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Resumo

O amadurecimento de frutos carnosos € um fendmeno controlado por uma complexa
rede de hormodnios e moléculas sinalizadoras, e o 6xido nitrico (NO) tem sido
apontado como um importante mediador desse processo. No entanto, ainda sao pouco
conhecidos os mecanismos moleculares associados a acao do NO nos frutos, bem
como suas consequéncias nos eventos responsdveis por dar prosseguimento as
mudancas de cor, sabor aroma e valor nutricional que ocorrem durante o
amadurecimento. Por isso, neste trabalho, conduzimos uma detalhada caracterizacao
do transcriptoma e metaboloma em frutos de tomateiro (Solanum lycopersicum),
tratados com concentracdes fisiologicamente relevantes de NO. Esse tratamento foi
efetuado por meio do oferecimento de uma atmosfera enriquecida com NO, de fluxo
continuo e em normodxia, no estagio pré-climatérico de frutos destacados. Apds o
tratamento, os frutos exibiram um fenotipo de maturacio atrasada, com a preservagao
da coloracdo esverdeada da regido pedicelar em estdgios mais avangados do
amadurecimento. Essas mudangas ocorreram sem causar injurias ou danos a aparéncia
dos frutos tratados. Aproximadamente um terco dos transcritos detectados durante o
amadurecimento sofreu alteracdo em sua abundancia em fung¢do do tratamento com
NO, com relevante repressao de diversos genes reguladores do amadurecimento, o que
acarretou na diminui¢do da producio e sensibilidade dos frutos ao etileno. Ensaios in
vitro da atividade de enzimas-chaves do metabolismo antioxidante e andlises dos
niveis de peréxido de hidrogénio revelaram uma alteracdo significativa no
metabolismo redox dos frutos tratados com NO. Esse desbalango no estado redox dos
frutos resultou, por sua vez, na intensificacdo do estresse nitro-oxidativo, o qual pode
ser verificado pelo aumento dos eventos de S-nitrosacdo e nitragdo de proteinas
detectadas ao longo do amadurecimento. Foi observado também, interessantemente, o
aumento da atividade da S-nitrosoglutationa redutase (GSNOR), enzima responsavel
por remover os estoques endogenos de S-nitrosoglutationa (GSNO), um dos principais
metabdlitos derivados do NO. Sofreram impacto, em simultdneo, a biossintese de
flavonoides e ascorbato, com incrementos de 60% e 25% nas suas concentragdes,
respectivamente. Esse incremento foi acompanhado, consistentemente, pelo aumento
da abundancia de transcritos de genes relacionados com a biossintese dessas duas
classes de compostos. Os carotenoides, por outro lado, apresentaram nos frutos
tratados com NO apenas 70% da concentracdo encontrada no grupo controle, com a
concomitante supressdo dos transcritos de diversos genes relacionados com a
biossintese de licopeno, o principal carotenoide responsavel pela cor vermelha do
tomate. Por fim, os demais compostos relacionados com o sabor e aroma, tais como
acucares, dcidos organicos, aminodcidos e compostos voldteis, sofreram apenas uma
discreta alteracio dos seus conteudos. Em conjunto, nossos resultados indicam que o
tratamento de NO, nos estdgios iniciais do amadurecimento, foi capaz de promover o
aumento da durabilidade do fruto, com alteracdes na composicdo antioxidante, e
poucos impactos em atributos relacionados ao sabor e aroma do fruto.



Abstract

The ripening of fleshy fruits is a phenomenon controlled by a complex network of hormones
and signaling molecules, and nitric oxide (NO) has been recognized as an important mediator
of this process. However, the molecular mechanisms behind NO action in fruits and their
consequences on the events leading to ripening-associated changes in fruit color, flavor, aroma
and nutritional value remain poorly elucidated. Therefore, in this work, we conducted a
detailed characterization of the transcriptome and metabolome in NO-treated tomato
(Solanum lycopersicum) fruits under physiologically relevant concentrations. The treatment
was performed in a NO-enriched atmosphere under continuous flow and normoxia during the
pre-climacteric stage of detached fruits. The NO-treated fruits exhibited a late-ripening
phenotype, with the preservation of the greenish coloration of the pedicellar region at
advanced stages of ripening. These changes occurred without causing injuries or damage to
the external appearance of the fruits. Approximately one-third of the transcripts detected
during ripening displayed alterations in their abundance in response to NO, with relevant
repression of several genes encoding ripening master regulators. This resulted in repression in
both the fruit production and sensitivity to ethylene. In vitro activity assays of key antioxidant
enzymes and quantification of hydrogen peroxide content revealed significant changes in the
redox metabolism of NO-treated fruits. Such imbalance in fruit redox status resulted, in turn,
in nitro-oxidative stress, as evidenced by the higher frequency of S-nitrosation and nitration
events in proteins. Interestingly, increased S-nitrosoglutathione reductase (GSNOR) activity
was also observed, which is the enzyme responsible for removing S-nitrosoglutathione
(GSNO), one of the main metabolites derived from NO. Furthermore, flavonoids and
ascorbate accumulation in NO-treated fruits presented an increase of 60% and 25%,
respectively. Consistently, the abundance of gene transcripts related to flavonoid and ascorbate
biosynthesis was also up-regulated. On the other hand, the carotenoid content in NO-treated
fruits was only 70% of the concentration found in the untreated control group. In agreement,
NO treatment repressed the transcript abundance of several genes related to lycopene
biosynthesis, which is the main carotenoid responsible for giving the red color of tomato
fruits. Finally, other compounds responsible for flavor and aroma, such as sugars, organic
acids, amino acids and volatile compounds, were only marginally affected by the NO
treatment. Together, our results indicated that the NO treatment at the early stages of ripening
can prolong fruit shelflife, with significant impacts on the antioxidant composition and
minimal changes in attributes associated with fruit flavor and aroma.
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Introducao Geral

Amadurecimento de frutos carnosos

Os frutos sdo estruturas reprodutivas presentes nas angiospermas, 0s quais
contribuem para a dispersdo de sementes em diversos contextos ecoldgicos (Tiffney,
1984; Tiffney and Mazer, 1995). Durante a evolucdo das angiospermas os frutos
carnosos apareceram, de forma convergente, em varios grupos filogenéticos e estdo
relacionados principalmente com a dispersao através de animais, também conhecida
como dispersdo zoocorica. Em virtude desta relagdo ecoldgica, os frutos carnosos
apresentam importantes modificacdes na colora¢do, aroma e sabor, alteragdes de
textura, além do acumulo de substincias nutritivas que os tornam proveitosos aos
animais dispersores de sementes (Bolmgren and Eriksson, 2010; Eriksson, 2016).
Essas mudangas fisiologicas sdo reguladas por diversos fitormonios e outros
sinalizadores, de modo que os frutos geralmente manifestam sua atratividade aos
animais dispersores quando as sementes ja se encontram completamente

desenvolvidas.

Além de sua importancia ecoldgica, os frutos constituem uma componente
fundamental na nutricdo humana equilibrada. Por esse motivo, respondem por grande
parte da atividade agricola (Pomerleau et al., 2004), e desde a antiguidade a
humanidade empenhou esfor¢os na domesticacio e melhoramento genético de
culturas produtoras de frutos, proporcionando o aumento na produtividade,
refinamento de sabor e aparéncia. No entanto, o aumento da durabilidade e o controle

do amadurecimento permanecem, ainda, um importante desafio. Parte dessa
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dificuldade decorre da intima relagdo bioquimica, molecular e evolutiva existente
entre os processos relacionados a senescéncia e deterioragdo, com aqueles
responsaveis pelo actimulo de nutrientes e caracteristicas organolépticas,

especialmente durante os estagios finais do amadurecimento.

Etileno e amadurecimento de frutos carnosos

Dentre os hormonios vegetais, o etileno (ET) ocupa lugar central como agente indutor
e mantenedor do processo de amadurecimento. Essa relacdo foi observada em
trabalhos seminais do inicio do século passado que utilizaram a aplicagdo exogena de
ET (ou propileno, um andlogo) com o objetivo de induzir ou acelerar o
amadurecimento de frutos (Vinson, 1910; Newton and Cook, 1927; Wolfe, 1931).
Posteriormente, a correlacdo entre a producdo endogena de ET e a inducdo do
amadurecimento foi demonstrada pela medi¢do da emissdo desse hormonio gasoso,
apds o advento da cromatografia em fase gasosa (Burg and Burg, 1962). Essa
correlacdo, por sua vez, ganhou robustez com trabalhos em frutos de plantas
transgénicas de tomateiro com niveis diminuidos da producdo enddégena de ET
(Oeller et al., 1991; Picton et al., 1993), bem como pela descoberta e aplicagcdo de
substancias com efeito repressor sobre a sintese ou percep¢do de ET como, por
exemplo, o 1-metilciclopropeno (1-MCP) (Golding et al., 1998; Watkins, 2006)

(Golding et al., 1998; Watkins, 2006).

Essas descobertas resultaram em aplicagdes tecnoldgicas, nas quais ambas
estratégias, estimulo ou repressdo do ET, sdo amplamente utilizadas em produtos
agricolas hoje disponiveis no mercado, tanto com objetivo de obter melhor controle
do amadurecimento durante o transporte e armazenamento, bem como o aumento do

tempo de prateleira nos centros de venda (Saltveit, 1999; Khan and Singh, 2009; Sdiri
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et al., 2012; Golding and Singh, 2017; Ma et al., 2017, Saraiva et al., 2018; Cai et al.,

2018; Mendes et al., 2018).

Tradicionalmente, os frutos carnosos sdo classificados em dois tipos principais
quanto ao padrao de resposta ao ET, a saber: climatéricos e nao-climatéricos. No caso
dos primeiros, como, por exemplo, o tomate (Solanum lycopersicum), o principal
modelo experimental para frutos carnosos, o inicio do amadurecimento ¢
acompanhado por um subito e volumoso aumento da emissdo de ET, com o
concomitante aumento das taxas respiratorias. Esses eventos coincidem com o
momento em que o fruto alcanca seu maximo desenvolvimento em tamanho, e a
partir deste estagio, diversas mudancas fisioldgicas o tornam mais sensivel ao ET, e
consequentemente, muito mais responsivo a sua aplicacao exdgena (Cherian et al.,
2014). Neste caso, uma vez iniciado o disparo da produgdo elevada de ET, o
amadurecimento ¢ inexoravelmente conduzido a termo. Esse processo ocorre mesmo
quando o fruto ¢ destacado da planta mae, contanto que o maximo desenvolvimento

pré-maturagdo do fruto tenha sido atingido (Fukano and Tachiki, 2021).

Ja nos frutos nao-climatéricos, como por exemplo o pimentdo (Capiscum
annuum), outro importante modelo para frutos carnosos, as taxas respiratorias e
emissdo de ET permanecem em niveis baixos, com pouca variacdo ao longo das
diferentes fases de amadurecimento. A aplicagdo exdgena de ET, no caso destes,
apesar de promover ou acelerar certos aspectos da maturagdo, resulta em pouco ou
nenhum incremento em sua producao endogena (Goldschmidt, 1998; Fuentes et al.,
2019). Além disso, na maioria dos frutos ndo-climatéricos, o amadurecimento so
ocorre até sua plenitude se o fruto permanecer conectado a planta mae (Fukano and

Tachiki, 2021).
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A despeito dessa classificacao tradicional, uma enorme variagdo bioldgica ¢
encontrada em relagdao padrao de emissao de ET, das taxas respiratorias, e da resposta
a sua aplicagdo exdgena em diferentes espécies e cultivares de frutos (Paul et al.,
2012). Essa variagcdo bioldgica ¢ reveladora da notavel evolu¢do convergente que
ocorreu, ao menos trés vezes independentes, em angiospermas. As evidéncias
gendmicas e moleculares que estdo hoje disponiveis para diversas espécies apontam
para reorganizagdo de diferentes circuitos genéticos relacionados a senescéncia,
identidade de orgdos florais e regulacdo epigenética no surgimento dos frutos
carnosos (Lii er al., 2018). Além disso, o comportamento apresentado por frutos
climatéricos e nao climatéricos conduzem a hipotese de diferentes estratégias
adaptativas voltadas a animais dispersores especificos, € sdo observados casos de
dificil classificagdo, como, por exemplo, frutos que apresentam fenétipo de climatério
menos pronunciado (i.e. aumento das taxas de emissdao de ET menos conspicua)
(Fukano and Tachiki, 2021). Ademais, importantes alteragdes metabolicas
possivelmente ocorreram em muitas cultivares durante o processo de domesticacao
(Lt et al., 2018). Por isso, nos estudos que buscam elucidar os fendmenos nos quais o
ET e outros sinalizadores interatuam em frutos, como, por exemplo, o 6xido nitrico
(NO), os resultados obtidos num dado fruto poderao nao ser comparaveis a outro, € a

relacdo de homologia dos processos devera ser sempre destacada.

E vélido salientar, no entanto, que a via de produ¢io de ET esta
inequivocamente mapeada em angiospermas (Yang and Hoffman, 1984; Kende, 1993;
Wang et al., 2002; Argueso et al., 2007). Sua biossintese tem inicio com a metionina
e dentro das células vegetais cerca de 80% da produg¢do deste aminodcido ¢
convertida em S-adenosilmetionina (SAM) pela ag¢do da S-adenosilmetionina

transferase (MAT) (Ravanel et al., 1998). Na segunda etapa bioquimica, o SAM ¢
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convertido em acido 1-aminociclopropano 1-carboxilico (ACC) pela enzima ACC
sintase (ACS). Por fim, a ultima etapa corresponde a oxidagdo da ACC pela ACC

oxidase (ACO) produzindo ET, COz2 e cianeto.

A percepcao do ET pelas células vegetais, por sua vez, envolve a participacao
de receptores que estdo presentes nas membranas do reticulo endoplasmatico e estes
se dividem em duas subfamilias: (i) ETR1 (Ethylene response 1) e ETRS1 (Ethylene
Response Sensor 1), (1) ETR2 (Ethylene response 2), ERS2 (Ethylene response
sensor 2) e EIN4 (Ethylene insensitive 4) (Liu et al., 2015). Esses receptores sao
reguladores negativos de resposta, sendo que na auséncia de ET mantém ativa uma
proteina quinase, a CTR1 (Constitutive Triple-Response 1), responsavel por fosforilar
0o dominio C-terminal da proteina EIN2 (Ethylene insensitive 2). Essa fosforilagao
induz a ubiquitinacdo da EIN2 pelo complexo E3 ubiquitina ligase, contendo as
proteinas ETP1 e ETP2 (EIN2-Targueting protein 1 e 2, respectivamente) marcando-a
para degradacdo via proteossoma 26S. Esses eventos removem a EIN2, mantendo-a

em niveis baixos e a acdo a jusante (downstream) desta ¢ mantida reprimida.

Na presenca de ET, por outro lado, os receptores inibem a a¢do da CTRI.
Neste caso a EIN2 ¢ mantida na forma desfosforilada, permanece em niveis maiores e
ocorre sua migragdo ao nucleo. Em seguida, a EIN2 inibe a ubiquitinacdo de outros
TF presentes no nucleo, tais como o EIN3 (Ethylene Insensitive 3), EIL1 (EIN3-
Likel) e EIL (EIN3-Like2), pela proteina EBS (EIN3-binding F-box). Uma vez
suprimida a acdo da EBS, o EIN3, o EL2 e o EIL3 deixam de ser marcados para
degradacdo e seus niveis aumentam como consequéncia. Por fim, os EIL1, EIL2 e
EIN3 induzem a expressdo de um outro grande grupo de TF, os ERFs (Ethylene
Response Factors), associados ao controle de uma vasta gama de genes e respostas

mediadas pelo ET (Binder, 2020) (Binder, 2020).
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Papel de outros fitorménios e sinalizadores

Apesar de o ET ser o sinal dominante, existem evidéncias da participagdo de outros
fitormonios € moléculas sinalizadoras, coexistindo e coordenando o amadurecimento
(Barry and Giovannoni, 2007). Um dos aspectos fundamentais dessa interacdo ¢ a
substituicdo da alga de regulacdo negativa (sistema 1), tipicamente presente nos
tecidos vegetativos e que controla os niveis de ET durante os estagios iniciais do
desenvolvimento do fruto, por uma alg¢a de regulagdo positiva de biossintese de ET
(sistema 2), responsavel pelo brusco incremento de sua producdo, tipico do
climatério. Em tomateiro ja foram identificados os genes que codificam para
diferentes isoformas das enzimas especificamente necessdrias para o sistema 1
(ACS14, ACS3,ACS6, ACOI e ACO4) e sistema 2 (ACS2, ACS4, ACOI, e ACO4)
(Nakatsuka et al., 1998; Barry et al., 2000) de producao de ET. No entanto, ainda ¢
recente e incerto o papel especifico de outros fitormdnios, TFs e outros sinalizadores

durante essa transigao.

Por exemplo, ¢ sabido que a producdo de acido abscisico (ABA), fitormonio
fundamental para o desenvolvimento e dorméncia de sementes, apresenta um
incremento que precede a producdo de etileno climatérico. A progressdo desse
aumento tem inicio nas sementes, quando estas atingem seu maximo
desenvolvimento e depois progride nos demais tecidos do fruto de tomate e péssego
(Prunus persica). Nessas mesmas espécies foi demonstrada a capacidade do ABA
induzir a expressdo de genes relacionados com a producdo de ET, e também diversos
fatores de transcrigdo relacionados com o controle do amadurecimento. Além disso,
tratamentos que interferem com o aumento do ABA promovem o atraso no
amadurecimento (Zhang et al., 2009; Sun et al., 2012; Ji et al., 2014; Mou et al.,

2016).
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As giberelinas (GA), por sua vez, apresentam uma relacdo inversa com as
concentragdes de ET em tomate, exibindo um marcado declinio que antecede o inicio
do climatério. A queda das concentracdes desse hormoénio € acompanhada pelo
aumento da expressdo de genes de enzimas responsaveis pela inativacao de GA, ¢ a
diminui¢do daqueles relacionados com sua biossintese (Li ef al., 2019). Sua aplicacao
exdgena também demonstra ser capaz de reprimir a expressao de genes das vias de
biossintese de ET, e de fatores de transcrigdo relacionados ao amadurecimento, o que
acarreta em seu atraso no amadurecimento. De forma consistente, a inducdo e
aceleramento do amadurecimento ¢ encontrado em experimentos utilizando inibidores
da acdo das GA, em frutos portadores de deficiéncia na produgdo de GA, ou ainda em

plantas transgénicas com sobre-expressdao de genes de inativagao de GA (Li et al.,

2019).

Alguns avangos ja foram obtidos também no caso das auxinas, cujos niveis
endogenos sofrem um incremento que acompanha o aumento (e subsequente queda)
dos niveis de ET durante o climatério em tomate e péssego (Trainotti et al., 2007).
Neste caso, a subsequente diminui¢cdo dos niveis enddgenos de auxinas ¢ necessaria
para o prosseguimento do amadurecimento (Jones et al., 2002; Trainotti et al., 2007,
Kumar et al., 2012; Devoghalaere et al., 2012). Essa relagdo ¢ atestada pelo
tratamento de frutos de tomate com auxinas, que resulta no atraso na transicdo do
sistema 1 para sistema 2, com a supressao da expressdo de diversos genes
relacionados com o metabolismo de carotenoides, degradacdo da parede celular e

metabolismo energético (Li et al., 2016).
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Além disso, estudos tambem indicam que alguns ARFs (Auxin response
factors) responsaveis por coordenar a agdo das auxinas sobre a expressao de diversos

genes, também atuam no amadurecimento de frutos em tomateiro.

O ARF4, por exemplo, apresenta uma marcada diminui¢do da sua expressao
durante o amadurecimento de frutos de tomateiro e em linhagens transgénicas com
silenciamento de ARF4 apresentam frutos com alteracdes significativas em atributos
de qualidade (Sagar et al., 2013). Por outro lado, o ARF2, sobre-expressao de ARF2
em tomateiro, resulta na formacao de zonas irregulares de amadurecimento acelerado,
com emissdo precoce de ET e inducao de componentes da cascata de sinalizacao de
ET e outros reguladores do amadurecimento. De forma condizente, o silenciamento
de ARF?2 gera frutos com atraso no amadurecimento, partenocarpia e perfil hormonal

alterado (Breitel ef al., 2016).

Diversos outros Tfs atuam como reguladores mestres no processo de
amadurecimento, muitas vezes com agdo a montante aos fitormonios e outas
moléculas sinalizadoras. Muitos desses Tfs foram identificados inicialmente a partir
do isolamento de mutantes de tomateiro cujos frutos apresentavam bloqueio e/ou
alteracdes no amadurecimento. Alguns exemplos de mutantes que merecem destaque
nesse contexto sdo o rin (ripening-inhibitor), nor (non-ripening) e Cnr (Colorless
non-ripening). A identifica¢do dos genes e proteinas afetados por tais mutagdes levou
a descoberta de diversos outros TFs que atuam tanto a montante, como a jusante da
acdo do ET e outros fitormdnios, com uma topologia e interagdo complexa nos frutos

(Wang et al., 2020).

Sabe-se, atualmente que o TF MADS-RIN, possui como alvo um grande

nimero de genes, incluindo ACS2 e ACS4, o receptor de ET NR (Never ripe), 0s



18

genes responsivos ao ET E4 e ES, além de muitos outros envolvidos no
amadurecimento em tomateiro (Martel, 2010; Zhong et al., 2013). A principio, a
demonstragdo da agdo do MADS-RIN sobre esses genes sugere que este seja
indispensavel para o amadurecimento, em virtude do forte fenotipo de inibigao
exibido pelo mutante natural rin. No entanto, outros estudos utilizando o
silenciamento ou a dele¢do deste gene indicam que, apesar de apresentar um papel
importante sobre as emissdes de ET, este ndo ¢ fundamental para o prosseguimento
do amadurecimento (Ito et al., 2017; Wang et al., 2019). Um cenério semelhante ¢
observado para outros TF como o NAC-NOR, o qual atua a montante do MADS-
RIN, e regula um numero ainda maior de genes relacionados ao ET. Linhagens
transgénicas com delecdo para esse gene também apresentam, diferentemente do
mutante natural nor, um fenotipo de inibicdo apenas parcial do amadurecimento

(Wang et al., 2019).

Ressalta-se, ainda, a existéncia de um grande nimero de outros TF que atuam
conjuntamente, exibindo, muitas vezes interagdes proteina-proteina que resultam na
formagdo de complexos que atuam na repressdo ou promoc¢do da expressao de
diversos genes (Leseberg et al., 2008; Bemer et al., 2012; Shima et al., 2013). Chama
atencdo que esses complexos proteicos tem como alvo, além de outros genes e
fitormonios, a regido promotora de outros TF também relacionados ao

amadurecimento (Liu ef al., 2020).

O oxido nitrico como sinalizador em frutos

Além dos ja citados TF e fitormodnios, descobertas recentes indicam que as espécies
reativas de oxigénio e nitrogénio (ROS e RNS, respectivamente), classicamente

estudadas em fendmenos relacionados ao estresse, defesa e senescéncia, sdo pecas
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chaves na regulacao do amadurecimento de frutos, em especial o 6xido nitrico (NO)

(Corpas et al., 2018).

O NO ¢ capaz de agir tanto de forma coordenada com o ET e outros
fitormonios, bem como através de outros mecanismos independentes que atuam nos
niveis bioquimico e molecular (Domingos et al., 2015). Por se tratar de um gas, de
natureza lipofilica, ter uma alta reatividade quimica e meia vida relativamente longa
em baixas concentragdes, o NO merece destaque como um sinalizador com
caracteristicas singulares e esta presente de forma universal em seres vivos. Todavia,
sua presenca em certas circunstancias pode acarretar danos aos componentes da
maquinaria celular e, por esse motivo, estdo presentes mecanismos altamente
eficientes para sua degradagdao em sistemas bioldgicos. Além disso, o NO pode ser
conjugado a um grande numero de moléculas organicas presentes no ambiente
celular, as quais podem atuar como reservatorios estaveis, ou agir como

intermediarios em eventos de sinalizagdo, entre outras fungdes (Mur et al., 2013).

Em plantas superiores, a producdo de NO se da por diferentes rotas e estas
podem ser divididas em dois grupos principais: (i) vias redutivas, nas quais o NO ¢
produzido a partir da reducao do nitrito e (ii) vias oxidativas, onde a produ¢do de NO
¢ dependente de L-arginina como substrato. Dentre as vias redutivas, a mais
importante e bem caracterizada € a participa¢do da enzima nitrato redutase (NR), que
além de sua atividade principal na redug@o do nitrato a nitrito, possui também ¢é capaz
de gerar NO. Esta atividade secundéria ocorre no mesmo sitio ativo da primeira e ¢
capaz de converter nitrito a NO com cerca de 1% da atividade exibida na redugdo do
nitrato. No entanto, essa segunda atividade ¢ inibida pelo préprio nitrato, exige uma
alta concentracao de nitrito, ¢ ¢ favorecida em anoxia (Yamasaki et al., 1999;

Yamasaki and Sakihama, 2000; Rockel et al., 2002).
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Em trabalhos posteriores foi demonstrada a existéncia de outra proteina, a
NOFNIiR (Nitric oxide-forming nitrite reductase) capaz de interagir com a NR e que
permite a produgdo de NO a partir de nitrito. Neste caso, a reagdo ocorre em
normodxia e ndo ¢ inibida por nitrato (Yang et al., 2015; Chamizo-Ampudia et al.,
2016, 2017). Outras vias redutivas sdo sugeridas, com determinagdo incerta acerca de
seu papel na produgdo de NO em frutos como, por exemplo, a agdo da cadeia de
transporte de elétrons mitocondrial sob andxia (Gupta and Igamberdiev, 2011;
Salgado et al., 2013), ou a produg@o de NO por uma enzima nitrito redutase ligada a
membrana (Ni:NOR), capaz de produzir NO no espago apoplastico, mas neste caso

essa atividade € restrita a raizes (Stohr and Stremlau, 2006).

Ainda mais incerta ¢ a produgdo de NO a partir de L-arginina, pois ainda que
ja& tenha sido demonstrada bioquimicamente em plantas, carece, at€é o presente
momento, da descoberta de uma enzima, homodloga ou ndo a NO-sintase (NOS)
presente em animais. A atividade detectada in vitro neste caso corresponde a produgao
de NO e L-citrulina, dependente de calmodulina, semelhante aquela produzida pela
NOS de animais e por esse motivo, ¢ chamada NOS-like. No entanto, sua
importancia, ou mesmo sua existéncia in vivo em plantas superiores ¢ objeto de

controvérsia (Santolini et al., 2017; Astier et al., 2018).

Espécies S-nitrosadas

Tdao importante quanto as vias de producado, o controle da homeostase do NO depende
de mecanismos eficientes para sua remoc¢do ou imobilizacdo, permitindo o controle
espago-temporal preciso da sua funcdo sinalizadora. O mecanismo bioquimico que se
revelou como o mais relevante e bem estudado ¢ a interacdo do NO, de forma

reversivel, com residuos tidis reduzidos (-SH) presentes em proteinas e peptideos.
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Essa ligacdo induz a formagdo de espécies S-nitrosadas (SNO) e esta modificagdo ¢
responsavel pela regulacdo da atividade e fun¢do de uma ampla gama de fendmenos
bioldgicos em plantas, tais como morte celular programada, germinagdo de sementes,
resposta ao estresse, fotossintese e sinalizacdo hormonal (Terrile et al., 2012; Feng et
al., 2013; Hu et al., 2015; Albertos et al., 2015; Iglesias et al., 2018; Huang et al.,

2019).

Nesse contexto, principal alvo do NO ¢ a ligagdo com a glutationa (GSH), um
importante tripetideo, que possui uma cisteina na sua posicdo central e portanto
contétm um residuo tiol. Em sua forma reduzida (GSH) esta pode participar de
processos antioxidantes, gerando sua forma oxidada, que se apresenta como um
dimero, com os residuos tiois ligados um ao outro (GSSG). Uma vez que a GSH esta
presente em grandes concentracdes no citosol (escala milimolar), a presenga de NO
livre prontamente induz a formagdo da S-nitrosoglutationa (GSNO) (Airaki et al.,
2011; Corpas et al., 2013a). Esta representa um reservatorio reversivel de NO e, desse
modo, a GSH funciona como uma barreira, protegendo a célula de concentragdes
elevadas de NO livre produzidas sob certas condigdes. Além disso, a GSNO pode ser
utilizada como substrato para a transferéncia de residuos nitrosados, doando o grupo
nitroso de um residuo tiol a o outro (transnitrosagdo), tanto por via enzimatica como
ndo-enzimatica. Por esse motivo, a GSNO é um dos metabolitos mais diretamente
relacionado com a especificidade da funcdo sinalizadora do NO, possuindo o
potencial de induzir via transnitrosacdo, alteracdes na conformagdo, atividade,
estabilidade e/ou localizagdo celular de diversas proteinas (Astier et al., 2011,

Lamotte et al., 2015; Feng et al., 2019).

Essa fun¢do bioquimica do NO ¢ facilitada pela participagdo do sistema

tioredoxina-tioredoxina redutase, o qual é responséavel, além de outras fungdes, por
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mediar a transferéncia dos radicais NO de um residuo tiol a outro, que tanto pode ser
uma molécula de GSH (resultando na formacdo de GSNO) como outra proteina,
efetivamente promovendo a desnitrosagao de alvos especificos (Jedelska et al., 2020).
A atividade desse sistema ocorre mesmo em situagdes desfavoraveis, como, por
exemplo, em circunstancias nas quais o balan¢o quimico da reagdo de nitrosagdo de
um dado residuo tiol esteja particularmente elevado, ou ainda em proteinas cujos
residuos tidis possuam valor de pKa e acessibilidade estérica que dificultam a

remocao espontanea dos radicais NO previamente ligados a esses residuos.

O controle dos conteudos endogenos dos estoques de GSNO, por sua vez, ¢
assegurado por meio da enzima altamente conservada S-nitrosoglutationa reductase
(GSNOR), a qual ¢ capaz de degradar a GSNO gerando GSSG e NH3 como produtos
(Liu et al., 2001). Portanto, sua acdo reduz o reservatorio celular de espécies S-
nitrosadas, diminuindo o potencial de liberacao de NO livre no ambiente intracelular
ou a transferéncia direta de SNO a outras moléculas. De modo interessante, a
GSNOR também esta sujeita a regulacdo por meio de S-nitrosagao (Guerra et al.,
2016; Zhan et al., 2018) e diversos trabalhos demonstram a importancia da GSNOR e
do sistema tioredoxina-tioredoxina redutase em diferentes fendmenos biologicos tais
como desenvolvimento vegetal, respostas ao estresse (a)bidtico, fertilidade, producao
de sementes e sinalizagdo de auxinas e ABA (Leterrier et al., 2011; Lindermayr, 2018;

Jahnova et al., 2019; Hussain et al., 2019).

Em frutos, ja foi demonstrado que os contetidos enddgenos de espécies S-
nitrosadas apresentam uma correlagdo com o inicio e progressio dos
amadurecimento. Em pimentdo, por exemplo, foi observado o acimulo de espécies S-

nitrosadas e a diminuicdo dos conteidos de NO nos estidgios finais do
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amadurecimento e esse aumento ¢ acompanhado pela diminui¢do da atividade da

GSNOR (Corpas et al., 2018).
Nitragdo de aminodcidos e outros compostos

Outro mecanismo bem estabelecido pelo qual o NO atua ocorre através da
modificagdo pos-traducional irreversivel de aminoacidos presentes em proteinas, a
qual, e semelhante a S-nitrosagdo, exerce papel regulatério na funcdo de diversas
enzimas, Tfs e outras proteinas. Ja foram publicados muitos trabalhos demonstrando a
sua dessas reacdes irreversiveis em processos como germinacdo de sementes,
desenvolvimento e amadurecimento de frutos, bem como mecanismos de resposta a
estresses (a)biotico (Cellini et al, 2011; Chaki et al., 2015; Airaki et al., 2015;

Signorelli and Considine, 2018).

Dentre os residuos presentes em proteinas, a tirosina (Tyr) e o triptofano (Trp)
sdo observados como os mais relevantes alvos para a adicdo de um grupo nitro (-NO,)
(Corpas et al., 2013b, 2021) Essa reagdo ocorre por meio da agdo do peroxinitrito
(ONOOH/ONOO), formado a partir do NO e do superoxido (O,") (Ferrer-Sueta et
al., 2018) ou pela agdo do dioxido de nitrogénio (*NO), que pode ser produzido a
partir de nitrito (NO2) e peroxido de hidrogénio (H202), na presenca de
hemoperoxidase (HPO) (Souza et al., 2008). Esses compostos podem dar origem a
diferentes derivados, e sdo citados o 3-nitroso-tirosina, o 4-nitro-triptofano e o 6-
nitro-triptofano como os mais importantes, havendo correlagdo entre os niveis
endogenos de proteinas nitradas e o prosseguimento do amadurecimento em pimentao

(Chaki et al., 2015; Corpas et al., 2021).

E sugerido ainda que além dos aminoécidos, outros compostos também

possam ser modificados pelo NO (e seus derivados) como lipidios e oligonucleotidios
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(livres ou em 4acidos nucleicos) (Desel et al., 2007; Arasimowicz-Jelonek and
Floryszak-Wieczorek, 2019). No caso dos lipidios, a insaturacao presente em algumas
cadeias de acidos graxos pode ser modificada e receber um grupo nitro (-NO,) pela
acdo do NO, ou do peroxinitrito, levando a formagao de acidos nitro-graxos (NO»-
FAs). A fungdo sinalizadora dos NO»-FAs se d4 predominantemente por meio da
modificagdo pos-traducional de proteias, uma vez que sua por¢do nitroalqueno os
torna suscetiveis ao ataque nucleofilico de cisteinas, histidinas ou lisinas. Desse
modo, ocorre a conjugacdo da proteina com uma molécula de 4cido graxo de forma
reversivel. Essa ligacdo se da no carbono B do adjacente aquele ligado ao residuo -
NO; e a adigdo do NO»-FA pode atuar na regulacdo da atividade ou fungdo destas
proteinas (Mata-Pérez et al., 2018). Alternativamente, os NO,-FAs podem reagir com
a cisteina da GSH e formar adutos GSH-NO,-Fas, também envolvidos na regulacao

pos traducional de proteinas (Baker et al., 2007).

A fungao dos NO,-FAs ja foi demonstrada em plantas em respostas a estresse
abidtico, formacdo de raizes em plantulas e fechamento estomatico (Mata-Pérez,
2016; Palma, 2020). Além disso, ja foram identificadas diversas proteinas contendo
alvos para essa modificacdo em plantas e animais, ¢ tem se mostrado relevante o
interesse nesses compostos, pois além de sua fungdo sinalizadora em plantas, a
presenca destes em alimentos, como, por exemplo, no caso do azeite de oliva extra-
virgem contribui na prevengdo de doencas cardiovasculares e apresenta quantidades
significativas de acido linolénico conjugado a NO, (NO,-LA) (Sénchez-Calvo et al.,

2013; Mata-Pérez et al., 2017).

Observa-se ainda que os NO,-FAs podem atuar como um reservatorio de NO,
e devido ao fato dos fosfolipidios presentes nas membranas possuirem distribuicao,

organizacdo e concentracdo variada de cadeias saturadas/insaturadas nos diferentes
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compartimentos e regides celulares, a liberacdo NO a partir dos NO,-FAs podem
ocorrer a partir dos lipidios presentes nas membranas, em organelas ou zonas
subcelulares especificas, concentrando e contendo sua agdo (Mata-Pérez, 2016; Su et

al., 2019).

Outra modificacao promovida pelo NO ¢ a nitragdo de nucleotideos, como a
guanidina, presente tanto em acidos nucléicos como no sinalizador monofosfato de
guanosina ciclica (¢cGMP). Esta molécula ¢ amplamente conhecida por sua fungdo
sinalizadora em animais, ¢ vem ganhando destaque em plantas (Isner and Maathuis,
2018). A modificacdo deste nucleotideo ocorre pela agao do peroxinitrito, levando a
formagdo de 8-nitroguanosina 3', 5' monofosfato ciclico (8-nitro-cGMP). O
conhecimento de sua fung¢do em plantas ainda ¢ limitado, ainda que j& tenha sido
implicada no fechamento estomatico e tenha sido sugerido que possa participar em
outras respostas relacionadas ao estresse (Joudoi ef al., 2013; Pettivalsky, 2020).
Além disso, a nitragdo de guaninas em moléculas de RNA ja foi descrita na regulagao
de morte celular programada (PCD) em resposta ao ataque de patogenos e quebra de

dorméncia de sementes (Izbianska et al., 2018; Andryka-Dudek et al., 2019).

Metabolismo antioxidante em frutos

O processo de amadurecimento de frutos carnosos € considerado homologo, e
funcionalmente semelhante a senescéncia e morte celular programada, visto que parte
significativa das vias, processos bioquimicos e genes envolvidos parecem ter sofrido
neofuncionaliza¢do durante a evolugdo das angiospermas (Lii ef al., 2018). De forma
semelhante ao observado durante a senescéncia de tecidos vegetativos, o
amadurecimento de frutos ¢ também marcado por um pronunciado aumento da

concentragdo endogena de ROS. Tais compostos sdo toxicos em niveis elevados,
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contudo, geralmente estdo presentes em concentragdes baixas e controladas como
parte do metabolismo normal. De modo interessante, esses mesmos compostos

possuem também diversas func¢des sinalizadoras (Considine and Foyer, 2014).

Isso ¢ ilustrado, por exemplo, nos eventos associados ao estresse nos quais
pertubagdes fisico-quimicas sdo impostas aos sistemas bioquimicos. Disso decorre a
consequéncia termodinamica inevitdvel do favorecimento de reacdes secundarias e
indesejadas que promovem o aumento da producao de ROS e a inibigdo das reacdes
que contribuem com a sobrevivéncia da célula (Garg and Manchanda, 2009). Por esse
motivo, o aumento da concentracdo de ROS representa um sinal informativo e
coerente das condigdes deletérias que a célula esta submetida. Além disso, esse tipo
de sinal tem o potencial de ser propagado célula a célula rapidamente por longas
distancias e ativar respostas de defesa em regides distantes da planta, por meio do
aumento da producao endogena de ROS em cada célula individualmente ao longo do
trajeto, podendo alcangar velocidades de até 8,4 cm/min em algumas situagdes

(Mittler et al., 2011).

Nos eventos relacionados ao desenvolvimento ou reproducdo, por outro lado,
uma série de eventos endogenos e sinais externos sdo concatenados e estimulam o
aumento da concentracdo de ROS, com agdo local, temporalmente especifica,
regulada e ndo destrutiva (Mittler et al., 2011). Ainda assim, em muitos casos, iSso
pode também induzir programas de desenvolvimento que levam posteriormente a
perda da integridade das estruturas e morte celular. Um exemplo desse fendmeno
pode ser observado durante a diferenciagdo de vasos xilematicos, em que as células
do parénquima que estdo adjacentes aquelas que estdo se diferenciando em vasos
xilematicos sdo fonte do H202 necessario para biossintese e polimerizac¢do da lignina,

sendo esse evento acompanhado pela concomitante produgdo local de NO (Gabaldén
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et al., 2004; Ros Barcelo, 2005). De modo compardvel, as transformagdes que
ocorrem no amadurecimento causam posteriormente a perda da homeostase ¢ morte
celular, como, por exemplo, na desmontagem dos polissacarideos das paredes
celulares, resultando no amolecimento tipicamente observado em muitos frutos
maduros. Esse processo conta, além de diversas enzimas, com processos bioquimicos

ndo enzimdticos promovidos por ROS (Cheng et al., 2008; Duan ef al., 2011).

As ROS s3ao um vasto grupo de moléculas que podem se dividir, de modo
aproximado, em ROS livres, moléculas de tamanho pequeno, constituidas apenas por
atomos de oxigénio e hidrogénio, e ROS incorporados, moléculas derivadas dos
primeiros pela ligagao destes com outros compostos. Em sistemas biologicos dois dos
ROS livres que mais se destacam sdo o oxigénio singleto ('O,) e o radical anion de
superoxido (0O27). A partir desses primeiros, outros ROS livres podem ser
produzidos, como o peréxido de hidrogénio (H,0O,), o radical hidroperoxila (HO,") e o

radical hidroxila (HO") (Khorobrykh et al., 2020).

Dentre as espécies reativas derivadas que merecem destaque sdo as RNS, tais
como o ja citado NO’, o didéxido de nitrogénio (NO%), o peroxinitrito (ONOO"), o
trioxido de dinitrogénio (N,O;), o tetroxido de dinitrogénio (N2Os) e o
nitroperoxicarbonato (ONOOCO,"); e diversos radicais organicos tais como radical
peroxil de lipidios, (LOQO"), radical peroxil (ROQO"), perdxidos organicos (ROOH),
radical alcoxila (RO"), radical peroxinitrito de alquila (ROONO) (Decros et al.,

2019).

As trés principais fontes de ROS em plantas sdo a atividade fotossintética no
cloroplasto, a respiracdo mitocondrial e o ciclo de fotorrespiragdo peroxissomica. No

caso dos tecidos fotossinteticamente ativos, o anion superoxido € o principal
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subproduto da reacdo do oxigénio com componentes reduzidos da cadeia de
transporte de elétrons fotossintética, principalmente a ferrodoxina. O superdxido pode
exercer diretamente fungdes sinalizadoras ou ser quimicamente reduzido em H,O..
Essa reacdo ¢ acelerada pela a¢do da enzima superdxido dismutase (SOD) e ¢
responsavel por manter o superoxido em niveis controlados (Bhattacharjee, 2019). O
H,0O, gerado por esse e outros processos ¢ entdo removido pela a¢do da enzima

catalase (CAT) e adicionalmente, pela ag¢do do ciclo ascorbato-glutationa.

O ciclo ascorbato-glutationa opera no citosol, mitocondria, plastidios e
peroxissomos. Este tem inicio com a redugdo do H,O, pela ascorbato peroxidase
(APX), que consome ascorbato como doador de elétrons. Essa reagdo produz H,O e
monodehidroascorbato, que pode ser espontaneamente desprotonado em
dehidroascorbato. O ascorbato ¢ regenerado entdo pela agdo das enzimas
dehidroascorbato redutase (DHAR) e monodehidroascorbato redutase (MDHAR) as
custas de GSH, produzindo GSSG. Finalmente, a GSH ¢ regenerada a partir da GSSG
através da glutationa redutase (GR) usando NADPH como doador de elétrons. Desse
modo, o conteudo tanto de ascorbato quanto de GSH, ¢ mantido estavel, e os elétrons

sao efetivamente transferidos do NADPH para o H202 (Pang and Wang, 2010).

De modo interessante, nos tecidos imaturos de muitos frutos, como no caso do
tomate, estdo presentes cloroplastos fotossinteticamente ativos. No entanto, as
evidéncias presentes na literatura sugerem que essa atividade possui pouca
contribuigdo para assimilacdo de carbono, ainda que seja importante para o
desenvolvimento das sementes e acumulo do conteudo total de ascorbato
(Lytovchenko et al., 2011; Ntagkas et al., 2019). Esses cloroplastos sofrem uma
transicdo fisioldgica, convertendo-se em cromoplastos, organela responsavel por

acumular pigmentos que conferem a cor caracteristica do fruto maduro. O inicio
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dessa conversao em cromoplastos coincide com o amadurecimento e os sistemas de
defesa antioxidante como a atividade da SOD, e do sistema do ciclo ascorbato-
glutationa apresentam um incremento, especificamente nos plastidios, o que sugere

uma elevagdo nos processos geradores de ROS (Marti et al., 2009).

Outro processo que ¢ potencial fonte de ROS e que sofre um importante
aumento no fruto ¢ a respiragdo mitocondrial, responsavel pelo expressivo aumento
das emissdes de CO, que precedem e intensificam-se durante o climatério. Nas
mitocondrias de plantas estd presente um sistema alternativo de oxidases terminais,
resistente ao cianeto e antimicina, capaz de manter o transporte de elétrons
provenientes da ubiquitina, € contorna os complexos IIl e IV (responsaveis pelo
bombeamento de protons). Isso garante que o estado reduzido dos componentes da
cadeia de transporte de elétrons mitocondrial seja mantido sob controle e prevenindo
a producao excessiva de ROS. Essa atividade oxidase alternativa (AOX) permite
também que a glicolise e o ciclo do acido citrico mantenham seu funcionamento, com
a regeneragao dos estoques de NADH ¢ NADPH, e produgdo de ATP. No entanto,
como o bombeamento de protons € contornado na mitocondria, a producdao de ATP
por essa via fica comprometida (Vanlerberghe, 2013). Além de estar associados a
eventos de estresse e funcionar como uma via secundaria e protetiva, a ativacao da
via AOX ¢ implicada também no inicio e progressdo do amadurecimento, com
relevante papel na transi¢ao entre o sistema 1 ¢ 2 de ET (Arnholdt-Schmitt ez al.,
2006; Saha et al., 2016; Hewitt and Dhingra, 2019). Isso ¢ consistente, por exemplo,
com o fendtipo de plantas transgénicas de tomateiro com o sistema AOX reduzido, as
quais produzem frutos com a supressdao do pico climatérico de respiragdo e emissao
de ET, reduc¢dao do acamulo de carotenoides, e supressao de genes relacionados ao

amadurecimento (Xu ef al., 2012).
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Estresse oxidativo e durabilidade dos frutos

Durante o amadurecimento de muitos frutos o estresse oxidativo aumenta
progressivamente, conforme indicado pelo acimulo gradativo de H,O, (Marti et al.,
20009; Pilati et al., 2014; Kumar et al., 2016). De fato, em frutos climatéricos, podem
ser observados dois picos de aumento de ROS. O primeiro precedendo imediatamente
o incremento de ET e associado com sua funcdo sinalizadora; e outro nos estagios
finais, onde o fruto inicia o processo de degeneragao e senescéncia, tornando-se mais
vulnerdvel a danos fisico-quimicos e ao ataque de patdgenos. No entanto, esse
processo final pode ser relevante na dispersdo de sementes em muitas espécies
(Jimenez et al., 2002; Mufioz and Munné-Bosch, 2018). E bem estabelecido, nio
surpreendentemente, que as diferencas encontradas na durabilidade de frutos tem
intima relagdo com a manutengdo da capacidade e atividade dos sistemas
antioxidantes, especialmente nos estagios mais proximos ao fim do amadurecimento,
como ¢ notado, por exemplo, em variedades de tomate com tempo de prateleira mais
curto, os quais apresentam menor atividade antioxidante e maiores sinais de estresse
oxidativo quando comparadas com variedades com tempo de prateleira mais longo

(Cocaliadis et al., 2013).

Uma das estratégias mais utilizadas, nesse sentido, ¢ o armazenamento e
transporte dos frutos em baixas temperaturas, pois a diminuicdo da velocidade das
reacdes quimicas resulta, dentro de certos limites, na repressdo da respiracdo e
diversos processos metabdlicos, incluindo a produgdo de ROS. No entanto, esse
procedimento frequentemente acarreta injurias e perda de qualidade de frutos,
especialmente quando esses sdo recondicionados para temperatura ambiente (Wang,
1989). Chama atencdo que diversos tratamentos que apresentaram sucesso em

aumentar a durabilidade dos frutos expostos a baixas temperaturas promovem a



31

ativacdo ou incremento de enzimas antioxidantes ¢ o acumulo de substancias

correlatas (Shi et al., 2020; Loayza et al., 2021; Hou et al., 2021).

Outra estratégia importante ¢ o controle da composicao gasosa que circunda
os frutos durante o transporte ¢ armazenamento. Na maior parte dos protocolos,
utiliza-se baixas concentracdes de oxigénio e altas concentragdes de CO2, as quais

contribuem para a repressao da respiragao e produgao de ROS (Qu et al., 2022).

Mais recentemente, uma vasta gama de outros procedimentos estd sendo
explorada visando melhorar a durabilidade de frutos, com especial destaque para o
uso de substancias como fitormonios ¢ outros sinalizadores, de modo a atuar
diretamente nas vias e processos biologicos relacionados ao amadurecimento e
senescéncia. Ja foi demonstrado, por exemplo, que a exposi¢cdo ao NO e outras ROS e
RNS, em concentragdes adequadas, consegue ativar os sistemas antioxidantes,
resultando numa capacidade superior de enfrentar agentes estressores (Lai et al.,
2011; Jiménez-Mufioz et al., 2021). O desafio atual, no caso do NO, consiste em
encontrar uma concentragdo adequada e método de oferecimento para cada contexto
de armazenamento e transporte, espécie ou cultivar. Parte desse desafio decorre da
natureza reativa do NO, que em presenc¢a de oxigénio converte-se em NOz, composto
muito mais estavel, e apresenta potencial de ser toxico (Kasten et al., 2017). Outra
limitagdo importante, também relacionada a essa questdo, ¢ a caréncia de estudos
padronizados, com a entrega de concentragdes fisiologicamente relevantes NO a
frutos, mantidos sob normoxia e nos quais seja mantida um fluxo constante de
renovagdo da mistura gasosa (ar + NO), de modo a minimizar a exposi¢cao ao NO:2

(Kasten et al., 2017). Tais estudos poderiam aprofundar nossa compreensdo dos
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processos regulados especificamente pelo NO e gerar oportunidades de explorar

aplicagdes tecnologicas mais precisas € vantajosas.

Com o intuito de contribuir para reduzir essa lacuna de conhecimento, o
presente trabalho teve como objetivo central realizar uma detalhada caracterizagao do
transcriptoma e metaboloma durante o amadurecimento de frutos de tomateiro
(Solanum lycopersicum) tratados com concentragdes fisiologicamente relevantes de

NO.
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Highlights

Nitric oxide-induced transcriptional changes and metabolic rewiring at early ripening
promote the accumulation of water-soluble antioxidants and preserve taste and aroma
in tomato fruits.

Abstract

Nitric oxide (NO) has been implicated as part of the ripening regulatory network in
fleshy fruits. However, very little is known about the simultaneous action of NO on
the intertwined web of regulatory events and metabolic reactions behind ripening-
related changes in fruit color, taste, aroma and nutritional value. Here, we performed
an in-depth characterization of the concomitant changes in tomato (Solanum
lycopersicum) fruit transcriptome and metabolome associated with the delayed-
ripening phenotype caused by NO supplementation at the pre-climacteric stage.
Approximately one-third of the fruit transcriptome was altered in response to NO,
including a multilevel down-regulation of ripening regulatory genes, which in turn
restricted the production and tissue sensitivity to ethylene. NO also repressed
hydrogen peroxide-scavenging enzymes, intensifying nitro-oxidative stress and S-
nitrosation and nitration events throughout ripening. Carotenoid, tocopherol,
flavonoid and ascorbate biosynthesis were differentially affected by NO, resulting in
overaccumulation of ascorbate (25%) and flavonoids (60%), and impaired lycopene
production. In contrast, the biosynthesis of compounds related to tomato taste (sugars,
organic acids, amino acids) and aroma (volatiles) was slightly affected by NO. Our
findings indicate that NO triggers extensive transcriptional and metabolic rewiring at
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the early ripening stage, modifying tomato antioxidant composition with minimal
impact on fruit taste and aroma.

Keywords: Antioxidants, ascorbate, carotenoids, ethylene, flavonoids, fruit ripening, nitric

oxide, reactive oxygen and nitrogen species, redox, Solanum lycopersicum.

1.1. Introduction

Fruit ripening is driven by multiple phytohormones in conjunction with a set of
developmental non-hormonal signals, and involves extensive metabolic rewiring
leading to changes in fruit composition, color, aroma, and texture (Gapper et al.,
2013; Liu et al, 2015a). In climacteric fruits, including tomato (Solanum
lycopersicum), ripening 1is intricately regulated by ethylene, with a burst in both
ethylene production and respiratory rates at early ripening coinciding with massive
transcriptional changes (Cherian et al., 2014; Liu et al., 2015a). Besides being one of
the most important horticultural crops, tomato is a reference species for the
elucidation of climacteric ethylene production, sensing and signal transduction.
Ripening-associated developmental regulators (formerly known as master regulators
of ripening), such as RIPENING-INHIBITOR (RIN), NON-RIPENING (NOR) and
COLORLESS NONRIPENING (CNR), which act either upstream or in concert with
ethylene, have also been first identified in this Solanaceous species (Li et al., 2019;
Wang et al., 2020). Multiple signals converge to transcriptionally regulate ripening-
associated ethylene biosynthetic genes in tomato fruits, particularly those encoding 1-
aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) and ACC oxidase
(ACO), the latter responsible for the conversion of ACC into ethylene (Liu et al.,
2015a). After biosynthesis, ethylene is perceived by dedicated receptors
(ETHYLENE RESPONSE, ETR) and initiates a linear transduction pathway that

culminates in the activation of ETHYLENE RESPONSE FACTORSs (ERFs), which in
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turn transcriptionally regulate genes associated with ripening-related traits (Liu ef al.,
2015a).

Without undermining the role of ethylene, seminal research by the Leshem
group (Leshem and Wills, 1998; Leshem and Pinchasov, 2000) paved the way for the
identification of nitric oxide (NO) as a component of the signaling cascades
controlling fruit ripening. Since then, the action of this reactive nitrogen species
(RNS) in fruit biology has been investigated under two complementary perspectives.
From an agronomical point of view, NO has emerged as a promising new molecule to
extend the post-harvest longevity while maintaining fruit quality traits, such as color,
aroma, texture and nutritional value, with potential implications for a multi-billion
dollar agro-industry sector worldwide (Manjunatha et al., 2012; Corpas and Palma,
2018). From a fruit physiology perspective, the place occupied by NO in the complex
regulatory modules controlling fruit development, growth, and ripening is now
becoming clearer (Bodanapu et al., 2016; Mukherjee, 2019; Gonzalez-Gordo et al.,
2019; Palma et al., 2019). Several studies have repeatedly implicated the negative
impacts of NO on the ethylene biosynthetic pathway as the primary mechanism of
action of this RNS during ripening of various climacteric fruits (Rudell and Mattheis,
2006; Zhu and Zhou, 2006, 2007; Eum et al., 2009; Cheng et al., 2009; Palma et al.,
2019), and also a few non-climacteric species (Zhu and Zhou, 2007), possibly via
crosstalk with melatonin (Liu et al., 2019b).

As fruits ripen, the synthesis and removal rates of reactive oxygen species
(ROS) and RNS undergo significant changes (Jimenez et al., 2002; Corpas and
Barroso, 2013; Kumar et al., 2016), thereby altering the fruit nitro-oxidative
landscape with repercussions on NO-dependent post-translational modifications (NO-

PTMs, e.g. Tyr-nitration and S-nitrosation) of target proteins (Chaki et al, 2015;
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Corpas et al., 2018; Palma et al., 2019). Given its capacity to interact both with anti-
and pro-oxidants (GroB} et al., 2013), NO is considered a significant player in fruit
nitro-oxidative metabolism (Chaki et al., 2015; Gonzéalez-Gordo et al., 2019; Palma
et al., 2019), acting at multiple levels. At the transcriptional level, NO influences the
transcript abundance of genes involved in both enzymatic and non-enzymatic fruit
antioxidant defenses (Boscari et al., 2012; Huang et al., 2018; Kolbert et al., 2019).
At the post-translational level, antioxidant isoenzymes expressed in fruit tissues have
been identified as targets of both protein nitration and S-nitrosation eventsm (Chaki et
al., 2015; Corpas et al., 2018; Rodriguez-Ruiz et al., 2019). As non-enzymatic, lipid-
soluble (e.g. carotenoids and tocopherols) and hydrophilic (e.g. ascorbate and
phenolics) antioxidants that accumulate in fleshy fruits are relevant sources of
nutrients for human diet (Moco et al., 2006), the modulation of their biosynthetic
routes in response to NO has been increasingly investigated (Manjunatha et al.,
2012). NO treatment was shown to limit lycopene accumulation in tomato (Eum et
al., 2009), cause the overaccumulation of phenolics in ripe peach and citrus (Zhou et
al.,2016; Li et al., 2017), and ascorbate in sweet pepper and citrus fruits (Zhou et al.,
2016; Rodriguez-Ruiz et al., 2017). Moreover, NO has been implicated in the
accumulation of sugars, organic acids and amino acids in fleshy fruits (Deng et al.,
2013; Bodanapu et al., 2016, Han et al., 2018), which are key determinants of flavor
and Brix (Tieman et al., 2007).

The vast majority of studies on NO and fruit ripening have focused on specific
metabolic routes (Eum et al., 2009; Zhou et al., 2016; Li et al., 2017), with few
exceptions (Tanou et al., 2015; Kang et al., 2016; Gonzéalez-Gordo et al., 2019). In
sweet pepper (Capsicum annuum), thousands of genes, many of which are linked to

fruit quality traits, were modulated in response to NO (Corpas et al., 2018; Gonzalez-
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Gordo et al., 2019). Despite its worldwide importance, tomato has rarely been
employed in research focused on RNS metabolism and action during climacteric
ripening (Corpas et al., 2018, and references therein). Here, we employed a controlled
approach to offer NO to pre-ripe tomato fruits under physiologically- and post-
harvest-relevant conditions, followed by a comprehensive screening of transcriptional
and metabolic rearrangements triggered by this molecule. Our findings indicate that
NO acts early in the molecular processes controlling tomato ripening, and
differentially affects distinct biochemical routes involved in the definition of tomato

fruit sensory and nutritional quality traits.
1.2. Material and Methods

Plant material and treatment conditions
Tomato (Solanum lycopersicum L.) ‘Micro-Tom’ plants were grown under
greenhouse conditions, as described in (Cruz ef al., 2018). Fruits were harvested at
mature green (MG, approximately 30 d after anthesis) stage and divided into two
groups: (i) control fruits were continuously flushed with humidified air (300 ml min
"); and (ii) fruits submitted to NO-enriched atmosphere (300 ppm in air, 300 ml min™)
for 96 h and subsequently flushed with humidified air (300 ml min™") until sampling.
In both cases, fruits were maintained in sealed transparent vessels under continuous
white light (150 umol m™ s™) and constant temperature (25+1 °C) throughout the
experiment. A continuous flow of the desired NO concentration was obtained by
mixing a standard commercial mixture (10 000 ppm NO in nitrogen) with NO-free air
at appropriate flow ratios, as described in (Melo et al., 2016). Samples were harvested
after reaching the following ripening stages: MG (immediately after 96 h of NO
treatment), breaker (Bk, displaying the first yellowing signal), and Bk3 and Bk7

corresponding to 3 d and 7 d after Bk, respectively. Four biological samples
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composed of the pericarp of at least five fruits each were harvested at each sampling
time, snap frozen in liquid N,, powdered and stored at —80 °C until further use.

Ethylene sensitivity assay
To test whether NO treatment interferes with ethylene perception, MG fruits treated
with NO for 96 h were subsequently exposed to 100 ppm of ethylene for 6 h (Cruz et
al., 2018). Four biological samples composed of the pericarp of at least five fruits
each were harvested at each sampling time, snap frozen in liquid N», powdered and
stored at —80 °C until use in RT-qPCR analysis.

Detection of nitrosated and nitrated proteins
The biotin switch assay was performed as described by (Jaffrey et al., 2001), with
modifications. Frozen powdered fruit pericarp samples were homogenized with
extraction buffer composed of 0.1 M Tris-HCI (pH 7.8), 0.1 mM EDTA, 0.1% (v/v)
Triton X-100, 10% (v/v) glycerol, 5 mM N-ethylmaleimide (NEM) and 0.1 mM
neocuproine. Aliquots containing approximately 80 pg protein were treated with 20
mM S-methyl methanethiosulfonate (MMTS) and 2.5% (w/v) sodium dodecyl sulfate
(SDS) at 50 °C for 1 h with continuous vortexing and under dark conditions, to block
free thiol groups of Cys residues. Residual MMTS was eliminated by precipitation
with two volumes of ice-cold acetone. Samples were treated with 1.25 mM sodium
ascorbate and 1 mM biotin-HPDP (Pierce, USA) at 25 °C for 1 h, which allowed the
biotinylation of the endogenous S-nitrosated thiol residues. Next, the proteins were
precipitated with two volumes of ice-cold acetone and dissolved in a non-reducing
buffer for western blot analysis.

SDS-PAGE was carried out using 4-20% precast polyacrylamide gels and a
Mini-Protean electrophoresis cell (Bio-Rad, Hercules, CA, USA). For immunoblot

analysis, proteins were transferred onto a 0.45-um nitrocellulose membrane and
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blocked with 5% non-fat milk powder in Tris-buffered saline (TBS) containing 0.1%
(v/v) Tween 20 for 1 h. S-nitrosated proteins were detected by incubating with anti-
biotin mouse monoclonal antibody (1:100) followed by goat anti-mouse IgGl
horseradish peroxidase-conjugated antibody (1:10 000). Nitrated proteins were
detected by a polyclonal antibody against 3-nitrotyrosine (NO,-Tyr, Sigma Aldrich,
USA; 1:200) followed by goat anti-rabbit IgG horseradish peroxidase conjugate
(1:8000). For immunodetection, an enhanced chemiluminescence kit (Clarity™
Western ECL Substrate, BioRad, USA) was used.

Antioxidant enzyme activity assays and hydrogen peroxide content analysis
For the analysis of antioxidant enzyme activity, approximately 300 mg FW (fresh
weight) of frozen powdered fruit pericarp was extracted with a buffer composed of
0.1 M phosphate buffer (pH 7.5), 1 mM EDTA and 2% (w/v) PVPP. After
centrifugation (18 000 x g, 4 °C, 20 min), aliquots of the extract were stored at —80
°C. Ascorbate peroxidase (APX) activity was determined by monitoring the initial
ascorbate oxidation by hydrogen peroxide (H,O,) at 290 nm (Lopes-Oliveira et al.,
2019). For APX activity determination, 2 mM ascorbate was added to the extraction
buffer to preserve the enzymatic activity (Miyake and Asada, 1996). Superoxide
dismutase (SOD) activity was measured using nitroblue tetrazolium (NBT)
photoreduction at 560 nm (Beauchamp and Fridovich, 1971). One unit (U) of SOD is
defined as the amount of enzyme that can inhibit NBT reduction by 50%. Catalase
(CAT) activity was determined by following H,O, consumption at 240 nm (Aebi,
1984).

For the analysis of antioxidant enzyme activity under nitration and S-
nitrosation conditions, crude extracts were incubated with 2 mM of the NO donors

diethylamine nonoate (NONOate) or S-nitrosoglutahione (GSNO), or the
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peroxynitrite donor 3-morpholino-sydnonimine (SIN-1) at 25 °C for 30 min, before
determining APX, SOD and CAT activities (Rodriguez-Ruiz et al., 2019 and
references therein). As control of GSNO decomposition residue, samples were
incubated with 2 mM reduced glutathione (GSH).

For H,O, content, approximately 300 mg FW of frozen powdered fruit
pericarp was extracted with 1 ml of trichloroacetic acid (0.2% in methanol) and
centrifuged at 16 000 x g for 5 min at 4 °C. After 1 h of reacting with KI in phosphate
buffer (0.1 M, pH 7.5) in dark conditions, H,O, content was measured at 390 nm
(Lopes-Oliveira et al., 2019).

S-nitrosoglutathione reductase (GSNOR) activity
GSNOR was extracted and analyzed according to (Zuccarelli et al., 2017), with
modifications. Briefly, frozen samples were ground with a mortar and pestle in liquid
nitrogen and the cellular content was extracted with a solution composed of 20 mM
HEPES (pH 8.0) buffer. After centrifugation (20 000 % g, 20 min, 4 °C), aliquots of
the supernatant were assayed for 30 min at 30 °C in the presence of 200 mM NADH
and 400 mM GSNO, and the NADH decomposition was spectrophotometrically
monitored at 340 nm.

Fruit color, ethylene emission, and measurement of compounds related to
ethylene biosynthesis
Fruit surface color was determined at the pedicellar and stylar fruit regions using a
colorimeter (Konica Minolta, CR-400, 8-mm aperture, D65 illuminant), as described
in (Cruz et al., 2018). Ethylene emission was determined in whole fruits immediately
after harvesting via gas chromatography (Trace GC Ultra, Thermo Electron) with a
flame-ionization detector (Cruz et al., 2018). ACC content and in vitro ACO activity

were determined as described in (Cruz et al., 2018).
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Primary and secondary metabolite profiling
Carotenoid, chlorophyll, phenylpropanoid and ascorbate quantification were carried
out on a Hewlett-Packard series 1100 high-performance liquid chromatography
(HPLC) system coupled with a diode array detector (Agilent Technologies series
1200), as described in (Alves et al., 2020). Tocopherol profiling was performed using
a Hewlett-Packard series 1100 HPLC system coupled with a fluorescence detector
(Agilent Technologies series 1200), as described in (Lira et al., 2017). The profiling
of polar and apolar compounds was performed in a gas chromatograph (Agilent
Technologies 7890B) equipped with auto-injector (CombiPAL, CG sampler 80) and a
mass selective detector (Agilent Technologies 5977A), as described by (Alves et al.,
2020).

Volatile compound profiling
Volatile compound profiling was performed by solid-phase microextraction (SPME)
and subsequent analysis in a gas chromatograph (Hewlett-Packard model 6890)
coupled with a mass detector (Hewlett-Packard model 5973), as described in Silva
Souza et al., 2020.

RNA sequencing and quantitative PCR (qPCR) analysis
RNA sequencing was performed at the Bk stage in triplicates. RNA extraction, library
preparation, and sequencing using the Illumina HiSeq2500 system (Illumina, Inc.), as
well as RNA-Seq mapping, annotation and differential expression analysis were
performed as described in (Alves et al., 2020). Differential expression analysis was
performed using the negative binomial function, applying the Benjamini-Hochberg
correction (Benjamini and Hochberg, 1995) for multiple tests to avoid false positives.
Only genes with false discovery rate (FDR) < 0.05 were considered differentially

expressed. Gene Set Enrichment Analysis (GSEA) was performed with FDR <0.05 as
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significance threshold, using the online tool PANTHER™ (Mi et al., 2019), with
PANTHER™ GO slim ontology (version 15.0, based on GO release 2018-07-03,
released 2020-02-14) with default parameters. GO terms obtained from PANTHER
were summarized (redundancy removal) using the online tool REVIGO (Supek et al.,
2011) with default parameters. For MapMan functional categorization, tomato
reference genome SL3.0 with the ITAG3.2 annotation (cDNA sequences) was
mapped to MapMan classification using the online tool Mercator4 v2.0 (Schwacke et
al., 2019). DEGs with FDR <0.05 were analyzed using MapMan software Version
3.6.0RCI1 and the mapping file generated by Mercator4. Significant under- and over-
represented biochemical pathways categories (bins) were identified by the Wilcoxon
rank-sum test with FDR adjustment, according to Benjamini and Hochberg, 1995 and
P<0.05 as the significance threshold. Custom Python and R scripts used in the
bioinformatics analysis are available upon request.

cDNA synthesis and RT—qPCR analysis were performed as described in (Cruz
et al., 2018). Transcript abundance was normalized against the geometric mean of
two reference genes, CAC and EXPRESSED. Primer sequences used are presented in
Supplementary Table S1.

Statistical analysis
Pairwise comparisons of biochemical and RT—qPCR data were performed by a
Student’s #-test to determine whether samples were normally distributed, and
homogeneity of variances were presented. Otherwise, the comparisons were
performed by applying a Wilcox test. Multiple comparisons were performed by
Analysis of Variance (Anova) followed by Tukey’s test. Metabolomic analysis was

performed using the web-based platform Metaboanalyst 4.0 (Chong et al., 2018).
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1.3. Results

Global transcriptional changes in tomato fruits exposed to nitric oxide-
enriched atmosphere
In the presence of oxygen, NO is rapidly converted into nitrogen dioxide (NO,).
Therefore, the delivery of NO to plant tissues has often been conducted under ultra-
low oxygen atmospheres (Wills et al., 2000; Liu et al., 2019a), exposing the plant
cells to hypoxic conditions, which in turn can trigger physiological responses not
necessarily associated with the presence of NO itself.

To circumvent the potential interference of either NO, formation or hypoxic
conditions, here we employed the delivery of high flow rates of NO-enriched air
mixture during the first 96 h after fruit harvest, which successfully delayed fruit
ripening without causing necrosis or other collateral effects on fruit appearance (Fig.
1A). The progressive acquisition of distinctive red fruit coloration was restricted, and
the green shoulder in the pedicellar region was partially retained in response to NO
treatment (Fig. 1A), as confirmed by the Hue angle measurements (Fig. 1B).

The transcriptome profile revealed that approximately one-third of the 17 779
transcripts identified at the Bk stage was significantly affected by NO treatment
(Supplementary Table S2). Compared to control samples, 3391 and 2570 genes were
up- and down-regulated, respectively, in response to NO exposure. Validation of
RNA-Seq results performed for 15 genes using the RT—qPCR technique revealed
consistency (r* correlation =0.79) between both methods ().

Enrichment analysis of MapMan ontogeny groups via Wilcoxon rank-sum test
analysis (P<0.05 as a threshold) identified photosynthesis, lipid metabolism, ethylene

action, cell cycle organization, cutin and suberin metabolism, as well as vesicle
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trafficking, as over-represented in NO-treated fruits (Fig. 1C; Supplementary Table
S3, S4). Gene Set Enrichment (GSE) analysis confirmed that genes grouping around
GO terms related to these categories were significantly affected by NO treatment
(Supplementary Fig. S2; Table S5).

Out of the 271 photosynthesis-related genes detected in Bk fruits, 212 and 18
loci were up- and down-regulated, respectively, in response to NO, with a large
proportion of these genes related to photophosphorylation, followed by Calvin cycle
and photorespiration reactions (Fig. 1D). Genes related to photosynthesis and plastid
organization and function were also among the most highly over-represented GO
terms identified in NO-treated fruits (Supplementary Fig. S2; Table S5). In
agreement, NO treatment delayed chlorophyll degradation (Supplementary Table S6)
by inducing and repressing genes related to chlorophyll production (i.e. tetrapyrrole

biosynthesis) and degradation, respectively (Fig. 1D,E).
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Fig. 1. Changes in tomato fruit transcriptome during NO-induced delay in ripening. Fruits harvested at
mature green (MG) stage were left to ripen off-the-vine under control and NO-enriched (100 ppm)
atmosphere for 96 h, followed by sampling at MG (immediately after the NO treatment), breaker (Bk),
Bk3 and Bk7 (3 d and 7 d after Bk, respectively) stages. (A) Representative fruits at each sampling
stage. (B) Fruit color estimated by the Hue angle at the pedicellar (top) and the stylar (bottom) regions.
(C) Mapman4 functional categorization of differentially expressed genes (DEGs, FDR <0.05) in NO-
treated versus control fruits at the Bk stage (Supplementary Table S3, S4). (D) Heatmaps indicate log,
(fold-change) of DEGs in NO-treated Bk fruits for MapMan categories related to photosynthesis and
chlorophyll biosynthesis. (E, F) Trimmed Mean of M-values (TMM) counts for chlorophyll
biosynthesis (E) and degradation (F) genes at the Bk stage. Data shown are mean £SE of at least three
biological replicates. In B, E and F, *P < 0.05 (Student’s t-test) compared with control samples.
CHLH/CHLD/CHLI/GUN4, magnesium chelatases; CHLM, Mg-protoporphyrin IX methyltransferase;
CLH, chlorophyllase; CRDI1, Mg-Proto IX monomethyl ester cyclase; GGDP, geranylgeranyl
diphosphate; SGR, stay green; PAO, pheophorbide a oxygenase.

Nitric oxide acts early in the tomato ripening regulatory network and
represses ethylene biosynthesis, perception and signal transduction
Several genes encoding major ripening-related developmental regulators, including

CNR, RIN, NOR, FRUITFULLI (FULI), APETALA2a (AP2a) and TOMATO
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AGAMOUS-LIKE 1 (TAGLI), were down-regulated at the Bk stage in response to NO
treatment (Fig. 2A). From all hormone-related Mapman sub-categories, only the
ethylene group was predominantly down-regulated in NO-treated fruits (Fig. 2B;
Supplementary Table S3, S4). In agreement, NO inhibited climacteric ethylene
emission (Fig. 2C) and reduced the transcript accumulation of ripening-associated
ethylene biosynthetic genes, including ACS (ACS2 and ACS4) and ACO genes
(ACO1, ACO3, ACOG; Fig. 2D, compared with the controls. Among S-adenosyl-L-
methionine synthetase (SAM)-encoding genes, SAM2, SAM3 and SAM4 were also
downregulated in response to NO treatment Fig. 2D. Moreover, reduced ACO activity
and increased ACC content were detected in NO-treated fruits at MG stage Fig. 2E).
Compared with controls, NO treatment also down-regulated genes encoding
ripening-related ethylene receptors, particularly ETR3 and ETR4, and ethylene
signaling proteins, such as EIN3-BINDING F-BOX (EBFs), CONSTITUTIVE
TRIPLE RESPONSE 1(CTR1) and sub-class-E ERFs, at the Bk stage Fig. 2F;
Supplementary Fig. S4). Time-course analysis revealed that the NO-triggered down-
regulation of ripening- and ethylene-related genes was transitory, mostly restricted to
the Bk stage, followed by the recovery of their expression at more advanced ripening
stages (Supplementary Fig. S5; Table S7). The expression of fruit softening-related
genes, which are widely accepted targets of RIN/NOR- and ethylene-dependent
signaling cascades (Fujisawa ef al., 2012; Zhong et al., 2013), including PECTATE
LYASE (PL) and POLYGALACTURONASE 2a (PG2a), was also transiently repressed
at the Bk stage, and subsequently promoted at the Bk3 stage (upplementary Fig. S6;

S7).
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To investigate whether the NO-mediated transcriptional repression of ethylene
perception and signaling components affected the fruit tissue responsiveness to this
hormone at the early ripening stage, intact fruits were subjected to a short ethylene
exposure period (6 h) immediately after the 96 h NO treatment (Fig. 2G). At the end

of the ethylene treatment, analysis of the expression of ethylene-inducible genes, such

juLjuod DY
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as ACOI, ACO2, E4, ES, and EBF2, revealed that the NO exposure significantly
(Student’s t-test, P < 0.05) limited the fruit responsiveness to this hormone compared
with fruits not exposed to NO.

Nitric oxide treatment reduces tomato fruit hydrogen peroxide scavenging
capacity, promotes ascorbate biosynthesis and intensifies protein S-nitrosation and
nitration
In climacteric fruits, an oxidative burst typically coincides with the increase in
respiratory rates at early ripening stages (Jimenez et al., 2002; Kumar et al., 2016;
Corpas et al., 2018). In agreement, endogenous H,O, concentration increased at the
climacteric phase (Bk3 stage) in both control and NO-treated tomato fruits (Fig. 3A).
Moreover, higher H,O, concentrations were detected in NO-treated fruits at all
ripening stages analyzed (Fig. 3A), which correlated with the NO-induced reduction
in activities of the two major H,O,-scavenging enzymes, ascorbate peroxidase (APX)
and catalase (CAT; Fig. 3B). In contrast, the H,O,-generating superoxide dismutase
(SOD) activity was only slightly reduced at the MG stage (Fig. 3B).

As the expression of genes encoding the APX, CAT, and SOD isoforms most
highly expressed in fruits were either not affected (4PX4, CAT4) or slightly reduced
(SODI) by NO treatment (Supplementary Fig. S7A), we next investigated the
potential modulation of these antioxidant enzymes via NO-PTMs in tomato fruits
(Fig. 3C). APX and CAT activities were inhibited in the presence of either NO donors
employed (NONOate or GSNO). Compared with controls, reductions of
approximately 80% were observed upon NONOate treatment for both enzymes, and
GSNO diminished APX and CAT activities by about 25% and 40%, respectively (Fig.
3C). The treatment with GSH (used as a control for GSNO) did not affect APX and

CAT enzymatic activities. Moreover, incubation with the peroxynitrite donor SIN-1
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inhibited CAT activity by 45%, and caused a slight reduction of APX activity (5%),
compared with controls. In contrast, SOD activity was not significantly affected
(Tukey test, P < 0.05) by either NO or peroxynitrite donors (Fig. 3C).

Mapman categories related to non-enzymatic ROS scavenging, H>O, removal,
and chloroplast redox homeostasis were significantly promoted (Wilcoxon rank-sum
test, P < 0.05) in NO-treated fruits (Supplementary Fig. S7B). A closer examination
revealed that many of the redox-related genes up-regulated in response to NO were
involved in the biosynthesis of ascorbate, which correlated well the NO-triggered
increment of approximately 25% in total ascorbate (reduced ascorbate -+
dehydroascorbic acid) content at the Bk7 stage (Fig. 3D). The NO treatment up-
regulated multiple genes involved in the D-mannose/L-galactose pathway of
ascorbate biosynthesis (Fig. 3E; Supplementary Fig. S7C), including genes encoding
the rate-limiting enzymes GDP-L-galactose phosphorylase (GGP) and GDP-mannose
pyrophosphorylase (GMP), responsible for the production of the intermediates L-

Galactose-1P and GDP-D-Mannose, respectively.
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In contrast to the decline in S-nitrosogluthatione reductase (GSNOR) activity
and increment in protein Tyr-nitration observed in ripening sweet pepper fruits (Chaki
et al., 2015; Rodriguez-Ruiz et al., 2016), both these parameters were maintained
relatively constant throughout the ripening of control tomato fruits Fig. 3F, G).
However, despite the intensification in GSNOR-mediated removal of excess GSNO
(Fig. 3F) and overaccumulation of hydrophilic antioxidants (i.e. ascorbate,
flavonoids), NO-treated tomato fruits were under intense nitro-oxidative stress at

climacteric phase, as indicated by the more abundant and diverse profile of nitrated

and S-nitrosated proteins at all analyzed ripening stages (Fig. 3G, H).
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Fig. 3. NO treatment reduces fruit hydrogen peroxide (H.O,) scavenging capacity, promotes ascorbate
biosynthesis, and intensifies protein S-nitrosation and nitration. (A) Hydrogen peroxide content. (B) /n
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sydnonimine (SIN-1, a peroxynitrite donor). (D) Reduced ascorbate (Asa) and dehydroascorbic acid
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(DHA) content in control and NO-treated fruits. (E) Schematic representation of ascorbate biosynthesis
via the D-mannose/L-galactose pathway. Biosynthetic genes up- and down-regulated in response to
NO treatment at the breaker (Bk) stage are highlighted in red and blue, respectively. Transcript
abundance and gene abbreviations are detailed in Supplementary Fig. S7. (F) In vitro activity of tomato
GSNO reductase (GSNOR). (G) Detection of tyrosine-nitrated proteins. Proteins (20 pg) were
separated by SDS-PAGE and visualized by immunoblotting using 3-nitrotyrosine antibody (dilution
1:200). (H) Detection of S-nitrosated proteins via the biotin switch technique. Proteins (70 ng) were
separated by SDS-PAGE and visualized by immunoblotting using anti-biotin antibody (dilution 1:100).
Data shown are mean £SE of at least three biological replicates. In A, B, D, and F, * P < 0.05 (Student’s
t-test)compared with control samples. In C, different letters indicate statistically significant differences

(P <0.05). Bk3, 3 d after Bk; Bk7, 7 d after Bk.

NO differentially affects carotenoid, tocopherol, and flavonoid metabolism
NO-treated ripening fruits under-accumulated lycopene, phytoene and phytofluene
(Fig. 4A), but exhibited similar amounts of B-carotene and other photosynthesis-
related carotenoids, compared with control counterparts (Supplementary Table S6).
As a result, total carotenoid content was approximately 70% lower in NO-treated than
in control fruits at the Bk7 stage (Fig. 4A). In contrast, total tocopherol content was
not affected by the NO treatment, with the exception of a slight reduction in all four
tocopherol forms (o-, B-, y- and oJ-tocopherol) at the Bk3 stage (Fig. 4A;
Supplementary Table S6).

The methylerythritol 4-phosphate (MEP) intermediate geranylgeranyl
diphosphate (GGDP) is the common metabolic precursor for carotenogenesis and the
production of phytyl-diphosphate (PDP), which in turn drives chlorophyll and
tocopherol biosynthesis (Fig. 4B); (Almeida et al., 2011). At the Bk stage, the
expression of genes encoding MEP pathway enzymes involved in GGDP synthesis,
such as /-DEOXY-D-XYLULOSE-5-PHOSPHATE SYNTHASE 1 (DXSI) and GGDP
SYNTHASEI (GGPS1) remained unchanged, or were only slightly reduced (GGPS2)

in response to NO (Fig. 4B, C). In contrast, all major carotenogenesis genes,
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including those encoding enzymes that catalyze rate-limiting steps in tomato fruit
carotenoid pathway, such as PHYTOENE SYNTHASE 1 (PSY1) and PHYTOENE
DESATURASE (PDS)(McQuinn et al., 2018), were down-regulated by NO at the Bk
stage (Fig. 4B, C).

Transcripts encoding GGDP reductase (GGDR) over-accumulated in NO-
treated fruits at the Bk stage, suggesting an intensification of the GGDP-to-PDP
conversion in response to NO treatment (Fig. 4B, C). Other key genes involved in
tocopherol biosynthesis, including TOCOPHEROL C-METHYL TRANSFERASE
(VTE4) and PHYTOL KINASE (VTES), were also up-regulated by NO at the Bk stage.
RT—qPCR-based time-course analysis revealed that the NO-triggered down-
regulation of carotenogenesis genes at the Bk stage was either sustained (PDS) or
reversed (PSY1) at more advanced ripening stages (Fig. 4D;Supplementary Table S7).
In contrast, PDP- and tocopherol-related genes, such as GGDR and VTE4, were
consistently induced by NO, mainly at the initial phase of ripening (Fig. 4D;
Supplementary Table S7).

All major flavonoids typically found in tomato fruits, except rutin and rutin
pentoside, over-accumulated in ripe NO-treated fruits compared with the control
treatment (Fig. 5A). Total flavonoids were approximately 60% higher in NO-treated
fruits than in control counterparts, reflecting the NO-triggered increment of up to 3.2-
fold in naringenin chalcone, naringenin glucoside, kaempferol rutinoside, quercetin
diglycoside, and apigenin derivative. Contrary to the expected, transcriptome data
revealed an overall down-regulation of most flavonoid biosynthesis genes in NO-
treated fruits at the Bk stage (Fig. 5B, C). However, time-course analysis revealed
that the expression of key genes such as PHENYLALANINE AMMONIA LYASE 5a

(PAL5a), CHALCONE SYNTHASE (CHSI), and FLAVONOL SYNTHASE (FLS) were
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several-fold higher in NO-treated than in control fruits after the Bk stage (Fig. 5D;

Supplementary Table S7).
Therefore, rather than homogenously affecting carotenoid, tocopherol and
flavonoid metabolism, the NO treatment differentially affected the biosynthetic routes

of each of these antioxidant classes.
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homogentisic acid; MEP, methylerythritol 4-phosphate; MPBQ, 2-methyl-6-
geranylgeranylbenzoquinol; PDP, phytyl diphosphate; PP, phytyl phosphate.
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3’-hydroxylase; F3H, flavanone 3-hydroxylase; FLS, flavonol synthase; PAL, phenylalanine ammonia

lyase; RT, rthamnosyl transferase.

NO has limited influence on fruit primary metabolites and volatiles
Tomato flavor depends on the balance between the accumulation of sugars, organic
acids, amino acids and volatile compounds, which can be significantly disturbed
depending on fruit ripening conditions (Vogel et al., 2010; Tieman et al., 2017).
Large-scale mass spectrometry (MS)-based polar and apolar profiling revealed that 26
out of the 93 metabolites identified were significantly altered by NO treatment at
some stages of ripening (Fig. 6; Supplementary Table).

In tomato, starch is converted into soluble sugars at the early ripening stage
(Schaffer and Petreikov, 1997; Bianchetti et al., 2017). At the Bk stage, NO promoted
fructose and glucose accumulation (Fig. 6A), a response preceded by the NO-induced
up-regulation at the Bk stage of multiple genes classified into Mapman categories
related to starch and sucrose metabolisms (Fig. 6B; Supplementary Table S3, S4). At
the ripe stage, NO treatment had no major impact on the sugars most predominantly
accumulated in ripe tomato fruits (i.e. fructose, glucose, and sucrose), and only
galactose and mannose, which are closely linked to ascorbate biosynthesis, were at
lower levels in ripe NO-treated fruits than in control counterparts (Fig. 6A).

Glutamate and aspartate, which are important contributors to tomato taste
(Zgola-Grzeskowiak and Grzeskowiak, 2012), as well as the majority of other amino
acids, were not affected by NO treatment (Fig. 6). Proline and cysteine were found at
higher amounts in NO-treated fruits, probably linked to their roles in stress responses
and redox signaling-related processes in plants, respectively (Szabados and Savouré,
2010). Multiple DEGs classified into MapMan categories related to amino acid

biosynthesis were identified in NO-treated Bk fruits, from which a large proportion of
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them associated with the biosynthesis of aspartate- and shikimate-family of amino
acids (Fig. 6B). Overall, organic acids were detected at similar concentrations in both
control and NO-treated fruits (Fig. 6A).

Within fatty acids, hexadecenoic acid and octadecenoic acid derivatives
represent the most abundant fraction in cutin monomer composition (Saladie et al.,
2007), and in this study, octadecenoic acid was significantly (Student’s t-test, P <
0.05) over-accumulated in NO-treated fruits (Fig. 6). Alkanes, which are also
important constituents of cuticular wax in tomato fruits (Vogg et al., 2004; Lara et al.,
2014), were found at similar concentrations in control and NO-treated fruits
(Supplementary Table S8). Numerous genes within MapMan categories related to
fatty acid metabolism were differentially expressed in NO-treated fruits, including
cutin and suberin biosynthetic genes (Fig. 6B).

SPME headspace extraction followed by GC-MS profiling revealed that
concentrations of 1-penten-3-one and 2-isobutylthiazole, two volatile compounds
responsible for the characteristic ripe tomato fruit (Buttery and Ling, 1993; Rambla et
al., 2014), were unaltered and increased, respectively, in NO-treated fruits at the Bk3
stage (A; Table S9). At the Bk7 stage, the volatile compound profile of NO-treated
and control fruits was indistinguishable (A). Citral (geranial), which is one of the
most abundant aldehydes contributing to tomato aroma, derives from lycopene in
tomato fruits via the activity of the carotenoid cleavage dioxygenases CCDla and
CCD1b (Baldwin et al, 2000). Here, both CCDIa and CCDIb genes were
significantly (Student’s t-test, P < 0.05) up-regulated by NO treatment at the Bk3
stage (B). Genes encoding lipoxygenase (TomloxC), hydroperoxide lyase (HPL) and
alcohol dehydrogenase (ADH?2) enzymes associated with the biosynthesis of fatty

acid volatiles (e.g. 1-penten-3-one) in tomato fruits (Rambla et al., 2014), were also
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up-regulated in NO-treated compared with control fruits from Bk3 stage onwards (C).

Altogether, these findings indicate an overall promotive effect of NO on the

expression of genes encoding volatile biosynthetic enzymes during tomato ripening,

resulting in a volatile composition in ripe NO-treated fruits similar to control

counterparts.
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The relative metabolite abundance values are presented in Supplementary Table S8. (B) Heatmap representation of
log,(fold-change) of DEGs between NO-treated and control fruits at the breaker (Bk) stage for MapMan categories
related to sugar, amino acid, and fatty acid metabolism. DEGs in each group are listed in Supplementary Table S3.

MG, mature green; Bk3, 3 d after Bk; Bk7, 7 d after Bk.

1.4. Discussion

Multiple biotechnological strategies have been adopted over the years to minimize the
post-harvest losses of fleshy fruits, often at the expense of nutritional value, texture,
flavor, and aroma (Baldwin et al., 2000; Zhang et al., 2013b, 2016). More recently,
plant signaling molecules such NO, melatonin and hydrogen sulfide have been
demonstrated to modulate fruit ripening when exogenously applied (Corpas and
Palma, 2018, 2020; Yao et al., 2018, 2020; Aghdam et al., 2019). In this context, NO
donors and NO-enriched atmosphere have emerged as innovative alternatives to
extend fleshy fruit shelf life with potentially less extensive detrimental consequences
on fruit quality (Manjunatha et al., 2010; Palma et al., 2018, 2019). However, since
most studies on NO and fruit ripening have focused on specific metabolic routes, our
knowledge on the simultaneous influence of RNS on the intricate and highly
connected network of biochemical reactions associated with each fruit trait remains
fragmentary. Using tomato as a model, here we describe the multifaceted action of
NO during climacteric ripening. We reveal that this molecule can lead to concomitant,
multilevel impacts on fruit processes as diverse as climacteric ethylene production
and signaling, redox balance, chlorophyll degradation, cell wall softening, and
accumulation of nutritionally-relevant compounds (e.g. carotenes, flavonoids,
ascorbate, tocopherol), flavor-related substances (e.g. soluble sugar, organic acids,

amino acids), and other molecules (e.g. lipid, sterols, and alkanes).
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Multilevel interactions between nitric oxide and ethylene during climacteric
ripening
Much of the NO action in climacteric ripening has been attributed to its antagonistic
relationship with ethylene, with NO mostly acting as a repressor of ACS and 4CO
transcript accumulation and enzymatic activity (Palma et al., 2019). In tomato,
however, the inhibitory role of NO on both ACS and ACO gene expression has
remained controversial (Eum et al., 2009; Lai et al., 2011). Treatment of pre-ripe
tomato fruits with NO (200 ppm, 5 h) under anoxic conditions reduced ethylene
emission by down-regulating the transcription accumulation of ACO rather than ACS
genes (Eum et al., 2009). On the other hand, treatment with the NO donor sodium
nitroprusside (SNP) resulted in reduced expression of ACS2, ACS4, and ACOI (Lai et
al.,2011).

Our findings revealed that NO gas triggers a transitory down-regulation (at Bk
stage) of the vast majority of ethylene biosynthesis genes in tomato fruits, including
all ripening-associated ACS and ACO genes. Similar transcriptional changes were
observed for genes encoding ripening-associated developmental regulators such as
CNR, RIN, NOR, FULI1, AP2a and TAGLI1, which form a network of partially
redundant components controlling the expression of genes involved in a wide array of
ripening-associated processes, including climacteric ethylene metabolism and
signaling (Wang et al., 2020). For example, the RIN protein can directly bind to the
promoter of genes encoding ripening-related ACS and ACO (Lin et al., 2008; Shima
et al., 2013), the ethylene receptors ETR3 and ETR4 (Fujisawa ef al., 2012; Shima et
al., 2013) and ethylene signaling components, including sub-class-E ERFs (Liu et al.,

2016), amongst others. Moreover, RIN and NOR can influence ethylene-independent
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ripening events (Osorio et al., 2011; Martel et al., 2011), which makes their gene
expression pattern a decisive factor for ripening initiation.

Either as a consequence of the lower abundance of ripening-associated
developmental regulators, or via alternative pathways, NO significantly down-
regulated key ripening-associated ethylene perception (ETR3 and ETR4) and
signaling (CTR1, EBFs and ERF's) genes, which was accompanied by the reduction of
fruit sensitivity to exogenously applied ethylene (Fig. 2F, G). Therefore, our findings
reveal that the NO-ethylene interplay in climacteric ripening is not limited to the
repeatedly described antagonistic action of NO on ethylene production (Eum et al.,
2009; Lai et al., 2011), but also relies on an extensive interplay with ethylene
perception and signal transduction pathway. In this context, it is of particular notice
that out of the nine sub-classes comprising the 77 members of the tomato ERF family
(Liu et al., 2016), only sub-class-E ERF' genes were consistently down-regulated in
response to NO treatment. Interestingly, sub-class E members, particularly ERF.E1,
ERF.E2, and ERF.E4, have been identified as the most active ERFs in RIN/NOR- and
ethylene-dependent ripening, and all sub-class-E ERFs share the presence of the N-
terminal MCGGAII/L motif as a distinctive feature (Liu et al, 2016). This motif
renders sub-class-E ERFs as targets of post-translational degradation through the N-
end rule pathway (NERP) in the presence of NO or oxygen (Licausi et al., 2011;
Gibbs et al., 2014, 2015; Weits et al., 2014; Gasch et al., 2016). As a consequence,
ERFs containing the N-terminal MCGGAII/L motif have been proposed to act as NO
sensors during seed germination, stomatal closure and hypocotyl elongation in
Arabidopsis (Gibbs et al., 2014). Whether a similar role as NO sensor can also be
attributed to sub-class-E ERFs in fruit ripening remains an important question for

future investigation.
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Many fruit attributes developed during climacteric ripening strictly depend on
the presence and perception of ethylene. Consequently, approaches based on the
direct inhibition of ethylene production and perception often leads to irreversible
negative impacts on the development of aroma, color and nutritional content in
climacteric fruits (Kovacs et al., 2009; Cliff et al., 2009; Sivakumar et al., 2010; Xu
et al., 2016; Cai et al., 2019). Of particular relevance from the fruit post-harvest
perspective, the repressor role of NO on ethylene-related gene expression was
restricted to the start of the ripening phase (Bk stage), and this transcriptional pattern
was reflected in ethylene- and RIN/NOR-dependent downstream processes, including
the expression of genes involved in fruit softening (PG2a, PL), phenylpropanoid
metabolism (PAL, CHS, FLS), and fruit aroma (TomLOX, HPL, ADH2, CCDs).

Nitric oxide differentially regulates central players of tomato fruit nitro-
oxidative metabolism
Carotenoids, tocopherols, flavonoids and ascorbate are significant contributors of
tomato fruit antioxidant capacity (Shi et al., 2004; Moco et al., 2006; Liu et al.,
2015b; Saini et al., 2015; Cruz et al., 2018), and their metabolic pathways have been
extensively studied in tomato fruits under various circumstances (Almeida et al.,
2011; Quadrana et al., 2013; Gramegna et al., 2019; Alves et al., 2020), except under
NO treatment conditions (Eum et al., 2009; Palma et al., 2019).

Amongst all ethylene-dependent downstream processes analyzed, only the
accumulation of lycopene was persistently repressed in NO-treated fruits, which
might be linked to three metabolic differences detected in these fruits. Firstly, the
enzyme PDS has been shown to become limiting in tomato fruit carotenogenesis,
once PSY1 is elevated during ripening (McQuinn ef al., 2018). In NO-treated fruits,

PSY1 expression was completely recovered from Bk3 onwards, mirroring the mRNA
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abundance profile of ripening-related TFs extensively associated with tomato fruit
carotenogenesis, such as RIN, NOR and ERF.E4 (Liu et al., 2015b). In contrast, PDS
was down-regulated in NO-treated fruits at all ripening stages, possibly limiting the
poly-cis-transformation of phytoene to lycopene, which is one of the bottlenecks in
tomato fruit carotenogenesis (McQuinn et al., 2018). Secondly, chromoplasts are
intrinsically associated with both the synthesis and accumulation of carotenoids in
tomato fruits (Fitter ef al., 2002; Nguyen et al., 2014), and the delayed conversion of
chloroplasts into chromoplasts, as indicated by the retention of the green shoulder at
the pedicellar region and retarded chlorophyll degradation (Fig. 1), may also be
linked to the impaired accumulation of lycopene in NO-treated fruits. As a third
possibility, GGDR was persistently up-regulated in response to NO, suggesting that
GGDP was permanently diverted to sustain chlorophyll and tocopherol production
rather than carotenogenesis. Tocopherols are known to limit the propagation of lipid
peroxidation (Munné-Bosch and Alegre, 2002), which may offer additional protection
against the oxidative burst typically associated with climacteric ripening (Corpas et
al., 2018).

Amongst water-soluble antioxidants, phenylpropanoid biosynthesis is
promoted by NO in different fruit species (Wang ef al., 2013; Li et al., 2017), and in
some cases, leads to reduced susceptibility to pathogen attack during post-harvest (Li
et al., 2017; Hu et al., 2019). In this study in tomato, NO treatment caused an overall
down-regulation of phenylpropanoid biosynthetic genes at the beginning of the
ripening phase, which was followed by the up-regulation of these same genes at later
ripening stages, and higher accumulation of flavonoids at the ripe stage (Fig. 5). As
fruits from anthocyanin-overaccumulating tomato lines are known to display

suppressed overripening and increase the fruit resistance towards pathogens (Zhang et
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al., 2013a; Bassolino et al, 2013), the NO-triggered increase in phenolics
accumulation described here may be associated with the altered resistance to fungal
pathogens reported for tomato fruits treated with chemical inhibitors of NO synthesis
(Zheng et al., 2011; Li et al., 2020).

Ubiquitously distributed within cell compartments, ascorbate counteracts
excessive ROS generation during fruit ripening, thereby contributing to maintaining
fruit integrity as ripening progresses (Palma et al., 2015). In sweet pepper, a NO-
enriched atmosphere enhanced ascorbate content in about 40% within the fruit
tissues, a response associated with higher gene expression and enzyme activity of L-
galactono-1,4-lactone dehydrogenase (GalLDH; Rodriguez-Ruiz et al., 2017). Here,
we also report the overaccumulation of ascorbate in NO-treated fruits, which was
linked to the up-regulation of other key biosynthetic genes rather than GalLDH. The
oxidation of reduced ascorbate to dehydroascorbic acid via APX activity is a central
reaction in the ascorbate—glutathione cycle. As fruits ripen, APX, CAT, and SOD
activities fluctuate, thereby influencing the fruit tissue capacity to breakdown H-O,
into water (Jimenez et al., 2002; Kumar et al., 2016). As the NO-induced H,O,
overaccumulation in ripening tomato fruits was accompanied by a reduction of APX,
and to a lesser extent CAT, activities and higher abundance and diversity of S-
nitrosated and nitrated proteins, our findings suggest that these two enzymes are at the
crossroad between nitrosative and oxidative metabolism during tomato fruit ripening.
In agreement, both APX and CAT have been reported as central targets of RNS-
mediated PTMs in plants (Clark ef al., 2000; Begara-Morales et al., 2014; Chaki et
al., 2015; Rodriguez-Ruiz ef al., 2019), and our findings derived from in-vitro assays
revealed that nitration and S-nitrosation events repress, to distinct degrees, the

activities of both these enzymes (Fig. 3F).
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GSNOR is a key enzyme to control the concentration of S-nitrosothiols under
physiological and stress conditions (Leterrier et al., 2011; Xu et al., 2013; Hussain et
al., 2019). Evidence from an in vitro study using an Arabidopsis recombinant
GSNOR indicated that this enzyme undergoes S-nitrosation in the presence of NO
donors, leading to inhibition of enzyme activity (Guerra et al., 2016). In contrast, in
our experimental design, exogenous NO exerted a positive influence on GSNOR
activity at all ripening stages. However, it is important to highlight that S-nitrosation
affects thiol groups of cysteine residues, which are also targets of other molecules in a
cellular environment, including hydrogen sulfide, glutathione and H»O,, leading to
persulfidation, glutathionylation and sulfenation, respectively (Corpas et al., 2019).
Therefore, our findings suggest that the post-translational regulation of GSNOR
activity in planta is more complex than previously anticipated from data obtained
under in vitro, cell-free conditions (recombinant purified proteins, Guerra et al., 2016;
Ticha et al., 2017). A similar suggestion could be made for APX, whose activity was
down-regulated by NO in tomato fruits (Fig. 3B), whereas in vitro assays with
purified recombinant APX in the presence of NO donors exerted a positive effect
(Begara-Morales ef al., 2013).

Nitric oxide supplementation preserves biochemical pathways related to
tomato flavor
Both volatiles and non-volatile metabolites determine tomato flavor (Tieman et al.,
2017). Among the non-volatiles, the balance between sugars and acids, as well as the
abundance of glutamate and aspartate, are strongly associated with tomato
organoleptic quality (Carli et al., 2009; Sorrequieta et al., 2010). As observed in apple
and peach (Deng ef al., 2013; Han et al., 2018), NO-treated tomato fruits displayed

extensive transcriptional changes in sugar-related genes, including key components of
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sucrose biosynthesis and degradation. However, in the case of tomato, no significant
changes in sucrose, glucose, and fructose were triggered by NO treatment (Fig. 6). In
line with our findings, metabolomic analysis performed in ripening fruits of tomato
short root (shr) mutant, which hyperaccumulates NO, revealed similar amounts of
these major carbohydrates, compared with the wild type (Bodanapu et al., 2016).
Ripening shr fruits exhibited increased accumulation of citrate and cis-aconitate,
which are intermediates of the tricarboxylic acid (TCA) cycle, and amino acids such
as tyrosine, asparagine, and glutamine (Bodanapu ef al., 2016), none of which were
detected here as being altered in NO-treated fruits. In shr plants, NO concentrations
are presumed to be constitutively high (Negi et al., 2010, 2011), which differs from
the short-term (96 h) exposure of pre-ripe fruits to the NO-enriched atmosphere
employed in the present study.

Fatty acids, sterols, and alkanes are precursors of cuticular wax and volatile
compounds (Valle et al., 2006; Ties and Barringer, 2012; Fernandez et al., 2016).
Regarded as the most important fatty acid in tomato peels for the formation of
volatiles (Ties and Barringer, 2012), linolenic acid concentrations were not affected
by NO treatment, which correlates well with the similar concentrations of lipid-
derived volatile compounds detected in NO-treated and control fruits. In fact, volatile
compound profiling suggested that aroma losses may be minimal, if any, in tomato
fruits exposed to a NO-enriched atmosphere, which might have been facilitated by the
NO-induced up-regulation of key biosynthetic enzymes at critical ripening stages

(Bk3 and Bk7).
1.5. Conclusions

In contrast to the overall reduction in fruit nutritional value, taste, and particularly

aroma, typically observed under certain post-harvest practices, such as cold storage
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and the use of ethylene perception inhibitors (Mir et al., 2004; Rugkong et al., 2011,
Farneti et al., 2015), impaired lycopene accumulation was identified as the main
negative effect of post-harvest NO treatment, as other metabolic pathways were either
unaffected (e.g. tocopherols, sugars, amino acids, volatiles) or even improved (e.g.
flavonoids, ascorbate). Besides providing additional nutraceutical value to the fruit,
the NO-induced increases in the content of total ascorbate (25%) and flavonoids
(60%) may impact the fruit resistance towards pathogens, which remains one exciting
target for future research.

Multiple parallels between the effects of NO on tomato (climacteric fruit) and
pepper (non-climacteric fruit, Rodriguez-Ruiz et al., 2017; Corpas et al., 2018); have
been observed (e.g. modulation of ascorbate metabolism and ROS/RNS-related
enzymes). However, as a model climacteric species, tomato allowed us to expand the
landscape of the NO-ethylene interactions during fruit ripening, by revealing that NO
represses not only the biosynthesis, but also the perception and signaling of this
hormone. By exerting a dynamic control on ethylene and ripening-associated
developmental regulators (e.g. RIN, NOR, CNR), NO triggers extensive alterations in
the fruit transcriptome, protein activities and consequently metabolomic profile. This
reinforces the biotechnological potential of this multifaceted RNS as a promising
alternative to adjust post-harvest longevity, while preserving the nutritional quality,

taste and aroma of fleshy fruits.
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Discussao Geral e Conclusoes

O esfor¢o no desenvolvimento de novas tecnologias capazes de estender a
durabilidade de frutos esbarra no ainda limitado entendimento da
complexa rede de sinalizacio, bioquimica e biologia molecular envolvida
nos processos do amadurecimento. Nesse sentido, o nosso trabalho
oferece um importante avango, com a implementacdao de um protocolo de
aplicacdo de NO em normoxia, em tomateiro, importante espécie modelo,
com oferecimento de dosagens fisiologicamente relevantes e com minima
exposi¢ao ao NO,, preservando os frutos sem a inducdo de necrose ou
danos aparentes.

Além disso, demonstramos que os efeitos repressores do NO sobre
o etileno (ET) se estendem para além dos mecanismos propostos em
outros trabalhos, com a repressao da atividade das enzimas das vias de
biossintese de ET (ACS e ACO). Além desse efeito ter sido confirmado, o
NO também demonstrou ser capaz de reprimir a transcricdo dos genes
codificantes para as mesmas enzimas, assim como outros genes também
envolvidos com o amadurecimento, tais como o CNR, RIN, NOR, FULI,
AP2a e o TAGLI. Em adicdo a isso, o NO também foi capaz de diminuir
a sensibilidade do fruto ao ET, pois este também reprimiu a expressao
dos genes para os receptores de ET, ETR3 e ETR4, além das proteinas da
cascata de sinalizagdo de ET, como EBFs, CTRI1 e a sub-classe E de
ERFs.

Tomados em conjunto, esses resultados demonstram a capacidade
do NO reprimir o amadurecimento de forma global, atuando em
diferentes niveis. No entanto, os efeitos demonstrados pelo tratamento

com NO possuem cardter transitorio e reversivel, uma vez que, em
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estagios posteriores, o fruto retomou os processos reprimidos
anteriormente. Ainda que essa retomada tenha sido apenas parcial para
alguns processos, como no caso do acimulo de carotenoides, resultando
na diminuicdo da sua concentracio nos estigios finais do
amadurecimento.

O NO foi também capaz de reprimir a atividade de enzimas do
metabolismo antioxidante, com o consequente aumento dos conteidos de
peroxido de hidrogénio e o aumento do estresse nitroxidativo. A extensao
e intensidade desse efeito, parece estar dentro de niveis toleraveis,
sugerida pelo incremento e manutencao da atividade de sistemas capazes
de remover compostos S-nitrosados (GSNOR). Esse efeito também
impactou a produg¢do de compostos com atividade antioxidante, como
ascorbato e flavonoides, promovendo o acimulo de tais substincias, por
meio do aumento dos niveis de transcritos de enzimas das vias de
biossintese desses compostos em estdgios mais avancados do
amadurecimento. Resta ainda, no entanto, estabelecer se o acimulo de
tais substdncias se deu como resposta ao aumento do estresse
nitroxidativo ou por outro mecanismo no qual o NO possa atuar
diretamente.

Apesar das extensas mudangas em nivel transcricional, sinalizagao
de etileno e metabolismo antioxidante promovidas pelo tratamento com
NO, outros atributos relacionados a qualidade do fruto, em particular o
sabor e aroma foram preservados, mantendo niveis indistinguiveis de
acucares, acidos organicos, aminoicidos e compostos volateis.

Esses dados proporcionam novas oportunidades de investigacio
para preservacao e melhoria da qualidade dos frutos, pois o incremento

do potencial antioxidante pode ser uma oportunidade relevante para o
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aumento da resisténcia a agentes estressores e condicdes deletérias

durante o transporte e armazenamento de frutos.
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Supplementary Fig. S1. Validation of RNA-Seq analysis via RT-qPCR. Validation
was performed for 15 genes comparing control and NO-treated fruits at the breaker
stage. Bars represent mean log 2 relative transcript abundances calculated using the 2 -
AACT method. Lines represent mean log 2 expression ratios calculated by pairwise
differential expression analysis using edgeR. Primers used for the analyzed genes are
included in Table S1. Pearson correlation was calculated, and R 2 and p-values are

shown in the figure.
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Supplementary Fig. S2. Most significant over-represented GO terms in NO-treated
versus control fruits. Biological processes (A) and cellular components (B) are sorted
by fold enrichment. The number of DEGs and significance of the enrichment are
indicated by the dot size dot color, respectively. The vertical grey dashed line

represents a fold enrichment of 1.
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Supplementary Fig. S3. Number and percentage of DEGs in each Mapman category.
Mapman4 functional categorization of differentially expressed genes (DEGs, FDR <
0.05) in NO-treated versus control fruits at the breaker (Bk) stage. Functional
categories that are significantly affected (Wilcoxon rank-sum test with Benjamini
Hochberg correction) between the NO-treated and control fruits are indicated by
asterisks. The identification of DEGs in each group and statistical data are listed in

Supplementary Tables S3 and S4, respectively.
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Supplementary Fig. S5. Time-course analysis of ripening- and ethylene-related
genes. Transcript

abundance was profiled via RT-qPCR and normalized against the control samples at
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detailed in Supplementary Table S7. Data shown are mean + SE of at least three
biological replicates. *P < 0.05 (Student’s t-test) compared with control samples. Bk,

breaker; Bk3, 3 days after Bk; Bk7, 7 days after Bk.
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Supplementary Fig. S6. Impact of NO treatment on fruit softening -related genes.
(A) Trimmed Mean of M-values (TMM) counts for major cell wall genes at the
breaker (Bk) stage. (B) Transcript abundance of PECTATE LYASE (PL) and
POLYGALACTURONASE 2a (PG2a), measured via RT-qPCR and normalized
against the control samples at the mature green (MG) stage . Data shown are mean +
SE of at least three biological replicates . *P < 0.05 (Student ’s t-test) compared with
control samples . Bk3, 3 days after Bk; Bk7, 7 days after Bk; CEL, endo-1,4-8-
glucanase; EXP, expansin; MAN, endo-1,4-f-mannanase; Mside 7, endo-1,4-beta-

mannosidase; PME, pectinesterase;TBG, f-galactosidase.
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Supplementary Fig. S7. Impact of NO treatment on redox-related gene expression.
(A) Trimmed Mean of M-values (TMM) counts of genes encoding ascorbate
peroxidase (APX), catalase (CAT), superoxide dismutase (SOD) at the breaker (Bk)
stage. (B) Heatmaps indicate log 2 (fold-change) of DEGs between NO-treated and
control fruits at the Bk stage for redox-related MapMan categories. (C) TMM counts
of ascorbate biosynthesis, recycling, and oxidation-related genes at the Bk stage. Data
shown are mean + SE of at least three biological replicates . In A and C, *P < 0.05
(Student’s t-test) compared with control samples. Bk3, 3 days after Bk; Bk7, 7 days
after Bk; OA, L-ascorbate oxidase; DHAR, dehydroascorbate reductase; GalDH, L-
galactose dehydrogenase; GLDH , L-galactono-lactone dehydrogenase; GME, GDP-
D- mannose-3’,5’-epimerase; GMP, GDP -D-mannose pyrophosphorylase; GPI,
glucose -6-phosphate isomerase; GPP, L-galactose-1-phosphate phosphatase;
MDHAR, monodehydroascorbate; MIOX, myo-Inositol oxygenase; PMM,

phosphomannose mutase.
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Supplementary Fig. S8. Volatile compound profile and metabolism in NO-treated
fruits. (A) Heatmap indicates the difference in volatile compound levels between
control and NO-treated samples at Breaker (Bk) plus 3 and 7 days (Bk3 and Bk7,
respectively). Data are expressed in a generalized logarithm (glog ) of Pareto rescaled
data, and only statistically significant differences in comparison with control samples
are represented as colored squares (P<0.05). Gray color indicates not detected
metabolites. The relative metabolite abundance values are presented in Supplementary
Table S9. (B-C) Transcript abundance of genes associated with the biosynthesis of
carotenoid-derived (B) and fatty acid-derived (C) volatiles profiled via RT- qPCR and
normalized against the control samples at the mature green (MG) stage. Data shown
are mean + SE of at least three biological replicates. In B-C, *P < 0.05 (Student’s t-
test) compared with control samples. ADH alcohol dehydrogenase; CCD, carotenoid

cleavage dioxygenases; HPL, hydroperoxide lyase; TomLox, lipoxygenase.

Tabelas suplementares disponiveis em:
https://academic.oup.com/jxb/article/72/3/941/5963948#supplementary-data
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