACTTGAAGGTTTTATAAAGATGATAAATAAAAGGAAC
CGAAAAAATCTCGTAACAAAATTACTTGAAGGTTTTATAAAGATGATAAATAGAATGAAC

B I S s

AAGGAAAAATTTGATATA AAATCATAAAGAAAAAAAG
AAGGAAAAATTGGATGGA. AAATCATAAAGAAAAAAAG

KAk KKK A KKK KK KKkK Khkkk kA hkhhhhhhhkhhkhk Khkx KhhArhhkkAhhrkhkkhkhkkx kKK

GGAGAATTTGATGAATTTTTACAGTATCTAGAACTGTTC
GGAGAATTTGATGAATTTTTACAATATCTAGAACTGTTC

B L S S R R R S

TCCTTTCTTCAAATTCCTGATGAAGGTCGACAACTTTTGTTTGAAACTTTCGATGAGATA
TCCTTTCTTCAAATTCCTGATGAAGGTCGACAACTTTTGTTTGAAACTTTCGATGAGATA

B L R

TTAACAGATTTGAAAAAAAGTAAAAACAAAAAAGATGAACACGGAAAAATAATTAAAGGC
TTAACAGATTTGAAAAATAGTAAAAACAAAAAAGATGAACACGGAAAAATAATTAAAGGC

B I L T L o R T

AGTTCTCAACATCCAGCTGTCCATTTGAAAAAATATCACGACAAATTAAACAACAGCGAT
AGTTCTCAACATCCAGCTGTCCATTTGAAAAAATATCACGACAAATTAAACAACAGCGAT

Kok khkkhhkhkkhhkhhkhhhkkhhkhhkhkhhkkhhk kA hkkhhkhhkkhhkkhkhkhhkk Ak khkkkkkk* k%

CTCGATGCTGATACAAAAGAACGAATTGATCAATTCTTCACAATTGTTCAAAATGACTTC
CTCGATGCTGATACAAAAGAACGAATTGATCAATTCTTCACAATTGTTCAAAACGACTTC

Kok ok ok k ok k ok ok kkkhkkkhkkhk ok kk ok hkkhkkkk ok h ok ko k ok kkkkkkhkkkkkkk  *kkkkk

AATCAATTGCCAATATATTTAACAGAAAATTTTGCCAGTCTCTTCAGAAAAATTGCAACA
AATCAATTGCCAATATATTTAACAGAGAATTTTGCTAGTCTTTTCAGAAAAATTGCAACA

KA KKK A K kAR A AR K AR A AR KA A K AR K” Ahkkhhkhhkhk *Ahkhk Khkrhhkrhkhrhhkhhkkxxk

TTAGGACTCCCGGGATTAAAAGAAGCATTAATCCGTTACTTAGAAGTATGGAATCATGCA
TTAGGACTCTTAGGATTAAAAGATGCATTAATTCCTTACTTAGGAATATGGAATTATGCA
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35 SUPPLEMENTAL FIGURES AND LEGENDS

36

A)
% seed survival under hygromycin B concentration (15 mg/L)

100% 100% 100%
Line #1 Line #2 Line #3

B)
WT Line #1 Line #2 Line #3 Line #4

37  Supplemental Fig. S1. Phenotype of the transgenic A. thaliana lines and wild-type control plants during screening in Petri plates containing MS-
38 agar and 15 mg/L hygromycin, and after plant acclimatization and cultivation under growth room. (A) A. thaliana T3 transgenic lines selected in
39  vitro under half-strength (0.5X) MS medium containing 15 mg/L hygromycin B. (B) Transgenic A. thaliana lines in the T3 generation. Scale bars:
40 1lcm.
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14 DAI Wild-type 30 DAI

A)

---------------------------------------*

B)

Supplemental Fig. S2: Histological analysis of toluidine stained galls of wild-type and Minc16803-dsRNA (Line #1) plants. (A) Gall sections in
wild-type lines showed typical morphology of sectioned root-knot nematodes during parasitism throughout gall development. (B) Gall morphology
in the Minc16803-dsRNA (Line #1) illustrates nematodes with aberrant morphology (red arrows) and often strongly blue stained compared to
nematodes in wild-type sections. Minc16803 silencing not only perturbs feeding sites development but also leaded to dark blue stained and

abnormal nematode morphology compared to the wild-type. Asterisk, giant cell; n, nematode; F, adult female. Scale bars = 50 pum
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Supplemental Table S1. Primer sequences used in this study.

Primer Gene ID Sequence (5°-3) Purpose Reference

gEEE Transgene gﬁggg@éﬁ?gﬁ%ﬁé%ﬁﬁng PCR Moreira et al. (2022)
MincL6805-F | \/iocacno7asqgtepns | CACTCAACTTATIAAGCAACACATIG ot jocr | This sty

m:ﬁgt:ﬂg ;ig;g%ﬁgg;%@ggﬁié’ég RT-qPCR Lourengo-Tessultti et al. (2015)
mgﬂgﬂ::gg gigéﬁég;ﬁgggi%ﬁéi%ﬁec RT-qPCR Lourengo-Tessultti et al. (2015)
m:iggg Minc3s02085928182 éﬁ??;gﬁgﬁégé:fggéc RT-qPCR Junior et al. (2013)
m:gﬁggﬂg Minc3s07075940689 gigﬁﬁzi%%%Tféﬁnfgf ;((‘;:'IT(-ZFS\T RT-qPCR Lourencgo-Tessultti et al. (2015)
e
AASSE L arsoieo [ CTSCACSAMSSASOIONS ———erpon | Gresal o)
xgﬁﬁgﬂg AT1G13440 m%-;?égéég¢g g?géf\fﬁc RT-gPCR Ogneva et al. (2021)
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66

Supplemental Table S2. Identification of MERCI motifs in the putatite effectors of M. incognita.

Candidate MERCI motifs found at N-terminal Motifs  Properties of MERCI motif at N-terminal portion of the proteins
Not found M1 neutral buried neutral large buried neutral neutral neutral hydrophobic
hydrophobic neutral acyclic acyclic acyclic buried
start position(s): 7 FLCFIFLIVSVFLAG M2 large hydrophobic neutral buried neutral neutral buried buried neutral acyclic
acyclic hydrophobic neutral acyclic acyclic
start position(s): 11 IFLIVSVFLAGGQEE
start position(s): 10 FIFLIVSVFLAGGQE M3 hydrophobic neutral buried acyclic neutral neutral neutral buried neutral large
neutral acyclic neutral polar acyclic
start position(s): 6 TFLCFIFLIVSV M4 neutral neutral L buried hydrophobic buried neutral hydrophobic neutral neutral
Minc16803 acyclic neutral
Not found M1 neutral buried neutral large buried neutral neutral neutral hydrophobic
hydrophobic neutral acyclic acyclic acyclic buried
start position(s): 7 FLCFIFLIVSVFLAG M2 large hydrophobic neutral buried neutral neutral buried buried neutral acyclic
acyclic hydrophobic neutral acyclic acyclic
start position(s): 11 IFLIVSVFLAGGQEE
start position(s): 10 FIFLIVSVFLAGGQE M3 hydrophobic neutral buried acyclic neutral neutral neutral buried neutral large
neutral acyclic neutral polar acyclic
start position(s): 6 TFLCFIFLIVSV M4 neutral neutral L buried hydrophobic buried neutral hydrophobic neutral neutral
Minc3s00070 acyclic neutral
003473
Not found M1 neutral buried neutral large buried neutral neutral neutral hydrophobic
hydrophobic neutral acyclic acyclic acyclic buried
Not found M2 large hydrophobic neutral buried neutral neutral buried buried neutral acyclic
acyclic hydrophobic neutral acyclic acyclic
Not found M3 hydrophobic neutral buried acyclic neutral neutral neutral buried neutral large
neutral acyclic neutral polar acyclic
Not found M4 neutral neutral L buried hydrophobic buried neutral hydrophobic neutral neutral

Minc3s00200
07395

acyclic neutral
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Supplemental File S1. Nucleotide and amino acid sequences of the Mincl16803 gene
(Minc3s00746916803) effector and its two paralogue genes (Minc3s000709g03473 and
Minc3s00200g07395).

>Minc3s00746916803

ATGATGAACTCATCAACTTTTCTTTGTTTTATTTTCCTGATTGTTTCCGTATTTTTG
GCTGGTGGACAGGAAGAAGCTAATTCAAACCACGTTTACCGCGAAGAATATGAA
ACTTATGAGACGCTGCAAAGACGCAAAATTCCTCCTCCACAGACTTTTGAGTTTG
CCGAGACAGAATTTAGAAGACCTAGTTATTACTTGTCAGTGCCGTTTCGCTCACA
AAACAGGCTTCAGTGCCAAGTTATTGACTTCCAAAAATTCTCAAAANAATATGAA
ACTTATGAGACGCTGCAAAGACGCAAAATTCCTCCTCCACAGACTTTTGAGTTTG
CCGAGACAGAATTTAGAAGACCTAGTTATTACTTGTCAGTGCCGTTTCGCTCACA
AAACAGGCTTCAGACAATTCCTGAGGATATATTCAGTCAACTTATTAAGCAACAC
ATTGCTCGCAACCGTGCCAAGTTATTGACTTCCAAAAATTCTCAAAATGGCAATG
CTCTTCAGTTAAGACAAACACCGTTCCGTCGATGGTCACCAACTAATGGGAACTA
CAAGGAAAAATTGCGTCAATGGAAGGCAGAGCTTAAAAGTCGGCTTCGAGGTCT
GAAAATTCCAGAGCAAGTGGTTTCTCCGAACAATGGAAGCGATCAGGAAGGGAC
TTTCACAAAGGAGCTACCTTATTATGTGACATACAATCCACAGACTAATATGTAT
CAAATATCAAATCAGCCACCTCTAGTGTATACAGGAATAGCAAGTGAGAAGACG
GCTAAACCTAACCAACAAAATTCGACAATTAGAAAGGAGTCACACAAACCAACA
GTTTCTGACAAATTGAAAGAACCTCCCTTGCTAATTGTACTGCAAAAAGCACTTC
CCCTTGATAAAAGTATTCAAGAAGAACACAAAGCGATATCTCAAAATATTCTTGG
AAAGCAACTGAACATTCCAAATGCAAAACAAATTTTATTTTTGGACGATTATGAA
GAAAGTATGAACGAGGACGATTATAAAGCAAATGATGAAAATTAG  ----  1.032
nucleotides length

162 kb Forward strand

|:-/\--/---H--/\./ﬁ\.’//‘-ﬂhh-/ﬁ\./\\-/ﬁ\\-/\\_

Minc3s00746016803 >
protein coding

MMNSSTFLCFIFLIVSVFLAGGQEEANSNHVYREEYETYETLQRRKIPPPQTFEFAETE

FRRPSYYLSVPFRSQNRLQCQVIDFQKFSKXYETYETLQRRKIPPPQTFEFAETEFRRPS
YYLSVPFRSQNRLQTIPEDIFSQLIKQHIARNRAKLLTSKNSQNGNALQLRQTPFRRWS

PTNGNYKEKLRQWKAELKSRLRGLKIPEQVVSPNNGSDQEGTFTKELPYYVTYNPQT
NMYQISNQPPLVYTGIASEKTAKPNQOQNSTIRKESHKPTVSDKLKEPPLLIVLQKALPL

DKSIQEEHKAISQNILGKQLNIPNAKQILFLDDYEESMNEDDYKANDEN ---- 343 amino
acid length

Red letters: secretory signal peptide for protein importation (1 to 22 aa)

>Minc3s00070g03473
ATGATGAACTCATCAACTTTTCTTTGTTTTATTTTCCTGATTGTTTCCGTATTTTTG
GCTGGTGGACAGGAAGAAGCTAATTCAAACCACGTTTACCGCGAAGAATATGAA
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ACTTATGAGACGCTGCAAAGACGCAAAATTCCTCCTCCACAGACTTTTGAGTTTG
CCGAGACAGAATTTAGAAGACCTAGTTATTACTTGTCAGTGCCGTTTCGCTCACA
AAACAGGCTTCAGACAATTCCTGAGGATATATTCAGTCAACTTATTAAGCAACAC
ATTGCTCGCAACCGTGCCAAGTTATTGACTTCCAAAAATTCTCAAAATGGCAATG
CTCTTCAGGGTGTAACTGAGTTAAGACAAACACCGTTCCGTCGATGGTCACCAAC
TAATGGGAACTACAAGGAAAAATTGCGTCAATGGAAGGCAGAGCTTAAAAGTCG
GCTTCGAGGTCTGAAAATTCCAGAGCAAGTGGTTTCTCCGAACAATGGAAGCGAT
CAGGAAGGGACTTTCACAAAGGAGCTACCTTATTATGTGACATACAATCCACAGA
CTAATATGTATCAAATATCAAATCAGCCACCTCTAGTGTATACAGGAATAGCAAG
TGAGAAGACGGCTAAACCTAACCAACAAAATTCGACAATTAGAAAGGAGTCACA
CAAACCAACAGTTTCTGACAAATTGAAAGAACCTCCCTTGCTAATTGTACTGCAA
AAAGCACTTCCCCTTGATAAAAATACTCAAGATGAACACAAAGCGATATCTCAAA
ATATTCTTGGAAAGCAACTGAACATTCCAAATGCAAAACAAATTTTATTTTTGGA
CGATTATGAAGAAAGTATGAACGAGGACGATTATAAAGCAAATGATGAAAATTA
G ------ 1.099 nucleotides length

151kb Forward strand e

Minc3s00070g03473 >
protein coding

MMNSSTFLCFIFLIVSVFLAGGQEEANSNHVYREEYETYETLQRRKIPPPQTFEFAETE
FRRPSYYLSVPFRSQNRLQTIPEDIFSQLIKQHIARNRAKLLTSKNSQNGNALQGVTEL
RQTPFRRWSPTNGNYKEKLRQWKAELKSRLRGLKIPEQVVSPNNGSDQEGTFTKELP
YYVTYNPQTNMYQISNQPPLVYTGIASEKTAKPNQONSTIRKESHKPTVSDKLKEPPL
LIVLQKALPLDKNTQDEHKAISQNILGKQLNIPNAKQILFLDDYEESMNEDDYKANDE
N ------ 292 amino acid length

Red letters: secretory signal peptide for protein importation

>Minc3s00200g07395

ATGGTGGTGGATGGAATTGGTAATGGAAAGCGTTTTTCAGCAACTGATCTCAAAA
TGATGAACACTACTACTTTTCTTTGTTTTATTTTCCTGATTATTTCCGTATTTCTGG
CTGGTGGACAGGAAGAAGCCAATTCAAACCACGTTTACCGGGAAGAATATGAAA
CTTATGAGACGCTGCAAAGACACAAAATTCCTCCTCCACAGACTTTCGAATTTGC
CGAGACAGAATTTAGAAGACCTAGTTATTACTTATCAGTGCCGTTTCGCTCACAA
AACAAGCTTCAGACAATTCCTGAGGATATATTCAGCCAACTTATTAAGCAACACA
TTGCTCGCAACCGTATGAAGTTATTGAATTCCAAAAATTCTCAAAATGGCAATGC
TCTTCAGGGTGTAACTGAGTTAAGGCAAACACCGTTCCGTCGATGGTCACCAACT
AATGGGAACTACAAAGAAAAATTGCGTCAATGGAAGGCAGAGCTTAAAAGTCGG
CTTAGAGGTCTGAAAATTCCAGAGCAAGTTTCTCCTCCGAGCAATGGAAGCGATC
ATGAAGGAACTTTCACAAAGGAGCTACCTTATTATGTGACATACAATCCACAGAC
AAATATGTATCAAATATCAAATCAGCCACCTCTAGTATATACAGGAATTGAGAGT
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140
141
142
143
144
145

146

147
148
149
150
151
152

153

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178

GAGAAGACGGCTAAACCTACTCAACAAAATTCGACTATTAGAAAGGAGTCACAC
AAACCTTCAACAGTTTCTGATAAATTAAAAGAACCTCCCTTGCTGATTGTACTGC
AAAAAGCACTTCCCCTGGATAAAAATACTCAAGAAGAACACAAAGCGATATCTC
AAAATATTCTTGGGAAACAACTGAACATTCCAAATGCAAAACAAATTTTATTTTI
GGACGATTATGAAGAAAGTGTAAACGAAGACGATTATAAAGAAAATGATGAAAA
TTAG ---- 957 nucleotides length

-\/.\’/.\‘/I\‘/-\\/I\“/.\\"/l\‘/-\"/.» o - ﬂ

< Minc3s00200g07395
protein coding

~Reverse strand 248 kb

MVVDGIGNGKRFSATDLKMMNTTTFLCFIFLIISVFLAGGQEEANSNHVYREEYETYE
TLQRHKIPPPQTFEFAETEFRRPSYYLSVPFRSQNKLQTIPEDIFSQLIKQHIARNRMKL
LNSKNSQNGNALQGVTELRQTPFRRWSPTNGNYKEKLRQWKAELKSRLRGLKIPEQ
VSPPSNGSDHEGTFTKELPYYVTYNPQTNMYQISNQPPLVYTGIESEKTAKPTQQNSTI
RKESHKPSTVSDKLKEPPLLIVLQKALPLDKNTQEEHKAISQNILGKQLNIPNAKQILF
LDDYEESVNEDDYKENDEN ----- 311 amino acid length

Red letters: secretory signal peptide for protein importation
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180
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182
183

Supplemental File S2. Sequence aligment of the Minc16803 (Minc3s00746g16803) effector
gene and its two paralogue genes (Minc3s00070g03473 and Minc3s00200g07395). In red

letters are highlighted the 200 bp DNA region used in the RNAI strategy.

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g03473

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g03473

Minc3s00200g07395
Minc3s00746g16803
Minc3s00070g03473

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g03473

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g903473

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g03473

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g03473

Minc3s00200g907395
Minc3s00746916803
Minc3s00070g903473

Minc3s00200g07395
Minc3s00746g16803
Minc3s00070g03473

Minc3s00200907395
Minc3s00746916803
Minc3s00070g03473

Minc3s00200g07395
Minc3s00746916803
Minc3s00070g03473

ATG...CCACAGACTTTCGAATTTGCCGAGACAGAATTTAGAAGACCTAGTTATTACTTA
ATG...CCACAGACTTTTGAGTTTGCCGAGACAGAATTTAGAAGACCTAGTTATTACTTG
ATG...CCACAGACTTTTGAGTTTGCCGAGACAGAATTTAGAAGACCTAGTTATTACTTG

* k% khkkkhkkhkkhkkhkkhkkhkkhkkhk K,k hhkhhhhhhhhhhhhhkhkhkhkhAhA A bk hkrA A Ak kA rA Ak Ak kkkkx

TCAGTGCCGTTTCGCTCACAAAACAAGCTTCAGACAATTCCTGAGGATATATTCAGCCAA
TCAGTGCCGTTTCGCTCACAAAACAGGCTTCAGACAATTCCTGAGGATATATTCAGTCAA
TCAGTGCCGTTTCGCTCACAAAACAGGCTTCAGACAATTCCTGAGGATATATTCAGTCAA

hhkhkhkhkhkhkhkhkkhkkhkkhkhkhkhkkhkkhkhhkkhkhkhhhkd ,hkhhhhhhhhkhhhhhkhkhkhkhkhArrkhkrrrrhhx*x **x%x

CTTATTAAGCAACACATTGCTCGCAACCGTATGAAGTTATTGAATTCCAAAAATTCTCAA
CTTATTAAGCAACACATTGCTCGCAACCGTGCCAAGTTATTGACTTCCAAAAATTCTCAA
CTTATTAAGCAACACATTGCTCGCAACCGTGCCAAGTTATTGACTTCCAAAAATTCTCAA

R R R I I R I I R e I I I R I i R R R I I S I I i S I I e S

AATGGCAATGCTCTTCAGGGTGTAACTGAGTTAAGGCAAACACCGTTCCGTCGATGGTCA
AATGGCAATGCTCTTC-——====————— AGTTAAGACAAACACCGTTCCGTCGATGGTCA
AATGGCAATGCTCTTCAGGGTGTAACTGAGTTAAGACAAACACCGTTCCGTCGATGGTCA

R R S S Y KAk AkKhkKhhkk KA AAAIFAAAXF A A AR F A AKX KAk

CCAACTAATGGGAACTACAAAGAAAAATTGCGTCAATGGAAGGCAGAGCTTAAAAGTCGG
CCAACTAATGGGAACTACAAGGAAAAATTGCGTCAATGGAAGGCAGAGCTTAAAAGTCGG
CCAACTAATGGGAACTACAAGGAAAAATTGCGTCAATGGAAGGCAGAGCTTAAAAGTCGG

R R I I I e b I e I S R e I R S e I I e I I I e I R I I I I S b I Ih i

CTTAGAGGTCTGAAAATTCCAGAGCAAGTTTCTCCTCCGAGCAATGGAAGCGATCATGAA
CTTCGAGGTCTGAAAATTCCAGAGCAAGTGGTTTCTCCGAACAATGGAAGCGATCAGGAA
CTTCGAGGTCTGAAAATTCCAGAGCAAGTGGTTTCTCCGAACAATGGAAGCGATCAGGAA

KAkKX KAk KAXAAAKAFAXAAAXAFA XA A XA A AKX KKK Kk kA AkkAkKk Ak Ak AAAA XA A KA XA KKK

GGAACTTTCACAAAGGAGCTACCTTATTATGTGACATACAATCCACAGACAAATATGTAT
GGGACTTTCACAAAGGAGCTACCTTATTATGTGACATACAATCCACAGACTAATATGTAT
GGGACTTTCACAAAGGAGCTACCTTATTATGTGACATACAATCCACAGACTAATATGTAT

KK AR KA A KR A A KA AR A A KA A AA KA A AA KA AA XA K AAAA KA A ALK AA XA K AAAXA A A XA XA A KK

CAAATATCAAATCAGCCACCTCTAGTATATACAGGAATTGAGAGTGAGAAGACGGCTAAA
CAAATATCAAATCAGCCACCTCTAGTGTATACAGGAATAGCAAGTGAGAAGACGGCTAAA
CAAATATCAAATCAGCCACCTCTAGTGTATACAGGAATAGCAAGTGAGAAGACGGCTAAA

R e I b I S I I e I I b e I I S I S R b i b b S R R I e I I I e I I I i

CCTACTCAACAAAATTCGACTATTAGAAAGGAGTCACACAAACCTTCAACAGTTTCTGAT
CCTAACCAACAAAATTCGACAATTAGAAAGGAGTCACACAAAC---CAACAGTTTCTGAC
CCTAACCAACAAAATTCGACAATTAGAAAGGAGTCACACAAAC---CAACAGTTTCTGAC

* ok kK LR R e I S R I S R S S R R R

AAATTAAAAGAACCTCCCTTGCTGATTGTACTGCAAAAAGCACTTCCCCTGGATAAAAAT
AAATTGAAAGAACCTCCCTTGCTAATTGTACTGCAAAAAGCACTTCCCCTTGATAAAAGT
AAATTGAAAGAACCTCCCTTGCTAATTGTACTGCAAAAAGCACTTCCCCTTGATAAAAAT

KAKAK* AAKAKRKAAKAAKRAAAA KA KRN *AAA A AR A A A AR A A A AR AR A A kA h vk Kk A xk kk* *x %

ACTCAAGAAGAACACAAAGCGATATCTCAAAATATTCTTGGGAAACAACTGAAC. . .TAG
ATTCAAGAAGAACACAAAGCGATATCTCAAAATATTCTTGGAAAGCAACTGAAC. . .TAG
ACTCAAGATGAACACAAAGCGATATCTCAAAATATTCTTGGAAAGCAACTGAAC. . .TAG

*k kkkkhkkk hhkkhkkhkkhkkhkkhkkhkkhkkhkhkhkkhkkhkhhkhkkhkkhkhhkhkkhkhkhkhkhkhkhkhkhk *%k *,hkkhAkkkkkk * k k
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