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RESUMO

Os nematoides formadores de galhas (RKNs, Meloidogyne spp.) sdo um dos
principais limitantes da producgéo de soja (Glycine max), reduzindo produtividade e
qualidade. Analises transcriptbmicas e protebmicas em gendtipos contrastantes
(BRS133 - susceptivel; P1595099 - altamente tolerante) identificaram genes
candidatos associados a tolerancia a Meloidogyne incognita, com destaque para os
genes GmPR10 (proteina PR 10) e GmG4DT1 (glycinol 4-dimethylallyltransferase),
implicados, respectivamente, em respostas de defesa mediadas por proteinas e
biossintese da fitoalexina gliceolina |. Este ultimo é um metabdlito diretamente
associado as respostas de defesa contra patégenos e fitonematoides. Neste estudo,
foram avaliadas estratégias combinadas para reforgar a defesa vegetal: (i) modulagéo
traducional de GmPR10 via edicdo de uORFs com CRISPR/Cas9 e (ii) intensificacéo
metabdlica por superexpressao de GmG4DT1. A regido 5-UTR do gene GmPR10
apresenta duas uORFs, que foram modificadas (-ATG), causando um aumento de
aproximadamente 3,5x na atividade de LUC/REN, sem alterar os niveis de mRNA, em
ensaios reporteres de dual-luciferase em protoplastos de Nicotiana benthamiana.
Nesse sentido, uma estratégia CRISPR/Cas9 foi elaborada com o intuito de depletar
ambas as uORFs em plantas de soja a fim de aumentar a tradugdo da proteina
GmPR10. Os vetores CRISPR foram construidos, validados em sistema hairy roots
de soja e utilizados para transformacéo estavel. Edigbes parciais demonstraram a
capacidade de alterar a uORF2 in planta e uma nova combinagdo de guias
(sgRNA8+3) foi proposta para deplegédo simultanea das duas uUORFs. Na estratégia
metabdlica, a superexpressdo heterdloga de GmG4DT1 em Nicotiana tabacum
reduziu significativamente o numero de galhas por grama de raiz (redugbes de até
62,9% em eventos transgénicos), promoveu redu¢cdo no tamanho das galhas e
alteragdes histologicas compativeis com o estabelecimento comprometido do sitio de
alimentagao. Redugdes no numero de ovos por grama de raiz e no fator de reprodugao
foram observadas, mas sem significancia estatistica, indicando que o efeito ocorre
principalmente nas fases iniciais do estabelecimento do nematoide. Dessa forma,
conclui-se que a combinagdo de regulagdo traducional da proteina relacionada a
patogénese (GmPR10) e do reforgo da via de fitoalexinas (GmG4DT1) constitui uma
estratégia complementar e promissora para limitar o parasitismo por M. incognita. Os
préximos passos recomendados incluem: (i) obteng&o e caracterizagao de linhagens
de soja homozigotas com uORFs depletadas e quantificagdo proteica (Western
blot/ELISA); (ii) quantificagao temporal de gliceolinas e bioensaios extensivos em soja
(condi¢cdes controladas e semi-campo); (iii) avaliacdo de possiveis custos
agrondmicos e fenotipicos; e (iv) testes de empilhamento génico (piramidacéo)
combinando GmPR10 e GmG4DT1 para avaliar sinergia e durabilidade da resisténcia.
As abordagens empregadas configuram alternativas inovadoras e promissoras para o
desenvolvimento de cultivares de soja com resisténcia aprimorada a fitonematoides.

Palavras-chave: RKNs, GmPR10, uORFs, GmG4DT1, gliceolina, CRISPR/Cas9,
edicdo génica, superexpressao de moléculas.



ABSTRACT

Root-knot nematodes (RKN, Meloidogyne spp.) are major limiting factors in soybean
(Glycine max) production, reducing both yield and quality. Transcriptomic and
proteomic analyses of contrasting genotypes (BRS133 - susceptible; PI595099 - highly
tolerant) identified candidate genes associated with tolerance to Meloidogyne
incognita, most notably GmPR10 (PR-10 protein) and GmG4DT1 (glycinol 4-
dimethylallyltransferase). These genes are involved in protein-mediated defenses and
in glyceollin | biosynthesis, respectively. The latter is a metabolite directly associated
with defense responses against pathogens and plant-parasitic nematodes. This study
evaluated combined strategies to reinforce plant defense through (i) translational
modulation of GmPR10 via CRISPR/Cas9-mediated uORF editing and (ii) metabolic
intensification via GmG4DT1 overexpression. The 5-UTR of GmPR10 contains two
uORFs, which, when mutated at their initiation codons (-ATG), resulted in an
approximately 3.5-fold increase in LUC/REN activity in Nicotiana benthamiana
protoplasts without altering mRNA levels, as confirmed by dual-luciferase assays.
Consequently, a CRISPR/Cas9 strategy was developed to deplete both uORFs in
soybean, validated in hairy root systems, and utilized for stable transformation. Partial
edits partial edits demonstrated the feasibility of modifying uORF2, leading to the
proposal of a new guide combination (sgRNA8+sgRNA3) for simultaneous uORF
depletion. In the metabolic strategy, heterologous overexpression of GmG4DT1 in
Nicotiana tabacum significantly reduced the number of galls per gram of root by up to
62.9% across transgenic events, resulting in smaller gall sizes and histological
changes consistent with compromised feeding-site establishment. While reductions in
egg counts and reproduction factor were observed, they were not statistically
significant, indicating that the effect occurs primarily during early stages of nematode
establishment. We conclude that combining translational regulation of GmPR10 with
the reinforcement of the phytoalexin pathway constitutes a promising and
complementary strategy to limit M. incognita parasitism. Future steps include the
characterization of homozygous soybean lines lacking uORFs, protein quantification
(Western blot/ELISA), temporal glyceollin quantification, assessment of agronomic
costs, and gene pyramiding to evaluate resistance synergy and durability, representing
innovative alternatives for developing soybean cultivars with enhanced nematode
resistance.

KEYWORDS: RKNs, GmPR10, uORFs, GmG4DT1, glyceollin, CRISPR/Cas9, Gene
editing, Overexpression of molecules.
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1. INTRODUGAO GERAL

1.1. Panorama da Cultura da Soja: Introdugcdao, Desempenho Produtivo e

Principais Desafios

A soja (Glycine max L. Merrill) € uma leguminosa da subfamilia Papilionoideae,
amplamente cultivada devido a sua elevada importancia econémica e estratégica no
agronegocio global. Classificada como commodity agricola, destaca-se pelo alto
volume de produgdo e de comercializagdo internacional (MISHRA et al., 2024,
CONAB, 2026). Originaria do nordeste da China, com a regido da Manchuria
reconhecida como centro secundario de diversidade genética, a soja passou por
processo de domesticacao iniciado por volta do século Xl a.C., resultando na transi¢cao
de plantas de habito rasteiro para cultivares de habito ereto, mais adequados ao
cultivo agricola (MERRIL, 1931; HYMOWITZ, 1970).

ApoGs desempenhar um papel fundamental na alimentagdo oriental por
milénios, a soja foi introduzida no Ocidente a partir do século XVIII, inicialmente com
fins experimentais e taxonémicos na Europa (BRETSCHNEIDER, 1882).
Posteriormente, sua chegada aos Estados Unidos (EUA), em meados do século XVIII,
marcou o inicio de sua expansao agricola em larga escala, inicialmente voltada a
producdo de forragem e adubacédo verde (HYMOWITZ; HARLAN, 1983; ROCHA,
2023). A partir da primeira metade do século XX, os EUA consolidaram-se como
principal produtor mundial por varias décadas. Contudo, a partir de 2019, o Brasil
assumiu a lideranga global, reflexo do aumento da area cultivada, da incorporagao de
tecnologias agricolas e do melhoramento genético continuo (SOYINFO CENTER,
2018; FAO, 2024; USDA, 2025).

No Brasil, a introdu¢ao da soja ocorreu no final do século XIX, consolidando-se
inicialmente no Rio Grande do Sul, onde as condi¢des edafoclimaticas favorecem seu
desenvolvimento (LEAL, 1967; BONETTI, 1981). Até a década de 1960, a expansao
concentrou-se na Regido Sul, sendo posteriormente impulsionada por programas de
incentivo agricola e sistemas de sucesséo de culturas, como soja-trigo (GAZZONI;
DALL’AGNOL, 2018). A expanséao para regides de baixa latitude, especialmente o
Cerrado, foi inicialmente limitada pela sensibilidade da soja ao fotoperiodo. O
desenvolvimento de cultivares com periodo juvenil longo permitiu maior adaptagéo as

condigdes tropicais, favorecendo acumulo de biomassa e incremento da produtividade
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(KIIHL; GARCIA, 1989; ALMEIDA et al., 1990).

Atualmente, a cultura da soja esta presente em todas regides brasileiras (Figura
1), ocupando aproximadamente uma area de 47,6 milhdes de hectares na safra
2025/2026. As regides Centro-Oeste e Sul concentram a maior parte da produgao
nacional, com destaque para os estados de Mato Grosso (12,74 milhdes hectares -
ha; 51,31 milhdes de toneladas - t), Parana (5,34 milhdes ha; 19,97 milhdes t), Goias
(4,95 milhdes ha; 20,72 milhdes t) e Rio Grande do Sul (7,09 milhées ha; 16,62
milhdes t) (CONAB, 2025).

Producdo Brasileira de Soja
Mapa Producao 2024/25 1° levantamento

Estimativa de Producgao
171.48 mil t
: 2,7%

Estimativa de Area

47.346 mil t
2,8%

Estimativa de Produtividade

3.622 kg/ha

0,1%

Producgdo em mil t

[ Jawro
[ J1vo-25
B 2s-50
B 5.0 - 10.0
- mais dé 10,0

Cordoba Fonte: Conab (2026), Estimativa ,.mcwuf?{).’bj

© OpenStreeMap contribusors

Figura 1. Mapa da producgao brasileira de soja na safra 2025/2026, segundo o 1° levantamento da
Conab. As diferentes tonalidades representam a produgdo em mil toneladas por unidade federativa,
variando de menos de 1 mil toneladas (bege-claro) a mais de 10 mil toneladas (marrom-escuro). A
direita, sdo apresentadas as estimativas nacionais de produgéao (171,48 milhdes de toneladas), de area
cultivada (47,346 milhdes de hectares) e de produtividade média (3.622 kg/ha), todas com variagdes
positivas em relagao a safra anterior. Fonte: Conab, 2026.

Apesar da elevada produtividade, a cultura da soja enfrenta importantes
desafios fitossanitarios, incluindo patégenos fuangicos, bacterianos, virais e
nematoides. Estima-se que essas doengas possam reduzir a produgao entre 15% e
20%, podendo comprometer totalmente o rendimento em condigdes severas
(HARTMAN et al., 2011; ZHOU et al., 2017; ARJOUNE et al., 2022). Dentre esses
agentes, os nematoides fitoparasitas destacam-se como um dos principais entraves a

sustentabilidade da cultura no Brasil, devido ao seu impacto direto na produtividade e
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na viabilidade econémica das areas cultivadas (DIAS et al., 2010). Nesse cenario,
aprofundar a compreensédo da biologia e dos mecanismos de interacdo planta-
nematoide torna-se fundamental para o desenvolvimento de estratégias de manejo e

resisténcia mais duradouras.

1.2. Nematoides Fitoparasitas como Desafio a Produtividade da Soja

Os nematoides fitoparasitas sdo organismos amplamente distribuidos que
agem como parasitas obrigatorios de plantas. Possuem corpo filiforme, tamanho
microscopico e estruturas bucais especializadas, como estiletes ocos e protrusiveis,
cuja variacdo estrutural permite a perfuracdo celular durante a alimentagao.
Apresentam de trés a cinco glandulas faringeas responsaveis pela secrecéo de
efetores que modulam o metabolismo da célula hospedeira (JONES et al., 2013;
ESPADA; VICENTE; VIEIRA, 2025). Outras estruturas sensoriais e secretoras, como
fasmideos, anfideos, glandulas adanais e o sistema secretor/excretor, também
participam da comunicagdo molecular com a planta, contribuindo para o sucesso do
parasitismo. Essa complexa organizagao estrutural sustenta estratégias sofisticadas
de infecgéo e colonizagao radicular (ROSSO et al., 1999; HAEGEMAN et al., 2012,;
ESPADA; VICENTE; VIEIRA, 2025).

Atualmente, ha mais de 4.100 espécies de nematoides parasitas de plantas ja
descritos (DECRAEMER; HUNT, 2006; SHAO et al., 2023). Esses organismos podem
ser classificados quanto a mobilidade (sedentarios e migratorios) e ao tipo de
parasitismo (endoparasitas, semiendoparasitas e ectoparasitas) (ENDO, 1975;
JONES et al., 2013). Na cultura da soja, destacam-se os endoparasitas sedentarios
do género Meloidogyne, que estabelecem sitios permanentes de alimentagdo no
interior das raizes, os endoparasitas migratorios do género Pratylenchus, que se
deslocam tanto no solo quanto nos tecidos radiculares, os semiendoparasitas, como
Heterodera glycines e Tylenchulus semipenetrans, e os ectoparasitas, como espécies
de Helicotylenchus, que se alimentam externamente na superficie radicular (JONES
et al., 2013; GILLET et al., 2017).

A infestagdo no campo geralmente se manifesta na formagao de reboleiras,
reflexo da limitada mobilidade no solo. As plantas afetadas apresentam atrofiamento,
baixo vigor, clorose, necrose internerval, queda prematura das folhas, aborto de
vagens, amadurecimento precoce e, em casos severos, morte (FERRAZ; BROWN,
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2016). Esses sintomas decorrem de profundas alteragdes fisiologicas, incluindo a
manipulagdo do ciclo celular e a extragdo continua de nutrientes. Além disso, a
interagdo com outros fitopatdgenos pode potencializar os danos e comprometer os
mecanismos de resisténcia vegetal (BACK; HAYDOCK; JENKINSON, 2002; JONES
et al., 2013).

Os nematoides sdo atraidos por exsudados radiculares, que incluem
aminoacidos, nucleotideos, agucares e outros metabdlitos (ROVIRA, 1969). Apds
alcancgar a raiz, o juvenil de segundo estagio (J2) injeta, por meio do estilete,
secregdes produzidas pelas glandulas faringeas, promovendo a reprogramacgao
metabdlica das células hospedeiras antes do estabelecimento do sitio de alimentacao
(MOENS; PERRY; STARR, 2009). Dependendo da espécie, podem ser induzidas
diferentes estruturas especializadas, como células nutrizes, células gigantes, sincicios
ou cenocitos. (JONES et al., 2013).

No contexto da soja, mais de 100 espécies, distribuidas em aproximadamente
50 géneros ja foram relatadas mundialmente. No Brasil, os géneros de maior
relevancia econbmica incluem Meloidogyne, Heterodera, Pratylenchus e
Rotylenchulus (FERNANDO; GRICOLLI, 2014; DIAS; GARCIA; SILVA, 2000; CUNHA
E CASTRO et al., 2024). A importancia dessas espécies esta associada a ampla
distribuicdo de Meloidogyne javanica e M. incognita, a elevada variabilidade genética
de H. glycines e a expansao da soja em areas suscetiveis, como o Cerrado (LIMA et
al., 2015; KATH et al., 2017). Globalmente, as perdas atribuidas aos nematoides
parasitas de plantas sdo estimadas em valores superiores a US$ 80 bilhdes anuais,
possivelmente subestimados (NICOL et al., 2011; JONES et al., 2013; FERRAZ;
BROWN, 2016; CHAPAGAIN et al., 2025).

A magnitude das perdas na soja depende da densidade populacional do
nematoide, da espécie envolvida, da suscetibilidade da cultivar, das condi¢des
edafoclimaticas e do manejo adotado (BRADLEY et al., 2021; LIN et al., 2022). Em
culturas anuais de ciclo curto, como a soja, medidas preventivas antes da semeadura
sdo essenciais, pois a infestacdo estabelecida compromete de forma irreversivel o
desempenho produtivo da safra. Nesse contexto, as limitagbes das estratégias
atualmente disponiveis para o controle dos nematoides das galhas tornam-se ainda
mais evidentes, impondo desafios técnicos e econdmicos a sustentabilidade do
sistema produtivo (FERNANDO; GRICOLLI, 2014; CASTRO; MEYER; SEIXAS,
2024).
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1.3. Desafios e Limitagdes no Controle de Nematoides das Galhas (RKN)

Os nematoides das galhas (root-knot nematodes, RKNs), pertencentes ao
género Meloidogyne, constituem um dos principais fatores limitantes da produtividade
agricola mundial (FULLER et al., 2008; RUSINQUE et al., 2023). O género inclui mais
de 90 espécies descritas, destacando-se M. incognita, M. javanica, M. arenaria e M.
hapla como as de maior relevancia agronémica (VAN HOENSELAAR; KARSSEN,
1998; JONES et al.,, 2013; RUSINQUE et al, 2023). Dentre essas espécies, M.
incognita apresenta uma ampla gama de hospedeiros, parasitando mais de 3.000
espécies vegetais (IBRAHIM et al., 2011; ANWAR; MCKENRY, 2012; SOUZA et al.,
2025). As perdas globais atribuidas aos RKNs sdo estimadas em aproximadamente
US$ 100 bilhdes anuais (MOENS et al, 2009; YADAV; ROBERTS; LOPEZ-
ARREDONDO, 2025). No Brasil, M. incognita e M. javanica predominam na cultura da
soja, com distribuicdo associada ao historico de cultivo e as condi¢gdes edafoclimaticas
(DIAS; GARCIA; SILVA, 2000).

A agressividade dessas espécies esta associada a elevada capacidade
reprodutiva, frequentemente por partenogénese mitética, o que favorece a rapida
multiplicagdo populacional e a adaptacéo a diferentes ambientes (GILLET et al., 2017;
HEWEZI, 2020; ABDUJABAR; BELAY, 2022). Essa caracteristica, aliada a ampla
gama de hospedeiros e a interagdo sinérgica com fungos, bactérias, virus
fitopatogénicos, intensifica os danos a cultura e dificulta o manejo eficaz. Tal cenario,
contribui, assim, para a rapida fixacdo de gendtipos adaptados, favorecendo a
superacdo de mecanismos de resisténcia presentes em cultivares comerciais
(JONES, 2013; GOMES et al., 2022; RUTTER; FRANCO; GLEASON, 2022).

O ciclo de vida de Meloidogyne spp. varia de 20 a 30 dias sob condigdes
favoraveis e compreende seis estagios de desenvolvimento: ovo, quatro estagios
juvenis (J1 a J4) e adulto (Figura 2) (MOENS et al., 2009). Os ovos sao depositados
no solo ou em tecidos radiculares, envolvidos por uma matriz gelatinosa protetora. O
juvenil de primeiro estagio (J1) desenvolve-se no interior do ovo e sofre ecdise para o
segundo estagio juvenil (J2), considerado o estagio infectivo. Apds a eclosao, o J2
penetra a raiz, preferencialmente na regido da coifa ou da zona de alongamento,
utilizando o estilete e enzimas celuloliticas e pectoliticas (BIRD, 1996; CAILLAUD et
al., 2008; COULIBALY et al., 2025). Ao alcangar o cilindro vascular, o J2 estabelece
o sitio de alimentagdo por meio da secregao de efetores provenientes das glandulas
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esofagicas, que reprogramam a expressdo génica da planta hospedeira
(WILLIAMSON; GLEASON, 2003; DAVIS; HUSSEY; BAUM, 2004). Esse processo
induz a formacgao de células gigantes multinucleadas (5 a 7), resultantes de divisdes
nucleares sucessivas sem citocinese, caracterizadas por hipertrofia nuclear e elevada
atividade metabdlica (BIRD, 1996; GHEYSEN; FENOLL, 2002; CAILLAUD et al.,
2008; PALOMARES-RIUS et al.,, 2017). No estabelecimento do sitio alimentar, os
juvenis J3 e J4 tornam-se sedentarios e passam por sucessivas mudas. Durante
esses estagios, ocorre um aumento significativo de tamanho corporal. O estilete sofre
regressdo funcional temporaria, caracterizando J3 e J4 como estagios néao
alimentares. Apos a quarta muda, o estilete reaparece, dando origem a adultos,
machos ou fémeas (KHAN et al., 2020).

J4 (female)

J4 (Male)

Male /

Figura 2. Ciclo de vida de M. incognita, nematoide formador de galhas. A eclos&o inicia-se com o
segundo estadio juvenil (J2), fase infectiva exdfita, que penetra na raiz da planta hospedeira. Uma vez
no interior da raiz (enddfita), o J2 migra até o cilindro central e estabelece uma célula gigante de
alimentagao (N, células nutritivas modificadas). O nematoide passa por sucessivas ecdises (estagios
juvenis J3 e J4), diferenciando-se em fémeas sedentarias ou machos moveis. A fémea adulta
permanece na raiz, formando galhas caracteristicas e produzindo massas de ovos na superficie
externa. As micrografias mostram os principais estagios do desenvolvimento, bem como as alteragdes
anatémicas nos tecidos radiculares (asteriscos indicam células gigantes). Abreviagdes: N — célula
nutritiva (giant cell); J2-J4 - segundo ao quarto estadio juvenil. Barra de escala: 50 ym (machos e J4),
100 pm (raizes). Fonte: Abad et al. (2008).

A formagdo e a manutencdo das células gigantes envolvem uma
reprogramacao intensa do ciclo celular da planta. Genes relacionados a ciclinas e
quinases dependentes de ciclinas apresentam expressao diferencial, favorecendo
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multiplas divisées nucleares sem citocinese (ENGLER et al., 1999; ZADEGAN et al.,
2025). Paralelamente, genes associados a remodelagcdo da parede celular e ao
metabolismo energético sdo regulados positivamente, sustentando a elevada
demanda metabdlica do parasita (GOELLNER et al., 2001; NISHITANI, 2002;
JAGDALE; RAO; GIRI, 2021). Além disso, observa-se supressao de vias de defesa
vegetal, incluindo aquelas mediadas pelo acido jasménico (ITHAL et al., 2007a, b;
KLINK et al., 2010; JAGDALE; RAO; GIRI, 2021).

Do ponto de vista pratico, apoés a deteccdo da infestacdo, recomenda-se a
adogdo de manejo integrado, combinando estratégias quimicas e ndo quimicas
(GRIGOLLI, ASMUS, 2010). A rotagdo com espécies nado hospedeiras pode reduzir
as populagdes, embora sua eficacia seja limitada pela sobrevivéncia prolongada dos
ovos no solo e pela ampla gama de hospedeiros (SMITH; SCHEIKOWSKI; KAFLE
2024). Controle quimico, embora eficiente em determinadas situagdes, enfrenta
restricdes regulatérias, risco de resisténcia e impactos ambientais (RITZINGER;
FRANCELLY, 2006; ZHOU; LI; ACHAL, 2025).

O controle biolégico surge como alternativa promissora, envolvendo
microrganismos antagonistas como Trichoderma harzianum, Pochonia
chlamydosporia, Purpureocillium  lilacinum,  espécies de Bacillus e Pasteuria
penetrans (HALLMANN et al., 2009; COLLANGE et al., 2011; POVEDA et al., 2020).
Contudo, a eficacia desses agentes bioldgicos é variavel e depende de fatores como
temperatura, umidade do solo, microbiota residente e compatibilidade com as praticas
agrondmicas adotadas (DAVIES, 2009; POVEDA et al., 2020; PIRES et al., 2022).

O uso de cultivares resistentes constitui uma estratégia central na cultura da
soja. Entretanto, a elevada variabilidade genética e a capacidade adaptativa das
populagcdes de Meloidogyne podem comprometer a durabilidade da resisténcia.
Assim, estratégias baseadas exclusivamente na supresséo populacional mostram-se
insuficientes a longo prazo (ROBERTS, 2002; WILLIAMSON; KUMAR, 2006;
YUKSEL; BOZBUGA, 2025). Diante desse cenario, torna-se fundamental aprofundar
o entendimento dos mecanismos moleculares de defesa da soja contra Meloidogyne
spp., incluindo vias de sinalizagdo hormonal, regulagao transcricional e traducional,
bem como proteinas relacionadas a patogénese, visando ao desenvolvimento de
abordagens biotecnolégicas mais duraveis e eficazes (JONES; DANGL, 2006;
DODDS; RATHJEN, 2010; ZADEGAN et al., 2025).
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1.4. Mecanismos Moleculares da Defesa Vegetal

As plantas estdo constantemente expostas a uma ampla diversidade de
patogenos, dos quais apenas uma fragao € capaz de estabelecer uma infecgdo. Essa
interacao impde forte pressao seletiva e leva a evolugdo de um sistema imune capaz
de distinguir padrdes préprios e nao proprios, garantindo ativagdo precisa das
respostas imunes (SAIJO; LOO, 2009; SIRISHA; MITRA; SUPRASSANNA, 2024). O
modelo conceitual em “zig-zag” descreve essa dinamica em duas camadas principais:
a imunidade desencadeada por padrbes (PTI), ativada pelo reconhecimento de
PAMPs/MAMPS/NAMPs por receptores de reconhecimento de padrées (PRRs), e a
imunidade desencadeada por efetores (ETI), mediada por proteinas de resisténcia
que detectam efetores patogénicos (JONES; DANGL, 2006; SAIJO; LOO, 2019).

Embora historicamente descritas como camadas distintas, as vias PTl e ETI
compartilham componentes moleculares e atuam de forma coordenada e sinérgica,
promovendo amplificacdo da resposta defensiva. Essa interconexdo confere
flexibilidade adaptativa ao sistema imune vegetal, permitindo respostas proporcionais
a natureza do patogeno invasor (COUTO; ZIPFEL, 2016; NOBORI, 2025).

Além da imunidade local, as plantas apresentam resisténcia sistémica
adquirida (SAR), um mecanismo de protecdo de longo prazo e amplo espectro,
associada a sinalizagdo por acido salicilico e a ativagdo de genes relacionados a
patogénese (PR) (VAN LOON; VAN STRIEN, 1999; VAN LOON; REP; PIETERSE,
2006). Paralelamente, a produgédo de fitoalexinas, como as gliceolinas na soja,
constitui um importante componente quimico da defesa, restringindo a colonizagao
por patogenos. A ativagdo desses mecanismos defensivos é iniciada pelo
reconhecimento de padrdes moleculares conservados, processo que fundamenta a
imunidade desencadeada por padrées (JEANDET et al., 2014; YUE et al., 2023).

1.5. Imunidade Desencadeada por Padrées (PTIl): PAMPs/DAMPs e NAMPs

A PTI baseia-se no reconhecimento de padrbes moleculares conservados
associados a microrganismos (Microbe-or Pathogen-Associated Molecular Patterns —
MAMPs/PAMPs) e de padrbes associados a danos (Damage-Associated Molecular
Patterns — DAMPs), liberados pela prépria planta em resposta a injurias. Esses sinais
sdo percebidos por PRRs localizados na membrana plasmatica, ativando respostas
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imunes basais (BIANCHI, 2006; TANG et al., 2012; CHOI; KLESSIG, 2016; SAIJO;
LOO, 2019; SIRISHA; MITRA; SUPRASANNA, 2024).

O reconhecimento do padrao molecular desencadeia uma série de eventos
celulares iniciais, incluindo influxo de Ca?*, alcalinizagao extracelular, despolarizagao
do potencial de membrana e fluxos ibnicos, além da produgéo de 6xido nitrico (NO),
espécies reativas de oxigénio (ROS) e acido fosfatidico (PA). Esses eventos sao
acompanhados pela ativagdo de cascatas conservadas de proteinas quinases
ativadas por mitogenos (MAPKSs), biossintese de etileno, deposigéo de calose e ampla
reprogramacao transcricional de genes de defesa, culminando na contengéo inicial da
infecgao (ZIPFEL et al., 2006; CHINNUSAMY; JAGADISH, 2009).

A relevancia funcional dos PRRs é evidenciada por estudos em Arabidopsis
thaliana, nos quais mutag¢des no receptor FLS2 (Flagellin-Sensing2) comprometem o
reconhecimento da flagelina bacteriana, enquanto altera¢des no receptor EFR afetam
a percepcao do fator EF-Tu (EF-Tu Receptor), influenciando a interagdo com bactérias
fitopatogénicas (ZIPFEL et al., 2004; ZIPFEL et al., 2006).

Além dos MAMPs, plantas também s&o capazes de perceber moléculas
produzidas por nematoides parasitas de plantas (NPPs). Esses sinais, denominados
padrées moleculares associados a nematoides (Nematode-Associated Molecular
Patterns - NAMPs), incluem pequenas moléculas e proteinas liberadas durante
diferentes estagios da interagdo planta-nematoide. A percepgédo desses compostos
pode ativar respostas imunes que compartilham caracteristicas com a PTI classica
(CHOI; KLESSIG, 2016; ABD-ELGAWAD, 2022).

Entre os NAMPs mais estudados destacam-se os ascarosideos, metabdlitos
derivados do acucar 3,6-didesoxi-L, que atuam como moléculas sinalizadoras no
desenvolvimento e no comportamento dos nematoides (CHOE et al, 2012). O
ascarosideo Ascr#18, tem sido descrito como indutor de respostas imunes em
diferentes espécies vegetais, incluindo ativacdo de MAPKSs, indu¢cdo de genes de
defesa e modulacédo das vias mediadas por acido salicilico (SA) e acido jasmonico
(JA), associando-se ao aumento da resisténcia contra diferentes grupos de patégenos
(MANOSALVA et al, 2015; CHOI; KLESSIG, 2016). Estudos adicionais
demonstraram que o tratamento radicular de A. thaliana com Ascr#18 promove
alteragdes sistémicas compativeis com um estado de defesa ativado (MENDY et al.,
2017).

Além das pequenas moléculas, proteinas expressas na superficie de juvenis
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pré-infecciosos de nematoides também tém sido propostas como potenciais NAMPs.
A percepciao dessas proteinas pode desencadear respostas tipicas da imunidade
basal como a produgdo de ROS (MANOSALVA et al., 2015; CHOI; KLESSIG, 2016).
Em Arabidopsis, a quinase NILR1, um receptor rico em leucina localizado na
membrana plasmatica, foi identificada como componente envolvido nesse processo
de reconhecimento e ativagcdo da imunidade basal (MENDY et al., 2017).

Outras moléculas nematoides, como a quitina presente na casca de ovos e
componentes da cuticula, também s&o consideradas candidatas a NAMPs. A quitina
€ ausente em células vegetais, enquanto a cuticula constitui o exoesqueleto
nematoide, sendo essencial para seu crescimento e locomo¢do. Embora o papel
dessas moléculas na ativagdo da imunidade basal ainda n&o esteja completamente
elucidado, elas representam sinais potenciais passiveis de deteccéo pelas plantas.
Ademais, exsudatos radiculares, como as eclepinas, participam de processos de
eclosdo de ovos e quimiotaxia, influenciando eventos iniciais da interagdo planta-
nematoide (SATO; KADOTA; SHIRASU, 2019).

Apesar da eficiéncia da PTI na contencao inicial da infec¢do, nematoides
parasitas de plantas desenvolveram estratégias para suprimir ou modular essas
respostas. Para isso, secretam proteinas efetoras diretamente nas células vegetais
suscetiveis, promovendo reprogramacgao da sinalizagdo associada a resisténcia
basal. Esses efetores interferem no ciclo celular vegetal, na organizagdo do
citoesqueleto, na produgao de pequenos RNAs e na regulagdo da expresséo génica
do hospedeiro, favorecendo a formacdo e manutencédo dos sitios de alimentacao
necessarios ao parasitismo (CAILLAUD et al., 2008; HEWEZI et al., 2009; HEWEZI;
BAUM, 2013; HEWEZI, 2015; ABD-ELGAWAD, 2022). Além disso, os NPPs modulam
multiplas vias de sinalizagdo do hospedeiro, incluindo as mediadas por acido
jasmodnico e acido salicilico (JA-SA), giberelinas, citocininas, mecanismos de
silenciamento génico e modificagbes poés-transcricionais. Nesse mesmo contexto,
cabe explorar os fatores que ampliam a compreensao desse fenbmeno, como a
Imunidade Desencadeada por Efetores (ETI) (NONBELA; WILLIAMSON; MUNIZ,
2003; HEWEZI, 2015; ROSAASKA; KRePSKI; WISNIEWSKA, 2023).

1.6. Imunidade Desencadeada por Efetores (ETI) Mediada por Proteinas de

Resisténcia NLR
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A ETI é mediada principalmente por moléculas de resisténcia, especialmente
pelos receptores intracelulares da familia NLRs (proteinas com dominio de ligacéo a
nucleotideos e repeticbes ricas em leucina), capazes de reconhecer efetores
patogénicos direta ou indiretamente e desencadear respostas imunes robustas
(DANGL; JONES 2001; ZVEREVA; POOGGIN, 2012; YAN et al., 2025).

A ativacdo da ETI frequentemente culmina na indugcdo da resposta de
hipersensibilidade (HR), caracterizada pela morte celular programada (MCP) no local
da infecgao, limitando a propagagao do patdogeno. Esse processo € acompanhado
pela producao de espécies reativas de oxigénio (ROS), que atuam tanto causando
danos ao invasor, quanto como moléculas sinalizadoras que modulam respostas
defensivas subsequentes. Cascatas de sinalizacdo envolvendo proteinas quinases
ativadas por mitogenos (MAPKs) regulam fatores transcricionais e a biossintese de
fitohormdnios, como acido salicilico (SA), acido jasmoénico (JA) e etileno (ET),
ajustando a resposta de acordo com o tipo de patégeno envolvido (DONG, 2012;
SPOEL; DONG, 2012; SUN; ZHANG, 2022). A HR é particularmente eficaz contra
patogenos biotréficos, que dependem da viabilidade das células hospedeiras,
enquanto patdgenos necrotréficos podem se beneficiar da morte celular
(GLAZEBROOK, 2005; ANDERSEN et al., 2018; PITSILI; PHUKAN; COLL, 2019).

A resisténcia a diferentes tipos de patégenos envolve a regulagdo coordenada
do equilibrio entre os mecanismos de defesa mediados pelo SA e pelos horménios
ET/JA (DURRANT; DONG, 2004). O SA é essencial para a indugdo da resposta
HR/MCP apos o reconhecimento de efetores, conferindo resisténcia principalmente
contra patogenos biotroficos e hemi-biotroficos, enquanto a via ET/JA regula a
propagacéo da morte celular programada e contribui para a defesa contra patogenos
necrotroficos. Esses hormdnios modulam conjuntos distintos de genes de defesa e
participam do desencadeamento da resisténcia sistémica adquirida (SAR), que
prepara tecidos distais nao infectados para respostas imunes mais rapidas e eficazes
(SPOEL; DONG, 2012). A SAR pode ser induzida tanto pela ETI local, quanto por
PAMP ou por infecgdes virais, reforcando a coordenacdo sistémica das respostas
defensivas da planta. Nesse contexto, a resisténcia sistémica adquirida configura-se
como um componente central da coordenacdo das respostas imunes em nivel
sistémico (DURRANT; DONG, 2004; ZVEREVA; POOGGIN, 2012; FU; DONG, 2013;
ZHOU; ZHANG, 2020).
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1.7. Resisténcia Sistémica Adquirida como Mecanismo de Amplificagcdao da

Imunidade Vegetal

A SAR foi descrita por Ross (1961), ao demonstrar que a infec¢ao local pelo
virus do mosaico do tabaco (TMV) induzia resisténcia sistémica no tabaco. Desde
entdo, a SAR tem sido reconhecida como uma forma de imunidade induzida em
plantas que, diferentemente da imunidade adaptativa de vertebrados, apresenta um
amplo espectro e ndo depende da especificidade do agente causador da infec¢ao
inicial (DURRANT; DONG, 2004). Esse mecanismo é geralmente ativado ap6s uma
infeccdo local, frequentemente associada a resposta hipersensivel (HR) mediada por
genes de resisténcia, embora a ocorréncia de HR nao seja estritamente necessaria
para sua indugéo (STICHER; MAUCH-MANI; METRAUX, 1997; HARTMANN; ZEIER,
2019).

A sinalizacdo pelo acido salicilico desempenha papel central no
estabelecimento da SAR, promovendo a ativagdo de genes relacionados a
patogénese (PR), como PR-1, PR-2 e PR-5, que codificam proteinas antimicrobianas,
incluindo quitinases e B-1,3-glucanases, capazes de limitar a colonizagdo de
patéogenos (GAFFNEY et al., 1993; FU; DONG, 2013; SANTOS; FRANCO, 2023).
Paralelamente, essa via também desencadeia a biossintese de fitoalexinas,
metabdlitos secundarios de baixo peso molecular com reconhecida atividade
antimicrobiana. Embora o AS n&o atue como o sinalizador movel de longa distancia,
ele é considerado essencial para a indugcado de genes PR e para a manutencgéo da
resposta defensiva (STICHER et al., 1997). Além disso, a eficacia da SAR esta mais
relacionada a resisténcia contra patdogenos biotréficos e hemibiotroficos, devido a
predominancia da via do AS, sendo menos efetiva contra necrotréficos (OLIVER;
IPCHO, 2004; GLAZEBROOK, 2005; VIDHYASEKARAN, 2015).

O desenvolvimento da SAR ocorre em escala sistémica ao longo de varios dias
e envolve a produgédo de sinais moveis de longa disténcia, o acumulo de SA e a
subsequente ativacado de proteinas PR, estabelecendo uma condigao protetora em
tecidos ndo infectados que pode persistir por semanas ou meses (VAN LOON; REP;
PIETERSE, 2006; FU; DONG, 2013). Nesse processo, a proteina NPR1 (Nao-
expressor de genes relacionados a patogénese 1) atua como regulador chave a
jusante do SA. Alteragcbdes no estado redox celular promovem a redugcdo de NPR1,
que é translocado ao nucleo e interage com fatores de transcrigdo TGA, ativando a
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expressao de genes PR e preparando a planta para respostas rapidas e reforgadas a
novas infecgdes (PIETERSE; VAN LOON, 2004, PIETERSE, et al., 2007). Além de
sua caracterizagdo molecular, a SAR ja foi comprovada funcionalmente em diversos
sistemas, aumentando a resisténcia de plantas a diferentes patdégenos e pragas, como
Ascochyta fabae e Uromyces viciae-fabae em favas, e M. incognita e Ralstonia
solanacearum em tomates (PRADHANANG et al., 2003; MOLINARI; BASER, 2010;
SILLERO et al., 2012).

No contexto da soja, evidéncias moleculares confirmam que os componentes
centrais da SAR sao funcionalmente conservados. Sandhu et al., (2009) identificaram
e caracterizaram homologos da proteina NPR1(GmNPR1-1 e GmNPR1-2),
demonstrando que esses genes sao induzidos por AS e capazes de ativar a expressao
de genes relacionados a patogénese, como GmPR1 (PANT et al., 2016). Além disso,
a expressao desses homologos restaurou a resposta de SAR em mutantes npr1-1 de
A. thaliana, confirmando sua atuagdo como reguladores-chave da via dependente de
AS. Esses resultados indicam que a via classica de SAR mediada por NPR1 e
proteinas PR esta presente e operacional em soja, fornecendo base molecular para
sua participagcdo em respostas defensivas sistémicas, inclusive em interacbées com
patogenos radiculares, como nematoides fitoparasitas (LINDERMAYR et al., 2010;
ISLAM et al., 2023).

A SAR pode ser desencadeada ndo apenas por patdogenos avirulentos, mas
também por padrées moleculares associados a patégenos (PAMPs), como o epitopo
flg22 da flagelina (NABI et al., 2024). Evidéncias recentes ainda apontam para a
influéncia da sinalizag&do luminosa mediada pelos fitocromos PhyA e PhyB na indugéo
da SAR, reforcando o papel integrador do SA nas respostas sistémicas de defesa
(GRIEBEL; ZEIER, 2008). Apesar de conferir uma prote¢cdo ampliada, a SAR
geralmente n&o resulta em imunidade completa, o que indica a necessidade de sua
integragcdo com outras estratégias de manejo da resisténcia. Entre os principais
componentes moleculares induzidos durante a SAR, sobressaem-se as proteinas
relacionadas a patogénese, cuja diversidade estrutural e funcional sustenta a resposta
defensiva (PRADHANANG et al., 2003; MOLINARI; BASER, 2010; SILLERO et al.,
2012).
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1.8. Proteinas Relacionadas a Patogénese como Efetores da Resposta Imune

Vegetal

As proteinas PR (Pathogenesis-related) apresentam ampla diversidade
bioquimica e funcional, geralmente com baixo peso molecular (6-43 kDa),
termoestaveis, resistentes a proteases e soluveis em pH acido (<3) (ALl et al., 2018).
Essas proteinas podem ser classificadas em subgrupos acidos, secretados no espago
extracelular, e subgrupos basicos, transportados para o vacuolo por sequéncias-sinal
na extremidade C-terminal. Distribuidas em todos os 6rgdos vegetais, as proteinas
PR sé&o particularmente abundantes nas folhas, representando de 5% a 10% do total
proteico foliar, e foram isoladas em diversas espécies vegetais (SANTOS; FRANCO,
2023; KUMAR; PANDEY; PATI, 2025).

Atualmente, reconhecem-se 17 familias distintas de proteinas PR, associadas
a fungdes bioquimicas especificas, como glucanase, peroxidase e quitinase, ou
atividades biologicas, como ag&o antibacteriana, antifungica e antinematodal
(STINTZI et al., 1993; LIU; EKRAMODDOULLAH, 2006; ZHU; GAO, 2025). Entre
essas, a familia PR10 é particularmente notavel, compreendendo mais de 100
membros. As proteinas PR10 s&o acidas, de pequeno peso molecular (16-19 kDa), e
possuem uma estrutura tridimensional conservada (Figura 3), formada por uma folha
beta central coberta por alfa-hélices, estabilizada por interacdes hidrofébicas e
ligagbes de hidrogénio. As proteinas PR10 apresentam fun¢des multifuncionais,
incluindo atividades de nucleases e participacdo no metabolismo secundario das
plantas frente a estresses abidticos. Alguns membros também regulam o crescimento
e o desenvolvimento vegetal, modulando niveis de citocinina endégena (ZVEREVA;
POOGGIN, 2012; ARRAES et al., 2022).
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Figure 3. Estrutura tridimensional modelada da proteina GmPR10 (Glyma.17G030400.1).
Sobreposicao da estrutura da proteina GmPR10 com 11 paralogos. Color Legend:
Glyma.07G243500.2 - hot pink; Glyma.07G243600.2 - vyellow; Glyma.07G243651.1 - green;
Glyma.09G040400.1 - cyan; Glyma.09G040500.1 - blue; Glyma.09G040600.1 - medium blue;
Glyma.15G145600.1 - purple; Glyma.15G145700.1 - red; Glyma.15G145800.1 - light green;
Glyma.17G030200.1 - dark gray; Glyma.17G030300.1 - magenta; Glyma.17G030400.1 - black. Fonte:
Freitas-Alves, 2024.

O estudo de Arraes et al., (2022) destacou a proteina GmPR10, pertencente a
familia PR10, como diferencialmente expressa em gendtipos de soja tolerantes a
infeccdo por M. incognita. A expressdo elevada de GmPR10 esta associada a
capacidade da planta de restringir a reproducdo do nematoide, interferindo em
enzimas digestivas do parasita e na integridade do tegumento, além de atuar em
sinergia com mecanismos de defesa mediados pelo acido salicilico, como a produgao
de fitoalexinas, incluindo a gliceolina I. A indug&o coordenada de proteinas PR e da
gliceolina | reflete uma estratégia integrada de defesa, na qual barreiras enzimaticas
e quimicas atuam sinergicamente para reduzir o avango de patégenos em tecidos
vegetais. Na soja, destaca-se a gliceolina |, pertencente a classe dos isoflavonoides,
que se acumula rapidamente apos a infecgao por patégenos e desempenha papel
crucial na contengdo da colonizagao, principalmente de fungos e nematoides (Bl et
al., 2022; KUMAR et al., 2025). Dessa forma, o gene GmPR10 representa um
componente-chave na resposta imune da soja e um alvo promissor para estratégias
biotecnoldgicas, como a edigdo gendmica, visando o melhoramento de resisténcia a

fitonematoides. Nesse contexto, além do controle transcricional, mecanismos
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regulatorios poés-transcricionais emergem como importantes moduladores da

intensidade e da especificidade das respostas de defesa.

1.9. Regulagao Poés-Transcricional como Moduladora da Resposta de Defesa

A expressao génica em plantas € regulada em multiplos niveis, incluindo o
controle transcricional, pds-transcricional, traducional e pds-traducional. Enquanto a
regulacdo transcricional determina a sintese de novos mRNAs em resposta a
estimulos bidticos, a regulagao pos-trascricional atua sobre transcritos ja produzidos,
modulando sua estabilidade, processamento, localizacdo e eficiéncia de traducgao.
Essa camada adicional de controle permite respostas mais rapidas e dinamicas,
sendo particularmente relevante durante a ativagdo da imunidade vegetal, na qual a
velocidade e a precisao da resposta podem determinar o sucesso da defesa (NGOU,;
DING; JONES, 2021).

No contexto da interacdo planta-patégeno, mecanismos pos-transcricionais
como microRNAs (miRNAs), pequenos RNA de interferéncia (siRNAs) e elementos
regulatorios, presentes na regidao 5-UTR, exercem papel central na modulagdo de
genes envolvidos em sinalizagdo hormonal, fatores de transcricdo e proteinas de
defesa (LUO et al., 2024). Os miRNAs regulam negativamente a expressdo génica
por meio da clivagem direcionada de mRNAs ou da represséao traducional, ajustando
a intensidade da resposta imune e contribuindo para o equilibrio entre crescimento e
defesa. Esse ajuste fino é essencial para evitar respostas exacerbadas que
comprometam o desenvolvimento vegetal (DING et al., 2024).

A ativacdo constitutiva de vias de defesa frequentemente esta associada a
penalidades de crescimento e a redugao de produtividade, fenbmeno descrito como
trade-off entre crescimento e imunidade (HEIL; BALDWIN, 2002; KARASQV, et al.,
2017). Assim, mecanismos regulatérios e a indugcdo controlada e contextualmente
dependente da resposta imune s&o favorecidos do ponto de vista adaptativo e
agronémico. Evidéncias experimentais demonstram que o controle traducional
mediado por elementos regulatérios na 5-UTR pode conferir resisténcia ampla a
patdogenos sem custos significativos de desempenho, reforgcando o potencial dessa
estratégia para o melhoramento genético (XU et al., 2017; Al et al., 2022).

Entre esses mecanismos, destacam-se os upstream open reading frames

(UORFs), pequenas fases abertas de leitura localizadas na regido 5-UTR que
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modulam a eficiéncia de tradu¢do do ORF principal (pORF) por meio do controle da
iniciacdo ribossomal. Diferentemente de mecanismos baseados na degradacao de
mMRNA, os uORFs atuam predominantemente no nivel da eficiéncia traducional,
permitindo ajuste fino da produgcédo proteica sem alteragbes substanciais na
abundancia do transcrito. Essa caracteristica torna os uORFs alvo estratégico para
engenharia genética voltada ao aumento de resisténcia, com menor impacto
fisiologico, atuando em plantas como o principal elemento regulatério da tradugéo
(VON ARNIM; JIANG; VAUGHN, 2014; Al et al., 2022).

1.10. uORFs como Elementos Regulatérios da Tradugao em Plantas

A expressao génica e seus mecanismos regulatorios desempenham um papel
central na determinagcdo da diversidade fenotipica dos organismos. Entre esses
mecanismos, destacam-se os quadros de leitura abertos upstream (UORFs), regides
codificadoras localizadas na extremidade 5 nao traduzida (5-UTR) dos mRNAs, a
montante da regi&o principal de leitura aberta (P ORF). Essas estruturas podem iniciar
tanto por codons AUG canénicos quanto por codons alternativos, sendo amplamente
distribuidas em eucariotos. Estudos de gendmica comparativa indicam que uORFs
estdo presentes em aproximadamente 49% dos genes humanos, 44% dos genes de
camundongos, 65% dos genes de peixes-zebra e em mais de 30% das transcrigbes
de 11 espécies de plantas, abrangendo monocotiledéneas (Zea, Oryza, Hordeum,
Panicum, Saccharum) e dicotiledoneas (Arabidopsis, Brassica, Citrus, Gossypium,
Nicotiana, Glycine) (WETHMAR, 2010; VON ARNIM, JIA; VAUGHN, 2014).

De acordo com sua posicao em relacdo ao pORF, os uORFs podem ser
classificados como totalmente a montante, quando o cédon precede o inicio do pOREF,
ou em UORFs sobrepostos, quando se estendem parcialmente sobre a sequéncia
codificante principal, em quadro de leitura alternativo (Figura 4). Essa organizagao
estrutural influencia diretamente a eficiéncia da tradugao do gene principal, podendo
atuar como barreiras a iniciacdo ribossdmica ou como elementos moduladores da
expressdo génica (ZHANG et al., 2020; XIANG; DONG, 2025). Além disso, os uORFs
apresentam grande variabilidade estrutural, com diferengas no comprimento, no
numero e na localizagdo dentro da 5-UTR. Estudos em genomas eucaridticos
mostraram que esses elementos podem variar de zero a mais de dez por transcrito,

apresentando em meédia, cerca de 48 nucleotideos em humanos. Essa diversidade
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estrutural sugere que as UORFs ndo desempenham fungdes uniformes, mas sim um
papel contextual, ajustando a tradu¢cdo do pORF a jusante de acordo com
caracteristicas especificas de cada transcrito (CALVO; PAGLIARINI; MOOTHA,
2009).

S5’cap polyA
. ~ -AUG -UAA
(i) UORF ndo sobreposta .—a—— ——»
uORF puORF -UAG
(ii) UORF sobreposta
5’cap ) polyA
Fora do quadro de leitura s uah
-UAG
. 5’ca polyA
Dentro do quadro de leitura P -AUG -UAA

-UAG

Figura 4. Tipos de uORFs. Classificacdo dos uORFs com base nas posigdes relativas entre o uUORF
(open reading frame a montante) e o puORF (open reading frame principal). Fonte: Zhang et al., 2020,
com modificagdes feitas pela propria autora.

Embora a regido 5-UTR seja tradicionalmente chamada de "nao traduzida",
pode ser parcialmente traduzida, conforme o modelo de varredura de Kozak para o
inicio da traducdo. Nesse processo, o0 ribossomo se associa a extremidade 5’ do
mMRNA e percorre a sequéncia até encontrar o primeiro cédon AUG. Quando este
coédon corresponde a um uORF, geralmente ocorre redugéo da eficiéncia de tradugao
da puORF, seja por dissociagdo prematura das subunidades ribossémicas (NMD),
seja pela paralisagcdo do ribossomo (Figura 5). Apesar disso, ainda ndo esta
totalmente elucidado se todas as uORFs atuam de forma inibitoria ou se essa fungao
é restrita a casos especificos (WETHMAR, 2014; ZANG et al., 2020).

PuORF

S’cap uORF
(A) .———MH
- 3 polyA

S’cap
(8) .—.@_—M——»
- = ; polyA

A —
_—

S’cap PUORF
() ‘_.%__-—»
- o \ polyA
D
NMD
Figura 5. Mecanismos regulatorios da tradugdao do puORF. (a) Quando os uORFs ndo sdo
reconhecidos pelos ribossomos, a tradugdo do puORF nédo é afetada; (b) Quando os UuORFs sédo
efetivamente traduzidos, a tradugédo do puORF é geralmente reduzida, devido a interferéncia causada
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pela tradugao do uOREF; (c) Se os ribossomos se dissociam do mRNA ou desencadeiam o processo de
degradacédo mediada por cédon sem sentido (NMD, nonsense-mediated mRNA decay) ao estagnar no
final do UORF, a tradugédo do puORF nao ocorre. Fonte: Zhang et al., 2020, com modificagbes feitas
pela propria autora.

Diversos estudos tém demonstrado que as uORFs exercem papel crucial na
repressdo da tradugdo das regides codificadoras principais, embora a fungédo da
maioria delas, revelada por analises computacionais, permanega pouco conhecida.
Estratégias experimentais, como o uso de oligonucleotideos antisense dirigidos a
uORFs, ja mostraram potencial para aumentar a tradugdo das pORFs
correspondentes (VON ARNIM; JIA; VAUGHN, 2014). Além disso, as uUORFs podem
atuar na regulacdo da tradugdo de genes de imunidade vegetal, ajustando o equilibrio
entre o crescimento celular e a resisténcia a patégenos (CAUSIER et al., 2022).

Em plantas, evidéncias indicam que uORFs participam da regulagao de genes
envolvidos em respostas ao estresse e a defesa, permitindo ajustes rapidos na sintese
proteica sem alteracdo substancial dos niveis de mRNA. Essa modulagédo é
particularmente relevante para genes associados a biossintese de metabdlitos
secundarios, como as fitoalexinas, cuja produgédo € tipicamente induzida apds o
reconhecimento do patdgeno. A regulagéo traducional via uUORFs pode contribuir para
o controle temporal e quantitativo da sintese de enzimas-chave dessas vias
metabdlicas, favorecendo respostas eficientes e evitando a ativagdo constitutiva
desnecessaria. Assim, os UORFs configuram um mecanismo de ajuste fino capaz de
integrar crescimento, metabolismo secundario e defesa. Nesse cenario, a regulagéo
traducional integra-se diretamente ao metabolismo secundario, cuja ativagédo é
determinante para a biossintese de compostos defensivos (ZHANG et al., 2020;
CAUSIER et al., 2022).

1.11. Metabolismo Secundario e Fitoalexina na Defesa Vegetal

As fitoalexinas sdo metabdlitos antimicrobianos de baixo peso molecular
derivados do metabolismo secundario vegetal, sintetizados de forma induzida em
resposta a estresses bidticos. Desde sua descrigdo inicial por Muller e Borger na
década de 1940, esses compostos tém sido reconhecidos como componentes
centrais na contengdo inicial da infeccdo (MULLER; BORGER, 1940;
CRUICKSHANK; PERRIN, 1960). Sua producao € espaco-temporalmente regulada e
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integrada a redes de sinalizagdo hormonal, envolvendo principalmente acido salicilico,
acido jasmoénico e etileno, que coordenam a ativagao de vias defensivas e de genes
relacionados a patogénese. As fitoalexinas sdo biossintetizadas por diferentes vias
metabadlicas, refletindo sua diversidade quimica: a via do chiquimato (fenilpropanoide)
origina estilbenos e isoflavonoides; a via dos isoprenoides gera diterpenos e
sesquiterpenos; enquanto outras vias especificas formam alcaloides como a
camalexina (IRITI; FAORO, 2009; CHU; WEGEL; OSBOURN, 2011; GRORKINSKY;
GRAAFF; ROITSCH, 2012; KIM et al., 2022).

A inducédo dos genes envolvidos na biossintese de fitoalexinas € uma estratégia
eficiente para preparar a planta, permitindo respostas defensivas mais rapidas sem
comprometer significativamente a fisiologia do organismo, efeito similar ao observado
em plantas colonizadas por microrganismos benéficos, como Pseudomonas putida,
que promovem resisténcia sistémica frente a Pythium aphanidermatum (ONGENA et
al., 2000; FERRARI et al., 2007; MONSALTO; LIN; KOVINICH, 2024).

Na soja, um exemplo notavel de fitoalexinas séo as gliceolinas, um grupo de
pterocarpanos prenilados com potente atividade antimicrobiana, capazes de inibir o
crescimento de fungos e outros organismos invasores (BARZ; WELLE, 1992,
MOLINARI; BASER, 2010; NWACHUKWU; LUCIANO; UDENIGWE, 2013). A sintese
da gliceolina | depende da enzima glicinol 4-dimetilaliltransferase (G4DT), que catalisa
a prenilacédo do glicinol, um passo crucial na formagao da fitoalexina. A G4DT atua
como elo entre a sinalizagdo imune e a producgdo de gliceolinas, integrando-se a
mecanismos de resisténcia como MTI (MAMP- Triggered Immunity), ETI (Effector-
Triggered Immunity) e proteinas relacionadas a patogénese (PR), de modo que sua
superexpressao representa uma estratégia promissora para intensificar a resposta
defensiva da planta. Dessa forma, as gliceolinas ndo apenas conferem resisténcia
direta a patdgenos, mas também participam de uma rede coordenada de defesa
sistémica, atuando em conjunto com proteinas PR e outros metabdlitos secundarios
para limitar a colonizagdo e o desenvolvimento de agentes infecciosos na soja
(MOHR; CAHILL, 2002; MOLINARI; BASER, 2010; AHUJA; KISSEN; BONES, 2012;
LYGIN et al., 2013).

Considerando a especificidade das interagdes hospedeiro-patdgeno e a
capacidade de muitos patégenos de desintoxicar fitoalexinas, estratégias de
engenharia genética tém sido propostas para introduzir novos tipos de fitoalexinas em
plantas hospedeiras ou modular a produgdo natural dessas moléculas, visando
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aumentar a resisténcia a doengas de forma mais eficiente (ROWE; KLIEBENSTEIN,
2010; GRORKINSKY; GRAAFF; ROITSCH, 2012). Esses avangos em biotecnologia,
somados ao conhecimento sobre a fungdo, a biossintese e a regulagdo das
fitoalexinas, reforcam seu potencial como alvo promissor para o aprimoramento da
protecdo de culturas agricolas, reduzindo o uso de pesticidas e aumentando a
resisténcia integrada das plantas frente a multiplos estresses. Nesse contexto, a
compreensao dos mecanismos moleculares que regulam a interacdo planta—
nematoide torna-se fundamental para o desenvolvimento de estratégias de resisténcia
mais eficazes (GRORBKINSKY; GRAAFF; ROITSCH, 2012).

1.12. Aspectos Emergentes da Regulagdo Molecular da Defesa Vegetal a
Nematoides

A infecgdo por nematoides fitoparasitas, como M. incognita e H. glycines,
envolve a secregdo de efetores capazes de reprogramar profundamente o
metabolismo celular da planta, culminando na formagéo de células gigantes ou de
sincicios metabolicamente ativos que sustentam o desenvolvimento do parasita. Esse
processo demanda nao apenas alteragdes transcricionais extensas, mas também
uma reorganizagdo coordenada de multiplas camadas regulatérias que integram o
crescimento, o metabolismo e a defesa (ZHENG; PUTKER; GOVERNSE, 2021,
MATUSZKIEWICZ; SOBCZAK, 2023).

Evidéncias recentes indicam que a plasticidade do hospedeiro durante a
formagao do sitio de alimentagao envolve o remodelamento de cromatina, alteragdes
na metilagio de DNA e modulagdo da organizagdo nuclear, sugerindo que
mecanismos epigenéticos contribuem para estabilizar programas celulares favoraveis
ao parasitismo. Assim, a resisténcia vegetal aos nematoides deve ser compreendida
como um processo dinamico, dependente do equilibrio entre a ativacdo imune, a
manutengdo da viabilidade celular e o controle do custo metabdlico associado a
defesa (MATUSZKIEWICZ; SOBCZAK, 2023).

Além da regulagdo transcricional classica, mecanismos poés-transcricionais
emergem como componentes centrais no ajuste fino da resposta vegetal. A
estabilidade de mRNAs, a acdo de miRNAs e o controle da eficiéncia traducional
modulam a intensidade e a duragao da resposta imune, permitindo respostas rapidas
e reversiveis diante da infecgao (LI et al., 2012). Durante condigbes de estresse
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bidtico, observa-se repressao global da tradugdo acompanhada da tradugéo seletiva
de mRNAs associados a defesa, indicando que a regulacdo traducional atua como
ponto estratégico de controle da imunidade vegetal. As uORFs participam desse
processo ao modular a iniciacdo da tradugao, sem necessariamente alterar os niveis
de transcricdo, conferindo plasticidade a expressdao génica e minimizando
penalidades metabdlicas prolongadas. Esse controle € particularmente relevante na
biossintese de fenilpropanoides e fitoalexinas, cuja produgdo € transitoria e
energeticamente dispendiosa, exigindo regulacéo temporal e espacial precisa (VON
ARNIM; JIA; VAUGHN, 2014).

Paralelamente, a interacéo planta-nematoide € fortemente modulada por redes
hormonais interconectadas. Auxinas e citocininas desempenham papel central na
formagao e manutencéo das células alimentares, enquanto vias associadas ao acido
salicilico, acido jasmoénico e etileno modulam respostas imunes e influenciam o
sucesso do parasitismo (GLAZEBROOK, 2005). A integrag&o dessas rotas hormonais
estabelece um equilibrio competitivo entre crescimento e defesa, no qual a ativacao
imune excessiva pode comprometer o desenvolvimento vegetal, enquanto sua
supresséo favorece a colonizagédo pelo patégeno. Nesse contexto, o estado redox
celular emerge como ponto de integragao central, uma vez que espécies reativas de
oxigénio (ROS) participam tanto da sinalizacdo de defesa quanto da modulagdo da
proliferagdo celular no sitio alimentar, exigindo controle antioxidante rigoroso para
evitar danos teciduais irreversiveis (HUOT et al., 2014).

Por fim, a robustez da resisténcia vegetal depende também da capacidade de
ativar o metabolismo secundario, especialmente a via dos fenilpropanoides.
Fitoalexinas, como as gliceolinas em soja, apresentam atividade antimicrobiana e
nematicida, contribuindo para restringir o estabelecimento e a manutengao do parasita
(LOZOVAYA et al., 2004; AHUJA; KISSEN; BONES, 2012). A ativagcédo dessas vias
ocorre de forma altamente regulada e compartimentalizada, evitando autotoxicidade
e custos metabolicos excessivos. Assim, a defesa contra nematoides resulta da
integracao dindmica entre camadas epigenéticas, transcricionais, pos-transcricionais,
traducionais, hormonais e metabdlicas. A compreensao dessa arquitetura regulatoria
complexa fornece base conceitual para o desenvolvimento de estratégias
biotecnolégicas que visem o ajuste fino da imunidade vegetal, explorando tanto a
modulacdo de elementos regulatérios quanto o reforgo do metabolismo secundario
como abordagens complementares no controle de nematoides. Diante dessa
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complexidade regulatéria, torna-se evidente o potencial de ferramentas de edi¢cao
génica para intervir de forma precisa em componentes-chave da imunidade vegetal,
gerando plantas com respostas de defesa mais eficientes e melhor ajustadas do ponto
de vista fisioldgico.

1.13. Edigcao Génica por CRISPR como Ferramenta para Modulagao da Defesa
Vegetal

A edicdo genbmica baseada em nucleases sitio-dirigidas representa um dos
avangos transformadores da biotecnologia moderna, ao possibilitar modificagbes
precisas em loci especificos do genoma. Entre as diferentes plataformas disponiveis,
o sistema CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats
Associated protein 9), destaca-se pela simplicidade de desenho, versatilidade e
elevada eficiéncia. Derivado do sistema imunolégico adaptativo de procariontes, o
CRISPR/Cas9 utiliza uma endonuclease programavel guiada por RNA para induzir
quebras de dupla fita (double-strand breaks, DSBs) no DNA-alvo. Essas quebras
ativam mecanismos celulares de reparo, predominantemente por unido de
extremidade n&do homodloga (NHEJ) ou, em menor frequéncia, por reparo direcionado
por homologia (HDR). Como consequéncia, podem ser geradas inser¢des, delegdes
ou substituicdes, permitindo a modificagdo direcionada de genes codificantes e
elementos regulatérios envolvidos em diferentes processos biologicos, incluindo
respostas de defesa vegetal (PUCHTA; DUJON; HOHN, 1996; PUCHTA, 2004;
SYMINGTON; GAUTIER, 2011; SATHEESH et al., 2019).

Na agricultura, a tecnologia CRISPR/Cas9 tem sido amplamente empregada
para o aprimoramento de caracteristicas agronémica, como produtividade, qualidade
nutricional e tolerancia a estresses abidticos. Entretanto, sua aplicagdo na modulagao
da defesa vegetal constitui um dos avangos mais estratégicos da biotecnologia
moderna (YIN; QIU, 2019; JIANIG et al., 2022; VERMA et al., 2022; RENGASAMY et
al., 2024). A edicdo direcionada permite tanto a inativagcdo de genes de
susceptibilidade quanto a modulagdo de genes associados a imunidade, incluindo
receptores de reconhecimento de padrdes (PRRs), genes de resisténcia (genes R),
componentes das vias de sinalizagdo mediadas por acido salicilico, acido jasmonico
e etileno, além de proteinas relacionadas a patogénese (PR). Essas intervengdes tém

resultado no aumento da resisténcia a fungos, bactérias, virus e nematoides em
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diversas espécies cultivadas (CHEN et al., 2019; GAO et al., 2020).

Em soja, a viabilidade do sistema CRISPR/Cas9 foi inicialmente demonstrada
por Cai et al., (2015), que utilizaram o sistema de raizes transformadas (hairy roots)
para induzir mutagbes em genes enddgenos e exogenos, estabelecendo uma
plataforma funcional para validagdo génica. Posteriormente, estudos de edigéo
genbmica direcionada evidenciaram que o sistema CRISPR/Cas9 é capaz de
promover mutagdes simultdneas em multiplos loci enddgenos, incluindo genes
duplicados, com alta eficiéncia e especificidade em soja (JACOBS et al., 2015). A
aplicabilidade agronédmica dessa abordagem foi reforgada pela edigdo simultanea dos
genes homodlogos GmFAD2-1A e GmFAD2-1B por meio de dual gRNA, resultando
em alteragdes no perfil de acidos graxos e demonstrando o potencial da ferramenta
para o melhoramento de caracteristicas de interesse econémico (DO et al.,2019).

Além da modificagédo de regides codificantes, um avango conceitual relevante
reside na possibilidade de editar ndo apenas essas regides, mas também elementos
regulatorios criticos, como promotores, enhancers e uORFs. Esses elementos
desempenham papel central no controle fino da expressao génica, especialmente em
genes envolvidos em respostas de defesa, nos quais a intensidade e o tempo de
ativacdo sao determinantes para o equilibrio entre crescimento e imunidade. A
modulacdo de uORFs, em particular, permite ajustar a eficiéncia traducional de genes
endogenos sem alterar seus padrbes espaciais e temporais de transcrigao,
representando uma alternativa mais precisa a superexpressao constitutiva (Sl et al.,
2020). A edigao dirigida de uORFs por meio do sistema CRISPR/Cas9 pode resultar
na interrupcdo de cdédons de iniciagdo ou na introdugdo de mutagdes que eliminam
seus efeitos inibitérios sobre o pORF. Em geral, as quebras induzidas sao
predominantemente reparadas pela via NHEJ, que origina mutagdes estaveis e
herdaveis (Figura 6).

Quando o sistema de edigao é segregado nas geragdes subsequentes, obtém-
se plantas editadas livres do cassete transgénico, ampliando o potencial regulatorio e
comercial da estratégia. Assim, a manipulacdo de uORFs emerge como uma
ferramenta promissora para a modulag&o quantitativa da expressao proteica de genes
envolvidos na defesa, permitindo um aumento direcionado da tradugdo sem alterar o
nivel de transcritos (WETHMAR, 2014; VON ARNIM; JIA; VAUGHN, 2014; Sl et al.,
2020).
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Figura 6. llustragao esquematica da manipulagao génica da tradugdao por meio da edigcdo de
uORFs via CRISPR/Cas9. A tradugdo do mRNA inicia-se com o recrutamento do ribossomo (azul),
que reconhece a estrutura 5' cap (marrom escuro) e percorre a regido lider no sentido 5-3". Ao
encontrar um codon de iniciagédo (vermelho) pertencente a uma uORF (marrom-escuro), essa regido é
traduzida, o que geralmente resulta na inibigdo da tradugdo do ORF principal (pORF) localizado a
jusante (verde). A interrupgdo ou modificagao das uORFs por meio do sistema CRISPR/Cas9 pode
abolir esses efeitos inibitorios, permitindo o aumento da tradugéo dos pORFs a jusante. Fonte: Si et al.,
(2020).

Nesse cenario, estratégias de edigdo génica que permitam modular com
precisdo a tradugcdo de genes associados a defesa representam uma abordagem
inovadora e potencialmente mais sustentavel para o enfrentamento de Meloidogyne
spp. A exploragdo do potencial regulatorio de elementos, como uORFs, pode
contribuir para o fortalecimento da resposta imune sem comprometer o

desenvolvimento vegetal, estabelecendo uma base conceitual para o

desenvolvimento de cultivares com resisténcia aprimorada.
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1. HIPOTESE

A deplecdo das uORFs do gene GmPR10 via CRISPR/Cas9 aumentara a

tradugéo da proteina codificante em soja, promovendo a tolerancia a M. incognita.

2. OBJETIVOS

2.1 Objetivo Geral

Modular a tradugdo do gene GmPR10 por meio da edigdo de uORFs via

CRISPR/Cas9, visando a promog¢ao da tolerancia da soja a M. incognita.

2.2 Objetivos Especificos

v

Predizer as uORFs presentes na regido 5-UTR do gene GmPR10, utilizando a
ferramenta de analise in silico uORFlight.

Validar as uORFs do gene GmPR10 utilizando vetores dual-luciferase por meio
de ensaios transientes em protoplastos de N. benthamiana transformados com
as construgdes contendo as uORFs n&o-mutadas e mutadas (-ATG).
Desenhar sgRNAs para a deplecédo das uORFs validadas utilizando o software
CRISPR-P 2.0.

Construir os vetores CRISPR/Cas9 com os sgRNAs selecionados.

Validar os vetores CRISPR/Cas9 em sistema hairy roots de soja induzidos via
A. rhizogenes cepa K599.

Transformar plantas de soja por meio de organogénese somatica, com a
construcao mais eficiente para a deple¢ao de uORFs.

Confirmar a edigdo gendmica nas raizes transformadas e nos eventos de soja
por meio de PCR seguida de sequenciamento de Sanger.

Avaliar a expressao da proteina GmPR10 por Western blot nas plantas
editadas.

Realizar bioensaios com M. incognita utilizando eventos contendo edigbes
especificas em homozigose para determinar os efeitos da modulagéo

traducional na tolerancia ao nematoide M. incognita.
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ABSTRACT

Root-knot nematodes (RKN, Meloidogyne spp.) are among the most damaging
pathogens of soybean (Glycine max), directly impacting grain yield and quality.
Elucidating the molecular mechanisms underlying resistance is essential for
developing effective management strategies and breeding programs. Previously,
transcriptomic and proteomic analyses of contrasting soybean genotypes (BRS133 -
susceptible and P1595099 - highly tolerant) identified candidate genes associated with
RKN tolerance. Among them, the GmPR10 gene, which encodes a pathogenesis-
related class 10 (PR-10) protein, was identified and is well-known for its inhibitory
activity against phytonematode digestive enzymes and cuticles. Recently, the editing
of upstream open reading frames (UORFs) via CRISPR/Cas9 has emerged as a
powerful strategy to enhance the translation of primary ORFs (pORFs). We identified
two uORFs within the 5-UTR of the GmPR10 gene. To validate their regulatory role,
the entire 5'-UTR region of the gene was cloned into a dual-luciferase reporter system,
and the start codons of these uORFs (-ATG) were deleted using site-directed
mutagenesis. The simultaneous depletion of uORF1 and uORF2 resulted in
approximately a 3.5-fold increase in LUC/REN activity in Nicotiana benthamiana
protoplasts, confirming their role in modulating translation. Based on these findings,
CRISPR-based knockout strategies were designed to deplete both uORFs and boost
GmPR10 protein levels in soybean. The depletion of uUORFs represents an innovative
approach for modulating the translation of defense-related genes. Beyond enhancing
soybean tolerance to RKN, this method enables the development of transgene-free
plants, offering a sustainable and promising alternative for managing these high-
impact agricultural pathogens.

Keywords: Glycine max, Root-Knot Nematodes, Genome editing, uORF, 5-UTR,
Translational regulation, PR-10, Transgene-free.
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3. INTRODUCTION

Soybean (Glycine max (L.) Merr.) is one of the most significant crops globally,
playing a fundamental role in food security, vegetable protein production, and the oil
and biofuel industries. Currently, Brazil is the world’s leading soybean producer, with
its national output projected to reach a record 180 million tons in the 2025/2026 crop
year (USDA, 2026). Although soybean productivity has increased significantly due to
genetic and management advancements, production remains constrained by
susceptibility to biotic stresses, including plant-parasitic nematodes (PPNs)
(MIRANSARI, 2016; SHELKE et al., 2023). These pathogens exhibit broad geographic
distribution, high adaptability, and soil persistence, significantly compromising crop
performance, particularly in intensive cropping systems and successive monocultures
(ROSSO et al., 1999; HAEGEMAN et al., 2012; BRADLEY et al., 2021; ARJOUNE et
al., 2022)

In this context, among the main phytosanitary challenges for soybeans are root-
knot nematodes (RKN), particularly the endoparasite Meloidogyne incognita. Although
chemical nematicides are effective, their toxicity to humans and the environment has
led to their progressive withdrawal from the market, making the development of
cultivars with enhanced genetic resistance an urgent priority (ROBERTS, 2002;
WILLIAMSON; KUMAR, 2006). However, despite the use of resistant cultivars being
a preferred management strategy due to their low environmental impact and large-
scale viability (CAMARGO, 2011; LIN et al., 2022), their effectiveness is frequently
hampered by the high genetic variability of plant-parasitic nematodes, which can
overcome resistance barriers over time (ROBERTS, 2002; WILLIAMSON; KUMAR,
2006). Therefore, elucidating plant immunity is essential for developing more durable
control strategies.

Plant immunity against these pathogens is orchestrated by complex responses
involving phytohormones and pathogenesis-related (PR) genes, which regulate the
delicate balance between growth and resistance (SMAKOWSKA et al., 2016; BRIDA,;
CORREIA; WILCKEN, 2017). In this context, the GmPR10 (G. max pathogenesis-
related class 10 protein) gene has emerged as a key component of the soybean
immune response to M. incognita. Studies have demonstrated that this gene is
differentially expressed in tolerant genotypes and that its overexpression in transgenic
tobacco significantly reduced the number of galls, egg counts, and the reproduction
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factor compared to non-transformed plants (ARRAES et al., 2022). Consistent results
were also observed in transformed roots of detached soybean leaves, which showed
an approximately 40% reduction in gall formation, confirming the gene's potential as a
target for biotechnological resistance strategies (FREITAS-ALVES et al., 2023).
Beyond limiting parasite reproduction, GmPR10 targets nematode digestive enzymes
and cuticle integrity, while also interacting with salicylic acid-mediated mechanisms,
such as phytoalexin production (ROCHA et al., 2015; YANG; WANG, 2024).

Recently, the fine-tuning of gene translation via upstream open reading frames
(UORFs) has emerged as an innovative strategy to enhance plant resistance to biotic
stresses (Sl et al., 2020; TIAN et al., 2024). These short sequences, located in the &'
untranslated region (5' UTR) of mRNAs, typically attenuate the translation of primary
open reading frames (pORFs) by sequestering ribosomes or inhibiting their
progression (KOZAK, 1987; KURIHARA, 2020). Consequently, manipulating uORFs
by deleting start codons or disrupting the Kozak consensus via CRISPR/Cas9 allows
for the precise upregulation of target proteins without altering mRNA levels. In several
species, the depletion of uORFs via CRISPR/Cas9 technology has been successfully
used to increase the protein levels of target genes without altering mRNA transcription
levels, providing tolerance to stresses such as salinity, drought, and pathogens
(ZHANG et al., 2018; Sl et al., 2020; TIAN et al., 2024). This approach offers a
promising alternative to conventional transgenesis, potentially generating non-
genetically modified (non-GMO) cultivars with enhanced stress tolerance
(KOCSISOVA; CONEVA, 2023).

In this study, uORF sequences were identified in the 5-UTR of the GmPR10
gene, a gene associated with tolerance to M. incognita (ARRAES et al., 2022,
FREITAS-ALVES et al., 2024). To validate their regulatory function, the entire 5'-UTR
region of the gene was cloned into a dual-luciferase reporter system, and the start
codons of these uUORFs (-ATG) were deleted using site-directed mutagenesis. The
simultaneous depletion of uORF1 and uORF2 resulted in an increase in LUC/REN
activity in protoplasts of N. benthamiana, confirming their role in modulating translation.
Based on these findings, CRISPR-based strategies were designed to deplete these
uOREFs, aiming to boost GmPR 10 protein levels in soybean. Our hypothesis is that this
translational modulation will lead to the development of plants that can be classified as
non-GMO, with more robust and durable resistance against RNKs, in addition to

simplifying regulatory and market approval processes for the developed soybean lines.
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4. MATERIALS AND METHODS

4.1 Target gene, In silico Analysis and uORF Identification

The GmPR10 gene (G. max pathogenesis-related class 10 protein,
Glyma.17G030400) was selected as the target for translational modulation based on
its previously reported role in soybean resistance to M. incognita. This selection was
supported by the positive correlation observed among proteomic, transcriptomic, and
RT-gPCR datasets (ARRAES et al.,, 2022), as well as its functional validation in
transgenic tobacco and soybean hairy roots (ARRAES et al., 2022; FREITAS-ALVES
et al., 2024).

The 5-UTR sequence of GmPR10 was retrieved from the Phytozome v14.1
database (https://phytozome-next.jgi.doe.gov/). To identify potential regulatory
elements, upstream open reading frames (UORFs) were screened for evolutionary
conservation and the presence of conserved peptide uORFs (CPuORFs). This
analysis was conducted using the uORFLight online tool (NIU et al., 2020; Table S1
and Figure S1a), which facilitates comparative analysis of nucleotide or peptide
sequences within the 5-UTR against orthologous genes across diverse phylogenetic
groups. The sequences were predicted based on their start and stop codons, length,
location, and frequency (Sl et al., 2020).

4.2 Construction of dual-luciferase reporter vectors

The pGreenll0800-LUC vector (Sl et al., 2020) was employed for uORF
validation, featuring two reporter genes: firefly luciferase (LUC) and Renilla luciferase
(REN) (Figures 1A, S1b and S1c). Since the original vector contained a single
CaMV35S promoter driving REN expression, an additional CaMV35S promoter was
amplified and subsequently cloned between the Hindlll and BamHlI restriction sites to
drive LUC expression. The entire 5' leader region of the target gene was amplified and
inserted into the BamHI and Ncol sites, positioned upstream of the LUC reporter. To
evaluate the regulatory role of the identified uUORFs, their initiation codons (-ATG) were
deleted via site-directed mutagenesis using the Transformer Site-Directed
Mutagenesis Kit (Clontech®, Takara™, CA, USA), following the manufacturer’s

instructions (Table S2). All cloning steps and mutagenesis events were rigorously
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confirmed through Sanger sequencing of the resulting plasmids. In the wild-type (WT)
constructs, the %' leader sequence remained intact, whereas in the mutant (MT)
variants, the initiation codons (-ATG) were specifically disrupted to assess their
inhibitory effects.

4.3 lIsolation of Nicotiana benthamiana Protoplast, transfection, and dual-

luciferase assays

The N. benthamiana protoplasts were isolated from the leaves of 21-day-old
seedlings grown under controlled environmental conditions (25 + 2 °C, 12 h
photoperiod, and a light intensity of 120 ymol m™ s™'). Transfection was performed
using dual-luciferase constructs harboring either the wild-type (WT) or mutated
versions of the &' leader sequence. For each transfection assay, 20 ug of plasmid DNA
and approximately 5 x 10° protoplasts were utilized. Following a 48 h incubation period,
protoplasts were harvested by centrifugation at 100 x g for 2 min and stored at -80 °C
until analysis. Luciferase and Renilla luciferase (LUC/REN) activities were quantified
using the Dual-Luciferase® Reporter Assay System (Promega, Madison, WI, USA;
Cat# E1910) according to the manufacturer’s protocol. Corresponding LUC/REN
MRNA levels were determined as detailed in Section 4.4.

4.4 RNA Extraction and RT-qPCR Analysis

Total RNA was isolated from N. benthamiana protoplasts using PureLink™
Plant RNA Reagent (Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’'s protocol. RNA concentration and purity were assessed using a
NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific). For cDNA synthesis,
1 pg of total RNA was treated with DNase | (Invitrogen, Carlsbad, CA, USA) to
eliminate genomic DNA contamination. Subsequently, first-strand cDNA was
synthesized using oligo-(dT)30 primers and M-MLV Reverse Transcriptase (Invitrogen,
Waltham, Massachusetts, USA). The resulting cDNA was diluted (1:10, v/v) and used
as a template for RT-gPCR assays. Reactions were performed on an Applied
Biosystems 7500 Fast Real-Time PCR System (Foster City, CA, USA) using SYBR™
Green Master Mix and gene-specific primers (0.2 uM) (Table S3) in a final volume of
10 pL. Relative gene expression levels were calculated using the 222t method
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(SCHMITTGEN; LIVAK, 2008). The N. benthamiana genes NbTCTP (Translationally
controlled tumour protein), NbELF1a (elongation factor 1-alpha), and NbPP2A (Protein
Phosphatase 2A) were utilized as internal reference controls for normalization (Table
S3). Each treatment consisted of 4 biological replicates, each analyzed in technical
triplicates. Amplification specificity was verified by melting curve analysis. Ct values
and PCR efficiencies were determined using the Miner software (ZHAO; FERNALD,
2005), and final expression data were processed through the SATqQPCR platform
(RANCUREL et al., 2019).

4.5 CRISPR/Cas9 Vector Construction

The CRISPR/Cas9 binary vectors were constructed to target the specific uORFs
previously validated in the dual-luciferase reporter system. Single guide RNA (sgRNA)
sequences targeting the &' leader region of the GmPR10 gene were designed using
the CRISPR-P 2.0 online tool (LEI et al., 2014). Candidate sgRNAs were selected
based on high on-target scores, optimal GC content, and the absence of predicted off-
target sites (Table 1). The assembly followed a modular cloning strategy: initially,
sgRNA pairs 1+5 and 3+5 were cloned into the entry vectors pYPQ131B (carrying the
AtU3 promoter for the first sSgRNA) and pYPQ132B (carrying the AtU3 promoter for the
second sgRNA), respectively. Subsequently, both sgRNA expression cassettes were
assembled into the pYPQ1742 intermediate vector through Golden Gate cloning using
the Bsal restriction enzyme. The final binary constructs, pYPQ142+sgRNA1/5 and
pYPQ142+sgRNA3/5, were generated by recombining the intermediate modules with
pYPQ160 (containing the AtUBI/10 promoter driving a plant-codon-optimized zCas9)
and the destination vector pYPQ202 using the LR Clonase™ || Gateway™ cloning
system (Invitrogen). All final constructs were verified by restriction analysis and Sanger
sequencing. Intermediate and final vectors were previously validated by PCR for the
presence of sSgRNA sequences and the Cas9 module prior to transformation (Figures
S2-S8). After hairy root induction, PCR-positive samples were subjected to Sanger
sequencing to confirm the presence of the constructs and to detect potential editing
events (Figures S9-S11). The final binary constructs were mobilized into
Agrobacterium rhizogenes strain K599 for soybean hairy root induction (Section 4.6)
and subsequent sgRNA validation. Based on the highest editing efficiency, the most
effective constructs were further introduced into A. fumefaciens strain GV3101 for the
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generation of stable soybean lines (Section 4.8).

Table 1. Characteristics of the sgRNAs designed for CRISPR/Cas9-mediated editing of
uORFs 1 and 2 in the GmPR10 gene. The table displays the sgRNA identification number, on-
score, sgRNA sequence (black), and its corresponding PAM (green), GC content (%), and
number of potential off-target sites. These sequences were selected based on their proximity
to UORFs 1 and 2, as well as their high on-score values and low number of predicted off-
targets.

N° de off-
sgRNA On-score Sequence (%) GC target
ATTCAGATGCTCTTTAGC
1 0.6537 AG 40% 29
AAGTGACATTAACGGTAC
3 0.4100 TA 35% 19
GGCATGCAAAGTGACAT
5 0.1754 TAA 45% 64
GCAGCTTCATTCACACTA
8 * TG 45% *

Obs: *This sgRNA was manually designed to specifically target tuORF1.

4.6 Agrobacterium rhizogenes-Mediated Hairy Root Transformation in Soybean
Detached Leaves

The A. rhizogenes strains were transformed via electroporation according to the
protocol described by Nagel et al. (1990) with the empty pPZP vector (control) and the
CRISPR/Cas9 vectors. For inoculum preparation, a single colony of A. rhizogenes
strain K599 harboring each construct was cultured on solid LB medium supplemented
with appropriate antibiotics at 28 °C for 48 h. Subsequently, 1 mL of sterile liquid LB
medium containing 15% (v/v) glycerol was added to the colony for homogenization.
For experimental use, 500 uL of this suspension was spread onto fresh LB plates
containing the same antibiotics and incubated at 28 °C for 16 h to produce the bacterial
paste used for inoculation. Hairy root induction was performed using the detached leaf
method as described by Freitas-Alves et al. (2024 ), with minor modifications. Seeds of
G. max (cv. BRS 537) were sown in tubes containing commercial substrate (Bioplant
Agricola Ltda®, Nova Ponte, MG, Brazil) and maintained in a greenhouse under
manual irrigation, a 12 h photoperiod, and ambient temperatures of 25 °C. After 20
days, unifoliate leaves were harvested by cutting at the petiole-stem junction. Each
petiole was inoculated with the bacterial paste of A. rhizogenes strain K599 containing
either the empty vector (pPZP) or the CRISPR/Cas9 constructs, using a sterile 23%
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gauge needle. The inoculated leaves were placed in Petri dishes (150 x 15 mm)
containing a layer of sterile cotton covered with sterile filter paper. The inoculated
region of the petiole was wrapped in moist sterile cotton, which was rehydrated every
48 h with tap water. Plates were maintained in a growth chamber at 25 + 2 °C under a
12 h photoperiod and a light intensity of 120 umol m™ s~ for 20 days. Following root
emergence, hairy roots were individually harvested for subsequent genome editing

evaluations (Section 4.7).

4.7 Genomic DNA Isolation, PCR Analysis and Gene Editing Detection

Genomic DNA (gDNA) was isolated from soybean hairy roots and soybean
leaves of stably transformed plants using the CTAB method (MURRAY; THOMPSON,
1980). DNA concentration and purity were assessed using a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific). PCR assays were performed in a final
volume of 20 yL, consisting of 0.2 mM of dNTP, 1.5 mM of MgCl2, 0.2 yM of each
primer (forward and reverse), 1 U of Tag DNA polymerase (Invitrogen, Carlsbad,
California, USA), and 100 ng of DNA. Amplifications were conducted using GoTaq®
DNA Polymerase (Promega, Madison, WI, USA) in a Veriti™ 96-Well Thermal Cycler
(Applied Biosystems, Foster City, CA, USA). The thermal cycling profile consisted of
an initial denaturation at 95 °C for 3 min, followed by 40 cycles of denaturation at 95
°C for 30 s, primer annealing at 55 °C for 30 s, and extension at 72 °C for 45 s, with a
final extension at 72 °C for 5 min. The specific primer sequences utilized in this study
are detailed in Table S4. The amplified sequences were submitted to Sanger

sequencing for genome editing detection.

4.8 Stable Soybean Transformation

Seeds of the commercial soybean cultivar BRS 537 were provided
by Embrapa (Brasilia, Brazil). Following surface sterilization, the seeds were soaked
in sterile distilled water for 24 h. Embryonic axes were subsequently isolated and
subjected to genetic transformation using a somatic organogenesis-based protocol
that combines biolistics and A. tumefaciens-mediated transformation, as described by
Melo et al. (2020).



67

4.9 Analysis of Genomic Editing and Mutation Prediction

Genomic DNA isolated from both hairy roots and stable plant leaves was
amplified by PCR (Section 4.7), followed by Sanger sequencing. The resulting
sequencing chromatograms were analyzed using the Inference of CRISPR Edits (ICE)
software (Synthego, Redwood City, CA, USA). Sequences from non-transformed wild-
type (WT) plants served as reference controls for comparative analysis. Target editing
was confirmed by identifying the specific depletion or disruption of the uORF initiation
codons (-ATG) in the edited samples.

4.10 Statistical Analysis

Statistical differences were assessed using one-way Analysis of Variance
(ANOVA), followed by Tukey’s post-hoc test for multiple comparisons. The analyzed
parameters included: (i) LUC/REN enzymatic activity, (ii)) LUC/REN mRNA levels, and
(iif) endogenous target gene expression. Data for enzymatic activity (i) were processed
using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA). In contrast,
RT-gqPCR results (ii and iii) were statistically evaluated through the SATgPCR platform
(RANCUREL et al., 2019). For all analyses, differences were considered statistically
significant at P < 0.05. All data are presented as the mean + standard error (SE) of at

least three independent biological replicates.

5. RESULTS

5.1. In Silico Characterization and Prediction of UORFs in the GmPR10 Gene

In silico analysis of the &-UTR of the soybean GmPR10 gene
(Glyma.17G030400) using the uORFLight tool identified two distinct upstream open
reading frames, designated as uORF1 and uORF2 (Figure S1a), and their sequences
are available in table S1. These regulatory elements are located in close proximity
within the 5' leader sequence, suggesting a potential role in the translational control of
the primary ORF (pORF).
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5.2. Functional Impact of GmPR10 uORFs on Translational Efficiency

The functional analysis of the identified UORFs in N. benthamiana protoplasts
revealed a synergistic repressive effect on the translation of the GmPR 10 gene. While
individual mutations in either tORF1 or uORF2 did not significantly increase the
LUC/REN ratio compared to the wild-type (WT) 5' leader sequence, the simultaneous
disruption of both initiation codons (WORF1/2) resulted in a significant elevation of
luciferase enzymatic activity (Figure 1B). These findings indicate that tORF71 and
UORF2 act redundantly to suppress protein synthesis under their native genomic
context. To determine whether this regulation occurred at the transcriptional or
translational level, LUC/REN mRNA abundance was quantified. In agreement with the
dual-luciferase assays, no significant variations in transcript levels were detected
among the tested constructs (Figure 1C). This stability in mRNA levels confirms that
the observed increase in reporter activity is independent of transcript accumulation,
establishing that the uUORF1-uORF2 (UORF1/2) pair modulates GmPR10 expression

through a translational regulatory mechanism.
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Figure 1. Validation of the effects of mutated and non-mutated uORFs in N. benthamiana protoplasts.
(A) Schematic representation of the pGreenll 0800-LUC vector under the control of the CaMV 35S
promoter containing either wild-type (WT) or mutated (MT) uORFs. (B) Relative LUC/REN activity and
(C) LUC/REN mRNA levels in WT and mutant samples (UORF1, uORF2, and uORF1/2). Different letters
indicate statistically significant differences according to one-way ANOVA followed by Tukey’s multiple
comparison test (p < 0.05).
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5.3 Molecular Validation of CRISPR/Cas9 Vectors and Soybean Hairy Root

The two CRISPR/Cas9 constructs (1+5 and 3+5) successfully induced site-
specific mutations (indels) at the GmPR10 target loci in soybean hairy roots (Figure 2
and Table S5, and Figure 3 and Table S6), although the editing profiles differed
significantly between the two sgRNA combinations. While the sgRNA 1+5 construct
was active, the induced modifications were consistently located distal to the uORF1
and uORF2 initiation codons, and due to this spatial offset, the construct was deemed
suboptimal for the effective disruption of these regulatory elements (Figure 2 and Table
S5).

A CRISPR Target and Editing Overview

Guide Region 5 , Guide Region 1
1

Target Locus
(Reference) 5’ ... CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTCC ... 3"

xlCRISPR Cut Site

Sample / Event Guide Region 5 (Target Sequence) PAM Guide Region 1 jndes Freq.

(bp) (%)
Reference (WT)  CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTATAAGTTATAAATAGAGGGCACTCC  TCTG CTAAAGAGCATCTGAATTATTCACA 0 0
Event 1 CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTCC  TCTG  CTAAAGAGCA--T--NNHA--A--AT -6 1
CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTCC  TCTG  NCTAAAGAGCATCTGAATTATTCACA +1 49
CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAGTTATAAATAGAGGGCACTCC  TCTG ~ CTAAAGAGCATCTGAATTATTCACA- 0 40
CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTCC  TCTG  NNCTAAAGAGCATCTGAATTATTCACA +2 3
Event 2
(Major Alleles)  CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATARGTTATAAATAGAGGGCACTCC  ===== === == === === === === === TCACA  -27 3
CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAGTTTATARATAGAGGCAC---  TCTG -==-~-AGAGCATCTGAATTATTCACA -4 2
CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTCC T mmmmmmmmmm e TCACA -23 1
CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAGTTATAAATAGAGGGCACTCC  TCTG === mmmmmmmmmmm e e TCACA -20 1
CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCAC= =~  TCTG === ===-mmmmmmmme TATTCACA -17 1
Event 3 CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTRCTTATAARARATAGAGIGCACTCC  TCTG CTAAAGAGCATCTGAATTATTCACA -3 1
CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAATAATAGARSGCACTCC  TCTG CTAAAGAGCATCTGAATTATTCACA -3 1
Event 4
CCACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTAGTGCTTGCTTATAAGTATAAATAGAGGCACTCC  TCTG CTAAAGAGCATCGAATTATTCACA -6 1
Legend: Guide Region 5 (Target) Guide Region 1 — Deletion N/A/T/IC/G Insertion Indel (bp): change in length relative to reference

B Indel Frequency Distribution

60

50 49% Key Takeaways
= 1 40% + The most frequent allele is a +1 bp insertion (49%).
N
°; 40 = « Wild-type (0 bp) represents 40% of reads.
2 304 « Smaller inserti ions oceur at low
g « Large deletions (217 bp) are rare.
g 204
4
w

10

0

+1 0 +2 -27 -4 -23 -20 -17 -6
Indel Size (bp)

Figure 2. CRISPR/Cas9-induced mutations in the GmPR10 target region in soybean hairy roots using
guide RNAs 1 and 5. (A) Alignment of representative sequences showing insertions and deletions
(indels) across different edited events. Dashes indicate deleted nucleotides, while inserted bases are
shown explicitly. The reference (wild-type) sequence is shown on top. (B) Frequency distribution of
detected indels, highlighting the predominance of +1 insertion (49%) and reference sequence (40%) in
Event 2. Minor alleles include larger deletions ranging from -4 to -27 bp. Colors represent different
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mutation types: green indicates wild-type (0 bp), blue indicates insertions, red indicates deletions, and
gray represents low-frequency minor alleles. Editing efficiencies (%) were calculated by the online tool
ICE based on electropherograms from Sanger sequencing. Figure prepared based on original data.
ChatGPT (OpenAl) was used as a support tool for graphical construction and data visualization. All
content was reviewed and validated by the author.

In contrast, the sgRNA 3+5 combination proved more precise by yielding
targeted deletions specifically at the uORF2 initiation codon (Figure 3 and Table S6).
Although the uORF1 start codon remained wild-type in these transient assays, the
superior positioning of the 3+5 indels made it the primary candidate for further study.
Consequently, the 3+5 construct was prioritized for stable soybean transformation to
achieve more extensive or biallelic deletions that disrupt both uORF regulatory

elements in subsequent generations.

A CRISPR Target and Editing Overview

Guide Region 5 ) Guide Region 3

Target Locus 5 ... CACTAOTGGGG-CATGCAAAGTGACATTAACGGTACTGGTTGCTTATAAATAGATGAGGGCCACTC ... 37

XlCRISPR Cut Site

Sample / Event Guide Region 5 (Target Sequence) PAM Guide Region 3 I('Ld:)l F('ﬂ:?‘
Reference CACTATGGGG-CATCAAAGTGACATTAACGGTETAAT .AGGG  (BcE) TCTG CTTAAGGGTAGTT : AGGG 0 0
CACTATGGGG-CATGCAAAGTGACATTAACGGTATNCTTACGGGTATLCAA  TCTG ~ NCTACGGTAN4CAT1.GC +1 6
Event 1
CACTATGGGG-CATCCAAAGTGAC-TTAACGGTT-T-T-GNGNNTATGAC TCTG  CTTAAGGGT7-TCTTACAC +1 4
CACTATGGGG-CATGCAAAGTGACATNTAACGGTACTCACGGGTATTCAC  TCTG NCTAAGGGTACTTTCATA +1 2
CACTATGGGG-CATGCAAAGTGACATNTAACGGTACTGACGGGTATTCAC TCTG  CTTAAGGGTACTTTCACAC +1 2
TCTG [EE—— TCACA -4 1
Event 2
(Major Alleles)  CACTATGGGG-CATGGAAAGTGACATTAACGGTANNNCTACGGTAATGAC  TCTG ~ CTTAAGGGTACTTTCACA +4 1
CACTATGGGG-CATGCAAAGTGACTT------- GTTIATAATRGAGGGTAC--- TCTG ~ CTTAAGGGTACTTTCACAC -22 1
CACTATGGGG-CATGCAAAGTGACATTAACGGTANNNINCTACGGTATAC  TCTG  ==mmmmmmmmmmmmee e GCTT -24 1
CACTATGGGG-CATGCAAAGTGACATANNTINNITAACGGTATGGTARCAC TCTG  ~-mmmmmmmcmmmeccmeeee -47 1
Event 2
CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTTATAAAGTTCC TCTG  ——- oo ee -2 1
Event 2 CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTACTCT ~ TCTG  CTTAAGGTTATAAA-------- -47 1
Event 3 CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTACTCT----- TCTG  CTTAAGGTTATAAA------- -2 1
Event 4 CACTATGGGG-CATGCAAAGTGACATTAACGGTACTACGGTATAAAGGGC TCTG  -----mmemmmeee NNNNAGGGCA -2 1
[ |
Legend: Guide Region 5 (Target) Guide Region 5 — Deletion N/A/T/C/& Tanttop (inead): change in relative to reference
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Figure 3. CRISPR/Cas9-induced mutations in the GmPR10 target region in soybean hairy roots using
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guide RNAs 3 and 5. (A) Alignment of representative sequences from independent edited events,
showing insertions and deletions (indels) at the target site. The wild-type reference (reference)
sequence is displayed at the top. Deleted nucleotides are indicated by dashes, whereas inserted bases
are shown explicitly. (B) Frequency distribution of detected indels across edited events. Colors represent
different mutation types: green indicates reference (0 bp), blue indicates insertions, red indicates
deletions, and gray represents low-frequency minor alleles. A predominance of +1 bp insertions was
observed in Event 1 (6%), along with additional +1 and +4 insertion alleles at lower frequencies. Minor
alleles included small deletions (-2 bp) and larger deletions ranging from -22 to -47 bp, all occurring at
low frequencies. Editing efficiencies (%) were estimated using the ICE online tool based on Sanger
sequencing electropherograms. Figure prepared based on original data. ChatGPT (OpenAl) was used
as a support tool for graphical construction and data visualization. All content was reviewed and
validated by the author.

5.4 Analysis of Editing Events in Soybean Plants

Initially, 40 regenerated events were screened for the presence of the transgene
by PCR. Among these, 20 events were confirmed as PCR-positive and were therefore
considered valid transgenic events for subsequent analyses. These 20 events were
further evaluated for the presence of edits in the sgRNA target regions. Among them,
two events (SF51 and SF59) exhibited sequence modifications within the sgRNA
target sites. In these events, most mutations were associated with the activity
of sgRNAS, followed by a lower number of modifications induced by sgRNAS. (Figure
4, Figure S12 and Table S7). However, deletions encompassing uORF1 and uORF2
were not observed. Currently, the SF51 and SF59 events are being maintained in
greenhouse conditions in the TO and T1 generations (Figure S13), where they are
undergoing generational advancement to further characterize the editing patterns and
evaluate their stability in subsequent generations. Simultaneously, other events are
being investigated for genomic modifications for generational advancement, following
the same advancement process as SF51 and SF59. Based on these results, a new
construct is currently being assembled using sgRNAS8, designed to target the initiation
codon of uORF1, in combination with sgRNAS3, with the aim of promoting the deletion

of both regulatory sequences through larger fragment excisions.
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A CRISPR Target and Editing Overview
. Guide Region 5 . . Guide Region 3 ,

F 1 r 1

TargetiLocus 5’ ... CACTATGGGGGCATGCAAAGTGACATTAACGGT-ACPACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC ... 3

(Reference)
XlCRISPR Cut Site
. . . e Indel Freq.
Sample / Event Guide Region 5 (Target Sequence) PAM Guide Region 3 (bp) (%)
WT (DS) CACTATGGGGCATGCAAAGTGACATTAACGGT T ACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC 0 0
CACTATGGGGCATGCAAAGTGACATTAACGGT T ANNNCTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +3 31
CACTATGGGGCATGCAAAGTGACATTAACGGT m ANCTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +1 23
CACTATGGGGCATGCAAAGTGACATTAACGGT T ANNCTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +2 13
RSl CACTATGGGGCATGCAAAGTGACATTAACGGT T ANNNNCTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +4 1
CACTATGGGGCATGCAAAGTGACATTAACGGT T ACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC 0 10
CACTATGGGGCATGCAAAGTGACATTAACGGT T TA---CGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC -3 5
CACTATGGGGCATGCAAAGTGACATNNNTAA c GGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +3 5
CACTATGGGGCATGCAAAGTGACATTAACGGT T ANNNNNCTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +5 2
CACTATGGGGCATGCAAAGTGACATTAACGGT T ANNCTACGGTAGTGCTTGCTTATAAGTTATAAARTAGAGGGCACTC +2 34
CACTATGGGGCATGCAAAGTGACATTAACGGT T ANCTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +1 23
CACTATGGGGCATGCAAAGTGACATTAACGGS) T ACTACGGTAGTGCTTGCTTATAA -~~~ NNNNA--TA-AGGGCACTC -4 21
D5+G1 CACTATGGGGCATGCAAAGTGACATTAACGGT T ACTACGGTAGTGCTTGCTTATAA~~——~ NNNNA--TANAGGGCACTC -2 12
CACTATGGGGCATGCAAAG TGACATTRACGGT T ACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC 0 5
CACTATGGGGCATGCAAAGTGACATNNNTAA Cc GGTACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +3 4
CACTATGGGGCATGCAAAG TGACATNTAACG G TACTACGGTAGTGCTTGCTTATAAGTTATAAATAGAGGGCACTC +1 1
T : 8 l ~ . . 9 Indel (bp): change in length relative to reference
Legend: | Guide Region 5 (Target) [ | Guide Region3 = Deleton N/A/T/C/G Insertion Freq. (%): frequency of each allele
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Figure 4. CRISPR/Cas9-induced mutations in the GmPR10 gene in stable plants using guide RNAs
5+3. (A) Alignment of representative sequences showing insertions and deletions (indels) across
different edited events (D5+H1 and D5+G1). Dashes indicate deleted nucleotides, while inserted bases
are shown explicitly. The reference wild-type (WT, D5) sequence is shown on top. (B) Frequency
distribution of detected indels, highlighting the predominance of insertion alleles, particularly +3 bp
(31%) in D5+H1 and +2 bp (34%) in D5+G1. Additional frequent alleles include +1 bp insertions (~23%)
in both events. Deletions are less frequent, with -4 bp (21%) and -2 bp (12%) being the most
representative in D5+G1. Wild-type sequences (0 bp) are present at low frequency in both edited events.
D5+H1 - legenda; D5+G1 — legenda. Editing efficiencies (%) were estimated using the ICE online tool
based on Sanger sequencing electropherograms. Figure prepared based on original data. ChatGPT
(OpenAl) was used as a support tool for graphical construction and data visualization. All content was
reviewed and validated by the author.
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6. DISCUSSION

In the integrated omics study that underpins this work, the GmPR710 gene
emerged as highly expressed in a soybean genotype tolerant to M. incognita,
suggesting a relevant role in the plant immune response. Proteins belonging to the PR-
10 family are associated with systemic acquired resistance (SAR) and the modulation
of metabolic pathways involved in the biosynthesis of phytoalexins and phenolic
compounds. In addition, PR-10 proteins display ribonuclease activity, which may
contribute both to restricting pathogen proliferation and to amplifying defense signaling
pathways (XU et al., 2014). The overexpression of GmPR10 in Nicotiana tabacum has
previously been shown to significantly reduce the establishment and reproduction of
M. incognita, further supporting its functional relevance in plant defense (ARRAES et
al., 2022).

However, rather than employing the conventional strategy of constitutive gene
overexpression, the present study explored an alternative regulatory mechanism
based on translational control mediated by uORFs located in the 5'-UTR of GmPR10
(XU et al., 2017). These elements function as translational negative regulators of
translation, enabling rapid and energetically efficient responses to environmental
stimuli (MERCHANTE et al., 2017). Consequently, the targeted deletion of these
uORFs may promote translational derepression, potentially increasing protein
synthesis only when the gene is transcriptionally activated. This strategy preserves
endogenous transcriptional regulation while avoiding the fitness costs and pleiotropic
effects often associated with constitutive or ectopic gene expression (MIKI et al., 2017;
ALl et al., 2022).

Our dual-luciferase assays in protoplasts provided critical evidence for this
mechanism, showing that the simultaneous disruption of t~ORF71 and uORF2 resulted
in a significant increase in the LUC/REN ratio, whereas transcript levels remained
unchanged (Figures 1B and 1C). This observation confirms that these uORFs act
redundantly or synergistically to repress GmPR10 translation. Similar mechanisms
have been reported for other stress responsive genes, such as HY5 and ACD11,
where the removal of uUORFs led to increased protein accumulation without altering
mMRNA abundance (ZHANG et al., 2020; GAO et al., 2021). While direct quantification
of PR10 protein levels in the edited soybean plants (for example, via Western blotting)
remains a necessary next step, the robust increase in reporter activity established a
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clear proof of concept for translational modulation.

The CRISPR/Cas9-mediated editing of these uORFs was initially validated in
soybean hairy roots. Although both the 1+5 and 3+5 sgRNA pairs induced site-specific
mutations, only the 3+5 combination yielded deletions in close proximity to the uORF2
initiation codon (Figure 3). The spatial offset observed in the 1+5 strategy likely limited
its potential for functional disruption. In the stable TO events (SF51 and SF59), editing
was confirmed but characterized by a lack of biallelic or large-scale deletions
encompassing both regulatory elements. The initiation codons of uORF1 and uORF2
remained intact in these lines, with most mutations clustered around the sgRNA3
cleavage site (Figure 4).

The relatively low editing efficiency and the absence of dual-uORF deletions in
the stable lines may be attributed to several factors. Nucleosome positioning or
epigenetic marks (such as DNA methylation or repressive histone modifications) within
the 5'-UTR can restrict Cas9 accessibility to the target DNA. Furthermore, the high
regulatory density and potential formation of secondary RNA structures in the 5'-leader
region may hinder efficient sgRNA pairing (JENSEN et al., 2017). Considering the
potential for chimerism in TO plants and the continued activity of the CRISPR/Cas9
system in meristematic tissues, it is plausible that more uniform and extensive edits-
including the desired fragment excisions-may emerge in the T1 or T2 generations
(FENG et al., 2013).

To overcome the limitations observed in the initial events, the development of
the sgRNA 8+3 combination represents a strategic refinement. By pairing the highly
active sgRNAS3 with the newly designed sgRNAS, which specifically targets the tORF1
start codon, the probability of generating larger fragment deletions that span both
uORFs is significantly increased. This paired-sgRNA approach is a recognized method
for ensuring the complete removal of regulatory elements (PATHAK et al., 2019).

While translational modulation of GmPR10 is a promising approach to enhance
plant immunity, the potential metabolic costs of sustained protein synthesis must be
considered. Although no phenotypic penalties were observed in the initial regenerated
events, detailed agronomic evaluations, including biomass accumulation, root
architecture and yield, under both stressed and non-stressed conditions will be
essential to ensure no long-term pleiotropic effects exist. Furthermore, given that PR-
10 proteins are central to basal immunity, this strategy may confer broad-spectrum
resistance against various biotrophic and hemibiotrophic pathogens beyond M.
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incognita (GLAZEBROOK, 2005).

In summary, this work demonstrates that uORF editing is a viable strategy for
fine-tuning plant immunity while maintaining native gene architecture (VON ARNIM et
al., 2014). Finally, acknowledging that the plant immune response is multifaceted,
Chapter 2 explores the integration of this translational control with metabolic
reinforcement. By modulating phytoalexin biosynthesis through the GmG4DT1 gene,
we aim to establish a complementary layer of resistance, combining regulatory
precision with enhanced chemical defense against M. incognita.

7. CONCLUSION

Editing the uORFs of the GmPR10 gene establishes translational regulation as
a strategic layer for modulating the soybean immune response. Although complete
edits were not obtained in the TO plants, the results presented here demonstrate
that GmPR10 expression is sensitive to the presence of uORFs, providing functional
evidence that these elements act as negative modulators of translation.

The new combination of sgRNAs (8+3), in which sgRNAS is positioned over the
initiation codon of uORF1, represents a methodological improvement by increasing the
probability of generating simultaneous deletions within the regulatory sequences,
thereby enhancing the potential efficiency of the strategy. More than the immediate
generation of fully edited events, this study establishes conceptual foundations for the
use of non-coding regulatory element editing as a genetic improvement strategy. In
contrast to constitutive overexpression, modulation of uORFs preserves the spatial
and temporal regulation of the endogenous gene, enabling increased protein
production only in contexts where the native promoter is naturally activated. This
feature provides greater biological precision and may reduce potential pleiotropic
effects associated with constitutive defense activation.

Overall, this chapter demonstrates that the manipulation of post-transcriptional
regulatory elements represents a viable and innovative strategy to enhance soybean
immune responses, opening new perspectives for the development of genotypes
with more efficient and potentially more durable resistance to plant-parasitic

nematodes.
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Table S1 - uORF sequences identified in the GmPR10 gene using the online tool uORFlight

Gene ID

uORF 5' space uORF 3'space uORF sequence

name length
GmPR10 uORF1 9 18 134 ATGGGGCATGCAAAGTGA
GmPR10 uORF2 16 51 94 ATGCAAAGTGACATTAACGGTA

CTACGGTAGTGCTTGCTTATAA
GTTATAA

Table S2 - Primers used for amplification of the 5-UTR sequences of GmPR10, cloning, and uORFs
site-directed mutation into the dual-luciferase reporter system.

Name Sequence (5’ - 3’) Purpose
AtcgaagcttTGAGACTTTTCAAC PCR and cloning of the
35S8-F AAAGGGTAAT pCaMV35S from the
pGreenll0800-LUC vector into
355-R atcgggatccTGTCCTCTCCAAA the same vector between
TGAAATGAAC Hindlll and BamHI
GGGGGGATCCATTCACACTA  PCR of the GmPR10 5-UTR
GmPR10-WT-F TGGGGCAT sequence and cloning into the
GMPR10-WT-R ATCGCCATGGTTATGATATTT pGreenll0800-LUC vector
TCTTTTTAATGGAAATGG between BamHI and Ncol
CCATTCACACTGGGCATGCA  Primer to mutate the uORF1 (-
GmPR10-MT1 - F AAGTGAC ATG) of the GmPR10
GMPR10-MT2 - F GGATCCATTCACACTATGGG  Primer to mutate the uORF2 (-
GCCAAAGTGACATTAACGG ATG) of the GmPR10
Primer to mutate the uORF1 (-
GGACAGGATCCATTCACACT
GmPR10-MT1+2 - F ATG) and uORF2 (-ATG) of
CAAAGTGACATTAACGG the GMPR10
K GGCGAATTGGATACCGGGC Primer to mutate the Kpnl
pnl-MT-F - X
CC restriction site
Xh GGCCCCCCLCTAGAGGTCGA Primer to mutate the Xhol
ol-MT-F " X
C restriction site

Note: Mutated primers were designed according to the instructions found in the Transformer Site-
Directed Mutagenesis Kit (Clontech, CA, USA).

Table S3 - Primers used in Nicotiana benthamiana protoplast assays.

Name Sequence (5’ - 3’) Purpose

RT-gPCR of the endogenous N.
NbTCTP-F TACAAGGATGGTGCAACTGATCC benthamiana NbTCTP gene
NbTCTP-R CTAGCACTTGACCTCCTTCAAGC
NbEF1-A-F GCTGTCCTGATTATTGACTCC E;?hz,cﬁan;’f,\,bt,g;9222099”0“5 N
NbEF1-A-R CACGATTTCATCGTACCTAGC

RT-gPCR of the endogenous N.
NbPP2A-F TGCCTGTGGTTATTACTGC benthamiana NbPP2A gene

AGACTGAAGTGCTTGATTGG

NbPP2A-R
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Table S3 - Continuation - Primers used in N. benthamiana protoplast assays.

Name Sequence (5’ - 3’) Purpose

GPCR-RENT-F CATGGGATGAATGGCCTGATAT K1 dFCRofthe renilia reporter gene

gPCR-REN1-R GATAATGTTGGACGACGAACTTC

Luc—-gPCR-F CTGGTGCCAACCCTATTC RT-gPCR of the luciferase reporter
gene

Luc-qgPCR-R CCCATATCCTTGCCTGATAC

Table S4 - Primers used for CRISPR/Cas9 vector construction, transgene detection, and genome
editing assessment.

Name Sequence (5’ - 3°) Purpose
CRISPR-35S-HygR-F CATTTCATTTGGAGAGGACACG PCR of the hygromycin
gene for transgene
CRISPR-35S-HygR-R GAAAGCACGAGATTCTTCGC detection
GmPR10-PCR-3-F TCAAAATTCGAACGTGAGAGAGA  PCR of the GmPR-10
gene for genome
GmPR10-PCR-3-R GGCTGAGCATCTCCTTTGGT editing assessment
CRISPR-pcoCas9-2-F GCTTCTGCTCAGTCTTTCATCG For the amplification of
the Cas9 module in the
CRISPR-pcoCas9-1-R TCCTCCTTCAACTGCTTAACG final vector
GATTGATTCAGATGCTCTTTAGCA
Cas9-sgRNA01-GmPR10-F G For amplification/
cloning of guide 1 in
Cas9-sgRNAO1-GmPR10-R ~ AAACCTGCTAAAGAGCATCTGAAT UORF editing

C

GATTGAAGTGACATTAACGGTACT

F lificati
A or amplification/

cloning of guide 3 in
Cas9-sgRNA03-GmPR10-R AAACTAGTACCGTTAATGTCACTTC UORF editing

Cas9-sgRNA03-GmPR10-F

Cas9-sgRNA05-GmPR10-F GATTGGCATGCAAAGTGACATTAA For amplification/
cloning of guide 5 in

Cas9-sgRNA05-GmPR10-R AAACTTAATGTCACTTTGCATGCC UORF editing
CRISPR-sgRNA-Cas9-F GAGTGTGAGTGAGACTTGC For the amplification of
CRISPR-sgRNA-Cas9-R TCAAGTTGATAACGGACTAGC  CRISPR/Cas9 vectors

CRISPR-pC0390 eGFP-1-F GACCCTGAAGTTCATCTGC For amplification of the

GFP cassette in the
CRISPR-pC0390_eGFP-1-R GCCATGATATAGACGTTGTGG final construct
CRISPR-pCoCas9-1-F GAGAAGATCGAGAAGATCCTTACC  For the amplification of
the Cas9 module in the
CRISPR-pCoCas9-1-R TCCTCCTTCAACTGCTTAACG final vector
GGTCAGCAGCTTCATTCACACTAT
PR10-sgRNA8-F G For amplification/
cloning of guide 8 in
AAACCATAGTGTGAATGAAGCTGC UORF editing

PR10-sgRNA8-R T
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Table S5 - Characterization of mutations detected in the GmPR710 gene in hairy root. sgRNA target
region. Sequence variants identified in each event are shown relative to the reference sequence. The
guide region is indicated, and insertions/deletions (indels) are represented by dashes (=) and ambiguous
nucleotides (N). Indel size (bp) and mutation frequency (%) are presented for each variant. The
reference sequence corresponds to the wild-type allele.

CACTATGGGG-
CATGC GTGAC.
GCITTGC G

CGGTACTACGGTAGT
GAGGGCACTCC

Reference

CACTATGGGG-

Event 1 CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

Event 2 CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCAC---
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

Event 3 CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC
CACTATGGGG-

Event 4 CATGCAAAGTGAC CGGTACTACGGTAGT
GCTTGC G GAGGGCACTCC

CGGTACTACGGTAGT
GAGGGCACTCC

CACTATGGGG-
CATGC GITGAC.
GCITTGC G

TcTGe GAGCATCT
G CAC

|c|Gan|Gc|--|--
NNNA--A-

Ic GNC GAGCATC
G CAC
TcTGe GAGCATCT
G CACA-
FCTGNNC GAGCAT
CTG CAC

----------------------- TCACA
CTG----
GAGCATCTGAATTATT
CAC

e -TCACA

fcTGc GAGCATCT
G CAC
TcTGe GAGCATCT
G CAC
TcTGe GAGCATCT
G CAC

0

+1

0

49

40
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Table S6 — Mutation profiles detected at the sgRNA target site across edited hairy root events (Events
1-4) in the GmPR10 gene. Target sequences from each event are shown in comparison to the reference
sequence (WT). Insertions and deletions (indels) are indicated by dashes (-), while ambiguous
nucleotides are represented by “N”. The size of each indel (in base pairs) and its corresponding
frequency (%) are provided. Multiple sequence variants within the same sample reflect allelic variation
generated by genome editing.

CACTATGGGGCATGCAAAGTGACATTAAC  TACTACGGTAGTGCTTGCTTATAAGTTATAAA
= TAGAGGGCACTC
Event 1 CACTATGGGGCATGCAAAGTGACATTAAC ~ TANCTACGGTAGTGCTTGCTTATAAGTTATAA 4
GG ATAGAGGGCACTC
CACTATGGGGCATGCAAAGTGAC- FT-
FTAACGG GNGNNTAGTGCFTGCTTATAAGTTATAAATAG -2
AGGGCAC
CACTATGGGGCATGCAAAGTGACATNTAA  GTACTACGGTAGTGCTIGCTTATAAGTTATAA
CcG ATAGAGGGCACTC
[67.Ye3 /. ] c]c Rummu— a4
AAGTTATAAATAGAGGGCACTC
CACTATGGGGCATGCAAAGTGACATTAAC ~ TANNNNCTACGGTAGTGCTTGCTTATAAGTTA 4
GG FAAATAGAGGGCA
CACTATGGGGCATGCAAAGTGACAT -~ wroreeroeeeemee 29
GCTTATAAGTTATAAATAGAGGGCACTC B
CACTATGGGGCATGCAAAGTGACATNNNN  ACGGTANCTACGGTAGTGCTIGCTTATAAGTT 4
A ATAAATAGAGGGC
CACTATGGGGCATGCAAAGTGACATTAAC  TACTACGGTAGTGCTTGCTTATAAGTTATAA--
Event 2 ——— 47
Event 3 CACTATGGGGCATGCAAAGTGACATTAAC  [TACTACGGTAGTGCTTGCTTATAAGTTAT--—-- 2
GG NNNNAGGGCA
Event 4 CACTATGGGGCATGCAAAGTGACATTAAC  TACTACGGTAGTGCTTGCTTATAAGTTATAA-
GG AGAGGGCACTC
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Table S7 - Characterization of mutations detected at the sgRNA target region of in the GmPR10 gene
in soybean plants at sgRNA target region. Sequence variants identified in each event are shown relative
to the reference sequence (WT). The guide region is indicated, and insertions/deletions (indels) are
represented by dashes (-) and ambiguous nucleotides (N). Indel size (bp) and mutation frequency (%)
are presented for each variant. The reference sequence (WT) corresponds to the wild-type allele.

CACTATGGGGCATGCAAAGIGACATTAACGG  [TACTACGGTAGTGCTICCTTATAAGTTATARATAGAGGGCACTC
Event1  CACTATGGGGCATGCARAGEGACATIAACGG [EANNNCEACCCEACTGCTECCTTATAACTTATARATAGAGGCCACTC +3 31
CACTATGGGGCATGCARAGIGACATTAACGG  [TANCTACCCTAGTGCTICCTTATAAGTTATARATAGAGGGCACTC +1 23

CACTATGGGGCATGCAAAGIGACATIAACGG  [FANNCTACGGTAGTGCTTCCTTATAAGTTATARATAGAGGGCACEC +2 13
CACTATGGGGCATGCAAAGIGACATIAACGG [FANNNNCTACGGTAGECCTICCTTATAACTTATAAATACAGGGCACEC +4 11
CACTATGGGGCATGCAAAGIGACATIAACGG [TACTACGGTAGTGCTICCTTATAAGTTATARATAGAGGGCACTC 0 10
CACTATGGGGCATGCAARGTGACATTAACGG  [TA---CCCTAGTGCTTCCTTATAAGTTATARATAGAGGGCACTC -3 5
CACTATGGGGCATGCARAGTGACATNNNTAN  CGGTACTACGCTAGEGCTICCTTATAAGTTATARATAGAGGGCACEC +3 5
CACTATGGGGCATGCAAAGIGACATTAACGG  [FANNNNNCTACGGTAGICCTIGCTTATAACTTATARATAGAGGGCACIC 15 2

Event2  CACTATGGGGCATGCARAGEGACATTAACGG [FANNCTACGGTAGEGCTTCCTTATAACTTATAAATAGAGGGCACEC +2 34
CACTATGGGGCATGCARAGIGACATTAACGG  [FANCTACCCTAGTGCTICCTTATAACTTATARATAGAGGGCACTC +1 23

CACTATGGGGCATGCAAAGTGACATIAACGG [FACTACCGTAGTGCTECCTTATAA - - -~ -NNNNA- - FA-AGGGCACEC -4 21
CACTATGGGGCATGCAAAGIGACATTAACGG [FACTACCGTAGTGCTECCTTATAA - - -~ ~NNNNA- - FANAGGGCACEC 2 12
CACTATGGGGCATGCAAAGIGACATTAACGG  [FACTACCGTAGTGCTICCTTATAAGTTATARATAGAGGGCACTC 0 5
CACTATGGGGCATGCAAAGTGACATNNNTAN  CGGTACTACGCTAGEGCTICCTTATAAGTTATARATAGAGGGCACEC +3 4
CACTATGGGGCATGCARAGIGACATNTAACG  GTACTACCGTAGTGCTICCTTATAACTTATARATAGAGGGCACTC +1 1

Supplementary Figures

A 5% UTR TAA 3 UTR
17 pb | 18 pb

— I i — "~

ATG

— R T e —|

uORF 2 l— —mf —m : _I

AAG

Figure S1. In silico prediction of uUORFs in the GmPR10 gene and schematic of dual-luciferase reporter
vectors. (a) Positions of the identified uORFs within the 5-UTR of GmPR10. Based on uORFLight
analysis, the gene contains two uORFs, which were functionally validated in N. benthamiana protoplasts
through site-directed mutagenesis of their initiation codons (-ATG). (b) Schematic of the pGreenl//0800-
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LUC dual-luciferase reporter construct used to assess the regulatory role of uORF1, and (c) the
corresponding construct used for tORF2 validation.

SgRNAs 1,3e5

.
MM PG1 PE1 PG2 PE2 PG3 PE3 PG4 PE4 PG5 PE5 PG6 PE6 PG7 PE7 PGS PE8 PG9 PE9 PGC- PEC ‘;Z‘; ng$§

SG1

SgRNAs 1 (coldnias 1,2 e 3).

MM~ Molecular Marker (Weight)- 1 Kb
Plus

PG1: CRISPR-sgRNA-Cas9- “291 bp
PE1: CRISPR-sgRNAO1-Cas9- “229 bp
PG2: CRISPR-sgRNA-Cas9- “291 bp
PE2: CRISPR-sgRNAO1-Cas9- “229 bp
PG3: CRISPR-sgRNA-Cas9- “291 bp
PES3: CRISPR-sgRNAOL-Cas9- "229 bp

SgRNAs 3 (colonias 1, 2 e 3).

PG4: CRISPR-sgRNA-Cas9- “291 bp
PB4: CRISPR-sgRNAO3-Cas9- "229 bp
PGS: CRISPR-sgRNA-Cas9- "291 bp
PES: CRISPR-sgRNAO3-Cas9- “229 bp
PG6: CRISPR-sgRNA-Cas9- "291 bp
PE6: CRISPR-sgRNA03-Cas9- “229 bp

SgRNAs 5 (coldnias 1,2 e 3).

PG7: CRISPR-sgRNA-Cas9- “291 bp
PE7: CRISPR-sgRNA06-Cas9- “229 bp
PG8: CRISPR-sgRNA-Cas9- 291 bp
PES8: CRISPR-sgRNA05-Cas9- “229 bp
PG9: CRISPR-sgRNA-Cas9- “291 bp
PE9: CRISPR-sgRNAO0B-Cas9- 229 bp
PEC- sgl: ontrole negativo primer geral
1

PEC- sg3: ontrole negativo primer geral
3

PEC- sg8: Controle negativo primer
geral B

Figure S2. Conventional PCR analysis for the validation of sgRNAs 1, 3, and 5 cloning into intermediate
vectors. MM: 1 kb DNA ladder; PGC-: negative control; PEC-: negative control. Three independent
colonies (colonies 1, 2, and 3) were analyzed for each sgRNA. Amplicons exhibited the expected sizes
using a CRISPR/Cas9 module-specific primer (~291 bp) and sgRNA-specific primers (~229 bp),
confirming the correct insertion of the guides.

MM v74sg V74sg V7+sg V7+sg V7+sg V7489
14895 14895 14895 14895 14895 14895
2 3 4 5 6

Figure S3. Conventional PCR analysis for the validation of sgRNA 5+1 cloning into intermediate vectors.
MM: 1 kb DNA ladder. Amplicons exhibited the expected sizes using the CRISPR/Cas9 module-specific
primer and primers specific to each guide combination (~806 bp), confirming the correct insertion of the
sgRNAs.
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MM 59340 sg3+0 sg3+0 sg3+0  sg3+0 sg3+0
Sci G8c2 B8cd ScAd 5c5 S5cé

Figure S4. Conventional PCR analysis for the validation of sgRNA 5+3 cloning into intermediate vectors.
MM: 1 kb DNA ladder; V7: empty vector and sg3+05; C-: negative control. Amplicons exhibited the
expected sizes using the CRISPR/Cas9 module-specific primer and primers specific to each guide
combination (~806 bp), confirming the correct insertion of the sgRNAs.

MM sgRNA145 sgRNA1S sgRNATS SGRNATHS SORNATSS sgRNATSS o
c2 (] cd / cs ch

Figure S5. Agarose gel electrophoresis of enzymatic digestion products for the verification of
recombinant vectors containing sgRNA 5+1. MM: DNA ladder; c.1—c.6: selected colonies for guide 5+1;
V7: control vector. The observed fragments (~2856 bp and ~1588 bp) correspond to the expected sizes
after digestion, confirming the correct insertion of the fragment into the vector.

MM SQRNAI+S sgRNAJS sgRNA3Z+S sgRNAJ+S sgRNAJ+S sgRNA3Z+S v7
el c2 c3 cd s ch

Figure S6. Agarose gel electrophoresis of enzymatic digestion products for the verification of
recombinant vectors containing sgRNA 5+3. MM: DNA ladder; c.1—c.6: selected colonies for guide 5+3;
V7: control vector. The observed fragments (~2856 bp and ~1588 bp) correspond to the expected sizes
after digestion, confirming the correct insertion of the fragment into the vector.
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MM Cas9 GFP sgRNA Cas9 GFP sgRNA Cas9 GFP Cas9 GFP
ca cA1 c.1 c.2 c.2 c.2 C+ C+ C- C-

Figure S7. Conventional PCR analysis for the validation of sgRNA 5+1 cloning into the final vector. MM:
DNA ladder; Cas9 C.1 and Cas9 C.2: amplification of the Cas9 module in colonies 1 and 2; GFP:
amplification of the GFP module; sgRNA 5+1 C.1 and sgRNA 5+1 C.2: amplification of the module
containing guides 5+1 in colonies 1 and 2. Cas9 C+: positive control for the Cas9 module; GFP C+:
positive control for the GFP module; Cas9 C-: negative control for Cas9; GFP C-: negative control for
GFP. The observed bands correspond to the expected sizes, confirming the correct insertion of the
modules into the final vector.

MM Cas GFP sgRNA Cas GFP sgRNA
c1 c.1 c1 c.2 c.2 c.2

Figure S8. Conventional PCR analysis for the validation of sgRNA 5+3 cloning into the final vector. MM:
DNA ladder; Cas9 C.1 and Cas9 C.2: amplification of the Cas9 module in colonies 1 and 2; GFP:
amplification of the GFP module; sgRNA 5+3 C.1 and sgRNA 5+3 C.2: amplification of the module
containing guides 5+3 in colonies 1 and 2. Cas9 C+: positive control for the Cas9 module; GFP C+:
positive control for the GFP module; Cas9 C-: negative control for Cas9; GFP C-: negative control for
GFP. The observed bands correspond to the expected sizes, confirming the correct insertion of the
modules into the final vector.

Figure S9. Conventional PCR analysis for the validation of soybean hairy roots transformed with the
final vector containing sgRNAs 5+1 and 5+3. MM: DNA ladder; 1-19: roots transformed with sgRNAs
5+1; 1-3: roots transformed with sgRNAs 5+3. The observed bands exhibit the expected size (~820
bp), confirming the presence of the construct in the transformed roots.
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6 7 8 9 1011 1213 14 15 16 17 18 19 20 21

Figure $10. Conventional PCR analysis for the validation of soybean hairy roots transformed with the
final vector containing sgRNAs 5+3. MM: DNA ladder; 4—21: roots transformed with sgRNAs 5+3. The
observed bands exhibit the expected size (~820 bp), confirming the presence of the construct in the
transformed roots.

MM 22 23 24 25 26

Figure S11. Conventional PCR analysis for the validation of soybean hairy roots transformed with the
final vector containing sgRNAs 5+3. MM: DNA ladder; 22-27: roots transformed with sgRNAs 5+3; C-:
negative control. The observed bands exhibit the expected size (~820 bp), confirming the presence of
the construct.

WT(D5)

D5+H1

T

D5+G1

Figure S12. Editing profile in the 5" UTR region of the GmPR10 gene, containing uORFs 1 and 2, in
soybean plants transformed with the construct harboring sgRNAs 3 and 5. The alignment shows edited
events (A1 and A2) compared with the wild-type sequence (WT). The edited events exhibit mutations
predominantly concentrated in the sgRNAS3 target region, followed by a smaller number of mutations in
the sgRNAbS region. This strategy was not able to deplete uORF1and uORF2 in soybean plants as
originally expected.
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\ .";‘h ;

Figure S13. Soybean plants derived from gene editing events SF51 and SF59. The first three panels
(A, B, and C) show TO generation plants, while the last panel (D) shows T1 generation plants. These
events are being advanced under greenhouse conditions to assess editing stability across generations.
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CHAPTERIII
MODULATION OF PLANT NEMATODE INTERACTIONS BY OVEREXPRESSION
OF THE SOYBEAN GLYCINOL 4-DIMETHYLALLYLTRANSFERASE (G4DT)
GENE IN Nicotiana tabacum
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1. HIPOTESE

A superexpressdo do gene corresponde a enzima glicinol 4-
dimetilaliltransferase de G. max (GmG4DT1) em Nicotiana tabacum reduzira a
suscetibilidade a Meloidogyne incognita, resultando em menor numero de galhas por
grama de raiz e/ou menor fator de reproducéo (FR = Pf/Pi).

2. OBJETIVOS

2.1 Objetivo Geral

Investigar o potencial do gene GmG4DT1 na indugdo de tolerancia ao
fitonematoide M. incognita por meio da superexpressdo em N. tabacum, visando a sua
futura utilizagcdo no desenvolvimento de gendtipos de soja tolerantes a esse

fitopatogeno.

2.2 Objetivos Especificos

v' Obter plantas transgénicas de N. tabacum superexpressando o gene
GmG4DT1, garantindo a obtengao de pelo menos trés eventos independentes.

v Caracterizar molecularmente os eventos contendo o gene GmG4DT1.

v' Conduzir bioensaios de resisténcia em plantas da geragao T2 para avaliar o
impacto da superexpressao génica de GmG4DT1 sobre a taxa de multiplicagéo

e 0 sucesso reprodutivo de M. incognita.



92

Modulation of plant nematode interaction by overexpression of the soybean
Glycinol 4-Dimethylallyltransferase (GmG4DT1) gene in Nicotiana tabacum

Lorena Sousa de Loiola Costa’?$, Clidia Eduarda Moreira-Pinto??’, Nayara Sabrina
Freitas Alves?3, Rayanne Alexandre de Abreu?, Thuanne Pires Ribeiro?3, Fabricio
Barbosa Monteiro Arraes®#, Maria Eugénia Lisei de S&3, Carolina Vianna Morgante??,

Maria Fatima Grossi-de-Sa’23 §

' University of Brasilia, Institute of Biological Sciences, Department of Molecular
Biology, Brasilia, Brazil.

2 Embrapa Genetic Resources and Biotechnology, Brasilia, DF, Brazil.

3 National Institute of Science and Technology in PlantStress Biotech (INCT),
Embrapa, Brasilia, DF, Brazil.

4 Sempre AgTech (SEMPRE), Brasilia, DF, Brazil.

" These authors contributed equally to this work.

§ Correspondence: loiola.lorena@gmail.com; fatima.grossi@embrapa.br

ABSTRACT

Soybean (Glycine max L.) plays a strategic role in global protein and oil production;
however, its productivity is severely constrained by biotic stresses, particularly root-
knot nematodes such as Meloidogyne incognita. Soybean defense relies on both
constitutive barriers and inducible molecular responses, including the synthesis of
phytoalexins such as glyceollins. The biosynthesis of these compounds depends on
glycinol 4-dimethylallyltransferase (G4DT), a key enzyme that catalyzes a rate-limiting
step in this metabolic pathway. In this study, we investigated the role of GmG4DT1 in
modulating plant defense against M. incognita using Nicotiana tabacum as a
heterologous model system. Transgenic plants overexpressing GmG4DT1 exhibited a
pronounced reduction in gall formation, with decreases of up to 62.9% in the number
of galls per gram of root compared to non-transgenic controls, demonstrating a strong
impact during the early stages of infection. Although nematode reproductive
parameters, including eggs per gram of root and reproduction factor, showed only
modest and statistically non-significant reductions, histological analyses revealed
marked structural alterations in the galls. These included reduced giant cell size and
flattened nuclei, indicating impaired or delayed establishment of functional feeding
sites. Collectively, these findings demonstrate that GmG4DT1 overexpression
primarily disrupts early infection processes, conferring partial resistance through
modulation of host defense responses. The results highlight glyceollin biosynthesis as
a promising biotechnological target for integrated strategies aimed at enhancing
nematode tolerance in soybean.
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3. INTRODUCTION

Soybean (Glycine max (L.) Merr.) is a legume of major economic and nutritional
importance, cultivated worldwide. This crop plays a fundamental role in food security,
being essential to meet the growing demand for sources of protein and vegetable oils.
However, yields and quality can be significantly reduced by abiotic and biotic stresses
(Savary et al., 2019), among which root-knot nematodes (RKN) represent one of these
threats. RKN are sedentary plant endoparasites comprising approximately 100
described species belonging to the genus Meloidogyne (BRIDGE, 1981; RALMI et al.,
2016; GOODE and MITCHUM, 2022). M. incognita, for example, is a phytonematode
that causes significant damage to a wide range of agronomically important crops
worldwide, including soybean. Global agricultural losses attributed to plant-parasitic
nematodes are estimated to exceed USD 170 billion annually (ELLING, 2013;
KANTOR; EISENBACK; KANTOR, 2024), with M. incognita causing yield reductions
of up to 30-50% in severely infested soybean fields. While traditional management
relies on chemical nematicides and crop rotation, the increasing withdrawal of synthetic
active ingredients due to environmental concerns underscores the urgent need for
developing resistant genotypes through metabolic engineering and molecular
breeding.

Plant defense against sedentary endoparasites, such as RKN, is a process that
goes beyond basic structural barriers. Upon the perception of nematode-associated
molecular patterns (NAMPs) or effectors by cell-surface and intracellular receptors,
plants initiate a sophisticated immune response characterized by the synergy between
Pattern-Triggered Immunity (PTI) and Effector-Triggered Immunity (ETI) (YUAN et al.,
2021; GOODE and MITCHUM, 2022). In the root cortex, this defense manifests
through the rapid reinforcement of cell walls via lignification and the localized synthesis
of secondary metabolites (BERNARD, EGNIN and BONSI, 2017). In this context, the
phenylpropanoid pathway, which branches into the production of isoflavonoid-derived
phytoalexins, such as glycerolins, is fundamental to this chemical arsenal in legumes
(ARUJA et al., 2012; XIE et al., 2025). These compounds act as potent inhibitors of
nematode development, disrupting the establishment and maintenance of the
specialized feeding sites (giant cells) essential for the Meloidogyne life cycle (HUANG
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and BARKER, 1991; WUYTS et al., 2006; ARRAES et al., 2022).

A cornerstone of the soybean immune response is the de novo synthesis of
isoflavonoid-derived phytoalexins, specifically glyceollins. These pterocarpan
compounds exhibit potent antimicrobial and nematicidal activities, primarily governed
by their structural modifications (KAPLAN et al., 1980; SUN et al., 2025). The enzyme
glycinol 4-dimethylallyltransferase (G4DT) catalyzes the pivotal prenylation step in the
glyceollin biosynthetic pathway, a modification that significantly enhances the
lipophilicity and biological efficacy of these molecules (AKASHI et al., 2029). Although
recent omics studies, such as the proteomic and transcriptomic profiling by Arraes et
al. (2022), have identified the phenylpropanoid and flavonoid pathways as key
determinants of tolerance in G. max genotypes (e.g., Pl 595099), the functional
validation of specific candidate genes like G. max G4DT gene (GmG4DT) remains
unknown in the context of nematodes. Heterologous expression in model systems
such as Nicotiana tabacum offers a robust platform for gene validation (SUN et al.,
2025). Therefore, modulating the flux of this pathway through the overexpression of
key biosynthetic enzymes, such as GmG4DT, represents a strategic approach to
enhancing endogenous resistance.

The use of resistant genotypes for nematode control has been the most widely
employed method in soybean cultivation, due to its low environmental impact and
applicability over large areas (COOK and STARR, 2006; MOENS et al., 2018).
Resistant plants can suppress nematode reproduction and reduce their population
density in the soil, favoring crop rotation, decreasing the need for nematicides, and
presenting a cost similar to that of susceptible materials, without requiring specific
equipment (McCARVILLE et al., 2017; ROBBINS et al., 2019). Genetic resistance is
particularly effective against RKN (Meloidogyne spp.) and soybean cyst nematodes
(Heterodera glycines), resulting in lower yield losses and contributing to more
sustainable management systems (NYCZEPIR and THOMAS, 2009; SILVA et al.,
2023). Therefore, the study of methodologies that enable the identification of resistant
materials is of great importance for their use in breeding programs (MOENS et al.,
2018; SILVA et al., 2023).

The recent study by Arraes et al. (2022), which analyzed proteome and
transcriptome profiles of susceptible (BRS133) and highly tolerant (Pl 595099) G. max
genotypes infested with M. incognita, identified the phenylpropanoid pathway as one
of the main molecular mechanisms activated in tolerant genotypes. A total of 29
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differentially expressed genes were detected, corresponding to 11 distinct enzymes
associated with this pathway, with emphasis on the flavonoid subgroups and their
derivatives. Activation of this pathway is characterized as an early, robust, and
systemic defense response capable of limiting nematode reproduction. Here, we
investigated the soybean glycinol 4-dimethylallyltransferase gene, GmG4DT1),
identified as differentially expressed in tolerant genotypes by Arraes et al. (2022). To
assess its functional role, GmG4DT1 was overexpressed in N. tabacum, and its
contribution to resistance against M. incognita was evaluated. This approach provides
a proof of concept for exploiting GmG4DT1 in breeding programs aimed at developing
soybean cultivars with enhanced and durable resistance to RKN.

Here, we investigated the soybean glycinol 4-dimethylallyltransferase gene,
GmG4DT1, identified as differentially expressed in tolerant genotypes by Arraes et al.
(2022). To assess its functional role, GmG4DT1 was overexpressed in N. tabacum,
and its contribution to resistance against M. incognita was evaluated. This approach
provides a proof of concept for exploiting GmG4DT1 in breeding programs aimed at
developing soybean cultivars with enhanced and durable resistance to RKN.

4. MATERIALS AND METHODS

4.1 Transformation Vector Construction

The binary vector pPZP-GmG4DT1-eGFP-HygR (hereafter referred to as
pPZP-GmG4DT1) was synthesized and assembled by Epoch Life Science Inc. (Sugar
Land, TX, USA). The construct contains the coding sequence (CDS) of the soybean
glycinol 4-dimethylallyltransferase gene (GmG4DT1; Phytozome ID: Glyma. x), driven
by the constitutive cauliflower mosaic virus (CaMV 35S) promoter. For selection and
reporting, the vector includes the hygromycin phosphotransferase Il (hptll) gene, which
confers resistance to the antibiotic hygromycin, under the control of the Arabidopsis
ubiquitin 3 (AtUbi3) promoter. Additionally, the enhanced green fluorescent protein
(eGFP) gene, directed by the CaMV 35S promoter, was used as a visual reporter. The
control construct, pPZP-eGFP-HygR (pPZP empty), containing only the selection and
reporter cassettes without the GmG4DT1 sequence, was employed for comparative
analyses. The GmG4DT1 sequence was retrieved from the Phytozome v.13 database,
version Wm82.a4.v1 (GOODSTEIN et al., 2012).
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4.2 Agrobacterium-mediated Genetic Transformation of Tobacco Plants

The binary vector pPZP-GmG4DT1 was introduced into A. tumefaciens strain
GV3101. Bacterial cultures were grown in Luria-Bertani (LB) medium supplemented
with rifampicin (100 yg mL™"), gentamicin (50 uyg mL™"), and kanamycin (100 ug mL™")
for 16 hours at 28 °C, until reaching an optical density (OD¢o0) of 0.6 (DIAS et al.,
2010). Stable transgenic lines of N. tabacum (var. Petit Havana) were generated using
the leaf disc method as described by Horsch et al. (1985). Leaf explants were co-
cultivated with the Agrobacterium suspension, and subsequent in vitro regeneration
was performed under selection pressure using 50 mg L™ hygromycin B. To confirm
transgene integration and expression, putative transgenic plants (T, generation) were
analyzed via PCR for the detection of the GmG4DT1 sequence. Furthermore, the
relative transcript levels were assessed by quantitative real-time PCR (RT-gPCR),
using specific primers (listed in Table S1). Homozygous transgenic lines were
progressed to the T2 generation, which were then utilized in bioassays to evaluate
resistance against M. incognita race 3.

4.3 Molecular Confirmation of Transgene Integration

Genomic DNA (gDNA) was extracted from young leaf tissues of N. tabacum
using the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson,
1980). The presence of the transgene was confirmed via PCR using specific
oligonucleotide primers designed to amplify a 150-bp internal fragment of the
GmG4DT1 sequence (Table S1). PCR was performed in a 20 pyL reaction volume
containing 100 ng of template gDNA, 0.25 mM of each dNTP, 1.5 mM of MgCl», 0.2 ug
of each primer, and 1 U of Tag DNA Polymerase (Invitrogen, Carlsbad, CA, USA). The
thermal cycling conditions consisted of an initial denaturation at 95 °C for 5 min,
followed by 35 cycles of denaturation (95 °C for 20 s), annealing (60 °C for 20 s), and
extension (72 °C for 20 s), with a final extension at 72 °C for 5 min. PCR products were
visualized by electrophoresis on a 1.5% (w/v) agarose gel stained with ethidium
bromide and photographed under UV light to confirm the expected fragment size.

4.4 M. incognita Inoculum and Infection
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M. incognita race 3 was maintained and multiplied on tomato plants (Solanum
lycopersicum cv. Santa Clara) under greenhouse conditions (25-30 °C) for
approximately twelve weeks. Nematode eggs were extracted from infected roots using
the sodium hypochlorite (NaOCIl) method described by Hussey and Barker (1973).
Briefly, roots were washed, cut into 5 cm segments, and processed in a blender with
0.5% (v/v) NaOCI for 30 s to release the eggs. The resulting suspension was passed
through a series of nested stainless-steel sieves (500, 200, and 100 ym) to remove
plant debris, and the eggs were finally collected on a 45 ym mesh sieve. The collected
eggs were transferred to a hatching chamber and incubated at 28 °C to obtain second-
stage juveniles (J2), following the protocol of Soliman et al. (2019). Freshly hatched J2
were harvested every 48 h and counted in a Peter’'s chamber using a light microscope.
For the bioassays, each N. tabacum plant was inoculated with approximately 1,000 J2
(MENDES ET al., 2021). To evaluate the progression of the infection and the impact
of GmG4DT1 overexpression, root systems were harvested at 30, 45, and 60 days
post-inoculation (DPI). Roots collected at all three time points were processed for
histological analysis to evaluate gall development and giant cell morphology.
Furthermore, at 45 DPI, the number of galls, egg masses, and total eggs per root
system were recorded to estimate the M. incognita reproduction factor, calculated by

dividing the final population (Pf) by the initial inoculum (Pi = 1,000).

4.5 Morphological Analysis of Giant Cells and Galls in Plants

The galls collected from the roots were immediately placed in 2%
glutaraldehyde and subjected to 20 min of vacuum to facilitate the penetration of the
fixative into the tissue. The galls were fixed for 15 days at 4 °C under constant agitation.
The fixative was changed every two days. The fixed material was then gradually
dehydrated in ethanol (30%, 50%, 70%, 80%, and 100%) and embedded in
Technovit® 7100 (Kulzer GmbH, Wehrheim, Germany) according to the
manufacturer’'s protocol. The polymerized Technovit® blocks were cut with a
microtome to a thickness of 3 ym and the sections distributed on glass slides treated
with polylysine as a sealant. The slides were kept at 45 °C for 16 hours so that the
sections adhered perfectly to the slide. After drying, the slides were stained with
toluidine blue for 3 minutes and observed under an optical microscope (Axiocam,

Zeiss) for morphological analysis of the galls.
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4.6 Statistical Analysis

Statistical analysis was conducted using a completely randomized design,
comprising four independent GmG4DT1 transgenic events and one non-transgenic
(NT) control group. Data for the number of galls, total eggs, and the reproduction factor
(RF) were subjected to a one-way analysis of variance (ANOVA), and mean
comparisons were performed using Tukey’s multiple comparison test with ten
biological replicates per line (n = 10). All statistical analyses and graphical
representations of the data were carried out using GraphPad Prism software version
7.0 (GraphPad Software, San Diego, CA, USA). Differences were considered

statistically significant when P < 0.05.

5. RESULTS

5.1 N. tabacum Transformation and Genotyping

The stable transformation of N. tabacum var. Petit Havana was successfully
achieved via Agrobacterium-mediated co-cultivation. Putative transformants were
initially identified by their ability to regenerate under selective pressure on medium
supplemented with 50 mg L' hygromycin B (Figure S1). The genomic integration of
the GmG4DT1 expression cassette was subsequently confirmed by PCR analysis
using gene-specific primers, which yielded the expected 150 bp fragment in all
validated lines. Based on the molecular confirmation of transgene insertion, four
independent transgenic events (Ev1, Ev2, Ev3, and Ev4) were selected for further
characterization. Representative images of the analyzed plants are provided in the
supplementary data (Figure S1). To complement the genotyping data, RT-gPCR
analyses using specific primers (Table S1) to determine the relative transcript levels of
GmG4DT1 across the selected events are currently in progress and will be
incorporated into the final submission of this manuscript.

5.2 Impact of GmG4DT Overexpression on M. incognita Parasitism in Transgenic
Tobacco

To evaluate the defensive role of GmG4DT1 against M. incognita, bioassays
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were performed using T2 generation transgenic tobacco lines. As illustrated in Figure
1b, the overexpression of GmG4DT1 significantly impaired the early stages of
nematode parasitism. All evaluated transgenic events (Ev1-Ev4) exhibited a significant
reduction (P <0.05) in the number of galls per gram of root compared to non-transgenic
(NT) plants. The most pronounced inhibitory effect was observed in line Ev2, which
showed a 61.8% reduction in galling, followed by Ev3 (56.1%), Ev1 (46.0%), and Ev4
(40.8%). In contrast to the impact on gall induction, the overexpression of GmG4DT1
did not result in a significant suppression of nematode fecundity or overall population
increase. Although reduction in the eggs per gram of roots (9%-45%) (Figure 1C) and
reproduction factor (up to 10.1%) (Figure 1D) were observed, these differences were

not statistically significant (P > 0.05), likely due to biological variability and limited
sample size.
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Figure 1 - GmG4DT1 overexpression in transgenic N. tabacum. (a) Schematic representation of the
transformation cassette cloned into the pPZP vector. The GmG4DT1 and eGFP (a selectable marker)
genes are both driven by the CaMV 35S promoter and terminated by the NOS terminator and CaMV
35S polyadenylation signal, respectively. Four independent transformation events (EV1-EV4) were
selected based on hygromycin resistance and compared to non-transformed plants (NT). At 45 days
after inoculation (DAI), the following parameters were analyzed in soybean M. incognita bioassays: (b)
number of galls per gram of root, (c) eggs per gram of root, and (d) nematode reproduction factor.
Statistical analyses were performed using GraphPad Prism (version 7.0), and differences were
determined by Tukey’s test (p < 0.05).

5.3 Morphological Evaluation of Galls Induced by M. incognita in Transgenic
Tobacco

Morphological analysis of galls showed that NT plants had well-developed



100

feeding sites containing mature nematodes at 60 DAI. In contrast, all transgenic lines
exhibited delayed gall formation during the early stages of infection (30 DAI).
Additionally, transgenic tobacco lines displayed an increased number of xylem
elements and flatter nuclei in the developing galls at 30 DAI, a feature that was not
maintained throughout nematode development. Furthermore, no observable reduction
in the cytoplasmic content of the giant cells was detected when comparing transgenic
events to NT plants at 30 and 60 DAI. By the end of the evaluation period (60 DAI), no
significant differences were observed in gall size or egg-mass formation between
transgenic and NT plants, indicating a comparable level of susceptibility to nematode
infection (Figure 2).
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Figure 2 - Histological morphology of galls induced by phytonematodes on transgenic tobacco
lines. The giant cells in the galls of GmG4DT1 roots during 30, 45, and 60 days. A reduction in cell size
is observed in the initial phase of infestation. Legend: DAI: days after inoculation; Asterisk (*): giant cell;
NC: neighboring cells; n: nematode; EM: egg masses; red arrows highlight the nuclei of giant cells.

By evaluating the size of the galls on the transgenic events, they had an average
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diameter of 140.30 ym at 30 DAI, while on the WT plants this value was 455.12 um,
which corresponds to a 69.17% reduction in the size of the galls. At 45 DAI this average
was 414.98 um for the transgenic events and 545.68 uym for the plants, corresponding
to a reduction of 23.95%. At the end of the nematode cycle, the average gall size was
521.76 pm for the transgenic events and 580.80 pym for the NT plants, corresponding
to a 10.16% reduction in gall size at 60 DAI (Figure 3). These results confirm that the
GmGD4T1 gene had a mitigating effect in the initial phase of phytonematodes
establishment, but over time this effect was no longer observed, showing a certain
susceptibility level of transgenic events plants to nematodes attack.
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Figure 3 - Evaluation of the average size of galls formed after nematode infection on transgenic

events and NT plants. Average diameter of galls (um), 30, 45, and 60 DAI with M. incognita GM plants
in relation to untransformed plants. Statistical analyses were performed using GraphPad Prism software.
Legend: G4DT1 - Transformation events; NT: non-transformed plant.

6. DISCUSSION

Root-knot nematodes are among the most economically damaging pathogens
affecting soybean crops worldwide, causing significant yield losses and reductions in
grain quality. Under favorable environmental conditions and high inoculum pressure,
yield losses caused by M. incognita may reach up to 63%. These nematodes disrupt
root system integrity, impair water and nutrient uptake, and predispose plants to
secondary infections, thereby amplifying their negative impact on crop performance
(JONES et al., 2013; FERRAZ; BROWN, 2016).

Plants counteract nematode infection through constitutive and inducible
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defense mechanisms, including cell wall reinforcement, hypersensitive responses
(HR), reactive oxygen species (ROS) production, pathogenesis-related (PR) proteins,
and the synthesis of antimicrobial secondary metabolites (SANABRIA et al., 2008;
DODDS; RATHJEN, 2010; DESMEDT et al., 2020; MERESA; MATTHYS; KYNDT,
2024). Among these, pterocarpan-type phytoalexins, particularly glyceollin | play a
central role in soybean defense. Glyceollinl accumulates rapidly upon infection and
acts as a localized chemical barrier restricting pathogen development (DIXON, 2001;
AHUJA et al., 2012).

Previous studies have demonstrated a strong association between glyceollinl
accumulation and resistance to phytonematodes. Huang and Barker (1991) showed
that glyceollinl accumulates near the head region of H. glycines in resistant soybean
cultivars within hours of penetration, reaching peak concentrations between 4 and 6
DAI. Similar patterns have been reported for M. incognita, where resistant cultivars
accumulated significantly higher glyceollin | level compared to susceptible ones,
coinciding with HR activation and vascular tissue localization (KAPLAN et al., 1980;
DESMEDT et al., 2020). Importantly, glyceollin accumulation is transient, reflecting
tight metabolic regulation of phytoalexin biosynthesis to avoid excessive metabolic cost
or self-toxicity (EBEL; GRISEBACH, 1988; LIN et al., 2024).

Prenyltransferases such as glycinol 4-dimethylallyltransferase (G4DT)
represent key metabolic control points in glyceollin biosynthesis, where changes in
expression can substantially redirect metabolic flux toward defense-related
pterocarpans (AKASHI et al., 2009; LIN et al., 2024). GADT catalyzes the prenylation
of glycinol, a crucial step in the formation of glyceollins, which are prenylated
isoflavonoids abundant in soybean. These compounds exhibit antibacterial, antifungal,
antinematode, anticancer, anti-inflammatory, antiestrogenic, and antioxidant
properties. Therefore, modulation of GmG4DT1 expression may influence the intensity
and timing of glyceollin-mediated defense responses (DIXON et al., 1983; AKASHI et
al., 2009; SASAKI et al., 2011; YANG et al., 2025).

In this study, N. tabacum was used as a heterologous expression system to
evaluate the functional impact of GmG4DT1 overexpression. Tobacco has been widely
adapted for metabolic engineering and gene function validation due to its high
transformation efficiency, conserved phenylpropanoid pathway, and capacity to
sustain heterologous isoflavonoid biosynthesis when key enzymes are introduced.
Although glyceollin biosynthesis is legume-specific, tobacco provides a functional
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cellular environment to assess enzymatic activity and preliminary metabolic redirection
before validation in G. max (DIXON; PAIVA, 1995; YU et al., 2000; DONG,; LIN, 2021;
BUYEL, 2023).

Overexpression of GmG4DT1 resulted in a significant reduction (up to 63%) in
gall number per gram of root. In contrast, reductions in egg number and nematode
reproduction factor (FR) were modest and not statistically significant (Figures 1C and
1D). Because FR represents the ratio between final (Pf) and initial (Pi) nematode
populations, it is influenced by experimental variability and total root biomass
(OOSTENBRINK, 1996). Partial reductions in establishment or fecundity may not
necessarily reduce FR below 1, characterizing a quantitative resistance phenotype
rather than complete resistance (WILLIAMSON; GLEASON, 2003; JONES et al.,
2013). Thus, GmG4DT1 overexpression appears to primarily interfere with early
stages of nematode establishment rather than completely suppressing reproduction.
Histological analyses further supported this interpretation, revealing notable
morphological alterations in galls formed on roots overexpressing GmG4DT1,
particularly at 30 DAI. These changes included reduced giant cells size and the
presence of flattened nuclei (Figure 2), suggesting impaired cell expansion and
endoreduplication. Defense-associated metabolic responses have been shown to
interfere with cell cycle regulation and cellular differentiation processes essential for
giant cell functionality (GOVERSE; BIRD, 2011). Since gall architecture and giant cell
integrity are critical determinants of nematode success, these morphological
alterations likely contribute to delayed or suboptimal feeding site establishment
(TOMAR et al., 2026).

Although glyceollinl was not directly quantified in this study, the phenotypic and
histological outcomes are consistent with previously reported effects of prenylated
phytoalexins on nematode development. In vitro assays have demonstrated that
glyceollinl inhibits respiration in M. incognita second-stage juveniles at biologically
relevant concentrations (KAPLAN et al., 1980; DESMEDT et al., 2020). However,
causality cannot be conclusively established without direct metabolite quantification or
functional inhibition assays. Future studies including glyceollin quantification, juvenile
penetration assays, developmental stage progression analyses, and in vitro bioassays
will be necessary to strengthen causal inference.

The absence of detectable growth or developmental penalties in transgenic
plants suggests that GmG4DT1 overexpression did not impose severe metabolic
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burden under the tested conditions (Supplementary data). Since infection parameters
were normalized per gram of root, potential biomass differences were minimized.
Moreover, the infection-specific nature of the phenotype reduces the likelihood of
nonspecific stress-induced resistance.

Collectively, these findings suggest that GmG4DT1 overexpression modulates
plant defense by inhibiting or delaying the formation of nematode-induced feeding
structures, thereby conferring partial resistance. However, such resistance does not
necessarily equate to complete suppression of pathogen reproduction, as nematodes
may deploy effector proteins to suppress host immunity or manipulate hormone
signaling pathways to facilitate infection (HEWEZI; BAUM, 2013; LU et al., 2024; ZOU
et al., 2024). Additionally, nematodes may adapt by modifying feeding site formation
or relocating to less defended tissues (MITCHUM et al., 2013).

To achieve more durable resistance, strategies combining genes acting through
distinct defense pathways are likely required. Gene pyramiding, which introduces
multiple resistance genes into a single genetic background, enhances resistance
robustness and limits pathogen adaptation (THUROW; CASTRO; PEREIRA, 2018;
THORAT; GANGWAR; SISODIYA, 2024). In this context, GmPR10 represents a
strong candidate for pyramiding with GmG4DT1. Arraes et al., (2022) demonstrated
that GmPR10 significantly reduced feeding site formation and nematode reproduction
at later infection stages. The complementary temporal action of GmG4DT1 (early
metabolic reinforcement) and GmPR10 (sustained systemic defense) suggests that
their combination could provide a layered defense strategy against phytonematodes.
Together with the findings presented in Chapter1, these results indicate that effective
resistance against M. incognita may require integration of regulatory and metabolic
defense layers. The pyramiding of genes acting at distinct biological levels may
represent a promising strategy for achieving more durable nematode resistance.

7. CONCLUSIONS

This study demonstrates that GmG4DT1 overexpression reduces gall formation
induced by M. incognita, conferring partial resistance likely associated with
interference in the establishment and development of nematode feeding site. Although
nematode reproduction was not completely suppressed, the morphological alteration

observed in galls indicate a modulation of host defenses responses. Collectively, these
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findings support GmG4DT1 as a promising biotechnological target for enhancing
soybean tolerance to root-knot nematodes, particularly when integrated with additional

resistance genes in pyramiding strategies.
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Supplementary table

Table S1. Primers used in N. tabacum experiments.

109

Name Sequence (5'-3') Purpose
Nt-ACT-F AGCAAGGAAATTACCGCATTAGC RT-qPCR of the
endogenous tobacco
Nt-ACT-R ACCTGCTGGAATGTGCTGAGA NtActin1 gene
Nt-ACT2-gPCR-F GGTCGTACCACCGGTATTGT' RT-qPCR of the
endogenous tobacco
Nt-ACT2-gPCR-R ATTTCTCGCTCAGCTGTGGT NtActin2 gene
G4DT-Glycine max-F1- ATTGGCGTGTTACAGGGTGT PCR and RT-qPCR of the
G4DT-Glycine max-R1- ATGCCATTGGAAGATGTGGT GmG4DT1 transgene
eGFP Fw GACGTAAACGGCCACAAGTT RT-gPCR analysis of
eGFP (selectable marker)
eGFP Rv GATGCCGTTCTTCTGCTTGT Sxpression derived from
e transformation vector
RA.NtL25.F GCTAAGGTTGCCAAGGCTGTCAAG RT-qPCR of the
endogenous tobacco
RA.NtL25.R GCACTAATACGAGGGTACTTGGGGTTTC NtL25 gene
Supplementary figure

A MM EVI Ev2 Ev3 Evd Ev5 Ev6 Ev7 Ev8 EV9 EvI0 Evil v NT C-

Figure S1. Molecular confirmation and in vitro selection of TO transgenic tobacco plants overexpressing
GmG4DT. (A) PCR-based screening of genomic DNA from putative transgenic N. tabacum events.
Amplification of the expected fragment was observed in independent events (Ev1-Ev11), confirming
transgene integration. MM: molecular marker; V: positive control (vector); NT: non-transformed plant;
C-: negative control. (B) In vitro selection of TO transgenic plants on hygromycin-containing medium.
Resistant shoots exhibited normal growth and green phenotype, indicating successful selection of

transformed events.
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3. CONCLUSAO GERAL

Os resultados apresentados nesta tese demonstram que a manipulagdo das
UORFs do gene GmPR10e a superexpressdo do gene GmG4DT1 constituem
estratégias complementares e conceitualmente integraveis para aumentar a tolerancia
da soja ao nematoide das galhas M. incognita. Embora ambas as abordagens tenham
como objetivo final o fortalecimento da resisténcia vegetal, estas atuam em niveis
distintos da rede de defesa da planta, revelando dois eixos estratégicos de engenharia
genética aplicados ao manejo de fitonematoides.

No Capitulo 1, a edigdo das uORFs do gene GmPR10 evidenciou o potencial
da regulagao traducional como ferramenta para intensificar a resposta imune sem
alterar o padrao espacial e temporal de expressédo do gene enddégeno. Essa estratégia
atua predominantemente no nivel regulatério, promovendo aumento da eficiéncia
traducional e potencializando a via de resisténcia sistémica adquirida (SAR). Ao
preservar os mecanismos naturais de controle transcricional, essa abordagem reduz
o risco de efeitos pleiotropicos associados a superexpressdo constitutiva, além de
abrir perspectivas para a obtencao de plantas potencialmente n&o transgénicas, com
maior aceitabilidade regulatéria e comercial.

Por sua vez, o Capitulo 2 demonstrou que a superexpressao de GmG4DT1,
enzima chave da via biossintética das gliceolinas, intensifica o fluxo metabdlico para
a producgao de fitoalexinas com atividade nematicida. Diferentemente da modulacao
regulatoria observada para GmPR10, essa estratégia atua no nivel metabdlico,
promovendo um efeito precoce e localizado durante os estagios iniciais da infecgao.
A reducgéo na formacéo de galhas indica que o aumento da produgé&o de compostos
quimicos defensivos interfere diretamente no estabelecimento do nematoide e na
formagdo do sitio de alimentacdo, afetando etapas criticas do ciclo bioldégico do
patogeno.

A analise conjunta dos capitulos revela uma distingdo funcional clara entre as
abordagens: enquanto a modulagdo de GmPR10 representa um ajuste fino da
ativacdo da resposta imune sistémica, a superexpressdo de GmG4DT1 reforga
barreiras quimicas locais por meio do redirecionamento do metabolismo secundario.
Essa complementaridade sugere que a combinagao dessas estratégias pode resultar
em uma defesa multicamada, envolvendo tanto respostas regulatorias sistémicas

guanto mecanismos quimicos de acao direta, aumentando a robustez, a eficiéncia e
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a potencial durabilidade da resisténcia.

Do ponto de vista aplicado, os resultados reforgam o valor da integragao entre
regulacdo traducional e engenharia metabdlica como ferramentas inovadoras no
desenvolvimento de cultivares de soja com maior tolerancia a fitonematoides. Mais
amplamente, esta tese contribui para a consolidagdo de uma abordagem estratégica
baseada na manipulacido de diferentes camadas da imunidade vegetal, tanto
regulatoria quanto metabdlica, como caminho promissor para o manejo sustentavel

de nematoides e para o avango de programas modernos de melhoramento genético.

4. PERSPECTIVAS

Os resultados desta tese indicam que a integragao entre modulagéo traducional
de genes reguladores da imunidade e redirecionamento metabdlico para a biossintese
de fitoalexinas constitui uma estratégia promissora para o desenvolvimento de
resisténcia mais robusta da soja a M. incognita. Ao atuar em niveis distintos da
resposta vegetal, tanto regulatoria quanto metabdlica, as abordagens exploradas
sugerem potencial complementaridade e maior estabilidade frente a adaptabilidade
dos fitonematoides.

Para GmPR10, a deplegdo de uORFs demonstrou que a regulagao traducional
€ um ponto estratégico de intervengao, permitindo aumento da produgé&o proteica sem
alteracdo dos niveis transcricionais. Como proximos passos, sera essencial validar
essa estratégia em plantas estaveis obtidas por meio da nova combinagéo de guias
CRISPR/Cas9 (sgRNA8+3), com foco em: (i) confirmagdo molecular das edicbes e
avaliacdo de estabilidade genética; (ii) quantificagdo do acumulo proteico em
linhagens homozigotas; (iii) bioensaios com M. incognita em condi¢des controladas e
semi-campo; (iv) analise de possiveis efeitos sistémicos na rede de defesa. Esses
experimentos permitirdo determinar a consisténcia funcional da modulagao
traducional no contexto agronémico.

Para GmG4DT1, a superexpressao resultou em redugado significativa na
formagao de galhas, indicando que o aumento da biossintese de gliceolinas interfere
principalmente nos estagios iniciais da infeccdo. As etapas futuras incluem: (i)
quantificagdo temporal de gliceolinas durante a infec¢ao; (ii) analises histologicas da
formagao de células gigantes; (iii) avaliagdo de possiveis custos fisiologicos; (iv) testes

de desempenho em ambientes contrastantes.
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Em perspectiva integrativa, a combinacdo da modulagdo traducional
de GmPR10 com o reforgo metabdlico via GmG4DT1 representa o desdobramento
mais promissor deste trabalho. A obtengdo de linhagens com empilhamento génico
permitira testar a hipétese de que a atuagdo simultdnea em fases distintas da
interagdo planta-nematoide resulta em resisténcia mais consistente e, potencialmente,
mais duravel. Assim, esta tese estabelece bases experimentais para estratégias de
engenharia genética baseadas na integracdo de camadas regulatorias e metabdlicas
da imunidade vegetal, com potencial aplicagdo no desenvolvimento de cultivares de

soja mais resilientes e alinhados a sistemas agricolas sustentaveis.



