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RESUMO

O tomate é uma hortalica amplamente consumida e um valioso sistema modelo para
pesquisas sobre amadurecimento e pds-colheita. Os desafios na pds-colheita desse
fruto incluem a suscetibilidade a patégenos fungicos, como o Botrytis cinerea que gera
perdas econémicas significativas, especialmente em paises em desenvolvimento. O
uso excessivo de fungicidas sintéticos levanta preocupac¢des de seguranga alimentar e
resisténcia dos fungos. Esse trabalho teve como objetivo avaliar os efeitos do
tratamento com ulvana, um polissacarideo obtido da macroalga marinha Ulva fasciata,
sobre 0 metabolismo de frutos de tomate. Assim, inicialmente a ulvana foi aplicada em
concentragbes de 0,5; 1; 2 e 4 mg/mL. A ulvana foi utilizada em duas formas de
administracao: injegao direta no fruto ou imersao em solugdo aquosa contendo ulvana
por 30 minutos. Durante um periodo de nove dias, foram avaliadas as mudangas no
metabolismo primario e secundario dos tomates, Compostos Organicos Volateis
(CQOVs), carotenoides e acido ascorbico por técnicas como CG/EM, CLAE e CLAE/EM.
Houve um aumento significativo nos niveis de acidos graxos benéficos para a saude e
também para a defesa vegetal, esteroides e compostos antioxidantes nos tomates
tratados com ulvana. Além disso, a emissédo de COVs derivados de acidos graxos
diminuiu. A refrigeracdo aumentou o tempo de prateleira, com 80% de protecéo apods
32 dias de armazenamento em comparagao com os controles. Além disso, os ensaios
de desafio demonstraram que a ulvana reduziu o desenvolvimento de B. cinerea nos
frutos. A atividade enzimatica aumentada, em particular da fenilalanina amdnia-liase
(PAL) e catalase (CAT), sugere que a ulvana pode reforgar a parede celular vegetal. A
ulvana nao foi capaz de modular a concentragdao de vitamina C, mas aumentou a
producao de esculeosideo A. Os resultados mostraram que o uso da ulvana foi uma
estratégia eficaz para melhorar a qualidade, prolongar o tempo de prateleira dos
tomates e essencialmente pode atuar tanto como um bioestimulante quanto como um

eliciador.

Palavras-chave: Solanum lycopersium L., eliciador, bioestimulante, agricultura

organica.



ABSTRACT

Tomato is a widely consumed vegetable and a valuable model system for research on
ripening and post-harvest processes. Post-harvest challenges for this fruit include
susceptibility to fungal pathogens, such as Botrytis cinerea, which causes significant
economic losses, especially in developing countries. The overuse of synthetic fungicides
raises concerns about food safety and fungal resistance. This study aimed to evaluate
the effects of treatment with ulvan, a polysaccharide obtained from the marine
macroalga Ulva fasciata, on the metabolism of tomato fruits. Initially, ulvan was applied
at concentrations of 0.5, 1, 2, and 4 mg/mL. Ulvan was used in two forms of
administration: direct injection into the fruit or immersion in an aqueous solution
containing ulvan for 30 minutes. Over a period of nine days, changes in the primary and
secondary metabolism of tomatoes, Volatile Organic Compounds (VOCSs), carotenoids,
and ascorbic acid were evaluated using techniques such as GC/MS, HPLC, and
HPLC/MS. There was a significant increase in levels of health-beneficial fatty acids and
defense compounds, steroids, and antioxidants in tomatoes treated with ulvan.
Furthermore, the emission of VOCs derived from fatty acids decreased. Refrigeration
increased shelf life, providing 80% protection after 32 days of storage compared to
controls. Additionally, challenge assays demonstrated that ulvan reduced the
development of B. cinerea in fruits. Increased enzymatic activity, particularly
phenylalanine ammonia-lyase (PAL) and catalase (CAT), suggests that ulvan may
enhance the plant cell wall. Ulvan was unable to modulate the concentration of vitamin
C but increased the production of esculeoside A. The results indicated that the use of
ulvan was an effective strategy to improve the quality, extend the shelf life of tomatoes,
and essentially act as both a biostimulant and an elicitor.

Keywords: Solanum lycopersium L., elicitor, biostimulant, organic agriculture.
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1. INTRODUCAO

1.1 Tomate

O tomate (Solanum lycopersicum L.) é originario da América do Sul (Peru,
Bolivia e Chile), onde sdo encontradas varias espécies selvagens, tendo sido
domesticada na América Central, no México. No Brasil o tomate foi introduzido pelos
portugueses, tendo sua producao valorizada apenas a partir da chegada de imigrantes
italianos e aleméaes no final do século XIX (Nascimento et al., 2022). A planta pertence
a familia Solanaceae que inclui outras culturas alimentares de importancia econémica
tais como a batata (S. tuberosum L.), pimentdo e pimentas Capsicum, berinjelas (S.
melongena), meldo-andino (S. muricatum), naranijillas (S. quitoense Lam), tamarillos
ou tomates de arvore (S. betaceum) (Gebhardt, 2016).

O tomateiro possui um ciclo de vida que varia entre 90 e 110 dias
aproximadamente e é plantado em praticamente todo o Brasil, com destaque para os
estados de Goias (principalmente de tomate industrial), de Sdo Paulo (25%) e de
Minas Gerais, com a mior producéo de tomate de mesa (20%) (Brandao-filho et al .,
2018). E a segunda hortalica ou fruto mais consumido no mundo depois da batata (S.
tuberosum L.), sendo produzidos aproximadamente 182,3 milhdes de toneladas
anualmente em 4,85 milhdes de hectares (Quinet et al., 2019). E considerado como
uma cultura de elevado risco, uma vez que esta suscetivel a ndo atingir os patamares
de produtividade esperados, sendo influenciada por diversos fatores, que variam
desde doengas apoOs a colheita até perdas decorrentes de condicdes ambientais
desfavoraveis, capazes de comprometer a produgédo (Fernandes et al., 2007; Monte
et al., 2013). O fruto do tomate € sensivel a temperaturas abaixo de 10°C (levando a
danos por frio) e acima de 28°C (levando ao estresse térmico), 0 que resulta em
danos. Isso limita 0 uso do armazenamento refrigerado por longos periodos e o
transporte de longa distancia durante os verdes quentes, resultando em perdas
significativas. Tais perdas pos-colheita representam desafios para a seguranca
alimentar e causam prejuizos econdémicos durante o0 armazenamento e transporte de

longa distancia. A ciéncia da fisiologia e bioquimica pés-colheita de frutas e vegetais,

13



incluindo o tomate, passou por mudancas nos ultimos anos com a introducédo de
abordagens moleculares e bioquimicas avancadas. Inclusive, justamente por
apresentar um ciclo de vida rapido e perecivel, essa hortalica também se tornou um
modelo estabelecido para o estudo detalhado do desenvolvimento de frutos carnudos,
abrangendo as etapas de amadurecimento, pés-colheita e senescéncia (Anwar et al.,
2019).

Os frutos séo ricos em compostos fendlicos, incluindo quercetina, kaempferol,
acido cafeico, naringenina, éacido clorogénico, luteina, &cido ferulico, licopeno,
resveratrol, catequina, rutina e luteolina (Ali et al., 2020). Mas, em se tratanto de
docura, os minitomates como as variedades cereja e uva ou grape tém se destacado
entre os tipos de tomate que vém apresentando alta demanda para consumo in natura
principalmente os provenientes de hibridos especiais, como o tomate Sweet Grape
(Guilherme et al., 2014; da Paixao et al., 2022). . Em compara¢édo, um tomate médio
de mesa é constituido pelos minerais sédio (56,90-80,65 mg/100g), potassio (13,63-
1097,00 mg/100gq), célcio (48,47-162,07 mg/100g), magnésio (76,87-265,93), fosforo
(173,00-379,31 mg/100g), cloro (517,24 ug/100 g), boro (25,84-48,59 pg/g), niquel
(0,66 mg/100g), nitrato (86,21-459,00 mg/100gq), ferro (1,50-6,45 mg/100g), zinco
(0,17-3,17 mg/100g), cobalto (10,00-29,31 mg/100g), cobre (0,06-1,10 mg/100g),
manganés (0,11-1,88 mg/100g), cromo (60,00-327,59 ug/100 g), iodo (0,18-3,97
mg/100g), fluor (413,79 pg/100 g), aluminio (1241,38 ug/100 g), silicio (46,55 ug/100
g), selénio (10,00-16,90 ug/100 g), chumbo (1,15-1,27 ug/g), cadmio (0,11-0,22 ug/g),
arsénico (0,19-0,20 ug/g); vitaminas A (267,33—-833,00 1U/100 g), E (14,02-16,13
Mg/100 g), K (98,28 ug/100 g), tiamina (0,04-0,98 mg/100gq), riboflavina (0,02-0,81
mg/100g), niacina (9,68 mg/100g), acido pantoténico (4,52-5,34 mg/100g), vitamina
B6 (1,29-1,72 mg/100g), biotina (68,97 ug/100 g), folato (13,00-15,00 mg/100g);
proteinas totais (10,50-25,03 g/100g), lipidios (3,62-5,39 g/100g), acgucares totais
(47,00-56,45 g/100g), fibras totais (1,32-19,36 g/100g), pH (3,61-4,08), acidez (0,39-
0,55%), umidade (68,03-96,17 g/100g) e energia (18,00-75,00 kcal-100g). Além disso,
o tomate de mesa é rico em aminoacidos diversos, principalmente o acido glutamico

(5,69-14,56 g/100g de proteina) e também em carotenoides, principalmente [3-
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caroteno (3677,42-10,206.90 ug/100 g), licopeno (5020,00-11110,00 pg/100 g) e
fitoeno (430,00-1860,00 ug/100 g) (Ali et al., 2020).

1.1.1 Tomate var. Sweet Grape

Entre os tipos de tomate lancados em um periodo relativamente recente no
mercado, destacam-se os tomates do tipo cereja ou quais possuem tamanho mini, cor
vermelho intenso, firmeza e um valor nutricional por vezes maior que o de outras
variedades (Nellis et al., 2017). Dentre os hibridos, destaca-se a cultivar Sweet Grape,
que foi desenvolvida na Asia pela empresa Sakata, do ramo de sementes na década
de 1990, mas a espécie s6 chegou no Brasil no inicio dos anos 2000 (Junqueira et al.,
2011).

No Brasil, os tomates dessa variedade sdo produzidos majoritariamente nas
regides Sudeste e Centro-oeste, podendo ser produzidos hidroponicamente ou em
substrato (Cunha et al., 2014). Por tomateiro, € esperada a producédo de cerca de 8 a
10 kg de tomate, dependendo das condi¢Bes de cultivo (Canal Rural, 2010; Laranja,
2017). Apesar de os dados disponiveis especificamente sobre o segmento de tomates
grape nao serem muito recentes, estima-se que a producao brasileira da cultivar
esteja em torno de quase uma centena de toneladas por ano (Junqueira, 2011; Sandri
et al., 2015).

Atualmente, sdo comercializados cerca de 20 tipos de tomate Sweet Grape, ao
menos nos Estados Unidos (Coker et al., 2008). O tomate Sweet Grape possui
tamanho menor que o tomate cereja e apresenta massa entre 10 e 20g (podendo
variar), formato alongado, coloracdo vermelho intenso no pericarpo fino e liso e da
polpa, baixo indice de acidez, e ganhou popularidade pelo sabor mais adocicado
devido a concentracao elevada de acucar, podendo ser consumido como fruta ou tira-
gosto (Coker et al., 2018). Enquanto o tomate tradicional de mesa possui grau Brix
(concentracéo de sélidos soluveis totais, principalmente de acUcares) entre 4 a 6, as
variedades Grape chegam entre 9 a 12 graus Brix (Junqueira et al., 2011). Além disso,
possui baixas calorias, altos teores de vitaminas A, B e C e também de carotenoides

como, por exemplo, o licopeno (Coker et al., 2018), quando comparados ao tomate de
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mesaEm relacdo a vitamina C, um tomate de mesa costuma apresentar uma
concentracdo em torno de 14 mg/100g no estagio “vermelho” de maturacéo (Singh et
al., 2016), enquanto que o Sweet Grape apresenta entre 28-49 mg/100g (Sandri et al.,
2015; Eisele et al., 2022).

Recentemente, carotenoides como o licopeno, na dieta e sob outras formas de
administracdo, tém atraido atencdo na comunidade cientifica por sua capacidade
tanto de inibir quanto de prevenir o crescimento de tumores e de induzir a apoptose
de células cancerigenas (Chatterjee et al., 2012; Bolhassani et al., 2017; Koklesova
et al., 2020). Os hibridos do segmento grape apresentam gendtipos de maior
resisténcia a perfuracdo e compressdo do que os tomates do tipo salada que séo
convencionalmente os mais consumidos: por exemplo, os genoétipo BRSIG, Santa
West e Sweet Heaven apresentam pericarpo mais espesso (ha ordem do maior para
0 menor, respectivamente), o que lhes garantem mais firmeza, menos perda de agua
e consequentemente uma barreira fisica mais resistente a entrada de patégenos e a
danos pos-colheita causados por transporte e manuseio pelo consumidores (Eisele et
al., 2022). No mesmo estudo, Eisele et al. (2022) identificou que BRSIG, Dulce, Sweet
Heaven e SCI-023 apresentaram os maiores indices de antioxidantes do maior para
0 menor, respectivamente; por outro lado, outro estudo (Maruyama et al.,, 2015)
identificou a variedade BRS Zamir como apresentando o maior teor de antioxidantes
e inclusive um teor maior de licopeno (144 mg/kg) do que o encontrado em um estudo
publicado pouco tempo depois que era de 114 mg/kg (Embrapa, 2016).
Provavelmente, essas variacfes nos indices de qualidade estdo fortemente
relacionadas a diferenca no genétipo e com a época de plantio (Gong et al., 2022). E
possivel afirmar que, nutricionalmente, o teor de carotenoides como o licopeno e de
vitamina C s&o os principais diferenciais do Sweet Grape em relacdo ao tomate de

mesa convencional.

1.2 Producédo mundial de tomate e perdas ao longo da cadeia de producéao

No Capitulo 1, revisamos o0 uso de eliciadores de defesa de plantas para

extensdo da vida util das quatro principais culturas alimentares de Solanaceae:
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batatas (S. tuberosum), tomates (S. lycopersicum), berinjelas (S. melongena) e
pimentdes Capsicum (pimentas e pimentdes). E fornecida uma visdo geral da
produgcdo mundial e das perdas destas culturas a partir de 2006, juntamente com as
atuais propostas sobre os mecanismos de colonizacdo de plantas por patégenos e a
resisténcia induzida no hospedeiro, bem como como a fisiologia e a bioquimica
envolvidas no uso de elicitores durante a fase pos-colheita. Também foi feita uma
pesquisa sobre patentes e artigos publicados sobre este assunto de 2015 a 2020. O
artigo foi publicado no ano de 2022.

1.3 Tomate, qualidade e tempo de prateleira

A legislacao brasileira, de acordo com a Instru¢gdo Normativa n° 33, de 18 de
julho de 2018, define como qualidade o conjunto de caracteristicas extrinsecas ou
intrinsecas de um produto que permitem determinar as suas especificacbes quanti-
qualitativas, baseando-se nos aspectos relativos a tolerancia de defeitos, teor de
fatores essenciais de composicao, caracteristicas sensoriais, parametros higiénico-
sanitarios, tecnoldgicos ou qualquer outro aspecto que possa influenciar na utilizacao
ou consumo do produto (Brasil, 2018). A propria legislacédo preconiza que, de acordo
com a coloracéo e estado de maturacao os tomates podem estar no ponto de colheita
e serem classificados em cinco subgrupos: verde maduro (completamente verde, com
leve amarelecimento da regido apical, porém com tecidos internos formados); pintado
(10 a 30% da superficie vermelha), rosado (30 a 60% da superficie vermelha),
vermelho (60 a 90% da superficie vermelha) e vermelho maduro (mais de 90% da
superficie vermelha) (Brasil, 2018), conforme exemplificado na Figura 1, adaptada de
Shinozaki et al . (2018). Tal classificacdo em funcdo do grau de maturacdo néo é
mesma no mundo todo. Por exemplo, de acordo com a legislacdo americana existem
6 estados de maturacao: green, breaker, turning, pink, light-red e red (USDA, 1991),
0s quais assemelham-se aos parametros de classificagdo nacional exceto pelo estado

Breaker, o qual aparentemente é um intermediario entre os nacionais verde e pintado.
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Figura 1 - Classificacéo brasileira e americana de tomates de acordo com a coloracdo e estado de
maturacdo. A) verde maduro (completamente verde, com leve amarelecimento da regido apical, porém
com tecidos internos formados); B) pintado (10 a 30% da superficie vermelha); C) rosado (30 a 60% da
superficie vermelha), D) vermelho (60 a 90% da superficie vermelha) e E) vermelho maduro (mais de
90% da superficie vermelha). Fonte: Adaptado de Shinozaki et al. (2018).

Em se tratando especificamente de tomates, os frutos deverdo apresentar as
caracteristicas da cultivar bem definidas, sanidade vegetal e livre de podriddes,
estarem limpos, inteiros, firmes e com coloracdo uniforme, estarem livres de umidade
externa anormal, de odor e de sabor que ndo seja o caracteristico. Uma vez que o lote
nao esteja dentro desses requisitos, 0 mesmo nao podera ser comercializado para
consumo in natura; no entanto, ainda pode ser rebeneficiado, dependendo de seu
estado de conservacao, para outros fins que ndo sejam o consumo in natura (Brasil,
2018), como por exemplo para a industria na fabricacdo de derivados como molhos.

No que compete aos principais requisitos para 0 consumo in natura, as
principais definicdes sdo descritas a seguir, de acordo com interpretacéo da legislacao
(Brasil, 2018):

[-Tomate firme: N&o apresentar sinais de amadurecimento, ou seja, 0 pericarpo

nao ceder a pressao manual.

[I- Tomate inteiro: N&o apresentar manchas (menos que 5% da superficie) ou
ma-formacdes que comprometam seriamente a aparéncia, a conservagao e a
gualidade do produto, 0 que acaba por restringir o seu uso, tais como: danos por frio,
geada, profundos, imaturidade, podridées, queimados ou golpes severos de sol ou

ainda frutos extremamente maduros (sobremaduros).

lll- Tomate limpo: fruto livre de impurezas tais como terra, areia, matéria

organica ou qualquer outra substancia que afete a sua aparéncia, odor ou sabor. Nao
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devem apresentar elementos ou agentes que comprometam a higiene do produto e

devem estar livres de umidade externa anormal.

IV- Sanidade vegetal e livre de podriddes: sem dano patolégico, ou seja,
causado por microrganismos (podridées) e/ou fisiolégico que implique em qualquer

grau de decomposicao, desintegracédo ou fermentacéo dos tecidos.

Uma vez que tais caracteristicas sejam preservadas, espera-se que o tempo
de prateleira do fruto seja conhecido. Para fins de esclarecimento, define-se como
tempo de prateleira de um alimento como o tempo em que o produto, mediante estado
de conservacdo condicdes de temperatura conhecidas, desenvolve alteracdes
consideradas aceitaveis para consumo pelo fabricante, pelo consumidor e pela
legislacdo alimentar (Moura et al., 2007). Particularmente, para o tomate o tempo de
prateleira pode variar aproximadamente entre 10 e 22 dias (Sinha et al., 2019); no
entanto, existem abordagens de engenharia genética e melhoramento bem como
tratamentos pés-colheita sob estudo que podem estender esse tempo por até
aproximadamente 40 dias ou mais, chegando até a 90 dias, retardando o
amadurecimento do fruto (Majidi et al., 2014), por exemplo. Tais tecnologias seréo
exemplificadas e discutidas no subtépico 1.6 Eliciadores e bioestimulantes.

Para fins de curiosidade, no ano de 2022, o Ministério da Agricultura do Brasil
publicou a Portarian® 458 que dispensa a obrigatoriedade da indicacao
do prazo de validade em vegetais, o que altera a Instrucdo Normativa n° 69/2018 e
entra em conformidade com a Resolucdo RDC n° 259/2002 da Agéncia Nacional de
Vigilancia Sanitaria (Anvisa) a qual ja sinalizava a dispensa dessa informag¢ao nos
rotulos. Tal medida foi justificada como uma forma de combate ao desperdicio de
alimentos em razdo da expiragdo do prazo de validade, sem que, no entanto, 0s
produtos horticolas estejam impréprios para o consumo. O préprio consumidor seria
capaz de analisar se o vegetal esta proprio ou nédo para consumo (Brasil, 2022).

Como o tomate é um fruto climatérico, seu processo de amadurecimento
mesmo apos ser colhido ndo cessa, 0 que significa que o mesmo sofre um aumento

da respiracéo e da producéo de etileno ao longo do tempo (Li et al., 2019). Justamente
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por ser climatérico, apresenta uma atividade metabodlica acelerada e tecidos
geralmente frageis a medida que o fruto vai amadurecendo, e por isso 0 tomate é
bastante susceptivel a disturbios fisioldgicos, além dos danos mecanicos que atuam
como porta de entrada para fitopatdégenos e contribuindo também para que o tempo
de prateleira (vida util) pos-colheita do tomate seja curto (Teixeira et al., 2022).

Durante o processo de amadurecimento, os tecidos do fruto passam a transitar
de parcialmente fotossintéticos para verdadeiros tecidos heterotréficos através da
diferenciacdo paralela de cloroplastos em cromoplastos e do acumulo de
carotendides, entre esses principalmente de licopeno, nos frutos maduros (Carrari &
Fernie, 2006). Também através do amadurecimento ocorre a ativacao de vias que
geralmente influenciam os niveis de pigmentos, aclcares, &cidos e volateis
associados ao aroma para tornar a fruta mais atraente e amolecida o que torna a
liberacdo das sementes favoravel para organismos realizarem sua dispersdo para
estas entdo germinarem e iniciarem um novo ciclo (Quinet et al., 2019).

Mudancas metabdlicas dramaticas ocorrem ndo sé durante o desenvolvimento
do fruto do tomate, mas também durante as conexdes entre 0 metabolismo primario e
as principais vias metabolicas secundarias dos frutos do tomate, como a via do
mevalonato, do metileritritol-fosfato, pentose-fosfato e do chiquimato (Figura 2).
Também durante a interacdo do vegetal com condicbes ambientais estressantes e
fatores bioticos, tais como herbivoros e fitopatdgenos essas vias podem estar mais ou
menos ativadas, acarretando em eventos fisioldgicos e bioquimicos distintos (Carrari
& Fernie, 2006).
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Figura 2 - Uma visdo geral esquemética das conexdes entre 0 metabolismo primario e as principais
vias metabolicas secundérias dos frutos do tomate. Fonte: Adaptado de Li et al. (2019).

1.4 Fitopatologias pos-colheita em tomates e perdas ao longo da cadeia

produtiva

Entre os principais motivos de perdas estdo as doencas causadas por
microrganismos, que podem infectar o vegetal antes mesmo da colheita,
permanecendo no mesmo de forma quiescente (Sivakumar & Bautista-Bafos, 2014).
Inclusive, a razdo pela qual frutas frescas e outras hortalicas sdo tdo suscetiveis, apos
a colheita, ao ataque de microorganismos como fungos e bactérias, é que elas perdem
resisténcia mecanica ao amadurecer: qguanto mais maduras, mais macio o vegetal e
mais suscetivel a danos fisicos. Na natureza, quando a planta amadurece, ela nao
precisa mais proteger o fruto, pois nessa fase o objetivo € liberar as sementes para
que se propaguem. Por outro lado, quando a planta € mantida sob cultivo, é altamente
obrigatdrio proteger a integridade da planta para retardar os processos de maturacao,
a fim de estender a vida util para os consumidores (Ferreira et al., 2005; Wang et al.,

2017). A combinagcdo de maturacdo progressiva com alto teor de agua, nutrientes e
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acucares com condicdes de temperatura e umidade inadequadas para a preservacao
das plantas, mas extremamente favoraveis ao desenvolvimento de microrganismos
patogénicos, configura um ambiente altamente favoravel para a colonizacdo por
patégenos e posterior apodrecimento das plantas (Ippolito et al., 2005). Em condi¢cfes
de umidade e temperatura ideais para o desenvolvimento do patdgeno, lesdes
escuras e achatadas séo formadas a partir de feridas cicatrizadas ou nao cicatrizadas,
geralmente em frutos muito maduros (Lopes & Avila, 2005).

Neste aspecto, as doencas causadas por microrganismos no poés-colheita
podem ser atribuidas ainda a fase de pré-colheita (Sivakumar & Bautista-Bafos,
2014), permanecendo 0 microrganismo quiescente até encontrar condicfes
ambientais que favorecam seu desenvolvimento no pos-colheira. Em se tratando de
pés-colheita, a porta de entrada para o desenvolvimento de fitopatbgenos é aberta
mediante injarias no pericarpo vegetal geradas por mas condi¢cdes de transporte e
armazenamento ao longo da cadeia de abastecimento (Sivakumar et al., 2016).

De acordo com Palou & Smilanick (2020), em geral, a maioria das doencas pos-
colheita de Solanaceae sdo causadas por A. alternata (mofo preto) e por Botrytis
cinerea (mofo cinzento) (Figura 3) em temperaturas de 10 a 12°C durante o
armazenamento, embora possa ser quiescente até 20°C em uma umidade relativa de
90-95% (Prusky et al ., 2013). Em relacéo ao tomate, os fungos que costumam causar
doencas po6s-colheita sdo Rhizopus stolonifer, Colletotrichum coccodes, Geotrichum
candidum e Penicillium expansum, juntamente com o0s ja citados A. alternata e B.
cinerea. A podriddo mole bacteriana, doenca causada por Erwinia spp., é a principal

doenca bacteriana do tomateiro (Palou & Smilanick, 2020).
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Figura 3 — Principais fitopatdgenos pés-colheita do tomate. A) e B) mofo cinzento causado por B.
cinerea; C) e D) mofo preto causado por A. alternata. Fonte: Jerry Bartz.

O mofo preto ou podriddo de alternaria (Alternaria sp.) frequentemente penetra
nas lesbes adquiridas no campo, embora a infeccdo possa permanecer quiescente
por alguns dias até encontrar condicbes ambientais adequadas. Por esta razéo, €
dificil controla-la com fungicidas. Ja o mofo cinzento (B. cinerea), cobre os frutos e
esta intimamente relacionado as perdas pés-colheita, causando prejuizos econdmicos
em diversos paises do mundo. Estima-se que as perdas econémicas causadas por B.
cinerea possam ultrapassar US$ 10 bilhdes em todo o mundo a cada ano (Hua et al.,
2018). Além de possuir uma ampla gama de hospedeiros vegetais, B. cinerea possui
alta mutagenicidade e pode sobreviver como micélio ou conidios, o que contribui para

dificultar seu controle (Gao et al., 2018).
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1.5 Prevencédo e combate de doencas pos-colheita em tomates

As doencas no pos-colheita de horticulturas como o tomate tém sido
massivamente prevenidas ou combatidas pelo uso de fungicidas sintéticos (Palou,
2018). No entanto, recomenda-se 0 uso cuidadoso desses fungicidas devido aos seus
potenciais riscos para a saude humana. Por isso, os eliciadores e bioestimulantes sao
um campo cientifico cujo interesse tem crescido nas Ultimas décadas. Mais
informacdes sobre eliciadores e defensivos sintéticos estdo melhor detalhadas no

Capitulo 1.

1.6 Eliciadores e bioestimulantes

Os eliciadores podem ser definidos como agentes fisicos ou moléculas
pertencentes a diferentes classes que desempenham um papel no desencadeamento
ou estimulo dos mecanismos de defesa vegetal, ndo compartilham uma estrutura
guimica comum com o vegetal e podem induzir ou aumentar a biossintese de
metabolitos especificos (Ramakrishna & Ravishanka, 2011). Por vezes, os conceitos
de eliciadores e de bioestimulantes confundem-se. Ambos podem ser de natureza
bidtica ou abidtica. Poréem, de acordo com a literatura, sdo considerados como
agentes bioestimulantes os microrganismos e produtos obtidos da fermentacéo
microbiana de matérias-primas animais ou vegetais, moléculas de origem biol6gica,
substancias humicas, extratos de algas, hidrolisados de proteinas, residuos industriais
e fungos e rizobactérias que promovem o crescimento vegetal (Ruzzi & Aroca, 2015).
Essencialmente, a diferenga entre ambos € que, enquanto os eliciadores estimulam
mecanismos de defesa em plantas, os bioestimulantes sdo agentes que quando
aplicados as plantas melhoram seu potencial nutritivo, a captacdo de nutrientes do
solo, a qualidade e a produtividade da cultura e a tolerancia ao estresse abidtico e
biético, além de melhorias nas qualidades organolépticas do vegetal (Du Jardim, 2015;
Rodrigues et al., 2020; Ortiz-Martinez & Ochoa-Martinez, 2023). Mediante essas
definicbes, € possivel que um eliciador possa ser, a0 mesmo tempo, também um

bioestimulante.
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Por isso, os eliciadores também s&o conhecidos como indutores de resisténcia
de plantas, ativadores de resisténcia de plantas ou ativadores de defesa vegetal. A
interacdo entre um eliciador e seu respectivo receptor na membrana celular vegetal
induzindo resisténcia local é uma reacdo em cadeia que ocorre intracelularmente,
tornando-se intercelular e sistémica muito rapidamente e posteriormente uma
resposta molecular vegetal (Jamiotkowska, 2020). A cascata de reacdes geradas pela
interacao elicitor-célula altera o nivel de expressado de varios genes reguladores da
transcricdo e genes limitantes da taxa das vias metabdlicas resultando em aumento
da sintese e acumulo de metabdlitos pelo vegetal (Halder et al., 2019). A expresséo
de enzimas ativadas mediante a aplicacdo de eliciadores, é importante para a
desintoxicacdo e degradacdo de fosfato, transportes de membrana, fatores de
transcricéo e transducéao de sinal (Kharat & Pottathil, 2022). A aplicacéo de eliciadores
ou o proprio ataque de patégenos provoca uma cascata de reacdes de defesa que
incluem o acumulo de uma série de metabdlitos secundarios relacionados com a
defesa vegetal (Kharat & Pottathil, 2022). Mais informacdes sobre o tema estao
disponiveis no Capitulo 1.

1.6.1 Ulvana

Extratos de macro e microalgas marinhas tém sido empregados como
fertilizantes pulverizados em diversas culturas, com uma ampla gama de efeitos
benéficos (Shaihat et al., 2015; Rachidi et al., 2021). Inclusive, extratos e moléculas
isoladas de algas sao os principais bioestimulantes disponiveis no mercado
(Rodrigues et al., 2020). Tais extratos ou compostos isolados deles podem atuar tanto
como biostimulantes, melhorando o rendimento da producgéo, quanto como eliciadores
contra o estresse bidtico ou abidtico e também no controle da floracdo e da maturagéo
dos frutos (Sbaihat et al., 2015). Porém, é possivel constatar na literatura que a maior
parte dos trabalhos relacionados com eliciadores ou com bioestimulantes € realizada
por via sistémica, atraves das raizes ou aplicacdo foliar desses extratos, e poucos sao

realizados com o vegetal na fase pos-colheita.
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De maneira singular, os polissacarideos extraidos de macroalgas marinhas
marrons, vermelhas e verdes tém suscitado grande atencao devido as suas potenciais
aplicacbes na biotecnologia. Essas aplicagbes abrangem terapia, cosmética e,
principalmente, a agricultura e a horticultura, onde podem ser empregados como
bioestimulantes, biofertilizantes e estimuladores das defesas naturais das plantas
(Aitouguinane et al., 2020). Nesse contexto, a ulvana obtida de algas verdes, a
laminarina isolada de algas pardas e a carragenana de algas vermelhas e seus
derivados de oligbmeros, tém sido extensivamente estudados devido as suas
capacidades de aprimorar as defesas de varias plantas (Aitouguinane et al., 2020).
Existe uma suposicao de que as bioatividades dos polissacarideos de algas marinhas
sao influenciadas pela presenca e localizagdo de grupos sulfatados na cadeia
molecular desses polimeros. O grau de sulfatacéo, sua concentracéo e oxidagao, em
conjunto, desempenham um papel crucial nessas bioatividades, sendo muito
importante a purificacdo desse material ap0s a extracao a fim de retirar proteinas e
outras moléculas que podem atuar como contaminante (Patel et al., 2022).

Ha pouco mais de 20 anos, o cultivo de macroalgas para o mercado tem
apresentado um processo lento de expansdo no Brasil, em comparacdo com o
restante do mundo e principalmente a Asia. No Brasil, o cultivo é mais proeminente
na regido nordeste com Gracilaria e de Kappaphycus alvarezii (Simioni et al., 2019),
e em seguida no Rio de Janeiro e em Sao Paulo (Sepulveda, 2021). No entanto, o
motivo principal para tal atraso do Brasil € devido a aspectos legais para pesca e
aguacultura as quais apresentam uma legislacéo incipiente e pouco clara (Simioni et
al., 2019), mas € também é de ordem cultural, pois o pais se concentra na producao
de monoculturas agricolas para exportagao.

A partir de 1998 até agora, as descobertas em relagcdo a diversidade de
espécies de macroalgas com potencial para o desenvolvimento de produtos
aumentaram em conjunto com a descoberta de varios compostos bioativos para
finalidades diversas (Simioni et al., 2019).

A ulvana é um polissacarideo sulfatado extraido da parede celular de algas
marinhas e que é responsavel por cerca de 9 a 36% do peso seco da biomassa de

algas marinhas da familia de macroalgas verdes (filo Chlorophyta, ordem Ulvales,
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familia Ulvaceae) (Barakat et al., 2022). Dentre essas macroalgas, os géneros Ulva e
Entermorpha séo géneros distribuidos por todo o mundo (Rioux & Turgeon, 2015) Séo
algas bentbnicas encontradas em costdes rochosos de aguas salobras e também em
estuarios poluidos (Baweja et al., 2016). Abaixo, um exemplar da macroalga U.

fasciata (Figura 4).

W

Figura 4 — Exemplar de U. fasciata. Coletada em janeiro de 2019 (verdo) na Prainha em Arraial do Cabo
/ RJ no Brasil (22 57'40S/ 42 01'13W) Fonte: Elaborag&o propria.

Ambos os géneros Ulva e Enteromorpha possuem rapida proliferacdo de
biomassa em aguas costeiras e sdo conhecidos por causarem eutrofizacdo de aguas
marinhas, levando a hipoxia e a morte da maioria dos organismos aquaticos. Por outro
lado, justamente por apresentarem altas taxas de crescimento e perfis bioquimicos
contendo moléculas exploraveis economicamente para industria farmacéutica, de
alimentos e de biocombustiveis, por exemplo, a perspectiva de cultivo de tais algas
em biorrefinaria pode ser vantajosa (Dang et al., 2022).

Particularmente o polissacarideo ulvana possui uma estrutura complexa e
diversa, sendo 0s principais constituintes a ramnose, os acidos glucurénico e
idurdnico, aléem da xilose (Kidgell et al., 2019). Este heteropolissacarideo sulfatado é
construido por sequéncias de duas unidades dissacaridicas principais repetidas: o
acido ulvanobiurénico 3-sulfato tipo A (A3s) [—»4)-3-D-GIcA-(1 — 4)-a-L-Rha 3S-( 1]
e tipo B (B3s) [—4)-a-L- IdoA-(1 — 4)-a-L-Rha 3s(1—] (Lahaye & Ray, 1996; Chi et
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al., 2020). Mas existem casos em que residuos sulfatados menores contendo xilose
(O -2 sulfatada ou ndo) denominada ulvanobiose (U3s) [—4)-B-d-GIcA-(1-2)-a-D- Xil-
(1—] podem ocorrer no lugar dos acidos urdnicos (Costa et al., 2012).

Fisiologicamente, é conhecido que a ulvana distribui-se homogeneamente no
espaco intercelular e na parede fibrilar da macroalga a fim de manter a estabilidade
osmolar e de proteger o talo do ataque de bactérias marinhas (Alves et al., 2013). O
que diferencia a ulvana de outros polissacarideos sulfatados de algas, como fucoides
e carragenanas, € que a mesma contém ramnose a qual € um aclcar raramente
encontrado em bactérias e plantas, além de seu teor de sulfato e acidos urénicos
(Alves et al., 2013). Estas propriedades estruturais distintas aliadas ao amplo potencial
de atividades biolégicas e propriedades fisico-quimicas ajustaveis, recentemente
fizeram o interesse da comunidade cientifica pelo ulvan aumentar, jA& que é uma
molécula promissora para aplicacdes terapéuticas, como antioxidante, anticoagulante,
imunomodulador, anti-incrustante, capacidades anti-hiperlipidémicas, anticancer,
antiviral e anti-adesao de bactérias Gram-positivas e Gram-negativas em superficies,
além de aplicacbes em biocombustiveis e nas industrias de racdo animal e de
alimentos (Figueira et al., 2020; Barakat et al., 2022; Ibrahim et al., 2022).

Em se tratando do setor de alimentos, em relacdo as propriedades de
gelificacdo de polissacarideos de algas verdes, essas moléculas sdo solGveis em
agua e tém uma estrutura regular que facilita as ligacées de hidrogénio intercadeias,
0 que da origem a gelificacdo (Stiger-Pouvreau et al., 2016). Neste aspecto, a
sulfatacdo presente no polissacarideo € a principal responsavel pelas diferencas na
forma como as cadeias de polissacarideos se juntam e assim, suas propriedades
gelificantes podem variar (Stengel et al., 2011).

Solucbes contendo ulvana apresentam viscosidade baixa para extratos de
Ulva (95-285 mL/g) e ainda menor para extratos de Enteromorpha (24 e 61 mL/g)
(Lahaye & Robic, 2007; Stiger-Pouvreau et al., 2016). O &cido bérico é capaz de
formar géis fracos com ulvana na presenca de varios cations bivalentes (ex. Ca); mas
ja foi observado que a formacao de géis de maior elasticidade é possivel através da
adicdo de Cu, Zn, Mn, Ca (em ordem decrescente de elasticidade) para ulvan extraida

U. armoricana, de acordo com a afinidade do polissacarideo por esses ions; no
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entanto, a adicdo de Mg é totalmente ineficaz para a formacao de gel (Lahaye & Robic,
2007). Contudo, o mecanismo de formacdo do gel com ulvana ndo é conhecido,
embora uma das teorias preconize que seja devido ao espessamento por
cisalhamento que pode colapsar o polissacarideo em U. fasciata, o qual possui
potencial para ser uma nova fonte de gelificantes solGveis em agua para a industria
de alimentos (Stiger-Pouvreau et al., 2016) e também para a preservacao de vegetais
mesmos através da eliciacdo. Isso devido a Resisténcia Sistémica Induzida (do inglés,
Induced Sistemic Resistance — ISR) por polissacarideos isolados de algas marinhas
como a proépria ulvana, além de laminaranas e fucanas (Stadinik & de Freitas, 2014;
Figueira et al., 2020).

O mecanismo de a¢ao da ulvana como agente eliciador da resisténcia vegetal
esta relacionado a sua capacidade de induzir a atividade de enzimas relacionadas a
defesa tais como peroxidases (PODs), superoxido dismutase (SOD) , catalase (CAT),
fenilalanina amoénia-liase (PAL) e de proteinas relacionados a patogénese (PR), além
de ativar a via do acido jasmonico, de induzir a producao de 4cido salicilico e de &cido
abscisico (ABA) e de poder aumentar a producédo de compostos fenélicos, conferindo
assim maior tolerancia do hospedeiro a infeccéo por fitopatdégenos (Jaulneau et al.,
2010; ElI Modafar et al., 2012; Abouraicha et al., 2015; dos S. Costa et al., 2022).

Em relacdo a ulvanas e tratamento pds-colheira de tomates visando a eliciacdo,
pouco ha na literatura. Em relacéo ao tratamento pos-colheita de macas, a ulvana (0,1
g/L) obteve 56% de protecdo contra B. cinerea (Montealegre et al., 2010).
Curiosamente, os autores observaram que o tratamento pré-colheira com ulvana
mesmo na maior concentracdo testada (1 g/L) ndo obteve nenhum sucesso contra o
mesmo patdgeno; logo, o tratamento foi eficiente unicamente no pés-colheita. E o
mesmo fendmeno foi observado com outros produtos naturais comerciais como
Biorend SC (quitosana), BC-1000 EC (extrato de toranja com bioflavonoides) e
ECO-100 SC (bioflavonoides, acidos organicos, fitoalexinas citricas, acidos graxos,
glicerideos e acucares) (Montealegre et al.,, 2010). Recentemente, foi possivel
aumentar o conteudo de carotenoides e de polifendis em alface lisa (Lactuca
sativa var. capitata) atraves da aplicacdo exogena de eliciadores como acido

araquidénico, acido salicilico, metil jasmonato e harpina (Moreno-Escamilla et al.,
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2020). A aplicacdo exogena por solucdes em spray do polissacarideo quitosana e de
seus derivados em folhas de moringa (Moringa oleifera Lam), acido salicilico e metil
jasmonato também foi capaz de aumentar o teor de carotenoides na planta, além de
esimular também a producéo de tocoferois (Saini et al., 2014). Outro estudo observou
0 aumento muito expressivo de B-caroteno e luteina em uvas, mediante a aplicacao
de metil jasmonato e também de um spray a base de derivados de leveduras em
videiras, de 1336 e 227 ug/g para 7054 e 1382 ug/g, respectivamente (Gutiérrez-
Gamboa et al., 2018).

Em se tratando de extratos e moléculas de macroalgas, pouco ha na literatura
a respeito de tratamento com as mesmas que envolva a modulac¢do da producédo de
carotenoides pelo vegetal tratado. Foi relatado que extratos de U. rigida e de
Sargassum latifolium nas concentracdes de 2 e 4 g/L em geral diminuiram o teor de
carotenoides em trigo em comparagdo com o tratamento com o extrato de Corallina
elongate; por outro lado, todos esses extratos diminuiram o teor de fendlicos e de
carboidratos, ao contrario das proteinas (Ismail, 2016). J& em relacdo a ulvana usada
como eliciadora e o teor de carotenoides em plantas, recentemente foi reportado que
ulvana extraida de U. intestinalis Linnaeus na concentracdo de 1 mg/mL aumentou
em aproximadamente 20% o teor de carotenoides totais e cerca de 17% o polifendis
totais em salsa pré-colheita em relagdo ao controle (Paulert et al., 2021); contudo, o
contrario foi observado pelos mesmos autores quando trataram manjericdo pré-
colheita com ulvana na mesma concentracdo: uma queda de cerca de 11% de
carotenoides totais em manjericdo tratado com ulvana em relacdo ao controle e
praticamente o0 mesmo quantitativo de polifendis entre tratados e controles para o
mesmo vegetal (Paulert et al., 2021). Nao foram encontrados trabalhos relacionando
tratamento com ulvana e modulagéo de carotenoides no pés-colheita.

Recentemente para a preservacao de meldes por eliciagéo, foi observado que
um tratamento envolvendo Debaryomyces hansenii, Stenotrophomonas rhizophila e
ulvana (5 g/L) melhorou o efeito de biocontrole na doenca da podriddo da fruta em
meloeiro, além de ter retardado a podriddo natural da fruta, reduziu as porcentagens

de decomposicdo e perda de peso, mantiveram as atividades de enzimas
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antioxidantes e relacionadas a defesa mais altas (CAT, POX, SOD e PAL) e
preservarm a qualidade da fruta (firmeza, SST e pH) (Rivas-Garcia et al., 2022).

Para o pds-colheita de mamao, foi observado que um tratamento envolvendo
Stenotrophomonas rhizophila, Bacillus amyloliquefaciens e ulvana (2 mg/mL) foi
eficiente para protecao contra antracnose por C. gloeosporioides (Chiquito-Contreras
et al., 2019). Os autores observaram que 0 mecanismo resultante para a defesa pelas
bactérias antagonistas e ulvan foi a competicéo pela producéo de sacarose, glicose e
frutose por compostos organicos volateis (COVs) e a inducdo de enzimas
antioxidantes de defesa, como SOD, CAT e POD; no entanto n&o foi esclarecido quais
dos atores envolvidos era respectivamente responsavel pela producdo de COVs ou
pelo aumento da atividade enzimatica (Chiquito-Contreras et al., 2019). Ja para o pos-
colheita de macas, laranjas, tomates e uvas existe uma patente (Briand et al., 2010)
em que os autores observaram que a ulvana na concentracao de 10 g/L foi capaz de
reduzir em 65%, 38%, 42% e 47%, respectivamente, o dano pds-colheita desses
frutos tratados com o polissacarideo mesmo inoculados 1 semana depois com B.
cinerea.

No geral, a questéo principal do monitoramento de atividade enzimatica e das
variacbes de metabdlitos primarios e secundarios no pds- ou no pré-colheita é
justamente acompanhar como 0 vegetal estd se comportando mediante o0s
tratamentos e se 0 maquinario de defesa esta sendo ativado e através de quais vias.
Nesse interim, a metaboldbmica € uma ferramenta capaz de auxiliar nesse
monitoramento e colaborar para o desenvolvimento de estratégias para a defesa e

melhoramento vegetal.

1.7 Metabolémica como ferramenta para o desenvolvimento de estratégias para

melhoramento do tomate

De acordo com Alexandersson et al. (2016), ha menos de 30 anos se iniciaram
0s estudos sobre mecanismos de resposta induzida em plantas, a nivel molecular.
Efetivamente, eles comecaram apds a revolugdo gendmica no inicio dos anos 2000

(Alexandersson et al.,, 2016). As ciéncias Omicas como gendmica, protedmica,
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transcriptbmica, metabolémica e as ferramentas relacionadas vem desempenhando
um papel fundamental para a compreensdo, dos mecanismos de inducdo de
resisténcia em plantas, suas vias cruzadas e até mesmo antagdnicas cujos
mecanismos permanecem bastante inexplorados para as culturas de Solanaceae (dos
S. Costa et al., 2022).

Dentre as 6micas, a metabolémica € a que mais se aproxima do fenadtipo
(Fujimori, 2013). O fendtipo é resultante da genética, da epigenética e do ambiente, e
por isso pode apresentar uma alta plasticidade (Abdullah-Zawawi et al., 2022). A
metabolémica € o estudo das alteracdes nos niveis dos metabdlitos, os quais sao
substéancias intermediarias ou finais do metaboloma (conjunto de todos os metabdlitos
de baixa massa molecular - < 1500 Da) de uma amostra bioldgica (Canuto et al.,
2018). E uma ferramenta em desenvolvimento continuo, baseada em dados e que tem
como foco a identificacdo abrangente, a quantificacéo e a interpretacdo em tempo real
dos niveis de metabdlitos primarios e secundarios em um determinado sistema
biolégico pressionado por fatores ambientais e genéticos cuja regulacéo influencia seu
desenvolvimento (Marchev et al., 2021). O termo metaboldmica (do
inglés, metabolomics) em si foi apresentado no ano de 2001, por Oliver Fiehn, que o
definiu como a andlise qualitativa e quantitativa do metaboloma de um sistema
biolégico (Fiehn et al., 2002).

Essencialmente, existem trés tipos de metodologias analiticas principais para a
metabolomica que fornecem extensos dados estruturais e quantitativos para perfis
metabdlicos: espectroscopia éptica, ressonancia magnética nuclear (RMN, do inglés
NMR) e espectrometria de massas (EM, do inglés MS), em técnicas como
cromatografia em fase gasosa acoplada ao espectrometro de massas (do inglés, GC-
MS), e cromatografia em fase liquida acoplada ao espectrometro de massas
(CLAE/EM, do inglés LC-MS), ganharam ampla aceitacdo como métodos padréo para
analise de metabdlitos (Park et al.,, 2017; Marchev et al., 2021). As técnicas de
metabolémica baseadas em espectrometria de massas sdo as mais sensiveis para a
analise simultanea de um grande niumero de metabdlitos, sendo que tanto as analises
de LC-MS quanto as de GC-MS podem fornecer informagdes detalhadas sobre os

padrbes de alteracdo dos niveis dos metabdlitos em toda uma rede metabdlica e
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inclusive ao longo do tempo; JA o RMN, é o Unico capaz de fornecer a informacao
estrutural dos metabdlitos (Padmanabhan, 2014).

Em se tratando de analise, agrupamento e visualizacdo de dados em
pesquisas, algumas das ferramentas de maior destague sdo a Andlise de
Componentes Principais (ACP, do inglés PCA), a Analise Hierarquica de
Componentes (AHC, do inglés HCA) e os mapas de calor (Heat maps). Utilizar a PCA
€ Util porque auxilia na elaboracao de hipoteses gerais a partir dos dados coletados e
na separacao de informacdes redundantes e aleatdrias das que realmente interessam.
Em uma PCA, os graficos de scores definem a estrutura do agrupamento dos dados,
enguanto que os loadings fornecem informacgdes sobre os dados que caracterizam a
diferenciacdo entre os agrupamentos (Correia & Ferreira, 2007). A PCA, através do
conjunto de scores e loadings, pode inclusive estimar a influéncia de cada variavel em
cada amostra (Panero et al., 2009), enquanto que o objetivo da HCA é exibir a
distancia entre os pontos (amostras ou variaveis) de acordo com suas similaridades,
0 que é util para determinar a semelhanca entre as amostras de forma que as mais
semelhantes sédo agrupadas entre si em um tipo de grafico chamado dendrograma
(Panero et al., 2009). Ja os heat maps permitem que 0s usuarios visualizem facilmente
0os padrdes de mudanca nas concentracdes de metabdlitos nas amostras e nas
condi¢cBes experimentais exibindo os valores dos dados usando uma escala de cores
em gradiente de acordo com a concentracdo da substancia analisada (Xia et al.,
2015).

As abordagens metabolémicas podem ser direcionadas (targeted) ou néo
direcionadas (non-targeted) (Canuto et al., 2018). A abordagem targeted refere-se a
medicdo quantitativa de um grupo bastante especifico de metabdlitos dentre os
aminoacidos, lipidios, acucares e/ou acidos graxos para investigar vias metabolicas
especificas ou para validacdo de biomarcadores identificados, baseando-se no
conhecimento prévio de metabdlitos de interesse e compostos conhecidos, em sinais
especificos de metabolitos e ndo fazem uma cobertura total do perfil do metaboloma;
por outro lado, a abordagen non-targeted envolve o perfil global do metaboloma,
sendo normalmente utilizada em estudos de geracao de hipéteses, como a descoberta

de biomarcadores e por isso € a abordagem que geralmente € mais qualitativa e que
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fornece mais informacdes em relacdo a metabol6mica targeted, a qual é mais voltada
para quantificacdo dos dados (Zhang et al., 2016).

Com o advento de tecnologias mais acessiveis de espectrometria de massas
de alta resolucdo e o desenvolvimento de novas ferramentas analiticas, torna-se
possivel identificar e validar metabolitos envolvidos na resisténcia a patdogenos e/ou
atribuir novas funcdes a eles (Stam & Mufioz-Hoyos, 2023). No entanto, estudos
genéticos e quimicos recentes demonstram que estabelecer fronteiras claras entre
diferentes classes de metabdlitos ndo € uma tarefa simples. Em vez disso, sugere-se
gue muitos metabdlitos possam desempenhar papéis multifuncionais, como conferir
tolerancia ao estresse, atuar como moléculas sinalizadoras para interacdes com
outros organismos (alelopatia), atrair insetos para facilitar a polinizacdo e fornecer
defesa contra herbivoros e patdgenos, como bactérias, fungos e virus (Stam & Mufioz-
Hoyos, 2023). Em concordancia com essa perspectiva, a metaboldmica tem se
mostrado uma abordagem eficaz no estudo de plantas; por exemplo, tem sido utilizada
para compreender processos fisiolégicos no desenvolvimento de frutos submetidos a
diversas condic¢des (Colantonio et al., 2022).

Particularmente, em se tratando de frutos de tomateiro, a metabolémica pode
gerar insights valiosos para uma melhor compreenséo do priming de defesa em frutos
e mesmo no seu flavor em estudos diversos, embora poucos sejam o0s estudos
relacionados com o pds-colheita, pois a maioria se concentra no metabolismo do
tomateiro. Recentemente, um estudo desenvolvido por Afifah et al. (2019) utilizou a
abordagem metabolémica do tipo targeted para a andlise da resisténcia de quatro
genotipos de tomateiro contra nematdides das galhas (Meloidogyne incognita),
através do monitoramento da atividade de peroxidase e também de espectros de
RMN. Nesse estudo, os autores puderam observar que tomateiros resistentes
apresentaram uma atividade de peroxidase mais elevada do que plantas suscetiveis.
Os compostos quimicos que diferenciaram as plantas suscetiveis das resistentes
foram glicose e acido cafeico, sendo este ultimo o composto fendlico mais provavel a
ter um efeito negativo sobre o nematoide (Afifah et al., 2019). No pds-colheita de
tomate, Tang et al. (2022) também observaram a atuacdo do aumento dos niveis de

acido cafeico e também dos acidos clorogénico e ferulico, os quais ou autores
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denominaram como “metabdlitos-chaves” na indugdo de priming, mediante a
exposicdo a Cryptococcus laurentii, uma levedura que tem sido extensivamente
estudada devido a evidéncias de que ela pode nao apenas inibir efetiva e diretamente
uma variedade de doencas fungicas em frutos diversos, mas também de atuar como
um eliciador. Ainda em se tratando de pos-coleita, conforme Meza et al. (2021)
relataram, a aplicacdo de metil jasmonato em frutos de tomate resultou em alteracdes
nos metabdlitos primérios, destacando os lipidios como 0s mais impactados, com um
aumento significativo observado a partir do vigésimo primeiro dia apés o tratamento,
conforme indicado por analises de CG/EM. Paralelamente, as analises por CLAE
revelaram um aumento nos carotenoides, incluindo licopeno, B-caroteno e luteina,
também a partir do vigésimo primeiro dia apds o tratamento (Meza et al., 2021). Ainda
nesse aspecto, a metabolémica de frutos de tomate no pos-colheita também permite
a compreensdo do que pode acontecer com o fruto mediante certas condicbes de
armazenamento. E o caso do estudo recentemente elaborado por Bai et al. (2023)
onde frutos de tomate foram armazenados sob refrigeracdo (5°C) e também a
temperatura ambiente (25 °C). De acordo com as andlises feitas pelos autores, a
refrigeracao elevou o conteudo de flavonoides (tilirosideo, lonicerina, kaempferol 3-O-
robinobiosideo, rutina e luteolina 7-O-glicosideo) nos frutos, o que teria potencializaria
a acao antioxidante desses metabdlitos (Bai et al., 2023). Portanto, as analises de
metabolémica podem revelar padrées no acimulo de metabdlitos em tomates quando
expostos a bioestimulantes ou eliciadores de diferentes naturezas ou quando
mantidos sobre certas condicbes de armazenamento. Inclusive, a partir dessas
analises é possivel acompanhar essas mudancas no vegetal ao longo do tempo e
permitem observar quando ocorre 0 apice do acumulo de tais substancias por parte
do vegetal, as quais eventualmente podem estimular seus proprios mecanismos de
defesa ou conferir caracteristicas organolépticas favoraveis e/ou mais nutritivas para

guem 0S consome.
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2. JUSTIFICATIVA

A producéo global de tomates, a segunda maior horticultura mundial, exige
praticas de cultivo, manejo, controle de pragas e doencas, e condicbes de
armazenamento poés-colheita adequadas. Tradicionalmente, o uso de fungicidas
sintéticos e a refrigeracdo sdo fundamentais no controle de pragas e no
armazenamento. Contudo, o uso de tais fungicidas causa preocupacdes crescentes
com seus impactos a saude, ao meio ambiente. Além disso, em se tratando desses
fungicidas, seu uso indiscriminado leva a uma pressdo seletiva que viabiliza o
surgimento de fitopatdgenos cada vez mais resistentes.

Devido as preocupacdes relativas a toxicidade e resisténcia gerada existe uma
tendéncia para a reducgéo global do uso de fungicidas convencionais, destacando a
necessidade de abordagens alternativas a eles e/ou o manejo integrado de doencas.
Por isso, a busca por tecnologias acessiveis e eficazes torna-se imperativa, uma vez
que muitas opc¢des disponiveis atualmente séo dispendiosas. Nesse cenario, o uso de
eliciadores e bioestimulantes, como o0 polissacarideo ulvana, emerge como uma
solucéo promissora, estimulando os mecanismos naturais de defesa das plantas. No
entanto, a eficacia desses eliciadores, especialmente em termos de metabolémica
pos-colheita e extensdo do tempo de prateleira do tomate, carece de estudos
aprofundados.

A pesquisa sobre o polissacarideo ulvana como eliciador e como bioestimulante
oferece uma perspectiva interessante, sendo inclusive patenteada em produtos.
Contudo, a falta de estudos especificos sobre sua aplicacdo no tomate pés-colheita e
sua influéncia na metaboldomica e tempo de prateleira destaca uma lacuna no
conhecimento cientifico. Embora o cultivo de algas marinhas no Brasil esteja em
estagio inicial, paises asiaticos ja exploram amplamente essa pratica. Estudos
utilizando algas e seus derivados como alternativas aos fungicidas convencionais
apresentam-se como uma via promissora. Além de oferecer uma solucao
potencialmente mais segura, essa abordagem pode contribuir para o desenvolvimento

do setor de cultivo de macroalgas, agregando valor ao produto.
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A presente tese esta organizada da seguinte maneira: o Capitulo 1 é um artigo
de revisdo publicado onde foi realizado um levantamento bibliografico sobre
eliciadores e praticas pés-colheita em solaniceas; o Capitulo 2, trata dos efeitos da
ulvana como eliciador da defesa vegetal de frutos de tomate no pés-colheita (a ser
submetido); ja o Capitulo 3 trata dos efeitos da ulvana na bioestimulacéo de frutos de

tomate no pos-colheita.

3. OBJETIVOS

3.1 Objetivo geral

Estender o tempo de prateleira pés-colheita de tomates ‘Sweet Grape’ contra

fitopatdgenos fungicos através do tratamento dos frutos com o polissacarideo ulvana.

3.2 Objetivos especificos

o Determinar a concentracao ideal de ulvana como eliciador para preservacéao de

tomates var. Sweet Grape em temperatura ambiente (25 °C).

o Determinar uma eventual atividade fungicida do polissacarideo ulvana.

o Determinar via de administracdo mais adequada para o tratamento com ulvana
e se o tratamento com ulvana causa efeito de priming através da medida da atividade
das enzimas de defesa vegetal (fenilalanina aménia-liase - PAL, catalase - CAT, e

ascorbato peroxidase - APX).

o Determinar o tempo de prateleira e o indice de protecdo do tratamento com

ulvana mediante armazenamento em temperatura ambiente ou sob refrigeracéo.
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o Realizar um ensaio de desafio comparativo entre tomates tratados com ulvana
e infectados apds o tratamento, a temperatura ambiente, visando avaliar o efeito de

eliciagéo.

o Determinar os perfis dos metabolismos primério e secundario em amostras

tratadas com ulvana e controles, utilizando técnicas de CG/EM e CLAE/EM.

o Determinar os perfis de carotenoides e acido ascorbico.

o Determinar modificacdes nos perfis de Compostos Organicos Volateis (COVS)

entre amostras controles, tratadas com ulvana ou inoculadas com B. cinerea.

4. MATERIAIS E METODOS

4.1 Reagentes e solventes

CHsOH, (produtos quimicos SK); Adonitol (Padréo Interno, Sigma - Aldrich);
Cloroférmio-d 99,8 atomos% (Sigma - Aldrich); Gas nitrogénio (Messer Gases Brasil);
MSTFA, N-metil-N-(trimetilsilil)trifluoroacetamida (Sigma-Aldrich); D-Frutose (Merck);
Maltose (Empresa Cientifica Fisher); D-Glicose (Sigma-Aldrich); Sacarose (Nuclear);
D-Galactose (Sigma - Aldrich); Mio-inositol (Sigma - Aldrich); Acido Citrico (Nuclear);
L-Alanina (Sigma - Aldrich); L-Serina (Sigma - Aldrich); L-Prolina (Sigma - Aldrich); L-
Acido Aspartico (Sigma - Aldrich); Acido L-Glutamico (Sigma - Aldrich); Agua ultrapura;
Na2S04, Sulfato de Sédio (Isofar); n-tridecano (Padrdo Interno, Merck); n-Hexano,
96% HPLC BASIC (Scharlau); Tolueno (Merck); HCI, acido cloridrico, 36,5-38% ACS
Basico (Scharlau); Piridina (Sigma - Aldrich); palmitato de metila (Koch-Light Labor);
Lignocerato de metila (Sigma - Aldrich); Acido beénico (Sigma - Aldrich); Estearato de
metila (Sigma - Aldrich); NaCl, Cloreto de Sédio (Dindmica Quimica Contemporénea);
Diclorometano (Sigma-Aldrich); Acetato de etila (Scharlau); Acetona (Scharlau);
C2H60, etanol (NEON); trans-B-Apo-8'-carotenal (padrdo interno, Fluka - Sigma-
Aldrich); MTBE, éter metil ter-butilico (Tedia). Octanol-1 (Padrédo Interno, Carlo Erba);
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CaCl2.2H20, cloreto de calcio (VETEC); acido ascorbico (VETEC), acido oxalico
(Merck).

4.2 Material vegetal e ulvana

4.2.1 Tomate

Em todos os experimentos foram utilizados tomates var. Sweet Grape
organicos certificados no estado de maturacao vermelho (BRASIL, 1995) da linha de
produtos orgéanicos BioVida (produzido no Rancho S&o Francisco de Paula, Estrada
Malhardes, 5717 - Vale do Paquequer, Teresopolis, 22°18'14.3"S 42°52'30.0"W)

comprados em supermercados locais na cidade do Rio de Janeiro (RJ-Brasil).

4.2.2 Macroalga Ulva fasciata

A macroalga U. fasciata foi coletada na Prainha em Arraial do Cabo / RJ no
Brasil (22 57'40S/ 42 01'13W) e acondicionados em isopor com agua do mar para
transporte. Em seguida, os individuos foram lavados com agua destilada para e foi
realizada a remocdo manual de de sedimentos e epibiontes macroscépicos. Uma
amostra foi depositada no Herbario do Instituto de Biociéncias da Universidade de Séo
Paulo, Brasil (SPF-57877). A biomassa fresca foi seca em estufa a 50°C até e

armazenada em dessecador até a extracao do polissacarideo ulvana.

4.2.3 Preparacgéo da solugéo de ulvana

O polissacarideo foi extraido de acordo com o método descrito por Figueira et
at. (2020). A biomassa seca de U. fasciata (96,5 g) foi triturada em pé, suspensa em
agua ultrapura (100 mL/10g) e autoclavada a 121°C e 1 atm por 40 min. O

sobrenadante foi centrifugado (10.000 g, 4°C, 10 min) e o polissacarideo foi



precipitado com trés volumes de etanol ultrapuro (Merck®) e resfriado a — 20°C por 48
horas. Em seguida, o precipitado foi centrifugado (3500 g, 4°C, 5 min) e o pellet
contendo a ulvana foi liofilizado (25,617 Q).

A ulvana foi purificada por membrana de dialise (12000-14000 Da) para
remocao de sulfatos e novamente liofilizada (11g) para ser utilizada nos experimentos.

O rendimento do polissacarideo apés a purificacao foi de aproximadamente 11,39%.

4.3 Desenho experimental

Este trabalho foi formulado em 4 fases experimentais interconectadas e cujos
ensaios e analises séo descritos nos subtdpicos a seguir. A maioria dos experimentos
abrangeu 9 dias de observacdo em funcédo tomate ser um fruto climatérico e ter sido
adquirido no estagio de maturacédo do tomate (vermelho), o qual é como o fruto esta
disponivel no mercado. Além disso, buscou-se observar se a ulvana causava priming,
eliciacdo e/ou bioestimulacéo nos frutos no pés-colheita. Logo o tempo de observacao
para 0s experimentos envolvendo o acompanhamento das variagbes metabolicas
deveria ser relativamente curto, e também estd em consonancia com trabalhos
semelhantes na literatura que utilizaram exatamente mesmo periodo ou cujos
resultados foram plenamente observados até o nono dia de analise (Pinheiro et al.,
2015; Yokota et al., 2019; Meza et al., 2021).

4.3.1 Avaliacdo da melhor concentracédo de ulvan para preservacéo de tomates

Inicialmente foi testado um tratamento de imersédo de tomates em 4
concentracdes de ulvana em solucdo aquosa (0,5; 1; 2 e 4 mg/mL) em comparagao
com os controles (dgua destilada). Os parametros avaliados foram: I- a atividade de
fenilalanina amonia-liase (PAL) apds os dias 1, 3, 6 e 9 do experimento e |I- o indice

de protecéo (%) no dia 9 apos o inicio do experimento (Figura 5).
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Figura 5 - Avaliagdo da melhor concentracdo de ulvana para preservacdo de tomates. Fonte:
Elaboracéo prépria.

4.3.2 Ensaio de Concentracdo Minima Inibitéria (CMI) do polissacaridio ulvana

isolado da macroalga Ulva fasciata sobre o fitopatdgeno B. cinerea

Para andlise de Concentracdo Minima Inibitéria (CMI, ou Minimun Inhibitory
Concentration -MIC) foi utilizada a estirpe Botrytis cinerea.

Amostras de B. cinerea foram cedidas pela Embrapa Meio Ambiente
(Jaguaritna, Sao Paulo, Brasil) provenientes da Colecdo de Microrganismos de
Importancia Agricola e Ambiental (CMAA) através do Portal Alelo de Recursos
Genéticos da Embrapa.

A estirpe foi cultivada em meio BDA (Batata Dextrose Agar - (200g de batata,
20g de dextrose, 1000mL de &gua destilada), de acordo com a recomendacdo do
curador da colegéo, e incubada em estufa a temperatura ambiente (aproximadamente
25°C) até a realizagédo dos experimentos pertinentes.

A determinacdo da CMI dos extratos organicos e aquosos foi realizada com
base na metodologia padrdo internacional do CSLI (sigla do inglés, Clinical and

laboratory Standards Institute; Instituto de Normas Clinicas e Laboratoriais), descrita
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para fungos, sendo utilizada a norma M38-A2 para fungos filamentosos: a metodologia
consistiu em diluicbes seriadas (1:2) do em meio de cultura, sendo adicionado ao
primeiro pogo 1 pyL da suspenséo em 99 pL de meio RPMI, gerando uma faixa de
diluicdo de 2500 pg/mL a 1,2 pg/mL em uma microplaca de titulacado de 96 pocos.

Os in6culos iniciais foram obtidos através de suspensao dos conidios agua
estéril e em seguida foi realizada a contagem na camara de Neubauer. Os in6culos
foram ajustados para 5x10* UFC/mL de concentracdo em meio RPMI e em cada poco
foi adicionado 100 pL dos in6culos em suas respectivas placas, para um volume final
de 100 pL dos meios de cultura respectivos acrescidos com o polissacarideo ulvana
(2500 pg/mL a 1,2 pg/mL), obtendo-se a suspenséo de 5x10* UFC/mL.

A CMI é responsavel por determinar qual a menor concentragdo necessaria
de uma substancia para que ela exerca uma reducao visivel na multiplicacdo de um
microrganismo (Feyaerts et al., 2017). Os resultados foram avaliados visualmente de
acordo com o grau de turvacdo e pela adicdo de 30 pL de resazurina (0,005% em
tampao salina fosfato (PBS) em um pH 7,2), a qual apresenta naturalmente cor azul,
mas que sofre oxidagdo na presenca de células viaveis no meio de cultura tornando-
se de cor rosada por formar a resofurina. A mudanca de cor de azul para a rosa indicou

a presenca de microrganismos (Silvestre, 2017).

4.3.3 Avaliacdo de resposta enzimatica e indice de protecdo (%) de tomates
mediante tratamento com solucao de ulvan injetada ou em imersdo comparadas

com controles injetados com agua destilada ou em imerséao

Tomates (N=50) foram tratados por imersdo em solucdo de ulvan (1 mg/mL)
por 30 min ou com a mesma solucgéo injetada (N=50, 10 uL, 2 mm de profundidade X
2 mm de largura) e foram observados por 9 dias. Individuos (4) foram coletados
randomicamente nos dias 1, 2, 3, 6 e 9 ap0s o experimento, congelados com Nz e
armazenados em freezer a -80 °C para posteriores andlises abrangendo os seguintes
parametros: |- a atividade enzimatica (PAL, CAT e APX) e II- o indice de protecao

apos 9 dias de tratamento (Figura 6).
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- Amostras foram retiradas para analise: 1, 2, 3, 6 e 9 dias ap6s tratamento.
- Os experimentos foram realizados a temperatura ambiente (25°C * 2).

Figura 6 — Ensaio do experimento de resposta enzimética e indice de protecao (%) de tomates mediante
tratamento com solugdo de ulvana injetada ou em imersdo comparadas com controles injetados com
agua destilada ou em imersao. Fonte: Elaboracao prépria.

4.3.4 Avaliacdo do tempo de prateleira e indice de protecao (%) de tomates
tratados com solucdo de ulvan por imersdo comparadas com controles com

adgua destilada em imersédo em temperatura ambiente ou sob refrigeracéo

Para avaliar o tempo de prateleira de tomates controles (imersdo em agua, 30
min) e tratados com ulvana (imerséo em solugdo aquosa de ulvana 1mg/mL, 30 min),
ambos foram armazenados separadamente em caixas plasticas vedadas com filme
PVC e avaliados em duas condi¢cdes de armazenamento: |- temperatura ambiente (25
°C + 2, 50% de umidade) e II- refrigeragao a 10 °C + 3, 52% de umidade) por 32 dias
(Figura 7).

Os parametros avaliados foram baseados na aparéncia dos tomates em
relacdo a manchas, focos de podriddes e em frutos extremamente maduros os quais
serviram como fatores de excluséo na composicéo do indice de protecéo (%) referente
ao tratamento e aos controles. Os tomates foram observados por 32 dias,

apresentando um N=50 para ambas as condi¢des.
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- Amostras foram avaliadas em: 10, 22 e 32 dias apés os tratamentos.

Figura 7 — Ensaio do tempo de prateleira e indice de prote¢éo (%) de tomates tratados com solucdo de
ulvana por imersdo comparadas com controles com agua destilada em imersdo em temperatura
ambiente ou sob refrigeracdo. Fonte: Elaboracao prépria.

4.3.5 Ensaio de desafio e comparacao entre tomates infectados com B. cinerea,
tratados com ulvana e infectados 3 e 6 dias apds o tratamento visando avaliar
efeito de eliciacéo

Um ensaio de desafio foi realizado a fim de comparar o indice de protecéo de
tomates controle (imersdo em agua destilada, 30 min) em comparacdo aos tomates
tratados com ulvana (imersdo em solugcéo aquosa de ulvana 1mg/mL), inoculados com
B. cinerea (5 x 10* conidios/mL), tratados com ulvana (imerséo em solugéo aguosa de
ulvana 1mg/mL) e inoculados com B. cinerea no terceiro e sexto dias ap0s 0s
tratamentos, perfazendo um N=40 para cada condi¢cdo observada. Os tomates foram
acondicionados em caixas plasticas de polipropileno (30,5 x 20,5 x 6cm -
Comprimento x Largura x Altura; 2,2 L) e cada individuo foi disposto em um pote
plastico tampado (2,7 x 3,8 x 5,0 - Comprimento x Largura x Altura; 30 mL) com 6
furos feitos com agulha de seringa (1 mL) nas tampas (Figura 8A).

Todo o experimento foi observado por 15 dias e amostras (4 tomates escolhidos

ao acaso) foram coletadas 1, 2, 3, 6 e 9 dias apds o inicio do experimento e
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congeladas em Ny, trituradas e armazenadas em freezer -80 °C. As analises dos
seguintes parametros foram realizadas para os tomates controles e tratados: Perfil do
metabolismo priméario de metabdlitos polares e apolares por CG/EM, o perfil do
metabolismo secundario dos tomates por CLAE/MS, o perfil de carotenoides (CLAE)
e também a dosagem de acido ascorbico (vitamina C) (Figura 8B). Ja o indice de

protecdo (%) foi acompanhado para todas as condicGes experimentais (Figura 8A e

8B).

I- Controles — Il- Tratados — lll- Tratados - IV- Tratados - V- Inoculados -
o Mergulhados Mergulhados Mergulhados ~ Mergulhados  Inoculados com
2| (30min)em (30 min) em (30 minjyem (30 min) em B. cinerea
g agua solugdo de solugdo de solugdo de N=40
s destilada ulvana ulvana ulvana (1
© N=40 (1 mg/mL) (1 mg/mL) mg/mL) e
= N=40 e infectados infectados
com com
B. cinerea B. cinerea
3 dias depois 6 dias depois
N=40 N=40
- Analise do indice de protec¢ao (%) 9 dias apés o inicio do experimento
- Perfil do metabolismo primario de
B) R compostos polares (CG/EM).
8 I- Controles — II- Tratados — - Perfil do metabolismo primario de
‘g Mergulhados Mergulhados compostos apolares (CG/EM).
£ (30 min) em (30 min) em _ _ -
- agua destilada soluggo de - Perfil do metabolismo secundario do
= estéril ulvana tomate (CLAE/EM).
N=40 (1 mg/mL) _ _
N=40 - -Perfil de carotenoides (CLAE)
- Dosagem de acido ascorbico (CLAE/EM)

- Amostras foram retiradas para analise: 1, 2, 3, 6 e 9 dias apds tratamento.
Experimentos foram realizados a temperatura ambiente (25°C * 2).

Figura 8 - Ensaio de desafio e analise dos perfis dos metabolismos primario e secundario de controles
em comparagdo com os tratados. A) Ensaio de desafio e indice de protecédo (%) e B) Analise do perfil
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do metabolismo primario e secundario e dosagem de acido ascdérbico de amostras controle e tratadas
com ulvana. Fonte: Elaboragao propria.

4.4 Andlises

4.4.1 Atividade de fenilalanina amdnia-liase (PAL), catalase (CAT) e ascorbato
peroxidase (APX)

4.4.1.1 Preparacao dos extratos enziméticos

Para PAL, a extracdo (Figura 9) seguiu o modelo de El Modafar et al. (2012)
através da trituracdo de 100 mg de amostra de massa fresca congelada com 5 mL de
tampao tris-HCI (100mM, pH 8,5) com 5 mL de solugdo aquosa de (3-mercaptoetanol
(14mM). A mistura foi centrifugada a (13.000 g, 4°C, 30 min.) e o sobrenadante foi
utilizado como extrato enzimatico.

A atividade das enzimas CAT e APX foi mensurada de acordo com Kang &
Saltveit (2001). Para CAT, o extrato (Figura 10) bruto foi obtido a partir de 500 mg de
massa fresca congelada de cada amostra extraida e triturada com com 4,5 mL de
solucédo tampéao Tris-HCI (0,05 M, pH 7,5) com MgCI2 (3 mM) e EDTA (1 mM). O
homogenato foi centrifugado a 25.000 g e 4°C por 20 min e o sobrenadante foi usado
como extrato bruto para atividade de da enzima.

Para APX, amostras de 500 mg de massa fresca congelada foram extraidas
(Figura 11) trituradas com 1 mLde tampéao de extrac¢ao [50 mM tampéao de fosfato de
potassio (pH 7,0), 1% Triton X-100 e 7 mM 2-mercaptoetanol] e homogeneizadas com
um mixer (Turrax). O homogenato foi centrifugado a 25.000 g e 4°C por 20 min e o

sobrenadante foi usado como extrato bruto para atividade de APX.

4.4.1.1.1 Ensaio enzimético PAL

O ensaio enzimatico (Figura 9) com realizado de acordo com El Modafar et al.
(2012). A mistura consistiu de 100 pL do extrato enzimatico, 1000 pyL de tampao tris-
HCI (100mM, pH 8,5) e 200 pL de solucéo de L-fenilalanina (100mM) e reagédo ocorreu

atraveés da incubacdo da amostra (40 °C, 1h). Apés o periodo de incubacéo, a reacao
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foi parada com 200 uL de HCI (5N). A atividade enzimatica € calculada através da
producao de acido cinamico, uma vez que a PAL é responsavel pela desaminacéo da
L-fenilalanina em &cido cindmico. Logo, extraiu-se por 2 vezes o acido cindAmico com
2 mL de éter dietilico e a por¢do orgéanica foi analisada em espectrotdbmetro a 290 nm
(Figura 9). A quantificacéo foi realizada baseada em curva padréao construida para o
acido trans-cinamico (y=x+0.009221/0,1483, R?= 98.8) e dividindo-se pela quantidade
de proteinas totais por amostra. O resultado foi expresso em nmol de &cido

cinamico/min-t/mg de proteina?).

100 mg de homogenato fresco
(4 tomates) congelado

Exiracido .
: Mistura da
T:::::nrz_:\r reacio:
' -100 pL do
extrato; "
o . ’ Incubagido Extragdo
t5a mlﬁﬁd: Centrifugagédo -1000 pL de (40 °C, 1h); (2x) do
tris-HCI (13,000 g, tampio T acido L
(100mM, 4°C, 30 min.) tris-HCI ) cindmico Analise:
pH 8,5) Sobrenadante (100mM, pH _Reagdo com 2 (290 nm)
5 mL de = extrato 8,5); finalizada: m'liede
solugido enzimatico : 200 pL de éter
3 200 pL de HCI (5N), dietilico
aquosa solugdo de
de L-
B- fenilalanina
mer :ﬁglm (100mM)

(14mM)

Figura 9 - Analise da PAL. Fonte: Adaptado de El Modafar et al. (2012).
4.4.1.1.2 Ensaio enzimatico CAT

A atividade de CAT (Figura 10) foi avaliada de acordo com Kang & Saltveit
(2001). A mistura de reacéao consistiu em 2500 pL de tampao fosfato (50 mM, pH 7,4),
100 pL de H202 (1%) e 50 pL de extrato enzimatico diluido (1:5). A atividade
enzimatica foi calculada usando o coeficiente de extingdo molar do peroxido de

hidrogénio (36 Mt cm) em espectrofotdmetro a 240 nm (Figura 10). O célculo de
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quantificacdo foi realizado de acordo com Kar & Mishra (1976). O resultado foi

expresso em ymol de H202/minY/ g de proteina .

500 mg de homogenato fresco
(4 tomates) congelado

_ .

Mistura da
Triturar reacao:
com: -2500 pL de
tampao
-4,5 mL de = fosfato (50
solugdo Centrifugacao mM, pH .;’ 4);
t_l:lmﬁgl (13,;):0 Ig. 4)1°C, Analise:
cL L min : N -
; ’ » Espectrofotometro
(0'0.;’ g‘: PH ' sobrenadante 100 pL de : ° (240 nm)
) = extrato H20, (1%);
enzimatico
-MgCl, -50 L de
(3 mM); extrato
enzimatico
-EDTA diluido (1:5)
(1 mM)

Figura 10 - Analise de CAT. Fonte: Adaptado de Kang & Saltveit (2001).

4.4.1.1.3 Ensaio enzimatico APX

A atividade de APX (Figura 11) também foi avaliada de acordo com Kang &
Saltveit, (2001) e foi determinada utilizando-se tampéao fosfato (50 mM, pH 7,0)
contendo EDTA (0,1 mM), ascorbato (0,5 mM), H202 (1,54 mM) e 50 pL do extrato
enzimatico bruto diluido (1:5). A atividade enzimatica foi calculada usando o
coeficiente de extincgdo molar do &cido ascoérbico (2,8 mM?t cm?l) em
espectrofotdmetro a 240 nm (Figura 11). O calculo da atividade especifica foi realizado
de forma similiar a da CAT, de acordo com Kar & Mishra (1976). O resultado foi

expresso em pymol de acido ascérbico/min-t/g de proteina?.
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1 mL de 7,4)
tampdo fosfato . .
(50mM,pH7,0) Centrifugacdo _ _ Andlise:
corlga?dr:nﬁnTA ) (13.000g,4°C, = 100 pL de H,0, | | Espectrofotdometro
ascorbato (:0,5 30 min.) (1%) (240 nm)
mM), H,0, (1,54 50 L do extrato
mM), 1% Triton enzimatico bruto
X-100 e 7 mM diluido (1:5)
de B-
mercaptoetanol

Figura 11 - Analise de APX. Fonte: Adaptado de Kang & Saltveit (2001).

4.4.1.1.4 Proteinas totais

A quantificacdo de proteinas totais foi realizada baseada no teste de Bradford
(Bradford, 1976) através de uma curva padrédo utilizando albumina bovina sérica
(y=0,0262x + 0,1267, R?= 0,93). A andlise de absorbancia foi realizada em

espectrofotdmetro a 595 nm. O resultado foi expresso em pg de proteina.

4.4.2 Analise do perfil do metabolismo primario de compostos polares (CG/EM)

em amostras tratadas e controles
4.4.2.1 Preparacéo do extrato
A extracdo e derivatizacdo de metabdlitos polares foi conduzida de acordo com

Meza et al. (2021). Amostras contendo 100 mg do po de pericarpo congelado (-80°C)

do homogenato de tomates foram extraidas com metanol a -20 °C (1400 pL)
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acrescidas de padréo interno ribitol (200 pg/mL, 60 pL), vortexadas e incubadas (10
min, 70 °C). Em seguida, foram centrifugadas (11000 g, 10 min) e aos sobrenadantes
foram adicionados cloroformio (20 °C, 750 pL) e agua ultrapura (1500 puL) e
centrifugadas (2200 g, 15 min). Os sobrenadantes (150 pL) foram secos com No,
derivatizadas com solucao de hidrocloreto de metoxiamina em piridina (20 mg/mL, 40
uL) e incubadas (37 °C, 2h). Por fim, foi adicionado MSTFA (70 uL) e as amostras
foram encaminhadas para analise por CG/EM (Figura 12).

Adicionar
cloroférmio a20°c

Figura 12 - Metologia de extragdo e derivatizagao de metabdlitos polares. Fonte: Adaptado de Meza et
al. (2021).

4.4.2.2 Condigdes cromatograficas

O perfil das substancias polares presentes no extrato do homogenato de
tomates foi obtido em um equipamento de cromatografia em fase gasosa Shimadzu
2010 equipado com um detector de massa com analisador quadrupolar em modo de
ionizacao eletrbnica a 70 eV e com hélio como gas de arraste. As condicbes das

andlises no cromatografo sdo descritas na tabela abaixo (Tabela 1).
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Tabela 1 - Condic8es cromatograficas CG/EM.
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Condicdes cromatogréaficas CG/EM

Coluna

Gas de arraste
Temperatura da coluna
Temperatura do injetor
Modo de injecéo

Modo de controle de vazao
Presséo

Vazéo total

Vazéao da coluna
Velocidade linear
Vazao de purga

Split ratio

Programa de temperatura do forno

Temperatura da fonte de ions
Temperatura da interface
Tempo de corte do solvente
Modo de ganho do detector
Ganho do detector
Threshold

Start time

End time

ACQ Mode

Tempo do evento

Scan speed

Start m/z

End m/z

DB-5MS 30m x 0,25mm x 0,25um
Hélio

80 °C

230 °C

Split (1/50)

Velocidade linear

0.61 kgf/cm?

50.6 mL/min

0.93 mL/min

35.6 cm/sec

3.0 mL/min

50.0

Taxa Temperatura Tempo de espera
- 80 2
15 300 12
250 °C

250 °C

3.90 min

Relative to the Tuning
0.82 kV +0.00 kV

0

4 min

28,67 min

Scan

0.30s

2000

40

600




4.4.3 Anélise do perfil do metabolismo primario de compostos apolares (CG/EM)

em amostras tratadas e controles

4.4.3.1 Preparacéo do extrato

A extracdo e derivatizacao de metabolitos apolares também foi conduzida de
acordo com Meza et al. (2021). Amostras contendo 1000 mg do pdé de pericarpo
congelado (-80°C) do homogenato de tomates foram extraidas com cloroférmio (1250
pL), metanol (2500 pL) e o padréo interno n-tridecano (800 pg/mL, 20 pL), vortexadas
(10 s) e incubadas no gelo (30 min). Foram adicionados Na2SOa4 (1,5%, 1250 uL),
cloroférmio (1250 pL) e incubadas novamente no gelo (5 min). Em seguida, foram
centrifugadas (1000 g, 4 °C, 15 min), os sobrenadantes foram secos com N2 e
ressuspendidos em hexano (1000 pL), tolueno (200 pL), metanol (1500 pL), acido
cloridrico (8%, 300 uL). Apés, foram vortexadas (10 s) e incubadas (1,5 h, 100 °C) e
entdo foi adicionado hexano (1000 pL), agua ultrapura (1000 pL), vortexadas e
centrifugadas (1000 g, 4 °C, 15 min), a fim de coletar a fracdo hexanica. Por fim, as
fragOes hexanicas foram secas em Nz e ressuspendidas em hexano (80 pL) e piridina
(20 pL e entéo derivatizadas com N-Metil-N-trimetilsilil-trifluoroacetamida - MSTFA (40

uL) encaminhadas para andlise por CG/EM (Figura 13).
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Figura 13 - Metologia de extracdo e derivatizacdo de metabdlitos apolares. Fonte: Meza et al. (2021).

4.4.3.2 Condi¢cbes cromatogréficas

O perfil das substancias apolares presentes no extrato do homogenato de
tomates também foi obtido em um equipamento de cromatografia em fase gasosa
Shimadzu 2010 equipado com um detector de massa com analisador quadrupolar em
modo de ionizacao eletronica a 70 eV e com hélio como gas de arraste. As condi¢cbes
das analises no cromatdgrafo foram as mesmas realizadas para a caracterizacao do
perfil de metabdlitos polares do subtépico anterior 4.4.2.2 Condicbes

cromatograficas.
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4.4.4. Analise do perfil do metabolismo secundario vegetal (CLAE/EM)

4.4.4.1 Preparacéo do extrato

A extragdo empregada para a analise do metabolismo secundario vegetal
(CLAE/EM) foi baseada na metodologia desenvolvida por Gomez-Romero et al.
(2010). Amostras de 500 mg do do po liofilizado de homogenato de tomates (N=4)
entre controles (banhados em agua destilada, 30 min) e tratados (banhados em
solucédo aquosa de ulvan - 1 mg/mL, 30 min) e em triplicata, foram extraidas com 5
mL de metanol em banho ultrassénico com 30 minutos. ApGs isso, as amostras foram
centrifugadas (10.000 g, 10 min) e os sobrenadantes reservados. O processo de
extracdo foi repetido mais 2 vezes com 0 mesmo material e os trés sobrenadantes

foram combinados respectivamente para cada amostra. Por fim, as amostras foram

filtradas (22 pum) para vials &mbar e mantidas sob refrigeracdo até serem analisadas
por CLAE/EM (Figura 14).

Figura 14 - Metologia para analise do metabolismo secundario dos frutos de tomate. Fonte: Gomez-
Romero et al. (2010).
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4.4.4.2 CondicOGes cromatograficas

As andlises foram realizadas utilizando um cromatégrafo Agilent Infinity 1260
acoplado a um espectrometro de massa MicrOTOF Bruker (Tabela 2). As analises de
HPLC foram realizadas utilizando um ACE-3 C18 coluna (100 mm x 2,1 mm de
identificacdo, tamanho de particula de 3,0 um, gradiente de metanol em acido férmico
aquoso a 0,1% e deteccao de UV a 280, 310 e 360nm). Os parametros do instrumento
ESI CLAE — EM foram configurados para um modo de ion positivo ou negativo e
espectros foram adquiridos em uma faixa de massa de 100-1200m/z. Os outros
valores 6timos dos parametros ESI-MS foram: tensédo capilar, 5000 V; temperatura do
gas seco, 200 °C; fluxo de gas seco, 2,0 L/min; pressao do nebulizador, 2,0 bar e taxa
de espectro, 1 Hz. A vazéao do CLAE (0,3 mL/min) foi entregue diretamente no detector
de espectrometria de massa (EM). O calibrante era um cluster de formato de sédio
contendo Hidroxido de s6dio 5 mM e acido férmico aquoso a 0,2% — isopropanol (1:1,
v/v), injetado no inicio de cada corrida com Cole Palmer bomba de seringa (Vernon
Hills, IL, EUA) conectada diretamente & interface. Os espectros foram calibrados antes
da identificacdo do composto (Tabela 2).

O sistema de CLAE utilizou uma fase mével composta por dgua deionizada
com 0,5% de acido acético (A) e acetonitrila (B), com uma vazao de 1,8 mL/min. O
programa de eluicdo gradiente foi o seguinte: 0—2 minutos, 1-3% de B; 2—15 minutos,
3-9% de B; 15-32 minutos, 9-35% de B; 32—39 minutos, 35-100% de B. Em seguida,
o teor de B foi reduzido as condic¢des iniciais e a coluna foi reequilibrada por 6 minutos
(tempo total de execucao de 85 minutos).

Todas as operacdes foram controladas por um software Data Analysis 3.4
(Bruker Daltonics), que forneceu uma lista de possiveis formulas elementares por
usando o Editor Gerar Formula Molecular. A identificagdo de compostos foi realizada
com base em espectros UV e fragmentacao perfis e massas medidas foram obtidas

com uma resolugéo de 20.000 com erro padrdao melhor que 10ppm.
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Tabela 2 — CondicBes cromatograficas para andlise de metabdlitos secundarios de tomate por
CLAE/EM.

Condic¢fes cromatograficas

Coluna Fase reversa C18 (2,1 de diametro
interno x 100 mm de comprimento,

particulas de 2,7 ym, Agilent Poroshell

120 EC)
Temperatura 37 °C
Fases Fase A - agua deionizada com 0,5% de

acido acético / Fase B — acetonitrila

Método Gomez-Romero et al. (2010), com
modificacdes

Vazao da fase movel 1,8 mL/min
Volume de inje¢éo 10 pL
Faixa de comprimento de onda 240 and 280 nm

4.4.5 Anédlise do perfil de carotenoides (CLAE) e quantificacdo de carotenoides

totais em amostras tratadas e controles
4.45.1 Perfil de carotenoides

4.4.5.1.1 Preparacao do extrato
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A extracdo de carotenoides foi baseada na desenvolvida por Sérino et al .
(2009) (Figura 26). Foram tomadas amostras de 200 mg do po liofilizado de tomates
controles e tratados (banhados em solugdo aquosa de ulvan - 1 mg/mL) em triplicata.
A extracao foi realizada com solucao supersaturada de NaCl (5000 pL), hexano (2500
pL), acetato de etila (1000 uL) e diclorometano (200 pL) e foi adicionado como padrao
interno uma solugao de B-Apo-8’-carotenal (trans) (0,25 mg/mL - 100 pL). Em seguida,
os extratos foram vortexados por 10 segundos e colocados em banho ultrassénico por
30 min e entdo levados para centrifugar (5500 rpm, 4°C, 10 minutos). As amostras

foram filtradas (22 um) para vials ambar e mantidas sob refrigeracdo até serem

analisadas por CLAE (Figura 15).

Figura 15 - Metodologia de extragdo de carotenoides. Fonte: Adaptado de Sérino (2009).

4.4.5.1.2 Condigdes cromatograficas

As analises de CLAE foram realizadas de acordo com Londofio-Giraldo et al.
(2021), em triplicata, em um cromatografo Shimadzu Prominence equipado com um
detector DAD UV-visivel, nas seguintes condi¢cdes: Coluna YMC 30 Carotenoid
column (250 mm x 4,6 mm, tamanho de particula de 5 um), Waters, Ireland) acoplado
a uma pré-coluna YMCTM Carotenoid (10 mm x 4 mm, tamanho de particula de 5 uM).
A metodologia de analise foi a mesma utilizada por Londofio-Giraldo et al. (2021): fase
A = metanol: MTBE: agua (90:7:3, v:v:v) e fase B = metanol: MTBE (10:90, v:v) com
um gradiente de: 0 min, 95 % A; 5 min, 70% A; 10 min, 50% A; 15 min, 20% A; 20 min,

0% A; 27 min, 95% A, em tempo de execucdo de 33 min e vazdo de 1 mL/min. Um

57



volume de 20 pL de cada amostra foi injetado. Os cromatogramas obtidos foram
integrados e as areas dos picos foram normalizadas em relacdo ao pico do padrao
interno trans-B-Apo-8'-carotenal para obter areas relativas (Tabela 3). A identificacao
de cada carotendide foi realizada com base na andlise espectral - nm de luteina (445,
474), fitoeno (281), all-trans-B-caroteno (452, 477), 1,2-dihidrolicopeno (440, 468, 502)
e trans- licopeno (446, 472, 503) e seus respectivos tempos de retencdo por

comparacao com Londoiio-Giraldo et al . (2021).

Tabela 3 — Condi¢des cromatograficas para andlise de carotenoides em tomates por CLAE.

Condicdes cromatogréaficas
Coluna YMC C30 Carotenoid column (250 mm X
4,6 mm, tamanho de particula de 5 pm),

Waters, Ireland)

Pré-coluna YMC Carotenoid (10 mm x 4 mm,

tamanho de particula de 5 pM)

Temperatura 28 °C

Fases A - metanol: MTBE: agua (90:7:3, v:v:v)
B - metanol:MTBE (10:90, v:v)

Método 0 min, 95% A; 5 min, 70% A; 10 min, 50%
A; 15 min, 20% A; 20 min, 0% A; 27 min,
95% A

Vazao da fase movel 1 mL min~?

Volume de injegéo 20 yL

Faixa de comprimento de onda 200-750 nm




Comprimentos de onda de trabalho luteina (445, 474), fitoeno (281), all-
trans-B-caroteno (452, 477), 1,2-
dihidrolicopeno (440, 468, 502) e trans-
licopeno (446, 472, 503)

4.4.6 Quantificacdo de acido ascorbico

A extracdo e a dosagem de acido ascorbico nas amostras controles e nas
tratadas com ulvan foi realizada de acordo com Shao et al. (2022), em um N= 25
tomates para cada condi¢cédo (Figura 16). Tomates escolhidos ao acaso (n=5) para
cada dia de analise (1, 2, 3, 6 e 9 dias apds o tratamento) foram congeladas com N2
e moidas com o auxilio de um moinho. Para cada 10 g desse p6 congelado foram
misturados 50 mL de solucdo aquosa de acido oxalico a 0,5% em um erlenmeyer. Os
frascos foram sonicados por 30 minutos em banho ultrassonico. As misturas foram
filtradas em filtro PVDF de 0,22 um e 20 uL do filtrado foram injetados para anélise no
cromatografo (CLAE).

Figura 16— Metodologia de extracdo para dosagem de &cido ascérbico.
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4.4.6.1 CondicOes cromatograficas

As andlises foram feitas realizadas de acordo com de acordo com Shao et al.
(2022), em triplicata, em um cromatografo Shimadzu Prominence equipado com um
detector DAD UV-visivel, com uma coluna C18 (4.6 x 250 mm x 5 um). Foi utilizada
uma unica fase moével com agua ultrapura contendo 0,1% de acido oxalico em um
método isocratico em uma vazado de 1 mL/min. O comprimento de onda para as

analises foi de 243 nm.
4.4.7 Analise de Compostos Organicos Volateis (HS-SPME-CG/EM)

4.4.7.1 Preparacgao do extrato

O preparo dos extratos de tomates e analise por HS-SPME-CG/EM
(Microextracdo em Fase Solida de Head Space por Cromatografia em Fase Gasosa
Acoplado ao Espectrometro de Massas) foi baseado em Li et al. (2019). As amostras
congeladas foram descongeladas e colhidas em triplicado. A extracao foi realizada da
seguinte forma: uma fibra DVB/CAR/PDMS (50/30 um) foi exposta por 40 minutos ao
headspace de frascos de 20 mL selados com septo de silicone contendo amostras de
tomate (4,5 g) acrescidas de n-octanol (8 pL, 100 mg/L) e solucdo saturada de CaCl:
(1,7 mL) e submetida a aquecimento (40 min, 50 °C). Os conteudos de fibra foram
analisados imediatamente por CG/EM (Figura 17).

Para as tomadas de amostra foram escolhidos randomicamente 4 tomates
respectivamente entre controles, tratados com ulvan (1 mg/mL) ou infectados com B.
cinerea (5 x 10* conidios/mL). Para cada horéario de andlise (1, 3, 6, 9, 12, 24 e 48
horas ap0s os tratamentos ou inoculacdo), os tomates selecionados foram
imediatamente congelados com Nz liquido e armazenados a -80°C até o momento da

analise.
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= Mergulhados em Mergulhados Suspensdo de
agua destilada em solugdo B. cinerea
(10pL de dgua de ulvana (5%10* conidios/mL)
destilada estéril) (1 mg/mL) N=40
N=40 N=40

- Amostras foram retiradas do headspace em momentos diferentes: 0, 3,6,9,12,24e 48 h
apos a inoculagao ou tratamento. O experimento foi repetido 3 vezes.

Figura 17 - Ensaio do experimento de andlise de volateis em amostras controle, tratadas com ulvan ou
inoculadas com B. cinerea. Fonte: Elaboragéo propria.

4.4.7.2 Condi¢cdes cromatogréficas

A analise de COVs por CLAE/EM também foi baseada na metodologia de Li et
al. (2019) (Tabela 4). Foi utilizado um cromatdografo Shimadzu modelo QP2020
equipado com analisador quadrupolo operando em modo de ionizacao eletrénica (70
eV). A faixa de massa medida foi m/z 60 — 600 Da. A cromatografia gasosa foi
realizada utilizando uma coluna Agilent DB-5MS (5% fenilmetilsilicone) 30m x 0,2 mm,
0,25 um com hélio como gas de arraste a uma vazao de 1 mL/min. A temperatura da
coluna foi fixada em 40 °C por 6 min, depois aumentada para 100 °C com uma taxa
de 3 °C min! e finalmente aumentada para 230 °C a uma taxa de 5 °C.mint. As
temperaturas do injetor e da interface foram de 250 °C. O tempo de dessorcao da fibra
foi de 5 minutos. Os componentes foram identificados por comparacao com espectros
de uma biblioteca espectral de massa NIST14. As areas dos picos foram normalizadas

em relacdo a area do padréo interno (n-octanol).
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Tabela 4 - Condic8es cromatograficas para analise COVs em tomates por CG/EM.

Condicdes cromatograficas

Coluna Agilent DB-5MS (5% fenilmetilsilicone)
30m x 0,2 mm, 0,25 um

Temperatura Temperaturas do injetor e da interface:
250 °C
Método A temperatura da coluna foi fixada em 40

°C por 6 min, depois aumentada para
100 °C com uma taxa de 3 °C min? e
finalmente aumentada para 230 °C a

uma taxa de 5 °C.min!

Faixa de comprimento de onda m/z 60 — 600 Da

Gas de arraste e vazao He - vazdo de 1 mL/min

4.5 ldentificacdo de metabdlitos por CG/EM e por CLAE/EM

Para identificacdo dos metabdlitos, foram combinadas as seguintes
informacgoes:

a- Para CG/EM: consulta a base de dados NIST 2014. Neste caso foram
consideradas identificagcdes positivas quando o indice de similaridade fosse
maior do que 800.
b- Pra CLAE/EM: foram realizadas consultas a literatura (Moco et al., 2006;
Miklav€i€ Visnjevec et al., 2021) para comparacdo de medidas de massa e
confirmag&o por comparagao com espectros no ultravioleta publicados.

Testes para verificagdo da adequacgéo das condi¢cdes de obtencdo dos perfis
metabolicos foram realizados preparando-se solucdes de padrdes (1 mg/mL) para
cada uma das seguintes analises:

a- Para as analises de substancias polares via CG/EM: de acidos organicos,
acucares e aminoacidos (frutose, maltose, glicose, sacarose, galactose,
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mio-inositol, acido citrico, alanina, serina, prolina, acido aspartico e acido
glutamico).

b- Para as analises de substancias apolares via CG/EM: padrdes de acidos
graxos (palmitato de metila, lignocerato de metila, behenato de metila e
estearato de metila).

c- Para as andlises via CLAE/EM: padrfes de flavonoides (naringina, acido p-
cumarico, miricetina, rutina e quercetina).

Essas solu¢bes foram injetadas no inicio, no meio e no final de cada sesséo de
analises por CG/EM e CLAE/EM. O processamento dos dados obtidos por CG/EM e
por CLAE/EM foi feito mediante o uso do software ACD/Spectrus versédo 2022.1.1
(Advanced Chemistry Development, Inc. (ACD/Labs) ACD Labs, Toronto, ON,

Canada).

4.6 Estatistica

As analises estatisticas foram realizadas para todos os experimentos usando o
software XLStat (Data Analysis and Statistical Solution for Microsoft Excel, Addinsoft,
Paris, Franca, 2017), por meio de ANOVA (intervalo de confianga = 95%, tolerancia =
0,0001 a 0,05; teste de Tukey e Fisher). Ja os heat maps foram construidos usando o
software Orange: Data Mining Toolbox in Python (Densar et al., 2013). A Andlise de
Componentes Principais (PCA) foi conduzida com a utilizagéo de cinco Componentes
Principais (PC), nos quais todas as varidveis e amostras foram ponderadas
igualmente (com peso 1). Adicionalmente, o processo incorporou validacao cruzada
com uma amostra por segmento e foi realizado sem aplicacdo de rotacdo nos
componentes. As analises multivariadas foram executadas através do software

Unscrambler® X 10.2, desenvolvido pela Camo Software,

5. RESULTADOS

5.1 Capitulo 1

5.1.1 Extension of Solanaceae food crops shelf life by the use of elicitors

and sustainable practices during postharvest phase
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Abstract

This review focus on the use of elicitors of plant defense for shelf life extension of the four main Solanaceae food crops:
potatoes (Solanum tuberosum), tomatoes (S. lycopersicum), eggplants (S. melongena), and Capsicum peppers (chillies and
peppers). An overview of worldwide production and losses of these cultures from 2006 onwards is provided, along with
the current proposals for the mechanisms of plant colonization by pathogens and the induced resistance in the host, as well
as the physiology and biochemistry involved in the use of elicitors during the postharvest phase. A search was made on the
patents and published papers on this subject from 2015 to 2020. On average, worldwide losses in storing operations may
reach 14.16%, 18.96%, and 1.31% for potatoes, tomatoes, and chilli peppers, respectively, while for eggplants, the losses
reach 9.85% along distribution phase. In spite of the increase of elicitor utilization, their mechanisms of action and large-
scale applicability are still under investigation. It is noteworthy that the number of published research articles is greater than
the number of patents related to the subject, which reflects the difficulties involved in technological developments. Biologi-
cal agents and natural compounds are indistinctly used as elicitors, according to the literature and patents reviewed. The
integrated management of the losses during the postharvest phase has seen the successful inclusion of the use of elicitors of
plant defense as a promising trend for sustainable agriculture now and in the next years.

Keywords Solanum - Capsicum - Postharvest losses - Induced systemic response - Integrated management - Sustainable
agriculture

Introduction

The concept of food security is based on two main pillars:
satisfactory amounts of agricultural production and universal
access to food with sanitary quality (Garcia-Flores et al.,
2015; Porat et al., 2018). Overall, this means disease-free
food, that is, without phytopathogens. In addition, reach-
ing food phytosanitary standards depends on the variables
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involved in the production and others of equal or greater
complexity. Among them are the chemical composition of
the food itself, its physical properties, and the microbio-
logical contamination load to which the food was subjected
(Lvova, 2016). These characteristics, allied to the way food
is produced, to postharvest handling and storage, the type of
processing, and the way it is distributed and made available
for consumption by the population, are closely related to the
loss and waste of food (Lipinski et al., 2013).

According to the Food and Agriculture Organization of
the United Nations (FAO, 2019), food loss and food waste
are the main causes of reduction of the amount and/or the
quality of food along the supply chain. Postharvest losses
occur due to poorly executed practices from postharvest
up to wholesale (Santos et al., 2020). Postharvest waste occurs
from retail to consumers as a result of inappropriate actions
by retailers, food service providers, and consumers who also
usually discard fresh food products due to their appearance or
because they were bought in amounts larger than neces-
sary or because they are close to their expiration date. The
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average percentage of food losses may reach 40% world-
wide (FAO, 2011) between postharvest and distribution in
the fruit and vegetable supply chain including horticultures
such as potatoes, tomatoes, eggplants, and chilli peppers.
This food category is very perishable and often has a fragile
physical constitution, leading to a relatively short shelf life
(Mahajan et al., 2014). Needless to say, these foods represent
essential sources of vitamins, minerals and fibers (Garcia
et al., 2015; Kasapidou et al., 2015; Pem & Jeewon, 2015). In
general, postharvest losses of fresh products play a remarkable
role in the global food loss and waste (FAO, 2011). Thus, there
is still a long way to go through to reduce such losses. Only 5%
of research investments annually in the sector are focused on
preventing food loss (Kader, 2005; Verma et al., 2019), which
has an important role within the food distribution chain.

Postharvest diseases have been massively prevented by
the use of synthetic fungicides with active ingredients such
as imazalil (IMZ), pyrimethanil (PYR), fludioxonil (FLU),
thiabendazole (TBZ), and others as cost-effective means
of postharvest decay control in conventional horticulture
(Palou, 2018). Nevertheless, careful use of these fungicides
is recommended due to their carcinogenicity, teratogenicity,
high and acute residual toxicity, long degradation period,
environmental persistence, and other side effects on human
health (Tripathi & Dubey, 2004; Adss et al., 2017). Although
the efficacy of many synthetic fungicides is being reduced
due to the proliferation of resistant fungal strains (Palou,
2018), it is true that the most reliable means to control dis-
eases in pre- and postharvest, including in horticultural
crops, is by the use of synthetic fungicides.

Strategies to manage crop diseases such as integrated man-
agement and organic farming stands out among the tenden-
cies of sustainable agricultural practices. Certified organic
products are recognized as pesticide-free, and the practices
of organic farming reduce pollution, conserve water, reduce
soil erosion, increase soil fertility, and use less energy (Smith
etal., 2019). Consumer trends and legislative updates clearly
favor a reduction in the use of conventional fungicides. Fol-
lowing the current trends, in addition to reducing the use of
fungicides, other strategies have been used to fight or prevent
crop pathogens, such as the breeding of resistant cultivars
through genetic engineering or selective breeding. However,
according to Alexandersson et al. (2016), the development
of a new breed may take a long time and there is a cruel fact:
many pathogens adapt rapidly. Then, the resistance based
on introduced resistance genes may be overcome rapidly
if not combined with other strategies. This does not mean
that research on genetic engineering for the development of
pathogen-resistant cultivars aiming postharvest extension of
shelf life is not of extreme relevance; only a broader strategy
has to be used integrating the available resources to provide a
more effective action slowing down the emergence of resist-
ant pathogens. An example that has proved to be promising,
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the stimulus of the plant’s innate immunity is a strategy that
is gaining its momentum in research (Wisniewskia et al.,
2016). Many initiatives now include natural compounds that
may induce plant resistance, which may be exploited, both
in pre- and postharvest phase: the plant resistance inducers
or elicitors.

To contextualize this review, we start the discussion by
presenting the current status of production and losses of the
main Solanaceae food crops: potatoes (Solanum tuberosum),
tomatoes (S. lycopersicum), eggplants (S. melongena), and
Capsicum peppers (chillies and peppers).

Solanaceae Food Crops of Economical
Importance: Production and Losses
Worldwide Along the Supply Chain

The Solanaceae family, also known as the nightshade fam-
ily, includes about four thousand species, distributed in 106
genera with a wide variety of species found in different
parts of the world, where the genus Solanum is the largest
and most representative, with about two thousand species
(Coelho et al., 2017). Many of the members of this family
have medicinal properties, as well as hallucinogenic, nar-
cotic, and even poisonous activities. Such properties are
due to the fact that many members of this family contain
tropane alkaloids and glycoalkaloids naturally produced
by defense mechanisms of the plant itself against insect
predation, herbivory, and attacks by pathogenic organisms
(Jerzykiewicz, 2007). Despite being highly diverse, only a
few species of the Solanaceae are food crops of economic
importance: potatoes, tomatoes, Capsicum peppers, egg-
plants, pepino melons, naranjillas, and tamarillos (tree
tomatoes) (Gebbhardt, 2016). Potatoes and tomatoes stand
out among the other Solanaceae crops in postharvest con-
servation to ensure longer shelf life by avoiding postharvest
diseases and losses. Among the main reasons for the loss
of the products are diseases caused by microorganisms,
which can infect the plant even before harvest (Sivakumar
& Bautista-Bafios, 2014). In general, these microorganisms
have as their entrance door skin wounds generated by poor
transport and storage conditions (Sivakumar et al., 2016).

According to FAO, the Asian continent is the largest
producer of potatoes, tomatoes, eggplants, and Capsicum
peppers (chillies and peppers because Capsicum and Piper
peppers are not distinguished as individual crops in all
FAO statistic databases), followed by Europe and America
(Faoestat, 2018). The main world producers are shown in
Fig. 1.

As observed, China and India are leading the global pro-
duction of potatoes, tomatoes, and eggplants while China
and Mexico are leading the production of Capsicum peppers
(chillies and peppers) (Fig. 1).
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Despite the current global concern in reducing food
losses and waste, quantifying food losses is still a task lack-
ing adequate tools. Recently, FAO created the Food Loss and
Waste Database, a public online database that provides data
from open accessible reports and studies measuring food
loss and waste across food production stages of the supply
chain and geographical areas. This database provides, until
the current year, data from the year 1945 to 2017. Accord-
ing to this database from 2006 to 2017, the losses in pota-
toes, tomatoes, eggplants and Capsicum peppers (chillies
and peppers) throughout the whole production chain, are as
shown in Fig. 2.

As can be seen in Fig. 2, although there is no data for all
stages of the supply chain for all the Solanaceae food crops
focused in this review, there is information on the losses at
the harvest and some of the distribution phases along the
supply chain. A closer examination reveals that, for potatoes
and tomatoes, the period between the harvest and storage
stages, also called storing operation (producer and grading
stages), is critical as are also the wholesale and retail stages.
It is estimated that even during the harvest phase, approxi-
mately 5-8% of the production is lost while about 15-20%
of the postharvest losses occur along the storing opera-
tions, followed by transport (10-12%) and storage (5-10%),

Fig.2 Percentual of global a 30 b 60
losses during 2006—2017 of the 25 = 50
. q q
four most important crops from é, 20 - 2\: 40
harvest to export. a Potatoes. S 2 30
H 15 S
b Tomatoes. ¢ Eggplants. d = =
. . 5 10 - 5 20
Capsicum peppers (chillies and S £ s
. g 2 . £ . .
peppers). Source: Food Loss g 5 Qe 50 .é. . xé'. Iq’ = T, N
and Waste Database (2017) = e B Ty O P = <48 @ & R
o g
«‘éw“& %OQ" & ‘»‘&é}&e"&@'}@\&@ & C“&b"& b.&e.‘}% Qé 5 S »"f‘\t‘? Q-"’Q\@v *Qé
> 3 ﬂ & & IR LN & S & &
DIRU O & SEEN PR Q°° A% R O 9 < &Q(e Q’ N C/°°
¢ 25 - d 2,
= L8 1
;\;* 20 < 1.6 1
< Distribution g 144
$ 15 - g 121
g [ ) T 19
= 10 B 5 058 -
g & 0.6 1
Ec' S A 2 0.4 4
'b:c * * * * * * * = - * g 0.2 1 x  x x * * = * * * *
= 0 T T T T T T T T T T T 1 ° 0 - T T T T T T T T T T T 1
S SO O IV OIUCOSRCRIR S B v S S PR
FFHFHLF TN ] & & PO » & &
&SI \e.\“& S ST S S FES \0‘&& RS ¥
O < ot ¢S & < SN & & (PQ

@ Springer

66



252

Food and Bioprocess Technology (2022) 15:249-274

respectively (Grolleaud, 2002). Thus, the storing operation
losses are the highest and may reach 14.16%, 18.96%, and
1.31% for potatoes, tomatoes, and Capsicum peppers (chil-
lies and peppers), respectively. For eggplants, due to the lack
of information, it is only possible to verify that the losses
may reach 9.85% along the distribution phase and 11.3% in
wholesale (Fig. 2).

To better understand the reasons for food loss, including
Solanaceae loss, it is necessary to evaluate the interaction
dynamics between plant hosts and its pathogens and which
factors may potentialize the pathogen infection.

Physiological and Biochemical Events
Associated to Plant Ripening Potentiate
Pathogen Infection

The diseases caused by microorganisms are among the
main reasons for plant loss in the postharvest period. In
this period, disease development makes a large amount of
the crops unfit to be consumed (Wani, 2011). These infec-
tions can be traced to the preharvest phase (Sivakumar &
Bautista-Bafios, 2014) when skin wounds generated by poor
transport and storage conditions along the supply chain pro-
vide the entrance door for phytopathogens to develop during
the postharvest phase (Sivakumar et al., 2016).

The recognition of phytopathogens by plants triggers
an array of defense responses. An incompatible interac-
tion pathogen/plant generally induces a wealth of signal-
ing cascades including the generation of reactive oxygen
species (ROS), programmed cell death, and induction of
pathogenesis-related protein (PR) genes (Alkan & Fortes,
2015). When invading plant tissues, pathogens come across
layers of waxes deposited outside the cuticle, cuticle cover-
ing epidermal cell walls in aerial parts of plants and cellu-
lose layers. Plant pathogens may penetrate the plant tissue
through natural openings as lenticels, stem ends, or flowers.
In response to host’s changes, pathogens alter the enzymes
and compounds they produce, allowing them to break down
or macerate the cuticle and the cell wall of the plant tissue
(Alkan & Fortes, 2015). Some fungi infect living tissues as
biotrophs a while, but after a period of time can cause the
host tissue to die: this is the case of endophytic Fusarium
species. The pathogen remains quiescent for some time
until the optimal temperature and humidity conditions for
its development arrives, which typically occurs as the veg-
etable ripes and goes into senescence. Unfortunately, due to
its quiescent nature and to the absence of symptoms in the
early colonization stages, it is not possible to detect these
pathogens by visual examination (Palou & Smilanick, 2020).
In horticultural products, fungi are the main cause of losses
in the production chain, impairing their nutritional value and

@ Springer

appearance and, therefore, their market value (Romanazzi
et al., 2016).

The reason why fresh fruits and other vegetables are so
susceptible, after harvesting, to attacks by microorganisms
like fungi and bacteria, is that they lose mechanical resist-
ance when ripening: the more mature, the softer the veg-
etable and more susceptible to physical injuries. In nature,
when the plant ripes, it no longer needs to protect the fruit,
because at this stage, the goal is to release the seeds to prop-
agate itself. Conversely, when the plant is kept under culti-
vation, it is highly mandatory to protect the plant integrity
to retard the maturation processes in order to extend the
shelf life for consumers (Ferreira et al., 2005; Wang et al.,
2017). The combination of progressive maturation with a
high content of water, nutrients and sugars with inadequate
temperature and humidity conditions for plant preservation,
but extremely favorable for the development of pathogenic
microorganisms, sets up a highly favorable environment
for colonization by pathogens and posterior plant decay
(Ippolito et al., 2005). In ideal conditions of humidity and
temperatures for pathogen development, dark and flattened
lesions are formed from healed or unhealed wounds, usually
on very ripe fruits (Lopes & Avila, 2005).

According to Palou and Smilanick (2020), in general,
most of the postharvest Solanaceae diseases are caused
by Alternaria alternata (black mold) and Botrytis cinerea
(gray mold) at temperatures of 10 to 12 °C during storage
although it may be quiescent until 20 °C at a relative humid-
ity of 90-95% (Prusky et al., 2013). Black mold or Alter-
naria rot (Alternaria sp.) often penetrates lesions acquired
in the field, although infection may remain quiescent for a
few days until it finds suitable environmental conditions.
For this reason, it is difficult to control it with fungicides.
Gray mold, which is caused by B. cinerea, covers the fruit
and is intimately related to postharvest losses, causing eco-
nomic losses in many countries worldwide. It is estimated
that the economic losses caused by B. cinerea may overcome
$10 billion around the world each year (Hua et al., 2018).
Besides having a wide range of plant hosts, B. cinerea has
high mutagenicity and can survive as mycelium or conidia,
which contributes making it difficult to control (Gao et al.,
2018).

The main postharvest pathogens affecting potato cul-
tures are Fusarium spp. and F. solani (Fusarium dry rot),
Erwinia carotovora ssp. carotovora and ssp. atroseptica,
Ralstonia solanacearum (bacterial soft rot), Phytophthora
infestans (late blight), Phytophthora spp. (pink rot), Pythium
spp. (water rot), P. fluorescens (pink eye), and B. cinerea
(gray mold). Regarding tomatoes, fungi that usually cause
postharvest diseases are Rhizopus stolonifer (Rhizopus rot),
Colletotrichum coccodes (anthracnose), Geotrichum can-
didum (sour rot), and Penicillium expansum (Pencillium
rot), along with the already mentioned A. alternata and
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B. cinerea. Bacterial soft rot, a disease caused by Erwinia
spp., is the main bacterial disease of tomatoes (Palou &
Smilanick, 2020). Also, A. alternata (Black Mold) and B.
cinerea (gray mold) are important phytopathogens for egg-
plants (Palou & Smilanick, 2020), as well Colletotrichum
capsici (anthracnose) and R. solanacearum (bacteria wilt).
For chilli peppers, R. stolonifer (Rhizopus rot), A. alternata
(black mold) and B. cinerea (gray mold) and the bacteria E. caroto-
vora (bacterial soft rot) are essential pathogens (Mahendranathan
et al., 2010; Montesano et al., 2005; Palou & Smilanick, 2020).

During fruit ripening, significant physiological changes
occur: cell wall remodeling, soluble sugar accumulation,
decrease in the amount of phytoanticipins and phytoalex-
ins, decline of inducible host defense responses, cuticle
biosynthesis and changes in the ambient host pH. Most of
those changes are thought to be governed by complex hor-
monal signals other than ethylene (ET) and abscisic acid
(ABA), such as jasmonic acid (JA) and salicylic acid (SA).
Interestingly, these phytohormones are also involved in host
responses to pathogens attack (Fortes et al., 2017).

Plants react to pathogens attack to survive and have
their offspring and, although plants do not have an adaptive
immune system, an innate immune system evolved to per-
ceive and respond to pathogen infection (Qi & Innes, 2013).

Plant Innate Immunity

Pathogens and their plant hosts have been co-evolving
through continuous and reciprocal pressure for survival (Kim
& Castroverde, 2020). Along the path of this co-evolution,
plant defense shields and sensing mechanisms developed to
help detect and repel pathogen invasion. The plant’s innate
immune system shows intriguing similarities with the
immune system of vertebrate animals (Qi & Innes, 2013).
Additionally, the encounter “plant-pathogen” and the plant
defense responses can be modulated by the environmental
conditions in several cases (Veldsquez et al., 2018).
According to Qi and Innes (2013), plant innate immu-
nity works like a two-tier resistance system: The first tier
is represented by plasma-membrane localized pattern rec-
ognition receptors (PRRs), which mediate the detection
of microbial molecules, also called pathogen-associated
molecular patterns (PAMPs). The plant then recognizes the
presence of pathogens through the recognition of PAMPs
or the pathogen effectors. The detection of PAMPs trig-
gers the plant defense. The degree of danger of the attack
and the speed and accuracy of the plant cell to mobilize
its defenses are determinant to its resistance (Llorens et al.,
2017). Curiously, plant PRRs, the majority of which con-
taining extracellular leucine-rich repeats (LRR), are trans-
membrane receptor kinases that are similar in terms of func-
tion to the toll-like receptors of animals—a similarity with

the immunity system of vertebrates. In this level, the plant
plasma membrane is itself the plant’s first line of defense
in which many receptors recognizes peptides and/or car-
bohydrates found in some microorganisms. Such invasion
patterns are microbe- or pathogen-associated molecular pat-
terns (MAMPs/PAMPs), and the resulting immune response
is called pattern-triggered immunity or PAMP-triggered
immunity (PTI). PTI results in the production of reactive
ROS, plant cell wall modifications, and the production of
antimicrobial compounds mediated by complex pathways
(Kim & Castroverde, 2020). Thus, MAMPs and PAMPs are
the danger signals detected by host cells when plants are
attacked by microbes and herbivores, or suffer physical dam-
age (damage-associated molecular patterns (DAMPs). The
recognition of these patterns by the receptors in plants acti-
vates systemic resistance to resist pathogen invasion (Gao
et al., 2015; Hou et al., 2019; Malik et al., 2020). Pathogens
alter the host enzymes and compounds to infect the plant
tissue (Alkan & Fortes, 2015).

The second tier of plant defense consists of intracellular
receptors (Qi & Innes, 2013). Once pathogen proteins are
inside the cell, these receptors detect their presence. Path-
ogen proteins are also called effector proteins, and that is
why the second tier is known as effector triggered immunity
(ETT). The largest portion of R genes encodes cytoplasmatic
proteins, which have a nucleotide binding site domain (NBS)
(also known as NB), and leucine-rich repeating domains
(LRR), known as NLRs (nucleotide-binding domain and
leucine-rich repeat) a superfamily of intracellular immune
receptors (Balint-Kurti, 2019). NRLs are coded by NB-LRR
R genes and mediate the recognition of pathogen effectors,
which is a specific interaction. Its only function is associ-
ated with R-proteins (Gao et al., 2018). On the other hand,
the Avr proteins are a class of pathogen effector proteins
produced and secreted by the pathogen into the host cells or
apoplast to allow the pathogenesis process (Lo Presti et al.,
2015). Then, the NRL proteins initiate the effector-triggered
immunity (ETI), which involves transcriptional reprogram-
ming overlapping with transcriptional regulations during
MAMP/PAMP triggered immunity and commonly gener-
ates localized host cell and tissue death at infection sites
(Cecchini et al., 2019). This kind of mechanism aims to limit
pathogen spread (Grund et al., 2019).

The gene-by-gene mechanism discovered by Flor in 1955
(Flor, 1971) and reviewed in 1971 by the same author (Balint-
Kurti, 2019) allows one to determine whether the plant/
pathogen interaction results in disease or resistance. In a
simple description, the result of the plant/pathogen interac-
tion depends on the fact that there is a dominant resistance
gene (R-gene) in the host corresponding with a pathogen
dominant avirulence gene (Avr gene). Resistance occurs
if both products of the R-gene and the corresponding Avr
gene product interact with each other. This fact seems to be
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applicable across most of higher plants species, although it
is already known that this specific interaction is not always
necessary. Recent developments on NB-LRR R genes reveal
that they are a valuable source of information for breeders
to minimize disadvantages associated with NB-LRR gene
responses in crops such as an improper activation of hyper-
sensitive response (HR). Generally, the mention of these
classes of genes is not frequent in literature since they do not
behave according to the rules of the gene-by-gene mecha-
nism (Ravensbergen & Kormelink, 2020). Nevertheless, in
most cases, a hypersensitive response (HR) is associated
with R-gene-mediated resistance (Balint-Kurti, 2019).

The HR is typical to all higher plants and causes a rapid
cell programmed death at the point of contact with the
pathogen to limit the disease. Although it is usually associ-
ated with pathogen resistance, it may have other peculiar
consequences, such as pathogen susceptibility and plant
growth retardation (Balint-Kurti, 2019). Possibly HR may
cause speciation in evolutionary timescales in case of inap-
propriate activation, but it is not clear how this phenomenon
occurs outside of Arabidopsis and its Brassicaceae relatives
(Lafon-Placette et al., 2016). As HR has potential undesir-
able costs once activated inappropriately, plants employ
multiple mechanisms to avoid its inappropriate activation
and limit its function. Overall, HR is a tool that, despite its
undesirable costs, is an extremely effective element of the
plant immune system (Balint-Kurti, 2019).

There are three ways in which plants defend themselves,
and these have been exhaustively reviewed: systemic
acquired resistance (SAR), herbivore induced resistance
(HIR), and induced systemic resistance (ISR) (Truman et al.,
2010; Dempsey & Klessig 2012; Shah & Zeier, 2013; Carella
etal., 2017; Llorens et al., 2017; Pieterse et al., 2014; Romera
et al., 2019). A discussion on ISR and elicitors is in sequence.

ISR and Elicitors

Elicitors may be defined as molecules that play a role in
the triggering or stimulating of defense mechanisms in a
plant. Elicitors are also known as plant resistance inducers,
plant resistance activators, or plant defense activators. The
interaction between an elicitor and its respective receptor
in the plant cell membrane inducing local resistance is a
chain reaction that occurs intracellularly, becoming intercel-
lular and systemic very quickly and later a plant molecular
response (Yu et al., 2013; Jamiotkowska, 2020).

Although SAR and ISR are both induced responses, they
differ in terms of elicitor type and the regulatory pathways
involved. Even so, SAR and ISR share some components.
While SAR is mainly based on SA accumulation through
NPRI1 and activates the expression of PR genes involved in
defense responses, ISR is also generally mediated by SA,
but it comes from an SA-independent pathway, triggered by
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JA and ET mainly, and without PR gene activation (Romera
et al., 2019). Other difference is, while SAR is triggered by
plant pathogens, ISR is triggered by root-colonizing mutual-
istic microbes, like Pseudomonas simiae (syn. Pseudomonas
fluorescens) and Paenibacillus polymyxa (bacteria), or
Trichoderma spp. (fungi) (Romera et al., 2019; Verbon et al.,
2017). ISR may be activated by other sources such as poly-
saccharides isolated from algae as ulvans, laminarans, car-
rageenans, and fucans (Stadnik & de Freitas, 2014; Figueira
et al., 2020).

Despite playing an invaluable role in plant defense, SAR
is not always effective. Although SA-mediated resistance
is effective against pathogens, such as fungi, bacteria and
viruses, SAR appears to be more effective against biotrophic
and hemibiotrophic pathogens (Hammerschmidt, 2009). HR
is an effective strategy against hemibiotrophic pathogens but
may allow the spread of necrotrophic pathogens such as B.
cinerea. HR may also provide an ideal environment for nec-
rophilic infection and disease spread because they consume
nutrients from dead or dying cells. Thus, the less the plants
are capable of activating HR, the more resistant to B. cinerea
and other necrotrophic pathogens they are (Magnin-Robert
et al., 2015). In time, biotrophic pathogens do not kill the
plant, representing a symbiotic or parasitic relationship,
depending on the microorganism, while the necrotrophic
ones do it, and the hemibiotrophic ones have, depending
on temporal and/or spatial conditions, both features (Spanu
& Panstruga, 2017). In the beginning of the infection pro-
cess, the plant generates large amounts of ROS that cause
invader’s DNA damages, lipid peroxidation, and protein oxi-
dation in attempt to stop the pathogen attack. On the other
hand, necrotrophic fungi like B. cinerea can use the host’s
oxidative burst to contribute to its own production of ROS
to enhance the attack (Hua et al., 2018). Magnin-Robert
et al. (2015) demonstrated that sphingolipids also play an
important role in plant defense—i.e., some modifications on
sphingolipid content might affect the plant tolerance to both
hemibiotrophic and necrotrophic pathogens by modulating
plant defense responses.

The responses of tomato fruits to Botrytis, a necrotrophic
fungus like Alternaria, are mainly mediated by JA and ET,
ROS, and programmed cell death (Alkan & Fortes, 2015),
this last one caused by a hypersensitive response (Balint-
Kurti, 2019). ET and ABA stimulate ripening in climacteric
plants like tomatoes and thus may play a role in the host
defense response (Seymour et al., 2013). Although potatoes,
eggplants, and chilli peppers are non-climacteric, some Cap-
sicum species appear to be climacteric (Hou et al., 2019),
and therefore, ET and ABA may have a similar role as in
tomatoes. The elevation of ET and ABA levels seems to play
a dual role: on the one hand, it is correlated with resistance
response, and on the other hand, it induces ripening and thus
increases the susceptibility to disease. Nevertheless, ET may
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also act together with JA as a defense hormone (Alkan &
Fortes, 2015). The fact that elicitors activate SAR and ISR
responses led to their use as products to extend food shelf
life, as discussed ahead in this text.

Elicitation may be physical or chemical, caused by biotic
or abiotic factors and complex or defined depending on its
origin and nature. The plant under effect of elicitors have
their defense mechanisms activated, making the plant com-
petent to defend itself against phytopathogens. The plant
receptors are activated and then, reversible phosphorylation
and dephosphorylation occur in plasma membrane pro-
teins. It is known that a number of elicitors play the role of
avirulence determinant and thus are recognized as such. A
cascade of cytosolic proteins and cytosolic [Ca? +]Cy[ spik-
ing triggers the plant plasma membrane depolarization and
CI” and K" efflux/H" influx. Because of this, extracellular
alkalinization occurs, as well as cytoplasmic acidification,
leading to the activation of mitogen-activated protein kinase
(MAPK) and the nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase activation. The plant cell begins to
produce ROS and the early defense gene expression. Finally,
the ET and JA production take their roles, the late defense
genes are expressed, and secondary metabolite accumulates
against pathogens (Mishra et al., 2011).

ISR is involved in plant response to elicitors because of
its role in the synthesis of enhanced levels of various sec-
ondary metabolites engaged in plant defense mechanisms,
such as the synthesis of phytoalexins, which are toxic to
pathogens (Jeandet, 2015). In Solanaceae, phytoalexin ses-
quiterpenoids are synthesized to inhibit the germination of
pathogen spores and retard pathogen growth and may be
structurally diverse, according to the species and even culti-
vars (Jamiotkowska, 2020). These compounds are toxic to the
pathogen and, interestingly, also to the plant. For this reason,
they have to be detoxified by the plant right after neutralizing
the pathogen. Some of the main Solanaceae phytoalexins are
solavetivone, oxylubimin, lubimin, and rishtin, being this last
one the major phytoalexin in potato tubers and tomato fruits
(Camagna et al., 2019). Little progress has been made in the
research with phytoalexins and their biosynthetic pathways
which is unfortunate since it could help deepen the knowl-
edge on plant-pathogen interaction and collaborate in the
development of resistant individuals (Camagna et al., 2019).

Besides phytoalexins, it is also known that plant tissues
with activated ISR also have enhanced activity of defense-
related enzymes such as phenylalanine ammonia lyase
(PAL), superoxide dismutase (SOD), peroxidase (POD), and
polyphenol oxidase (PPO). PAL is an enzyme related to the
starting point of the phenylpropanoid biosynthesis pathway
that acts catalyzing the non-oxidative deamination of phe-
nylalanine, which is converted into trans-cinnamate. PAL
leads to resistance response against biotic stress developed
by pathogen infection and abiotic stress in plants triggered

by UV irradiation, extreme temperatures, nutrient defi-
ciency, and wounding (Fatima & Anjum, 2017). This event
plays a remarkable role in the passage from the primary
to secondary metabolism. This enzyme is pretty involved
in the biosynthesis of salicylic acid (SA) (Kim & Hwang,
2014), and, consequently, it is essential for the functioning
of the entire defense cascade of SAR. On the other hand,
SOD, POD, and PPO act to stop the advance of the mem-
brane lipid peroxidation and the oxidative stress triggered
by pathogen attack. SOD is the first enzyme acting against
oxidative stress and is involved in the upregulation of other
downstream antioxidant defense enzymes. POD also takes
part in cell wall polysaccharide processes, by catalyzing the
oxidation of phenols and lignification that protect the plant
tissues against pathogen invasion. Finally, PPO is related to
oxidation of polyphenols into quinones (Xie et al., 2017).

According to Alexandersson et al. (2016), it takes
approximately 20 years since the beginning of the stud-
ies on mechanisms of induced response have been started,
at molecular level. Effectively, they have begun after the
genomic revolution in the early 2000’s. The “-omics” sci-
ences such as genomics, transcriptomics, metabolomics, and
the related tools are helping to understand the mechanisms
of resistance induction in plants, revealing their cross-linked
and even antagonistic pathways since the genomes of pota-
toes, tomatoes, and tobacco are becoming available. These
mechanisms remain fairly unexplored for Solanaceae crops.

In a not so far past, the efforts to understand the general
mechanisms of plant defense were concentrated in the spa-
tial interplay between pattern triggered immunity (PTI) and
effector triggered immunity (ETI), as well as in the plant
hormone-abiotic stress interaction and signalling. The co-
evolution of pathogen effectors and the plant NB-LRR genes
also played a major role in such efforts (Jones & Dangl,
2006). Today, although those subjects have an underesti-
mated importance to research, the attention of researchers
has been concentrated in the up-regulated factors, since it is
believed that they are the most probable responsible for the
mechanisms of resistance and also for plant susceptibility to
pathogens. It is possible that these factors apply to responses
to elicitors as downregulation of susceptibility factors. This
could explain the increased resistance levels observed in
plants treated with elicitors and the “-omics” science may
help to understand the primary and secondary metabolites
dynamics as a key to the comprehension of resistance mech-
anisms (Alexandersson et al., 2016).

Overall, what seems to be known with certainty so far is:
the intensity of induced responses varies depending on plant
species, and such responses are substantially dependent on
plant genotype (Jones & Dangl, 2006; Alexandersson et al.,
2016). In order to assist the development of targeted resistant
crops by breeding, the identify markers for plant resistance
induced responses is pretty desirable.
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Shelf Life: Practices in Preharvest
and Postharvest Influence Crop Health

The term “shelf life” can be defined as a determined period
of time after food production in which it can be consumed
under a required level of safety pre-established by regu-
lated storage conditions (Nicoli, 2012), cherishing the
consumer’s health. Food intake under unsafe conditions
or that has passed its shelf life may cause poisoning due
to pathogens which can produce toxic compounds during
storage or contaminants that may migrate from the packag-
ing to food (Manzocco, 2015).

Good general culture practices in both preharvest and
postharvest play a crucial role collaborating to crop health
and extension of shelf life (Zheng et al., 2011). The reduc-
tion of the pathogenic microbial load due to good practices
optimizes the performance of the innate plant defense sys-
tem, contributing to its success. In general, synthetic pes-
ticides can be used for that, but their reduction is advisable
in case of sustainable agriculture practices. For example, in
the preharvest, the selection of resistant cultivars as well as
optimizing the spacing between them and the time of plant-
ing help to prevent the spread of diseases. Balanced fertili-
zation avoids deficiency of nutrients as well as the excess of
some of them—e.g., nitrogen, which can promote the densi-
fication of parts of the plant such as leaves, the occurrence
of a moist microclimate, and hinders ventilation. Drip irri-
gation, on the other hand, drastically reduces the chances of
contamination by pathogens. Conversely, this type of irri-
gation can contribute to the appearance of dust mites and
fungi that cause powdery mildew, usually during periods
of drought (Luengo et al., 2007). In terms of the posthar-
vest, keeping storage conditions under adequate tempera-
ture and relative humidity (RH) through the use of cold
chambers and suitable packaging can increase the storage
time of fresh vegetables by approximately ten times. Boxes
and packaging made of corrugated cardboard or plastic or
wood, once they are new, smooth, and shorter to reduce
possible over-stacking, reduce the chances of mechanical
damage and disease entrance doors (Luengo et al., 2007).
In general, tomatoes, eggplants and Capsicum peppers
should be kept under 90-95% RH, and potatoes should be
kept under an 85-95% RH because they are more resistant
to dehydration. In order to extend the shelf life of vegeta-
bles, low-temperature storage (refrigeration) is the main
strategy used alone or combined with other techniques.
Under low temperatures, a decrease in the respiration rate
of the fresh product occurs, which decreases the produc-
tion of ET and also fungal disease incidence because cold
storage retards the metabolism of the pathogen (Aghdam
& Bodbodak, 2014; Dumont et al., 2016). The follow-
ing temperatures for conservation are recommended: for

@ Springer

tomatoes (8—10 °C and 13-21 °C for firm green and ripe
green tomatoes, respectively), potatoes (about 13 °C), egg-
plants (8—12 °C), and Capsicum peppers (9—-13 °C). The
low temperatures for preservation are much higher than
the freezing point as these vegetables are susceptible to
cold injuries and subsequent cracking. Even so, there are
pathogens that can take advantage of such conditions of
temperature and humidity to colonize the vegetable in the
pre- and/or post-harvest phase (Luengo et al., 2007). Some
examples are Alternaria alternata and Botrytis cinerea,
which may stand in a quiescent stage until postharvest, or
manifesting itself still in the field (Hua et al., 2018; Prusky
et al., 2013).

Dehydration, which is a conventional drying with hot air or
lyophilization, is a method based on water sublimation through
low pressure on frozen food in order to prevent the degradation
of thermolabile compounds, are both procedures to remove
excess water from food since water is a vehicle to microorgan-
isms (Veras et al., 2012). However, one of the most important
precautions in the post-harvest to reduce the pathogenic micro-
bial load is the sanitization procedure of the crops as well as
the handling and storage facilities (Pinheiro et al., 2015).

In view of the limitations imposed on the shelf life of fresh
vegetables by microbial induced decay, decontamination pro-
cedures can be used to minimize the microbial charge on the
surface of the vegetable (Ahmed et al., 2017). Chlorine is the
most widely sanitizing compound used in the decontamina-
tion of vegetable surfaces, despite the fact of being ineffec-
tive in some cases (Ahmed et al., 2017). Additionally, there
is a serious concern about the probability of this compound
react with organic matter to form highly carcinogenic trih-
alomethanes (Ahmed et al., 2017; Richardson et al., 2007).
The National Organic Program—NOP Rule established
by the United States Department of Agriculture, (USDA),
approves chlorine as an algicide, disinfectant and sanitizer
agent and restricts the residual chlorine levels in the water.
At disposal point, the maximum limit currently established
by the Environmental Protection Agency (EPA) for chlorine
is 4 mg/L (ppm), although the levels of chlorine used in water
for sanitization of food and equipment frequently must be
higher than EPA allows (EPA, 2020). In general, chlorine is
employed within a range from 50 to 200 mg L~! for washing
fresh vegetables (Sun et al., 2012).

For this reason, other treatments have been studied for
the decontamination of fresh vegetables. Some examples
are sodium hypochlorite (NaOCl), acidified NaOCl, calcium
hypochlorite (Ca(ClO),), trisodium phosphate (Na;PO,),
hydrogen peroxide (H,0,), calcinated calcium, gaseous ace-
tic acid (CH;CO,H), ozone (O5) and ozonated water, electro-
lyzed water, acidified electrolyzed water, peroxyacetic acid
(PAA) (C,H,05) (Ahmed et al., 2017), nitric oxide (NO) (Gu
et al., 2014), and chlorine dioxide (ClO,). This last one is
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a synthetic green-yellowish gas with strong oxidant power
2.5 times higher than that of diatomic chlorine used in both
gaseous and aqueous formulations in postharvest processes,
but it does not cause the formation of unwanted residues
excessively in vegetables (Sun et al., 2019).

Overall, the benefits and harms of using a sanitizing agent
have to be evaluated. Sun et al. (2019) extensively reviewed
gaseous chlorine dioxide applications on postharvest of
many vegetables including Solanaceae, and points out that
this technology possesses disadvantages like instability and
equipment requirements for on-site production. The authors
also observe that despite its aqueous form is being utilized
for the sanitization of fruits and vegetables; its gaseous form
is more effective at reaching pathogenic cells in inaccessible
plant parts because of its high diffusivity and penetrability.
The use of all of the sanitization agents is frequently effec-
tive, but almost all of them may produce some toxic byprod-
ucts. One of these exceptions and one of the most used is
PAA, which unlike chlorine-based sanitizers, has degrada-
tion byproducts that are easily dissolved in water and are
non-toxic (Banach et al., 2015; Vandekinderen et al., 2009).

According to a recent review (Sun et al., 2019), in terms
of antimicrobial control, contact time, corrosion capacity and
security as compared to chlorine, the best sanitizing agents in
decreasing order of efficacy are: ozone, gaseous chlorine diox-
ide, aqueous chlorine dioxide, peroxyacetic acid, and nitric
oxide (Sun et al., 2019). Some of these substances are used
for sanitization also act as elicitors (El-Shetehy et al., 2015).

During the postharvest phase, senescence and pathogen
attack can be controlled using several physical, biological
agents, and natural compounds directly to control pathogen
infestation by activation of the plant self defenses. According
to Qadri et al. (2020), physical techniques used to contain
postharvest diseases spreading such as: cold atmosphere,
hypobaric or hyperbaric storage, modified storage atmos-
phere, heat, and UV treatments (UV-C, UV-B, and UV-A)
are, at the same time, stimulators of plant self defenses as
fungicides/bactericides, besides fulfilling quarantine require-
ments for exportation being, thus, procedures recognized
as a safe (Liu et al., 2012; Usall et al., 2016). Heat treatment
is recognized as a safe proceeding among the physical elici-
tors and may also be used in combination with precooling,
especially to manage fungal diseases and prevent chilling
injury (Qadri et al., 2020).

Before the dissemination of the concepts of elicitation, it
was already known that several of the physical techniques
mentioned so far are useful to increase the shelf life. The
response of crops to both biotic and abiotic stress is non-
specific and occurs in several, parallel ways. This response
is also cited as “priming,” referring to the ability of plants
to enhance defense responses following pest or pathogen
attack, or exposure to environmental stress conditions or
externally applied chemicals. This reaction involves, for

example, the formation of callose in the place where there
was mechanical stress that resulted in tissue perforation or
the activation of defense-related enzymes and ROS under
heat treatment or UV light exposure. Along with elicita-
tion by physical means, there are biological control agents
such as bacteria, chemicals and natural compounds whose
examples and mode of action will be reported in the next
topic of this review.

Elicitors as Alternatives to Synthetic
Defensives in Postharvest Disease Control
for Solanaceae Food Crops

Farming has changed landscapes and environments around
the world. Fields of crops occupy a large area of global land,
and the way we culture food poses enormous pressure on
nature. The increased demand for food led to extensive pol-
lution of the world’s water, soil and air, and wild animals
and plants have less space to live. According to FAO (2019),
“Sustainable agriculture must nurture healthy ecosystems
and support the sustainable management of land, water
and natural resources, while ensuring world food security.”
Nutrient cycling, carbon sequestration, pest regulation and
pollination are fundamental to sustain agricultural produc-
tivity and can be viewed as components of the concept of
Ecosystem Services, the services provided by biodiversity
to humankind.

In contrast with the use of synthetic defensives or pesti-
cides, the activation of defensive responses of plants by the
use of elicitors is a promising tool for controlling pests in
conventional agriculture. The incorporation of elicitors in
integrated pest management programs, alone or in combina-
tion with classical methods, could be a reliable method for
reducing environmental contamination by chemical residues.
Table 1 collects examples of elicitors used to extend the
shelf life of the Solanaceae crops focused on this review
and also their mode of action (2008-2020). Regarding
physical elicitors, heat can either increase or decrease the
ripening time of tomatoes depending on the temperature,
exposure time, and the tomato variety treated (e.g., for the
“Soraya” variety, under immersion in water at 25 °C for
5 min o ripening time is 22.6 +0.9 days whereas under 52 °C
for 5 min the ripening time drops to 18.0+0.6 days for the
same tomato variety) (Loayza et al., 2020). Moreover, the 16
pulse treatment (high-intensity pulsed polychromatic light)
induced disease resistance in tomato fruit to Botrytis cinerea
inoculated 10 days after treatment with a 41.7% reduction in
disease progression compared to 18 a 38.1% reduction for
the LIUV (low-intensity UV-C) source (Scott et al., 2017).
However, UV-C has traditionally been considered one of the
most efficient methods for inducing resistance in vegetables
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Table 1 (continued)
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Microbicidal activity

Origanum

Citronella

Natural compounds

Gonzalez-Estrada (2020); Gonzélez-

Chilli peppers

Keeps fruit firmness

Increase the content of PPO, PAL, POD,

f-1,3-glucanase and chitinase

Chitosan and oligochitosan

Saucedo et al. (2019)

Affects the homeostasis,of the pathogen,

its respiration, nutrient uptake and the

synthesis of proteins

Forms a mechanical barrier, decreasing

respiration rate and avoids water losses
Causes changes on microorganism cell

permeability

El Modafar et al. (2012)

Tomatoes

Enhances PAL activity, increases phenolic Activates plant defense and improves

Ulvan

shelf life

compounds, activates jasmonic acid
pathway and induces SA synthesis

HWRB hot water rinse brushing, HWD hot water dip, HA hot air

(Usall et al., 2016). This experiment also observed delayed
maturation progress depending on radiation intensity and
orientation (Scott et al., 2017).

Application of calcium-based chemicals, mainly CaCl,,
has been successfully used to induce defense in tomatoes and
potatoes. Calcium salts are less toxic to mammals than syn-
thetic defensives. Additionally, pre- and postharvest appli-
cation of calcium formulations may control the incidence
of pathogens and physiological disorders, although more
experiments are necessary (Barman et al., 2019). Another
synthetical considered “eco-friendly” is methyl jasmonate:
when fresh-cut potatoes cubes were treated with MeJA, the
RT-qPCR showed that the gene expression of PAL, C4H,
4CL, PPO, POD, and CAT were significantly higher in
MeJA-treated cube parenchyma tissues than that in control
up to 144 posttreatment. On the other hand, more studies are
still necessary in order to improve cubes firmness and color
(Zhou et al., 2019).

The utilization of biological control to elicit plant defense by
introducing natural enemies is a strategy that leads to restric-
tions in the normal growth or activity of pathogens (Lastochkina
et al., 2020; Qadri et al., 2020). Research on this subject has
been a source of patents, as will be shown ahead in this review in
the topic: science, development and commercialization of post-
harvest natural elicitor products for Solanaceae. Natural volatile
compounds are commonly employed in commercial scale as
flavoring or seasoning agents in foods. These compounds may
also be used to reduce the incidence of pathogens in food. Some
volatile compounds (e.g., essential oils extracted from plants)
have antimicrobial properties, and other natural compounds like
polysaccharides isolated from seaweed (e.g., ulvans, laminarans,
carrageenans and fucans) or animals (e.g., chitosan and oligochi-
tosan) are often successfully reported as quite effective elicitors
being considered as GRAS (Generally Recognized as Safe).
They are less harmful or innocuous to mammalians’ health
while being ecologically safe (Liu et al., 2007; Stravopoulou
et al., 2014; Edirisinghe et al., 2014; Figueira et al., 2020; Palou
et al., 2016; Qadri et al., 2020). Regarding natural compounds
ulvans isolated from marine algae (Ulva spp.) when in aqueous
solution (10 g. L™!) protected 42% of submerged tomatoes for
up to 1 month against Botrytis cinerea at 17 °C, then improving
fruit shelf life (Briand et al., 2010).

A more durable, consistent, and sustainable approach to
prevent postharvest diseases, decay, and subsequent losses
is the use of edible coatings and waxes. Edible coatings are
thin layers of external coatings or waxes applied to pre-
serve vegetables against mechanical damages and enhance
the waxy cuticle, providing a partial barrier to the exter-
nal moisture and oxygen on the surface of fresh products,
minimizing the moisture loss during storage. It also forms a
gas barrier through a modified atmosphere around the food,
which helps to retain volatile compounds, reduces respira-
tion, senescence, and oxidation, which preserves the texture

75



Food and Bioprocess Technology (2022) 15:249-274

261

and the color of the product. In order to control physiologi-
cal damages and diseases, within the last decade, there have
been many innovations on the development of edible coat-
ings from natural or synthetic sources combining materials
such as lipid-based waxes (e.g., coconut and sunflower oil
and beeswax or carnauba wax) and hydrocolloid/hydrophilic
gums groups, such as protein (e.g., soy protein; carboxyme-
thyl cellulose, pectin base) or polysaccharide (e.g., chitosan,
agar, alginate, psyllium) and other materials for the improve-
ment of shelf life of many crops including Solanaceae food
crops (Wang et al., 2011; Mahajan et al., 2014; Salehi, 2020;
Sandri et al., 2015). Coatings can be combined with other
treatments to improve shelf life. For fresh-cut eggplant, shelf
life can be extended to 8 and 9 storage days by increasing
the cysteine content in the original edible coating (original
composition: coating composed of soy protein isolate and
0.5% cysteine from 0.5 to 1% under a modified atmosphere
(80 kPa O,) (Guideli et al., 2014). This treatment with higher
content O, in packaging also helped maintain the visual
quality of fresh-cut eggplants while conventional packaging
conditions induced browning (Guideli et al., 2014).

Table 1 displays some elicitors and their mode of action
for Solanaceae food crops (2008-2020). Table 2 displays

the newest elicitors currently under investigation for the
extension of Solanaceae shelf life during the postharvest
phase (2015-2021), viewed as market promises. As it may
be observed, in the period retrieved, antagonists for biologi-
cal control are the most studied elicitors, and the microor-
ganisms used are antagonistic bacteria against pathogenic
microorganisms such as Streptomyces, Flavobacterium sp.,
and Bacillus subtilis strains (Table 2). Many actinomycetes
species, particularly of the genus Streptomyces, are broad-
spectrum antifungal biocontrol agents because of their cell
wall degrading enzymes (e.g., chitinases and glucanases)
and/or antifungal substances. A successful case was reported
in which a Streptomyces-filtered supernatant was applied to
potato tubers 24h before inoculation of a fungus known as P.
ultimum, an important soil-transmitted potato disease. The
treatment decreased pathogen penetration by 62% (Sellem
et al., 2017), but the author did not mention improvements in
shelf life, in terms of days. A similar behavior was observed
(Buchholz et al., 2021) in Flavobacterium sp. isolated from
postharvest potato tuber microbiome which was able to
inhibit potato bud outgrowth and consequently, sprouting.
In this case, depending on potato variety, sprouting was
delayed up to 168 days after harvesting. This way these

Table 2 Research on elicitors and their postharvest specific target pathogens in Solanaceae

Crop Disease Pathogen gender Elicitor References
Potatoes  Bacterial soft-rot Dickeya solani SA Czajkowski et al. (2015)
Potatoes  Potato tubers leak Pythium ultimum Streptomyces strains Sellem et al. (2017)
Potatoes  Dry rot F. oxysporum and F. sambucinum CH of acetic acid-distilled water Mejdoub-Trabelsi et al. (2019)
solution
Potatoes  Mycotoxigenic diseases Mycotoxigenic fungi (various) CRISPR Liu et al. (2020)
Potatoes  Late blight potato pathogen P. infestans VOC:s from Trichoderma strains Elsherbiny et al. (2020)
Potatoes ~ Various Various Flavobacterium sp. strains Buchholz et al. (2021)
Potatoes  Dry rot F. sulphureum Ca** Zhang et al. (2021)
Tomatoes Black mold rot Alternaria sp. Harpin Zhu and Zhang (2016)
Tomatoes Gray mold rot Botrytis sp. Harpin Zhu and Zhang (2016)
Tomatoes Gray mold rot Botrytis sp. Melatonin Lietal. (2019)
Tomatoes Soft rot R. stolonifer Thymol and SA Kong et al. (2019)
Tomatoes Gray mold rot Botrytis sp. Yeast flagellin Zhao et al. (2020)
Tomatoes Gray mold rot B. cinerea Bacillus subtilis strains Bu et al. (2021)
Tomatoes Early blight A. solani Parthenocissus quinquefolia and Mohamed et al. (2021)
Plectranthus neochilus extracts
Tomatoes Fungal rot Aspergillus and Penicillium EO and CH-based coatings Sheikh et al. (2021)
Peppers  Anthracnose Colletotrichum spp. (08 Alwi and Ali (2015)
Eggplants Bacterial wilt R. solanacearum SA Mandal and Gupta (2016)
CH
Riboflavin

Search in the title, abstract or keywords at Scopus: 1, “postharvest potatoes” and “biological control” or “physical control” or “natural com-
pound”; 2, “postharvest tomato” and “biological control” or “physical control” or “natural compound”; 3, “postharvest eggplant” and “biological
control” or “physical control” or “natural compound”; 4, “postharvest pepper” and “biological control” or “physical control” or “natural com-

pound”

SA salicylic acid, CH chitosan, O; ozone, CRISPR clustered regularly interspaced short palindromic repeats, VOCs volatile organic compounds
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bacteria increase the storage time of potato tubers by reduc-
ing wounds and fissures through which pathogens could
penetrate for a long time (Buchholz et al., 2021). In case
of tomatoes, a recent study (Bu et al., 2021) on B. subtilis
L1-21, an endophyte isolated from citrus plants, showed an
exceptional antagonistic effect against B. cinerea, although
that treatment did not enhance the fruit quality and nutri-
tional capacity. This treatment protected against pathogen
colonization up to 100% until 48h after treatment (Bu et al.,
2021). However, it is not only bacteria that can have antago-
nistic action against phytopathogenic fungi: for the first time,
volatile organic compounds (VOCs) produced by Tricho-
derma fungi strains showed a percentage of inhibition of
mycelial growth of P. infestans in vitro between 81%, and
on potato tubers by 94% at least for 6 days of observation
(Elsherbiny et al., 2020). According to the authors, electron
microscopy revealed serious P. infestans’ cell deformation,
collapse and degradation of cytoplasmic organelles and the
most abundant compounds were 3-methyl-1-butanol, 6-
pentyl-2-pyrone, 2-methyl-1-propanol and acetoin
(Elsherbiny et al., 2020).

Among natural compounds and small molecules, chitosan
(CH), harpin, melatonin, essential oils, and plant extracts
have been highlighted recently, as can be seen on Table 2.
Although chitosan presents a well-known role in eliciting
plant defenses, it has been used combined with other treat-
ments like as in an acetic acid-distilled water solution in
order to elicit potatoes against F. oxysporum and F. sam-
bucinum (Mejdoub-Trabelsi et al., 2019). When this formu-
lation was applied to potatoes inoculated with these fungi,
33.5-45.3% less wilting severity was detected as compared
to the control even 21 days before treatments. Enhanced
levels of phenolic compounds as well as the activities of
defense-related enzymes such as peroxidase and poly-
phenoloxidase (Mejdoub-Trabelsi et al., 2019) were also
observed. The authors reported that this formulation also
has antimicrobial properties, according to in vitro trials.
Chitosan has been compared to salicylic acid as both have
shown similar efficacy in preventing bacterial wilt in egg-
plants (Mandal & Gupta, 2016). In this study, after 48 h
posttreatment with CH, the phenolic compounds content
increased. Otherwise, in this same study, 72 h posttreatment
with SA phenolic content reached relatively higher concen-
trations (Mandal & Gupta, 2016). SA is also being studied
for elicitation purposes against Dickeya solani in potatoes,
although more information such as time of application and
dependence on plant cultivar are still lacking (Czajkowski
et al., 2015). According to Czajkowski et al. (2015), after
14 days, inoculation with bacteria did not express any dis-
ease symptoms. Edible coatings manufactured with elici-
tors are revealing to be promising: thymol and SA combined
in an edible coating increased defense enzyme activities in
tomato stimulating reactive oxygen species and then eliciting
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against R. Stolonifer (Kong et al., 2019) and sweet orange
peel essential oil (EO) and CH-based coatings against pre-
sented, at the same time, an antifungal effect in fresh toma-
toes inoculated with Aspergillus and Penicillium and also
enhanced the fruit shelf life for 20 days.

Harpin, melatonin, flagellin, and plant extracts have been
investigated about their potentials as elicitors. Harpin is a
glycine-rich and heat-stable protein secreted by pathogenic
bacteria and induced chitinase, -1,3-glucanase and pheny-
lalanine ammonia-lyase defense enzymes as well the content
of total phenolic compounds and lignin in tomatoes, first
related by Zhu and Zhang (2016). In addition, authors did
not observed any fungicide effect on B. cinerea or A. alter-
nata in vitro, and thus, such effects were attributed to the
elicitation in 5 days of analysis. Melatonin has been reported
as an inducer of the SA signaling pathway and responsi-
ble to increase lignin, phenolic compounds, and flavonoids
in cherry tomato fruits for 8 days of analysis and 0.05 and
0.1 mM melatonin concentrations delayed fruit maturation
from 12 to 20 days of storage (Li et al., 2019). Parthenocis-
sus quinquefolia and Plectranthus neochilus extracts exhib-
ited flavonoid compounds rutin and myricetin which played
a great role as antifungal activity against A. Solani and also
stimulating tomato defenses for 21 days (Mohamed et al.,
2021).

Physical control methodologies using ozone (O5) and
eco-friendly Ca** compounds were recently reported: treat-
ment with 3 ppm O; exhibited double action on bell pep-
pers quality enhancing their ascorbic acid content, flavor,
and reduced anthracnose incidence after 19 days of storage
(Alwi & Ali, 2015) while Ca** application on potatoes, at
least until 14 days after treatment, promoted suberin poly-
phenolic and suberin polyaliphatic accumulations which
may prevent the entrance of pathogens, its toxins, and even
the passage of nutrients depriving its nutrition (Zhang et al.,
2021). However, without a doubt, the newest technology
and the most promising, although sill poorly explored for
Solanaceae horticultural crops is CRISPR (clustered regu-
larly interspaced short palindromic repeats) genomical edit-
ing. Various Solanaceae crop diseases and plagues could
be targeted and controlled with the use of CRISPR-based
antimicrobials, which promises to deliver shelf life incre-
ments (Liu et al., 2020). Moreover, properties of probiotics,
can also be enhanced using CRISPR-based genome editing,
but this implementation is dependent on laws and associated
with genetic manipulation of genomes which are not well
established (Liu et al., 2020).

Natural elicitors, biological control agents, and physical
treatments are alternatives which were relatively neglected
topics in research until the 1980s, when a report by the US
National Research Council (NRC) was published in 1987.
According to Wisniewskia et al. (2016), this report raised
the awareness of the dangerousness of pesticides for human
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and animal health and that increment in the development
of alternative technologies of pest management was neces-
sary. The report paved the way for further studies, which
led to the replacement fungicides or the development of less
toxic formulations for the environment. This is possibly at
the forefront of the emergence of research into nonsynthetic
alternatives based on physical, biological, and biotechno-
logical approaches that are trends in elicitor’s research by the
awareness of sustainability that has emerged in recent dec-
ades. Regarding elicitors, some of them have been already
described in Tables 1 and 2.

In contrast to the strategies discussed so far, the reality is
that it is not always possible to use a single strategy to pre-
vent and combat postharvest diseases and that it is effective
and eco-friendly, making it necessary to carry out a com-
bination of two or more treatments. A strategy that follows
this trend is integrated management.

In an integrated management strategy, the application of
more than one biological and biotechnological methodol-
ogy must be carried out, since they cause less damage to
the environment. Although not a new idea in horticulture,
it is often neglected by the crystallized knowledge that only
pesticides are effective and of practical use, thus neglect-
ing environmental concerns, health, and the emergence of
resistant microorganisms. However, integrated management
does not completely rule out the use of pesticides: they are
used only when absolutely necessary and with a high level
of specificity (Senhor et al., 2009).

Another strategy which, unlike integrated management,
excludes the use of pesticides, follows a protocol based
on four phases of treatment for postharvest, according to
Wisniewskia et al. (2016). The original protocol consisted
in four phases: phase 1—good practices on harvesting and
handling time and then a sanitization procedure; phase 2—
choice of proper heat treatment: hot water or hot air; phase
3—application of a microbial antagonist; and phase 4—use
modified atmosphere for storage and/or packaging. The
possibility of this protocol cited above may be modified to
include other alternative methods on phase 3 like one, or a
combination of those described in this review according to
each plant physiology could be promising.

Challenges on Implementing an Integrated
Farm Management for Sustainable
Agriculture on Postharvest Phase

A challenge that never ends is to match the world demand
for food. The challenge for the next 30 years: to ensure food
security by combining sustainable procedures in all seg-
ments of the production chain, from planting to postharvest
and the arrival of food at the consumer’s table. The quest for
food security may be more challenging than satisfying the

demand for food as controlling emerging and re-emerging
plant diseases constantly conflicts with the idea of sustain-
able agriculture (Doughari, 2015) even in the postharvest
phase.

According to the United Nations (UN), the global popula-
tion will exceed 9 billion until 2050 (United Nations, 2019)
and, although there are still disagreements about how much,
it is undeniable that agricultural production will have to
increase. Some projections point to the need for an increase
of 60% or even 100% of the current production, while others
are relatively optimistic and predict that an increase between
25 and 70% will be sufficient (Hunter et al., 2017). How-
ever, we cannot put these numbers into perspective at the
first impression, because it is necessary to remember that
these predictions refer to world agricultural production and,
therefore, subject to wide variations.

The obstacles to food production increment such as water
availability (Foster & Brozovié, 2018; Yang et al., 2019),
soil degradation (Liu, 2013), climate changes (Ewel et al.,
2019), and its influence on attacks by pests such as insects
and nematodes (Donatelli et al., 2017), as well as viruses
and phytopathogenic microorganisms (Fang et al., 2015),
are continuously faced by the developments in technologies
to deal with such variables. On the other hand, postharvest
losses must be avoided in a significant extension to ensure
global food security without overcharging of the environ-
mental resources, contributing to sustainable development.

After the end of the Second World War, we have seen
the development of sophisticated technologies such as
intensive mechanization and the massive use of agro-
chemicals, mainly from the 1960s. This moment became
known as Green Revolution and had as a goal the incre-
ment in the production of food to reduce hunger in the
world where population started to grown dramatically
(Rose et al., 2019). However, the increment in food pro-
ductivity was followed by a very high environmental cost.
The research and farming communities’ awareness of bal-
ancing productivity with environmental outcomes emerged
from expert alerts. As production increased, degradation
of the environment and harms to society also increased
and then, the concept of “sustainable agriculture” has
been increasingly promoted (Rose et al., 2019), despite
this term has only been created on 1987 when the UN
World Commission on Environment and Development
published the Brundtland Report, “Our Common Future.”
In this report a call for a new era of economic growth
that, at the same time, holds a robust economy allied
with social development and environmental responsibil-
ity, the three interconnected “pillars” of the sustainabil-
ity. Thus, the concept is that economic growth can be the
solution and no longer the trouble since the profits could
finance technologies aligned to the sustainability approach
(Purvis et al., 2019). In spite of the general agreement that
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sustainable agriculture intensification is providential to
avoid losses of natural ecosystems and damages to health,
there is little dialogue about how to secure its implementa-
tion (Cassman & Grassini, 2020). Although the prevention
and reduction of food loss, as well as food waste are targets
tied to the food security concept, difficulties emerge when
such concepts are associated with employment generation,
poverty reduction and the preservation of the natural envi-
ronment, difficulties related to implement the so-called
green food value chain. Sometimes, the producers ignore
the fact that one of the key aspects of reducing costs and
increasing benefits in the green food value chain is the
improvement of postharvest management strategies in
order to satisfy consumer demands in a more efficient way
(Kalaitzis et al., 2016).

Implementing integrated management strategies is not
a waste of money, but an investment that will profit in the
medium or long term. There are examples of successful
cases such as a report from 2011-2013, in which produc-
ers who implemented sustainable practices obtained an
increased production up to 20%, costs reductions up to
31%, and a reduction in CO, emission in the order of 36%
on average, only in preharvest phase. These numbers were
reported by Barilla Sustainable Farming (BSF) who pro-
motes more efficient cropping systems to obtain safe and
quality agricultural products in agreement with sustain-
ability concepts (Kalaitzis et al., 2016). Following this
reasoning, if an integrated management way is efficiently
implemented, the final profits will also increase on post-
harvest phase (Smith et al., 2019).

Organic farming initiatives are often criticized from the
standpoint that it is impossible to feed a country using
organic agriculture due to small yields obtained with the
organic culture practices and also because, with the same
practices, it is not possible to control large-scale diseases
and pests (Aslam & Demir, 2018). On the other hand, there
are reports about the modelling of the production impacts
caused by widespread conversion to organic agriculture in
some countries as England and Wales (Smith et al., 2018),
Turkey (Aslam & Demir, 2018) and Bhutan (Feuerbacher
et al., 2018) in which the crop production was generally
comparable to that under conventional farming.

The pressure for reduction of pesticide residues led to
the emergence, during the last 20 years, of a new gen-
eration of products to prevent crop diseases in the pre-
and postharvest phase. Some of these products are also
synthetic fungicides but now with target-specific action
like phenylpyrroles, anilinopyrimidines, and strobilurin
analogs, which are less harmful to the environment and
animal health and having, among other improved features,
improved specificity (Nabi et al., 2017). In this scenario,
can formulations based on natural elicitors be able to
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match such pesticides in the prevention of postharvest
diseases of Solanaceae horticulture?

The Science, Development

and Commercialization of Postharvest
Natural Elicitor Products for Solanaceae:
Current Status and Future Prospects

In a review on the development and commercialization
of biocontrol products, Droby et al. (2016) pointed out
that the discovery and development of this type of product
seem to follow a premise in which it has to be efficient
when applied to diverse crops, which may differ in terms
of genetic background, physiology characteristics and
susceptibility to pathogens as in the case of postharvest
handling practices. Besides, the limited knowledge on
the mode of action of elicitors, also included among the
biocontrol agents, limits their utilization (Dzhavakhiya &
Shcherbakova, 2016).

According to Droby et al. (2016), although there are
effective products developed in this area, it is difficult
to satisfy the commercial demand, and therefore, only a
very small market share is embraced. Such hardship is
due to many factors, starting in the plant susceptibility
to its pathogens to the plant physiological status at the
time of application of the elicitor. Once these problems
are overcome, mass production and proper formulation are
the challenges to be defeated to reach a market position.
In this regard, Table 3 displays the positive and negative
markers related to the induction of resistance by elicitors,
being the positive ones the majority.

Due to the fact that there are more advantages than dis-
advantages regarding the use of elicitors, one could expect
this to drive the development of elicitor-based products.
Thus, to assess the status of product development, a pat-
ent search was made on Espacenet, a recognized patents
database, from 2015 to 2020. The keywords used were as
follows: “postharvest potato” and “biological control” or
“physical control” or “natural compound”; “postharvest
tomato” and “biological control” or “physical control” or
“natural compound”; “postharvest eggplant” and “biologi-
cal control” or “physical control” or “natural compound”;
“postharvest pepper” and “biological control” or “physi-
cal control” or “natural compound.” The chosen keywords
were searched by title, abstract, and claims. For the pub-
lished research papers, the Scopus database was used and
the keywords were searched by title and abstract. For
patents, the results revealed a relatively modest scenario.
Overall more patents targeting elicitors for potatoes and
tomatoes culture than for eggplants and Capsicum peppers
(chilli peppers), were found, as may be observed in Fig. 3.
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Table 3 Positive and negative markers related to the i

nduction of resistance by elicitors to postharvest diseases Solanaceae crops

Positive markers

Negative markers References

It may have a large range of targets and a durable effe:
of resistance

Low or none side effects

It could provide beneficial antioxidant compounds

Reduction of pesticide use

Easier than pesticides in combination with biocontrol
agents

It may extend resistance genes effectiveness time

Some of them are relatively cheap

Safety during use and lack of residues

Some of them can be used combined with pesticides,
which does not affect both effectiveness

ct  Sometimes do not ensure a complete control of decay Romanazzi et al. (2016)

Not easy to implement as part of farmer and
packinghouse practices

There are no standardized

Farmers could have difficulties to implement such
practices

Efficacy is dependent on the environmental conditions  Alexandersson et al. (2016)
and presence of stress factors

Jamiotkowska (2020)

Although the number of patents found reveals an  tomatoes, eggplants, and chilli peppers, respectively, were

increasing tendency, in some years, no

patents were  registered between 2015 and 2020. China dominates the

published. The results displayed in Table 4 show that  leadership of registered patents, according to the results

17, 18, 2, and 5 patents related to elicitors for potatoes,  obtained from the Espacenet database. As can be seen in
Fig. 3 Patents related to the use a 15 - b 25 -
of alternative technologies to
extend shelf life of a potatoes, 20
b tomatoes, ¢ eggplants, and d
Capsicum peppers (chilli pep- 15
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Table 4, for potatoes and tomatoes, patents focus on using
secondary metabolites from cultures of microorganisms,
peptides, chitosan and waxes and preservative solutions.
Waxes and preservative solutions are used for eggplants
and waxes, preservative solutions, and also a sensor to
activate a modified atmosphere for chilli peppers, from
a few days to weeks beyond the vegetable’s normal shelf
life. Regarding patents, the results reported after their
use is sometimes misleading. However, it was possible to
observe, among the few patents that describe their results
in detail, that vegetable shelf life can increase from a few
days to weeks under the application of the elicitor. In addi-
tion, it appears that the increase in shelf life is so much
more significant depending on the type of treatment used.
For example, while 15 days after blue light treatment, the
total flavonoid content in tomatoes increased significantly
as compared with natural light (from 0.0164 to 0.083 mg g
after treatment), similar results were observed when blue
light was combined with red light (Jingjing et al., 2016).
Another treatment for tomatoes with culture fermentation
broth extended shelf life even twice as long (Shuwen et al.,
2019). This way, it is hard to evaluate the best-patented
process for each crop.

On the other hand, the search for research on elicitors
(Table 2) in Scopus database, for the same cultures, showed
increased activity in the 5 years. The number of published
scientific papers on potatoes (15 from original research and
2 reviews) and tomatoes (44 from original research and 6
reviews) exceed the number of patents, and the comparison
between research and review articles reveals that research
activity on the subject is increasing. China also has the lead-
ership in papers published on the topic. In the mean time, no
articles were found for eggplants and chilli peppers related
to the keywords used.

Presently, there are a few commercial elicitors devel-
oped to Solanaceae cultures, most of them based on bacte-
ria, and no product was found for application on eggplants
during postharvest. Only products based on antagonists
for biologic control were found, mostly based on bacteria,
for example Bio-Save® (Pseudomonas syringae) eliciting
against R. stolonifera and Fusarium spp. on potatoes and
sweet potatoes, Serenade Opti® (Bacillus subtillis) for Hel-
minthosporium solani for potatoes and Amylo-X® WG act-
ing as a large-spectrum elicitor for tomatoes and chilli pep-
pers. Only one commercial elicitor product based on yeasts
(Shemer® by Metschnikowia Fructicola) is applied on sweet
potatoes and tomatoes and enhance their defenses against
Botrytis, Rhizopus, Penicillium, and Aspergillus. Only one
product was found based on fungi, that is Trichodex (7richo-
derma harzianum T39) used on potatoes against B. cinerea
and Colletotrichum spp. Interestingly, a coating agent, called
Naturcover P® (Decco Naturally Postharvest ®, The Neth-
erlands), to be applied on the surface of potatoes to improve
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their natural shiny and delay aging by reducing transpiration
and respiration. According to the manufacturer, it does not
appear to have specific action against pathogens, but acts on
potatoes physiology and extends their shelf life.

Conclusions

Following current trends, strategies are currently being used
to fight or prevent crop pathogens, such as the breeding of
resistant cultivars through genetic engineering or selective
breeding, in addition to reducing the use of synthetic fungi-
cides. Another initiative that has proved to be promising, the
stimulus of the plant’s innate immunity, is gaining momen-
tum in research. Such initiatives include natural compounds
that induce plant resistance which may be exploited both in
pre- and postharvest phase: the plant resistance inducers or
elicitors. Elicitors are molecules or agents that play a role in
the triggering or stimulating of defense mechanisms in a plant.

It is noticeable that, today, the population is more con-
cerned with environmental issues and their effects on human
health. The use of elicitors manages to attract consumers
searching for food without residues of synthetic pesticides.
Although not being, in fact, organic crops, it is still food
cultivated with more sustainable and healthier practices.
Additionally, the use of elicitors to extend shelf life, in their
various formulations, does not necessarily represent an
expensive strategy. Some elicitor products are already avail-
able for commercial use as reported in this review. For those
crops that have a more fragile physical constitution, in addi-
tion to good harvesting, good handling practices and suitable
sanitization procedures, a more enduring and sustainable
approach to prevent postharvest losses due to diseases and
decay would be a combination of the mentioned treatments
and synthetic pesticides only in case of extreme necessity.
Examples of combined treatments involve: heat treatment
and/or elicitors in formulations followed by refrigeration
and/or modified atmosphere for storage and packaging pro-
cedures following the crop physiology limitations.

To conclude, the increasing market claims for horticul-
tural products free of contaminants should be envisaged. The
use of elicitors to induce plant defense is a promising trend
and will be well-regarded by public opinion since its use
preserves health and the environment, besides ensuring the
reduction of postharvest losses, thus promoting sustainable
agriculture now and for the next years.
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This study investigated the potential of ulvan as an elicitor in enhancing tomato
postharvest defense. Organic-certified tomatoes of the Sweet Grape variety were
subjected to ulvan treatment through injection and immersion, and their protective
effect against Botrytis cinerea was assessed. Ulvan treatment led to significant
improvements in defense-related enzymatic activities, such as phenylalanine ammonia

lyase (PAL), catalase (CAT), and ascorbate peroxidase (APX). Additionally, it reduced
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the volatile organic compound (VOC) profile in ulvan-treated fruits compared to
controls and inoculated ones. Further analysis by liquid chromatography/mass
spectrometry (LC/MS) revealed changes in secondary plant metabolism, including the
accumulation of potentially protective secondary metabolites, mainly caffeoylquinic
acids. The Minimum Inhibitory Concentration (MIC) determination showed ulvan has

no anti-fungal properties. Treatment did not modulate ascorbic acid levels.

Introduction

Tomato (Solanum lycopersicum) fruits are the second most consumed
vegetable in the world after potato (S. tuberosum L.), producing approximately 182.3
million tons annually in 4.85 million hectares (Quinet et al., 2019). Actually, China is
the largest producing country with approximately 100.000.000 tons produced in 2022
(Faostat, 2023). It is considered a high-risk crop because it is more likely to not reach
the expected productivity for several reasons, ranging from post-harvest diseases to
losses due to environmental conditions that can cause production to decline
(Fernandes et al., 2007; Monte et al., 2013). In relation to tomatoes, most of their
postharvest diseases are caused by Alternaria alternata (black mold) and Botrytis
cinerea (gray mold) fungi during storage (10 to 20 °C) at a relative humidity of 90—-95%
(Prusky et al., 2013). Specifically, B. cinerea is a necrotrophic phytopathogen
worldwide intimately related to postharvest losses, being responsible for economic
losses which can reach $10 billion each year (Hua et al., 2018) and currently there is
no natural tomato cultivars resistant to this phytopatogen. Thus the use of synthetic
agrochemicals with potential harmful effects on both environmental and human health,
or transgenic tomato varieties are the mainly strategies adopted. Nonetheless, B.
cinerea exhibits elevated reproductive rates, adaptability in adverse conditions, and
swift development of genomic mutations that confer resistance to fungicides, rendering
these strategies insufficiently efficacious (Nawrocka et al ., 2023). Because of this
situation, other strategies are being investigated such as physical and microbiological
control, eco-friendly syntheticals and natural compounds as elicitors (dos S. Costa et
al., 2022).
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Elicitors are agents of a physical, chemical, or biotic nature that trigger plant
defenses by influencing the modulation of biochemical, genetic, morphological, and
anatomical compounds in the plant's primary and secondary metabolism.
(Jamiotkowska et al., 2020). Including, defense elicitors should not be confused with
priming inducers since induced resistance in plants may occur into direct elicitation of
defense responses in the absence of infection, or into a plant sensitized by a priming
agent (de Borba et al., 2021). Naturally, plants have evolved with an array of
constitutive and induced defense mechanisms to avoid phytopathogens and abiotic
stresses, but elicitors may improve or activate such mechanisms before a real stress
episode. Plant-defense mechanisms encompass morphological, biochemical, and
molecular signalling through Volatile Organic Compounds (VOCs) emmission and
activity enhancement of defense-related enxymes such as catalase (CAT), ascorbate
peroxidase (APX) and phenylalanine ammonia-lyase (PAL), for example. Including,
the accumulation of secondary specialized metabolites such as polyphenols (lignin,
flavonoids, and phenolic acids), nitrogen-/sulfur-containing compounds (alkaloids,
glucosinolates, and thiophenes), terpenoids (including carotenoids) (Kutty and Mishra,
2023), chemical barriers against the microbial attack (phytoanticipins) and inducible
antimicrobials (phytoalexins) (Tiku, 2020) to cope with both adverse conditions,
pathogens and pests.

Although nowadays the most reliable means to control diseases in crops both
pre- and postharvest phase, including in horticultural crops such as tomatoes and
potatoes, is by the use of synthetic fungicides the efficacy of many of then is being
reduced due to the proliferation of resistant bacterial and fungal strains. And that is the
one of the main reasons why elicitors are gaining scientific visibility (Palou, 2018; dos
S. Costa et al ., 2022). Particularly, in agriculture, polysaccharides isolated from
seaweed (e.g., ulvans, laminarans, carrageenans and fucans) or even from animals
(e.g., chitosan and oligochitosan) are reported as quite effective elicitors being
considered less harmful or innocuous to mammalians’ health while being and thus,
safe (dos S. Costa et al., 2022).

Ulvans are the chief-sulfated polysaccharides isolated from the Chlorophyceae

family green seaweeds, mainly from the cosmopolitean genus Ulva, is distributed
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homogenously within the macroalgae intercellular space and in the fibrillar wall
preserving the osmolar stability and also protecting them from the attack of marine
bacteria (Figueira et al ., 2020). Such polyssacharides present a water-soluble gelling
behavior and is mainly composed of xylose and glucuronic acid but also rhamnose,
iduronic acid, glucose, arabinose, galactose, and mannose (Coiai et al ., 2021).
Because of its properties, ulvan has potential to be used in biomaterial science (e.g.
biofilm prevention, and excipients), in nutraceuticals (e.g. antiviral, antioxidant,
antihyperlipidemic, anticancer and immunostimulatory), as functional foods and also in
agriculture (Kidgell et al., 2019), as elicitors of plant defenses.

Nevertheless, the way in with the elicitor is applied (e.g. systemic, foliar,
dipping, injection) possibly may influence plant’s response of eliciting or priming. In the
literature both strategies are investigated. Including, in a previous work, our group
observed that the best concentration of ulvan as an elicitor was 1.0 mg/mL. Therefore,
we aimed to evaluate the best route of administration of the ulvan elicitor (by dipping
or injection), by evaluating the activity of enzymes related to plant defense (PAL, CAT
and APX). Once this step was concluded, we analysed the protection level of ulvan-
treated samples under B. cinerea inoculation. We also evaluated the ulvan-treated
tomatoes VOCs profile compared to control and inoculated with the phytopathogen as

well the secondary metabolism profile analysis by LC/MS of control and treated fruits.
Material and methods
Chemicals

Analytical reagents and standards were procured from Sigma-Aldrich and Merck
(Sado Paulo, Brazil). Methanol, hexane, dichloromethane, methyltertbutyl ether
(MTBE), ethyl acetate and chloroform were all of HPLC or analytical grade.

Plant material and phytopathogen origins

Organic-certified tomatoes, cultivar Sweet Grape, at the red maturation stage
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according to USDA standards (1991), were procured from local supermarkets in the
city of Rio de Janeiro, RJ, Brazil. These tomatoes were selected when they exhibited
uniform size and showed no signs of rot or mechanical damage, ensuring their quality
for subsequent analysis.

Samples of Botrytis cinerea were generously provided by Embrapa Meio
Ambiente, located in Jaguariina, Sao Paulo, Brazil. These samples were obtained
from the Collection of Microorganisms of Agricultural and Environmental Importance
(CMAA) through the Alelo Portal of Genetic Resources at Embrapa. The strain was
cultivated on Potato Dextrose Agar (PDA) medium, consisting of 200g of potato, 20g
of dextrose, and 1000mL of distilled water, following the recommendations of the
collection curator. The cultivation was carried out in an incubator at room temperature,
approximately 25°C, until the experiments were conducted.

For the extraction of ulvan polysaccharide, samples of Ulva fasciata were
collected at Prainha in Arraial do Cabo, RJ, Brazil, at coordinates
22°57'40S/42°01'13W. These samples were packed in a styrofoam box containing sea
water for transport. Subsequently, the fresh biomass underwent a cleaning process
and was then dried in an oven at 50°C. The dried biomass was stored in a desiccator

until it was ready for extraction.

Ulvan polysaccharide eliciting solution

Ulvan extraction followed Reis et al. (2018) method. Dried Ulva fasciata biomass
(96.5 g) was powdered, suspended in ultrapure water (100 mL/10g), autoclaved
(121°C, 1 atm, 40 min), and then centrifuged (10,000 g, 4°C, 10 min). Polysaccharide
precipitation occurred with three volumes of ultrapure ethanol (-20°C, 48 hours),
followed by centrifugation (3500 g, 4°C, 5 min) and lyophilization (25.617 g).

Purification involved membrane dialysis (12,000-14,000 Da), resulting in
lyophilized ulvan (11g) with an approximate yield of 11.39%. Aqueous ulvan solutions
(1 mg/mL) were prepared for experiments.
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Experimental design

Previously, all tomatoes underwent a surface decontamination process
involving submersion in a 1% sodium hypochlorite (NaOCI) solution for 30 minutes,
followed by a rinse in distilled water and subsequent air drying at room temperature.

The initial experimental design comprised samples of organic tomatoes (cv
Sweet Grape) to which ulvan solutions were applied by injection or immersion (10 pL,
c = 1 mg/mL1) and tomatoes (N=50) were treated by inclusion in ulvan solution (1
mg/mL) for 30 min or with the same injected solution (N=50, 10 pL, 2 mm deep X 2
mm wide) and were observed for protection level (%) for 9 days. Controls were
immersed in sterile distilled water for 30 min or inoculated (10 pL of sterile water).
Individuals (4) were randomly collected on days 1, 2, 3, 6 and 9 after the experiment,
frozen with N2 and stored in a freezer at -80 °C for later analyzes comprising the
tomatoes protection index after 9 days of treatment as well the enzymatic-related
defense activity (PAL, CAT and APX).

Following the assessment of the day displaying the highest enzymatic activity,
tomatoes (N=40) were immersed in an ulvan solution with a concentration of 1 mg/mL
for a duration of 30 minutes. Subsequently, they were inoculated with a 10 pL volume
of B. cinerea inoculum (5 x 10* conidia/mL), at two separate time points: 3 days and 6
days after the initial polysaccharide treatment. Also fruits were only treated with ulvan
solution or inoculated with B. cinerea for comparative purposes. The evaluation of the
protective effect (%) was conducted 15 days from the beginning of the experiment.

For the analysis of volatile organic compounds (VOCs), the tomatoes were
divided into three groups (N = 56): The control group consisted of fruits immersed in
distilled water for 30 minutes while a second group of fruits was treated with ulvan by
immersing them in an aqueous ulvan solution at a concentration of 1 mg/mL. A third
group of fruits was inoculated with B. cinerea at a concentration (5x104 conidia/mL).
Randomly, four whole tomatoes were selected at each of the following time points: 1,
3, 6,9, 12, 24, and 48 hours from the start of the experiment. These tomatoes were
promptly frozen using liquid nitrogen and stored at -80°C until the SPME fiber exposure

phase.
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Mininum Inhibitory Concentration (MIC)

The MIC of the ulvan solution was determined following CLSI's M38-A2
standard for filamentous fungi. Serial dilutions (1:2) of ulvan in RPMI medium produced
a gradient (2500 pg/mL to 1.2 pg/mL) in a 96-well plate. B. cinerea conidia (5x104
conidia/mL) were inoculated (100 pL/well). After 4 days, wells were assessed for fungal
growth.

Phenylalanine ammonia lyase (PAL), catalase (CAT) and ascorbate peroxidase
(APX) activity

Preparation of enzymatic extracts

For PAL (Phenylalanine Ammonia Lyase), the extraction protocol closely
followed the method outlined by Modafar et al. (2012). Specifically, 100 mg of frozen
fresh mass sample was ground and mixed with 5 mL of tris-HCI buffer (100mM, pH
8.5) and 5 mL of B-mercaptoethanol aqueous solution (14mM). The resulting mixture
underwent centrifugation at 13,000 g, 4°C, for 30 minutes, and the supernatant was
utilized as the enzyme extract.

The activity of CAT (Catalase) and APX (Ascorbate Peroxidase) enzymes was
determined in accordance with the methodology described by Kang & Saltveit (2001).

For APX, 500 mg samples of fresh frozen mass were extracted and
homogenized with 1 mL of an extraction buffer containing 50 mM potassium phosphate
(pH 7.0), 1% Triton X-100, and 7 mM 2-mercaptoethanol, using a mixer (Turrax). This
homogenate was subsequently centrifuged at 25,000 g and 4°C for 20 minutes, with
the resulting supernatant serving as the crude extract for APX activity determination.

As for CAT, the crude extract was obtained from 500 mg of fresh frozen mass
for each sample, which was extracted and ground with 4.5 mL of a Tris-HCI buffer
solution (0.05 M, pH 7.5) supplemented with MgCl2 (3 mM) and EDTA (1 mM). After
homogenization, the mixture was centrifuged at 25,000 g and 4°C for 20 minutes, and

the supernatant was used as the crude extract for enzyme activity assessment.
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PAL, CAT and APX enzyme assay

PAL Assay: enzymatic extracts (100 pL) were mixed with L-phenylalanine (200
pL, 100mM) in tris-HCI buffer (100mM, pH 8.5) and incubated at 40°C for 1 hour.
Reaction halted with HCI (5N, 200 pL). PAL activity determined by cinnamic acid
production, quantified at 290 nm and expressed as nmol cinnamic acid/min-t/mg
proteint).

CAT Activity Assay: the misture reaction comprised the diluted enzyme extract
(1:5, 50 pL), phosphate buffer (50 mM, pH 7.4) and H202 (1%). CAT activity calculated
from H202 (extinction coefficient 36 M-t/cm™) at 240 nm, expressed as ymol H202/min-
/g proteint.

APX Activity Assay: diluted enzyme extract (1:5, 50 pL), phosphate buffer (50
mM, pH 7.0) containing EDTA (0,1 mM), ascorbate (0,5 mM), H202 (1,54 mM). APX
activity determined by measuring ascorbic acid (extinction coefficient 2.8 mM* cm)
at 240 nm and expressed as ymol ascorbic acid/min-/g protein.

All results were normalized to protein content.

HS-SPME
Extraction

The HS-SPME procedure for tomato extracts followed the method described by
Li et al. (2019). Frozen samples were allowed to thaw and were prepared in triplicate.
The extraction process was as follows: a DVB/CAR/PDMS (50/30 pm) fiber was
exposed to the headspace of 20 mL vials, which were sealed with silicone septa. These
vials contained frozen tomato powder (4.5 g), along with n-octanol (8 uL, 100 mg/L),
and a saturated CaClz solution (1.7 mL). The entire setup was then heated for 40
minutes at 50 °C. The contents of the fiber were immediately analyzed using GC/MS.
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GC/MS conditions for VOCs analysis

The GC/MS analysis protocol closely followed the methodology as previously
described by Li et al. (2019). This analysis utilized a Shimadzu model QP2020
chromatograph equipped with a mass detector and a quadrupole analyzer, operating
in the electronic ionization mode with an energy of 70 eV. The mass spectrometer was
set to measure in the mass range of m/z 60 to 600 Da.

Gas chromatography was conducted using an Agilent DB-5MS column (5%
phenylmethylsilicone) with dimensions of 30m x 0.2 mm and a particle size of 0.25 pym.
Helium served as the carrier gas, flowing at a constant rate of 1 ml/min. The
temperature program for the column started at 40 °C for 6 minutes, followed by a linear
increase to 100 °C at a rate of 3 °C per minute, and eventually reaching 230 °C at a
rate of 5 °C per minute.

Component identification was carried out by comparing the obtained mass
spectra with the reference spectra from the NIST14 mass spectral library. The relative
areas of the chromatographic peaks were normalized with respect to the area of the

internal standard, n-octanol.

LC/MS analysis

Extraction

The extraction used for the analysis of secondary plant metabolism (LC/MS)
was based on the methodology developed by Gomez-Romero et al. (2010). Samples
of 500 mg of lyophilized tomato homogenate powder (N=4) between controls (bathed
in distilled sterile water, for 30 min) and treated (bathed in agueous ulvan solution - 1
mg/mL, 30 min) and in triplicate, were extracted with 5 mL of methanol in an ultrasonic
bath for 30 minutes. After that, the samples were centrifuged (10,000 g, 10 min) and
the supernatants reserved. The extraction process was repeated 2 more times with the
same material and the three supernatants were combined respectively for each

sample. Finally, the samples were filtered (22 pm) into amber vials and kept under

98



refrigeration until analyzed by LC/MS.

Chromatographic conditions for LC/MS

High-Performance Liquid Chromatography coupled with Electrospray lonization
Mass Spectrometry (HPLC-ESIMS) analysis was conducted using an Agilent Infinity
1260 chromatograph connected to a MicrOTOF Bruker mass spectrometer. HPLC
analyses were carried out employing an ACE-3 C18 column (100 mm x 2.1 mm, 3.0
pMm particle size), with a methanol gradient in 0.1% aqueous formic acid, and UV
detection at 280, 310, and 360 nm. The ESI-MS instrument parameters were
configured for positive or negative ion mode, and spectra were acquired within a mass
range of 100-1200 m/z. The optimal ESI-MS parameters included a capillary voltage
of 5000 V, dry gas temperature of 200 °C, dry gas flow of 2.0 L/min, nebulizer pressure
of 2.0 bar, and a spectrum rate of 1 Hz. The HPLC flow rate (0.3 mL/min) was delivered
directly into the mass spectrometry detector.

Calibration was performed using a sodium formate cluster containing 5 mM
sodium hydroxide and 0.2% aqueous formic acid—isopropanol (1:1, v/v). This was
injected at the beginning of each run using a Cole Palmer syringe pump (Vernon Hills,
IL, USA) connected directly to the interface. Spectra were calibrated prior to compound
identification. The HPLC system utilized a mobile phase comprising deionized water
with 0.5% acetic acid (A) and acetonitrile (B), at a flow rate of 1.8 mL/min. The gradient
elution program was as follows: 0—2 minutes, 1-3% B; 2—-15 minutes, 3-9% B; 15-32
minutes, 9-35% B; 32-39 minutes, 35-100% B. Subsequently, the B content was
reduced to initial conditions, and the column was re-equilibrated for 6 minutes (total
run time of 85 minutes). All operations were controlled by Data Analysis 3.4 software
(Bruker Daltonics), which provided a list of possible elemental formulas using the
Generate Molecular Formula Editor. Compound identification was based on UV
spectra and fragmentation profiles, and measured masses were obtained with a

resolution of 20,000 with a standard error less than 10 ppm.
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Statistical analysis

Statistical analyses were performed for all experiments using the XLStat
software (Data Analysis and Statistical Solution for Microsoft Excel, Addinsoft, Paris,
France 2017), through ANOVA (confidence interval = 95%, tolerance = 0.05, Tukey’'s
and Fisher’s test). Heat maps were constructed using Orange: Data Mining Toolbox in
Python software (Densar et al., 2013). Principal Component Analysis (PCA) was
carried out using five Principal Components (PCs), each assigned a weight of 1 for all
variables and samples. The analysis included cross-validation with one sample per
segment and was performed without rotation. The Unscrambler® X 10.2 software,
developed by Camo Software in Norway, was utilized for the execution of the

multivariate analyses.

Results

MIC

The polysaccharide ulvan did not exhibit any inhibitory effects on conidia

germination at the concentrations tested.

Ulvan treatment by dipping is more effective than injection

Based on our data, ulvan treatment displayed protective effects on tomatoes,
mitigating both softening and fungal proliferation for up to nine days of observation,
whether applied as a dipping solution (94%) or when injected directly into the fruits
(92%) (Fig. 1; Table 1). In contrast, approximately 70% of the control samples treated
with distilled water via injection developed rot within the same timeframe (Fig. 1; Table
1). Consequently, we opted to continue the experiments exclusively with dipping

treatments for both ulvan-treated and control samples.
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Table 1. Protection index (%) via injection or dip of control samples and ulvan-treated

tomatoes
Treatment Protection index (%)
Control — dipped in distilled H20 (30 80
min)
Control — injeted with distilled H20 30
(10pL)
Ulvan — dipped (Img/mL; 30 min) 94
Ulvan — injected (1mg/mL; 10puL) 92

-

! Control - Dipped in distilled H,O (30 min) ﬁ Control — injeted with distilled H,O (10pL)

.

! Ulvan — dipped (1mg/mL; 30 min) E Ulvan - injected (1mg/mL; 10pL)

lcm

Fig.1. Comparison between control tomatoes (Groups A and B) and ulvan-treated tomatoes (Groups C
and D) subjected to immersion or injection in sterile distilled water or ulvan solutions.
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Ulvan increases antioxidants enzymes activities

The ulvan treatment significantly enhanced the activity of PAL and CAT
enzymes, particularly evident starting from the third day onwards for PAL and from the
sixth day onwards for CAT since the beggining of the experiment. With respect to APX
activity, it is determined by monitoring the absorbance of the solution at 290 nm as

ascorbic acid (ASC) is oxidized. Consequently, the treatment with ulvan also led to

increased activity of this enzyme in the fruits.
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Fig. 2. Enzyme activities (PAL, CAT and APX) in tomato Sweet Grape — control (in black) and treated
with ulvan solution (in green) (2A) dipped / 2B) injected) in 1, 2, 3, 6, and 9 days of observation. Letters
C= control and U= ulvan-treated represent statistical significance < 0,05.

Ulvan increases phenolic compounds and esculeoside A

The LC/MS analyses revealed a significant increase in flavonoid content in the
observed fruit samples (Fig. 3) on the sixth- and ninth-days following treatment with
ulvan, with the most pronounced increase occurring on the sixth day (p< 0.05). The
dataset used for the PCA biplot consisted of a 13x10 matrix, where the rows
represented phenolic compounds and the columns represented analysis days,
encompassing both control and ulvan-treated tomato samples. The Principal
Component Analysis (PCA) results, as shown in Fig. 4, demonstrated that 76% of the
total variability was explained by the first principal component (51%) and the second
principal component (25%). Through PCA, it became evident that the increased

phenolic activity observed on the sixth day post-treatment with the polysaccharide was
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strongly correlated with the presence of monocaffeoylquinic, dicaffeoylquinic, and

tricaffeoylquinic acids (Fig.4).
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Fig. 3 Phenolic compounds in tomato Sweet Grape — control (in blue) and treated with ulvan solution (in
yellow) in 1, 2, 3, 6, and 9 days of observation. Asterisks denote statistical differences (p<0,05).
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Fig. 4 Principal Component Analysis of phenolic compounds. C = control and UT = ulvan-treated
tomatoes.

The levels of tomatine in both control samples and ulvan-treated fruits were

significantly lower than those of esculeoside A, consistent with expectations based on

the fruit's maturation stage (Fig.5). Nevertheless, on the sixth day, there was a notable

increase in both tomatin and esculeoside A levels in ulvan-treated tomatoes. By the

ninth day, the tomatin levels in both control samples and ulvan-treated samples had

approached parity, while esculeoside A continued to exhibit a higher concentration in

tomatoes treated with the polyssacharide than in control samples (Fig.5).
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Fig. 5 Levels of tomatine and esculeoside A in control samples and ulvan-treated tomatoes were
quantified. Asterisks denote statistical differences (p<0,05).

Ulvan retards infection by B. cinerea

Photographs of the tomato plants were taken 15 days after the beginning of the
experiment (Fig.6). These images were subsequently analyzed to determine the
presence of visual symptoms, the progression of the disease, and the overall health
status of the tomato plants within each experimental group. It is evident that tomatoes
previously treated with ulvan and inoculated with B. cinerea six days later show a
significantly lower pathogen dissemination rate (22.5%) compared to those solely
inoculated with the phytopathogen (85%) within the same time frame (Fig.7).
Surprisingly, in contrast, tomatoes treated with ulvan and inoculated three days after
treatment displayed even worse pathogen dissemination (100%) than those solely
inoculated (7.5%). The treatment with ulvan protected 100% of fruits in the period

(Fig.7).
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Fig. 6. Comparative study of control (A), ulvan-treated (B), control inoculated with B. cinerea (C),
inoculated with B. cinerea 3 days after ulvan treatment (D), and inoculated with B. cinerea 6 days after
ulvan treatment (E) tomato plants. Photographs were taken 15 days after the beggining of the
experiment. N=40 for each experiment.

N=40 for each condition
Elicited (6 DAT)
Elicited (3 DAT)

® Protection (%)
Inoculated with B. cinerea B Rotten (%)
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Fig. 7. Percentage (%) of protection or rotten tomatoes in the following conditions, upwards: control,
ulvan-treated, control inoculated with B. cinerea, inoculated with B. cinerea 3 days after ulvan treatment,

and inoculated with B. cinerea 6 days after ulvan treatment.
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36 VOCs were counted in control samples, 40 in ulvan-treated and 28 in B.
cinerea inoculated fruits. (Table S1, Supplementary Material). Both control and ulvan-
treated tomatoes samples shared 24 compounds (Fig. 8A). 12 compounds were
detected only in control samples, 16 compounds only in ulvan-treated tomatoes and 7
only in the inoculated ones (Fig. 8A).

The heat map (Fig. 8B) highlights the variation in the levels of pentenal,
heptanal, ethyl acetate, 1-pentanol, 1-hexanol, phenylethyl alcohol, 1-penten-3-one,
sulcatone, 2-methoxy2-methyl-propane, hexane, and 2-ethyl-furan. The major volatiles

detected were hexanal and 2-hexenal (Fig. 8C).

A) Control
C=36

B. Cinerea
C=28

Ulvan-treated
C=40
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Fig. 8. A) Volatile organic compounds in tomato Sweet Grape — control (in blue), treated with ulvan
solution (in green) and inoculated with B. cinerea (in red) after 1, 3, 6, 9, 12, 24 and 48 hours of
treatment, as well compounds emitted by both samples. B) Sweet Grape tomatoes volatile compounds
found in control and ulvan treated samples after 1, 3, 6, 9, 12, 24 and 48 hours after treatment. C)

Emission levels of hexanal and 2-hexenal. Asterisks denote statistical differences (p<0,05).
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Discussion

Based on our results, ulvan aqueous solution (1 mg/mL) has the capacity to
enhance the activity of PAL, CAT, and APX enzymes, with the sixth day emerging as
a critical time point for this increased activity. Our findings align with those of El
Modafar et al. (2012), who observed an increase in the pivotal enzyme PAL, likely due
to the salicylic acid signaling pathway in tomato plants through the injection of ulvan (3
mg/mL). It was discovered that oligoulvans activate various enzyme activities, such as
catalase, superoxide dismutase, peroxidase, polyphenol oxidase, and PAL, while also
increasing lignin and phenolic compound levels. In tomato plants, the use of
oligoulvans reduced Fusarium oxysporum-induced wilting, and this resistance was
linked to increased PAL activity and the accumulation of salicylic acid and phenolic
compounds (Siah et al., 2018). Nonetheless, we did not observe a rise in ascorbic acid
levels, an antioxidant, in ulvan-treated tomatoes.

Ulvan, at a concentration of 1 mg/mL, also incresed the activity of CAT, SOD,
CHI, and ROS enzymes in grapes, but there was no significant PAL activity (Shomron
et al., 2022). Ulvan and oligoulvans, at a concentration of 5 mg/mL, triggered the rapid
and transient accumulation of hydrogen peroxide (H202) and the activation of
antioxidant-related enzymes, including catalase (CAT) and superoxide dismutase
(SOD). These algal saccharides also increased the activities of phenylalanine
ammonia-lyase (PAL), peroxidase (POD), and polyphenol oxidase (PPO), along with
elevated levels of lignin and phenolic compounds, all derived from the phenylpropanoid
pathway. Among the various defense-related parameters assessed, oligoulvans
exhibited greater effectiveness than ulvan. The results underscore the effectiveness of
oligosaccharides with a low degree of polymerization (DP) in initiating the activation of
defense-related enzymes and metabolites (Abouraicha et al., 2015). Hence, the
effectiveness of this polysaccharide as a plant defense stimulator varies depending on
the species and dosage. Moreover, whether the fruit is treated pre-harvest or post-
harvest seems to impact ulvan's activity. Furthermore, our results suggest that ulvan
not only influences the lipoxygenase pathway due to increased enzyme activity but

also fortifies the plant cell wall, making it more resilient. Such findings are based on
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the high PAL activity in treated fruis.

In addition, recently it was observed in wheat that ulvan spraying elicits, but
does not prime, pathogenesis-related proteins (e.g [-1,3-endoglucanase and
chitinase), reactive oxygen species metabolism (e.g. oxalate oxidase), and also the
octadecanoid pathway (e.g. lipoxygenase and allene oxide synthase), but no gene
markers of the phenylpropanoid pathway (e.g. phenylalanine ammonia-lyase and
chalcone synthase) (de Borba et al., 2021). Thus, it is possible that ulvan may act in
more than one signaling pathway, result in multiple responses, be dependent of plant
genotype and fungal species involved (Stadnik and Freitas, 2014). In this context,
ulvans can act as an inducer of plant defenses through priming in monocots (Paulert
et al., 2010) and as an elicitor of defense responses in dicots plants (Cluzet et al.,
2004) even currently their molecular structure-function relationships nor their cellular
modes of action are known (Paulert et al ., 2021). Nevertheless, there are reports
whose authors observed that ulvan acts through the jasmonic acid pathway (JA) in
common bean, grapevine and cucumber plants (Jaulneau et al ., 2011) while the
expression of PR-1 which is a known marker for salicylic acid pathway (SA) has been
observed in Medicago truncatula (Cluzet et al., 2004).

Hexanal and 2-hexenal were the major volatile compounds detected in the HS-
SPME assays for control, ulvan-treated and inoculated fruits with B. cinerea. However,
the relative area of these VOCs is much larger in controls than in inoculated and treated
ones. In fact, the areas of all VOCs in tomatoes treated with ulvan are much smaller
compared to the other two conditions tested. It is therefore suggested that ulvan
suppresses the emission of VOCs in tomato fruits. C18 fatty acids like linoleic (18:2)
and linolenic (18:3) acids are responsible for generating C6 aldehydes such as
hexanal, cis-3-hexenal, trans-2-hexenal, 1-hexanol, and the C5 volatile compound 1-
penten-3-one through lipid degradation. This process is catalyzed by enzymes like
lipoxygenase and 13-hydroperoxide lyase (as described by Distefano et al., 2022).
When we compared the levels of hexanal and 2-hexenal in treated tomatoes to the
control group, it suggested that ulvan treatment might have inhibited these enzymes.
Geranylacetone and sulcatone possess leafy and citrusy aromatic qualities. Sulcatone

is also associated with the sweet, fruity taste found in many fruits, as mentioned in
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Zhou et al. (2022). Typically, commercially available tomatoes contain lower levels of
volatile organic compounds (VOCSs) like these, partly because genetic mutations that
extend shelf life tend to result in lower levels of such volatiles (Tieman et al., 2017).
Geranylacetone results from the oxidative breakdown of carotenoids such as
phytoene, phytofluene, &-carotene, and neurosporene, which are present in only small
amounts in ripe tomatoes. Conversely, sulcatone (5-hepten-2-one, 6-methyl) is a
byproduct of the oxidative breakdown of lycopene, the dominant carotenoid in ripe
tomatoes (as explained by Paparella et al.,, 2021). Since these VOCs are volatile
apocarotenoids, their concentrations are linked to the levels of their carotenoid
precursors (as noted in Vogel et al., 2010). Our VOC experiments concluded within the
first 48 hours after ulvan treatment, during which we observed lower levels of these
precursor carotenoids in comparison to control samples. Consequently, the VOC levels
in ulvan-treated tomatoes were also lower (see Fig. 3B). In contrast, the level of 2-ethyl
furan increased with ulvan treatment. Furan derivatives in foods can potentially
originate from ascorbic acid and related compounds, Maillard-type reactions involving
amino acids and reducing sugars, the oxidation of unsaturated fatty acids, or even
carotenoids, as suggested by Vranova and Ciesarova (2009) and Gul Akillioglu et al.
(2015).

Conclusion

Our study demonstrates the significant impact of ulvan on the on the activities
of defense-related enzymes, mainly CAT, PAL and APX, and volatile compounds in
tomatoes. Multivariate analysis (PCA) of the LC/MS data for phenolics suggests that
ulvan treatment positively affected the production of phenolic compounds, mainly
concerning caffeoilquinic acids and thus, probably lignin.The enhancement of fenolic
compounds may be explained by the high PAL activity. In fact, the likely increase in
lignin production may be one of the keys to understanding how ulvan acts in defense
against B. cinerea, delaying its colonization in the fruit. Undoubtedly, the sixth day after

treatment is a key and notable day for the increase in enzymatic activity, phenolic
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compounds and even glycoalkaloids such as esculeoside A. Regarding the increase
in esculeoside A levels, despite steroidal glycoalkaloids being related to plant defense,
this mechanism is still poorly elucidated, but this substance may play a role in the
defense of the fruit, a fact supported by other findings in the literature about this
molecule. Furthermore, the inhibition of enzymes involved in lipid degradation, which
leads to the formation of volatile aldehydes such as hexanal and 2-hexenal, suggests
a potential mechanism through which ulvan influences the composition of volatile
compounds in tomatoes. Ulvan's influence on the modulation of carotenoid precursors,
such as geranylacetone and sulcatone, contributes to understanding the changes in
the aroma and flavor profiles of ulvan-treated tomatoes.

Additionally, the observed suppression of volatile organic compound (VOC)
emissions in ulvan-treated tomatoes and the potential impact on carotenoid precursor
levels in these tomatoes offer valuable insights. These results open new perspectives
for post-harvest and food production strategies aimed at enhancing both sensory and
nutritional profiles. Further research is needed to comprehensively understand the
underlying mechanisms of these modifications and optimize ulvan application
conditions to maximize its benefits in the food industry.

Our findings indicate that ulvan may play a role in multiple signaling pathways,
leading to varied responses depending on the plant species and the fungal species
involved. However, the specific molecular structure-function relationships and cellular

modes of action of ulvan remain to be fully elucidated.
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Table S1. Volatile organic compounds in tomato Sweet Grape — control and treated with ulvan solution after 1, 3, 6, 9, 12, 24 and 48 hours

of treatment.

Control Days after treatment
Compound 1h 3h 6h 9h 12h 24h 48h
Relative area

Propane, 2- 007 <+ 001 020 =+ 016 002 =+ 002 006 =+ 006 083 + 136 0,04 + 0,04 0,06 + 0,05

methoxy-2-

methyl-

n-Hexane 007 + 004 005 =+ 003 003 =+ 003 006 =+ 002 005 =+ 0,07 0,08 + 0,06 0,14 + 0,12

Ethyl Acetate 049 + 032 050 =+ 060 060 =+ 066 031 =+ 020 054 =+ 038 051 + 0,38 1,04 + 1,60

Butanal, 3- 002 + 002 009 <+ 008 009 =+ 006 040 =+ 054 010 =+ 0,07 044 + 053 0,62 + 0,64

hydroxy-

1-Penten-3- 030 + 005 022 =+ 014 052 =+ 039 034 =+ 004 040 == 0,14 0,28 + 0,18 041 + 0,20

one

Furan, 2-ethyl- 065 <+ 019 026 + 012 031 =+ 007 044 + 026 046 =+ 031 1,22 + 0,97 0,40 + 0,31

1-Butanol, 3- 0,73 * 022 050 =+ 013 086 =+ 006 114 =+ 028 047 = 0,01 220 + 031 1,96 + 0,33

methyl-

2-Butenal, 2- 108 =+ 001 008 <+ 001 026 =+ 005 025 <+ 0,02 016 =+ 0,05 0,39 + 032 0,12 + 0,05

methyl-

2-Pentenal 014 + 004 005 =+ 704 015 =+ 002 018 =+ 003 019 == 0,04 0,30 + 0,02 0,10 + 0,07

1-Pentanol 018 + 282 1230 + 2,71 027 + 288 024 <+ 564 014 <+ 3,08 0,09 + 3,83 0,17 + 1,65

Hexanal 34,74 + 1231 2948 + 209 3328 + 0,79 3998 + 201 435 + 085 2220 + 202 1485 + 1,32
9

2-Hexenal 2846 + 001 741 + 007 1136 =+ 0,24 1544 + 066 140 =+ 0,02 8,771 + 0,03 5,64 + 0,14
1

1-Hexanol 003 + 002 o007 =+ 010 019 =+ 012 047 =+ 013 007 == 0,04 0,06 + 005 0,23 + 0,05

2-Heptanal 015 + 002 024 + 000 068 <+ 021 055 + 026 094 <+ 0,01 0,40 + 0,01 0,28 + 0,01

1-Octen-3-one 005 + 015 001 + 007 041 <+ 019 049 + 031 0,07 <+ 0,04 0,04 + 0,11 0,04 + 0,09

5-Hepten-2- 102 <+ 001 031 <+ 004 060 =+ 003 086 =+ 003 083 =+ 001 0,89 + 0,02 0,64 + 0,05

one, 6-methyl-
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Te.tradecanoic 0,01 + 0,01 0,00 + 0,00 0,00 + 0,00 0,00 + 0,00 000 =+ 0,00 0,00 + 0,00 0,07 + 0,10
gcclftjanoic acid, 003 + 003 002 + 003 009 <+ 011 007 <+ 005 005 + 002 003 <+ 001 002 <+ 0,01
octyl ester
Palmitoleicacid 0,01 + 001 006 + 003 000 + 000 001 <+ 000 000 <+ 000 000 + 000 002 <+ 0,01
Palmitic acid 0,046 =+ 0,06 0,019 + 0,02 0,031 = 0,054 + 0,02 8,03 + 002 0051 =+ 003 0301 =+ 0,32
Ulvan-treated Days after treatment
Compound 1lh 3h 6h 9h 12h 24h 48h

Relative area
Propane, 2- 0,022 + 001 0,200 + 0,31 0,08 + 0,04 0357 =+ 0,29 0041 =+ 0,05 0,232 = 0,14 0,163 =+ 0,19
methoxy-2-
methyl-
n-Hexane 0,213 + 0,27 0558 + 042 0,137 <+ 0,03 0,267 <+ 0,17 0,152 + 0,22 0,324 = 0,22 0,261 + 0,14
Ethyl Acetate 0,347 + 0,30 0,398 + 0,18 0487 + 050 0380 + 0,04 0167 + 008 0594 + 0,75 0682 = 0,84
1-Penten-3- 0,349 + 0,18 0,326 + 0,08 0,388 + 0,15 0264 + 0,22 0,364 + 0,07 0346 + 0,21 0446 =+ 0,42
one
Furan, 2-ethyl- 0,278 + 0,02 0433 + 0,28 0507 <+ 013 0875 + 0,29 0,251 + 0,23 0687 +* 049 0,709 = 0,55
Pentanal 0,06 + 0,05 0,103 + 0,05 0,238 <+ 0,00 0516 <+ 054 0,077 + 0,06 0413 = 047 0,18 =+ 0,22
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1,365
0,085
1,829
6,024
0,338
0,151

0,057

0,103

0,103

0,257

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,24

0,28

2,17
0,13
2,96
1,55
0,10
0,23

0,07

0,09

0,12

0,33

0,172

0,260

0,052
0,099
0,088
3,690
6,204
0,060

0,016

0,067

0,068

0,241

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,20

0,22

0,04
0,13
0,14
0,92
3,44
0,06

0,01

0,01

0,04

0,09
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Furan, 2-
pentyl-
5-Hepten-2-ol,
6-methyl-
3-Hexenoic
acid
1-Octen-3-one
2-Octenal
Linalool
Nonanal
Phenylethyl
Alcohol
Formic acid,
octyl ester
Benzyl nitrile
Octanoic acid
1-Nonanol

a-Terpineol

0,203

0,103

0,011

0,012
0,132
0,046
0,032

0,090

0,068

0,025
0,012
0,005

0,007

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,27

0,05

0,01

0,01
0,11
0,05
0,02

0,09

0,03

0,00
0,00
0,01

0,01

0,142

0,114

0,030

0,025
0,041
0,103
0,035

0,183

0,051

0,023
0,016
0,004

0,021

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,07

0,07

0,03

0,02
0,02
0,11
0,02

0,07

0,03

0,01
0,00
0,00

0,01

0,252

0,082

0,091

0,046
0,091
0,073
0,029

0,147

0,059

0,018
0,026
0,001

0,017

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,34

0,06

0,12

0,04
0,10
0,01
0,02

0,10

0,03

0,01
0,01
0,00

0,01

0,204

0,119

0,051

0,024
0,080
0,023
0,020

0,100

0,050

0,050
0,025
0,002

0,008

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,14

0,09

0,04

0,02
0,04
0,02
0,00

0,10

0,04

0,03
0,02
0,00

0,01

0,006

0,006

0,014

0,013
0,024
0,004
0,000

0,012

0,020

0,014
0,013
0,000

0,002

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,01

0,01

0,02

0,02
0,04
0,01
0,00

0,02

0,02

0,02
0,02
0,00

0,00

0,074

0,075

0,099

0,010
0,082
0,024
0,013

0,073

0,037

0,016
0,017
0,000

0,005

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,06

0,06

0,11

0,01
0,10
0,00
0,02

0,03

0,03

0,00
0,01
0,00

0,00

0,157

0,043

0,013

0,009
0,120
0,065
0,039

0,047

0,057

0,013
0,013
0,004

0,015

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,14

0,06

0,02

0,00
0,10
0,06
0,05

0,01

0,02

0,00
0,00
0,01

0,01
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122

Decanal 0,010 + 0,00 0,010 + 0,01 0,008 <+ 0,00 0,003 =+ 000 0000 =+ 0,00 0,002 = 0,00 0,004 =+ 0,00
2,4-Decadienal 0,047 + 0,03 0,020 + 001 003 + 0,02 002 + 001 0,003 + 001 0014 + 0,02 0,031 + 0,02
Benzene, (2- 0,025 + 0,01 0,024 + 0,00 0014 + 0,01 0014 + 0,01 0001 + 000 0,003 + 0,01 0,006 =+ 0,00
nitroethyl)-

5,9- 0,101 + 0,06 0,110 + 0,10 0,113 + 0,10 0,069 + 0,03 0,004 + 0,00 0,045 + 0,06 0,033 + 0,01
Undecadien-2-

one, 6,10-

dimethyl-

3-Buten-2-one, 0,008 + 0,00 0,010 + 0,00 0001 <+ 000 0001 <+ 0,00 0000 + 0,00 0006 + 001 0003 + 0,01
4-(2,6,6-

trimethyl-1-

cyclohexen-1-

-

Pentadecane 0,005 + 000 0005 <+ 000 0009 + 001 0003 + 000 0003 + 000 0,008 + 001 0,003 = 0,00
Hexanoic acid, 0,006 + 0,00 0,007 + 0,01 0,005 + 0,00 0,006 <+ 001 0,003 + 000 0003 * 0,00 0,004 + 0,00

octyl ester




4-Pentenoic
acid, 2-methyl-
, octyl ester
Tetradecanoic
acid

Octanoic acid,
octyl ester

Palmitic acid

0,004

0,008

0,048

0,067

I+

I+

I+

I+

0,00

0,01

0,03

0,03

0,007

0,001

0,040

0,035

I+

I+

I+

I+

0,01

0,00

0,01

0,02

0,005

0,002

0,020

0,063

I+

I+

I+

I+

0,00

0,00

0,01

0,02

0,006

0,002

0,021

0,033

I+

I+

I+

I+

0,01

0,00

0,01

0,05

0,001

0,001

0,005

0,029

I+

I+

I+

I+

0,00

0,00

0,00

0,03

0,002

0,005

0,013

0,073

I+

I+

I+

I+

0,00

0,00

0,01

0,06

0,004

0,010

0,022

0,076

I+

I+

I+

I+

0,00

0,01

0,01

0,07
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Ulvan-treated

Days after treatment

Compound 1h 3h 6h 9h 12h 24h 48h
Relative area

Propane, 2- 0,031 + 0,00 0,114 + 0,16 0,108 + 0,16 0,029 + 0,04 0228 + 0,21 0530 + 0,88 0,261 = 0,15

methoxy-2-

methyl-

Ethyl Acetate 0,521 + 034 0,227 + 005 1,232 + 107 0,119 <+ 006 0387 + 0,34 0544 =+ 041 0905 =+ 0,9

Cyclopentane, 0,118 + 008 033 + 0,38 0458 + 037 0418 =+ 052 0555 + 066 0,216 =+ 0,29 0,344 + 0,31

methyl-

1-Penten-3-one 0,046 + 001 0589 + 042 0351 + 004 038 + 020 0793 + 050 0416 <+ 024 0877 *= 0,99

Furan, 2-ethyl- 0,332 + 0,04 0697 <+ 056 0607 + 036 0373 + 017 0664 <+ 016 0,216 <+ 021 0,379 * 0,39

Formic acid 0,114 + 0,10 0,808 + 0,76 0,323 + 0,03 0,218 =+ 0,18 0,257 + 0,09 0,303 + 0,32 0,392 = 0,05

Acetic acid 0,298 + 0,14 0639 + 0,73 0587 + 049 0,317 <+ 0,10 0473 <+ 045 0525 + 043 0845 =+ 043

1-Butanol, 3- 0,064 + 004 0558 + 038 0378 + 036 0,172 <+ 006 0399 + 0,25 0,317 + 0,26 0,743 += 044

methyl-

2-Pentenal, (E)- 0,015 + 0,00 0391 + 0,32 0226 + 0,20 0262 + 032 0238 + 035 0281 + 0,33 0371 = 0,42

Toluene 0,017 + 001 0,087 + 0,25 6518 + 431 0,012 =+ 0,07 0,131 + 0,32 0,164 + 0,99 0,432 = 0,67

Hexanal 8335 £+ 099 19665 + 686 8908 <+ 444 12,072 =+ 16,8 13515 + 147 11,142 + 2,12 1,057 + 0,38
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2-Hexenal
1-Hexanol
Pentane, 1-
nitro-
2,4-Hexadienal,
(E.B)-

2(5H)-
Furanone
2-Heptenal, (2)-
5-Hepten-2-one,
6-methyl-

2-
Isobutylthiazole
Linalool
Phenylethyl
Alcohol
Octanoic acid

a-Terpineol

0,709

0,068

0,043

0,089

0,014

0,116

0,304

0,030

0,021

0,131

0,008

0,014

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,95

0,01

0,03

0,09

0,00

0,10

0,18

0,00

0,01

0,04

0,00

0,01

5,118

0,247

0,059

0,279

0,041

0,202

0,607

0,042

0,040

0,095

0,037

0,040

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

4,50

0,29

0,01

0,21

0,03

0,04

0,30

0,03

0,02

0,04

0,03

0,03

3,368

0,312

0,078

0,203

0,046

0,185

0,539

0,107

0,039

0,033

0,039

0,008

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

2,85

0,29

0,01

0,16

0,00

0,10

0,23

0,12

0,00

0,01

0,03

0,00

5,128

0,347

0,170

0,162

0,039

0,244

0,643

0,017

0,044

0,133

0,013

0,107

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

5,10

0,48

0,18

0,10

0,02

0,28

0,86

0,01

0,01

0,14

0,00

0,07

6,056

1,112

0,119

0,146

0,032

0,240

0,744

0,070

0,029

0,067

0,037

0,020

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

2,77

1,10

0,04

0,04

0,02

0,05

0,38

0,08

0,02

0,02

0,03

0,02

4,396

2,419

0,329

0,188

0,020

0,181

0,599

0,084

0,015

0,055

0,069

0,000

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

1,17

2,02

0,32

0,08

0,01

0,06

0,35

0,10

0,01

0,02

0,06

0,00

0,423

2,871

0,119

0,000

0,029

0,086

0,658

0,032

0,038

0,061

0,100

0,082

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,08

1,49

0,04

0,00

0,08

0,06

0,48

0,02

0,02

0,02

0,15

0,05
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Benzene, (2-
nitroethyl)-
5,9-
Undecadien-2-
one, 6,10-
dimethyl-
Hexanoic acid,
octyl ester
4-Pentenoic
acid, 2-methyl-,
octyl ester
Naphthalene,
1,6-dimethyl-4-
(1-methylethyl)-
n-
Hexadecanoic

acid

0,025

0,079

0,006

0,005

0,010

0,054

I+

I+

I+

I+

I+

I+

0,01

0,09

0,00

0,00

0,01

0,05

0,024

0,078

0,018

0,015

0,022

0,068

I+

I+

I+

I+

I+

I+

0,01

0,05

0,01

0,01

0,00

0,06

0,022

0,098

0,018

0,016

0,021

0,059

I+

I+

I+

I+

I+

I+

0,02

0,03

0,01

0,01

0,00

0,05

0,045

0,100

0,005

0,008

0,012

0,086

I+

I+

I+

I+

I+

I+

0,05

0,10

0,00

0,00

0,01

0,08

0,013

0,163

0,010

0,010

0,015

0,087

I+

I+

I+

I+

I+

I+

0,01

0,13

0,00

0,01

0,01

0,07

0,012

0,105

0,016

0,011

0,020

0,249

I+

I+

I+

I+

I+

I+

0,01

0,05

0,00

0,01

0,01

0,24

0,018

0,131

0,017

0,013

0,022

0,142

I+

I+

I+

I+

I+

I+

0,01

0,11

0,02

0,01

0,01

0,13
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Octadecanoic 0,007 + 0,00 0,014 <+ 001 0029 <+ 002 003 =+ 003 0046 <+ 003 0401 =+ 0,23 0,116 =+ 0,07

acid
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5.3 Capitulo 3

5.3.1 Postharvest treatment with ulvan polysaccharide modulates lipid

metabolism in tomato fruits (Solanum lycopersicum cv. Sweet Grape)

Postharvest treatment with ulvan polysaccharide modulates lipid metabolism

in Solanum lycopersicum cv. Sweet Grape fruits
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Abstract
This study aimed to evaluate the changes in tomato fruit metabolism after
treatment with ulvan, a polysaccharide isolated from the marine macroalga Ulva
fasciata. Compared to controls, marked increments in the levels of myristic, palmitic,

palmitoleic, stearic, linoleic, and linolenic acids were observed along the period but not

for oleic acid. The levels of the steroids stigmasterol, 3-sitosterol, and a-tocopherol


mailto:dora.cost@hotmail.com

displayed similar trends. The levels of B-carotene and lycopene reached increments of
ca. 25% compared to controls by the end of the period. The emission of fatty acids
derived-VOC:s like hexanal and 2-hexenal decreased upon ulvan treatment during 48h
after treatment, probably due to the inhibition of the lipoxygenases involved in the
production of these aldehydes by the oxidation of oleic/linoleic acids. Tomatoes treated
with ulvan and kept under refrigeration (10 °C + 3) displayed 80% protection against
rotting after 32 days of observation compared to untreated tomatoes at the same
temperature. The observations made so far led us to conclude that applying ulvan to
ripe tomatoes improved their shelf-life and affected their sensory attributes and
nutritional value. This report is the first on the metabolomics of the effect of an algal

extract (ulvan polysaccharide) on tomato fruits in the postharvest phase.

Keywords: tomato, biostimulation, macroalga, metabolomics

Introduction

Tomatoes (Solanum lycopersicum L.) play an important role in human nutrition
because of their well-established health benefits related to their content of minerals,
vitamins, proteins, essential amino acids, unsaturated fatty acids, tocopherols,
carotenoids, phenolics, and phytosterols. Many of these compounds have antioxidant
activities and are effective in protecting human health against various oxidative stress-
related diseases. They are also reported to protect against cancer, cardiovascular
diseases, cognitive function, and osteoporosis (Ali et al., 2020). It is the second most
extensively consumed vegetable crop in the world, after potatoes (S. tuberosum L.).
Approximately 182.3 million tons are produced annually in 4.85 million hectares
(Quinet et al., 2019).

The quality of the tomato fruit is a function of its metabolite content, which is
susceptible to physiological changes related to fruit development and ripening. Genetic
engineering and breeding research efforts are focusing on the development of tomato
fruits with improved organoleptic properties, which are the result of complex
interactions between sugars, organic acids, and fatty acids directly related to taste and
texture, as well as carotenoids (color/antioxidant properties) and the aroma added by

volatile organic compounds (VOCs) (Erika et al., 2022). Recent research points out the

129



possibility of increasing the content of compounds of interest for nutrition and flavoring
in horticultural crops through the exogenous application of biostimulants (Baldwin,
2011; Rodrigues et al., 2020; Saini et al., 2014; Gutiérrez-Gamboa et al., 2018;
Moreno-Escamilla et al., 2020). Biostimulants are agents that, when applied to plants,
improve their nutritional potential, the uptake of nutrients from the soil, crop quality,
and abiotic stress tolerance. (Du Jardin, 2015).

Polysaccharides from seaweeds (e.g., ulvans, laminarans, carrageenans, and
fucans) or animals (e.g., chitosan and oligochitosan), either as isolates or as crude
extracts, have been reported as effective biostimulants. Chitosan improved carotenoid
and vitamin C content, promoted the emission of flavor-associated volatiles, and
enhanced ethylene production and signaling in tomatoes (Shao et al., 2022). Tomatoes
treated with a 3% gel-coating extracted from the red algae Kappaphycus alvarezii
displayed a reduction in ascorbic acid content, a higher level of total soluble solids/total
acidity ratio and good texture compared to untreated control samples (Banu et al.,
2020).

Ulvan is a cell wall sulfated polysaccharide extracted from the green macroalgae
Ulva spp. (phylum Chlorophyta, order Ulvales, family Ulvaceae) which contributes from
9 to 36% of the dry weight of seaweed biomass (Barakat et al., 2022). We recently
demonstrated that ulvan obtained from cultivated U. fasciata is similar to those
reported in the literature and could be a source for obtaining this polysaccharide on a
greater scale (Figueira et al., 2020). To date, literature reports on the use of algal
extracts as biostimulants for crops is related mainly to the preharvest phase. In our
studies on the metabolomics of postharvest tomato fruits cv. Sweet Grape treated with
the polysaccharide ulvan, we we hypothesize the potential of ulvan to modulate fatty
acids, steroids, tocopherols, and carotenoids contents, as well as in the composition

of emitted volatile organic compounds in postharvest phase.
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Material and Methods

Reagents

Analytical reagents and standards were procured from Sigma-Aldrich and Merck
(Sado Paulo, Brazil). Methanol, hexane, dichloromethane, methyltertbutyl ether

(MTBE), ethyl acetate, and chloroform were all HPLC or analytical grade.

Tomatoes

Organic certified tomatoes cv Sweet Grape red (USDA, 1991), maturation stage
‘red” 4 — 5 days after harvest, were purchased in local supermarkets in the city of Rio
de Janeiro (RJ-Brazil). Fruits were selected based on similar size, color, absence of
defects, and mechanical damage. All tomatoes were surface sterilized by immersion
in 1% NaOCI solution for 30 min, rinsed in distilled sterile water, and dried in ambient

air prior to the experiments.

Ulvan solution

Ulva fasciata samples were collected in Arraial do Cabo, Rio de Janeiro, Brazil
(22 57'40 S/ 42 01'13 W) and packed in a styrofoam box with seawater for transport.
After cleaning, the fresh biomass was dried in an oven at 50 °C and stored in a
desiccator until the extraction of the polysaccharide. Ulvan was obtained according to
the method described by Figueira et al. (2020). The dry biomass of U. fasciata (96.5
g) was powdered, suspended in ultrapure water (100 mL/10g), and autoclaved at
121°C and 1 atm for 40 min. The supernatant was centrifuged (10.000 g, 4°C, 10 min),
and the polysaccharide was precipitated with three volumes of ultrapure ethanol after
cooling at —20°C for 48 hours. The precipitate was centrifuged (3500 g, 4°C, 5 min),
and the pellet containing ulvan was lyophilized (25.617 g). The polysaccharide was
purified by membrane dialysis (12000-14000 Da) and lyophilized again (11g) to be
used in the experiments. The polysaccharide yield after purification was approximately
11.39%. Aqueous solutions containing ulvan (1 mg/mL) were prepared for the

experiments.

131



Experimental design

For the evaluation of the optimal ulvan concentration for tomato preservation an
immersion treatment of tomatoes was tested using four concentrations of ulvan in an
aqueous solution (0.5, 1, 2, and 4 mg/mL) compared to controls (distilled water), with
N=30 tomatoes for each condition. Four tomatoes were randomly selected for each
concentration analyzed per day. The assessed parameters included: I- phenylalanine
ammonia-lyase (PAL) activity on days 1, 3, 6, and 9 of the experiment, and IlI- the
protection index (%), based on the absence of rotting, on day 9 after the start of the
experiment.

For polar and non-polar compounds as well as for carotenoids analysis, fruits
were separated in two lots (N = 40): 1) control (fruits immersed in distilled sterile water,
for 30 min); and 2) fruits treated with ulvan (immersion in an aqueous solution of ulvan
1mg/ mL). After immersion, tomatoes were dried at room temperature and packed in
plastic boxes and stored at room temperature (25 °C £ 2). Samples for analysis of 4
tomatoes were randomly taken in each 1, 2, 3, 6, and 9 days after the beginning of the
experiment, frozen with N2, crushed with a grinder, and stored at -80°C (for polar and
non-polar metabolites analysis) or lyophilized (carotenoid analysis).

For shelf life analysis, fruits were separated into four lots (N = 50): 1) control 1
(fruits immersed in distilled sterile water, for 30 min) at room temperature (25 °C * 2);
2) control 2 (fruits immersed in distilled sterile water, for 30 min) under refrigeration (10
°C £ 3, 52% relative humidity (RH)); 3) fruits treated with ulvan (immersion in an
agueous solution of ulvan 1mg/ mL) under room temperature (25 °C + 2) and 4) fruits
treated with ulvan (immersion in aqueous solution of ulvan 1mg/ mL) under
refrigeration (10 °C %= 3, 52% relative humidity). Tomatoes were dried at room
temperature and evaluated under the above conditions for 32 days, being checked at
regular intervals to see when spoil began.

For VOCs analysis, tomatoes were separated into two lots (N = 56): 1) control
(fruits immersed in distilled sterile water, for 30 min); 2) fruits treated with ulvan
(immersion in an aqueous solution of ulvan 1mg/ mL) and 3). Randomly, four whole
tomatoes were picked up in each 1, 3, 6, 9, 12, 24, and 48 hours after the beginning
of the experiment, freezed with N2, and stored at -80°C until the moment of the SPME

assay.
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Evaluation of the optimal ulvan concentration for tomato preservation

PAL activity

Sample preparation and enzyme activity

For PAL (Phenylalanine Ammonia Lyase), the extraction protocol closely
followed the method outlined by Modafar et al. (2012). Specifically, 100 mg of frozen
fresh mass sample (4 fruits) for each condition was ground and mixed with 5 mL of tris-
HCI buffer (100mM, pH 8.5) and 5 mL of B-mercaptoethanol aqueous solution (14mM).
The resulting mixture underwent centrifugation at 13,000 g, 4°C, for 30 minutes, and
the supernatant was utilized as the enzyme extract. The enzymatic extracts (100 pL)
were mixed with L-phenylalanine (200 pL, 100mM) in tris-HCI buffer (100mM, pH 8.5)
and incubated at 40°C for 1 hour. Reaction halted with HCI (5N, 200 pL). PAL activity
determined by cinnamic acid production, quantified at 290 nm and expressed as nmol

cinnamic acid/min-t/mg protein-t).

Carotenoid profile analysis by High Performance Liquid Chromatography
(HPLC)

Sample preparation

Carotenoid extraction methodology was based on the one developed by Sérino
et al. (2009). Samples (200 mg) of lyophilized powder of control and treated tomatoes
were taken in triplicate. The extraction was performed with a saturated aqueous
solution of NaCl (5000 pL), hexane (2500 pL), ethyl acetate (1000 pL) and
dichloromethane (200 pL). trans-B-Apo-8'-carotenal (200 pL, 0.25 mg/mL) was added
as an internal standard. The extracts were then vortexed for 10 seconds, placed in an
ultrasonic bath for 30 min, and then centrifuged (5500 rpm, 4 °C, 10 minutes). The
supernatants were filtered (0.22 um) into amber vials and kept under refrigeration until

analysis by HPLC.

Chromatographic conditions for carotenoid analysis
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HPLC analyses were performed on a Shimadzu Prominence chromatograph
equipped with a UV-visible DAD detector under the following conditions: YMC™ C30
Carotenoid column (250 mm x 4.6 mm, 5 um particle size), Waters (lreland) coupled
to a YMC™ Carotenoid pre-column (10 mm x 4 mm, 5 um particle size). The analysis

conditions were the same as used by Londofio-Giraldo et al. (2021): phase A
methanol:methyltertbutyl ether (MTBE):water (90:7:3, viviv) and phase B =
methanol:MTBE (10:90, v:v) with a gradient of: 0 min, 95% A; 5 min, 70% A; 10 min,
50% A; 15 min, 20% A; 20 min, 0% A; 27 min, 95% A, in a run time of 33 min and a
flow rate of 1.0 mL/min. A volume of 20 uL of each sample was injected. The obtained
chromatograms were integrated, and the peak areas were normalized with respect to
that of the trans-B-Apo-8'-carotenal peak to obtain relative areas. Identification of each
carotenoid was accomplished by comparison with Londofio-Giraldo et al. (2021) data:
spectral data: lutein (445, 474 nm), phytoene (281 nm), all-trans-B-carotene (452, 477
nm), 1,2-dihydrolycopene (440, 468, 502 nm) and all trans-lycopene (446, 472, 503

nm) and the respective retention times.

Primary metabolism profile analysis by Gas Chromatography with Mass
Spectrometry detection (GC/MS)

Sample preparation: polar metabolites

Extraction and derivatization of polar metabolites were made in triplicate and
were conducted according to Meza et al. (2021). Samples containing 100 mg of flesh
frozen pericarp powder (-80°C) from tomato homogenate were extracted with methanol
at -20°C (1400 pL) plus internal standard adonitol (200 pg/mL, 60 uL), vortexed, and
incubated (10 min, 70°C). Samples were centrifuged (11000 g, 10 min), and then
chloroform (20 °C, 750 pL) and ultrapure water (1500 pL) were added to the
supernatants and centrifuged again (2200 g, 15 min). The supernatants (150 uL) were
dried with N2, derivatized with a solution of methoxyamine hydrochloride in pyridine (20
mg/mL, 40 pL), and incubated (37°C, 2h). Finally, MSTFA (70 pyL) was added, and
samples were analyzed by GC/MS. A quality control (Qc) sample, prepared with

derivatized standards of organic acids, sugars, and amino acids (fructose, maltose,
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glucose, sucrose, galactose, myo-inositol, citric acid, alanine, serine, proline, aspartic
acid, glutamic acid) was prepared to check the response of the GCMS system. The
peak areas measured in the processed chromatograms were all relative to the area of

the internal standard (adonitol).

Sample preparation: non-polar metabolites

Extraction and derivatization of non-polar metabolites were made in triplicate
and were also conducted, according to Meza et al. (2022). Samples containing 1000
mg of flesh pericarp powder frozen (-80°C) from tomato homogenate were extracted
with chloroform (1250 pL), methanol (2500 pL), added the internal standard n-
tridecane (800 pg/mL, 60 pL) and then vortexed (10s) and incubated on ice (30 min).
Then, Na2S0a4 (1.5%, 1250 pL) and chloroform (1250 pL) were added and incubated
again on ice (5 min). Then, they were centrifuged (1000 g, 4 °C, 15 min), the
supernatants were dried with N2 and resuspended in hexane (1000 pL), toluene (200
pL), methanol (1500 pL), hydrochloric acid (8%, 300 pL). Afterwards, they were
vortexed (10 s), incubated (1.5 h, 100 °C), and then added hexane (1000 pL) and
ultrapure water (1000 pL) and vortexed (10s). Samples were centrifuged (1000 g, 4
°C, 15 min), and the hexane fraction was collected. Finally, the hexane fractions were
dried with N2 and then resuspended in hexane (80 pL), pyridine (20 pL) and then
derivatized with MSTFA (40 uL) and analyzed by GC/MS. A QC sample, prepared with
standards of fatty (methyl palmitate, methyl lignocerate, methyl behenate, methyl
stearate) was prepared to check the response of the GCMS system. The peak areas
measured in the processed chromatograms were all relative to the area of the internal
standard (n-tridecane)

Chromatographic conditions for polar and non-polar metabolites

Derivatized samples were analyzed by GC-MS (Shimadzu QP2020 single
guadrupole GCMS system), electronic ionization at 70 eV, and a mass range of 60 to
600 m/z. GC conditions were: Column Agilent DB-5MS (30m x 0,25mm x 0,25um), He
gas flow: 1mL.min!; injection mode: split; split ratio 1:50, injector temperature 230°C;

the column temperature ramp was 80 °C (initial temperature), held for 2 min, heated at
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15 mint to 330 °C, and held for 6 min. lon source temperature 250 °C; interface
temperature 250 °C. The obtained chromatograms for polar and non-polar samples
were integrated, and the peak areas were normalized with respect to that of adonitol
or n-tridecane peaks to obtain relative areas, respectively. Data files were converted
to NetCDF format for processing and analyzed with AMDIS (http:/
chemdata.nist.gov/mass-spc/amdis/). Compound identification was accomplished by

comparing standards and the NIST 14 mass spectral library.

Volatile Organic Compounds - VOCs (HS-SPME-GC/MS) analysis

HS-SPME

HS-SPME of the tomato extracts was based on Li et al. (2019). Frozen samples
were thawed and taken in triplicate. The extraction was carried out as follows: a
DVB/CAR/PDMS (50/30 um) fiber was exposed for 40 minutes to the headspace of 20
mL vials sealed with silicone septum containing tomato samples (4.5 g) plus n-octanol
(8 pL, 100 mg/L) and saturated CacClz solution (1.7 mL) and subjected to heating (40
min, 50 °C). The fiber contents were analyzed immediately by GC/MS.

GC/MS conditions for VOCs analysis

VOCs GC/MS analysis was also based on the methodology by Li et al. (2019).
A Shimadzu model QP2020 chromatograph equipped with a quadrupole analyzer
operating in electronic ionization mode (70 eV). The measured mass range was m/z
60 — 600 Da. Gas chromatography was performed using an Agilent DB-5MS column
(5% phenylmethylsilicone) 30m x 0.2 mm, 0.25 ym with helium as a carrier gas at a 1
ml/min flow rate. The column temperature was fixed at 40 °C for 6 min, then increased
to 100 °C with a rate of 3 °C min~', and finally increased to 230 °C at a rate of 5 °C.min-
1, Injector and interface temperatures were 250 °C. The fiber desorption time was 5
minutes. The components were identified by comparison with spectra from a NIST14
mass spectral library. The areas of the peaks were normalized concerning the area of

the internal standard (n-octanol).
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Ascorbic acid quantification

The extraction and quantification of ascorbic acid in control and ulvan-treated
samples were carried out following the procedure described by Shao et al. (2022),
using N = 25 tomatoes for each condition (Figure 30). Tomatoes selected at random
(n =5) for each day of analysis (1, 2, 3, 6, and 9 days after treatment) were frozen with
liquid nitrogen and ground using a mill. For every 10 grams of this frozen powder, 50
mL of a 0.5% aqueous solution of oxalic acid were added to an Erlenmeyer flask. The
flasks were sonicated for 30 minutes in an ultrasonic bath. The mixtures were then
filtered through a 0.22 ym PVDF filter, and 20 pL of the filtrate were injected for analysis
in the high-performance liquid chromatograph (HPLC).

Chromatographic conditions for ascorbic acid quantification

The analyses were conducted in triplicate using a Shimadzu Prominence
chromatograph equipped with a UV-visible Diode Array Detector (DAD), and a C18
column (4.6 x 250 mm x 5 ym). A single mobile phase was employed, consisting of
ultrapure water with 0.1% oxalic acid in an isocratic method at a flow rate of 1 mL/min

(Shao et al. (2022). The wavelength for the analyses was set at 243 nm.

Statistical analysis

Statistical analyses were performed for all experiments using the XLStat

software (Addinsoft, Paris, France 2017), through ANOVA (confidence interval = 95%,

tolerance = 0.05, Tukey's and Fisher's test). Heat maps were constructed using

Orange: Data Mining Toolbox in Python software (Demsar et al., 2013).

Results

The treatment with ulvan solution was the most effective for postharvest

tomatoes at 1mg/mL
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According to our results, tomatoes treated with ulvan (1 mg/mL) showed the
highest PAL activity on the sixth day after treatement (Fig. 1), indicating a priming effect
related to plant defense. On the other hand, concerning the fruit protection index, all
polysaccharide concentrations demonstrated effectiveness in preventing the onset of
rot in tomatoes (Fig. 2). However, considering PAL activity and aiming for cost-
effectiveness, we have decided to maintain the concentration of 1 mg/mL ulvan

solution for all other tests.
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Figure 1. PAL activity over nine days. Asterisks denote statistical differences (p<0,05).
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Figure 2. PAL activity over nine days.

Ulvan enhances B-carotene and lycopene content in tomato fruits

Fig. 3 displays the variation in the concentrations of lutein, phytoene, 1,2
dihydrolycopene, &-carotene, all-trans-lycopene, and all-trans-B-carotene along nine
days after treatment, for control and ulvan treated tomatoes samples. While the
lycopene curve displays a positive increment tendency, the same is observed for
phytoene levels, notably after the second day. As for 1,2-dihydrolycopene, the
observed variation does not allow for a differential tendency between control and
treated sample levels. For B-carotene, the levels in treated samples remained high
relative to the control samples, although this difference was only significant on day nine
(p< 0.010). Regarding lutein, the sudden level decrement in treated samples from day
6 is noticeable while the decrease in the same compound can be seen at 3 days after
harvest in untreated fruit. The curves for &-carotene displayed consistently lower levels
in treated samples than in ulvan treated during all 9 days of observation.
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Figure 3. Variation in the concentrations of lutein, phytoene, all-trans-B-carotene, &-carotene, 1,2
dihydrolycopene, and all-trans-lycopene over nine days. (blue: control, red: ulvan treated). Asterisks

denote statistical differences (p<0,05).

Ulvan increased the content of fatty acids, sterols, tocopherols, and terpenes

In general, tomatoes treated with ulvan exhibited increased levels of fatty acids,
triterpenes, steroids, and tocopherols as well as long chain hydrocarbons as compared
to control samples (see Figs. 4A, B, C, D and E). Overall, this improvement is more
evident on the sixth and ninth days. Linoleic acid, followed by palmitic, linolenic, and
stearic acids, were the more abundant fatty acids found (Fig. 4A). Two triterpenes were
detected: a-amyrin and B-amyrin (Fig. 4B). The levels of these compounds had
increments in the third and sixth days after treatment tomatoes treated with ulvan,
followed by a sharp decrease on the ninth day (Fig. 4B). a-tocopherol, y-tocopherol
(Fig. 4C), as stigmasterol levels were higher in treated than in control samples since

the third day after treatment, while B-sitosterol levels were higher in treated tomatoes
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from the second day onwards (Fig. 4D). Ulvan treatment also strongly increased the

levels of very long chain hydrocarbon contents (Fig. 4E) for hentriacontane and

heptacosane.
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Figure 4. A) Fatty acids in tomato Sweet Grape — control and treated with ulvan solution in 1, 2, 3, 6,
and 9 days of observation; B) Triterpenes in tomato Sweet Grape — control and treated with ulvan
solution in 1, 2, 3, 6 and 9 days of observation; C) Tocopherols; D) Steroids; E) Very long chain
hydrocarbons in tomato Sweet Grape — control and treated with ulvan solution in 1, 2, 3, 6 and 9 days
of observation. Asterisks denote statistical differences (p<0,05).

3.4 Volatile Organic Compounds

36 VOCs were counted in control samples and 40 in ulvan-treated tomatoes
(Table S1, Supplementary Material). Both control and ulvan-treated tomatoes samples
shared 24 compounds (Fig. 5A). 12 compounds were detected only in control samples,
and 16 compounds only in ulvan-treated tomatoes (Fig. 5A). The heat map (Fig. 5B)
highlights the variation in the levels of pentenal, heptanal, ethyl acetate, 1-pentanol, 1-
hexanol, phenylethyl alcohol, 1-penten-3-one, sulcatone, 2-methoxy2-methyl-propane,
hexane, and 2-ethyl-furan. The major volatiles detected were hexanal and 2-hexenal

(Fig. 5C).
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Figure 5. A) Volatile organic compounds in tomato Sweet Grape — control (in blue), treated with ulvan
solution (in green) after 1, 3, 6, 9, 12, 24, and 48 hours of treatment, as well compounds emitted by both
samples. B) Sweet Grape tomatoes volatile compounds were found in control and ulvan treated samples
after 1, 3, 6, 9, 12, 24, and 48 hours after treatment. C) Emission levels of hexanal and 2-hexenal.

Asterisks denote statistical differences (p<0,05).

3.1 Amino acids, organic acids, and sugars metabolism

The profiles displayed in Fig. 6 indicate that the application of ulvan had no

noticeable influence on amino acid metabolism, exception made in the case of alanine.
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Figure 6. Amino acids in tomato Sweet Grape — control and treated with ulvan solutionin 1, 2, 3, 6, and

9 days of observation

A similar trend was observed in the levels of organic acids (Fig. 7). Lactic acid

was the exception by displaying a steady level increment along the period.
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Figure 7. Organic acids in tomato Sweet Grape — control and treated with ulvan solution in 1, 2, 3, 6,

and 9 days of observation.

Glucose and fructose appeared as the major components among the
monosaccharides. There is an early increase in the sucrose and glucose contents in
treated fruit. The fructose content is lower in treated fruit and galactose showed an
increased content at 3 d after harvest. The recorded profiles for the other sugars and

myo-inositol did not show clear trends in their variation (Fig. 8)., as well ascorbic acid
(Fig. 9).



147

Sucrose Glucose
g 20,00 * . m | © 1000,00 | control
& 10,00 * contro 5 200,00 E'D il ID I @ ulvan
2 0,00 @ ulvan e 0,00
5 12 3 6 9 © 12369
& Days after treatment & Days after treatment
Galactose Fructose
© 1000,00
O 20,00 * 2 * M control
= 10,00 | control © 500,00
g M@ ulvan
@ 0,00 = ulvan 2 000
® 1 2 3 6 9 - 123609
& Days after treatment = Days after treatment

Myo-Inositol
3 20,00 * W control
% 10,00 *
o [ ulvan
2 0,00
(T
< 1 2 3 6 9
o

Days after treatment
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days of observation. Asterisks denote statistical differences (p<0,05).



Ascorbic acid
0,12

0,1
0,08

0,06 : F—
| =Control

0,04 Ulvan

Concentration {mg/mL)

0,02

1 2 3 b 9
Days after treatment

Figure 9. Ascorbic acid concentration in tomato Sweet Grape — control and treated with ulvan solution
in1, 2, 3, 6, and 9 days of observation.

Ulvan improved tomatoes shelf life at room temperature

The following results demonstrate that ulvan treatment increased the shelf life
of tomatoes until the 32" day of observation. At the end of this period, about 42% of
the control samples under room temperature (25 °C + 2) developed rot while only 20%
of the tomatoes treated with ulvan under refrigeration (10 °C % 3) (Fig. 10A). In contrast,
at room temperature fruits appearance were better preserved under room temperature
than under refrigeration both in the control samples (Fig. 10B) and treated ones (Fig.
10B) (Fig. 10B). Refrigeration made the tomatoes look more dehydrated both in the
control samples (Fig. 10B) and treated ones (Fig. 10B). However, softening/less

firmness was present only in control samples under refrigeration (Fig. 10B).
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Discussion

Cherry tomatoes stand out for their mini size, intense red color, firmness, and
nutritional value that is sometimes higher than other varieties (Nellis et al., 2017).
Among the hybrids, the cultivar Sweet Grape, which was developed in Asia by the
company Sakata, is smaller in size than the cherry tomato and weighs between 10 and
20 g, has an elongated shape, intense red coloration in the thin and smooth pericarp
and pulp, low acidity index, and gained popularity due to its flavor, sweeter due to the
high concentration of sugar (Coker et al., 2018). While the traditional table tomatoes
have a Brix degree between 4 and 6, the Grape varieties reach between 9° and 12°
Brix (Junqueira et al., 2011).

During tomato ripening, the carotenoid content increases between 10 and 14
times, mostly due to the increase in lycopene levels (Quinet et al., 2019). Although
carotenoids are present in the whole fruit, their distribution is not regular: lycopene is
found in greater concentration in the pericarp when compared to the locules, while the
concentration of 3-carotene is higher in the locules than in the pericarp (Marti et al.,
2016). Furthermore, the concentration of lycopene varies during the ripening process.
It begins to be present in the locules at the break stage, and then its concentration
increases during the ripening process (Marti et al., 2016). For this reason, we have
chosen to use whole fruits for the analysis. In our study, we observed an increase in
all carotenoids analyzed, except for d-carotene for both control samples and treated
tomatoes, for nine days. The increment in phytoene, lycopene, and [3-carotene levels
in treated tomatoes and lutein/d-carotene decline are noticeable. Saini et al., 2017
observed that lutein increases until the pink stage and then decreases to the red stage,
but this may vary among cultivars. According to our data (Fig 1), the measured levels
of lycopene in ulvan-treated tomatoes are slightly lower than in control samples, but
from the second day of analysis onwards, the levels increase, and this is also true for
phytoene and 3-carotene. Rodrigues et al. (2020) observed that several results support
the conclusion that plant bio stimulants can improve fruit quality. Reports on the
treatments with algae extracts involving the modulation of carotenoid production by the
treated plant refer, in general, to the preharvest phase: an increment of the total
carotenoid content by approximately 20% as compared to control upon treatment of

Petroselinum crispum plants with 1mg.mL* agqueous extract from U. intestinalis Linn
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was reported (Paulert et al ., 2021). Carotenoids are nutritionally essential and
important for human health, so the biofortification of cultures with these molecules is
an important goal in carotenoid research (Sun et al., 2022). Pieces of evidence there
are that carotenoids provide beneficial effects on eye health (lutein e zeaxantin)
because they are precursors of vitamin A (a- and B-carotene, B-cryptoxanthin), stop
microbial activity (lutein), increase bone density in young adults (lutein e zeaxantin)
and also produce improvements in cognitive function (lutein e B-carotene) and
cardiovascular health (lycopene), which may help prevent some types of cancer and
has UV protection, anti-inflammatory antioxidant, hepatoprotective, antimutagenic and
antiatherogenic activities (B-carotene, lycopene, phytoene and phytofluene) (Lin et al
., 2009; Kiplimo et al ., 2011; Bovier and Hammond, 2017; Eggersdorfer and Wyss.,
2018; Meléndez-Martinez et al., 2019; Stahl & Sies et al ., 2020). Therefore, the
increment in carotenoid levels induced by ulvan application may benefit consumers of
those fruits.

Myristic, palmitic, stearic, oleic, linoleic, linolenic, arachidic, behenic, cerotic,
and margaric acids were the fatty acids detected in the Sweet Grape tomatoes
analyzed. The occurrence of these and other fatty acids has already been reported
(Fernandes et al., 2021). Figure 2A shows the incremental influence of ulvan treatment
on the levels of fatty acids and the opposite trend observed for oleic acid during the
observation period. During the tomato ripening process and especially in the final
stages of maturation, polyunsaturated fatty acids increase in concentration, with
linoleic acid in greater quantity followed by oleic and palmitic acids. However, the
proportion of oleic acid concerning linoleic and a-linolenic acids decreases with the
advancement of the maturation process (Saini et al., 2017). Our results show only
minimal variations in the levels of these acids in control tomatoes, while treated
tomatoes displayed increased levels of fatty acids during observation, notably of
linoleic and linolenic acids, which are two essential fatty acids. Since humans or
animals cannot synthesize the essential fatty acids, they must come from dietary
sources, and ulvan treated tomatoes may become a good source of these acids.
Jaulneau et al. (2010) suggested that ulvan activates the jasmonic acid signaling
pathway. Meza et al. (2022) reported that the exogenous application of methyl

jasmonate impacts lipid metabolism (carotenoids, fatty acids, tocopherols, and
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phytosterols) in tomato pericarp. Farid et al. (2019) reported increments in the levels
measured for fatty acids in tomato plants after treatment with seaweed extracts.

Phytosterols play important roles in human health. Ulvan treated tomatoes
displayed increased levels of stigmasterol and its precursor -sitosterol compared with
controls. Tomatoes provide significant amounts of important antioxidants, including
carotene, lycopene, ascorbic acid, and phenolic compounds, and a-tocopherol plays a
significant role among the antioxidant compounds in tomatoes. Our results
demonstrate that ulvan treatment accelerated the accumulation of tocopherols,
especially a-tocopherol (Fig. 2C).

The content in a-amyrin and B-amyrin was also improved in ulvan treated
tomatoes (Fig. 3B). These triterpenes seem to play a yet not well-understood role as
intermediates in the synthesis of complex triterpene glycosides associated with plant
defense and signaling, accumulate in the epicuticular layers of fruit epidermis, stem
and leaf surfaces offering protection against dehydration and herbivores (Wang et al .,
2011).

Hexanal and 2-hexenal were the major volatile compounds detected in the HS-
SPME assays (Fig 3C). The C18 fatty acids linoleic (18:2) and linolenic (18:3) acids,
produce C6 aldehydes such as hexanal, cis-3-hexenal, trans-2-hexenal, 1-hexanol and
the C5 volatile 1-penten-3-one through lipid degradation catalyzed by lipoxygenase
and 13-hydroperoxide lyase enzymes (Distefano et al., 2022). A comparison of the
levels measured for hexanal and 2-hexenal for treated tomatoes and controls led us to
conclude that ulvan treatment may have inhibited those enzymes. Geranylacetone and
sulcatone have leafy and citrusy aromatic attributes. Sulcatone is also related to the
sweet fruity taste of many fruits (Zhou et al., 2022). In general, commercial tomatoes
are poor in VOCs like them, which has been attributed to the fact that the genetic
mutations that allow the extension of shelf lives lead to poor fruits in such volatiles
(Tieman et al., 2017). Geranylacetone is the result of the oxidative cleavage of the
carotenoids phytoene, phytofluene, &-carotene, and neurosporene which had a small
content in ripe tomato fruits; on the other hand, sulcatone (5-hepten-2-one, 6-methyl)
is derived from the oxidative cleavage of lycopene, the predominant carotenoid in ripe
tomatoes (Paparella et al., 2021). As these VOCs are volatile apocarotenoids, their
contents are proportional to their carotenoid precursors contents (Vogel et al., 2010).

Since our VOC experiments were performed just until the first 48h after the treatment
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with ulvan, we observe that in this same period, the levels of these precursor
carotenoids are lower than in control samples. Therefore, ulvan-treated tomatoes
levels of VOCs are also lower (Fig. 3B). 2-ethyl furan had increments in its level upon
ulvan treatment. Ascorbic acid and related compounds, Maillard type systems
containing amino acids and reducing sugars, lipid oxidation of unsaturated fatty acids,
or even carotenoids are putative precursors of furan derivatives in foods (Vranova and
Ciesarova, 2009; Gul Akilhoglu et al., 2015). However, our results revealed a non-
significant role of ulvan in the modulation of vitamin C in tomato fruits.

Based on our findings, refrigeration at a temperature of 10°C + 3 (representative
of domestic refrigerator settings) demonstrated superior efficacy in mitigating mold
development on tomatoes, especially those treated with ulvan. However, this storage
condition was associated with the undesirable consequence of reducing fruit firmness
and inducing softening. This phenomenon aligns with the observations made by
Farneti et al. (2010), who perceived similar softening trends in tomatoes held at
temperatures ranging from 4°C (the most adverse) to 15°C. In a separate investigation
conducted by british researchers (Dew et al., 2016), it was determined that tomatoes
exhibit enhanced physiological responses after seven days of storage when exposed
to elevated temperatures exceeding 15°C, markedly surpassing the ambient
temperatures encountered in the conventional UK supply chain, which typically
approximates 12°C. Concurrently, refrigeration storage at the consumer level
consistently exerts detrimental effects on the firmness attributes of tomatoes. However,
refrigeration associated with a previous polysaccharide treatment retards decay, and
thus extends the shelf life of fruits such as tomatoes as it is supported by recent reports.
That fact was observed by Ali et al. (2024) whose findings inferred that the edible
coatings CS-LVN (chitosan+levan, 30 mL LVN in 1% (w/v) CS solution), CS-MCLG
(chitosan+mucilage, 30 mL MCLG in 1% (w/v) CS solution), and CS-MCLG-LVN
(chitosan+mucilage+levan, 30 mL LVN and 30 mL MCLG in 1% (w/v) CS solution)
effectively preserved the postharvest quality of cocktail tomatoes for a period of 30
days. This period corroborates our results with ulvan which prolonged tomato fruits
shelf life for up to 32 days. According to Mushi et al . (2023), tomatoes coated with
films made of chitin, specifically made of DeChNF (deacetylated chitin nanofibril) and
plasticized with honey, demonstrated superior resistance to weight loss and an

extended shelf life of up to 20 days when stored in a refrigerator at 9°C. In addition, A
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study conducted by Asiamah et al . (2023) explored the impact of three polysaccharide
edible coatings—carboxymethyl cellulose (CMC), xanthan gum (XG), and pectin—on
the postharvest quality and antioxidant stability of tomato fruit. The investigation took
place under both ambient conditions (25°C, RH: 80-85%) and refrigeration conditions
(5°C, RH: 80-85%) over a 14-day period. The researchers found that the
polysaccharide edible coating (2 g) significantly reduced water vapor permeability,
preserved lycopene, ascorbic acid, color, total soluble solids (TSS), titratable acidity
(TTA), moisture content, and pH. Consequently, the study's results suggest that the
postharvest quality attributes of tomato fruits can be enhanced by polysaccharide
edible coatings, especially under refrigerated storage conditions (Asiamah et al .,
2023).

Conclusion

In the course of our studies on the metabolomics of tomato fruits cv. Sweet
Grape in mature red stage, treated with the polysaccharide ulvan, the metabolic
profiles of lipids (fatty acids, carotenoids, steroids), tocopherols, sugars, amino acids,
organic acids, and volatile organic compounds were monitored during a nine days
period after the application of the polysaccharide. Marked increments in myristic,
palmitic, palmitoleic, stearic, linoleic, and linolenic acids levels relative to controls were
observed along the period but not for oleic acid. The levels of the steroids stigmasterol,
B-sitosterol, and a-tocopherol displayed similar trends. The levels of 3-carotene and
lycopene reached increments of ca. 25% compared to controls by the end of the period.
Comparison of the levels of sugars, amino acids, and organic acids between treated
samples and controls seemingly indicates that the application of the polysaccharide
did not influence their metabolism. Evaluation, along 48 hours, of the emitted volatile
organic compounds led us to conclude that the noticeable reduction in the emission of
hexanal and 2-hexenal, the two most abundant volatile indicates an eventual inhibition
of the lipoxygenases involved in the production of these aldehydes by the oxidation of
oleic/linoleic acids.

Tomatoes treated with ulvan and kept under refrigeration (10 °C) displayed 80%
protection after 32 days of observation compared to untreated tomatoes at the same

temperature, although firmness decay occurs.
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The observations made so far led us to conclude that applying ulvan to ripe
tomatoes improved their shelf-life and affected their sensory attributes and nutritional
value. Additionally, the fact that we recently demonstrated that ulvan obtained from
cultivated U. fasciata is similar to the one obtained from wild populations, being a
potential source for obtaining this polysaccharide on greater scale, opens ways to the
use of the U. fasciata polysaccharide as a sustainable biostimulant in tomato
cultivation. This report is the first on the effects of ulvan as a bio stimulant for post-

harvested tomatoes.
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Supplementary material

Table S1. Variation in the concentrations of lutein, phytoene, all-trans-B-carotene, d-carotene, 1,2 dihydrolycopene and all-trans-lycopene along a nine days
period.
Ulvan-treated Days

Compound 1 2 3 6 9

Relative area

Lutein 0,663 + 0,09 0,699 + 0,07 0,931 0,05 0,873 £ 0,03 0,302 0,00
Phytoene 0,757 + 0,04 0,640 =+ 0,09 0,687 0,10 0,805 0,05 0,915 =+ 0,07
All-trans-B-carotene 1,929 + 0,06 1,935 + 0,04 1,536 + 0,08 2,356 £ 0,08 2,116 + 0,18
O-carotene 0,701 + 0,04 0,780 =+ 0,01 0,853 0,01 1,013 0,05 0,506 0,06
1,2-dihydrolycopene 0,399 + 0,01 0,419 £ 0,01 0,450 + 0,02 0,419 + 0,01 0,494 + 0,04
All-trans-lycopene 11,470 0,18 11,755 0,27 12,356 0,58 13,337 0,35 13,729 = 1,11
Control Days
Compound 1 2 3 6 9
Relative area

Lutein 0,356 + 0,05 1,136 + 0,17 0,715 + 0,01 0,639 + 0,02 0,724 + 0,02
Phytoene 0,702 + 0,24 0,809 + 0,25 0,540 + 0,02 0,675 + 0,17 0,714 + 0,01
All-trans-B-carotene 1,808 + 0,63 1,585 + 0,62 1,702 + 0,02 1,918 + 0,09 1,442 + 0,06
O-carotene 0,891 + 056 0,840 + 057 1,284 + 0,00 1,628 + 0,10 1,263 + 0,08
1,2-dihydrolycopene 0,514 + 0,19 0,484 + 019 0441 + 0,01 0,602 + 0,05 0,403 + 0,03



All-trans-lycopene 13,766 + 458 12,810 + 434 11,859 + 0,23 14,504 + 0,39 10,902 + 041
Table S2. Non-polar metabolites in tomato Sweet Grape — control and treated with ulvan solution in 1, 2, 3, 6 and 9 days of observation.
Control Days
Compound 1 2 3 6 9
Relative area

Glycerol 0,13 + 0,05 0,08 + 0,03 0,14 + 0,04 0,08 + 0,01 0,10 + 0,03
Myristic acid 0,15 + 0,07 0,19 + 0,06 0,00 + 0,00 0,08 + 0,01 0,11 + 0,02
Palmitoleic acid 0,06 + 0,03 0,08 + 0,02 0,00 + 0,00 0,04 + 0,01 0,04 + 0,00
Hexadecanoic acid, 15- 0,06 + 0,05 0,04 + 0,03 0,00 + 0,00 0,01 + 0,01 0,00 + 0,00
methyl-, methyl ester
Margaric acid 0,16 + 0,08 0,20 + 0,08 0,08 + 0,02 0,10 + 0,01 0,14 + 0,01
Palmitic Acid 11,36 + 961 16,02 + 5,49 7,10 + 0,82 8,19 + 0,51 11,60 + 0,85
Linoleic acid 11,23 + 9,76 16,63 + 581 6,93 + 0,93 6,93 + 0,59 8,70 + 0,76
a -Linolenic acid 13,14 + 0,63 7,13 + 2,38 2,58 + 0,24 2,69 + 0,17 2,94 + 021
Oleic acid 2,49 + 048 2,81 + 0,99 1,41 + 0,24 1,12 + 0,15 2,25 + 0,33
Stearic acid 4,57 + 0,44 4,11 + 1,41 1,89 + 0,15 2,08 + 0,14 2,87 + 0,16
11,14-Eicosadienoic acid, 0,15 + 0,06 0,16 + 0,10 0,00 + 0,00 0,00 + 0,00 0,00 + 0,00
methyl ester
Methyl 18- 0,44 + 0,26 0,62 + 0,22 0,23 + 0,03 0,28 + 0,01 0,40 + 0,04
methylnonadecanoate
Oleamide 0,35 + 0,25 0,31 + 0,11 0,13 + 0,03 0,09 + 0,03 0,12 + 0,07
Arachidic acid 0,36 + 0,01 0,36 + 0,15 0,09 + 0,08 0,12 + 0,02 0,30 + 0,04
1,4-Pentadiene, 2,34- 0,17 + 0,06 0,21 + 0,09 0,07 + 0,07 0,12 + 0,02 0,20 + 0,04
trimethyl-
1-Heptanol 0,15 + 0,05 0,13 + 0,05 0,09 + 0,01 0,07 + 0,01 0,17 + 0,01
Behenic acid 0,40 + 011 0,44 + 0,15 0,16 + 0,03 0,16 + 0,00 0,28 + 0,02
1-Monopalmitin 0,41 + 0,22 0,51 + 0,19 0,27 + 0,05 0,20 + 0,03 0,68 + 0,04
Cerotic acid 0,31 + 0,27 0,11 + 0,04 0,02 + 0,04 0,05 + 0,00 0,11 + 0,02
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Methyl 2- 0,12 + 0,05 0,07 + 0,00 0,00 + 0,00 0,04 + 0,04 0,06 + 0,06
hydroxydocosanoate
1-Monolinolein 0,40 + 0,10 0,64 + 0,31 0,16 + 0,04 0,07 + 0,01 0,50 + 0,02
Glycerol monostearate 0,18 + 0,10 0,28 + 0,15 0,16 + 0,10 0,11 * 0,03 0,24 * 0,02
Heptane, 2,2,3,3,5,6,6- 0,10 + 011 0,10 + 011 0,02 + 0,03 0,02 + 0,03 0,01 + 0,02
heptamethyl-
Lignoceric acid 0,29 + 0,18 0,23 + 0,06 0,18 + 0,06 0,16 + 0,02 0,21 + 0,09
Heptacosane 0,62 + 0,03 0,54 + 0,19 0,22 + 0,02 0,24 + 0,03 0,48 + 0,05
Methyl 2- 0,40 + 0,20 0,21 + 0,09 0,04 + 0,06 0,10 + 0,01 0,22 + 0,06
hydroxytetracosanoate
y-Tocopherol 0,23 + 0,05 0,27 + 0,10 0,25 + 0,06 0,15 + 0,02 0,15 + 0,02
Hentriacontane 0,60 + 0,27 0,78 + 0,27 0,39 + 0,08 0,36 + 0,03 0,71 + 0,05
a-Tocopherol 0,50 + 031 0,37 + 0,19 0,31 + 0,07 0,30 + 0,02 0,70 + 0,07
Stigmasterol 1,27 + 0,89 1,83 + 0,66 1,15 + 014 1,28 + 0,09 1,67 + 0,13
B-Sitosterol 1,32 + 094 0,72 + 0,26 0,43 + 0,06 0,37 + 0,03 0,39 + 0,03
B-Amyrin 1,63 + 048 1,38 + 0,57 0,91 + 0,19 1,05 + 014 1,16 + 0,16
a-Amyrin 0,41 + 0,33 0,22 + 0,10 0,05 + 0,09 0,18 + 0,03 0,19 + 0,05
Ulvan-treated Days
Compound 1 2 3 6 9
Relative area
Glycerol 009 <+ 001 017 <+ 005 024 =+ 0,02 026 + 002 0,74 + 0,12
3-Octanol, 3,7-dimethyl- 007 <+ 001 010 <+ 003 010 =+ 0,02 024 + 0,04 129 + 0,05
Dodecane, 2,7,10-trimethyl- 015 + 006 011 + 002 028 + 0,08 033 + 0,08 064 + 0,14
Myristic acid 014 + 002 009 <+ 008 015 + 0,03 020 + 0,05 0,74 + 0,06
Palmitoleic acid 004 <+ 001 002 <+ 003 006 =+ 002 009 <+ 002 102 £ 0,00
Palmitic Acid 1146 + 0,38 1326 + 0,39 1347 + 032 2204 + 0,39 5560 + 12,80
Lauric acid 006 <+ 002 002 <+ 003 093 + 014 00 + 0,02 064 + 0,82
Margaric acid 012 + 003 016 + 004 016 + 0,02 028 + 0,06 084 + 024
Linoleic acid 1352 + 2,57 1397 + 2,00 1539 + 193 2247 + 299 56,11 + 14,16
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a -Linolenic acid

Oleic acid

Stearic acid

Cetane

Arachidic acid

Dodecane, 2,6,10-trimethyl-
Enanthic acid

1-Heptanol
11-(3,4-Dimethyl-5-pentyl-2-furyl)-dodecanoic
methyl ester

Cerotic acid

1-Monopalmitin

Tridecanoic acid, methyl ester
Behenic acid

Chrysophanol

Hexadecanoic acid, 15-methyl-, methyl ester
1-Monooleoylglycerol

Glycerol monostearate

Methyl 2-hydroxytetracosanoate
Heptacosane

y-Tocopherol

Hentriacontane

a-Tocopherol

Stigmasterol

B-Sitosterol

B-Amyrin

a-Amyrin

acid,

4,60
0,09
2,71
0,02
0,44
0,09
0,02
0,08
0,28

0,27
0,77
0,08
0,10
0,03
0,27
1,43
0,23
0,16
0,53
0,38
0,94
0,56
1,37
0,69
1,36
0,22

+ + + + + + H+ + I+

+ + &+ + &+ + + + + + + + + + + H+ I+

1,08
0,01
0,45
0,02
0,13
0,03
0,02
0,01
0,07

0,05
0,17
0,02
0,02
0,03
0,08
0,31
0,08
0,07
0,11
0,09
0,15
0,17
0,34
0,14
0,33
0,10

5,24
0,00
3,48
0,03
0,47
0,09
0,00
0,13
0,33

0,40
0,75
0,05
0,13
0,00
0,11
0,31
0,30
0,17
0,52
0,55
0,91
0,81
2,04
1,02
1,71
0,15

+ + + + + + H+ H+ I+

+= + + 4+ + + + + + + + + + + + H+ I+

0,98
0,00
0,50
0,06
0,11
0,08
0,00
0,03
0,20

0,15
0,21
0,06
0,03
0,00
0,02
0,09
0,05
0,05
0,13
0,09
0,19
0,11
0,43
0,24
0,37
0,14

5,63
0,11
3,34
0,17
0,55
0,07
0,09
0,09
0,15

0,25
0,38
0,08
0,14
0,09
0,12
0,17
0,22
0,22
0,75
0,50
1,38
1,09
2,43
1,08
2,28
0,45

+ + + + + + H+ + I+

+ + &+ + &+ + + +F + + + + + + + + I+

0,84
0,01
0,52
0,04
0,08
0,02
0,04
0,02
0,04

0,04
0,10
0,02
0,03
0,01
0,02
0,04
0,00
0,06
0,09
0,07
0,30
0,24
0,38
0,11
0,18
0,05

7,68
0,17
5,30
0,22
0,79
0,17
0,10
0,17
0,32

0,59
0,98
0,20
0,34
0,17
0,38
0,48
0,42
0,47
1,53
0,95
3,48
2,67
4,82
1,71
5,59
1,14

+ + + + + + H+ H+ I+

O S S S N & o o O o Ko N N RS

0,98
0,00
0,53
0,02
0,16
0,04
0,02
0,02
0,08

0,16
0,18
0,01
0,05
0,06
0,03
0,10
0,05
0,06
0,19
0,12
0,34
0,47
0,66
0,26
0,70
0,12

17,69
0,44
14,72
0,17
2,24
0,40
0,38
0,99
0,00

1,57
1,17
0,39
0,24
0,32
0,86
0,70
0,66
0,45
2,53
0,60
3,06
3,03
6,14
2,56
2,76
0,20

+ + + + + + H+ + I+

+ + &+ + &+ + + +F + + + + + + + + I+

3,28
0,10
4,94
0,11
0,64
0,14
0,20
0,14
0,00

0,42
0,09
0,13
0,08
0,08
0,17
0,05
0,27
0,04
0,97
0,20
1,49
0,40
1,13
0,66
1,00
0,19
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Table S3. Volatile organic compounds in tomato Sweet Grape — control and treated with ulvan solution after 1, 3, 6, 9, 12, 24 and 48 hours of treatment.

Control Days after treatment
Compound 1h 3h 6h 9h 12h 24h 48h
Relative area
Propane, 2- 007 <+ 001 020 =+ 0,16 002 =+ 002 006 =+ 006 083 =+ 136 004 + 004 006 =+ 0,05
methoxy-2-
methyl-
n-Hexane 007 + 004 005 <+ 003 003 + 003 006 <+ 002 005 + 007 008 + 006 0214 <+ 0,12
Ethyl Acetate 049 <+ 032 050 =+ 060 060 <+ 066 031 =+ 020 054 =+ 038 051 + 038 104 =+ 160
Butanal, 3- 002 =+ 002 009 =+ 008 009 =+ 006 040 =+ 054 010 <+ 0,07 044 <+ 053 062 =+ 0,64
hydroxy-
1-Penten-3- 030 + 005 022 + 0214 052 + 039 034 <+ 004 040 + 014 028 + 0,18 041 <+ 0,20
one
Furan, 2-ethyl- 065 + 0,19 026 + 0,12 031 + 007 044 <+ 026 046 + 031 122 + 097 040 <+ 0,31
1-Butanol, 3- 0,73 +* 022 050 =+ 013 086 + 006 1214 =+ 028 047 <+ 001 220 + 0,31 19 + 0,33
methyl-
2-Butenal, 2- 108 + 001 008 =+ 001 026 <+ 005 025 <+ 002 016 + 005 039 <+ 032 0,12 =+ 0,05
methyl-
2-Pentenal 014 <+ 004 005 + 704 015 + 002 018 <+ 003 019 <+ 004 030 <+ 0,02 0210 =+ 0,07
1-Pentanol 018 + 282 1230 + 2,71 0,27 + 288 024 + 564 014 + 308 009 + 383 017 + 165
Hexanal 3474 + 1231 2948 + 209 3328 + 0,79 3998 + 201 4359 + 085 2220 + 202 1485 =+ 1,32
2-Hexenal 2846 + 001 741 <+ 0,07 1136 + 0,24 1544 + 066 1401 + 0,02 871 <+ 003 564 =+ 0,14
1-Hexanol 003 + 002 o007 <+ 0210 019 + 012 047 <+ 013 007 + 004 006 + 005 023 <+ 0,05
2-Heptanal 015 + 002 024 <+ 000 068 + 021 055 <+ 026 094 + 001 040 + 0,01 028 <+ 0,01
1-Octen-3-one 005 <+ 0,15 001 =+ 007 041 + 019 049 =+ 031 007 <+ 004 004 <+ 0,11 004 <+ 0,09
5-Hepten-2- 102 + 001 031 + 004 060 + 003 086 + 003 083 <+ 001 089 + 002 064 <+ 0,05
one, 6-methyl-
2,4- 007 + 003 005 <+ 0213 005 + 002 005 <+ 008 009 + 011 0,04 + 0,07 005 £ 0,06
Heptadienal
2-Octenal 009 + 039 012 + 082 009 <+ 048 011 + 047 014 <+ 020 024 + 0,13 021 + 0,54




Nonanal
Phenylethyl
Alcohol
Formic
octyl ester
Benzyl nitrile
1-Nonanol
Octanoic acid
a-Terpineol
Decanal
2-Propenoic
acid, 6-
methylheptyl
ester

2,6-
Octadienal,
3,7-dimethyl-
2,4-
Decadienal
2-Buten-1-
one, 1-(2,6,6-
trimethyl-1,3-
cyclohexadien-
1-yl)-

5,9-
Undecadien-2-
one, 6,10-
dimethyl-
Trans-B-
lonone

acid,

0,03
0,08

0,06
0,02
0,00
0,02
0,02

0,01
0,01

0,01

0,01

0,01

0,09

0,01

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,02
0,04

0,02
0,00
0,00
0,02
0,00

0,01
0,00

0,01

0,01

0,07

0,01

0,01

0,02
0,02

0,02
0,01
0,00
0,01
0,00

0,01
0,01

0,00

0,01

0,00

0,03

0,01

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,02
0,03

0,01
0,00
0,00
0,00
0,01

0,00
0,00

0,01

0,00

0,05

0,00

0,00

0,02
0,07

0,06
0,00
0,01
0,02
0,01

0,01
0,01

0,01

0,03

0,01

0,10

0,01

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,01
0,04

0,01
0,00
0,01
0,00
0,01

0,01
0,00

0,01

0,00

0,08

0,02

0,00

0,03
0,04

0,09
0,01
0,01
0,01
0,01

0,01
0,00

0,01

0,04

0,01

0,13

0,01

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,03
0,09

0,01
0,00
0,01
0,00
0,01

0,00
0,01

0,04

0,00

0,12

0,01

0,01

0,03
0,07

0,06
0,00
0,01
0,02
0,03

0,01
0,01

0,01

0,04

0,01

0,13

0,01

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,01
0,04

0,01
0,00
0,00
0,02
0,00

0,01
0,00

0,03

0,00

0,06

0,01

0,00

0,03
0,05

0,05
0,00
0,01
0,02
0,04

0,01
0,06

0,02

0,05

0,01

0,06

0,00

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,01
0,02

0,00
0,00
0,01
0,04
0,00

0,10
0,01

0,02

0,01

0,01

0,01

0,00

0,02
0,02

0,05
0,00
0,01
0,01
0,01

0,00
0,27

0,04

0,04

0,00

0,07

0,00

+ I+

+ + + + + I+ I+

I+

I+

I+

I+

I+

0,01
0,03

0,00
0,02
0,01
0,01
0,00

0,46
0,04

0,04

0,00

0,05

0,01

0,01
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Naphthalene, 001 + 000 001 <+ 000 002 + 001 002 <+ 000 001 + 000 001 + 000 001 <+ 0,00

1,6-dimethyl-4-

(1-

methylethyl)-

Tetradecanoic 001 + 001 000 + 000 000 + 000 000 <+ 000 000 + 000 000 <+ 0,00 007 <+ 0,10

acid

Octanoic acid, 003 + 003 002 + 003 009 + 011 007 <+ 005 005 + 002 003 + 001 002 <+ 0,01

octyl ester

Palmitoleic 001 + 001 o006 <+ 003 000 + 000 001 <+ 000 000 + 000 000 + 000 002 <+ 0,01

acid

Palmitic acid 0,046 + 0,06 0,019 + 0,02 0,031 =+ 0,064 + 0,02 0,030 + 0,02 0051 + 0,03 0,301 + 0,32

Ulvan-treated Days after treatment

Compound 1lh 3h 6h 9h 12h 24h 48h
Relative area

Propane, 2- 0022 + 001 0200 + 031 008 + 004 0357 <+ 029 0041 + 005 0,132 + 0,24 0,163 = 0,19

methoxy-2-

methyl-

n-Hexane 0,213 + 0,27 0558 + 042 0,137 =+ 0,03 0,267 + 0,17 0,152 + 0,12 0324 + 0,22 0,261 + 0,14

Ethyl Acetate 0,347 + 030 0,398 + 0,18 0487 + 050 0380 + 0,04 0,167 + 0,08 0594 + 0,75 0682 + 0,84

1-Penten-3- 0349 + 0,18 0326 <+ 0,08 0388 =+ 0,15 0,264 + 0,22 0364 * 0,07 0,346 + 0,21 0446 + 042

one




Furan, 2-ethyl-
Pentanal
2-Propanone,
1-hydroxy-
1-Butanol, 2-
methyl-, (S)-
2-Pentenal
1-Pentanol
Toluene
Hexanal
2-Hexenal
1-Hexanol
1-Butanol, 3-
methyl-,
acetate
2,4-Hexadienal

2-Heptenal,

(2)-

0,278
0,106

0,120

0,063

0,012
2,844
0,051
5,448
0,866
0,188

0,058

0,128

0,116

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,02
0,05

0,16

0,03

0,00
4,79
0,05
3,31
0,22
0,10

0,04

0,16

0,12

0,433
0,103

0,086

0,152

0,061
0,046
0,047
12,428
5,210
0,199

0,144

1,526

0,303

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,28
0,05

0,01

0,06

0,08
0,02
0,02
3,31
2,77
0,17

0,17

2,00

0,25

0,507
0,238

0,174

0,341

0,076
0,009
3,283
10,174
1,449
0,622

0,066

0,250

0,153

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,13
0,10

0,11

0,31

0,05
0,01
5,67
0,92
0,68
0,91

0,11

0,07

0,18

0,875
0,516

0,205

0,464

0,252
0,106
0,032
11,838
14,727
0,043

0,041

4,068

0,081

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,29
0,54

0,16

0,45

0,21
0,15
0,03
3,12
8,42
0,01

0,03

6,66

0,05

0,251
0,077

0,999

4,906

0,273
0,053
0,154
1,651
0,279
0,005

0,001

0,065

0,059

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,23
0,06

1,37

6,74

0,46
0,08
0,27
1,34
0,10
0,00

0,00

0,07

0,07

0,687
0,413

0,297

0,408

1,365
0,085
1,829
6,024
0,338
0,151

0,057

0,103

0,103

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,49
0,47

0,24

0,28

2,17
0,13
2,96
1,55
0,10
0,23

0,07

0,09

0,12

0,709
0,189

0,172

0,260

0,052
0,099
0,088
3,690
6,204
0,060

0,016

0,067

0,068

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,55
0,22

0,20

0,22

0,04
0,13
0,14
0,92
3,44
0,06

0,01

0,01

0,04
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5-Hepten-2-
one, 6-methyl-
Furan, 2-
pentyl-
5-Hepten-2-ol,
6-methyl-
3-Hexenoic
acid
1-Octen-3-one
2-Octenal
Linalool
Nonanal
Phenylethyl
Alcohol
Formic  acid,
octyl ester
Benzyl nitrile

Octanoic acid

0,281

0,203

0,103

0,011

0,012

0,132

0,046

0,032

0,090

0,068

0,025

0,012

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,24

0,27

0,05

0,01

0,01

0,11

0,05

0,02

0,09

0,03

0,00

0,00

0,340

0,142

0,114

0,030

0,025

0,041

0,103

0,035

0,183

0,051

0,023

0,016

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,15

0,07

0,07

0,03

0,02

0,02

0,11

0,02

0,07

0,03

0,01

0,00

0,312

0,252

0,082

0,091

0,046

0,091

0,073

0,029

0,147

0,059

0,018

0,026

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,32

0,34

0,06

0,12

0,04

0,10

0,01

0,02

0,10

0,03

0,01

0,01

0,344

0,204

0,119

0,051

0,024

0,080

0,023

0,020

0,100

0,050

0,050

0,025

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,10

0,14

0,09

0,04

0,02

0,04

0,02

0,00

0,10

0,04

0,03

0,02

0,013

0,006

0,006

0,014

0,013

0,024

0,004

0,000

0,012

0,020

0,014

0,013

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,02

0,01

0,01

0,02

0,02

0,04

0,01

0,00

0,02

0,02

0,02

0,02

0,257

0,074

0,075

0,099

0,010

0,082

0,024

0,013

0,073

0,037

0,016

0,017

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,33

0,06

0,06

0,11

0,01

0,10

0,00

0,02

0,03

0,03

0,00

0,01

0,241

0,157

0,043

0,013

0,009

0,120

0,065

0,039

0,047

0,057

0,013

0,013

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,09

0,14

0,06

0,02

0,00

0,10

0,06

0,05

0,01

0,02

0,00

0,00
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1-Nonanol
a-Terpineol
Decanal
2,4-Decadienal
Benzene, (2-
nitroethyl)-

5,9-
Undecadien-2-
one, 6,10-
dimethyl-
3-Buten-2-one,
4-(2,6,6-
trimethyl-1-
cyclohexen-1-
yh)-
Pentadecane

Hexanoic acid,

octyl ester

0,005
0,007
0,010
0,047

0,025

0,101

0,008

0,005

0,006

I+

I+

I+

I+

I+

I+

I+

+

0,01
0,01
0,00
0,03

0,01

0,06

0,00

0,00

0,00

0,004
0,021
0,010
0,020

0,024

0,110

0,010

0,005

0,007

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,00
0,01
0,01
0,01

0,00

0,10

0,00

0,00

0,01

0,001
0,017
0,008
0,035

0,014

0,113

0,001

0,009

0,005

I+

I+

I+

I+

I+

I+

I+

+

0,00
0,01
0,00
0,02

0,01

0,10

0,00

0,01

0,00

0,002
0,008
0,003
0,025

0,014

0,059

0,001

0,003

0,006

I+

I+

I+

I+

I+

I+

I+

+

+

0,00
0,01
0,00
0,01

0,01

0,03

0,00

0,00

0,01

0,000
0,002
0,000
0,003

0,001

0,004

0,000

0,003

0,003

I+

I+

I+

I+

I+

I+

I+

+

0,00
0,00
0,00
0,01

0,00

0,00

0,00

0,00

0,00

0,000
0,005
0,002
0,014

0,003

0,045

0,006

0,008

0,003

I+

I+

I+

I+

I+

I+

I+

+

0,00
0,00
0,00
0,02

0,01

0,06

0,01

0,01

0,00

0,004
0,015
0,004
0,031

0,006

0,033

0,003

0,003

0,004

I+

I+

I+

I+

I+

I+

I+

I+

+

0,01
0,01
0,00
0,02

0,00

0,01

0,01

0,00

0,00
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4-Pentenoic 0,004 + 0,00 0,007 + 0,01 0005 =+ 000 0006 =+ 001 0001 =+ 000 0,002 = 0,00 0,004 =+ 0,00
acid, 2-methyl-,
octyl ester
Tetradecanoic 0,008 + 0,01 0,001 + 0,00 0002 <+ 000 0002 <+ 000 0001 + 000 0005 + 000 0010 + 0,01
acid
Octanoic acid, 0,048 * 0,03 0,040 <+ 001 0020 =+ 0,01 0021 =+ 0,00 0005 =+ 0,00 0,013 = 0,00 0,022 += 0,01
octyl ester
Palmitic acid 0,067 + 0,03 003 + 002 0063 + 002 0033 + 005 0029 + 003 0,073 + 006 0,076 =+ 0,07
Table S4. Polar metabolites in tomato Sweet Grape — control and treated with ulvan solution in 1, 2, 3, 6 and 9 days of observation.

Control Days

Compound 1 2 3 6 9

Relative area

Lactic Acid 0,43 + 01 0,33 + 01 0,18 + 0,2 0,42 + 0,2 0,73 + 0,3
L-Alanine 1,08 + 0,6 0,93 + 04 0,74 + 0,2 0,98 + 04 0,94 + 04
Oxalic acid 11,17 <+ 28 1244 + 3,0 1275 £ 26 1368 <+ 29 1350 + 4.2
Pentitol 0,71 + 0,2 0,68 + 0,2 0,84 + 0,0 0,75 + 0,0 0,83 + 0.2
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Malic acid
L-Aspartic acid
L-5-Oxoproline
y-Aminobutyric acid
L-Glutamic acid
Putrescine
D-(-)-Tagatofuranose
Citric acid
D-(-)-Ribofuranose
D-Xylofuranose
Quinic acid
D-(-)-Fructose
D-Glucose
3-a-Mannobiose
Talose

Myo-Inositol
Galactose

D-Mannitol

2,93
1,59
1,20
4,60
7,49
0,12
18,93
56,09
12,01
7,24
5,35
366,76
333,76
2,10
43,69
6,37
6,49

0,74

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,9
0,6
04
11
2,0
0,21
14
3,0
3,3
1,6
1,9
17,62
28,0
0,5
50
1,6
1,0

0,3

2,83
1,47
1,89
4,58
7,26
0,00
9,17
47,57
5,40
3,90
2,54
315,56
295,22
1,92
20,73
6,78
2,70

0,54

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,3
0,6
0,8
1,0
2,2
0,00
8,5
4,7
0,7
21
0,5
20,29
31,2
0,6
23,8
0,7
1,9

0,1

2,47
1,33
1,51
3,99
6,69
0,00
9,71
52,78
4,49
2,67
5,50
318,56
279,26
2,09
19,15
4,30
5,51

0,47

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,7
0,6
0,7
1,2
2,6
0,00
3,5
8,2
2,2
1.6
1,2
18,92
29,7
11
8,3
0,7
11

0,2

3,52
241
6,52
5,38
14,32
0,11
31,76
90,66
2,86
11,10
11,53
611,54
525,50
2,87
38,91
10,84
3,41

0,85

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

1,2
1,7
4,3
2,0
10,0
0,19
9,1
29,2
1,2
2,1
4,8
25,59
30,8
13
20,8
1,2
2,2

0,8

6,78
2,12
1,66
4,27
9,65
0,37
27,24
76,00
18,81
12,08
10,12
605,18
529,87
3,81
60,78
8,11
12,38

3,82

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,8
0,5
0,2
1,0
31
0,12
3,6
14,2
11,4
54
3,0
37,76
58,5
1,4
26,1
15
1,6

0,6




D-Glucuronic acid 0,57 + 0,2 0,65 + 05 0,54 + 0,2 0,57 + 0,6 1,04 + 0,2

Sucrose 2,03 + 0,9 1,34 + 05 4,25 + 03 9,73 + 0,8 2,86 + 0,2
Ulvan-treated Days
Compound 3 6 9

Relative area

Lactic Acid 0,30 + 0,1 047 + 01 054 + 01 0,53 + 0,3 1,43 + 0,1
L-Alanine 2,22 + 0,3 0,62 + 03 1,47 + 04 0,95 + 0,2 1,63 + 04
Oxalic acid 9,50 + 35 1195 + 35 1490 <+ 18 1229 + 1.8 1434 + 15
Pentitol 0,38 + 01 0,62 + 0,1 0,82 + 01 0,54 + 01 0,78 + 01
Malic acid 3,17 + 0,1 3,67 + 0,3 280 + 0,3 4,67 + 09 5,29 + 0,6
L-Aspartic acid 0,87 + 03 1,09 + 01 1,25 + 0,3 2,79 + 17 2,40 + 14
L-5-Oxoproline 2,43 + 04 199 + 00 1,77 + 0,6 2,74 + 11 3,49 + 11
y-Aminobutyric acid 1,44 + 05 3,12 + 00 455 + 11 5,86 + 1,8 3,45 + 0,1
L-Glutamic acid 1,87 + 06 3,9 + 05 782 + 19 10,32 + 24 10,15 + 2,6
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Putrescine
D-(-)-Tagatofuranose
Citric acid
D-(-)-Ribofuranose
D-Xylofuranose
Quinic acid
D-(-)-Fructose
D-Glucose
3-a-Mannobiose
Talose
L-Rhamnose
Myo-Inositol
Galactose
D-Mannitol

Sucrose

0,07
14,77
29,36
2,89
2,96
3,10
184,07
273,92
1,79
13,42
2,42
2,66
3,73
0,52

1,57

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,12
3,5
4,6
0,0
0,5
1,9
3,01
6,04
0,7
7,2
0,3
0,3
0,2
0,2

0,3

0,00
15,15
50,33
1,13
3,90
3,70
208,92
313,70
1,44
19,99
3,29
1,97
2,35
0,64

6,93

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,00
8,0
4,0
2,0
0,8
1,0
2,93
6,92
0,1
0,0
0,3
0,2
0,2
0,1

0,2

0,39
102,75
65,54
14,55
11,39
16,28
348,05
518,07
2,83
64,19
6,64
3,69
12,29
0,61

6,55

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,11
13,4
1,7
14
3,2
0,6
2,02
16,64
0,2
8,1
0,8
1,0
0,7
0,1

1,2

0,36
17,59
62,49
13,25
6,31
7,42
268,16
398,72
2,83
40,58
511
3,33
5,36
0,61

2,32

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,06
0,5
4,4
9,3
0,3
0,9
1,30
11,91
0,6
11,9
1,0
0,6
0,5
0,3

1,3

0,35
28,15
69,29
22,13
11,73
11,21
385,05
529,15
3,79
60,47
5,10
10,01
14,64
0,52

8,17

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0,12
16,0
13,0
111
6,1
5,8
9,74
24,92
1,2
29,2
0,7
13
0,6
0,3

0,6
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6. DISCUSSAO

Ao longo do curso de nossos estudos sobre a metabolédmica de frutos de
tomates cv. Sweet Grape maduros na fase vermelha pds-colheita, buscamos avaliar
os efeitos do tratamento com o polissacarideo ulvana. Inicialmente, buscamos
encontrar a melhor concentracéo e via de administracao do polissacarideo a fim de
avaliar um possivel efeito de biostimulacdo e/ou de eliciagdo mediante a determinacao
das atividades das enzimas relacionadas a defesa vegetal, como a PAL, CAT e APX.
No decorrer da pesquisa, foram monitorados os perfis de metabdlitos primarios, tais
como lipidios (acidos graxos, esteroides, tocoferdis) e de aclUcares, aminoacidos,
acidos organicos, carotenoides, e Compostos Organicos Volateis (COVs), em uma
abordagem metabolémica do tipo non-targeted, durante um periodo de nove dias apés
a aplicacdo do polissacarideo. Também foi analisado o perfil do metabolismo
secundario (flavonoides e carotenoides) em uma abordagem do tipo targeted, além
da dosagem de vitamina C dos frutos tratados durante o mesmo periodo. Todas as
determinacdes foram feitas mediante o uso de técnicas hifenadas, tais como:
cromatografia em fase gasosa acoplada a espectrometria de massas (CG/EM),
cromatografia de alta eficiéncia acoplada a espectrometria de massas (CLAE/EM),
cromatografia de alta eficiéncia acoplada a um detector de diodos em rede
(CLAE/DAD). Também foi acompanhado o efeito de aplicacdo de ulvana sobre
tomates mantidos sob refrigeracdo e a temperatura ambiente. Por fim, foi realizado
um ensaio de desafio onde o fruto foi tratado com o polissacarideo e inoculado com o
fitopatdgeno B. cinerea trés e seis dias apds o tratamento, onde o objetivo era saber
em que medida os frutos resistiam a contaminagao.

Na literatura existem varias vias de administracdo em que eliciadores de
diferentes naturezas ou coberturas comestiveis, as quais podem também ter funcéo
eliciadora, bioestimulante ou antimicrobiana em si, podem ser utilizadas em frutas. As
vias de administragdo mais comuns séo imersao, spray, escovacao e, como uma das
abordagens mais recentes o uso de impressoras 3D para depositar camada por
camada a cobertura ou mesmo melhorar a aparéncia do vegetal e evitando o
desperdicio (Ungureanu et al., 2023). Porém, em ensaios de laboratério para fins
cientificos, a administracdo desses agentes por vezes é feita via injecao direta no
tecido vegetal. Existem trabalhos envolvendo a injecdo de concentracdes de oOleos

essenciais diversos (tomilho, salvia, noz-moscada, eucalipto e céssia) contra A.
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alternata (Feng & Zheng, 2007), ou de diferentes concentracdes de 6leo de citronela
em frutos de tomates no pés-colheita contra 0 mesmo fitopatdgeno (Chen et al., 2014).
Por essa razdo, uma vez conhecida a melhor concentragdo de ulvana para o
tratamento pos-colheita dos tomates, decidimos avaliar duas vias de administracdo: a
imerséo e a injecao. Inclusive, a melhor concentracao de ulvana (1 mg/mL) € menor
do que a testada para o pos-colheita de tomate, de acordo com patente desenvolvida
por Briand et al. (2010). Os autores Briand et al. (2010) observaram que a ulvana (10
g/L) protegeu 42% dos tomates tratados por imersao por até 1 més contra B. cinerea
a 17 °C (Briand et al., 2010). De acordo com nossos resultados a concentracdo de 1
mg/mL obteve uma taxa de cerca de 80% de protecdo contra podriddes a 10 °C £ 3 e
de 90-100% sob 25 °C + 2. Contudo, acreditamos que o maior diferencial da nossa
pesquisa é a metabolémica do processo, 0 que explica o ineditismo do trabalho.

A imerséo, pela praticidade e visando uma aplicacéo industrial e abrangéncia
de uma maior area de superficie de contato com o fruto, e a injecdo como um
contraponto de aspecto local. De maneira satisfatoria, pudemos observar o sucesso
da imersao frente a injecao, tanto pelo aspecto do fruto apds o periodo de observacao
guanto pela atividade enzimatica aumentada principalmente de PAL e de CAT no
sexto e no nono dia apos o tratamento, e APX inibida nos frutos tratados. Por outro
lado, também observamos o aumento de atividade de PAL também no sexto dia, e de
APX no terceiro dia nos frutos tratados. Porém, nada comparavel com a intensidade
observada no tratamento por imerséo. A inducao de resisténcia de vegetais, como o
tomate, esta associada a enzimas de defesa como B-1,3-glucanase, quitinase (CHI),
guitosanase (CSN) e a fenilalanina amdnia-liase (PAL), além das enzimas do sistema
redox como a superoxido dismutase (SOD), peroxidase (POD), polifenol oxidase
(PPO), catalase (CAT), ascorbato peroxidase (APX), glutationa peroxidase (GPX),
glutationa redutase (GR), glutationa S-transferases (GST), dehidroascorbato redutase
(DHAR), as quais formam um conjunto complexo de mecanismos para minimizar,
tamponar e eliminar as espécies reativas de oxigénio (ROS) de forma eficiente (Anand
et al., 2007; Appu et al., 2021; Rajput et al., 2021). Os antioxidantes sdo a primeira
linha de defesa contra os danos causados pelos radicais livres e sdo essenciais para
a integridade celular vegetal, pois a producdo e o acumulo de ROS promovem
destruicdo severa de organelas e funcdes celulares causando peroxidacdo e danos

na membrana celular, degradacdo molecular e morte celular. Dessa forma, eliminar
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ROS é um dos determinantes mais importante para a tolerancia e defesa vegetal a
estresses (Miller et al. 2010; Rajput et al., 2021).

J& a PAL, é uma enzima relacionada ao ponto de partida da via de biossintese
dos fenilpropandides que atua catalisando a desaminacdo ndo oxidativa da
fenilalanina, que é convertida em trans-cinamato. A PAL leva a resposta de resisténcia
contra o estresse bidtico desenvolvido pela infeccéo por patégenos e estresse abidtico
em plantas desencadeada por irradiagdo UV, temperaturas extremas, deficiéncia de
nutrientes e ferimentos (Fatima & Anjum, 2017). Este evento desempenha um papel
notavel na passagem do metabolismo primario para o secundario. Essa enzima esta
bastante envolvida na biossintese do acido salicilico (SA) e, consequentemente, é
essencial para o funcionamento de toda a cascata de defesa da SAR. Por outro lado,
SOD, POD e PPO agem para impedir o avanco da peroxidacao lipidica da membrana
e 0 estresse oxidativo desencadeado pelo atague de patogenos (Cuéllar-Torres et al.,
2023). Por outro lado, a CAT € uma enzima antioxidante existente em todos 0s
organismos aerobicos e possui a funcéo de catalisar a reacao de conversédo de H202
em agua e oxigénio de maneira energeticamente eficiente nas células expostas ao
estresse ambiental. Esta enzima esta presente em todos os principais locais de
producdo de H202 como peroxissomos, mitocondrias, citosol e cloroplastos, sendo
essencial para o vegetal uma vez que a modulacdo de H20: interfere direta ou
indiretamente na transducao de sinais em plantas (Sharma & Ahmad, 2014). A reacao
de catélise ocorre em duas etapas (Rajput et al., 2021): na primeira, o H202 oxida o
Fe presente na molécula de CAT, formando um perdxido de ferro intermediario
(composto |) e a a enzima pode entao permanecer em repouso se a concentracao de
H20: for baixa ou em um segundo momento se a concentracado de H202 for maior, 0
H202 serve como um redutor para este peroxido intermediario regenerando a enzima
e liberando agua e oxigénio na segunda etapa. O perdxido de hidrogénio tem meia-
vida longa em comparagdo com as outras ROS, sendo sintetizado apés a dismutacéo
do O2- pela SOD e também é gerado pela glicolato oxidase no peroxissomo (Mhamdi
et al.,, 2010). Tanto a CAT quanto a APX ajudam as plantas a lidar com os danos
celulares induzidos pelo H202, mas a CAT é mais ativa mediante uma alta
concentracédo de H202 do que APX, pois CAT apresenta um Km maior (Rajput et al.,
2021). Como o APX esta presente em varios locais subcelulares, ele ajusta a atividade
de eliminacéo (Palma et al., 2020). A ascorbato peroxidase (APX) também & uma

peroxidase a qual utiliza ascorbato (&cido ascorbico ou vitamina C) como um doador
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de elétrons especifico para eliminar H202 em agua e oxigénio (Rajput et al., 2021). O
ascorbato € um cofator bem conhecido em muitas reacées enzimaticas, além de ser
importante na defesa contra o estresse oxidativo, mas é continuamente oxidado por
ROS geradas por estressores ambientais, como seca, salinidade, luz ultravioleta e
temperaturas extremas. Por isso entra em acao a dehidroascorbato redutase (DHAR)
gue é considerada como uma enzima chave envolvida na reciclagem do ascorbato,
que catalisa a reducdo dependente da glutationa (GSH) do ascorbato oxidado,
gerando ascorbato reduzido e desintoxicando as espécies reativas de oxigénio (ROS).
O sistema de regeneracdo do ascorbato, o qual ja € um antioxidante, € muito
importante para manter a homeostase do mesmo contra estimulos externos (Do et al.,
2016). Contudo, nés observamos que a ulvana em geral reduz a atividade de APX.
Existem certos bioestimulantes que demonstraram efeitos de reducéo na atividade da
ascorbato peroxidase (APX), como evidenciado por um hidrolisado de proteina de
alfafa (Medicago sativa L.) em milho (Ertani et al., 2013) e da bactéria Pseudomonas
putida no crescimento do trigo (Triticum spp.) sob estresse térmico (Ali et al., 2011)
em condicdes de estresse salino e térmico, respectivamente.

Popular como fruta ou aperitivo, o tomate Sweet Grape destaca-se por sua
composicao nutricional, sendo rico principalmente em acucares, carotenoides como o
licopeno e o B-caroteno, vitamina C e outras vitaminas, além de minerais. Em
comparacgao com o tomate de mesa tradicional, a cada 100g, o tomate médio de mesa
inclui principalmente agua, minerais e vitaminas. Em especial, a vitamina C em um
tomate de mesa constuma apresentar uma concentracdo de 14 mg/100g no estagio
“vermelho” de maturagao (Singh et al., 2016), enquanto que em nossas analises o
tomate Sweet Grape, no estagio de maturagéao “vermelho” e ao longo de 9 dias de
observacédo, apresentou em torno de 50 mg/100g tanto nos tomates tratados com
ulvana quanto nos controles.

Essa rica composicao nutricional, principalmente no que tange aos
carotenoides, tem despertado interesse cientifico devido a possivel capacidade de
inibir o crescimento de tumores e induzir a apoptose em células cancerigenas. Os
carotendides sdo pigmentos produzidos por vegetais, macro e microalgas, fungos,
leveduras e bactérias (Herrero et al., 2012) que possuem cores amarela, laranja e
vermelha que sdo compostos por um esqueleto de 40 carbonos de unidades de
isopreno (C5) ligadas covalentemente, formando varias ligagdes duplas conjugadas e

instaveis ocorrendo predominantemente ocorrem na forma trans, sendo alguns dos
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principais em tomates o fitoeno, o licopeno, o B-caroteno e a luteina (Miller, 2014; Sun
et al., 2022). Dentre esses carotenoides, 0 mais abundante em tomate € o licopeno,
seguido normalmente pelo fitoflueno, C{-caroteno, y-caroteno, [3-caroteno,
neurosporeno e luteina (Khachik et al., 2002; Marti et al., 2016). Essas moléculas
possuem diversas funcgdes, tais como: contribuem para a pigmentacédo de sementes,
frutos e flores, tendo coevoluido com dispersores de sementes e polinizadores; sédo
substratos para a produc¢do de fitormoénios derivados como o acido abscisico (ABA) e
a estrigolactona (SL); A sinalizacdo de apocarotendides, os quais sao resultantes da
degradacédo enzimatica de carotenoides ou de reacdes iniciadas por espécies reativas
de oxigénio, afeta o crescimento, o desenvolvimento e a resposta ao estresse vegetal,
apesar de as moléculas de sinalizagcdo e as vias envolvidas ndo serem bem
compreendidas (Yanishlieva et al., 1998; Sun et al., 2022). Os carotendides também
sao indiretamente responsaveis pelo sabor e o flavour de vegetais como o tomate,
atuando como precursores de compostos associados ao aroma, enquanto uma maior
quantidade de clorofilas estimula a producdo de acucares por meio da fotossintese,
mas tais relagdes entre esses pigmentos ainda nao séo claras (Aono et al., 2021). O
flavour € caracterizado como a soma de uma complexa interacdo entre os receptores
gustativos, os sistemas olfativos orto e retronasal, a textura na boca e a aparéncia
visual do alimento (Shepherd, 2006). Além disso, os carotenoides também sé&o
precursores de compostos organicos volateis (VOCs) que contribuem para o
amadurecimento de frutos (Vogel et al., 2010). No entanto, os carotenoides
desempenham duas funcbes majoritarias: sdo pigmentos acessoérios para
fotossintese e para a fotoprotecao vegetal (Herrero et al., 2012).

Como pigmento acessorio para fotossintese, os carotenoides absorvem
energia luminosa e transferem para as moléculas de clorofilas no espectro 450-550
nm, o qual representa uma faixa que as clorofilas ndo absorvem, expandindo assim a
faixa de comprimento de onda de luz para fotossintese (Hashimoto et al., 2016).
Entretanto, os carotenoides desempenham papel fotoprotetor pois podem evitar danos
causados pelo oxigénio singleto através da transferéncia de energia da porfirina
excitada para o proprio carotendide formando um carotenoide tripleto que, por ter uma
energia muito baixa para transferéncia dessa energia adquirida retorna ao estado
fundamental. Além desse mecanismo, também € possivel a transferéncia de energia
diretamente do oxigénio singleto para o carotendide, formando também um

carotendide tripleto, o qual dissipa o calor e retorna ao estado fundamental (Burri,
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2013). Os carotenoides sédo divididos em duas classes: os carotenos (exclusivamente
hidrocarbonetos) e as xantofilas (possuem oxigénio) (Miller et al, 2014). A respeito
dessa via, tanto a incidéncia de luz quanto a producéo de hormonios vegetais, como
auxinas e etileno, tém sido relacionados com a regulacdo da produgdo de
carotenoides durante o amadurecimento do fruto (Cruz et al., 2018).

O amadurecimento do tomate esta tradicionalmente associado as mudancas
na cor do pericarpo devido ao acumulo de pigmentos carotenoides e flavonoides
(Shinozaki et al., 2018), cuja concentracdo € dependente do grau de maturacao, do
genadtipo e das condi¢cdes ambientais a que o fruto é exposto (Marti et al., 2016).
Especificamente no fruto, a cor vermelha caracteristica é resultado do acumulo do
carotenoide licopeno tanto na casca quanto na polpa da fruta (D’Ambrosio et al.,
2018). No entanto, apesar dos carotenoides estarem presentes no fruto inteiro, sua
distribuicdo n&o é regular: o licopeno € encontrado em maior concentracdo no
pericarpo quando comparado aos léculos, enquanto a concentracédo de B-caroteno &
maior nos léculos do que no pericarpo. Por essa razdo, escolhemos realizar nossas
andlises para esse estudo com frutos inteiros, congelados e moidos, a fim de obter
uma amostragem mais fiel e representativa dos niveis de carotenoides. Além disso, a
concentracdo de licopeno varia durante o processo de amadurecimento. Inicialmente
comeca a estar presente nos l6culos no estagio de quebra, e entdo sua concentracao
aumenta durante o processo de amadurecimento (Marti et al., 2016). Normalmente, o
teor de licopeno em tomates vermelhos maduros varia de 30-80 pg g* de produto
fresco, chegando a 150 a 300 pg g em espécies hibridas seleciondas (Stahl & Sies,
1999). Durante o amadurecimento do tomate, o teor de carotendides aumenta entre
10 e 14 vezes, principalmente devido ao acumulo de licopeno o qual aumenta de
acordo com a progressdo do amadurecimento do fruto (Quinet et al., 2019). Em
nossas analises, pudemos observar que o tratamento com ulvana aumentou 0s niveis
de carotenoides em relacdo aos controles ao longo dos nove dias de analises,
principalmente de licopeno, B-caroteno e fitoeno. Majoritariamente, os niveis de [3-
caroteno e licopeno aumentaram cerca de 25% em relacdo aos controles ao final do
periodo de observacdo. Tendo em vista que um dos principais focos do melhoramento
e engenharia genética vegetal € produzir alimentos com maiores contelddos de
carotenoides devido aos seus beneficios para a saude de quem o0s consome,
curiosamente tem sido reportado que € possivel aumentar os conteludos de

carotenoides através da aplicacdo exdgena de eliciadores.
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Os principais fatores que regulam a producéo de carotenoides vao desde o
potencial genético e fatores transcricionais aos fatores ambientais, tais como
intensidade de radiacdo, concentracdo de COg2, temperatura (Liu et al., 2015),
fitormonios e inclusive o metabolismo de acUcares, lipidios, chaperonas moleculares,
transporte de energia/metabolitos e sistemas redox podem estar relacionados com o
acumulo desses terpenos (Egea et al., 2010; Yuan et al., 2015; Heng et al., 2019). Ja
entre os fatores ambientais que influenciam o metabolismo de carotendides, um
agente estressante em doses moderadas pode ser bastante eficaz e ndo promover
senescéncia ou necrose (Poiroux-Gonord et al., 2010), estresse esse que pode ser
causado por um eliciador como a ulvana. O estresse influencia o acumulo de
carotendides em tomates porque muitos carotendides sdo antioxidantes e em alguns
casos, € possivel que libere energia no ciclo das xantofilas (Garcia-Plazaola et al.,
2012).Essencialmente, os carotenoides sdo moléculas nutricionalmente essenciais e
importantes para a saude, sendo a biofortificacdo de culturas com carotendides sendo
o alvo principal na pesquisa de carotendides e, atualmente, as principais fontes para
alimentagdo concentram-se em vegetais de folhas verdes e frutas coloridas como o
préprio tomate (Sun et al., 2022); Adicionalmente, os carotenoides tendem a ser mais
biodisponiveis quando sdo incorporados em alimentos que possuem uma base lipidica
ou quando aquecidos ou macerados, procedimentos esses que quebram a parede
celular vegetal (Hammond & Renzi, 2013).

De acordo com nossas observagdes, o tratamento com ulvana promoveu
aumentos significativos nos niveis de lipidios em geral nos tomates, principalmente de
acidos miristico, palmitico, palmitoleico, estearico, linoleico e linolénico em relacdo aos
controles ao longo de 9 dias, mas nao para o acido oleico. Durante 0 proprio processo
de amadurecimento do fruto do tomate e principalmente nos estagios finais de
maturacdo, € esperado que os acidos graxos poliinsaturados aumentem sua
concentracdo, estando o acido linoléico (C18:2n6c) em maior quantidade (42,3 -
49,2%), seguido dos acidos oléico (C18:1n9c; 20,1 - 26,6%) e palmitico (C16:0; 16,6
- 17,7%); contudo, a propor¢ao de acido oleico em relagado aos acidos linoléico e a-
linolénico, vai decaindo com o avancgar do processo de maturagao (Saini et al ., 2017).
Especificamente, os niveis de &cido oleico (C18:1) em tomates decrescem durante a
maturacdo porque esse acido é convertido em &cido linoléico (C18:2) no reticulo
endoplasmatico, sendo essa fase critica para o acumulo de &cidos graxos

poliinsaturados em sementes e outros tecidos, e esta reag¢do é catalisada por uma

176



A12-dessaturase, ACIDO GRAXO DESATURASE?2 (FAD2) (Lee et al., 2020). Como
o tratamento com ulvana reduziu drasticamente os niveis de acido oleico nos tomates
em relacdo aos controles, provavelmente o polissacarideo aumente a atividade dessa
enzima e, portanto, o acumulo de acido linoleico e também do &cido a-linolénico, que
também é seu produto de conversao.

Entre os esterOides presentes em tomates, 0s mais importantes sdo o
estigmasterol e o B-sitosterol. Em tomates, esterdis como estigmasterol aumentam
normalmente com o amadurecimento do fruto devido ao aumento do fator de
transcricdo LeSD1 e traducdo, o que também acelera a dessaturacdo C-22 do seu
precursor o (3-sitosterol (Whitaker & Gapper, 2008). Esse aumento é de ocorréncia
esperada em frutos climatéricos, cuja respiracdo intensa e a producao de etileno estao
associadas com o aumento de H202, peroxidacao lipidica e oxidacdo de proteinas e,
a fim de equilibrar esse desbalanco oxidativo 0 aumento ou manutencdo dos niveis
de tocoferol pode ajudar, devido a esses compostos possuirem atividade de vitamina
E e serem potentes antioxidantes lipossollveis (Quadrana et al., 2013). Os niveis dos
estigmasterol, B-sitosterol e de a-tocoferol apresentaram tendéncias semelhantes de
aumento pronunciado, e por isso, sugerimos que o tratamento com ulvana acelere a
atividade do fator de transcricdo LeSD1 e traducdo. Dentre os tocdis, o a-tocoferol é
o principal tocoferol em tomates em todos os seus estagios de desenvolvimento,
principalmente nos estagios finais, tendendo a aumentar o seu teor (Moco et al.; 2007,
Saini et al., 2017). Inclusive, a degradacéo da clorofila em funcdo do amadurecimento
do fruto também favorece a biossintese de tocois, uma vez que o fitil-difosfato derivado
da degradacdo da clorofila é utilizado na biossintese de tocoferol (Almeida et al.,
2015).

Por outro lado, a comparacéo dos niveis de acucares, aminoacidos e acidos
organicos entre as amostras tratadas e os controles aparentemente indica que a
aplicacdo do polissacarideo néo influenciou, de forma perceptivel, o metabolismo
dessas moléculas. O acumulo de acucares resultantes do metabolismo da sacarose
€ regulado por trés enzimas principais: sacarose-fosfato sintase (SPS), sacarose
sintase (SS) e invertase (lvr). A SPS catalisa catalisa a reagéo entre uridina difosfato
glicose (UDPG) e frutose 6-fosfato para sintetizar sacarose 6-fosfato a qual é
hidrolisada por sacarose fosfato fosfatase (SPP) para produzir sacarose; o antisenso
da sacarose sintasel do fruto do tomate (SuSy1l) reduz a capacidade de descarga de

sacarose e afeta o acumulo de amido e o desenvolvimento do fruto; ja as invertases
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catalisam irreversivelmente a degradacdo da sacarose em glicose e frutose (Zhu et
al., 2022). Notavelmente, as quantidades tanto de aclUcares quanto de acidos
organicos dependem do estagio de maturagcdo dos frutos, onde uma série de
processos bioquimicos estimulam a conversao do tomate verde e, portanto, de sabor
acido, em uma fruta de sabor doce (Padmanabhan et al., 2016). Em condi¢des
normais, a glicose € o acgucar predominante nas frutas verdes, enquanto as frutas
maduras apresentam relativamente mais frutose e entdo os aglcares totais diminuem
novamente (Andelini et al., 2023). Porém, aparentemente hd uma inibicdo do
metabolismo da sacarose logo nos primeiros dias apdés o tratamento com o
polissacarideo, retardando a sua conversdo. Ja o0 mio-inositol (MI), € um poliol
sintetizado a partir da glicose, e esta envolvido na via de sinalizagdo, na producao de
moléculas relacionadas ao estresse, na biossintese da parede celular e € um
precursor do acido ascorbico (Munir et al., 2020). Uma vez que, a via de oxidacdo do
mio-inositol o consome, é considerado um passo importante para a sintese de
polissacarideos da parede celular (Ye et al., 2016). Além disso, em plantas superiores,
0 mio-inositol € integrado ao fosfato de fosfatidilinositol, polifosfatos de MI e certas
moléculas sinalizadoras de esfingolipideos. Essas substancias desempenham papéis
diversos em processos como sintese de solutos (como galactinol e oligossacarideos
da familia da rafinose), tolerancia ao estresse e regulacdo da morte celular. O acido
D-glucurdnico (GIcA), produto da oxidacdo do mio-inositol, € empregado na sintese
de pectina da parede celular e em compostos nédo celulésicos (Hu et al., 2020). Na via
de oxidacao do mio-inositol, uma enzima monooxigenase conhecida como mio-inositol
oxigenase (MIOX), produzida sob condicfes de privacédo de acucar para gerar fontes
alternativas de acucar, catalisa o processo de conversao de mio-inositol em acido D-
glucurénico (Munir et al., 2020). Esse fato ajudaria também a explicar os baixos niveis
de mio-inositol nos frutos tratados, se este estiver sendo consumido para uma maior
sintese de parede celular vegetal, coloborando com a resisténcia do tecido do fruto
contra o fungo B. cinerea em nossos experimentos de desafio.

A avaliagdo, ao longo de 48 horas, dos COVs emitidos nos levou a concluir que
a reducéo perceptivel na emisséo de hexanal e 2-hexenal, os dois compostos volateis
aldeidicos mais abundantes, nos frutos tratados indica uma eventual inibicdo das
lipoxigenases envolvidas na producao deles pela oxidacéo de acidos oleico e linoleico,
respectivamente. Dentre os COVs que sdo derivados de acidos graxos, 0s principais

gue aumentam a concentragdo durante o amadurecimento séo do tipo C6 (1-hexanol,
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(2)-3-hexenal, (E)-2-hexenal, hexanal, e em menor quantidade os do tipo C5 (1-
penten-3-one) e sdo conhecidos como volateis de folhas verdes devido ao seu aroma
que remete ao da grama cortada (Klee, 2010; Rambla et al ., 2014). Os &cidos C18
linoléico e linolénico através da sua degradacéo lipidica catalisada pelas enzimas
lipoxigenase (TomLoxC) e 13-hidroperoxido liase (13-HPL) produzem os volateis Cs
de cadeia curta aldeididos como hexanal, cis-3-hexenal, 1-hexanol e o C5 1-penten-
3-ona (Rambla et al., 2014). Outros volateis derivados de &cidos graxos, tais como 1-
penten-3-ona, 1-penten-3-ol, trans-2-pentenal, pentanal e pentanol sdo sintetizados
através do envolvimento de uma isoforma da lipoxigenase do tomate (Shen et al.,
2014). A biossintese desses volateis propriamente dita ocorre quando a separagao
entre esses substratos e algumas enzimas € perdida devido a ruptura dos tecidos
celulares e também durante o amadurecimento (Chen et al., 2004). Existem mais de
400 compostos organicos volateis (COVs) detectados nesses frutos, mas apenas
cerca de 15 a 20 deles estdo em quantidades suficientes para serem perceptiveis pelo
olfato humano (Mathieu et al., 2009; Zanor et al., 2009). O papel natural dos COVs
esta essencialmente relacionado a comunicacao, seja para atrair polinizadores, ou em
resposta ao ataque de herbivoros ou coloniza¢ao por microrganismos patogénicos ou
nao, ou ainda a propria sinalizagdo e comunicacao entre plantas (Bouwmeester et al.,
2019). Existem estudos que mostram que a liberacdo dessas moléculas pode ativar
ou estimular, um estado conhecido como priming, respostas de defesa (Heil & Karban,
2010; Ameye et al., 2018). Inclusive, é possivel que plantas préximas expostas a
volateis de vizinhos danificados figuem mais resistentes a herbivoros (Karban et al.,
2014).

Ja foi observado que é possivel utilizar os VOCs na agricultura para diferentes
finalidades: os isoprenoides emitidos pelas folhas podem estimular um efeito protetor
contra estresses abibticos, suprimindo espécies reativas de oxigénio (ERO ou do
inglés, ROS) ou fortalecendo as membranas celulares; podem inibir o crescimento de
fitopatdgenos in vitro; repelir herbivoros e a atrair de parasitas de herbivoros; induzir
a sintese de proteinas de defesa e metabdlitos vegetais como as fitoalexinas para
inibir a colonizacdo de patdgenos; podem atuar como indutores de priming para o
acumulo de fatores de transcricdo que facilitem a expressdo mais rapida das defesas
vegetais aumentando assim a resisténcia a um possivel futuro episédio de estresse;
podem interagir com o mecanismo de maturacdo ou serem explorados na alelopatia

para o controle de plantas daninhas, por exemplo (Brilli et al., 2019).
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Ja dentre os COVs derivados de aminoacidos, existe a categoria dos fendlicos
(derivados de fenilalanina) e dos de cadeia ramificada (baixo peso molecular e alta
volatilidade) (Rambla et al., 2014). Como os niveis de aminoacidos dos tomates
tratados com ulvana estdo ligeiramente mais baixos ou nos mesmos niveis dos
controles, € compreensivel também os niveis baixos desses COVs. De maneira geral,
a biossintese de volateis fendlicos ocorre partindo de aminoacidos aromaticos
descarboxilases que descarboxilam a fenilalanina em feniletilamina, que é entdo
convertida em 2-fenilacetonitrila, 1-nitro-2-feniletano ou 2-fenilacetaldeido por meio de
uma série de reacfes ainda ndo completamente compreendidas. Em seguida, o 2-
fenilacetaldeido é reduzido para 2-feniletanol através de enzimas da familia das
fenilacetaldeido redutases (LePAR1 e LePAR2) cuja sintese ndo é constante durante
a maturagdo do tomate (Tieman et al., 2007). Ambos 2-feniletanol e 2-fenilacetaldeido
sao volateis fendlicos importantes que conferem notas frutadas e de nozes aos frutos
do tomate, enquanto que o 1-nitro-2-fenetano apresenta um aroma terroso (Wang et
al., 2017). Por outro lado, a via biossintética dos fendlicos derivados de aminoacidos
de cadeia ramificada ainda ndo é bem elucidada (Distefano et al., 2022). No entanto,
€ possivel que se inicie a partir de um a-cetoacido ou de um aminoacido (Klee et al.,
2010), da seguinte forma: aminotransferases localizadas nos cloroplastos,
mitocondrias e citoplasma catalisam a transaminacao de valina, leucina e isoleucina
em a-cetodcidos de cadeia ramificada (Gonda et al., 2010), produzindo volateis como
3-metilbutanal/ol, 2-metilbutanal/ol e 2-isobutil-tiazol os quais emitem notas terrosas,
de tomateiro, verdes e também que remetem a mofo (Kochevenko et al., 2012; Wang
et al., 2017).

Por fim, a classe dos volateis derivados de carotenoides deriva justamente da
degradacéo dos carotendides, os chamados apocarotenoides, e esta correlacionada
com a progressao do amadurecimento dos frutos do tomateiro (Distefano et al., 2022).
Esses volateis, possuem uma producdo néo linear e sua concentracdo em geral
baixa, sendo resultante principalmente do acumulo de licopeno (Rambla et al., 2014).
Embora em concentragcdes bastante baixas, os mesmos sdo conhecidos por
conferirem notas florais e frutadas ao tomate e aumentar a valorizacdo do produto
pelos consumidores (Simkin et al., 2021). A sintese desses volateis em particular
inicia-se em tomates maduros, através das enzimas LeCCD1A e LeCCD1B, presentes
no citoplasma, que realizam a clivagem oxidativa de varios carotendides lineares, nas

posi¢cdes 5,6, 7,8 ou 9,10 e de carotendides ciclicos na posi¢cao 9,10. Levando a
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formacdo de dialdeidos e cetonas e de varios volateis C13, como por exemplo a
pseudoionona, a [-ionona, a 6-metil-5-hepten-2-ona, a p-damascenona e a
geranilacetona, que que sao geradas pela clivagem oxidativa de fitoeno, fitoflueno, -
caroteno e neurosporeno (Simkin et al., 2021; Wang et al., 2017). Em tomates, a
clivagem LeCCD1 do licopeno na posicéo 5,6 leva a formacao de 6-metil-5-hepten-2-
ona, ao qual sdo associados o sabor de tomate e o aroma floral doce dos tomates
(Vogel et al.,, 2010). Curiosamente, apesar de LeCCD1A e LeCCD1B sejam as
principais enzimas responsaveleis pela formagdo de apocarotendides, as
dioxigenases de clivagem de carotendides CCD4 e CCD7, presentes nos plastideos,
podem gerar volateis a partir de B-caroteno, de luteina e de violaxantina (Rottet et al.,
2016).

Por tudo o que foi exposto, € importante salientar que os volateis emitidos pelo
vegetal sdo dependentes tanto do seu background genético, quanto das praticas pre-
colheita (enxertia, local de plantio, época de colheita, fertilizacdo e irrigacédo) e pos-
colheita (condicbes de armazenamento e adicdo de defensivos) a que foi submetido
(Distefano et al., 2022). A respeito da genética, a variabilidade de volateis derivados
de &cidos graxos entre os gendétipos de tomate € bastante; por outro lado, o
conhecimento sobre a sintese e regulacao dessa classe € ainda prematuro (Distefano
et al., 2022). A inibicdo observada na emissdo de compostos organicos volateis
(VOCs) em tomates tratados com ulvana e o impacto nos niveis de carotenoides como
licopeno e B-caroteno, bem como a modulagéo positiva nos lipidios, nesses tomates
oferecem informac0@es valiosas que abrem perspectivas importantes para estratégias
de defesa poés-colheita e producdo de alimentos com perfis sensoriais e nutricionais
aprimorados. S80 necessarias mais pesquisas para compreender completamente os
mecanismos subjacentes dessas modificacdes e otimizar as condi¢cdes de aplicacao
da ulvana para maximizar seus beneficios na industria de alimentos.

Observamos também o papel da refrigeragdo como colaborador no tratamento
com ulvana, reduzindo o surgimento de podriddes. Os tomates tratados com ulvana e
mantidos sob refrigeracdo (10 °C = 3) apresentaram 80% de protecdo contra o
aparecimento de podriddes apds 32 dias de observacdo em comparagdo com 0S
controles (58%). J& os tomates tratados e mantidos sob temperatura ambiente (25 °C
* 2) obtiveram um indice de protecéao ligeiramente maior (90%) que os controles (80%)
Com base em nossas descobertas, observou-se que a refrigeracdo a 10°C + 3

(configuracdo tipica de geladeiras domésticas) apresentou eficacia muito parecida na
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prevencao do desenvolvimento de mofo em tomates com a da temperatura ambiente.
Contudo, essa condicdo de armazenamento acarretou na indesejavel reducdo da
firmeza das frutas e no consequente amolecimento. Essa observacéo alinha-se com
as conclusdes de Farneti et al. (2010), os quais notaram padroes semelhantes de
amolecimento em tomates mantidos em temperaturas entre 4°C (a mais desfavoravel)
e 15°C. Uma pesquisa conduzida por Dew et al. (2016) revelou que tomates
manifestam respostas fisioldgicas aprimoradas apds sete dias de armazenamento
guando submetidos a temperaturas superiores a 15°C, ultrapassando as temperaturas
ambientais tipicas na cadeia de abastecimento convencional do Reino Unido,
geralmente em torno de 12°C. Simultaneamente, o armazenamento refrigerado no
nivel do consumidor frequentemente compromete os atributos de firmeza dos tomates.
Entretanto, a refrigeracdo, quando precedida por um tratamento com polissacarideo,
retarda o processo de decomposicédo, prolongando, assim, a vida util de frutas como
os tomates, conforme respaldado por relatos recentes. Essa constatacdo foi
observada por Ali et al. (2024), cujas conclusdes indicaram que revestimentos
comestiveis CS-LVN (quitosana+levana, 30 mL de LVN em solucéo de CS 1% (p/v)),
CS-MCLG (quitosana+mucilagem, 30 mL de MCLG em solucédo de CS 1% (p/v)), e
CS-MCLG-LVN (quitosana+mucilagem+levana, 30 mL de LVN e 30 mL de MCLG em
solucdo de CS 1% (p/v)) efetivamente preservaram a qualidade pdés-colheita de
tomates tipo cocktail por até 30 dias. Esse periodo coincide com nossos resultados
com ulvana, que estendeu a vida util dos tomates por até 32 dias. Conforme relatado
por Mushi et al. (2023), tomates revestidos com filmes feitos de quitina, especialmente
agueles feitos de DeChNF (nanofibrilas de quitina desacetilada) e plastificados com
mel, demonstraram resisténcia superior a perda de peso e uma vida util prolongada
de até 20 dias quando armazenados em uma geladeira a 9°C. Adicionalmente, um
estudo realizado por Asiamah et al. (2023) investigou o impacto de trés revestimentos
comestiveis de polissacarideos - carboximetil celulose (CMC), goma xantana (GX) e
pectina - na qualidade pos-colheita e na estabilidade antioxidante de frutas de tomate.
O estudo ocorreu em condicbes ambiente (25°C, umidade relativa: 80-85%) e em
condicoes refrigeradas (5°C, umidade relativa: 80-85%) ao longo de um periodo de
14 dias. Os pesquisadores concluiram que o revestimento comestivel de
polissacarideo (2g) reduziu significativamente a permeabilidade ao vapor d'agua,
preservou licopeno, acido ascorbico, cor, sélidos soluveis totais (SST), acidez titulavel

(AT), teor de umidade e pH. Dessa forma, os resultados do estudo sugerem que 0s
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atributos de qualidade pos-colheita de frutas de tomate podem ser aprimorados por
meio de revestimentos comestiveis de polissacarideos, especialmente em condicdes
de armazenamento refrigerado (Asiamah et al., 2023). E de acordo com Nnossos
resultados, o tratamento dos tomates via imersdo em solugédo de ulvana também.
Embora a diferenca na protecdo contra podriddes ndo seja muito alta, € necessario
trazer esses fatos para o cotidiano, o que o experimento do desafio com o B. cinerea
pode exemplificar melhor: nesse experimento criamos uma porta de entrada através
da inoculacéo do fitopatdgeno, mimetizando condi¢des reais que acontecem durante
0 transporte e armazenamento; e o que observamos foi que os tomates tratados com
ulvana resistiam a infec¢do, impedindo que o fungo se alastrasse. Observamos
também que no sexto dia apls o tratamento, essa resposta de resisténcia era mais
efetiva do que quando inoculamos o fungo no terceiro dia apds o tratamento. Dessa
forma, em condi¢Bes controladas e sem exposicao a fissuras que facilitem a entrada
do fitopatdégeno, é razoavel que ndo haja uma diferenca tdo grande entre tratados e
controles, ao menos em temperatura ambiente.

Durante nossos estudos, também percebemos que o tratamento com ulvana
estimula a producédo de polifendis nos frutos de tomate, sendo os polifendis tipicos
dessa solanacea os flavonoides, derivados de fenilpropanoides, derivados do &cido
quinico, acidos fendlicos livres e derivados do acido hidroxibenzéico (Cruz-Carrion et
al., 2022). J4 as antocianinas, estas estdo mais presentes em tecidos como o
hipocotilo e também no caule e nas folhas, mediante estresse por luz ou frio em
concentracfes mais baixas que a dos carotenoides (Marti et al., 2016). No geral, os
polifendis estdo em ordem da maior para a menor concentracdo, desta forma:
naringenina chalcona > rutina > quercetina > acido clorogénico > acido cafeico e
derivados > naringenina > caenferol-3-rutinosideo > acido p-cumarico > acido ferualico
> kaempferol > miricetina > cianidina > pelargonidina > delfinidina (Marti et al., 2016).
Além desses, os acidos e derivados hidroxibenzdicos, derivados de fenilpropanoides
e acidos hidroxicinamoilquinicos, como 0s mono-, di e tricafeoilquinicos, estando estes
dois ultimos em elevadas concentragdes em tomates de variedades diferentes (Cruz-
Carrién et al., 2022). Os flavondides sdo compostos secundarios comumente
encontrados em frutas, ervas, caules, cereais, nozes, vegetais, flores e sementes
(Ullah et al.,, 2020). A biossintese natural dos flavonoides ocorre pela via dos
fenilpropanoides enquanto a fenilalanina é sintetizada pela via do chiquimato (Liu et

al., 2021). Possuem um esqueleto de carbono C6-C3-C6 formado por dois anéis
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benzénicos de 6 carbonos ligados por um anel heterociclico de 3 carbonos, e que
podem ser classificados em 12 subgrupos: chalconas, estilbenos, auronas,
flavanonas, flavonas, isoflavonas, flobafenos, diidroflavondis, flavonais,
leucoantocianidinas, proantocianidinas e antocianinas (Liu et al., 2021) e sua atividade
biologica depende de como sédo absorvidos e de sua biodisponibilidade (Ullah et al.,
2020).

No tomate, os principais flavonoides incluem uma chalcona, a naringenina
chalcona, e um flavonol, a rutina (quercetina-rutinosideo), além de kaempferol,
guercetina e miricetina (Bovy et al.,, 2007; Vela-Hinojosa et al.,, 2019). Esses
compostos tém sido extensivamente utilizados devido as suas propriedades
anticancerigenas, antimicrobianas, antivirais, antiangiogénicas, antimalaricas,
antioxidantes, neuroprotetoras, antitumorais e antiproliferativas (Ullah et al., 2020).
Além disso, desempenham papéis em uma ampla gama de processos bioldgicos. Isso
inclui a contribuicdo para a pigmentacdo de flores, frutos e sementes, atraindo
polinizadores e ajudando na disseminagéo das sementes; protegem as plantas contra
os danos causados pela exposi¢cdo a luz ultravioleta; influenciam a fertilidade das
plantas e desempenham um papel na germinacédo do pélen, bem como atuam como
moléculas sinalizadoras nas interacdes entre plantas e microrganismos; além disso,
funcionam como mecanismos de defesa contra microorganismos patogénicos (Bovy
et al., 2007), cujas principais estratégias encontram-se descritas. Através da Analise
de Componentes Principais, observamos que o tratamento com ulvana afetou
positivamente a producdo de compostos fendlicos, principalmente relacionados aos
acidos cafeoilquinicos e, provavelmente, a lignina. De acordo com Ghitti et al. (2022),
os flavonoides sdo capazes de atuar como antimicrobianos e como agentes
iniciadores das respostas de defesa das plantas para reagir rapidamente a percepgao
da infeccdo. Como antimicrobianos, a contribuicdo dos flavonoides para fortalecer a
defesa das plantas é evidenciada por sua atuagdo como fitoalexinas ou como
fitoanticipinas. As fitoalexinas sdo moléculas de defesa produzidas em resposta a
patdgenos com propriedades antibacterianas e antifingicas, enquanto que as
fitoanticipinas sdo moléculas pré-existentes produzidas e armazenadas antes do
contato com o patdgeno, prontas para uma resposta de defesa rapida quando
necessaria pela planta (De Coninck et al., 2015); contudo, mediante a presenca de
um eliciador microbiano, € possivel que uma fitoanticipina possa ser convertida em

fitoalexina (Gutiérrez-Albanchez et al.,, 2020). De fato, os flavonoides tém a
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capacidade de atuar como inibidores do quorum-sensing (QSI) através de diversos
mecanismos, como a diminuicdo na producdo de moléculas sinalizadoras, a
interrupcdo da comunicacao entre células, a formacéo de biofilme e a competicéo por
locais de ligacdo nos receptores, simulando moléculas sinalizadoras (Ghitti et al.,
2022). Como agentes pro-oxidantes, os flavonoides podem desencadear uma
explosdo oxidativa e deposicao calosa nas células hospedeiras, embora como esses
mecanismos podem aumentar a resisténcia das plantas aos patégenos ainda nédo seja
bem esclarecido (Ghitti et al., 2022).

Ainda em se tratando de defesa vegetal, o primeiro passo geral na via dos
fenilpropanoides é desencadeado pela fenilalanina aménia-liase (PAL), através da
desaminacdo da fenilalanina para acido trans-cindmico. Além disso, a PAL
desempenha um papel fundamental na regulacéo do fluxo de carbono do metabolismo
primario para o secundario nas plantas (Liu et al., 2015). Ja a segunda etapa da via
dos fenilpropanoides envolve a atividade do C4H, uma monooxigenase de citocromo
P450 em plantas, que catalisa a hidroxilacéo do &cido trans-cindmico para gerar acido
p-cumarico, que é também a primeira reacdo de oxidacdo na via de sintese de
flavonoides. A expressao do gene C4H em plantas como o Populus trichocarpa e a
Arabidopsis thaliana est4 associada ao teor de lignina, um importante metabdlito
fenilpropanoide (Liu et al., 2015). A lignina é o segundo maior recurso de biomassa do
planeta (atrds apenas da celulose), sendo um polissacarideo essencial e majoritario
da parede celular vegetal, proporcionando fortalecimento e atuando como uma
barreira fisica contra patdégenos (Zhang et al., 2022). Inclusive, tanto a atividade da
PAL quandto de C4H séo necessérias para a sintese de lignina (Shi et al., 2022).
Logo, pode-se inferir que uma atividade aumentada dessas enzimas esta relacionada
com um aumento do reforco de lignina na parede celeular do vegetal, conferindo maior
resisténcia a mesma. Ja na terceira etapa da via fenilpropanoide, a CoA ligase (4CL)
catalisa a formacao de p-cumaroil-CoA pela adicdo de uma unidade de coenzima A
(CoA) ao acido p-cumarico. O gene 4CL em plantas normalmente existe como uma
familia, com diferentes membros exibindo principalmente especificidades de
substrato. Em resposta ao estresse, a atividade da 4CL em plantas também esta
positivamente correlacionada com o conteudo de antocianinas e flavondis (Liu et al.,
2015). O aumento de compostos fenodlicos pode ser explicado pela alta atividade da
PAL e possivelmente de lignina. Na verdade, o provavel aumento na producdo de

lignina (Giménez et al., 2010; Wang et al., 2023) pode ser uma das chaves para
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entender como a ulvana atua na defesa contra B. cinerea, atrasando sua colonizacao
nos frutos. O acumulo de flavondides em tomates, concentra sua producao
principalmente no epicarpo, enquanto que no mesocarpo, a via dos flavonoides esta
inativa pela falta de expressédo dos genes de biossintese dos flavonoides (Colliver et
al., 2002). Logo, assim como os carotenoides, sua producdo ndo € homogénea em
todo o fruto, o que também nos ajudou a decidir por trabalhar com frutos inteiros de
tomate. De forma semelhante, a presenca de quercetina e de glicosideos de
kaempferol é estimada em aproximadamente 98% no pericarpo do fruto (Stewart et
al., 2000). Inclusive, a sintese dos flavonoides nesses frutos € desenvolvida em
estagios especificos: um exemplo disso é a naringenina chalcona, a qual se acumula
predominantemente na casca simultaneamente ao acumulo de carotendides e
consequente degradacao de clorofilas, atingindo o pico em pericarpos maduros (Muir
et al., 2001). Porém, também é possivel incrementar ou reduzir esse acumulo de
flavonoides através de bioestimulacdo em tomates, mediante aplicacdo exdgena de
substancias cuja eficiéncia varia dependendo da espécie tratada e da dosagem
aplicada (Klokic et al., 2020).

Sem duvida, o sexto dia apds o tratamento € um dia-chave e notavel para o
aumento da atividade enziméatica, compostos fendlicos e até glicoalcaloides, como o
esculeosideo A. Em relacdo ao aumento nos niveis de esculeosideo A, embora 0s
glicoalcaloides esteroidais estejam relacionados a defesa das plantas (Panda et al.,
2022), esse mecanismo ainda ndo esta bem elucidado, mas essas substancias podem
desempenhar um papel na defesa do fruto, um fato apoiado por outras descobertas
recentes na literatura sobre essa molécula (Fabian et al., 2023). Por outro lado, o
esculeosideo A possui sabor adocicado e seu aumento possivelmente infere um
aumento na docura desses frutos. Alcaloides sdo compostos basicos organicos de
origem vegetal ou microbiana. Para alcaloides ciclicos a classificacdo esta baseada
no precursor biossintético (principalmente aminoacidos), sendo classificados em
diversas categorias, como por exemplo indolicos, purinicos, quinolinicos,
isoquinolinicos, tropanicos, imidazélicos, entre outros (Dey et al., 2020). Do ponto de
vista medicinal, os alcaloides s&do notaveis por atuarem como anestésicos,
cardioprotetores e agentes anti-inflamatérios, além de alguns possuirem propriedades
alucinégenas; por outro lado, nos vegetais os alcaloides tém a funcao de protegé-las
contra predadores, regular seu crescimento (Heinrich et al.,, 2021) e também de

protecdo contra fungos, bactérias, virus, e insetos (Friedman, 2002). Tais moléculas
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sdo predominantes nas seguintes familias botanicas: Apocynaceae, Annonaceae,
Amaryllidaceae, Berberidaceae, Boraginaceae, Gnetaceae, Liliaceae, Leguminoceae,
Lauraceae, Loganiaceae, Magnoliaceae, Menispermaceae, Papaveraceae,
Piperaceae, Rutaceae, Rubiaceae, Ranunculaceae e Solanaceae, a qual o tomate
pertence (Dey et al., 2020).

No tomate, ocorre a predominancia de alcaloides esteroidais como o
esculeosideo A e a tomatina, os quais exibem propriedades anti-inflamatdrias,
anticancerigenas e anti-hiperlipidémicas. A medida que o fruto amadurece, a tomatina
presente no tomate imaturo se converte em esculeosideo A (Ngo et al., 2022);
inclusive, o aumento da producdo de etileno regula o0 aumento do acumulo desse
esculeosideo (lijima et al., 2009). Tomates verdes imaturos podem conter até 500 mg
de a-tomatina por quilograma de peso da fruta fresca. Conforme o tomate amadurece,
0 composto sofre uma degradacgéao consideravel, chegando a niveis de cerca de 5 mg
por quilograma de peso da fruta fresca em tomates vermelhos maduros (Friedman,
2002). De uma forma mais detalhada, a a-tomatina € uma saponina glicoalcaloide
esteroidal que passa por um processo de transformacdo a medida que o tomate
amadurece, sendo sintetizada a partir do colesterol, cuja biossintese e metabolismo
tem sido estudado extensivamente (Sawai et al., 2014; Dong et al., 2020; Liu et al.,
2023). Pesquisas recentes sugerem que a a-tomatina é armazenada nos vacuolos, e
sua conversdo em esculeosideo A ocorre no citosol. A proteina transportadora
GORKY, localizada na membrana do tonoplasto, € responsavel por transportar a a-
tomatina do vacuolo para o citosol, facilitando a conversdo metabdlica e tornando o
fruto mais palatavel, sendo por isso indispensavel para barrar o amargor do fruto
(Kazachkova et al., 2021). Essencialmente, para o vegetal, a tomatina atua como um
antimicrobiano, sendo considerada prevalentemente como uma fitoanticipina,
principalmente através da disrup¢do da membrana plasméatica do patdgeno, apesar
de haver questionamento se esse seria seu Unico modo de acado (You & van Kan,
2020). Mas pode também atuar como uma fitoalexina, sendo eliciada através do
ataque de fungos fitopatogénicos, como a Alternaria solani (Shinde et al., 2017). Como
possui sabor amargo, previne o ataque de insetos herbivoros; apesar disso, existem
enzimas nesses insetos, as CAZimas — GH3, GH10 ou GH43, que removem a por¢ao
terminal de glicose, a porcdo terminal de xilose ou todo o grupo licotetraose,

respectivamente — fornecem um belo exemplo de evolucdo independente e
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convergente em varias bactérias e fungos patogénicos para a desintoxicacdo de um
potente antimicrobiano.

De acordo com You & van Kan (2020), vale ressaltar que os produtos
resultantes da degradagéo enzimatica da a-tomatina, como 32-tomatina, tomatidina e
licotetraose, tém a capacidade de influenciar a resposta imune em plantas. Isso
sugere que a remocéao de partes de acucar beneficia um microrganismo patogénico
de duas maneiras: diminuindo a atividade de permeabilidade da membrana da a-
tomatina e reduzindo o mecanismo de defesa da planta. Esses autores, em sua
revisdo de literatura concluem que o impacto dos metabdlitos antimicrobianos das
plantas na resposta imune das plantas, através de mecanismos além de sua
toxicidade direta para os microrganismos, merece uma analise mais aprofundada.
Observou-se que a glicosilacao de esterdis em tomates torna as préprias plantas mais
tolerantes a toxicidade da a-tomatina. Isso levanta a questdo de se o0s
microrganismos, especialmente os patdgenos que afetam os tomates, poderiam
proteger suas membranas através da glicosilacdo de seus esterois, seja como um
mecanismo constitutivo ou em resposta a presenga da a-tomatina (You & van Kan,
2020). Embora a a-tomatina seja reconhecida na defesa contra fitopatégenos, pouco
se sabe sobre as contribui¢cdes de glicoalcaloides esteroidais, como 0 esculeosideos
e derivados, nessa tematica em tomates; contudo, existem evidéncias que apoiam o
papel de esculeosideos e derivados na defesa contra antracnose causada por
Colletotrichum no tomate maduro (Fabian et al., 2023).

As observacdes feitas até o momento indicam que a aplicacdo de ulvana em
tomates maduros estendeu o tempo de prateleira e afetou seus atributos sensoriais e
valor nutricional de forma positiva, exceto em relagdo aos COVs. O fato de termos
demonstrado recentemente que o ulvan obtido a partir de U. fasciata cultivada é
semelhante ao obtido de populac¢des selvagens, sendo uma fonte potencial para obter
esse polissacarideo em maior escala (Figueira et al., 2020), abre caminhos para o uso
do polissacarideo de U. fasciata como um bioestimulante/eliciador sustentavel no
cultivo de tomates. Este relato € o primeiro sobre os efeitos da ulvana como eliciador

e bioestimulante para frutos do tomate no pés-colheita.
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7. CONCLUSAO GERAL

o A concentracdo mais eficaz do polissacarideo ulvana para a preservacao de

tomates Sweet Grape foi estabelecida.

o O polissacarideo nédo possui atividade direta contra B. cinerea, conforme

evidenciado pelo ensaio de Concentracao Minima Inibitoria (CMI).

o A administracdo mais adequada do polissacarideo foi a imersdo em solucdo
aguosa, demonstrando o desencadeamento da atividade de enzimas relacionadas
com a defesa vegetal (PAL, CAT e APX).

o O tratamento com ulvana sob imerséo prolongou o tempo de prateleira dos

tomates, especialmente quando associado a refrigeracao.

o A ulvana causou aumentos notaveis em acidos graxos, esteroides, terpenos,
hidrocarbonetos de cadeia longa e na maioria dos carotenoides avaliados, sugerindo
seu papel como bioestimulante. No entanto, o acido ascoérbico, os aminoacidos e 0s

acucares nao foram significativamente afetados.

o O aumento da atividade da PAL impactou a producao de compostos fendlicos,
principalmente dos &cidos cafeoilquinicos e possivelmente na sintese de lignina,
contribuindo para a defesa contra B. cinerea no ensaio de desafio a partir do sexto dia

apos o tratamento.

o A ulvana influenciou positivamente os niveis de esculeosideo A e tomatina,

possivelmente afetando o sabor do fruto de maneira mais doce.

o O sexto dia apds o tratamento € o dia emblematico para o estabelecimento do
priming, vide o aumento da atividade das enzimas relacionadas com a defesa vegetal,

do perfil lipidico e de polifendis e glicoalcaloides esteroidais.
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o A emissdo de Compostos Organicos Voléateis (COVs) foi inibida nos tomates
tratados com ulvana, especialmente hexanal e 2-hexenal, mais do que nos frutos

inoculados com B. cinerea.

o Em resumo, a ulvana mostrou eficacia como bioestimulante e eliciadora em
frutos de tomate no poés-colheita, especialmente a partir do sexto dia apds o

tratamento.
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